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Abstract 

Peptide nucleic acids (PNA) are analogues of DNA that bind to DNA and RNA via 

Watson-Crick base-pairing rules.  Due to the lack of a negatively-charged backbone, 

hybridisation of PNA to DNA or RNA occurs without electrostatic repulsion thus 

binding is typically stronger and more rapid than when traditional DNA probes are 

used.  This is reflected in the increased melting temperature (Tm) of the conjugates.  

These properties, as well as the chemical and biological stability of PNA, make these 

molecules attractive for use in diagnostic and therapeutic applications. 

Amino acids are routinely conjugated to PNA probes to enhance the synthesis and 

solubility of the probes or assist with their cellular delivery, however little thought is 

given to the impact these modifications have on their hybridisation properties.  In this 

work, a series of PNA-peptide chimeric assemblies based around a single PNA 

sequence were used to investigate the effect different amino acids have on the stability 

and specificity of PNA/DNA hybridisation.  These experiments demonstrated that the 

positively charged amino acid lysine, which is routinely conjugated to PNA probes, 

increases the stability of the resultant PNA/DNA duplexes such that at many 

experimental temperatures, single base mismatched target DNA will also stably 

hybridise with PNA.  In contrast, the negatively charged amino acid glutamic acid 

decreases the thermal stability of the mismatch duplexes sufficiently so that they are not 

stable at most experimental temperatures, whilst the fully complementary duplex is.  

This indicates that glutamic acid should replace lysine as the routine solubility 

enhancing group used for PNA probes. 

The enhanced stability of duplexes with multiple lysine residues also indicates that care 

should be taken with the cationic peptides that are routinely used to assist cellular 

delivery of PNA based assemblies.  Multiple positive charges increase the stability of 
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PNA/DNA duplexes to the extent that single based mismatched duplexes with these 

probes are stable at physiological temperatures, therefore peptides that are used to 

deliver the PNA probes to cells may also cause non-specific regulation of protein 

expression.  This should be considered when designing strategies for cellular delivery of 

PNA antisense probes. 

The efficiency of cellular delivery and the resultant cell localisation of PNA probes 

should also be considered when transport peptides are used.  In this work the cellular 

uptake of several cell penetrating peptides were investigated, as was the antisense 

activity of PNA probes conjugated two of these peptides: pTat and pAntp.  While 

cellular uptake of PNA probes using the pAntp peptide appeared to be more efficient 

compared with probes conjugated to pTat, they had much less antisense activity in the 

systems investigated.  This result was most likely due to the nuclear localisation of PNA 

tethered to pTat, whereas the pAntp-based probes remained in the cytoplasm of the 

cells, suggesting that cellular localisation of PNA probes is just as important as the 

efficiency of cellular uptake when they are used in antisense applications. 

These results show that the terminal modifications of PNA probes can greatly impact on 

their efficacy in diagnostic and therapeutic applications. 
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CHAPTER 1: GENERAL INTRODUCTION 
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1.1 PEPTIDE NUCLEIC ACID (PNA) 

Peptide nucleic acids (PNA) are analogues of DNA in which the sugar phosphate 

backbone has been replaced with a polyamide backbone.  They are constructed from 2-

aminoethylglycine monomers, with the nucleic acid bases attached via a 

methylenecarbonyl group (Figure 1.1).1  This chemistry gives PNA three important 

properties: it is a neutral molecule; it is achiral and therefore there is no need for 

stereoselective synthesis; and PNA can be synthesised by standard peptide synthesis 

protocols.2  In addition, the backbone is not recognisable to naturally occurring 

nucleases and proteases and is therefore resistant to biological degradation.3 

 

Figure 1.1:  Representation of the chemical structure of PNA in comparison with DNA. 

 
Initially, PNA was designed as a molecule that could form triple helices with double 

stranded DNA1 but in the years since its conception PNA has been shown to be a 

versatile nucleic acid probe that is able to be used in a multitude of applications.  PNA 

binds to DNA and RNA sequence-specifically via Watson-Crick base pairing4 and 

while binding in the antiparallel direction (alignment of the 3’ end of DNA with the 

amino terminus of PNA) is preferred, PNA can also bind in the parallel conformation 

(alignment of the 5’ end with the amino terminus), as illustrated in Figure 1.2.5  Due to 

the lack of electrostatic repulsion between the neutral PNA strand and the negatively 
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charged target strand, PNA/DNA and PNA/RNA duplexes are more thermodynamically 

stable, that is they have a higher melting temperature (Tm), than their DNA/DNA and 

DNA/RNA counterparts.  Presence of a single mismatch in a PNA/DNA duplex 

significantly decreases the stability of the complex, increasing the sequence selectivity 

of PNA over DNA probes.4  The neutral backbone also causes a reduced dependency of 

the Tm of PNA on the salt concentration and the probes can therefore hybridise in low 

ionic conditions.2 

 
Figure 1.2:  Parallel (A) and antiparallel (B) binding of PNA to DNA targets. 

 
In addition to the parallel and antiparallel conformations of PNA binding to single 

stranded DNA, PNA can undergo several modes of hybridisation to double stranded 

nucleic acids, as illustrated in Figure 1.3.  A single homopurine PNA strand can invade 

a DNA double helix, binding to the complementary strand via Watson-Crick base 

pairing.6  Two PNA strands can also invade double stranded DNA via triplex or double 

duplex invasion.  In triplex invasion, two homopyrimidine PNA strands bind to the 

complementary homopurine DNA strand, one via Watson-Crick base pairing and the 

other via Hoogsten base pairing.7  Triplex invasion complexes are very stable but the 

rate of formation is slow and sensitive to the presence of cations.  For these reasons 

PNA probes used for triplex invasion are generally bis-PNAs (palindromic PNA 

sequences joined by a flexible linker).7  The rate of formation of these complexes can 

also be increased by using cationic PNAs, either via the modification of the backbone or 

using conjugated cationic peptides.8  Double duplex invasion, on the other hand, 
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involves two pseudo-complementary PNA strands in which the A and T residues are 

modified to prevent self-complementary binding.9 

 
Figure 1.3: Binding modes of PNA to double stranded DNA.  (A) triplex, (B) duplex invasion, (C) 
triplex invasion, (D) double duplex invasion and (E) tail clamping by bis-PNA; adapted from Nielsen.8 

 

1.2 PNA SYNTHESIS 

PNA probes are generally much shorter in length than comparative oligonucleotide 

probes, as a result of their higher thermodynamic stability and decreased solubility, the 

latter mainly due to their relative increase in lipophilicity.10  The majority of PNA 

probes are within 12 to 16 nucleotides (nt) in length, and the optimal length is 15 nt.11  

In the design of PNA probes, attention must also be paid to the purine (adenine and 

guanine) content of the probe to reduce aggregation both during synthesis and of the 

final product.5,12  The general PNA design rules state that (i) a PNA probe should 

possess no more than 60% purine residues in total, (ii) there should not be more than 

four purine monomers adjacent to each other and (iii) there should not be more than 

three guanine monomers in a stretch.12  In addition to designing short probes that have 

acceptable purine content, the incorporation of a lysine residue onto one terminus of the 

PNA is also an accepted method for improving the solubility of PNA probes, and will 

be discussed further in Chapter 3. 
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PNA probes should also be designed with minimal inter- and intra-molecular secondary 

structure, as PNA/PNA duplexes form quite readily and have significantly higher 

thermal stability than their PNA/DNA counterparts.13  Once suitable PNA sequences 

have been designed they can be synthesised by any of the standard peptide synthesis 

procedures.14 

1.2.1 Peptide Synthesis Protocols for PNA Synthesis 

Both solution and solid-phase peptide synthesis protocols are available for the synthesis 

of PNA, using different N-terminal protecting group chemistries. The two most 

common chemistries used are tert-butoxycarbonyl (Boc) and fluorenylmethoxycarbonyl 

(Fmoc).  Initially, PNA oligomers were synthesised from monomers with the acid labile 

Boc amino terminal protection group and benzyloxycarbonyl (Cbz) protection on the 

nucleobases.15  This chemistry however requires very harsh conditions for deprotection 

and cleavage.  The N-terminal Boc group is removed using trifluoroacetic acid (TFA) 

and both the side chain deprotection and cleavage from the resin are performed using 

either hydrofluoric acid (HF) or trifluoromethanesulfonic acid (TFMSA).16  These are 

all very strong acids, and HF typically requires special glassware and involves strict 

disposal procedures.  Fmoc chemistry on the other hand enables the N-terminal 

protecting group to be removed under much milder conditions.  The base labile Fmoc 

N-terminal protection group is removed with piperidine and only the side chain 

deprotection and cleavage from the resin requires TFA.  The first Fmoc monomers used 

for PNA synthesis retained the Cbz nucleobase protection group17 which was later 

replaced with the more labile benzhydryloxycarbonyl (Bhoc)18 and monomethoxytrityl 

(Mmt).19  Either chemistry can be used for the synthesis of PNA molecules, however it 

has been suggested that Boc methodology is best used when PNA molecules are 

synthesised manually, as Fmoc chemistry prefers the complete absence of water.20  
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Boc/Cbz and Fmoc/Bhoc PNA monomers (Figure 1.4) for both of these strategies are 

currently commercially available.21 

 

Figure 1.4: Boc/CbZ (left) and Fmoc/Bhoc guanine PNA monomer. 

 
Solid phase synthesis, as its name suggests, utilises an insoluble solid support to 

construct large molecular systems.  It has many advantages over solution phase 

synthesis, chief of which is the ability to use excess reagents to force a reaction to 

completion and trivial separation of the product from the reagents.21  The disadvantage 

in any solid phase technique is the removal of truncated products from incomplete 

reactions.  These collect on the resin and must be removed from the product, usually by 

chromatography.  In many cases, due to the close chemical similarity of these by-

products with the full length product, purification can be problematic.21  The general 

protocol for solid-phase synthesis (Figure 1.5) is the attachment of an amino acid to the 

solid support via the carboxy group, hence synthesis is performed in the C to N 

direction.  Elongation of the peptide chain occurs via formation of a peptide bond 

between the amino group of a supported amino acid and the carboxy group of the free 

amino acid.  This coupling reaction is greatly enhanced by the use of coupling reagents, 

such as O-(benzotrialzol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate 

(HBTU) or O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HATU),22 whereby the reaction proceeds via the formation of an 
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activated ester.  There are two main differences in the standard Fmoc solid phase 

synthesis of PNA molecules (Figure 1.5) in comparison to peptide synthesis.  Firstly, 

PNA synthesis generally uses resins with linkers resulting in a C-terminal amine 

group.18  Secondly, due to the expense of the PNA monomers, a lower monomer to 

resin ratio is used and the synthesis of PNA oligomers are generally performed on a 

very small scale. 

 
Figure 1.5:  Fmoc solid-phase synthesis of PNA, adapted from Casale et al.18 

 

1.3 PNA APPLICATIONS 

1.3.1  Antisense and Antigene Applications of PNA 

As described above, PNA was originally designed as a molecule to form triple helices 

with DNA for use as an antigene molecule, with subsequent studies showing its strong 

duplex binding properties.  Therefore, the first applications of PNA were inhibition of 

eukaryotic translation (antisense) and transcription (antigene).23  Traditionally, antisense 



 

 9 

applications are based upon phosphorothioate oligonuclotides (PS-ODNs), DNA 

molecules in which a non-bridging oxygen molecule in the phosphodiester bond is 

replaced with a sulphur atom.24  There are two major disadvantages to these molecules 

however.  Firstly, PS-ODNs can have a pro-inflammatory effect, particularly sequences 

containing a CpG motif (two purines, a CG dinucleotide, two pyrimidines), and 

secondly they can bind non-specifically to proteins, including complement negative 

regulator Factor H which can potentially cause an acute inflammatory response and 

cardiovascular toxicity.25  PNA molecules do not have these effects and for this reason, 

combined with their biological and thermal stability, they are ideal candidates for in 

vivo applications. 

There are two mechanisms by which antisense oligonucleotides can inhibit translation 

of mRNA:  (1) recruitment of RNaseH which cleaves the mRNA strand and (2) halting 

of translation by blocking binding of the ribosome to the mRNA strand (Figure 1.6).26  

PNA, however, is not a substrate of RNaseH, therefore most likely acts via steric 

hindrence of the ribsome or other components of the translational machinery.8  

Similarly, PNA that binds to double stranded DNA, via triplex formation or strand 

invasion, can block transcription of a gene, and therefore production of the mRNA, by 

blocking RNA polymerase binding or elongation.  Despite their potential benefits for 

use in antisense and antigene applications, there are some problems with one aspect of 

their use; cellular delivery. 
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Figure 1.6:  The two mechanisms by which antisense oligonucleotides work: (A) RNaseH cleavage 
and (B) stopping translational elongation by blocking the passage of the ribosome. 

 

1.3.1.1  Cellular Uptake 

Due to their hydrophilic nature, cellular uptake of unmodified PNA is inefficient, with 

the rate of uptake being similar to that of DNA oligonucleotides.10  For PNA to be a 

successful agent for antisense and antigene applications, efficient cellular delivery is 

required.  There has been much research into improving the delivery of PNA to cellular 

systems, including, for example, disruption of the cellular membrane,6,23,27-31 the use of 

liposome carriers32-35 and conjugation of transport molecules. 33,36-48 

There have been a few reported cases of direct delivery of unmodified PNA without the 

use of transfection protocols,49-51 however this has mostly required PNA concentrations 

greater than 20µM and it has been suggested that this uptake may be due to subtoxic 

stress.40  The first study of PNA for antisense activity used microinjection to deliver 

PNA to cells.23  There has been no reported use of this approach since then, most likely 

due to the technical difficulties of the method.  Electroporation6,27,28 and cell 

permeabilisation29-31 are also methods that have been used for the delivery of PNA, but 

these are limited to in vitro cell culture systems. 

Cationic liposomes, such as lipofectamine, are a standard method of transfecting 

eukaryotic cells with DNA.52  PNA, being a neutral molecule, cannot be efficiently 
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complexed with these liposomes due to the lack of duplex stabilising ionic interactions.  

For this reason, several groups have hybridised PNA to partially complementary DNA 

carrier molecules, to allow complex formation with cationic liposomes for cellular 

delivery.32-35  There are some limitations to this method however, chief of which is that 

while there is little or no toxicity for transfections via liposomes to immortal cell lines, 

there is substantial toxicity when primary cell lines are used.33  One alternative to using 

liposomes for cell delivery is the conjugation of a lipophilic moiety, such as adamantyl, 

to the PNA.  It has been shown however that the degree of cellular uptake of adamantyl-

PNA is unfortunately both cell line and PNA-sequence specific.53 

One method that has gained much interest for delivering PNA to cells is the conjugation 

of targeting or transport molecules such as cell-receptor ligands36-39,54 and cell-

penetrating peptides (CPPs).33  The most commonly used CPPs are the TAT peptide 

(pTat) derived from HIV, penetratin (pAntp) from the Drosophila Antennapedia protein 

and the synthetic peptide transportan.40-46  A basic nuclear localisation signal (NLS) is 

also commonly attached to PNA for either cellular delivery or nucleus targeting.40,47,48  

CPP-mediated cellular delivery of PNA is discussed further in Chapter 5. 

1.3.2 PNA as a Tool in Molecular Biology 

In addition to its use for controlling gene expression, the unique properties of PNA 

allow it to be used in a multitude of applications that can simplify many every day 

molecular biology techniques.  Southern blotting55 is a common method for analysis of 

DNA, however it is laborious due to its multistep nature.  Fluorescently labelled PNA 

has been shown to reduce the steps required to analyse DNA using southern blotting.56  

PNA can be added to mixed DNA samples for hybridisation prior to separation on a gel.  

Unhybridised PNA is then separated from bound PNA/DNA during electrophoresis 
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(size separation of DNA fragments) and the result can be transferred onto a nylon 

membrane for detection without additional probing and washing steps. 

Amplification of DNA by the polymerase chain reaction (PCR)57 is another common 

technique that can be enhanced with the use of PNA.  For this application, the increased 

affinity of PNA compared to DNA probes and its enhanced sequence selectivity are 

exploited.  When using PCR to amplify mutant alleles in the screening of disease, 

background amplification of the wild-type allele often masks the presence of a mutant.  

PNA probes acting as “PCR clamps” have been shown to be effective in preventing this 

background amplification.58  Probes are targeted to a primer site, or a region 

overlapping such a site, and on binding to the wild-type sequence prevents primers from 

annealing, hence preventing amplification of the wild-type strand (Figure 1.7).  Using 

this method, mutant alleles occurring as low as one cell in 1000 to 5000 cells can be 

detected using PCR.59 

 
Figure 1.7:  PCR clamping.  (A) Wild-type allele, wild-type PNA outcompetes mutant primer.  (B) 
Mutant allele, mutant primer outcompetes wild-type PNA.  Adapted from Orum.60 

 
In addition to its use for detection and analysis of specific sequences of DNA, PNA has 

also been used to purify nucleic acids from biological and environmental samples.61  

One such method has been the use of PNA probes carrying six histidine residues, that 
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are then used for nickel affinity chromatography, to separate target nucleic acids from a 

mixed sample.62  As described previously, homopyrimidine PNA can bind to double 

stranded DNA via strand invasion exposing a loop of single stranded DNA.  This single 

strand of DNA can be digested by S1 nuclease, allowing PNA in conjunction with S1 

nuclease to act as an artificial restriction enzyme.63  Several other mechanisms of using 

PNA as an artificial restriction enzyme have also been investigated, however the 

efficiency of these methods is not very high.64-66 

Binding of PNA to DNA can also block restriction enzymes and methylases from 

binding.  This can be used for ‘rare cleavage’ of DNA, reviewed by Frank-Kamenetskii 

and Demidov.67  In this method, PNA blocks the methylation sites so that only selected, 

unprotected, sites are methylated.  When the bound PNA is later removed and the DNA 

is exposed to restriction enzymes, only those sites that were not methylated, due to 

earlier hybridisation with PNA, are cleaved.  Other molecular biology uses of PNA 

include PNA-induced mutagenesis29,68 and determination of telomere size.69 

1.3.3  PNA in Diagnostics 

PNA is also a molecule with great potential in the field of diagnostics and is currently 

being widely used in applications such as fluorescence in-situ hybridisation (FISH) and 

real-time PCR.  FISH is used to detect the presence or absence of specific DNA or RNA 

sequences within target cells.70  When used for whole-cell identification of bacteria, 16S 

ribosomal RNA (rRNA) is targeted with fluorescent probes.  Individual cells of the 

target organism can be identified in cultures, via fluorescence microscopy, due to the 

large amount of rRNA present in the cell’s cytoplasm.  The ability for PNA to hybridise 

in low-salt conditions allows for suitable conditions to be used to denature the rRNA.  

This is a very important step for detection to be successful as the species-specific 

regions of rRNA are generally found in areas of high secondary structure.71,72  



 

 14 

The real-time monitoring of PCR has been achieved with two types of PNA probes; 

PNA beacons and light-up probes.  Molecular beacons are probes that have a 

fluorescent molecule conjugated on one end and a quencher molecule located on the 

opposite end.  In the unbound state, the fluorophore and quencher are close and there is 

no, or minimal, fluorescence emitted.  Upon binding to the target strands, the two ends 

are separated sufficiently for fluorescence to occur (Figure 1.8).  PNA molecular 

beacons are able to detect single nucleotide polymorphisms via real-time PCR73,74 as 

well as during post-PCR analysis.75  

 
Figure 1.8: Molecular beacon labelled with a fluorophore (F) and a quencher (Q).  In the unbound 
state (A) the probe does not fluoresce and when bound to a target sequence (B), the probe fluoresces. 

 
Light-up probes76 are a more recent development for the real-time monitoring of PCR 

with PNA.  These probes have a fluorescent dye, originally thiazole orange (TO),77 

covalently attached to one end of the sequence via a flexible linker. Thiazole orange is a 

cyanine dye that intercalates with nucleic acids to produce, on irradiation with light of a 

specific wavelength, fluorescence at 510nm.78 The neutral backbone of the PNA probe 

reduces interaction of TO with the bases and therefore background fluorescence of 

unbound probe is reduced.77  Upon hybridisation of the PNA probe to the target 

sequence, the attached dye is able to interact with the captured nucleic acid and a 

fluorescent signal is produced.  The degree of background fluorescence can be 

dependent on the sequence of the PNA probe however.79  Forced-intercalation (FIT) 

probes developed the idea of light-up probes further by using the intercalating dye as a 
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pseudo-base such that they emit strong fluorescence only after matched-hybridisation 

has occurred.80 

PNA probes have also been used in biosensors for detection of target nucleic acids.  

Probes are generally immobilised onto surfaces that, upon hybridisation between the 

probe and complementary target molecules, produce an electrical or optical signal.  

Technologies that have been used for PNA biosensors include quartz crystal 

microbalance (QCM),81 square-wave voltammetry,82 surface plasmon resonance 

(SPR)83-85 and MALDI-TOF mass spectrometry.86,87  In some of these methods it is 

claimed that target DNA can be detected on the femtomolar scale.84,85 

Single and multiple amino acids are commonly conjugated to PNA probes to enhance 

their use in diagnostic and antisense applications.  The aim of this work was to 

investigate the efficacy of these modifications.  The thermodynamics of duplexes 

formed using PNA probes with terminal amino acids were investigated to determine the 

impact that these modifications have on the stability and specificity of PNA/DNA 

hybridisation.  This information was then used in the development of a low cost 

colourimetric assay that could be used in high throughput genetic screening 

applications.  Terminal modifications were also used to investigate the immobilisation 

of PNA probes onto surfaces for use in biosensor applications.  Lastly, several cell 

penetrating peptides were conjugated to the C-terminus of PNA sequences to determine 

their impact on cellular delivery and antisense activity of PNA probes. 
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CHAPTER 2: PNA PROBE DESIGN AND SYNTHESIS  
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2.1 INTRODUCTION 

While the main aim of this body of work was to investigate the impact that terminal 

modifications have on the use of PNA probes in diagnostic and therapeutic applications, 

of particular interest was the potential use of PNA sequences to target disease-causing 

pathogens.  Due to the yearly impact Influenza virus has on the world health system and 

the difficulty in diagnosing the disease, as described below, it was chosen as our model 

for this work. 

2.1.1 Influenza Virus 

Influenza virus is a segmented single-stranded negative-sense RNA virus from the 

orthomyxoviridiae family.  There are three types of influenza virus: A, B and C.  

Influenza A and B both have eight RNA segments making up their genome, whereas 

influenza C has seven.88  These segments all encode for different viral proteins 

necessary for transcription, replication and viral assembly.  In addition, two proteins 

(the surface antigens) are responsible for infection of host cells.  Influenza A is further 

divided into subtypes based on the surface antigens haemagglutinin (HA) and 

neuraminidase (NA).  There are 15 known subtypes of HA (H1-H15) and nine types of 

NA (N1-N9).88  There is only one known type of HA and NA for influenza B.  All 

segments of the influenza A, B and C genome have 12 and 13 conserved nucleotides at 

the 3’ and 5’ terminals respectively and these conserved regions are important in 

initiating mRNA transcription.88 

2.1.1.1 Evolution 

Influenza A is the most interesting of the three types in terms of viral evolution and is 

also the type that has the most impact on human health.  Both influenza A and B evolve 
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at a rapid rate.  This is thought to be largely due to the low fidelity of the RNA-

dependent RNA polymerase used by the virus, as DNA polymerases generally produce 

errors every 1/109 bases per replication cycle, whereas RNA-dependent RNA 

polymerases produce errors every 1/104.89  The spontaneous mutation of viruses over 

time is known as antigenic drift.  This process provides antigenic escape mutants that 

are encouraged to evolve rapidly under the selection pressure of antibodies raised to 

earlier strains of the virus.90  It is for this reason that human vaccines must be updated 

yearly after analysis of the preceding influenza season.  

Whilst influenza B infects only humans, influenza A infects many different species and 

there is a large reservoir of influenza A virus in aquatic birds.89  Due to this, and given 

the existence of several subtypes for influenza A, there is an additional method of 

evolution of influenza A known as antigenic shift.  In this case new virus strains emerge 

in humans with a different HA or NA subtype (or both) and this new strain cannot be 

reached by spontaneous mutation of previous circulating strains.91  These new strains 

are introduced either by direct transmission from an animal to humans or via genetic 

reassortment of two or more influenza A viruses that are simultaneously infecting a 

single host to give a new influenza A virus subtype.91  When genetic reassortment 

occurs, the new virus contains gene segments from two or more previously circulating 

strains. 

2.1.1.2 Impact  

Before the advent of HIV, influenza virus was the most studied virus worldwide.  In the 

main, this was due to the millions of people who died in the 1918 – 1919 ‘Spanish Flu’ 

pandemic and more recent concerns about a new outbreak.  However, there are other 

factors that make this virus important.  There are seasonal epidemics on a yearly basis 

with hospitalisation and deaths occurring each year, many of which are not registered as 
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being caused by influenza or influenza-related complications.  In addition, the illness is 

difficult to diagnose and given that the incubation period is one to four days, a single 

infected individual can transmit the virus to a very large number of people even before 

the symptoms appear.  Currently, the most effective way of reducing the impact of 

influenza virus is via use of the yearly vaccine,91 however the vaccine is only 70 – 90% 

effective92 and is also not received by all people in the high risk categories. 

Pandemics are different from epidemics in that it is a newly emerged subtype of 

influenza A that is responsible for the illness.  The rate of infection is higher, the disease 

is more severe and there is an associated increase in the mortality rate.93  There are 

usually two or more waves of a pandemic, with a lag period between,94 the second wave 

generally being more severe and causing more fatalities than the first.93 

When a new pandemic strain appears, the potential of the pandemic is affected by the 

efficiency with which the virus can be transmitted from one person to another as well as 

its resultant mortality rate.94  It is these two factors that made the 1918 ‘Spanish Flu’ 

pandemic the killer it was.  In this instance there were three waves of the pandemic, the 

first two occurred in the northern hemsiphere in the spring and autumn of 1918 and the 

third occurred in the early months of 1919, by which time it had spread to Australia.94  

The two later waves were more devastating than the first with the virus becoming more 

virulent, giving a 10-fold increase in the death rate.93  By the end of 1919, 11,500 

people had died of the pandemic in Australia, and of these 60% were in the 20 to 45 

year age group.94  Due to war propaganda affecting the flow of information and records, 

together with data not being collected in some parts of the world, there is no accurate 

estimate to the impact of the 1918 outbreak.  Many authorities estimate that 20 to 40 

million deaths occurred during this time, however others report that the figures may 
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have been a lot higher.  One estimate is that 50% of the world’s population were 

infected, of which 25% died, giving a revised estimate of 40 to 50 million dead.93 

There have been only two official pandemics since the end of the 1918-19 outbreak, 

occurring in 1957 and 1968, although a “pseudopandemic” occurred in 1977 with the 

re-emergence of the 1918 H1N1 subtype.94  Neither of these outbreaks was as severe as 

the first with both infection and mortality rates being lower. In 1997 there were 18 cases 

of avian H5N1 influenza A virus found in humans in Hong Kong.  Of the 18 infected, 

six people died95 giving a mortality rate of 33%, higher and therefore potentially worse 

than the ‘Spanish Flu’ pandemic.  Luckily, the H5N1 virus was not well adapted to 

human to human transmission and infection was found to be due to direct transmission 

from avian species to humans.  It was this fact which resulted in the outbreak failing to 

develop into a pandemic.96  In 2003, H5N1 reappeared and since then there has been 

some indication of human-to-human transmission,97 indicating there is a good chance 

that H5N1 will be the cause of the next influenza pandemic.  There is however no way 

of predicting when the next pandemic will occur.  

2.1.1.3  Detection 

Illness due to influenza virus is difficult to diagnose, as the symptoms are similar to 

those caused by several other pathogens.  Vaccination status of the patient is insufficient 

to rule out influenza as the vaccine does not have 100% efficacy in the general 

population.92  There are currently several methods used for the detection of influenza 

virus, however the majority of these methods cannot be carried out in time to treat the 

infection with the current range of antiviral drugs (such as amantidine). 

The “gold standard” of detection used in laboratories is virus culture, however this 

technique can take up to two weeks.98  Clinical samples are used to inoculate Madin-

Darby canine kidney (MDCK) cells.99  Both influenza A and B can be cultured in this 
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cell line, although influenza B is more successful.99  Following several days of viral 

culture the virus is typically detected using rapid immunoassay protocols.  

Haemagglutination and haemadsorption assays are two methods also commonly used 

for detection of influenza virus.99 

Other techniques routinely used in the laboratory for the dectection of influenza virus 

include immunofluorescence (IF), antigen assays (ELISA), polymerase chain reaction 

(PCR) and serological tests.100  Immunofluorescence and ELISA have a much lower 

sensitivity than virus culture,98 but reverse-transcription PCR (RT-PCR) is more 

sensitive than viral culture and does not require the presence of infectious virus.99  

Recent advances have improved the technique so that the two steps, reverse-

transcription and PCR, can be performed in a single step and typing and subtyping can 

be performed simultaneously.101  Serological tests are useful for the diagnosis of 

influenza for use in monitoring seasonal influenza epidemics, however they can rarely 

be performed in time for treatment to be an option.99 

The need for rapid point-of-care diagnostic tests has been recognised and several 

companies have detection kits commercially available where influenza can be 

diagnosed within 30 minutes, including the ZstatFlu92 and the Directigen Flu A+B102 

tests.  These kits are mainly antibody based and their specificity and sensitivity depend 

on the type of specimen used for detection, such as nasopharyngeal swabs, throat swabs 

and nasal aspirates.103 

The aim of the body of work described in this chapter focused on the design of PNA 

probe sequences that could potentially be used for diagnosis and treatment of a disease-

causing pathogen.  Given the worldwide impact of influenza virus and the highly 

conserved regions located within the genome, it was chosen an ideal model system of an 

infectious disease process.  This chapter describes the design and synthesis of PNA 
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probes for the detection of influenza virus.  Their use is described in the following 

chapters. 
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2.2 RESULTS AND DISCUSSION 

2.2.1  Probe Design 

The influenza virus (types A and B) genome is composed of 8 RNA segments, although 

there may be more than one copy of each segment within each virion.  All segments 

have 12 and 13 conserved nucleotides in the 3’ and 5’ untranslated regions (UTRs) 

respectively.88  Therefore these regions were ideal targets for influenza detection as 

each virion contains at least 8 copies of each conserved region, providing a natural 

amplification.  These regions are also insensitive to strain variation and this is 

advantageous when targeting new subtypes, as it allows the detection of influenza 

regardless of the host or origin, and therefore enabling timely treatment. 

To design probes against these target regions, cDNA sequences were obtained from the 

Influenza Sequence Database (ISD).104  The ISD was at that time a database resource 

that had free public access, however during the course of this work it became a 

subscription-only facility.  Aligned sequence sets were retrieved from the ISD, with the 

Influenza B sequences grouped into segments (PB1, PB2, PA, HA, NS, NP, NA and M) 

and influenza A sequences grouped by host (human, avian, swine and equine) and 

segment prior to download.  The sequence alignments for some sets were not always 

adequate, especially those with greater than 100 sequences.  This was most common for 

the HA and NA sequences where more variation occurs (these being the two segments 

where most mutation occurs) and was also likely due to the small portion of these 

sequences that were available as full-length transcripts.  To obtain optimal sequence 

alignment, ClustalX105 was used to perform multiple sequence alignment on each 

sequence set.  In some instances (mostly with the HA and NA sets) it was necessary to 

divide these sequence sets into smaller subsets for independent alignment.  ClustalX 
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alignment was also insufficient in some cases and these alignment sets were further 

manually aligned in the program BioEdit.106 

ARB, a freeware RNA database tool,107 has a built-in probe design utility, however this 

tool was not suitable for the work described here because it designs probes across the 

full length of the target sequences and our interest was in the terminal regions alone.  

All target regions were found by searching through the aligned databases ‘by eye’.  

Sequences were initially obtained from the ISD in early 2002, however the database is 

updated on a regular basis and the quality of sequences available increases with time, 

therefore the sequence sets were again obtained and realigned from the ISD in late 

2003.  Despite the 5’ and 3’ UTR conserved regions being located in all strains of 

influenza virus, only approximately 20-30% of the sequences in the ISD contain these 

parts of the sequence.  This is most likely due to their high conservation making them 

ideal probes for the amplification and sequencing of “new” influenza sequences and 

therefore less likely to be sequenced themselves. 

The conserved regions identified from the available sequence data (in 2003) for 

influenza A and B are shown below in Figure 2.1 and Figure 2.2.  The sequences 

obtained from the ISD were coded as mRNA-sense sequences (complementary to 

vRNA).  For this reason, the regions identified in the sequence were actually the probe 

sequence, with the complementary sequence being the target.  That is, the identified 

cDNA 5’ UTR sequence is the probe sequence for the 3’ UTR conserved region of 

vRNA and the identified cDNA 3’ UTR is the probe sequence for 5’ UTR conserved 

region of vRNA. 
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Figure 2.1:  Conserved regions of influenza A for human (A and B), swine (C and D), avian (E and 
F) and equine (G and H) hosts as per sequences obtained from the ISD in 2003. 

 

 
Figure 2.2:  Conserved regions of influenza B for sequences obtained from the ISD in 2003. 

 
As influenza C has a very small impact on humans, and the treatment methods available 

are for influenza types A and B only, any probe designed to detect influenza A and/or B 

should not also detect influenza C.  The conserved regions of influenza C were therefore 
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also investigated, however at the time only the 3’ cDNA conserved region was available 

from the sequences in the ISD (Figure 2.3). 

 

Figure 2.3:  3' cDNA conserved region of influenza C for sequences obtained from the ISD in 2003. 

 
From the sequences above, several possible probe sequences were identified and are 

listed in Table 2.1.  Each of these were then tested against the PNA design rules: 

1. A PNA probe should possess no more than 60% purine residues; 

2. There should not be more than four purine monomers adjacent to each other; and 

3. There should not be more than three guanine monomers in a stretch. 

Table 2.1:  PNA probe sequences 

Probe 
Designator Target Probe Sequence Probe 

Length 
% 
Purine 

Inf#1 Influenza A and B TGTTTCTAC 9 22 
Inf#2 Influenza A CCTTGTTTCTACT 13 15 
Inf#3 Influenza A AGCAAAAGC 9 78 
Inf#4 Influenza B AGCAGAAGC 9 78 

 
Although the 3’ conserved region of the influenza genome (5’ cDNA) appears to be the 

best target for influenza A and B detection and differentiation (Figure 2.1 and Figure 

2.2), probes targeted to these regions do not adhere to these PNA design rules.  Inf#3 

and Inf#4 break two of the PNA design rules, consisting of 78% purine residues and 

containing five purine monomers in a row.  These probe sequences would therefore be 

expected to be difficult to synthesise and undergo high levels of aggregation.  Both 

Inf#1 and Inf#2, on the other hand, satisfy the PNA design rules.  Given the high 

similarity between the 5’ UTR conserved regions of influenza A and B, Inf#1 can be 

used as a generic influenza probe.  The Inf#2 sequence is fully complementary to 
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influenza A sequences only, however any differences between influenza A and B 

sequences occur within the first three bases at the N-terminus.  The specificity of this 

probe sequence will therefore likely be low due to this high similarity between the 

influenza A and B sequences. 

2.2.2  Probe Synthesis 

Whilst PNA can be synthesised via standard peptide synthesis protocols and therefore 

synthesis can be automated on peptide synthesisers, the actual automated synthesis is 

not as straightforward.  Despite the availability of standard protocols for the synthesis of 

PNA and peptides,17,18,21 it was necessary to optimise protocols specifically for our 

synthesiser.  A typical procedure for optimising the synthesis of peptides is to increase 

the molar equivalents of the amino acids with respect to the resin substitution, primarily 

through an increase in concentration, which has the overall aim of decreasing the 

duration of synthesis.21  Due to the prohibitive cost of PNA monomers, an increase in 

the molar equivalents was undesirable.  Instead the aim here was to obtain the 

maximum yield of full length PNA with the minimum amount of reagents, therefore the 

molar equivalents of PNA was reduced from the standard 2 – 3 times for PNA to 1.5 – 2 

times.  One downside of this is that it generally resulted in longer synthesis times. 

Ongoing technical problems with our new Model 90 peptide synthesiser (Advanced 

ChemTech, USA) not meeting published specifications, resulted in syntheses possessing 

minimal full-length product.  Accordingly, a semi-automated synthesis protocol was 

developed as a stop-gap measure for the synthesis of our PNA probes (Protocol A, 

Section 8.2.1) until a replacement synthesiser could be obtained.  All deprotection, 

capping and washing solutions were delivered by the peptide synthesiser, however the 

monomer solution was added manually to the reaction vessel after 3 – 5 min pre-

activation.  The synthesis was paused after each deprotection and coupling step to 
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determine the extent of reaction completion, by testing for the presence of free amines 

using the Kaiser Test.108  Beads were sampled from the washed resin and the previous 

synthesis step was repeated where necessary (i.e., if free amines were present after a 

coupling step and no free amines were present after a deprotection step).  Using this 

method of PNA synthesis, a 60 min coupling time was used for attachment of the first 

monomer to the resin and 30 min was used for all subsequent monomer attachments.   

PNA was synthesised on the Model 90 based on a protocol supplied by Advanced 

ChemTech.  The main alteration made by us to the supplied protocol was a replacement 

of the base solution with a base mix of 0.2M N,N-diisopropylethylamine (DIPEA) and 

0.3M 2,6-lutidine.  The addition of a base in the coupling step is essential for formation 

of the activated ester when using aminium- or phosphonuim-based derivative, such as 

HATU and HBTU, activating agents (Scheme 2.1) and the above base mix been 

reported to be more effective than 0.5M of either base.18. 

 
Scheme 2.1:  Role of the base in the formation of the activated ester of a PNA monomer during the 
coupling reaction when using the aminium-based derivative, HBTU. 

 
After the cleavage, the products were collected and the reaction vessel was washed with 

20mL DCM to ensure all product was collected from the lines.  The excess solvent was 

removed by blowing N2 into the collection tube prior to precipitation of the PNA with 

cold diethyl ether according to published procedures.18 
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As a result of our ongoing performance issues with the Advanced ChemTech Model 90, 

it was eventually replaced with an Omega 396 peptide synthesiser (Advanced 

ChemTech, USA), allowing for a completely automated protocol for the synthesis of 

PNA probes (Protocol B, Section 8.2.2).  Synthesis was performed using the same 

general reagents as were previously used with the exception of the coupling reagent, 

HBTU, which was replaced with HATU.  This substitution was made because HATU 

has been shown to be a better coupling reagent when synthesising hydrophobic 

sequences, in terms of coupling yields, reduced racemization and faster acylation 

rates.109,110   

 
Figure 2.4:  Structures of the coupling reagents HBTU and HATU. 

 
The deprotection step was changed from a single 30 min reaction to two reactions (the 

first 5 min and the second 20 min) as this was found to give better cleavage of the N-

terminal Fmoc group.  The coupling of the first monomer to the resin was also 

optimised in this method; instead of a long coupling time of 60 min, the first monomer 

was attached in two separate 30 min coupling reactions.  As fluid output from the 

reaction vessels fed directly into the collection vials on the Omega 396 there was no 

need for washing of the resin with DCM after cleavage in this protocol.  At a later stage 

in this work, the coupling times were increased to 60 min for Protocol B, in an attempt 

to maximise coupling efficiency and yields without introducing double coupling beyond 

attachment of the first monomer. 
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2.2.3  Purification and Characterisation of Probes 

In much of the literature, the standard HPLC purification strategy for PNA probes is a 

linear gradient of 0.1% aqueous TFA (Buffer A) and 0.1% TFA in acetonitrile (Buffer 

B) from 0 – 100% B over 20 min at 55ºC.  However, for our sequences this gradient 

was insufficient for complete separation of truncated products from the desired full-

length product (Figure 2.5). 

 
Figure 2.5:  HPLC purification of a PNA sequence using a gradient of 0-100%B over 20min.  
Solvent A:  0.1% v/v aqueous TFA.  Solvent B:  0.1% v/v TFA in acetonitrile. 

 
Initially the linear gradient 0 – 100% B was kept but the run time was extended from 20 

to 60 min (and later 90 min).  This still resulted in a major peak that was not completely 

separated from fragment products and it was found to be necessary to extend the lower 

portion of the gradient (e.g. 0 – 50%) over a longer period (e.g. 40 to 60 min), before a 

rapid increase to 100% B.  This gradient was slightly different for each PNA probe 

synthesised however.  With PNA sequences that were more hydrophobic in nature, for 

example rhodamine labelled probes, a higher proportion of solvent B was used (e.g 0 – 

50% B over 60min) while other sequences were eluted from the column at lower 

proportions of acetonitrile and therefore the gradients could use a smaller proportion of 

solvent B (e.g 0 – 30% B over 60min).  Figure 2.6 shows a typical semi-preparative 
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scale HPLC trace for a C-terminal cysteine-terminated PNA probe (Inf#1-C) using a 

gradient of 0 – 30%B over 60min (followed by 30 – 100%B in 10min and subsequently 

running at 100%B for 10min).  In this trace there is a significant peak that is eluted at 

70min, which corresponds to the disulphide dimer of this PNA probe. 

 

Figure 2.6:  Typical semi-prep HPLC trace of Inf#1-C, with a gradient of 0-30%B over 60min. 
Solvent A:  0.1% v/v aqueous TFA.  Solvent B:  0.1% v/v TFA in acetonitrile. 

 
While originally, all purification was performed using a Waters C18 300Å HPLC 

column, a white precipitate was observed to be leaching from the column.  Further 

investigation into this resulted in the conclusion that a combination of the high pH 

solutions used with 0.1 – 0.5% v/v TFA and the elevated temperature (55ºC) was 

stripping the packing from the column.  The column was therefore replaced with a 

Zorbax Stable Bond C18 300 Å column, which is stable in high temperatures and high 

pH conditions and no loss of column packing was observed. 

Mid-way through this project, as the hydrophobicity of the PNA sequences were being 

increased and therefore their solubility was significantly decreasing, the 0.1% v/v TFA 

solvents were replaced with 0.5% v/v TFA solvents.  This enabled the PNA to be 
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dissolved in smaller volumes prior to purification and also had the advantage that the 

full-length PNA could be eluted from the column more quickly. 

Although matrix assisted laser desorption ionisation time-of-flight (MALDI-TOF) mass 

spectrometry is the most reported form of characterisation for PNA molecules, 

electrospray ionisation mass spectrometry (ESI MS) was more readily available.18  

Therefore to determine the necessity of MALDI-TOF MS techniques, two PNA probes 

(Inf#1, mass = 2417, and Inf#1K, mass = 2545) were characterised using both MALDI-

TOF and ESI MS (as described in Chapter 8) and the results were compared.  The α-

cyano-4-hydroxycinnamic acid (HCCA) matrix was used for the MALDI-TOF samples 

and the results obtained for Inf#1K, using reflector mode, are shown in Figure 2.7.  In 

this figure, the parent molecule is shown in green and the parent + Na+ molecule is 

illustrated in blue.  Using this method of characterisation, the absolute mass of the 

molecules at isotopic resolution are available without further data interpretation as the 

molecular weight of Inf#1K is well within the detectable range. 

 
Figure 2.7:  MALDI-TOF mass spectrograph of Inf#1K (green) and Inf#1K + Na+ (blue). 

 
Samples for ESI MS characterisation were prepared in 60:40 methanol / water with 

0.1% v/v formic acid, which was also used as the eluent.  Where MALDI-TOF MS 

mass = 2545 
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usually produces singly-charged ions, ESI-MS usually results in multiply-charged ions 

(Figure 2.8), the formic acid in the eluent playing a key role in the ionisation of the 

parent molecules.  These multiply-charged species provide a ‘fingerprint’ for the 

molecule that can then be analysed via deconvolution algorithms to obtain the 

molecular weight of the parent molecule. 

 
Figure 2.8:  Raw ESI MS data showing the multiply-charged species of Inf#1K. 

 
The maximum entropy reduction algorithm (MaxEnt) supplied with the ESI MS 

instrument was used to obtain the molecular weight of Inf#1K.  Using this method a 

molecular weight of 2545 was derived (Figure 2.9), which is directly comparable to the 

molecular weight obtained from MALDI-TOF MS indicating that ESI MS is reliable for 

characterisation of PNA probes.  The advantages of this is that much less preparation is 

required for PNA samples to be characterised using ESI MS compared to MALDI-TOF 

MS and ESI MS analysis is generally cheaper. 

[M + 2H]2+ 

[M + H]3+ 

[M + H]4+ 

[M + H]5+ 
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Figure 2.9: MaxEnt deconvolution of raw ESI-MS data to obtain the molecular weight of Inf#1K. 



 

 37 

2.3 CONCLUSION 

A range of PNA probes were designed and synthesised using both semi-automated and 

fully automated procedures.  While synthesising the PNA, problems were encountered 

both with hardware and synthesis protocols, the latter being addressed by modification 

of cycle times.  While increasing the excess of PNA monomer added at each coupling 

step could increase the yields of full-length product, this was cost-prohibitive, therefore 

the coupling time was increased from 30min to 60min instead.  Despite this it was still 

predicted that many coupling steps might not go to completion and that only manual 

synthesis, where a Kaiser test for the presence of free amines could be performed after 

each coupling step allowing double-couples to be performed, would produce the highest 

yields.  Due to the number of PNA sequences that needed to be synthesised and the 

greater issue of excluding water from the reaction, this was not an option for this 

project, therefore the automated route was chosen. 

Purification approaches were tailored to each PNA sequence to obtain maximum purity 

of the desired products and a comparison of two different mass spectophotometry 

techniques was carried out.  Results from these comparisons suggest that both MALDI-

TOF MS and ESI-MS can be used for the analysis of PNA. 
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CHAPTER 3: PNA HYBRIDISATION 
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3.1 INTRODUCTION 

Whilst PNA does not have a sugar-phosphate backbone, its backbone is geometrically 

similar to DNA and RNA, allowing it to bind to complementary RNA and DNA strands 

via Watson-Crick base-pairing rules.4  PNA/DNA  and PNA/RNA are more 

thermodynamically stable than the corresponding DNA/DNA and DNA/RNA hybrids 

due in part to the absence of electrostatic repulsion between the neutral PNA strand and 

the negatively charged DNA target, however this difference can be small and ΔTm’s as 

low as 4ºC have been reported.111  Although PNA has been shown to have a decreased 

dependency on salt and can therefore hybridise to DNA and RNA in low ionic 

conditions2, Tomac et. al.112 reported that higher concentrations of cations in the 

hybridisation buffer (0.01 – 0.5M) destabilise both parallel and antiparallel PNA/DNA 

duplexes.  Despite the destabilisation effect of free cations, covalent attachment of 

cationic amino acids to PNA probes should increase the stability of PNA/DNA 

duplexes, by introducing favourable electrostatic interactions between the positively 

charged moieties on the PNA and the negatively charged atoms on the DNA backbone. 

Several groups113-117 have investigated the effect that covalently linking peptides to 

DNA probes has on the stability of DNA/DNA hybridisation.  In particular, peptides 

containing positively charged or neutral, hydrophobic residues have been 

investigated.113-117  These residues are of most interest as they are more commonly 

present within transport peptides that are used to deliver DNA and PNA molecules to 

cells (as discussed in Chapter 6).  While there has been widespread agreement that the 

presence and number of cationic residues influence the degree to which stability of 

binding is enhanced, there is some controversy over whether the position of residues 

alters the outcome to any extent.113-117  Similarly, while some authors have reported a 

stabilisation effect arising from the use of neutral hydrophobic residues,114,116 others 
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have reported no significant increase in binding stability when using tryptophan.113,115  

Harrison and Balasrubramanian113 found that the identity of the cationic residue was 

important, with increased binding stability in the order of arginine > ornithine > lysine > 

histidine.  They also noted that the stabilisation effect was greater when there was a 

single-stranded nucleotide overhang from the DNA-peptide/DNA duplex. 

While PNA probes are commonly synthesised with one or more C-terminal solubility 

enhancing groups (most often lysine)118,119 and polycationic peptides are frequently 

used for cellular uptake,48,120,121 there appears to have been few quantitative studies into 

the effect that these residues have on PNA/DNA duplex stability and sequence 

specificity.  To date, the majority of studies in this field have been with respect to bis-

PNA probes for strand invasion and the attachment of short lysine chains to PNA 

probes for enhancement of cellular uptake.  Kaihatsu et. al.122 investigated the 

attachment of 3-lysines and polycationic peptides (containing 2, 4, 6 and 8 lysine 

residues as AAKK, (AAKK)2, (AAKK)3 and (AAKK)4) to bis-PNAs.  They reported 

that the more lysine residues present in the peptide, the higher the efficiency of binding, 

with a further increase when using D- rather than natural L- amino acids. 

In Chapter 2, the design and synthesis of PNA sequences for the detection of influenza 

virus were described.  These methods were used to synthesise a number of PNA probes 

containing the same sequence but with different amino acid compositions attached to 

the C- and/or N-terminus.  To investigate the extent to which conjugated amino acids 

affect duplex stability, a series of PNA probes were synthesised with representative 

positively charged, negatively charged and neutral, hydrophobic amino acids conjugated 

to the N- or C-terminus.  In this chapter, the ability of conjugated amino acids to 

enhance PNA/DNA binding, either by increasing binding stability or by increasing 

sequence specificity and discrimination, is discussed. 
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3.2 RESULTS AND DISCUSSION 

To investigate the effects of conjugated amino acids on the hybridisation of PNA/DNA 

duplexes, a series of PNA probes were synthesised based around a single PNA sequence 

(Inf#1), with each modified PNA containing one or more amino acids conjugated to 

either or both termini (Table 3.1).  Solubility enhancing groups are commonly attached 

to the C-terminus of PNA, therefore it was chosen as the attachment point of the amino 

acid for most of the modified PNA probes.  As the DNA (and RNA) backbone is 

negatively charged, the addition of a positively charged amino acid should increase the 

stability of the resultant PNA/DNA duplexes.  Conversely, a negative charge added to a 

PNA probe should decrease the stability of PNA/DNA duplexes.  This work was 

therefore mostly interested in the differences that could occur in PNA/DNA duplexes 

between unmodified PNA probes and those possessing a positive or negative amino 

acid.   

Table 3.1:  PNA probe and oligonucleotide target sequences.  PNA sequences written N to C and 
oligonucleotide sequences 5’ to 3’. 

 Sequence 
PNA Probes  
Inf#1 H-TGTTTCTAC-NH2 
Inf#1K H-TGTTTCTAC-Lys-NH2 
KInf#1 H-Lys-TGTTTCTAC-NH2 
Inf#1KK H-TGTTTCTAC-Lys-Lys-NH2 
Inf#1KKK H-TGTTTCTAC-Lys-Lys-Lys-NH2 
Inf#1E H-TGTTTCTAC-Glu-NH2 
Inf#1F H-TGTTTCTAC-Phe-NH2 
Inf#1W H-TGTTTCTAC-Trp-NH2 
Oligonucleotide Targets  
EF1-1 5’-GAAGTAGAAACAGCC-3’ 
EF1-3 5’-GAAGTAGAAATAGCC-3’ 
EF1-4 5’-GAAGCAGAAACAGCC-3’ 
EF1-5 5’-GAAGTATAAACAGCC-3’ 
EF1-6 5’-GAAGTAGCAACAGCC-3’ 
EF1-7 5’-GAAGGAGAAATAGCC-3’ 

 

Lysine (Figure 3.1) is frequently used as a solubility-enhancing group for PNA 

probes.123  It was therefore used for investigation into the impact of positive charges on 
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the stabilisation and specificity of PNA/DNA hybridisation.  The representative 

negatively charged amino acid chosen was glutamic acid (Figure 3.1), due to less 

problematic solid phase chemistry compared to aspartic acid, which can undergo 

cyclisation to form aspartamide (Scheme 3.1).124  

 
Figure 3.1:  Structures of lysine (lys) and glutamic acid (glu) showing ionisation of the side chain as 
well as the N- and C-termini at pH 7. 

 
Scheme 3.1: Aspartimide formation.  The nitrogen attached to the α-carboxy group of aspartic acid can 
attack the side chain ester resulting in formation of aspartimide which can (i) undergo ring opening during 
Fmoc removal leading to formation of the corresponding α- and β-piperidides, or (ii) hydrolyse in 
solution after cleavage, giving the corresponding α- and β-aspartyl peptides. Adapted from White and 
Chan.21 

 
Both phenylalanine and tryptophan (Figure 3.2) have been used to investigate the 

effects of hydrophobic amino acids on DNA/DNA hybridisation113-116  Some groups 

have reported that these amino acids stabilise DNA/DNA duplexes, possibly due to the 

stacking interactions between the aromatic side chains the nucleobases.114,116,117  Others 

however have not found any evidence of these amino acids stabilising DNA/DNA 

duplexes.113,115   Despite these contradictory reports, both of these amino acids were 

investigated in this study with the aim to determine whether hydrophobic amino acids 

affect the stability of PNA/DNA duplexes. 
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Figure 3.2: Structures of phenylalanine (phe) and tryptophan (trp) showing ionisation of the N- and 
C-termini at pH 7. 

 
While the majority of amino acids are attached to the C-terminus of PNA, some 

peptides have been conjugated to the N-terminus.121,125  To investigate whether the 

terminal location of the amino acid on the PNA probe impacts PNA/DNA hybridisation, 

a probe with an N-terminal lysine was also synthesised.  As positively charged amino 

acids were expected to increase the stability of PNA probes, multiple charges were 

expected to further increase the stability of PNA/DNA duplexes.  This is an important 

aspect to consider as cationic peptides containing at least three positively charged amino 

acids are frequently conjugated to PNA to assist with cellular delivery.  Two probes 

were synthesised with multiple lysine residues attached to the C-terminus to investigate 

the implications of this.   

For all of the PNA probes investigated, the nomenclature is as follows.  ‘Inf#1’ refers to 

the PNA sequence and the single letter amino acid codes are used to indicate which 

amino acid is conjugated.  An amino acid code written to the left of the sequence 

indicates an N-terminal attachment and one to the right of ‘Inf#1’ indicates a C-terminal 

attachment. 

Of particular interest in this work was (i) the extent to which the incorporation of 

individual representative amino acids could affect duplex stability and (ii) how the 

resultant change in stability arising from these duplexes would impact on the sequence 

specificity and discrimination of PNA/DNA hybridisation.  For this reason both fully 

complementary and mismatched oligonucleotide targets were designed (Table 3.1).  

Each sequence was 15 nucleotides in length, providing a three-nucleotide overhang at 
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each end of the duplex with which the PNA conjugated amino acids could interact.  

Mismatched sequences investigated include those containing a single base mismatch 

located near the N or C terminus (EF1-3 and EF1-4) or near the middle of the sequence 

(EF1-5 and EF1-6).  One sequence was also investigated that contained two 

mismatches, one located near each terminus. 

Analysis of the thermal stability of each duplex was performed using standard melting 

temperature (Tm) analysis on 3 to 10 replicate samples, based on a calculation of the 

fraction of strands existing in the double stranded state (α), as described by Marky and 

Breslauer.126  The Tm of a duplex is defined as the point at which α = 0.5 and is 

calculated via Equation (1), where A is the absorbance and AS and AD are the absorbance 

contributions from single strands and the duplex respectively (calculated by linear 

fitting of the upper and lower baselines). 

! 

" =
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A typical melting curve of a duplex with a mid-range Tm and its analysis is given in 

Figure 3.3. 

 
Figure 3.3:  A representative absorbance melting curve of 1µM Inf#1/EF1-1 in 5mM sodium 
phosphate buffer, pH 7.5, with fitted upper and lower baselines (left) and the resultant α  curve 
(right). 
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Whilst all of the mismatched sequences had a destabilising effect on PNA/DNA, the 

targets with centrally located single mismatches (EF1-5 and EF1-6), or with a mismatch 

located at both termini (EF1-7) had a much greater impact.  For duplexes with these 

targets, the melting temperatures were reduced such that the lower baselines of the 

melting curves were difficult to determine (Figure 3.4) thus no accurate melting 

temperatures could be calculated for these duplexes.  Due to this inability to obtain 

reliable melting temperatures from these melting curves, only the results of the EF1-1, 

EF1-3 and EF1-4 duplexes are listed in Table 3.2.  The value of Tm indicates the thermal 

stability of the duplex and, as discussed below, for suitable systems indirectly reflects 

the relative thermodynamic stability. 

 

Figure 3.4:  Representative melting curves for Inf#1/EF1-5 (left), Inf#1/EF1-6 (middle), Inf#1/EF1-7 
(right). 

 

Table 3.2:  Melting temperatures for PNA/DNA duplexes in 5mM sodium phosphate buffer, pH 7.5. 

EF1-1 EF1-3 EF1-4  
Tm (ºC) ΔTm (ºC)* Tm (ºC) ΔTm (ºC)* Tm (ºC) ΔTm (ºC)* 

Inf#1 38.7  26.1  26.7  
Inf#1K 44.8 +6.1 32.6 +6.5 32.6 +5.9 
KInf#1 41.1 +2.4 30.5 +4.4 28.3 +1.6 
Inf#1KK 47.2 +8.5 35.7 +9.6 37.3 +10.6 
Inf#1KKK 54.3 +15.6 41.1 +15.0 43.6 +16.9 
Inf#1E 31.1 −7.6 22.8 −3.3 23.4 −3.3 
Inf#1F 37.6 −1.1 27.5 +1.4 26.4 −0.3 
Inf#1W 39.8 +1.1 28.8 +2.7 27.2 +0.9 

    * change in Tm is compared to respective duplexes with Inf#1. 
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3.2.1 Thermodynamic analysis of PNA/DNA duplexes 

The full thermodynamic impact of conjugated amino acids on the formation of 

PNA/DNA duplexes was investigated by calculating the equilibrium constant, K, from 

the fraction of strands existing as the double-stranded duplex (α) via Equation (2), 

where CT is the total concentration of strands, and in this work CT = 2µM. 

! 

K =
2"
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2

C
T

 (2) 

The standard change in Gibbs free energy (ΔGº) on association is then 

! 

"G° = #RT lnK  

where R = 8.314 J K−1mol−1 (the ideal gas constant) and T is the temperature (in 

Kelvin). 

Figure 3.5 shows the dependence of ΔG° on T for duplexes of all eight PNA probes 

investigated with EF1-1, EF1-3 and EF1-4.  For each system, the results were repeated 

3 to 10 times in order to obtain an indication of the precision (the standard error for the 

thermodynamic data was within ±5%) and the figure shows the results of a single 

melting curve experiment for each case. As would be expected (given that 

! 

"G° = #RT lnK ), the dependence of ΔG° on T is quite linear over the accessible 

temperature ranges.  ΔG° is also shown on the graph for the case where α = 0.5 and CT 

= 2µM, with the intercept of this line with the ΔG° lines for each system giving the Tm.  

The lines generally do not cross in this region, therefore an increase in stability due to a 

more negative ΔG° will result in an increase in the Tm.  This means that in these cases 

the Tm reflects increases in the duplex stability.  Tm values are often used in the literature 

in discussion of stability, however caution should be used in comparing changes in Tm 

for different systems under different conditions as the Tm is sensitive to both duplex and 

salt concentrations. 
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Figure 3.5:  ΔG as a function of temperature for duplexes of all eight PNA probes with (top) EF1-1, 
(middle) EF1-3 and (bottom) EF1-4.  Also marked is the ΔG line for α  = 0.5 and CT = 2µM. 

 

ΔG° at 298 K is routinely used for the study of duplex stability.  Due to the potential use 

of PNA probes as antisense agents, the stability of the duplexes at physiological 

temperature was also of interest, therefore ΔG° was also obtained for 310 K.  
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Experimental detection limitations restrict the range of T for which these values can be 

determined reliably, and for the most stable duplexes values of 298 K and 310 K were 

not within the linear regions of the curves, as seen in Figure 3.5.  However, the linearity 

of the temperature dependence of ΔG° over the accessible values enabled a van’t Hoff 

analysis (ln K vs 1/T) to interpolate or extrapolate the ΔG°vH values of interest.  It also 

allowed the van’t Hoff enthalpy (ΔHºvH) and entropy (ΔSºvH) values to be estimated, as 

shown in Table 3.3 for all fully complementary duplexes.  The enthalpy and entropy 

were obtained from the van’t Hoff plot using Equations (4) and (5) and ΔGºvH using 

Equation (6) where T is the temperature in Kelvin and R = 8.314 J K−1 mol−1.  

! 

"H°
vH

= slope(lnK vs 1/T) # R  (4) 

! 

"S°
vH

= intercept(lnK vs 1/T) # R  (5) 

! 

"G°
vH

= "H°#T"S°   (6) 

Correlation coefficients for the linear regions of the van’t Hoff plots were typically R = 

0.98 to 0.998.  Since the temperature range in the van’t Hoff plot was small, the errors 

in ΔH° and ΔS°, determined from the standard error of several independent calculations, 

are quite large.  This is particularly evident in the calculations of ΔSº where a large 

degree of extrapolation is required to obtain the intercept therefore a small difference in 

the slope can introduce a large standard error.  As 298 K and 310 K however, are either 

within or close to the accessible region, errors in ΔG° from the van’t Hoff analysis at 

these temperatures are relatively small.  The ΔG° values for all duplexes at 298 K and 

310 K are listed in Table 3.4. 
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Table 3.3:  Thermodynamic data (van't Hoff analysis) for fully complementary PNA/DNA 
duplexes.  Standard errors are shown in brackets. 

 ΔHºvH 
(kJmol−1) 

ΔSº vH 
(Jmol−1K−1) 

ΔGºvH(298K) 
(kJmol−1) 

ΔGºvH(310K) 
(kJmol−1) 

Inf#1 −228 (3) −612 (9) −46.0 (0.3) −38.3 (0.3) 
Inf#1K −232 (10) −610 (33) −50.5 (0.8) −42.9 (0.4) 
KInf#1 −263 (16) −715 (49) −49.7 (1.0) −41.4 (0.4) 
Inf#1KK −238 (19) −621 (58) −52.8 (1.5) −45.5 (0.8) 
Inf#1KKK −274 (12) −716 (36) −60.8 (1.7) −52.0 (1.3) 
Inf#1E −232 (12) −642 (40) −40.8 (0.9) −33.0 (0.6) 
Inf#1F −232 (13) −627 (40) −45.6 (0.8) −37.6 (0.3) 
Inf#1W −271 (16) −746 (51) −49.0 (1.0) −39.4 (1.0) 

 

Table 3.4:  Δº values for 298 K and 310 K for all single complementary and mismatch duplexes. 

 EF1-1 EF1-3 EF1-4 
 ΔGºvH 

(298K) 
(kJmol−1) 

ΔGºvH 

(310K) 
(kJmol−1) 

ΔGºvH 

(298K) 
(kJmol−1) 

ΔGºvH 

(310K) 
(kJmol−1) 

ΔGºvH 

(298K) 
(kJmol−1) 

ΔGºvH 

(310K) 
(kJmol−1) 

Inf#1 −46.0 −38.3 −37.0 −30.5 −37.4 −30.3 
Inf#1K −50.5 −42.9 −41.4 −34.6 −41.4 −35.2 
KInf#1 −49.7 −41.4 −40.7 −32.0 −37.9 −32.1 
Inf#1KK −52.8 −45.5 −45.2 −36.9 −43.2 −38.3 
Inf#1KKK −60.8 −52.0 −47.0 −40.3 −46.0 −40.9 
Inf#1E −40.8 −33.0 −34.5 −29.2 −34.8 −28.0 
Inf#1F −45.6 −37.6 −38.0 −30.1 −37.4 −30.1 
Inf#1W −49.0 −39.4 −38.9 −31.2 −37.6 −30.7 

 

The change in ΔGºvH (ΔΔGvH) was determined in order to determine the impact on 

duplex stability arising from the modification of the PNA probes.  Figure 3.6 shows the 

results at 298 K, where a negative value indicates a more favourable free energy and an 

increased stability is observed for most modified PNA probes (except Inf#1E and 

Inf#1F).  Not surprisingly, these trends reflect the Tm results. 



 

 52 

 
Figure 3.6: Change in the free energy for duplexes of (2) Inf#1K, (3) KInf#1, (4) Inf#1KK, (5) 
Inf#1KKK, (6) Inf#1E, (7) Inf#1F and (8) Inf#1W compared to Inf#1 (Probe 1).  Duplexes with the 
fully complementary target EF1-1 are shown in black, and with the mismatched targets EF1-3 and 
EF1-4 in white and grey respectively. 

 

3.2.2 Charge effects on PNA/DNA hybridisation 

Fully complementary duplexes:  Lysine and glutamic acid resulted in the most 

significant change in duplex stability of all the C-terminal conjugated amino acids 

investigated.  Not unexpectedly, the incorporation of a single lysine residue at the C-

terminus of PNA (Inf#1K) resulted in a significant increase in duplex stability, as a 

result of the favourable electrostatic interaction between the positive charge on the 

lysine side chain and the negatively charged DNA backbone.  This was demonstrated by 

a decrease in ΔG°298K of 4.5 kJ mol−1 (from −46.0 to −50.5 kJ mol−1) and an increase in 

the Tm of approximately 6ºC (from 38.7 to 44.8ºC) with respect to the unmodified PNA 

(Inf#1).  Conversely, a glutamic acid conjugated to the C-terminus (Inf#1E) resulted in 

an increase in ΔG°298K of 5.2 kJ mol−1 (from −46.0 to −40.8 kJ mol−1) and a decrease in 

the Tm of the duplex of over 7 ºC (from 38.7 to 31.1ºC), indicating a decrease in duplex 

stability.  The increased stability of Inf#1K duplexes and the decreased stability of 

Inf#1E duplexes at physiological temperature, with respect to unmodified PNA, are 

suggested by the change in the Tm for the respective duplexes.  This is supported by the 
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change in ΔG°310K, of −4.6 and +5.3 kJ mol−1 for Inf#1K and Inf#1E respectively, which 

is comparable to ΔΔGº298K.  These changes in the thermodynamic stability of the 

PNA/DNA duplexes with respect to physiological temperature are important when 

determining the suitability of PNA probes for use in cellular systems. 

The incorporation of the two hydrophobic amino acids, phenylalanine and tryptophan, 

did not result in any significant change in the thermal stability of the duplex, with only a 

1.1ºC decrease and increase in the Tm respectively (a change essentially within the 

standard error range of ±1 ºC).  As the Tm for both of these duplexes was close to 

physiological temperature, the change in ΔG° at 310 K was also very small (+0.7 kJ 

mol−1 for Inf#1F and −1.1 kJ mol−1 for Inf#1W).  The shape of the melting transition 

resulted in an increase in stability of Inf#1W at 298 K however, with a ΔΔG°298K of −3.0 

kJ mol−1.  This can be seen by the steeper slope of the graph of ΔG° vs T (Figure 3.5), 

indicating that a smaller change in temperature will have a greater impact on ΔG°.  The 

small size of the effects shown for Inf#1F and Inf#1W may explain the controversy in 

past literature113-116 on the stabilisation contribution by tryptophan and phenylalanine on 

DNA/DNA duplexes. 

Single base mismatches:  The introduction of terminal single mismatches into the 

PNA/DNA duplexes universally caused a decrease in the stability of the duplex.  An 

increase in ΔG°298K of approximately 9 kJ mol−1, and a decrease in Tm of the unmodified 

PNA mismatch duplexes of approximately 12ºC, was observed for duplexes of Inf#1 

with EF1-3 and EF1-4 compared with the fully complementary target EF1-1.  A lysine 

conjugated to the C-terminus of PNA resulted in a decrease in ΔG°298K of approximately 

4 kJ mol−1 and an increase of about 6ºC for single mismatch duplexes in comparison to 

mismatched duplexes with unmodified PNA.  The incorporation of glutamic acid onto 

the C-terminus of PNA resulted in a decrease in the duplex stability, with an increase in 
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ΔG°298K of about 2.5 kJ mol−1 and a decrease in the Tm of 3.3ºC compared to unmodified 

PNA.  These results mirror the differences shown by hybridisation of Inf#1K and 

Inf#1E with the fully complementary target compared to the fully complementary 

duplex with unmodified PNA (Inf#1).  Once again this can be explained by the 

favourable electrostatic interactions between the PNA probe and the target DNA, 

however the overall ΔG° of these mismatch duplexes is higher (less negative) due to an 

overall decrease in duplex stability. 

Whilst it would be expected that a C-G mismatch would cause a greater destabilising 

effect than an A-T mismatch, this was not seen in these experiments.  The melting 

temperatures for duplexes of PNA (for each individual PNA, both modified and 

unmodified) with EF1-3 (3’ C-G mismatch) and EF1-4 (5’ A-T mismatch) were mostly 

within 1.1ºC of each other and where the ΔΔG°298K was more significant in some cases, 

the EF1-3 duplexes generally had a more favourable ΔG°298K.  That is, the PNA 

duplexes with EF1-3 were typically more thermodynamically stable.  Both the EF1-3 

and EF1-4 duplexes with Inf#1E had the essentially the same the same melting 

temperature (with only 0.6ºC difference, well within standard error).  One possible 

reason for this might be that the location of the destabilising glutamic acid at the C-

terminus of the PNA probe has an additive effect with the 5’ mismatch in the 

Inf#1E/EF1-4 duplex (as these are then both located at the same end of the duplex).  

This ‘doubling’ of destabilising elements at a single terminus of the PNA/DNA duplex 

could therefore cause the same overall degree of destabilisation as the Inf#1E/EF1-3 

duplex, which although it possesses a C-G mismatch, has both of its destabilising 

elements at opposite ends. 
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3.2.3 Importance of position and number of positive charges 

Amino acids are typically attached to the C-terminus of a PNA sequence so that in 

addition to the solubility-enhancing effects of the free sequence, PNA-bead aggregation 

and steric hindrance are reduced during synthesis.42  There are however several reports 

of amino acids or peptides conjugated to the N-terminus of PNA sequences.121,125  To 

investigate the extent to which the terminus where the amino acids are attached might 

impact on the stabilisation effect, PNA with an N-terminal lysine was synthesised 

(KInf#1).  While an N-terminal lysine increases the stability of the duplex (ΔΔG°298K of 

−3.7 kJ mol−1 and ΔTm of +2.4ºC for the EF1-1 duplex), it does so to a lesser degree 

than a C-terminal lysine (ΔΔG°298K of −4.5 kJ mol−1 and ΔTm of +6.1ºC), as shown in 

Table 3.2 and Table 3.4 and by comparing duplexes 2 and 3 in Figure 3.6.  Interestingly, 

while the location of a lysine residue at the N-terminus of the PNA increases the 

thermodynamic stability of the PNA/DNA duplexes to a greater extent than a C-

terminal lysine (seen by a more negative ΔGº), all KInf#1 duplexes have a lower Tm.  

There is no clear explanation as to why this might be so, however it may be in some 

way related to the direction in which the PNA/DNA duplex forms.  This was outside the 

scope of this work however, so was not investigated further.  

As polycationic peptides are commonly used to assist in cellular delivery of PNA, 

sequences containing two and three lysine residues at the C-terminus (Inf#1KK and 

Inf#1KKK) were also investigated.  The multiple lysine residues incorporated at the 

same terminus resulted in a step-wise increase in duplex stability, with the greatest 

increase occurring with addition of the first and third lysine.  The magnitude of the 

increased stability as a result of attachment of the first lysine residue is due to the 

addition of a stabilising moiety where there previously was none.  The difference seen 

between the effect that the second and third lysine residues have however is most likely 
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due to the distance of the lysine residues from the PNA sequence, with the second 

residue interacting to some extent with the DNA target, but the third residue possibly 

able to ‘hook’ around the duplex, in essence capping the molecule.  To investigate this 

however, modelling of the PNA/DNA duplexes with these conjugated amino acids 

would need to be performed, or the solution structure of these duplexes determined, 

both of which were not carried out here.  This difference between the sequential 

addition of lysine residues to the C-terminus of PNA is more exaggerated with fully 

complementary duplexes (a decrease in ΔG°298K of 4.5, 2.3 and 8 kJ mol−1 and an 

increase of 6.1, 2.4 and 9.5ºC with the addition of the first, second and third lysine 

respectively) but the trend is also evident for all mismatch duplexes (Table 3.2 and 

Table 3.4 and Figure 3.6). 

3.2.4 Stability, specificity and discrimination 

As mentioned previously, lysine residues are commonly conjugated to the C-terminus 

of PNA for use as a solubility enhancing group.  The ΔG° results obtained using PNA 

probes possessing attached lysine residues suggest that lysine is the best solubility 

enhancing group for PNA when the aim is to improve the discrimination between fully 

complementary and mismatch duplexes.  The difference in ΔG° (Table 3.4) between the 

mismatched duplexes with EF1-3 and EF1-4, compared to that of the fully 

complementary with EF1-1, for Inf#1 was 9 and 8.6 kJ mol-1 respectively.  These 

increased to 9.1 kJ mol−1 for Inf#1K and 13.8 and 14.8 kJ mol−1 for Inf#1KKK, whilst 

decreasing to 6.3 and 6.0 kJ mol−1 for Inf#1E.  This suggests that probes with three 

lysine residues attached to the C-terminus provide maximum thermodynamic stability 

and discriminatory power, in terms of differentiating between fully complementary and 

mismatched duplexes.  The difference in ΔGº between fully complementary and 
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mismatch duplexes however is not the only consideration, it is also important to 

examine the absolute values of the ΔGº for each duplex. 

One possible downside of using lysine as a solubility enhancing group is that its 

incorporation will result in higher binding energies for the mismatched as well as the 

fully complementary duplexes.  The resulting increase in Tm of these mismatched 

duplexes may be greater than the experimental temperature and therefore may result in 

them being mistaken for fully complementary duplexes in some experiments.  This is 

illustrated by the increased stability obtained with Inf#1KKK duplexes, in which a more 

favourable ΔGº298K is obtained (−47 and −46 kJ mol−1 for Inf#1KKK/EF1-3 and 

Inf#1KKK/EF1-4 duplexes respectively), which are comparable to the ΔGº298K of 

Inf#1/EF1-1 at −46 kJ mol−1.  This indicates that at room temperature, at which many 

biological screening applications are performed, PNA probes such as Inf#1KKK will 

bind stably with both mismatched as well as fully complementary duplexes. 

Conversely, this study has shown that the addition of a glutamic acid to the C-terminus 

of PNA probes decreases the stability of mismatched duplexes sufficiently suggesting 

that applications in which these sequences are used at room temperature will not result 

in enhanced binding of the mismatched duplexes (i.e., a false positive).  The 

destabilisation introduced into fully complementary duplexes by glutamic acid is less 

than the destabilisation due to terminal single base mismatches, with a ΔGº298K of −40.8 

kJ mol−1 for In#1E/EF1-1 compared to a ΔGº298K of approximately −37 kJ mol−1 for 

Inf#1/EF1-3 and Inf#1/EF1-4.  This relatively small degree of destabilisation supports 

the use of glutamic acid to enhance discrimination between fully complementary and 

mismatched duplexes, based on their overall binding energies and melting temperatures. 
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3.3 CONCLUSION 

Given that there has been avid interest in the use of PNA as biological reagents in the 

medicinal chemistry field, it is necessary that the thermal stability and sequence 

specificity of these molecules are investigated.  Amino acids and peptides are often 

conjugated to PNA molecules to assist in their delivery or synthesis,40 but without 

thought to the thermodynamic consequences.  Therefore it is important to understand 

the effects these conjugated amino acids may have on the thermal stability of the 

resultant PNA/DNA duplexes.  As lysine is routinely used as a solubility enhancing 

group for PNA probes the effect that this modification will have on the ability of the 

PNA probe to detect a target sequence with high levels of discrimination, also needs to 

be understood.   

The conjugation of lysine to the C-terminus of PNA probes increased the 

thermodynamic stability of both fully complementary and mismatched duplexes, while 

a glutamic acid attached at the same position decreases duplex stability. With the 

increase in the thermodynamic stability of duplexes achieved by, for example, the 

attachment of a lysine residue to the PNA, a corresponding increase in experimental 

temperature is required to maintain the probe’s ability to differentiate between 

complementary and mismatched duplexes.  For the PNA sequence studied, three C-

terminal lysine residues increased the Tm of all duplexes above physiological 

temperature (37ºC) and decreased the ΔG°310K to less than −40 kJ mol−1 for the 

mismatched duplexes, which could increase the occurrence of non-specific effects in 

some experiments.  One such consideration is that the use of conjugated cationic 

peptides is commonplace for cellular delivery of PNA,48,120,121 therefore there may be 

unforeseen problems with specificity of action within the cell if the peptide is attached 

via a permanent link (which they invariably are) rather than a cleavable or temporary 
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linker.  This will result in a probe that is able to bind stably to many mismatched 

sequences.  Furthermore, this added stability of the single mismatch duplexes suggests 

that screening experiments, usually performed at or around 298 K, will result in 

unsatisfactory discrimination between fully complementary and mismatched target 

molecules. 

These results show that consideration must be given to the design of experiments using 

PNA for detection and antisense applications, to ensure that addition of solubility 

enhancing groups or transport peptides do not adversely affect the efficacy of the probe.  

In the majority of experiments where maintaining sequence specificity (i.e. 

discriminatory power) of PNA/DNA hybridisation is important, the routine use of lysine 

as a solubility enhancing group for PNA should be replaced by the use of glutamic acid. 
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CHAPTER 4: DEVELOPMENT OF A SCREENING 
ASSAY 
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4.1 INTRODUCTION 

There are a considerable number of small molecules that are known to bind to 

DNA/DNA duplexes, two examples are ethidium bromide,127 which intercalates with 

DNA, and the minor groove binder distamycin,128 and these are used frequently in 

colourimetric and fluorescence assays to detect DNA/DNA duplexes.  Few of these will 

bind to PNA-containing hybrids however, affecting the ability to detect PNA/DNA 

duplexes using these methods.  This lack of binding is likely due to the hydrophobicity 

of the PNA backbone, as well as the distinct structural differences between DNA/DNA 

duplexes and PNA/DNA duplexes.129 

However, several symmetrical cyanine dyes that bind within the minor groove of DNA 

duplexes have also been found to bind to PNA/DNA duplexes.129-131  3,3’-

Diethylthiadicarbocyanine iodide (DiSC2(5)) is a PNA/DNA active dye that results in a 

colour change from blue to purple on binding to PNA/DNA duplexes.129  When binding 

to DNA/DNA duplexes, the dye forms face-to-face dimers that causes a hypsochromic 

shift of approximately 60nm from the monomeric form, but is still visibly blue.132  The 

extra 50 – 60nm shift obtained upon binding to PNA/DNA duplexes is a result of higher 

aggregation and it is this which causes the visible colour change.129  This quite obvious 

visual indication of the presence of PNA/DNA duplexes adds to the attraction of this 

dye and it has been used for several qualitative assays for PNA/DNA hybridisation 

screening.133,134 

DiSC2(5) consists of two benzothiazole units joined by a pentamethine linker (Figure 

4.1).  Other DNA-binding symmetrical cyanine dyes, such as 3,3’-

diethyloxadicarbocyanine (DiOC2(5)),129 in which the benzothiazole rings in DiSC2(5) 

have been replaced with benzoxazole rings (Figure 4.1), have been tested for binding to 
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PNA/DNA duplexes, however many of them do not bind as strongly as DiSC2(5).129,131  

It has been suggested that the benzothiazole rings are critical for binding to PNA-

containing duplexes.129  3,3’-Diethylthiatricarbocyanine iodide (DiSC2(7); Figure 4.1) is 

similar in structure to DiSC2(5), also containing two benzothiazole units, but is joined 

by a longer polymethine bridge.130  It successfully aggregates within the minor groove 

of PNA/DNA duplexes but the wavelength shift is larger on binding to the duplex than 

DiSC2(5), in the order of 50nm. 

 

 

Figure 4.1:  Structures of some symmetrical cyanine dyes. 

 
This chapter investigates the use of these PNA/DNA-binding dyes for incorporation into 

a colourimetric-based diagnostic method suitable for use in high though-put screening 

assays.  Ultimately, the aim was to develop a ‘low-tech’, rapid, robust, cheap and easy 

to use diagnostic that might be suitable for use in a clinic.  Chapter 3 provided insight 

into how the attachment of amino acids to PNA probes affects the thermodynamic 

stability and specificity of PNA/DNA hybridisation.  As these are two important facets 

in PNA diagnostics, these PNA modifications are also investigated to determine how 

they can assist in the detection of PNA/DNA hybridisation, with the emphasis on the 

ability to differentiate between fully complementary and single mismatch duplexes. 
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4.2  RESULTS AND DISCUSSION 

There has been a lot of interest in the use of 3, 3’-diethylthiadicarbocyanine iodide 

(DiSC2(5)) for detecting PNA/DNA hybridisation.  When in an aqueous solution, this 

dye is blue in colour.  In the presence of PNA/DNA duplexes, the dye molecules 

aggregate with the duplex causing a significant shift in the absorbance wavelength as 

seen by a blue to purple colour change.  This colour change does not occur in the 

presence of DNA/DNA duplexes, as the wavelength shift of the bound dye is much 

smaller in magnitude thus the solution remains visibly blue.  This property makes 

DiSC2(5) an ideal agent for the colourimetric detection of PNA/DNA hybridisation. 

One difficulty with the use of this dye for the detection of target DNA is that false 

positives can be obtained in the presence of single base mismatched target sequences.  

As seen in Chapter 3, these mismatch duplexes have a lower thermal stability, therefore 

the colour change for these duplexes is evident at lower temperatures than for fully 

complementary duplexes.135  Wihelmsson et. al.136 suggested heating samples 

containing PNA/DNA duplexes and DiSC2(5) alongside a fully complementary control 

sample with a monitored cooling to determine at which temperature the blue to purple 

colour change occurred.  Those samples that contained fully complementary target 

DNA would undergo the colour change at the same temperature as the control sample, 

and those with mismatch target DNA would turn purple at lower temperatures.  This 

method leaves room for error however, as the visible detection of a colour change is 

highly subjective.  Any variation in the cooling ramp and dye content would also 

introduce a degree of error.  My interest was to develop a screening method that 

combined elevated temperatures with UV-Vis spectrophotometer readings to more 

effectively differentiate between fully complementary and mismatched targets. 
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The absorbance wavelengths of the free and bound dye vary slightly in relation to the 

buffer used.  5mM sodium phosphate buffer (pH 7.5) was used in all of these 

hybridisation experiments and in this buffer the absorbance peaks for the free and 

aggregated dye of fully complementary duplexes with unmodified PNA (i.e. possessing 

no attached amino acids) are 646nm and 527nm respectively (Figure 4.2).  Variation in 

temperature, introduction of mismatches into the target oligonucleotide and PNA 

modifications (attachment of different amino acids to the N- or C-terminus) caused 

slight shifts of these maxima.  However, as these shifts were minimal (no more than 

7nm, some of which can be seen in Figure 4.3), they were disregarded and the quoted 

wavelengths were used to determine differences between dye binding to fully 

complementary and mismatched duplexes. 

 
Figure 4.2:  Absorbance maxima representing free and bound DiSC2(5) in a PNA/DNA/dye 
aggregate.  Fully complementary 9-mer target DNA hybridised to Inf#1 at 1µM with 5µM DiSC2(5) at 
25ºC. 

 
The relative intensity of these two maxima varies with changes in the PNA/DNA 

duplex, induced either by changes in temperature or via introduced mismatches.  As the 

thermal stability of the PNA/DNA duplex decreases, leading towards denaturation, the 

bound dye peak decreases and the free dye peak increases (Figure 4.3).  It was this 

phenomenon that formed the basis for development of this screening assay.  The 
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rationale was that the ratio of bound dye to free dye absorbance values should be 

calculated and that a ratio of greater than one, showing that more dye was bound than 

free, would indicate a positive result. 

 
Figure 4.3:  Changes in absorbance maxima of DiSC2(5) with changes in duplex stability.  (a) 
Changes in stability of the duplexes due to introduced mismatches compared to fully complementary 
duplex (red).  (b) Changes in stability of a fully complementary duplex by increase in temperature from 
0ºC (red) to 60ºC (orange). 

 

4.2.1 Dye:Duplex Ratios 

All previously published hybridisation experiments investigating PNA/DNA/DiSC2(5) 

aggregates used equal length PNA and DNA sequences.129,131,132,137  Due to this 

precedent, initial investigations into the development of a screening method using 

DiSC2(5) were carried out using 9-mer DNA targets (Table 4.1) such that no terminal 

overhang was present.  Although the results shown in Chapter 3 suggest that glutamic 

acid terminated PNA probes should be used in order to achieve maximum 

discrimination between fully complementary and mismatched duplexes, initial 

investigations into the development of this screening assay were carried out using 

Inf#1K (C-terminal lysine modified PNA).  This is not only the most commonly used 

modification, but also had an intermediate stability of all the probes investigated and 

was therefore thought to be a good indicator for any observed trends.  DiSC2(5) binds 
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within the PNA/DNA minor groove with a ratio of between 5 and 7 dye molecules per 

duplex.129  For this reason, samples with a 5:1 dye to duplex ratio were investigated.  As 

the two absorbance maxima in a PNA/DNA/DiSC2(5) spectrum represents free and 

bound dye, the ratio of dye to duplex in a sample will impact on the relative heights of 

the peaks.  Therefore three other dye to duplex ratios were investigated: 1:1, 2:1 and 

10:1.  Lower dye ratios were expected to decrease the free dye absorbance intensity in 

relation to the bound dye absorbance, thus increasing the bound to free dye ratio.  In 

contrast, increasing the dye to duplex ratio to 10:1 was expected to increase the free dye 

absorbance in relation to the bound dye absorbance, decreasing the bound to free dye 

ratio and therefore allowing for better discrimination between fully complementary and 

mismatched duplexes.  However, higher dye ratios would also decrease the sensitivity 

of the assay, due to the excess free dye absorbance swamping the bound dye signal.  It 

was for this latter reason that lower dye ratios were preferred in our experiments. 

Table 4.1:  9-mer oligonucleotide target sequences.  Bases underlined are those where a mismatch will 
occur in the PNA/DNA duplexes. 

Label Sequence 
F1-1 5’-GTAGAAACA-3’ 
F1-3 5’-GTAGAAATA-3’ 
F1-4 5’-GCAGAAACA-3’ 
F1-5 5’-GTATAAACA-3’ 
F1-6 5’-GTAGCAACA-3’ 
F1-7 5’-GGAGAAATA-3’ 

 
The absorbance spectra of PNA/DNA/DiSC2(5) samples were recorded over 450nm to 

700nm on a Varian Cary 300 UV-Vis spectrophotometer equipped with a peltier 

temperature controller, in sealed cuvettes, at seven different temperatures (0, 20, 25, 30, 

40, 50 and 60ºC).  Temperatures were not elevated above 60ºC however, to avoid 

thermal degradation of the dye.138  For all dye to duplex ratios investigated, height of 

the bound dye peak decreased with temperature with a corresponding increase in the 

free dye peak (Figure 4.4). 
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Figure 4.4:  Absorbance spectra of Inf#1K/DNA/DiSC2(5) aggregates.  Samples of 1µM Inf#1K with 
fully complementary target (F1-1) with (a) 1µM, (b) 2µM, (c) 5µM and (d) 10µM DiSC2(5) scanned at 
seven different temperatures: 0ºC (red), 20ºC (dark blue), 25ºC (green), 30ºC (black), 40ºC (pink), 50ºC 
(light blue) and 60ºC (orange). 

 
As expected, the 2:1 dye to duplex ratio samples did show a decrease in the free dye 

absorbance greater than the decrease in the bound dye absorbance, compared to the 5:1 

samples (Figure 4.5), suggesting the lower dye concentration would provide larger 

bound to free dye absorbance ratios and therefore be a better system to use in the 

screening assay.  The overall absorbance value (Abs < 0.2) with 2µM DiSC2(5) was 

significantly lower than the 5µM DiSC2(5) samples however, suggesting that 

absorbance readings on less sensitive spectrophotometers could be an issue.  Increasing 

the dye concentration to 10µM increased the absorbance values of both the free and 

bound absorbance peaks considerably (Abs > 0.35), however the free dye peak did not 
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appear to increase to a greater extent than the bound dye peak, as had been expected 

(Figure 4.5). 

 
Figure 4.5:  Difference in heights of absorbance maxima for the different dye to duplex ratios.  
Fully complementary duplexes of 9-mer target with Inf#1K at 0ºC for 1:1 (red), 2:1 (blue), 5:1 (green) 
and 10:1 (black) dye to duplex ratios. 

 
Both the 1:1 and 2:1 dye to duplex ratios showed promise for differentiation between 

fully complementary and single base mismatched duplexes, with both giving a bound to 

free absorbance ratio of greater than one at 40ºC for only fully complementary 

duplexes.  There is however a possibility that one of the sequences with a terminal 

mismatch (F1-4, Table 4.1) will give a positive result given that the average bound to 

free ratio is 0.96 and the standard error is 0.2 (Table 4.2).  The question therefore arose: 

would a change in the amino acid conjugated to the PNA probe alter the ratio 

sufficiently to allow for greater discrimination between the two duplexes?  This is 

discussed further in Section 4.2.3   

Both of the higher dye to duplex ratios, 5:1 and 10:1, generated bound to free 

absorbance greater than one up to 25ºC and were unable to differentiate between the 

fully complementary duplex (F1-1) and those with a single base mismatch located near 

a terminus of the duplex (F1-3 and F1-4).  Bound to free dye absorbance ratios for all 
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duplexes with Inf#1K over the seven temperatures for all dye to duplex ratios are given 

in Table 4.2. 

Table 4.2:  Bound to free dye absorbance ratio (527nm abs / 646nm abs) for Inf#1K hybridised to 9-
mer oligonucleotide targets for all 4 dye to duplex ratios and over seven temperatures.  Stderr was at 
most 0.2 for all dye to duplex ratios except 10:1 where it was no greater than 0.1.  Oligonucleotide 
sequences F1-1 to F1-7, see Table 4.1. 

Temp (ºC) F1-1 F1-3 F1-4 F1-5 F1-6 F1-7 
1:1 dye to duplex 

0 1.83 0.72 1.59 0.87 0.29 0.25 
20 1.90 0.81 1.66 0.94 0.32 0.26 
25 1.65 0.72 1.35 0.82 0.26 0.23 
30 1.46 0.63 1.16 0.68 0.21 0.20 
40 1.12 0.44 0.79 0.43 0.11 0.12 
50 0.53 0.14 0.26 0.13 -0.02 0.02 
60 0.10 -0.02 -0.05 0.01 -0.05 -0.01 

2:1 dye to duplex 
0 2.21 1.35 1.94 1.02 0.72 0.60 

20 2.09 1.37 1.78 1.07 0.65 0.57 
25 1.73 1.08 1.47 0.83 0.52 0.47 
30 1.52 0.93 1.30 0.72 0.44 0.39 
40 1.16 0.68 0.96 0.51 0.28 0.25 
50 0.72 0.38 0.54 0.24 0.13 0.13 
60 0.25 0.12 0.16 0.09 0.07 0.08 

5:1 dye to duplex 
0 1.40 1.27 1.31 1.03 0.83 0.72 

20 1.26 1.17 1.20 0.93 0.72 0.66 
25 1.10 0.95 1.01 0.76 0.58 0.56 
30 0.92 0.79 0.85 0.64 0.47 0.47 
40 0.67 0.56 0.60 0.42 0.28 0.30 
50 0.48 0.36 0.38 0.24 0.15 0.16 
60 0.24 0.13 0.16 0.12 0.07 0.07 

10:1 dye to duplex 
0 1.16 1.16 1.13 1.05 0.97 0.89 

20 1.02 1.03 1.00 0.94 0.83 0.79 
25 0.89 0.88 0.87 0.80 0.71 0.68 
30 0.75 0.73 0.72 0.68 0.59 0.57 
40 0.53 0.49 0.50 0.46 0.38 0.38 
50 0.35 0.30 0.31 0.27 0.22 0.22 
60 0.23 0.16 0.18 0.14 0.11 0.13 

 
 
The aim of this screening method is that most laboratories should be able to perform it 

on commonly available equipment.  For this reason, the absorbance for the two maxima, 

646nm and 527nm, were also read on a BioRad ‘benchtop’ spectrophotometer.  The 

main difference in using this spectrophotometer over the Cary, in addition to any 

sensitivity issues, is that much smaller sample volumes were needed.  As there was no 

temperature controller installed, the samples were incubated in heating blocks at the 

various temperatures prior to measuring the absorbance.  The absorbance readings 
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obtained for each dye to duplex ratio were comparable to those obtained with the Cary 

300, however the decreased sensitivity of the benchtop spectrophotometer increased the 

degree of error, although not outside of acceptable ranges for the higher dye 

concentrations (i.e., 5µM and 10µM).  The low absorbance levels of the 2:1 dye to 

duplex samples decreased the reproducibility of absorbance readings, while those of the 

1:1 samples were unusable. This left the 5:1 dye:duplex ratio as the only candidate for 

development of a PNA/DNA duplex screening method using the bound to free dye 

absorbance ratio.  While this ratio was not found to be useful with lysine-terminated 

PNA, it was hoped that one of the other amino acid terminated PNA probes would 

provide the level of discrimination required for this screening method to work, and is 

discussed further in Section 4.2.3. 

4.2.2 Overhang effect 

During investigation into the thermodynamics of the PNA/DNA duplexes (Chapter 3) it 

was thought that the terminal amino acids might interact with the DNA target both 

sterically and ionically.  To test this hypothesis three nucleotides were added to each 

end of the target oligonucleotide sequences, producing an overhang (Table 4.3).  To 

determine the impact of this change in the targets, all four dye to duplex ratios were 

performed on duplexes of these extended targets with the Inf#1K probe. The extreme 

temperatures (0 and 60ºC) were excluded however, as thermal degradation of they dye 

had been observed at 60ºC and no bound to free ratio of greater than one had been 

obtained at either 0ºC or 60ºC.  The difficulty in obtaining usable absorbance readings 

for 1:1 dye to duplex samples (Abs > 0.2), also excluded this dye to duplex ratio. 
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Table 4.3:  15-mer oligonucleotide targets.  Bases in bold represent the 9-mer parent sequence.  
Underlined bases are those where a mismatch will occur in the PNA/DNA duplexes. 

 Sequence 
EF1-1 5’-GAAGTAGAAACAGCC-3’ 
EF1-3 5’-GAAGTAGAAATAGCC-3’ 
EF1-4 5’-GAAGCAGAAACAGCC-3’ 
EF1-5 5’-GAAGTATAAACAGCC-3’ 
EF1-6 5’-GAAGTAGCAACAGCC-3’ 
EF1-7 5’-GAAGGAGAAATAGCC-3’ 

 
There was a significant difference between bound to free dye absorbance ratios obtained 

using 15-mer target sequences (i.e., those possessing an overhang) and those found with 

the 9-mer target sequences (Table 4.4).  Samples with a 5:1 and 10:1 dye to duplex ratio 

gave bound to free ratios of greater than one up to 50ºC whereas for 9-mer target 

duplexes, 25ºC was the highest temperature with a bound to free ratio greater than one.  

This demonstrates that PNA/DNA/DiSC2(5) aggregates which have a terminal overhang 

within the PNA/DNA duplex are more stable than aggregates with equal length PNA 

and DNA sequences.  This was also observed for the 2:1 dye to duplex samples.  For 9-

mer targets, the bound to free ratio could be used to discriminate between fully 

complementary and single-base mismatched duplexes for 2:1 dye to duplex samples at 

40ºC.  Using the 15-mer target sequences however, no dye to duplex ratio was able to 

obtain a bound to free ratio of greater than one for the EF1-1 duplex (fully 

complementary) alone at any of the temperatures studied.  Therefore, while the rationale 

behind this screening method is still valid, it seems the lysine terminated probe (Inf#1K) 

is unsuitable for differentiation between fully complementary and mismatched 

duplexes. 
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Table 4.4:  Bound to free dye absorbance ratio (527nm abs / 646nm abs) for Inf#1K hybridised to 
15-mer oligonucleotide targets for 3 dye to duplex ratios and over five temperatures.  Stderr for 2:1 
samples was as high as 0.5 however was no more than 0.1 for 5:1 samples and 0.05 for 10:1 samples. 

Temp (ºC) EF1-1 EF1-3 EF1-4 EF1-5 EF1-6 EF1-7 
2:1 dye to duplex 

20 2.32 2.05 1.57 0.62 0.27 2.32 
25 1.75 1.74 1.39 0.50 0.38 1.75 
30 2.05 2.06 1.74 0.79 0.22 2.05 
40 2.05 1.67 1.35 0.57 0.26 2.05 
50 0.86 0.73 0.50 0.34 0.21 0.86 

5:1 dye to duplex 
20 1.99 1.80 1.76 1.14 0.48 1.99 
25 1.95 1.81 1.67 0.95 0.45 1.95 
30 1.85 1.58 1.43 1.01 0.47 1.85 
40 1.86 1.58 1.36 0.81 0.37 1.86 
50 1.27 1.12 0.87 0.51 0.23 1.27 

10:1 dye to duplex 
20 1.72 1.59 1.45 1.13 0.75 1.72 
25 1.48 1.44 1.28 1.00 0.69 1.48 
30 1.46 1.38 1.25 0.99 0.73 1.46 
40 1.36 1.32 1.20 0.93 0.63 1.36 
50 1.16 1.11 1.00 0.74 0.52 1.16 

 

4.2.3  Impact of different amino acids on the bound to free ratio 

A dye to duplex ratio of 5:1 and a maximum temperature of 50ºC, using the Inf#1K 

probe was not successful in differentiating between fully complementary and single-

base mismatched duplexes.  This is because bound to free ratios of greater than one 

were obtained at elevated temperatures for both the fully complementary and mismatch 

duplexes.  Hence it was concluded that a PNA probe producing less stable duplexes 

than Inf#1K was needed to make bound to free ratios viable for use as a diagnostic test.  

The thermodynamic stability and specificity of eight different PNA probes (Table 4.5) 

were investigated in Chapter 3 and this data suggested that glutamic acid conjugated 

PNA probes might have the desired effect.  The unmodified PNA probe (Inf#1, with no 

attached amino acids) also provided a lower thermal stability than Inf#1K duplexes, 

therefore probes possessing no terminal amino acids may be suitable for use in this 

screening method.  For completeness, all eight probes were used to further investigate 

the effect that attached amino acids have on the function of PNA probes.  The bound to 

free ratios of duplexes with all eight probes are shown in Figure 4.6.  While all eight 
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probes were investigated with both the 9-mer and 15-mer targets, only data from those 

with the 15-mer target are shown, because this more closely represents the ‘real-life’ 

situation. 

Table 4.5:  PNA probe sequences, written N to C. 

 Sequence 
PNA Probes  
Inf#1 H-TGTTTCTAC-NH2 
Inf#1K H-TGTTTCTAC-Lys-NH2 
KInf#1 H-Lys-TGTTTCTAC-NH2 
Inf#1KK H-TGTTTCTAC-Lys-Lys-NH2 
Inf#1KKK H-TGTTTCTAC-Lys-Lys-Lys-NH2 
Inf#1E H-TGTTTCTAC-Glu-NH2 
Inf#1F H-TGTTTCTAC-Phe-NH2 
Inf#1W H-TGTTTCTAC-Trp-NH2 

 
As predicted by the thermodynamic data in Chapter 3, Inf#1E (C-terminal glutamic 

acid; Figure 4.6a) was the best probe for use in a diagnostic based on the bound to free 

ratios of PNA/DNA/DiSC2(5) aggregates.  All eight probes gave a bound to free ratio 

greater than one for fully complementary duplexes at 40ºC.  Inf#1E however, was the 

only probe that was able to differentiate between fully complementary and mismatch 

duplexes by a bound to free ratio.  At 40ºC, the bound to free ratio of Inf#1E/EF1-1 

(fully complementary duplex) was 1.28 while all the mismatch duplexes had a bound to 

free ratio below 0.7.  While for all other probes the differences between the bound to 

free ratio of fully complementary and mismatched duplexes were small, and sometimes 

the bound to free ratio of mismatches was higher than the fully complementary duplex 

(e.g., using Inf#1KKK), mismatched duplexes with Inf#1E consistently gave much 

lower bound to free ratios than the fully complementary duplexes.  One reason for this 

may be that while glutamic acid has a destabilising effect on the PNA/DNA duplex, its 

negative charge also interacts with the positive charge on the dye molecules assisting 

the dye binding within the minor groove of the duplex.  This might therefore allow an 

increased level of dye to aggregate with the more stable fully complementary duplex.  

This would have little, or no, effect on the less stable mismatched duplexes, which may 
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not form long enough for the negative charge to assist with recruitment and binding of 

the positively charged dye. 

 

 

      
Figure 4.6:  Bound to free dye absorbance ratio (527nm abs / 646nm abs) for (a) Inf#1E, (b) Inf#1, 
(c) Inf#1K, (d) Inf#1KK, (e) Inf#1KKK, (f) KInf#1, (g) Inf#1F and (h) Inf#1W duplexes with 15-
mer targets.  5:1 dye to duplex ratios were us. 

 
These results indicate that using the bound to free dye absorbance ratio of 

PNA/DNA/DiSC2(5) aggregates is a viable DNA screening test when using glutamic 
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acid terminated PNA probes.  For the sequences used, 40ºC was sufficient for reliable 

discrimination between fully complementary and single-base mismatched duplexes, 

however the test may need to be optimised further for detection of different target 

sequences, especially those that are longer and have a higher Tm. 

4.2.4 Sensitivity of Screening Test 

With the development of any new screening method, a measure of the sensitivity of the 

test is necessary.  To investigate the sensitivity of this method, 1µM PNA and 5µM 

DiSC2(5) was used to detect samples containing 0.1 to 1µM fully complementary target 

sequences (in increments of 0.1µM) at 40ºC.  Using the bound to free ratio, target 

molecules could reproducibly be detected to 0.3µM, a concentration that doesn’t allow 

this method to be used for direct detection but is well within the range for screening 

PCR amplification products.  Lower concentrations of PNA and dye (0.5µM and 2.5µM 

respectively) that still maintained the 5:1 dye to PNA ratio were also unsuccessful. 

4.2.5 Caveats 

The sensitivity of the spectrophotometer plays an important role in the use of this 

method.  Higher end spectrophotometers, such as the Cary 300, can detect much lower 

concentrations of the dye more reliably than the smaller ‘benchtop’ spectrophotometers.  

Many plate readers use wavelength filters to measure the absorbance of a sample, rather 

than reading the actual wavelength.  Therefore, if this bound:free dye method is to be 

employed on a plate reader, for use as a high through-put screening diagnostic, the plate 

reader must read the absorbance for a specific wavelength rather than for a wavelength 

range.  

During the development of the screening test, the shelf life of the dye stock solution 

(1mM in methanol) was determined to be four weeks.  Experiments carried out using 
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dye stock solutions older than this resulted in changes in both the free and bound dye 

absorbance intensity. 

4.2.6 3,3’-Diethylthiatricarbocyanine Iodide (DiSC2(7)) 

Like DiSC2(5), DiSC2(7) also aggregates to PNA/DNA duplexes, however the 

wavelength shift on binding to the PNA/DNA duplex is greater (shifting towards the 

infrared region of the spectrum by approximately 170nm).  In addition, DiSC2(7) 

samples produced significantly less free dye absorbance when in the presence of fully 

complementary duplexes than the comparative sample with DiSC2(5).  It was therefore 

predicted that DiSC2(7) would produce higher bound to free dye absorbance ratios than 

their DiSC2(5) counterparts, and might therefore introduce more sensitivity into the 

screening method.  This was not the case however, as in addition DiSC2(7) being highly 

susceptible to thermal degradation, exhibiting radical decreases in absorbance above 

40ºC, it also bound effectively to the single-stranded oligonucleotide target controls 

(without the presence of PNA/DNA duplexes), which was not the case for DiSC2(5). 

4.2.7 Application of the Screening Test 

As described in Chapter 2, influenza virus was chosen as the model disease for targeting 

with PNA probes.  Originally the presence of at least eight copies of the target sequence 

per virus particle suggested a direct detection approach could be used.  Influenza virus 

is an RNA virus and therefore this detection method needs to be tested against 

PNA/RNA duplexes.  Two RNA sequences representing positive and negative target 

sequences were obtained from Sigma Proligo to simulate influenza virus testing (Table 

4.6).  The positive sequence was taken from an influenza sequence and the negative 

sequence was a scramble of the positive RNA sequence, computed using a random set 
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generator.  RNA sequences of 23 nucleotides were used, as shorter sequences could not 

be commercially sourced. 

Table 4.6:  RNA target sequences for simulation of influenza virus detection. 

 Sequence 
Positive 5’-AGUAGAAACAAGGCCUGCUUUUG-3’ 
Negative 5’-CAAGAGUGUCGAUUCACUGAAUG-3’ 

 

While bound to free ratios obtained from duplexes of Inf#1E with these sequences were 

able to differentiate between the positive and negative sequences at 30ºC, a bound to 

free ratio of greater than 1 was also obtained for RNA sequences alone (i.e., without the 

presence of PNA) at temperatures up to 40ºC.  This method is therefore only suitable 

for PNA/DNA duplex detection.  As the sensitivity of this screening method suggests it 

is best targeted as a post-PCR technique, the limitation to PNA/DNA detection is 

acceptable.  Influenza RNA would therefore need to be amplified using reverse-

transcriptase PCR (RT-PCR)99 prior to screening the samples with DiSC2(5). 
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4.3 CONCLUSION 

The aim here was to investigate whether a quick and reliable diagnostic, able to be used 

in a clinic, could be developed based on PNA probes.  The wavelength shift of DiSC2(5) 

upon binding to PNA/DNA duplexes makes it an ideal dye for use in colorimetric 

screening for DNA targets, as the wavelength shift is visibly detectable as a colour 

change from blue to purple.  As with any visual test however, there is subjectivity in the 

reading of a result and room for false positives.  For this dye to be used in a reliable 

screening test, visual interpretation needs to be replaced by spectrophotometer readings.  

The presence of two peaks in the absorbance spectrum of PNA/DNA/DiSC2(5) 

complexes, representing both free (646nm) and bound (527nm) dye, provides a starting 

point for development of a spectrophotometer-based screening test for PNA/DNA 

duplexes using DiSC2(5).  The ratio of the bound to free absorbance (bound to free 

ratio) of a sample provides information on the relative concentration of dye bound to 

PNA/DNA duplexes as opposed to free dye in the solution.  This was targeted for the 

development of this screening test, with the aim that only bound to free ratios of greater 

than one (more dye is bound than free) would indicate a positive result. 

Using a 5:1 dye to duplex ratio, the bound to free ratio was able to consistently and 

reliably differentiate between fully complementary and single-base mismatched target 

sequences using glutamic acid terminated PNA probes and with samples heated to 40ºC.  

Other PNA modifications investigated (specifically the use of other terminal amino 

acids) were unsuccessful, as bound to free ratios of greater than one were often obtained 

for duplexes with single base mismatches located near either terminus (the lowest 

destabilising effect of the mismatches investigated).  These results confirm suggestions 

made in Chapter 3 that a replacement of the commonly used lysine should be replaced 

with glutamic acid as the C-terminal amino acid on PNA probes.  The destabilising 
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effect on the duplexes, together with a possible ionic interactions between the 

negatively charged glutamic acid and the positively charged DiSC2(5) dye molecules, 

make glutamic acid terminated probes ideal for the use of genetic screening based on 

the bound to free ratio of PNA/DNA/DiSC2(5) samples. 

While using 1µM PNA probe and 5µM DiSC2(5), fully complementary DNA can only 

be detected to 0.3µM, this limit is well within the range of post-PCR amplification 

concentrations and post-PCR screening is a routine procedure.  Therefore this method of 

differentiating between fully complementary and mismatched duplexes would be an 

ideal high-throughput screening test to be performed after amplification of target 

sequences but probably not useful in the clinic. 
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CHAPTER 5: SURFACE-BASED STUDIES OF PNA 
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5.1   INTRODUCTION 

Microarray technology has a significant role in molecular biotechnology, allowing 

large-scale analysis of genomic data.  There are two types of DNA microarrays:  those 

with immobilised cDNA (500 – 5,000 bases long) and those with oligonucleotide 

probes (20 – 80 bases in length) attached to the surface.139  The former is generally used 

for detecting mRNA levels of specific genes while the latter is used to detect target 

sequences within DNA samples.  In both cases, the target samples are fluorescently 

labelled and the fluorescence intensity at each position on the microarry determines the 

mRNA level or the presence of the target sequence.139  Affymetrix140 is a key player in 

supplying the scientific community with microarrays. In their systems, light-directed 

combinatorial chemistry is used to synthesise DNA probes at high resolution onto a 

surface at precise locations and laser confocal fluorescence scanning is used to measure 

the degree of hybridisation after the array is exposed to labelled target nucleic acids.140  

All DNA microarrays are single-use however, increasing the cost involved with using 

this technology.   

The benefits of using PNA over DNA probes for detecting target oligonucleotides have 

been well documented and are discussed in the previous chapters.  Their biological 

stability against nucleases and proteases and their chemical stability at high 

temperatures also suggest that PNA microarrays could potentially be reused, making 

microarray technology more affordable. 

There have been many studies reported on the immobilisation of PNA onto silica, glass 

and gold surfaces.141-146  In the latter, the surface is exposed to a thiol-terminated PNA 

sequence whereupon the thiol group binds to the gold surface.141  One disadvantage of 

this method, however, is that PNA itself also binds non-specifically to gold surfaces 

resulting in poor (ineffective) binding of target DNA to the immobilised PNA.141  
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Several chemistries have been used to attach PNA to glass and silica surfaces.  These 

include binding: 

1. Biotin-PNA to a lipid-streptavidin layer;141,145 

2. Thiol-terminated PNA to a maleimide layer;145 and 

3. N-terminal PNA to a succinimide ester layer.145 

The first two methods are generally preferred, as they do not require side-chain 

protection during surface immobilisation, nor do they require a purification step 

between PNA synthesis and surface attachment as only full-length product will bind.145 

Formation of a streptavidin layer, for option one, is usually achieved by binding 

streptavidin to a biotin-doped lipid bilayer formed on the surface.141  A common method 

of preparing the succinimide or maleimide surfaces required for the other two options is 

by first coating the surface with a functionalised silane to which appropriate bi-

functional linker molecules can be attached.145  

PNA surfaces formed on maleimide or succinimidyl ester monolayers have been shown 

to be robust and target oligonucleotides have been successfully removed from them 

after hybridisation without any adverse effects on the surfaces themselves.145  This has 

been shown with no loss in signal intensity obtained after re-using these surfaces 20 

times.145  This demonstrates that the increased chemical and biological stability of PNA 

does make PNA microarray reuse a viable option. 

While DNA microarrays require the incorporation of a label onto the target molecules 

for detection to occur, PNA microrrays have typically been used in methods where 

labelling of the target DNA is not required.  Some of these technologies include quartz 

crystal microbalance147, acoustic-shear-wave attenuation141 and time-of-flight secondary 

ion mass spectrometry (TOF-SIMS).142  As with the DNA microarrays however, these 
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methods require expensive equipment for detecting hybridisation of the target 

molecules with the immobilised probes. 

In our research group we were interested using immobilised PNA in fluorescent and 

colourimetric assays that do not require a label to be incorporated onto the target 

molecule.  The aim was to expand on the low-cost colourimetric assay described in the 

previous chapter, incorporating it into a surface-based assay for the detection of target 

DNA sequences.  In this chapter, the preparation of PNA surfaces for this use was 

investigated. 
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5.2   RESULTS AND DISCUSSION 

5.2.1 Immobilising PNA on Silica and Glass Surfaces 

PNA has been immobilised on gold, silica and glass surfaces.141,142,145,148  For the 

purpose of this work, only silica and glass surfaces were chosen because non-specific 

adsorption of PNA has been reported on gold surfaces.141,142  This would typically result 

in a heterogeneous formation of any PNA monolayer and would most likely interfere 

with hybridisation of target DNA to the immobilised probe.  Silica wafers (5Å RMS 

surface roughness) and pathology-grade glass slides were cut into 1cm2 pieces before 

being functionalised for PNA attachment.  The chemistry selected for immobilisation of 

PNA onto both silica and glass surfaces, was via conjugation of a thiol-terminated PNA 

to a surface-tethered maleimide monolayer.  This is shown schematically in Figure 5.1. 

 
Figure 5.1:  Immobilisation of thiol-terminated PNA onto maleimide functionalised surfaces. 

 
The maleimide monolayer was formed in a two-step process, in which formation of a 

reactive amine monolayer was followed by functionalisation of the surface forming 

terminal maleimide groups.  In a typical experiment, the surfaces were cleaned with 

piranha (30:70 30% hydrogen peroxide / 98% sulphuric acid) for 30min to remove any 

organic contaminants coating the surfaces and also to activate the surface.149  The 

surfaces were then washed with milliQ water then pure acetone and finally dried with 

pure nitrogen prior to silane coating.  A commercial amino silane (N-[3-

(trimethoxysilyl)propyl] ethylenediamine) was reacted with the surface forming an 

amine monolayer (Scheme 5.1), by a process in which the surfaces were reacted with a 

2% v/v silane solution in toluene at 70ºC for 4min.  After this they were washed with 
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pure toluene, acetone and milliQ water before being dried under a stream of dry 

nitrogen. 

 
Scheme 5.1:  Amino silane attachment onto glass and silica surfaces, resulting in a reactive amine 
monolayer. 

 
The terminal maleimide group was then formed by reacting the slides overnight with 4-

(N-maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide ester 

(SMCC).150  Typically, 20µL of a 20mM SMCC in dimethylformamide (DMF) was 

applied to each 1cm2 surface and covered with a glass coverslip such that the surface 

was completely and evenly covered in the SMCC solution.  The slides were covered 

with foil then left to react overnight at room temperature.  In this process the 

succinimide ester portion of SMCC reacted with the amine groups on the surface, 

leaving a terminal thiol-reactive maleimide group free for subsequent PNA attachment 

(Scheme 5.2).  Following formation of the maleimide monolayer, the surfaces were 

washed with DMF and acetone then dried with compressed air. 

 
Scheme 5.2:  Maleimide functionalisation of amine surfaces with SMCC. 

 
An Inf#1 PNA probe possessing an N-terminal cysteine residue linked by two PNA ‘O-

monomer’ spacer molecules (2-(2-aminoethylethoxy)ethoxy acetic acid, or AEEA) was 

synthesised  according to standard methods (see Chapter 2).  The spacers were 
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incorporated in an attempt to minimise surface congestion during hybridisation with the 

target DNA sequences.  Attachment of PNA onto the dry maleimide functionalised 

surfaces was performed according to a published protocol,145 in which 0.3µL spots of 

200µM PNA in 1M betaine were loaded onto the surfaces.  The betaine was added to 

the PNA solution because it increases the viscosity of the solution, decreasing 

evaporation and resulting in a more even coating of PNA.  After standing overnight, all 

unreacted maleimide groups were capped with 1mM 3-mercaptopropionic acid in 

ethanol for 30min.  The surfaces were then washed with pure ethanol, DMF and finally 

ethanol, to remove the excess PNA and capping acid, before final washing of the 

surfaces with 5mM sodium phosphate buffer (ph7.5), 0.1% SDS and finally with milliQ 

water all at 90ºC, the first two as dip-washes and the latter for 10min.  The surfaces 

were then dried with compressed air and stored at 4ºC, wrapped in foil to keep them in 

the dark, until use.  A schematic representation of part of the final surfaces is illustrated 

in Figure 5.2. 

 
Figure 5.2:  PNA attachment to and acid capping of maleimide monolayer. 

 
Unfortunately several difficulties were encountered while assembling these surfaces, the 

largest being achieving consistent coatings of the surfaces with the amino silane.  In this 

regard, silanisation of silica surfaces was more problematic than glass surfaces, however 

both were very susceptible to the presence of water, an ongoing problem with the high 

humidity in Brisbane.  As a result of this problem, the reaction vessel was set up 
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incorporating a nitrogen stream and was flame-dryed multiple times prior to use in an 

attempt to remove as much moisture from the reaction vessel environment as possible.  

Even with these precautions in place, without the availability of a dry box, a significant 

amount of moisture remained, evident by fogging of the reaction vessel during the 

drying process.  Another difficulty encountered was the ‘inconsistent’ nature of the 

reaction of SMCC with the surface.  One possible cause of this ongoing problem was 

again related to absorption of moisture from the atmosphere. 

Despite these difficulties, several high quality surfaces were successfully prepared that 

did incorporate immobilised Cys-PNA via this maleimide capture.  This was evident by 

the fluorescent signals achieved after hybridisation with fluorescently labelled target 

sequences for surfaces with PNA compared to only background fluorescence for 

surfaces without PNA.  Hybridisation of target DNA was then investigated with these 

slides using a 9-mer fully complementary DNA target sequence labelled with a 5’ 

fluorescein (F-F1-1, a the same F1-1 sequence used previously with the added 

fluorescent label; obtained commercially).  Capture of this target DNA sequence will 

result in a green fluorescence signal when present on the surface.  In a typical 

experimient, 20µL of 0.2µM F-F1-1 in 5mM sodium phosphate buffer (pH 7.5) was 

applied to each surface and then covered with a glass coverslip.  The surfaces were then 

incubated at 30ºC for 2h in a hybridisation oven.  After hybridisation, the surfaces were 

washed twice with the hybridisation buffer to remove any unbound target DNA and 

dried with nitrogen before visualisation with fluorescence microscopy.  The proportion 

of silica surfaces that could successfully be used for hybridisation were significantly 

lower than those prepared on the glass slides.  The quality of the surface coating was 

also less consistent on the silica surfaces than their glass counterparts as demonstrated 

in Figure 5.3, which shows the fluorescence of the PNA/DNA spot on the silica surface 

has a mottled appearance (Figure 5.3a) whereas the signal of the PNA/DNA spot on the 
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glass surface is relatively even (Figure 5.3b).  For both of the surfaces shown, a clear 

circular boundary can be seen around the PNA spot, although it is much cleaner for the 

glass surface than the silica surface. 

  
Figure 5.3:  Hybridisation of fluorescein-labelled target DNA onto 1µL Cys-Inf#1 spotted (a) silica 
and (b) glass surfaces.  2h hybridisation time at 30ºC with 0.2µM F-F1-1.  Green signal represents the 
target DNA, and the PNA/DNA spots can be seen.  10× magnification. 

 
One possible explanation for the differences in the surface quality between silica and 

glass is that there may have been lower percentage of surface hydroxyl groups present 

on the silica surface.  In future experiments perhaps, the silica wafers should initially be 

coated with a thicker oxide layer prior to silanisation.  This was not attempted in this 

work however, because the glass surfaces provided relatively homogeneous PNA 

surfaces.  Therefore whilst these results showed that both silica and glass surfaces could 

be successfully spotted with PNA, it was concluded that glass slides should be used in 

preference to silica wafers for preparing our PNA surfaces.  Once PNA had been 

successfully immobilised onto glass surfaces, and surface PNA/DNA hybridisation had 

been detected, the size of the PNA spots were reduced from 1µL to 0.5µL (still with 

200µM PNA) and the number of spots applied were increased from 9 to 16.  The 

hybridisation experiments discussed below used these latter surfaces. 

a b 
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5.2.2 PNA/DNA Hybridisation on Glass Surfaces 

Once PNA immobilisation onto glass surfaces and surface PNA/DNA hybridisation had 

been successfully demonstrated, this allowed further investigation into several aspects 

of surface PNA/DNA hybridisation to be performed.  In the investigations above, 

hybridisation was carried out at 30ºC for 2h.  Of interest to us was whether, without any 

further optimisation, the time required for detectable hybridisation could be reduced.  

With all other variables the same, a reduction in hybridisation time from 2h to 90min 

(Figure 5.4a) and 60min (Figure 5.4b) was detectable with fluorescence microscopy, 

although the resultant images show a much lower signal from the PNA spots (seen as an 

increased background fluorescence).  As there was no optimisation carried out in these 

experiments in terms of the hybridisation buffer used or the method of hybridisation 

(e.g. in solution rather than under a coverslip), it was expected that with optimisation, 

the hybridisation time could be reduced even further.  Unfortunately, due to the poor 

yields of suitable surfaces we were highly restricted in our ability to optimise these 

conditions. 

  
Figure 5.4:  Hybridisation of 0.2µM fluorescein-labelled target DNA with glass surfaces containing 
0.5µL spots of Cys-PNA immobilised PNA at 30ºC for (a) 90min and (b) 60min.  10× magnification. 

 
The ongoing difficulties involved with coating glass slides with an amino silane invited 

the question of what other surfaces or chemistries could be used for the successful 

immobilisation of PNA.  Two alternatives were investigated: 

a b 
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1. The purchase of pre-silanated glass slides providing surface reactive amine 

groups that could be functionalised with SMCC for subsequent Cys-PNA 

attachment; and 

2. Replacement of the amine chemistry with carboxylate surface chemistry, a 

technique that is used extensively in industry (e.g. Luminex™ technologies). 

These approaches are described below. 

5.2.3 Attachment of PNA to Glass Spheres 

Glass microspheres were chosen as an alternative to immobilising PNA onto glass 

slides for two main reasons: 

1. It was thought the higher quality surfaces of the mirospheres would lend itself 

to easier and more consistent coating with the amino silane; and 

2. Using spheres introduces the possibility of detecting DNA hybridisation with 

immobilised PNA in spectrophotometers (e.g. Luminex™ technologies). 

The latter was especially attractive because spectrophotometers are commonly used to 

provide information on PNA/DNA hybridisation in solution, such as the screening 

method described in the previous chapter.  Therefore these methods can potentially be 

adapted for use with PNA immobilised on beads, which is appealing as it potentially 

allows reuse of the PNA probes, decreasing the cost involved with these assays. 

Unlike the glass slides, the glass microspheres were not cleaned with piranha prior to 

silane treatment.  This decision was made because it these microspheres were purchased 

as high quality glass surfaces and were not expected to need this step.  There were also 

concerns with the safety of removing the piranha solution from the microspheres, given 

that centrifugation or filtering would be required.  In a typical experiment, one gram of 
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microspheres (average 9 – 13µm diameter) was used to prepare PNA microspheres.  

These surfaces were prepared in three steps as described below. 

Step 1:  Coating the surfaces with primary amine groups.  The microspheres were flame 

dried before being added to an amino silane mixture (6% v/v N-[3-

(trimethoxysilyl)propyl] ethylenediamine in toluene) at 65ºC for 1h.  In these 

experiments the concentration of the amino silane was tripled and the reaction time was 

significantly lengthened over what had previously been used with the glass slides 

because of concerns that the atmospheric moisture would hinder the silanisation, as was 

observed previously.  After silanisation, the silane-sphere mixture was centrifuged at 

3000g for 30min and the supernatant removed.  The spheres were then washed three 

times each with pure toluene then acetone. 

Step 2:  Formation of maleimide layer.  Functionalisation to the maleimide surface 

group was carried out by reacting the spheres with 10mL of 20mM SMCC in DMF at 

room temperature overnight.  After which, the spheres were washed three times each 

with DMF and ethanol and were then divided into three equal aliquots, two of which 

were used for PNA attachment, and the third was kept as a control.   

Step 3:  PNA immobilisation.  Both a C-terminal cysteine PNA (Inf#1-C) and an N-

terminal cysteine PNA (C-Inf#1) were immobilised onto the glass spheres (one aliquot 

each) by a process in which the functionalised spheres were reacted at room temperature 

overnight with 1mL of 200µM PNA in 1M betaine.  Any unreacted maleimide groups 

were then capped with 1mL of 1mM 3-mercaptopropionic acid in ethanol for 30min at 

room temperature before finally being washed three times with ethanol, then once each 

with 5mM sodium phosphate buffer (pH 7.5), 0.1% SDS and milliQ water, all at 90ºC, 

the first two as dip-washes and the latter for 10min. 
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Aliquots of spheres were sampled at each step of the surface preparation, namely: amine 

coating (step 1), SMCC/maleimide attachment (step 2) and finally PNA immobilisation 

(step 3).  A fluorescein isothiocyanate solution (500µL, 200µM in DMF; Figure 5.5a) 

was added to an aliquot of the untreated glass spheres as well as the aliquots collected 

after steps 1 and 2, and a fluorescein succinimide ester solution (500µL, 200µM in 

DMF; Figure 5.5b) was added to aliquots of spheres from both PNA samples, collected 

after step 3.  These were then reacted at 37ºC overnight and then the spheres were 

washed twice with DMF and three times with TE buffer, pH 9.0 (Tris-EDTA buffer, see 

Chapter 8).   

 
Figure 5.5:  Structures of fluorescein isothiocyanate (a) and 5(6)carboxyfluorescien N-
hydroxysuccinimide ester. 

 
After the washing of the spheres was complete, each aliquot was resuspended in 200µL 

of TE buffer (pH 9.0) and the fluorescence emission was scanned from 500nm – 600nm 

in a Varian Cary Eclipse fluorescence spectrophotometer using an excitation 

wavelength of 492nm (Figure 5.6).  Fluorescence was detected with the amine coated 

spheres from step 1 (Figure 5.6a) suggesting that while the silanisation step had been an 

area of difficulty with the glass slides, this was not the case with the glass spheres.  A 

large amount of fluorescence was also detected for the spheres after attachment of 

SMCC (step 2) however, indicating that there was still a large proportion of unreacted 

amine groups present on the surface after this step.  Fluorescence was also obtained 

from the PNA-coated aliquots (step 3) when using fluorescein succinimide ester (Figure 
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5.6b), but as this dye will also bind to any unreacted primary amine groups, this in itself 

was no direct evidence of successful PNA attachment. 

 
Figure 5.6:  Fluorescence emission of fluorescein dye tests at different stages of the glass sphere 
surface preparation.  (a) Fluorescein isothiocyanate reacted with untreated glass spheres (red), amine 
treated spheres (blue) and maleimide functionalised spheres (green). (b) Fluorescein succinimide ester 
reacted with Inf#1-C (red) and C-Inf#1 (blue). 

 
While there was a fluorescent signal obtained for both the amine (step 1) and maleimide 

coated (step 2) sphere samples, there was a small decrease in the intensity of the latter.  

This decrease in fluorescence can perhaps be attributed to both a decrease in the amount 

of amine groups available after reaction with SMCC and an increase in the steric 

hindrance at the surface with the larger SMCC molecule present.  The relatively small 

magnitude of this change in fluorescence however indicated that there was a large 

proportion of free amine groups present after SMCC attachment (Scheme 5.3a) and 

these should therefore be capped before PNA immobilisation.  As reported in Chapter 2, 

the primary amine groups during the solid phase synthesis of PNA are readily capped 

with acetic anhydride.  This method was therefore chosen to cap the unreacted amine 

groups on the glass spheres (Scheme 5.3b). 
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Scheme 5.3:  Functionalisation of glass spheres with maleimide groups (a) and the subsequent 
capping of unreacted amine groups with acetic anhydride (b). 

 
Glass microspheres were again prepared as described above, with the following 

alterations.  The reaction time of the amino silane step was reduced from 1h to 30min, 

after which time spheres were sampled and the Kaiser test was used to determine the 

presence of free amine groups.  Once a positive result was obtained, 500mg of the glass 

spheres were reacted with 60mg of SMCC in 3mL of DMF at room temperature for 2h. 

This reaction time was reduced from overnight, as experiments carried out in tandem 

with those described above showed SMCC could be successfully attached to the 

terminal amine of PNA after a 2h reaction.  Following the SMCC reaction, the spheres 

were capped with acetic anhydride (2mL 50:50 acetic anhydride / DCM) for 10min then 

washed three times with DMF and three times with ethanol, prior to PNA attachment.  

Samples of spheres both before and after the capping step were taken and reacted with 

1mL of 200µM fluorescein isothiocyanate at room temperature for 2h.  These were then 

washed twice with DMF and three times with TE buffer (ph 9.0) before they were 

resuspended in TE buffer and the fluorescence emission from 500nm to 600nm was 

scanned using an excitation wavelength of 492nm in the Cary Eclipse (Figure 5.7).   
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Figure 5.7: Fluorescence emission of fluorescein isothiocyanate reacted with glass spheres after 
SMCC attachment (red) and capping with acetic anhydride (blue). The fluorescence signal obtained 
with these spheres was much lower than that shown in Figure 5.6 as the PMT detector voltage for this 
reading was set to 600, whereas those obtained previously used a PMT detector voltage of 800. 

 
As can be seen in Figure 5.7, there is still a significant amount of unreacted amine 

groups present following the reaction of the spheres with SMCC (red).  The capping 

resulted in a large decrease in the presence of surface amine groups, as seen by the 

decrease in fluorescence obtained when reacted with fluorescein isothiocyanate (blue).  

This difference was even more obvious by-eye, as after both the SMCC spheres and the 

capped spheres were reacted with the dye, the former were coloured orange while the 

latter remained white. 

The PNA attachment was carried out as described previously and as was attempted 

during preparation of the first batch of microspheres (i.e., those without the unreacted 

amine groups being capped), the success of PNA attachment was evaluated by reacting 

the PNA coated spheres with fluorescein succinimide ester.  There was little detectable 

fluorescence from the PNA coated spheres, indicating that PNA attachment had been 

unsuccessful, most likely due to degradation of our SMCC stocks.  Unfortunately, there 

was not enough time to source a new batch of SMCC, therefore attachment of PNA to 

glass microspheres could not be investigated further. 
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5.2.4 Attachment of PNA to Carboxylate Surfaces 

While the work described above shows that PNA can be successfully immobilised onto 

amine surfaces, there is an industry interest in carboxylate surface chemistry.  This was 

demonstrated not only by the availability of a larger variety of carboxylate 

functionalised fluorescent microspheres available from Molecular Probes at the time of 

this work, but also by the substantial investment of, for example, Luminex technologies 

in carboxylate chemistries.  The latter was of particular import to this work as at this 

time we were approached by Genetic Solutions Inc to design and synthesise PNA 

sequences based on their own oligonucleotide sequences for cattle tracking, and 

immobilise them onto Luminex™ beads for use in their existing assays.  To achieve this 

goal, a method of attaching PNA to a carboxylate surface layer had to be devised. 

Just as the bifunctional linker molecule, SMCC, was used to immobilise PNA onto 

amine surfaces, it was again chosen to assist with attaching PNA to carboxylate 

surfaces.  This left two possible paths for development of this attachment method:  the 

succinimide ester group on the SMCC could be reacted with either an amine on the 

surface or the terminal amine of a PNA sequence.  The latter approach was chosen and a 

PNA possessing an N-terminal SMCC (SMCC-PNA; sequence not given due to 

commercial sensitivity) was synthesised.  In order for this system to work, it was 

necessary to design a method to functionalise the surface of the beads with thiol groups.  

Ideally, a molecule with a primary amine at one end and a free thiol group at the other 

would be the best choice.  It was anticipated that the primary amine could be reacted 

with the surface carboxyl group in the presence of a coupling agent to form a peptide 

bond, leaving the thiol group free to react with the SMCC-PNA.  Cystamine was chosen 

as a candidate for surface functionalisation.  This molecule consists of two 2-

aminoethanethiol groups joined by a disulphide bond, which after attachment to the 
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surface and reduction of the disulphide bond would yield a surface coating of reactive 

thiol groups (Scheme 5.4). 

 
Scheme 5.4:  Thiol functionalisation of carboxyl silica beads.  Cystamine is attached to the surface via 
peptide bond formation (a) subsequent reduction of the disulphide bond results in the exposure of free 
thiol groups on the surface (b). 

 
Carboxylate silica beads (6µm diameter) were used to test our method for 

immobilisation of PNA onto carboxylate surfaces.  As this PNA immobilisation method 

was a test platform for Luminex™ beads, all steps of the surface preparation had to be 

performed in aqueous solutions.  The peptide bond formation between the surface 

carboxyl groups and cystamine was therefore carried out using 1-[3-

(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) as a coupling reagent, which can 

be used in aqueous solution in contrast to other coupling reagents such as HBTU and 

HATU. 

Two hundred microlitre aliquots of carboxylate beads were centrifuged at 12,000g for 

5min to remove the storage media, after which they were resuspended in 50µL of 0.1M 

2-(N-Morpholino)ethanesulfonic acid (MES), pH 4.5.  The surfaces were then reacted 

with 2µL of 20mM cystamine dihydrochloride in milliQ water and 250µL of 10mg/mL 

EDC in milliQ water at room temperature for 30min, after which an additional 250µL 

of 10mg/mL EDC was added and the reaction left for another 30min.  Following 

attachment of the cystamine, the beads were washed with 0.02% Tween-20 then 0.1% 

SDS before they were resuspended in 50µL of TE buffer.  The disulphide bonds were 

reduced to yield the free thiol groups by reduction with 200µL of 12.8mg/mL 
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dithiothreitol (DTT) at room temperature for 30min (in the TE buffer).  The PNA was 

then immobilised onto these surfaces by reacting the beads with 50µL of 20µM SMCC-

PNA (Scheme 5.5).  The beads were finally washed twice with milliQ water before final 

resuspension in TE buffer (pH 8.0) for storage. 

 
Scheme 5.5:  Immobilisation of SMCC-PNA on thiol functionalised silica beads. 

 
To monitor the progress of the surface preparation, aliquots of beads were taken (1) 

after the surfaces were functionalised with thiol groups and (2) following PNA 

attachment.  Reaction of the former with the thiol-reactive fluorescein-5-maleimide 

(200µM in TE buffer), and observation by fluorescence spectroscopy, indicated that the 

functionalisation of the surface was successful (Figure 5.8a).  Likewise, reaction of the 

PNA coated beads with the fluorescein succinimide ester dye (200µM in TE buffer) 

showed that PNA had successfully been immobilised onto the surface (Figure 5.8b). 

 
Figure 5.8:  Reaction of fluorescein dyes with the silica beads after thiol functionalisation (a) and 
PNA attachment (b).  (a) Fluorescein-5-maleimide reacted with untreated siilica beads (blue) and silica 
beads after reduction of the disulphide bond (red).  (b) Fluorescein succinimide ester reacted with 
untreated silica beads (blue) and after PNA immobilisation (red). 
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Once the preparation of PNA surfaces using carboxylate chemistry was achieved, PNA 

was immobilised onto Luminex™ beads using the protocol described above and 

delivered to Genetic solutions for use in their existing assays. 
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5.3   CONCLUSION 

While investigating the preparation of PNA surfaces for use in colourimetric or 

fluorescent assays, a number of difficulties were encountered.  Some were due to the 

humid climate in Brisbane, which made it difficult to exclude moisture from the 

reaction vessels, given that a dry-box was not available.  This is particularly important 

when coating the surfaces with a functionalised silane monolayer, and was also likely to 

have impacted the successful attachment of SMCC to the resultant surfaces.  The type 

of surface undergoing the silanisation treatment also appeared to be an important factor 

in the success of this step, with glass surfaces providing a more consistent coating than 

silica surfaces.  This was seen by a more even signal after hybridisation of a 

fluorescently labelled target molecule with the immobilised PNA spot on glass 

compared to that on silica.  The quality of the unmodified glass surfaces also appeared 

to play a key role, as the high quality glass microspheres were more successfully coated 

with the amino silane compared to the pathology-grade glass slides. 

The attachment of PNA to glass microspheres was of greater interest in our work than 

immobilising PNA onto glass slides.  This was because of the possible adaptation of 

solution-based screening tests for use with re-usable PNA spheres.  Unfortunately, 

while the glass microspheres were successfully functionalised with reactive amine 

groups, degradation of our SMCC stock solutions, and time constraints involved in 

sourcing a fresh batch, inhibited our ability to immobilised PNA on these surfaces. 

An earlier batch of SMCC had been used to synthesise an SMCC-PNA sequence of 

interest to Genetic Solutions Inc, who were interested in the immobilisation of PNA to 

Luminex™ beads for use in their existing assays.  This required a method for attaching 

PNA to a carboxylate surface with all reactions being carried out in an aqueous 

environment.  Carboxylate functionalised silica beads were used to develop this method 
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and not only was SMCC-PNA successfully immobilised onto these surfaces, but the 

method using this chemistry proved to be faster and give more consistent PNA surfaces 

than those prepared with amine chemistry.  These results, combined with the 

widespread use of carboxylate surface chemistry in industry, suggest that this approach 

should be used in preference to immobilising PNA onto amine functionalised surfaces. 
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CHAPTER 6: CELLULAR DELIVERY AND ANTISENSE 
ACTIVITY OF PNA-PEPTIDES 
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6.1 INTRODUCTION 

6.1.1  Traditional Antisense and Antigene Technology 

Regulation of protein expression is most commonly achieved by preventing the 

translation of mRNA sequences into protein molecules and the traditional way of 

accomplishing this is with the use of antisense oligonucleotides (Figure 6.1).  

Oligonucleotides were first used as an antisense agent in 1978.151  They bind to 

complementary mRNA sequences inhibiting translation of the mRNA into the protein.  

They generally act via activation of RNase H, an enzyme which cleaves the RNA 

moiety of DNA/RNA duplexes, leading to degradation of the target mRNA.26  Those 

antisense oligonucleotides that do not recruit RNase H can lead to inhibition of 

translation by steric hindrence of the ribosome.26 

 
Figure 6.1:  Regulation of protein expression by inhibiting mRNA translation. 

 
One of the major challenges with the use of antisense oligonucleotides is the presence 

of nucleases in biological environments, leading to degradation of the antisense probes.  
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Several chemical modifications have therefore been performed on the sugar phosphate 

backbone of DNA and RNA molecules to increase the biological stability of the 

antisense molecules.  These modifications have been grouped and are referred to as 

first, second and third generation antisense oligonucleotides (Figure 6.2). 

 
Figure 6.2:  First, second and third generation antisense oligonucleotide building blocks. 

 
The first generation of antisense oligonucleotides was phosophorothioates, in which one 

of the non-bridging oxygen atoms in the phosphodiester bond is replaced with a sulphur 
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atom (Figure 6.2).24  These oligonucleotides were designed for increased stability 

against nucleases and have a half-life in human serum of nine to ten hours, compared to 

1h for unmodified oligonucleotides.152  Phosphorothioate oligonucleotides (PS-ONs), 

like unmodified oligonucleotides, bind to DNA and RNA via Watson-Crick base 

pairing and activate RNase H when hybridised to RNA.  The major disadvantages of 

PS-ONs are their non-specific interaction with proteins and their ability to produce pro-

inflammatory responses.  One of the proteins to which PS-ONs can bind is the 

complement negative regulator, Factor H.  Binding to this protein activates the 

complement cascade, which can cause acute inflammatory responses ultimately leading 

to cardiovascular toxicity.25  The pro-inflammatory response of PS-ONs is particularly 

present in PS-ONs with the CpG motif (a CG dinucleotide preceded by two purines, A 

or G, and followed by two pyrimidines, T or C) and is mainly due to the stimulation of 

B-cell proliferation. 25 

Second generation antisense oligonucleotides incorporated modifications at the 2’ 

position of the ribose backbone.  These molecules were developed in an attempt to 

increase the affinity of binding to the mRNA.153  One advantage of these modifications 

is that they greatly reduced the exonuclease-mediated degradation of the 

oligonucleotides.154  The pro-inflammatory response of these second generation 

molecules is also less than that for phosphortioate oligonucleotides.154 

The charged backbone of DNA (and RNA) results in its inefficient delivery into cells 

because the cell membrane is hydrophobic.155  Several methods have been developed 

for the delivery of DNA to cells, the most common of which is the use of liposomes and 

charged lipids (Figure 6.3).  Liposomes encapsulate DNA within their aqueous centre 

and cationic lipids can form lipid-DNA complexes.  As the mode of uptake for these is 
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usually via endocytosis, most commercially available lipid-based transfection reagents 

contain helper lipids, which disrupt endosomes, releasing the DNA into the cytoplasm. 

  

Figure 6.3:  Encapsulation of DNA by liposomes (left) and cationic lipid-DNA complexes (right). 

 

6.1.2 PNA Antisense 

Peptide nucleic acids are a third generation antisense oligonucleotide.  They bind to 

complementary RNA but the resulting duplex is not a substrate for RNase H and 

therefore they can only inhibit translation by steric hindrance of the ribosome.  PNA 

probes have increased affinity to DNA and RNA targets compared with their DNA 

oligonucleotide counterparts.  Combined with their increased biological stability, as 

they are inert to all known proteases and nucleases,156 this suggests that PNA probes are 

good candidates for antigene and antisense therapeutics.  There are however some 

limitations to the use of PNA for this technology, one being poor cellular uptake. 

6.1.2.1  Cellular Uptake of PNA 

PNA is taken up into cells with a similar efficiency to DNA10 therefore some assistance 

with delivery is required.  Cationic lipids are commonly used to deliver DNA to cells, 

however due to the neutral nature of the PNA backbone, this is not possible without first 

hybridising the PNA probe to a partially complementary negatively charged DNA 

target.  The PNA/DNA duplexes are complexed with the cationic lipids before delivery 

to the culture medium and it is believed that once the complex has entered the cell, the 
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PNA/DNA duplex is unbound in preference of the PNA probe binding to the fully 

complementary target within the cell.  One major problem with cationic lipids however, 

is that they are usually toxic to primary cell lines.33 

A commonly used method for delivery of PNA to cells is by the conjugation of 

transport peptides to PNA molecules.  The chemistry of PNA lends itself to this method 

as the peptide may be added to a probe via standard peptide synthesis protocols as 

described in Section 6.1.2.1.1.  Many peptides have been investigated for transporting 

PNA into cells and are generally called cell-permeating peptides (CPPs).  The most 

frequently used peptides include the pTat peptide (11 residues), derived from the 

transmembrane domain of the HIV TAT protein, and pAntp (16 residues), from 

Drosophila Anntennapedia.157 

The localisation of the PNA-peptide conjugate in the cell is dependent on contributions 

from both the PNA and the peptide portions of the sequence.  Therefore there has also 

been some investigation into the use of cleavable delivery peptides, in which the two 

components are separated after cell entry.43  In one example, the PNA and peptide 

sequences are joined by a disulphide bond which is cleaved when inside the reducing 

environment of the cell.43  The localisation preference of the delivery peptide should 

therefore not impact on the localisation of the PNA probe. 

6.1.2.1.1  Synthesis of PNA-Peptide Conjugates 

There have been several studies into the synthesis of PNA-peptide conjugates158-161 and 

there are two main methods of synthesising these conjugates, linear solid phase 

synthesis and fragment ligation.  Linear solid phase synthesis of PNA-peptide 

conjugates involves the continuous synthesis (in the C to N terminal direction) of the 

conjugate using established peptide synthesis protocols as described in Chapter 2, 

however the yields for this method can be quite low due to the increased length of the 
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polymer.  In addition to performing single synthesis cycles for each monomer of the 

peptide onto the immobilised PNA oligomer, a single coupling step can be used to 

attach the peptide as a whole.162  There is one great disadvantage of this method 

however, the reaction is slow and the yields are low due to steric effects of the protected 

peptide fragment. 

Several chemistries are available for the second method, fragment ligation.  These 

include (i) disulphide bond formation,163 (ii) thioether bond formation via a 

maleimide,164 (iii) oxime formation165 and (iv) Kent’s native chemical ligation.166  In 

these methods, each fragment is synthesised and purified separately prior to ligation in 

solution.  Disulphide bridges between PNA and peptide fragments can be accomplished 

either via cysteine-modified PNA and peptide fragments or with only one fragment 

modified with a cysteine residue and the other with a thiopyridyl (Scheme 6.1).167  The 

main problem with using two cysteine-terminated fragments to obtain PNA-peptide 

conjugates joined with a disulphide bond is that symmetrical dimers (e.g. PNA-PNA 

and peptide-peptide) can be obtained in addition to the desired product. 

 
Scheme 6.1:  Disulphide bond formation between PNA and peptide fragments via (a) oxidation and 
(b) thiopyridyl activation. 

 
A free thiol group on one of the fragments can also be used for the synthesis of PNA-

peptide conjugates via maleimide-thiol coupling chemistry (Scheme 6.2).164  SMCC (4-

(N-maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide ester) can be 

coupled to the N-terminus of either a peptide or PNA sequence via the succinimide ester 

functional group (Scheme 6.2a).  This results in the presence of a terminal maleimide 

group that reacts with a free thiol on the other fragment (Scheme 6.2b). 
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Scheme 6.2:  PNA-peptide conjugation via thioether bond formation (b) using a maleimide 
functionalised peptide (a). 

 
One difficulty with fragment ligation involving free thiol groups is that any peptide 

sequences containing cysteine residues will introduce alternative conjugation points for 

the maleimide unit and will potentially result in branched products containing multiple 

peptide sequences.  These sequences would therefore require the use of additional side 

chain protection groups that would not be removed until after the PNA and peptide 

portions are joined.  One method of ligating fragments without free thiol groups is via 

oxime formation, which occurs when an amino-oxy peptide is conjugated to a methyl-

ketone PNA (Scheme 6.3a).165  The required amino-oxy moiety can be incorporated into 

a sequence by peptide bond formation between amino-oxyacetic acid and a terminal 

amine (Scheme 6.3b) and the methyl ketone by reacting a terminal amine with the 

symmetric anhydride of 4-acetylbutyric acid (Scheme 6.3c).165 
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Scheme 6.3:  PNA-peptide synthesis via (a) oxime formation, using (b) a ketone peptide and (c) an 
amino-oxy PNA. 

 
Kent’s native chemical ligation has also been used for the synthesis of PNA-peptide 

conjugates.168  This involves a reversible transthioesterification between a C-terminal 

thioester and an N-terminal cysteine (Scheme 6.4). 

 
Scheme 6.4:  Kent's native chemical ligation between a peptide fragment with a C-terminal 
thioester and a PNA sequence containing an N-terminal cysteine. 

 

6.1.3  Bcl-2 

Bcl-2 is an anti-apoptotic protein expressed in all normal cells, which is overexpressed 

in many human cancers causing a resistance to cell death via interference with the 

intrinsic apoptotic pathway.169  In a normal cell this pathway involves the release of 

cytochrome c from the mitochondria, which activates caspase 9, initiating programmed 
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cell death.170  The overexpression of Bcl-2 stabilises the mitochondrial membrane and 

prevents the release of cytochrome c therefore inhibiting cell death (Figure 6.4), 

resulting in a resistance to chemotherapeutic drugs and radiation treatment.171  For this 

reason down-regulating Bcl-2 is a possible way to target these cancers. 

 
Figure 6.4:  Simplified schematic depicting the apoptotic pathway and the role of Bcl-2 in inhibiting 
apotosis.  Modified from Tamm.172 

 
The drug Oblimersen (Genasense by Genta) is a phosphorothioate antisense 

oligonucleotide designed to target the first six codons of the human Bcl-2 mRNA open 

reading frame (ORF).173  It is designed to bind to Bcl-2 mRNA in the cytoplasm 

forming a duplex which can be cleaved by RNase-H.  The phosphorothioate 

oligonucleotide is stable against RNase-H and is therefore free to bind to other mRNA 

molecules.  This continued degradation of Bcl-2 mRNA reduces the cellular 

concentration of the Bcl-2 protein, restoring the intrinsic apoptotic pathway.  
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Oblimersen was one of the antisense drugs that had progressed the furthest in drug 

trials, reaching phase III.174  However, the request for FDA approval was refused in 

2004 after it was shown that median patient survival was not statistically significantly 

prolonged.175 

Mologni et. al.176 designed four 15-mer antisense PNA sequences targeted to Bcl-2 

mRNA, spanning the 5’ untranslated region (UTR).  These sequences were tested for 

the ability to down-regulate Bcl-2 translation in vitro, using the bcl-2/18 plasmid.  In 

this assay, the plasmid was translated in a tube, with or without PNA, in the presence of, 

among other things, an RNA polymerase and amino acids.  The resultant products were 

then run on an SDS-acrylamide gel and the protein bands detected using 

autoradiography (detecting the radioactive amino acid methionine that was incorporated 

into the protein during translation of the plasmid).  Of the four sequences tested, two 

showed significant antisense activity: PNA-1, targeted to Bcl-2 mRNA 43 nucleotides 

upstream of the start codon and PNA-4, targeted to a sequence spanning the start codon.  

PNA-4 was the most effective of the two with an IC50 (the PNA concentration causing 

50% specific Bcl-2 inhibition) of 0.4µM, compared to an IC50 of 0.9µM for PNA-1.  

The maximum concentration investigated was 1µM and at this concentration, PNA-1 

caused only a 54% decrease in Bcl-2 expression.  PNA-4 was much more efficient 

however, and at 0.8µM resulted in 80% inhibition.  The use of both of these sequences 

together gave the best result and when used in combination (0.4µM PNA-4 and 0.6µM 

PNA-1), 94% inhibition of Bcl-2 was obtained.  Unfortunately, no cellular studies were 

carried out with these sequences, so the concentrations required for Bcl-2 inhibition 

within cells is unknown. 

One group has investigated the delivery of anti-Bcl-2 PNA probes to cells.  Gallazi et. 

al.125 synthesised a PNA probe targeting the first six codons of the Bcl-2 open reading 
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frame (the same sequence used in the drug Oblimersen).  The synthetic transduction 

peptide PTD-4 (11 residues), based on pTat with alanine substitutions,125 was 

conjugated to this sequence for transport into the cells.  The anti-Bcl-2 probe was shown 

to successfully enter the cells, with localisation of the labelled probes within the 

cytoplasm of the cell, however no down-regulation studies were performed. 

 

The aim of this chapter was to investigate the delivery of therapeutic PNA sequences to 

eukaryotic cells.  Several different CPPs were investigated to determine which would 

provide maximum cellular delivery for our target sequence.  Preliminary investigations 

were also carried out on the PNA-induced down-regulation of Bcl-2 in cellular systems. 
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6.2 RESULTS AND DISCUSSION 

6.2.1  Synthesis of PNA-Peptide Conjugates 

As discussed previously, delivery of unmodified PNA to cells is generally inefficient 

and requires the use of carrier moieties.177  Transport peptides were therefore 

conjugated to the PNA probes to investigate their delivery into Madin Darby Canine 

Kidney (MDCK) cells.  In this case, the Inf#1 sequence (vide supra) was used for the 

initial cellular studies to investigate its potential for down-regulating of influenza virus 

replication.  As MDCK cells are the standard cells used for culturing influenza virus 

they were chosen as the cellular model for this work.  

Despite the low yields reported for linear solid phase synthesis,159,160 it was chosen for 

synthesis of our PNA-peptide conjugates for the following reasons.  The PNA-peptide 

conjugates synthesised for investigating the delivery of influenza probes are listed in 

Table 6.1.  The two most common CPPs used for transporting PNA are pTat and pAntp.  

Initially pTat was not considered due to conflicting data about the efficacy of cellular 

delivery for different cell types178-180 and negative reports on cell toxicity.181  The 

nuclear localisation sequence (NLS), a six-residue peptide derived from SV40 large T 

antigen,182 was also chosen for comparison as it is polycationic, which has been shown 

to improve cellular uptake, and should also ensure that the PNA is transported into the 

nucleus once it reaches the cytoplasm of the cell.  The final peptide, hCT, derived from 

human calcitonin, was included because it crosses the membrane by a different 

endocytotic mechanism from polycationic peptides.183 

Table 6.1:  PNA-peptide conjugates for cellular studies of Influenza probes.  Rhod = Rhodamine B. 

Probe Peptide Sequence Peptide Origin 
Rhod-Inf#1 -  
Rhod-Inf#1-NLS PKKKRV SV40 NLS 
Rhod-Inf#1-pAntp RQIKIWFQNRRMKWKK pAntennapedia (43-58) 
Rhod-Inf#1-hCT KFHTFPQTAIGVGAP Human calcitonin (18-32) 
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In order to visualise cellular localisation of the PNA probes after cellular uptake, they 

were labelled with rhodamine B (Rhod).  This dictated the order of synthesis in the 

following ways.  Label moieties are most easily added to the N-terminus of PNA by 

amine reactive dyes attaching to the free amine on this terminus.  Labels can be added at 

the C-terminus of the sequence but this generally involves the introduction of a lysine 

residue with a protection group orthogonal to both Fmoc and Bhoc chemistries that can 

be removed selectively to expose a single free amine for attachment of the label.  

Additionally, the label must be attached to the PNA part of the assembly rather than the 

peptide portion of the probe as the peptide can undergo proteolytic degradation once 

inside the cell.  This is important because the uptake and eventual localisation of the 

PNA was of interest, not the fate of the peptide carrier.  For these reasons, the peptides 

were conjugated to the C-terminus of the PNA sequence.  The attachment of both a 

label moiety and a peptide sequence introduced another concern:  would these additions 

introduce steric hindrance problems?  In an attempt to minimise this, two linker residues 

were incorporated both between the rhodamine molecule and the PNA sequence and 

between the PNA and peptide sequences.  The linker used was the ‘standard’ PNA 

spacer monomer, 2-(2-aminoethoxy)ethoxy acetic acid (AEEA; O monomer), as shown 

in Figure 6.5. 

 
Figure 6.5:  2-(2-aminoethoxy)ethoxy acetic acid 

 
Even with these considerations we did encounter some difficulties during synthesis.  

Sequences greater than 18 nucleotides in length are particularly difficult to synthesise.21  

If the peptide was conjugated to the N-terminus of the PNA, the amino acid residues 

could be added to the probe using an increased excess of reagents and double-coupling 

(i.e., perform two coupling reactions with the same monomer before continuing the 
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synthesis) which should improve the yields.  This strategy could not as easily be applied 

to the addition of PNA monomers however, due to their much higher cost. 

There are two more ways in which the yields of these molecules might have been 

improved.  If the PNA-peptides were synthesised manually, there would have been the 

opportunity for monitoring the extent of deprotection and coupling using the Kaiser test, 

to determine the presence of free amines.21  This would allow the use of repeated steps 

in the synthesis to increase the coupling efficiency of individual cycles.  The other way 

the yield may be improved is in the use of a different spacer monomer.  Attachment of 

the AEEA spacer proved to be inefficient, continually resulting in low yields, therefore 

in future systems, either another linker should be used, or none at all. 

Some studies into the formation of PNA-peptide conjugates by methods other than 

sequential synthesis have been reported,163-166 as described in Section 6.1.2.1.1.  Of 

those methods described, the options available for this work were disulphide bond 

formation via cysteine terminated PNA and peptide fragments, or thioether bond 

formation via a cysteine terminated PNA and the use of a maleimide terminated peptide 

(or vice versa).  Linking the PNA and peptide sequences via a disulphide bond is an 

attractive option as once the PNA-peptide is inside the reducing environment of the cell, 

the bond will cleave.  The transport peptide should therefore not influence the 

localisation of the PNA or otherwise hinder the PNA’s antisense activity.  Despite these 

advantages, when the PNA and peptide fragments are reacted in order to form the 

disulphide bond, symmetrical dimers can also be formed, reducing the yield of the 

desired PNA-peptide product and introducing an additional purification step.  The other 

available method, PNA-peptide conjugation via a reaction of a free thiol with a 

maleimide group, introduces the difficulty of diasteriomers.  While biologically this is 

not an issue, it may pose purification and subsequent characterisation problems. 159  Due 
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to these concerns, the outcome of these alternative methods were considered to be no 

better than linear synthesis and therefore the simpler approach was chosen.  Despite all 

attempts to maximise the efficiency of each coupling steps, the majority of the PNA-

peptide conjugates synthesised yielded no more than 2mg of full-length product, while 

many yielded 1mg or less (compared to shorter sequences, described in Chapter 3, 

which yielded 4.5 – 10mg from the same 35mg of resin). 

6.2.2 Cellular Delivery of PNA-Peptide Conjugates 

As discussed above, initial experiments into the cellular delivery of PNA-peptide 

conjugates involved the delivery of influenza probes into MDCK cells, which are the 

model cells used for investigating influenza virus.  All investigations of cellular uptake 

and localisation were performed on 20,000 cells in 12 well plates with 200nM of each 

of the PNA probes listed in Table 6.1.  The cells were transfected 12h after being 

seeded to allow time for the cells to attach to the glass coverslips in the bottom of each 

well.  After 8h incubation of the cells and thorough washing to remove all excess PNA, 

the cells were fixed with cold methanol, and uptake and localisation was visualised via 

confocal microscopy.  Cellular delivery of Rhod-Inf#1 (i.e., with no CPP) and Rhod-

Inf#1-hCT (calcitonin) was so inefficient however, that it was undetectable at our 

working PNA concentrations.  The pAntp peptide was the most successful CPP 

investigated for cellular uptake and resulted in an even distribution of the PNA 

throughout the cytoplasm, as well as a significant amount of PNA delivered to the 

nucleus (Figure 6.6a).  Despite reduced PNA uptake into cells using the SV40 nuclear 

localisation signal (NLS), it was apparent that NLS can improve the cellular uptake of 

PNA over unmodified probes and more importantly results in a large amount of PNA 

being localised in the nucleoli (Figure 6.6b). 
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Figure 6.6: Confocal microscope z-section showing uptake and localisation of  200nM of (a) Rhod-
Inf#1-pAntp and (b) Rhod-Inf#1-NLS in MDCK cells after 8h incubation. 

 
Once pAntp was found to be the best CPP of those investigated in terms of bulk 

delivery of PNA, the incubation time and concentration of PNA was altered to 

determine the lowest amount of PNA and the shortest incubation time required for 

detectable cellular delivery.  The PNA concentrations used ranged from 10 to 200nM 

and incubation was for 1, 2, 4, and 8h.  At 200nM after 1h (Figure 6.7a) the 

fluorescence from Rhod-Inf#1-pAntp was intense indicating a large amount of uptake 

occurs within a short space of time.  This intensity increased over time, with cells after 

8h showing the maximum uptake (Figure 6.7d) and no observable change in cell 

viability.  This suggests that in these cells, over this time period, cellular uptake of 

pAntp conjugated PNA did not reach cytoplasmic saturation at these concentrations for 

the durations used. 

 

a b 
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Figure 6.7:  Confocal microscope image of 200nM of Rhod-Inf#1-pAntp incubated with MDCK 
cells for (a) 1h, (b) 2h, (c) 4h and (d) 8h. 

 
Rhod-Inf#1-pAntp also entered the cells when present in lower concentrations, namely 

10, 50 and 100nM (Figure 6.8).  Transfection with Rhod-Inf#1-pAntp at 100nM for 8h 

(Figure 6.8a) was comparable in intensity to the transfection with 200nM for 4h (Figure 

6.7c), indicating that the rate of cellular uptake is linked to the serum concentration of 

the PNA and suggesting that this rate might be linear.  Quantification of cellular uptake 

at these concentrations and time steps would need to be performed to confirm this 

however, and these investigations were not carried out at this time. 

a b 

c d 
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Figure 6.8:  Confocal images of MDCK cells incubated with Rhod-Inf#1-pAntp at (a) 100nM for 8h, 
(b) 100nM for 1h, (c) 50nM for 8h, (d) 50nM for 1h, (e) 10nM for 8h and (f) 10nM for 1h. 
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Cellular uptake of the PNA was visualised after 1h incubation with 100nM (Figure 

6.8b), 50nM (Figure 6.8d) and 10nM (Figure 6.8f) Rhod-Inf#1-pAntp.  PNA was 

clearly visible at all of these concentrations, even though the intensity with just 10nM 

PNA was relatively low, suggesting that the uptake of PNA with this CPP is very 

efficient. 

An interesting observation of these confocal microscope images is that after 8h 

incubation with Rhod-Inf#1-pAntp the majority of PNA is found within the cytoplasm, 

but at earlier time points there is evidence of nuclear localisation of significant amounts 

of PNA.  This can be seen with incubations of 200nM after 1, 2 and 4h (Figure 6.7) and 

even more so with 50nM after 1h (Figure 6.8d) where intense red nucleoli are clearly 

visible.  This raises questions about the mechanism of localisation for Rhod-Inf#1-

pAntp.  It may be that the pAntp peptide assists the delivery of PNA to the nucleus as 

suggested by Derossi et. al.,184 but after time the peptide may start to degrade via 

proteolytic cleavage and the PNA may be transported from the nucleus back into the 

cytoplasm.  This would suggest that PNA without a conjugated nuclear localisation 

signal does not preferentially localise in the nucleus or that it is affected by the host cell 

mechanisms (known as exportins) for the transport of mRNA from the nucleus into the 

cytoplasm.  The preferential location of PNA within the cell and its interaction with the 

host cell machinery was outside the scope of this project however and was not 

investigated further. 

This aspect of our work was of interest to researchers at the Queensland Institute of 

Medical Research (QIMR) who approached us for collaboration in a project 

investigating the feasibility of the down-regulation of Bcl-2.  At about the same time we 

were having difficulties in accessing laboratories where influenza virus could be safely 

cultured and our antiviral PNA sequences investigated further.  Therefore we decided to 
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use the QIMR Bcl-2 system to further investigate the efficacy of cellular transport of 

antisense PNAs. 

6.2.3  Bcl-2 Down-regulation 

Two published sequences, PNA-1 and PNA-4, were successful for in vitro down-

regulation of Bcl-2 using an in vitro transcription assay, however these sequences were 

not tested in cellular systems.176  Therefore these sequences were chosen as preliminary 

probes for investigation into PNA-induced down-regulation of Bcl-2 in cellular systems.  

As both of the sequences were specific to the Bcl-2 plasmid (bcl-2/18) used by Mologni 

et. al.,176 this plasmid was obtained from the Korsmeyer group for further investigation 

within the QIMR.  Alignments of Bcl-2 mRNA sequences also showed that truncating 

the PNA-4 sequence (removing the last three nucleotides) would result in a universal 

Bcl-2 probe (i.e., a probe that would bind to all genetic variatiants of Bcl-2).  The 

truncated form of the PNA-4 sequence (tPNA4) was therefore synthesised in place of 

the literature PNA-4 sequence.  The pAntp peptide was shown in Section 6.2.2 to be a 

good carrier of PNA into the MDCK cells, and was therefore the first choice for 

conjugation to these Bcl-2 PNA sequences.  Despite the earlier decision not to 

investigate the use of pTat as a CPP, this sequence was of interest to our collaborators 

and therefore one of the PNA sequences was also synthesised with conjugated pTat.  All 

PNA-peptide sequences synthesised for use in this study are listed in Table 6.2.  The 

previously synthesised Rhod-Inf#1-pAntp was used as a negative control. 

Table 6.2:  Bcl-2 antisense PNA-peptide probes 

Probe PNA Sequence Peptide Sequence 
Rhod-PNA1-pAntp CCCCAGCCCCTACCC RQIKIWFQNRRMKWKK 
Rhod-tPNA4-pAntp AGCGTGCGCCATCCC RQIKIWFQNRRMKWKK 
Rhod-PNA1-pTat CCCCAGCCCCTACCC YGRKKRRQRRR 

 



 

 129 

Two of the methods available for investigating the down-regulation of a protein are 

flow cytometry and western blot analysis.  Flow cytometry involves a stream of single 

cells passing through one or more beams of light and the subsequent light scattering or 

fluorescence emission providing information on the cells’ properties.  There are two 

types of light scattering measured: forward scatter (FSC) and side scatter (SSC).  FSC 

provides information on the cell’s size and can be used to distinguish between cellular 

debris and living cells, and SSC gives information about the granular content of the cell.  

Fluorescent measurements can be obtained if cell-surface or intracellular molecules are 

labelled with fluorophores.  It is the fluorescence measurements that provide 

information on protein expression when a fluorochrome labelled probe specific to the 

protein of interest is used.  All of these measures represent the cell population sampled 

and therefore appear as a curve on the resultant histograms which are plots of cell 

number versus light scatter or fluorescence intensity. 

A complementary experiment, known as western blot analysis, is a method in which the 

protein content of a sample of cells is run on an acrylamide gel, separating the proteins 

by size.  The proteins are then transferred, or ‘blotted’, onto a membrane and 

subsequently probed with protein specific antibodies and can be visualised by several 

detection systems, the one most commonly used (and used in this work) being the horse 

radish peroxidase – luminol system.  In this detection system, the membrane is 

incubated with a primary antibody that binds to the protein of interest.  A secondary 

antibody is then used to detect where the primary antibody has bound.  This secondary 

antibody has an attached horse radish peroxidase enzyme with converts a luminol 

substrate to a light-releasing substance which is detected on photographic film.  This 

allows one to visualise the relative amount of protein. 
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Down-regulation of Bcl-2 was initially attempted in MDCK cells stably transfected with 

the bcl-2/18 plasmid (transfected by Joanne Cox at QIMR).  MDCK cells are adherent 

cells, that is, they grow in monolayers attached to the bottom of a cell culture dish.  

Harvesting of the cells to assess protein expression therefore involves exposing the cell 

to the proteolytic enzyme trypsin, which digests the linkages between the cells and the 

surface, allowing them to be collected in solution.  MDCK cells are strongly adherent 

cells however and so require lengthy incubation times with trypsin for removal from the 

surface to occur.  This extended exposure to trypsin decreased the overall health of the 

cells and impacted on the ability to obtain usable flow cytometry data. 
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Figure 6.9:  Flow cytometry of MDCK cells expressing the bcl-2/18 plasmid.  (a) Forward scatter 
(FSC) providing information about the cell size and population distribution and (b) fluorescence 
measurements from a fluorescein-labelled Bcl-2 probe (FITC-Bcl2; FL1-H).  Cell samples: MDCK cells 
only (black), MDCK cells probed with FITC-Bcl2 (red), MDCK cells transfected with 200nM Rhod-
Inf#1-pAntp for 48h and probed with FITC-Bcl2 (blue), MDCK cells transfected with 200nM Rhod-
PNA1-pAntp for 48h and probed with FITC-Bcl2 (yellow) and MDCK cells transfected with 200nM 
Rhod-PNA1-pTat for 48h  and probed with FITC-Bcl2 (pink). 

 
Despite this difficulty, the data collected did suggest that down-regulation of Bcl-2 

protein expression could occur with the pTat conjugated PNA probes but, interestingly 

not with probes attached to pAntp.  Figure 6.9 shows results obtained for Bcl-2 

a 

b 
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expression after incubation with 200nM PNA for 48h, when analysed by flow 

cytometry.  The FSC (Figure 6.9a) is illustrated to demonstrate that the cell samples and 

proportion of live cells were comparable. There is a slight difference in the FSC curve 

obtained for the PNA1-pAntp probe sample (yellow) compared to the FSC curves 

representing the other cell samples, suggesting a slightly smaller sample of live cells 

was present. This was however taken into consideration when calculating the apparent 

Bcl-2 expression for each cell sample. 

A fluorescein-labelled Bcl-2 antibody (FITC-Bcl2) was delivered to the cells prior to 

flow cytometry, to enable Bcl-2 expression to be monitored (Figure 6.9b).  This 

antibody binds to Bcl-2 protein molecules present within the cells, with a higher relative 

fluorescence for a cell sample representing a higher concentration of Bcl-2 protein.  

Conversely, a shift of the relative fluorescence peak to the left (a decrease in 

fluorescence) represents a decrease in protein expression within the cell sample.  The 

black line in Figure 6.9b represents an MDCK cell sample that has not been probed for 

Bcl-2 expression, to provide a negative control (i.e., natural background fluorescence of 

the cells).  The positive control, MDCK cells that have been probed for Bcl-2 

expression but have not been exposed to PNA, is shown in red (Figure 6.9b).  There is a 

significant difference in these two latter histograms, demonstrating that Bcl-2 

expression in these cells is strong.  Results of Bcl-2 expression in cells incubated in 

200nM Rhod-PNA1-pAntp (yellow), Rhod-PNA1-pTat (pink) and Rhod-Inf#1-pAntp 

(blue) for 48h are also shown.  The mean fluorescence for each of these histograms is 

given in Table 6.3. 
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Table 6.3:  Mean fluorescence of the FITC-Bcl2 antibody from flow cytometry histograms of 
MDCK cells after PNA transfections. 

Cell sample Mean signal of Bcl-2 antibody 
MDCK cells only 5.37 
MDCK cells + Bcl-2 probe 45.8 
Rhod-Inf#1-pAntp transfected cells 65.9 
Rhod-PNA1-pAntp transfected cells 42.2 
Rhod-PNA1-pTat transfected cells 26.4 

 

The negative control PNA sequence (Rhod-Inf#1-pAntp; blue line in Figure 6.9), i.e. 

the PNA sequence that should not bind to Bcl-2 mRNA and therefore should not affect 

protein expression, resulted in a higher fluorescence measurement for Bcl-2 expression 

(suggesting an increase in Bcl-2 expression of 50%).  We are currently unsure why this 

occurred, however it was a trend that appeared in all of the flow cytometery 

experiments.  Despite this unusual behaviour, it illustrated that this probe sequence was 

suitable as a control for these experiments, as it demonstrated that the presence of a 

non-specific PNA sequence does not down-regulate Bcl-2 protein expression.  The 

slight decrease in Bcl-2 expression observed with Rhod-PNA1-pAntp (Figure 6.9b, 

yellow line; suggesting a 9% decrease of Bcl-2 expression) is proportional to the 

decrease in FSC for this cell sample, meaning that this probe, at this concentration, was 

unable to significantly reduce  Bcl-2 expression.  The pTat conjugated probe (pink line 

Figure 6.9) on the other hand, resulted in a significant decrease of Bcl-2 expression 

(almost 50%) compared to the positive control (red).  Therefore, the CPP used appears 

to have an important role in the ability of PNA probes to act as antisense agents. 

While the use of the mean fluorescence signal was able to provide an indication of the 

changes in Bcl-2 expression resulting from transfection of the cells with different PNA 

probes, the ‘split-peak’ nature of the histograms could cause the mean values to give a 

skewed result.   This ‘split-peak’ was most likely as a result of the division of the cells 

samples into two distinct populations, as seen in Figure 6.9a.  Due to this and also 
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because of the difficulty obtaining good flow cytometry data (as described previously), 

Bcl-2 expression was also evaluated by western blot analysis.  Repeated experiments 

did indicate that the Rhod-PNA1-pAntp probes do not significantly decrease Bcl-2 

expression, even at higher concentrations, while the same PNA sequence with a 

different transport peptide (Rhod-PNA1-pTat) did.  For this reason, only the Rhod-

PNA1-pTat sequence was used in further investigations.  The first concentration 

assessed with western blot analysis (Figure 6.10) was 200nM as flow cytometry results 

has shown some down-regulation of Bcl-2 expression using Rhod-PNA1-pTat at this 

concentration.  In this case the PNA transfection times were raised to 72h, due to the 

rationale that the extra 24h might allow a larger degree of down-regulation to be 

observed.  In addition to using anti-Bcl-2 antibodies to probe for Bcl-2 expression, β-

actin, the protein product of a housekeeping gene, was also probed.  Housekeeping gene 

expression is routinely used as a reference against which expression of other genes is 

measured; it remains fairly constant despite developmental changes or treatment that the 

cell is undergoing.185  There was no difference seen in the expression of Bcl-2 between 

cells transfected with PNA1 (Figure 6.10a; lane 1) and those transfected with the 

control sequence Inf#1 (Figure 6.10a; lane 2) at these concentrations.  Both of these 

lanes contained slightly more Bcl-2 than lane 3 with MDCK cells only, however the β-

actin expression for this lane was also slightly lower than lanes 1 and 2 (Figure 6.10b) 

and the difference can therefore be disregarded. 
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Figure 6.10:  Western blots of Bcl-2 (a) and β-actin (b) expression in MDCK cells.  Lane 1: cells 
transfected with 200nM Rhod-PNA1-pTat for 72h.  Lane 2:  cells transfected with 200nM Rhod-Inf#1-
pAntp for 72h.  Lane 3:  cells only.  Expression of β-actin was included to show that any decrease in Bcl-
2 expression was not due to decreased loading onto the gel or increased cell death. 

 
As no down-regulation of Bcl-2 was observed at 200nM, the PNA concentration was 

raised to 5µM (Figure 6.11).  At this concentration, after 72h exposure, Rhod-PNA1-

pTat successfully resulted in an 85% decrease of Bcl-2 expression (Figure 6.11a; lane 

1), while there was no difference between expression of Bcl-2 in the presence of the 

control PNA (Rhod-Inf#1-pAntp) and cells without PNA (Figure 6.11a; lanes 2 and 3 

respectively).  Expression of β-actin, on the other hand, remained constant across all 

three lanes (Figure 6.11b), demonstrating that the observed down-regulation of Bcl-2 

was due to the presence of the PNA probe and not due to differences in sample loading. 

  
Figure 6.11:  Western blots of Bcl-2 (a) and β-actin (b) expression in MDCK cells.  Lane 1: cells 
transfected with 5µM Rhod-PNA1-pTat for 72h.  Lane 2:  cells transfected with 5µM Rhod-Inf#1-pAntp 
for 72h.  Lane 3:  cells only.  Expression of β-actin was included to show that any decrease in Bcl-2 
expression was not due to decreased loading onto the gel or increased cell death. 
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a b 



 

 135 

This difference in down-regulation activity of PNA1 based on its conjugation to pAntp 

or pTat could only arise due to increased cellular delivery by pTat or a difference in 

cellular localisation of the PNA-peptide conjugates.  The cellular localisation of Rhod-

PNA1-pTat was therefore investigated with confocal microscopy.  Figure 6.12a 

illustrates MDCK cells that have been transfected with 200nM Rhod-PNA1-pTat for 8h.  

There is an obvious difference between the PNA localisation within these cells 

compared to the confocal microscope images obtained earlier for 200nM Rhod-Inf#1-

pAntp transfection for 8h (Figure 6.12b).  While the cells with Rhod-Inf#1-pAntp were 

more intensely red, the rhodamine-labelled PNA was confined mostly to the cytoplasm.  

In contrast, the cells containing Rhod-PNA1-pTat contain intensely red nucleoli.  This 

suggested that while pAntp appeared to transport more PNA into the cells than pTat, the 

latter CPP transported significant amounts of PNA into the nucleus.  These results are 

significant; they suggest that transport of PNA into the nucleus may be important for 

efficient antisense activity.  It is possible that there is also an antigene effect occurring 

in this case, however this sequence has been demonstrated to have antisense activity in 

vitro176 and the mechanism of action was not the aim of this work.  

This apparent importance of nuclear localisation could be because mRNA originates 

from the nucleoli, therefore if PNA binds to the mRNA in the nucleus before it is 

exported to the cytoplasm it might be more effective in halting binding of the ribosome 

than if the PNA is involved in competition with the ribosome for binding to mRNA in 

the cytoplasm.  Therefore if all of the PNA delivered to the cells could be successfully 

transported to the nucleus, the concentration of PNA required to obtain high levels of 

down-regulation of protein expression might be considerably reduced.  Further work 

into improving the cellular delivery of PNA conjugated to nuclear localisation signals, 

such as NLS (described earlier) could result in more efficient antisense PNA probes. 
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Figure 6.12: Confocal images of MDCK cells incubated with 200nM Rhod-PNA1-pTat (a) and 
Rhod-Inf#1-pAntp (b) for 8h. 

 
While MDCK cells were suitable for investigating the uptake and protein down-

regulation differences of PNA-peptide conjugates, these cells are not the type of 

cancerous cells that would normally be over-expressing Bcl-2.  It was therefore 

important to investigate the effect of these probes in a transformed cell line, namely 

chronic myeloid leukaemia (K562).  The efficiency of cellular delivery of different 

PNA-peptide conjugates changes with different cell types, and there may be differences 

in the cellular uptake and cell localisation of PNA transfected into K562 cells compared 

to MDCK cells.  Also, K562 cells are suspension cells and these types of cells are 

generally much more difficult to transfect than adherent cells, therefore it was 

anticipated that the cellular delivery of PNA to the K562 cells would be less efficient 

than was seen in the MDCK cells. 

As expected, much larger concentrations of PNA-peptide were required for detectable 

delivery within the K562 cell line.  Whereas in previous experiments intensely red 

MDCK cells were obtained with 200nM of Rhod-PNA1-pTat after 8h (Figure 6.12a), 

concentrations as high as 10µM and incubations as long as 72h still resulted in much 

less visibly red K562 cells (Figure 6.13a).  As the cellular uptake was so low, a 

a b 
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transmission image of the cells is also shown (Figure 6.13b) to give the boundary 

between PNA within the cells and background fluorescence.   

  
Figure 6.13:  Confocal images of K562 cells transfected with 10µM Rhod-PNA1-pTat after 72h.  (a) 
Rhodamine fluorescence and (b) transmission image. 

 
Despite the inefficiency of cellular delivery in these cells, Rhod-PNA1-pTat did appear 

to localise in the nucleus (Figure 6.13a).  This was confirmed with DAPI staining (not 

shown).  Western blot analysis of cells transfected with 10µM Rhod-PNA1-pTat 

(Figure 6.14; lane 1) showed that significant down-regulation of Bcl-2 expression could 

be achieved in these cells despite the low cellular delivery.  Presumably, this is because 

the majority of the PNA that is internalised appears to be transported to the nucleus.  

The expression of Bcl-2 in cells transfected with the control probe Rhod-Inf#1-pAtnp, 

showed no change over K562 cells without PNA (Figure 6.14; lanes 2 and 3 

respectively) indicating that any down-regulation of Bcl-2 observed with Rhod-PNA1-

pTat was not due the presence of a non-specific PNA probe in this assay.  A β-actin 

control was not performed here as the results were to be confirmed and quantified with 

flow cytometry (Figure 6.15). 

b a 
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Figure 6.14: Western blot of Bcl-2 expression in K562 cells. Lane 1: cells transfected with 10µM 
Rhod-PNA1-pTat for 72h.  Lane 2:  cells transfected with 10µM Rhod-Inf#1-pAntp for 72h.  Lane 3:  
cells only. 

 
While there were difficulties obtaining flow cytometry data to assess expression of Bcl-

2 in MDCK cells, it did appear that flow cytometry could detect lower levels of down-

regulation than could be detected on a western blot.  With K562 cells being suspension 

cells, the difficulties with obtaining cell suspensions that had impeded flow cytometry 

for the MDCK cells were not an issue.  For these reasons, flow cytometry was used to 

investigate the down-regulation of Bcl-2 expression using 5µM PNA (Figure 6.15).  

Again, the FSC (Figure 6.15a) is illustrated to demonstrate that the cell samples and 

proportion of live cells were comparable.  There is a significant difference in the FSC 

curve obtained for the Rhod-PNA1-pTat probe sample (pink) compared to the FSC 

curves representing the other cell samples, however this was taken into consideration 

when calculating the apparent Bcl-2 expression for each cell sample. 
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Figure 6.15: Flow cytometry of K562 cells expressing the bcl-2/18 plasmid.  (a) Forward scatter (FSC) 
providing information about the cell size and population distribution and (b) fluorescence measurements 
from a fluorescein-labelled Bcl-2 probe (FITC-Bcl2).  Cell samples: K562 cells only (black), MDCK 
cells probed with FITC-Bcl2 (red), MDCK cells transfected with 5µM Rhod-Inf#1-pAntp for 72h and 
probed with FITC-Bcl2 (blue) and MDCK cells transfected with 5µM Rhod-PNA1-pTat for 72h and 
probed with FITC-Bcl2 (pink). 

 

As before, the black line represents cells that were not probed with FITC-Bcl2 antibody 

and cells that were probed with FITC-Bcl2 and not exposed to any PNA are shown in 

red.  The fluorescence representing expression of Bcl-2 was again significant, indicating 

expression of Bcl-2 in these cells is high.  As with the flow cytometry data obtained for 

the MDCK cells, transfection with Rhod-Inf#1-pAntp (blue) resulted in a slight increase 

in Bcl-2 expression (Figure 6.15b), corresponding an apparent increase of 21% in Bcl-2 

protein production.  It was still not clear why this was occurring therefore this would be 

interesting to investigate at a later date.  The histogram representing Bcl-2 expression in 

the presence of Rhod-PNA1-pTat (Figure 6.15b; pink) was significantly shifted to the 

left (representing a 20% decrease in expression) from the Bcl-2 expression of cells 

without exposure to PNA (red).  This suggests that while cellular delivery of PNA and 

the resultant down-regulation of Bcl-2 is not as efficient in K562 cells as in MDCK 

cells, a significant decrease in expression can still be obtained at a 5µM concentration.  

a 

b 
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Both of the FSC histograms for cells with Rhod-Inf#1-pAntp (blue) and Rhod-PNA1-

pTat (pink) were shifted slightly to the left of the positive control (red), as can be seen 

in Figure 6.15a, however these shifts are very small compared to the change in Bcl-2 

expression in the presence of PNA1-pTat (Figure 6.15b) and therefore do not 

significantly impact on the results. 

While these results are promising, due to time constraints they are incomplete.  Here 

pTat has been shown to be a more suitable CPP than pAntp when used to transport 

antisense PNA probes, however the control PNA sequence was conjugated to pAntp 

rather than pTat.  Therefore, to confirm beyond doubt that the down-regulation of Bcl-2 

expression is due to PNA-1 and not the pTat peptide, the control sequence should also 

be synthesised with pTat as its CPP.  However, unfortunately there was not time for this 

final probe to be synthesised and tested for this thesis. 

6.2.4 Future Work 

Time constraints did not allow further investigation into PNA-induced down-regulation 

of Bcl-2 expression.  The two aspects that need the most work are increasing delivery of 

PNA to K562 cells and decreasing the concentration of PNA required for down-

regulation to occur.  As the effective PNA concentration is linked to uptake efficiency 

and cellular localisation, improving cellular deliver to K562 cells would be the first 

step. 

The synthetic transduction peptide PTD-4 has been shown to be 33 times more effective 

for cellular delivery than the pTat peptide.186  This peptide should be investigated to 

determine whether cellular uptake is enhanced in K562 cells and, if so, whether the 

concentration of PNA required for Bcl-2 down-regulation can be significantly reduced.  

A conjugated pTat peptide causes significant localisation of PNA to the nucleoli, 
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however it is unknown whether this is the case with PTD-4 and this would warrant 

investigation. 

The presence of Ca2+ ions has been shown to increase the antisense effect of PNA-pTat 

conjugates by up to 50-fold.187  This increase in effectiveness of the antisense effect of 

PNA has been attributed to assisting the PNA to escape from endosomes within the cell.  

Therefore the addition of Ca2+ should decrease the concentration of PNA-pTat to 

successfully down-regulate Bcl-2 expression in MDCK cells but would likely have little 

effect in K562s as endosomal escape is only important after cellular uptake. 

While this thesis was being written, a non-covalent peptide-based strategy for cellular 

delivery of PNA was published.188  This method uses one of two carrier peptides which 

non-covalently attaches to cargo (such as PNA) in solution and transports it through the 

cell membrane.  Once inside the cell, the carrier peptides disassociate from the PNA 

cargo leaving it free to localise without interaction from a covalently attached peptide.  

This system would be especially useful for cellular delivery of NLS conjugated PNA 

probes, so that both increased cellular uptake and nuclear localisation can occur. 
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6.3 CONCLUSION 

While conjugation to cell penetrating peptides can assist in the cellular delivery of PNA 

probes, the CPP chosen significantly impacts on the degree of uptake and localisation of 

the probe within the cell.  Uptake of the PNA-peptide conjugate will also depend on the 

cell type in question. 

The degree of uptake and the localisation of the probes are two key aspects of PNA 

antisense technology.  The more efficient the delivery of PNA to cells, the lower the 

concentration required for antisense treatment.  The localisation of the PNA within the 

cells is even more important however, as was seen with Rhod-PNA1-pAntp and Rhod-

PNA1-pTat.  While the former is frequently assessed in the PNA literature, to date there 

has been no report on this link between nuclear localisation of PNA and increased 

antisense activity.  In this work, although the pAntp peptide appeared to be more 

efficient in cellular delivery of PNA, Rhod-PNA1-pAntp was unable to significantly 

decrease expression of Bcl-2.  The pTat conjugated probe however was able to almost 

completely knock down Bcl-2 expression in MDCK cells at 5µM.  This was concluded 

to be as a result of nuclear localisation of the probe. 

Despite successfully down-regulating expression of Bcl-2 with Rhod-PNA1-pTat, the 

concentration required was quite high.  Further investigations are therefore required into 

improved cellular delivery and nuclear localisation of the PNA probes using alternative 

delivery systems. 
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CHAPTER 7: GENERAL DISCUSSION 
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The increased thermal and biological stability of peptide nucleic acids have made them 

an attractive substitute for more traditional oligonucleotide probes.  Previous to this 

study, amino acids and peptides were routinely incorporated onto PNA probes without 

thought to the effect this would have on PNA/DNA hybridisation.  The positively 

charged amino acid lysine is commonly conjugated to the C-terminus of PNA, both to 

increase the ease of synthesis and to enhance solubility of the probe.  However, this 

results in increased duplex stability, both for fully complementary and single mismatch 

duplexes.  When these probes are then used in screening tests carried out at room 

temperature, their ability to differentiate between fully complementary and mismatch 

duplexes is decreased.  This was demonstrated in the DiSC2(5) screening test developed 

in Chapter 4.  In this method, the dual peak absorbance of PNA/DNA/dye aggregate 

solutions was used to determine the presence of fully complementary target DNA.  A 

positive result for target DNA was achieved if a greater proportion of dye was bound to 

the PNA/DNA duplex (absorbing at 527nm) than was free in solution (with a 646nm 

absorbance).  Lysine-terminated PNA probes however, regardless of which terminus the 

lysine residue was tethered to, increases duplex stability therefore DNA target strands 

with a single base mismatch proximal to either the 5’ or 3’ termini also resulted in a 

positive result with these probes. 

The destabilising effect of conjugating the negatively charged amino acid glutamic acid 

to the C-terminus of the PNA however, increases the discrimination between fully 

complementary and single mismatch duplexes considerably.  Using this PNA 

modification, the DiSC2(5) screening test could be used to accurately and consistently 

differentiate between the fully complementary and single base mismatch target 

sequences at 40ºC.  This destabilisation effect of glutamic acid was also seen in the 

thermodynamic analysis and although the difference in the thermal (Tm) and 

thermodynamic (ΔGº) stability between the fully complementary and mismatched 
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duplexes with Inf#1E (C-terminal glutamic acid PNA) is less than that for Inf#1K (C-

terminal lysine PNA), the overall Tm and ΔGº show that the mismatched stability is 

reduced sufficiently that their duplex formation will be significantly hindered at room 

temperature.  This study has shown, therefore, that glutamic acid should replace lysine 

as the routine solubility enhancing group added to the C-terminus of PNA. 

Attachment of a cysteine residue or an SMCC molecule to the N-terminus of PNA 

during synthesis allows the probe to be attached to surfaces.  With both of these PNA 

modifications, two linker molecules are added onto the probe before incorporation of 

the N-terminal functional group.  The addition of these spacer units allows the tethered 

PNA to protrude into solution without the modification impacting PNA/DNA 

hybridisation.  Similar PNA surfaces have been shown to have a high affinity to both 

fully complementary and single base mismatch target DNA141 however, suggesting that 

as with PNA probes used for solution hybridisation, immobilised PNA probes should 

also have a glutamic acid located at the C-terminus.  PNA probes with both an N-

terminal cysteine or SMCC and a C-terminal glutamic acid were not investigated in this 

work however, as time constraints and difficulties encountered in preparing PNA 

surfaces did not allow surface hybridisation to be studied in more detail. 

Two different chemistries were investigated for preparing PNA surfaces: (i) attachment 

of a thiol-PNA to an amine functionalised surface via the bifunctional linker molecule 

SMCC and (ii) attaching 2-aminoethanethiol to a carboxylate functionalised surface to 

which SMCC-PNA could be tethered.  Of these two chemistries, the amine surfaces 

appeared to be the most problematic, however due to degraded SMCC stocks during 

preparation of the higher quality glass microspheres, the outcome of this method when 

using high quality surfaces was not fully determined.  The method devised for attaching 



 

 147 

PNA onto carboxylate functionalised surfaces was simple and could be performed in 

much less time than PNA surfaces using amine chemistry could be prepared. 

While the biological and chemical stability of PNA allow PNA microarrays to be re-

used and therefore could potentially replace their DNA counterparts, of particular 

interest in this work was the use of tethered PNA probes in simple robust detection 

systems without the need to incorporate a dye onto the target molecules.  There are 

several solution-based assays that detect PNA/DNA hybridisation, such as the DiSC2(5) 

bound:free screening test described in Chapter 4.  Incorporating PNA onto microspheres 

introduces the possibility of adapting these solution-based assays for use with 

immobilised PNA.  This would then allow the PNA probe, which is generally the most 

expensive reagent used in the assay, to be reused. 

Some solution-based screening tests required the absorbance to be measured.  For 

immobilised PNA probes to be able to be used in such assays they would need to be 

tethered to optically transparent spheres.  While the carboxylate silica beads and glass 

microspheres used in this work were not optically transparent, such glass microspheres 

are commercially available.  This optical transparency is, however, not a requirement 

for fluorescence-based assays.  While there may be light scattering effects using 

microspheres for detecion of PNA/DNA hybridisation via fluorescence, a negative 

control of the spheres without the presence of the target DNA or fluorescence signal can 

be used to determine the contribution the spheres have on the fluorescence readings.  

Given these potential uses of PNA tethered to microspheres, preparation of these 

surfaces and hybridisation of these surfaces with target DNA needs to be investigated 

further, to determine the suitability of adapting a screening test such as the DiSC2(5) test 

for use with reusable PNA spheres. 
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Cationic peptides are commonly conjugated to PNA probes to assist in their delivery to 

cells.  The thermodynamic effect of multiple lysine residues attached to the C-terminus 

of PNA indicates that these peptide sequences will allow the PNA to bind more stably 

to single base mismatch target sequences even within the 37ºC environment of the cell.  

This suggests that when using a transport peptide to deliver PNA to cells, the peptide 

portion should be joined to the PNA probe via a cleavable linker so that once the probe 

is within the cell, the peptide is lost and cannot impact on PNA/DNA hybridisation, or 

that an alternative carrier system is used. 

The cellular delivery and localisation of several PNA-peptide conjugates were 

investigated.  Of those, the PNA probes conjugated to pAntp and pTat achieved the 

greatest cellular uptake and the pTat and NLS peptides resulted in significant 

localisation of the PNA within the nucleoli.  This localisation appears to be important 

for successful use of PNA probes as antisense molecules, as only the PNA probe with 

pTat conjugated offered significant down-regulation of Bcl-2 protein expression.  

Cellular uptake is also a key factor in the success of PNA antisense molecules, with 

5µM Rhod-Inf#1-pTat transfection resulting in an 85% down-regulation of Bcl-2 

expression while transfection of K562 cells with 10µM PNA resulted in a decrease in 

Bcl-2 expression of 33%.  Delivery of PNA to the K562 cells was much less efficient 

than that seen with MDCK cells, however inefficient cellular uptake is common for 

suspension cells.  These results therefore show that it is important to increase both the 

cellular uptake and the nuclear localisation of PNA in target cells in order to maximise 

the antisense activity of the probe. 

PNA has potential for use in developing simple robust diagnostic assays of various 

types as well as for being used as a therapeutic agent.  There are however many 

considerations that must be made in developing these future uses of PNA, and this study 
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has outlined some of these as well as provided a basis for future enhancements of their 

use. 
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CHAPTER 8: EXPERIMENTAL 
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8.1 MATERIALS 

Except for those materials listed below, all materials used in this work were obtained 

from Sigma-Aldrich (Australia). 

Fmoc-protected PNA monomers were purchased from Applied Biosystems (Australia) 

and Fmoc-protected amino acids from Novabiochem (Australia) and Auspep 

(Australia). All solid-phase synthesis solvents were either peptide or biotech grade and 

obtained from Sigma-Aldrich (Australia) or Auspep (Australia).  HATU (O-(7-

Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate)  and HBTU 

(O-Benzotriazol-1-yl-N,N,N’,N’-tetramethyluroniumhexafluorophosphate) were 

purchased from GT Biochem (China).  PAL and Rink solid-phase support resins were 

purchased from Advanced ChemTech (Kentucky, USA) and Fmoc Lys-substituted 

Wang resin from Auspep (Australia).   

SMCC (4-(N-maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide 

ester) was synthesised within the research group.150  Silicon wafers were obtained from 

Addison Engineering (San Jose, CA), amine functionalised glass slides from CEL & 

Associates, Inc (Los Angeles, CA) and carboxylate functionalised silica beads from 

PolySciences, Inc (Warrington, PA). 

All oligonucleotides were purchased at Sigma-Genosys (Sigma-Aldrich, Australia).  

Peptide nucleic acids used in this chapter were synthesised as described in Chapter 2.   

All reagents and vessels for cell culture were obtained from Invitrogen (Australia). 
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8.2 GENERAL EXPERIMENTAL 

8.2.1  Protocol A:  Semi-Automated PNA Synthesis 

Semi-automated synthesis of the PNA was carried out on an Advanced ChemTech 

Model 90 peptide synthesiser.  For each appropriate cycle of the synthesis, Fmoc-

A(Bhoc)-OH (68mg), Fmoc-G(Bhoc)-OH (70mg), Fmoc-C(Bhoc)-OH (66mg) or 

Fmoc-T-OH (48mg) was dissolved in dry NMP (474µL).  Base mix (474µL, 0.3M 

DIPEA, 0.2M lutidine in dry DMF) and HBTU (1230µL, 0.1M in dry DMF) was added 

to the monomer for activation 5min before the coupling reaction.  The activated 

monomer solution was delivered manually to the reaction vessel and all mixing was 

carried out by simultaneous agitation and bubbling with N2.  All reactions were carried 

out at room temperature unless stated otherwise. 

The resin was swelled with dry DMF (5mL) mixing for 30min.   

Deprotection reaction:  Piperidine (3mL, 20% in dry DMF) was added to the resin and 

mixed for 30min, whereupon the resin was washed with dry DMF (3mL, 60s per wash, 

3 washes).   

Coupling reaction:  Activated monomer solution was added to the resin and mixed 

(60min for the first monomer attached, 30min for each subsequent cycle).  The resin 

was washed with dry NMP (3mL, 60s per wash, 3 washes).   

Capping reaction:  Capping reagent (3mL, 5% acetic anhydride, 6% lutidine in dry 

DMF) was added to the resin and mixed for 10min.  The resin was again washed with 

dry DMF (3mL, 60s per wash, 3 washes).   

The deprotection-coupling-capping cycle was repeated until the last monomer was 

attached.  Synthesis was carried out in the C- to N-terminal direction. 
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Final deprotection and cleavage from resin:  Two deprotection reactions (as described 

above) were performed on the last monomer (N-terminus of the PNA molecule) to 

ensure complete deprotection of the N-terminal amine group.  The resin was washed 

with dry DMF (3mL, 5min per wash, 3 washes) then dry DCM (3mL, 5min per wash, 3 

washes).  To both remove the PNA from the support and remove side chain protection 

groups, the resin was stirred with cleavage reagent (3mL, 20% m-cresol in TFA) for 2h 

with mixing.  A second reaction with the cleavage reagent (2mL, 20% m-cresol in TFA) 

was performed for 20min with agitation to ensure complete PNA cleavage and 

deprotection.  Finally, the resin was washed with dry DCM (3mL, 5min) and the wash 

supernatant was collected.  Excess TFA was removed from the cleavage cocktail by 

evaporation under N2, as was the excess DCM from the wash supernatant.  Each 

collection was precipitated with cold diethyl ether (15mL, -20ºC) and the resultant 

precipitate pooled.  The suspension was centrifuged for 5min at 1000g and the pellet 

was washed twice with cold diethyl ether (10mL, -20°C; 5min centrifugation, 1000g). 

8.2.2  Protocol B:  Automated PNA Synthesis 

Fully automated PNA synthesis was carried out on an Advanced ChemTech Omega 396 

peptide synthesiser using a 3mL 96-well reactor block.  All mixing was carried out by 

agitation of the reaction block at 600rpm. 

The resin was swelled with dry DMF (1mL) mixing for 30min.   

Deprotection reaction:  Piperidine (1mL, 20% in dry DMF) was added to the resin and 

mixed for 5min.  The resin was deprotected for a further 20min with piperidine (1mL, 

20% in dry DMF) before being washed with dry DMF (1mL, 60s per wash, 3 washes).  

Coupling reaction:  PNA monomer solution (125µL, 0.2M in dry NMP), HATU 

(125µL, 0.19M in dry DMF) and base mix (125µL, 0.3M DIPEA, 0.2M lutidine in dry 
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DMF) was added to the resin and mixed for 30min.  The resin was washed with dry 

DMF (1mL, 60s per wash, 3 washes).   

Capping reaction:  Capping reagent (1mL, 5% acetic anhydride, 6% lutidine in dry 

DMF) was added to the resin and mixed for 10min.  The resin was again washed with 

dry DMF (1mL, 60s per wash, 3 washes).   

The deprotection-coupling-capping cycle was repeated until the last monomer was 

attached.  Synthesis was carried out in the C- to N-terminal direction. 

Final deprotection and cleavage from resin:  Two deprotection reactions (as described 

above) were performed on the last monomer (N-terminus of the PNA molecule) to 

ensure complete deprotection of the N-terminal amine group.  The resin was washed 

with dry DMF (1mL, 60s per wash, 3 washes) then dry DCM (1mL, 60s per wash, 3 

washes).  To remove the PNA from the support, and remove side chain protection 

groups, the resin was incubated with cleavage reagent (1mL, 20% m-cresol in TFA) for 

2h with mixing.  A second incubation with cleavage reagent (2mL, 20% m-cresol in 

TFA) was performed for 30min without mixing.  The cleavage product was precipitated 

with cold diethyl ether (15mL, -20ºC) and the suspension was centrifuged for 5min at 

1000g.  The pellet was washed twice with cold diethyl ether (10mL, -20°C; 5min 

centrifugation, 1000g). 

8.2.3 Kaiser Test (Ninhydrin Test) for Free Amines108 

A few resin beads were sampled from the reaction vessel and added into a small glass 

vessel.  Two drops each of 5% ninhydrin in ethanol (w/v), 80% phenol in ethanol (w/v) 

and 20µM KCN in pyridine were added to the beads.  The bead mixture was heated to 

approximately 100ºC for 3 to 5 minutes.  Blue beads after heat treatment represented a 

positive result for free amines. 
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8.2.4 MALDI-TOF Mass Spectrometry 
 
MALDI-TOF mass spectrometry was carried out by Lisa Hodgson at RMIT on a Bruker 

Biflex 2 MALDI-TOF mass spectrometer in Reflector mode with the sample 

crystallised in an HCCA (alpha-cyano-4-hydroxycinnamic acid) matrix using the 

layered technique. 

8.2.5 ESI Mass Spectrometry 

ESI mass spectrometry was carried out on either a Fisons-Micromass VG Platform II or 

a Waters-Micromass ZQ40000 LCMS electrospray mass spectrometer in continuum 

mode, both using the MassLynx V4.0 SP4 software.  The mass of the PNA sequences 

were resolved using MaxEnt1 and Transform for peptide and protein deconvolution that 

is supplied with MassLynx. 

8.2.6 RNA Extraction 
 
Each influenza isolate was divided into 4 equal aliquots.  300µL of solution D (4M 

guanidine isothiocyanate, 25mM sodium citrate, 0.5% sarcosyl, 0.72% β-

mercaptoethanol) was added to each tube and mixed.  50µL of 2M sodium acetate (pH 

4.0) and 600µL of 5:1 phenol:chloroform was added to each tube with mixing in 

between.  Tubes were vortexed after the last addition and tubes were incubated at 4ºC 

for at least 15min.  Following incubation, each tube was centrifuged at 4ºC and 

12,000rpm for 20min.  The aqueous layer (the top layer) was removed from each tube 

and added into a clean micro-centrifuge tube.  1mL of isopropanol was added to each 

tube, mixed, and the tubes left to incubate at 4ºC overnight. 

Tubes were centrifuged at 4ºC and 12,000rpm for 20min.  The supernatent was removed 

and each pellet resuspended in 75µL of solution D.  All suspensions were pooled into 

the one tube to result in a 300µL sample.  1mL of isopropanol was added to the final 
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tube and the mixture was again incubated overnight at 4ºC.  The tube was centrifuged at 

4ºC and 12,000rpm for 20min.  After the supernatant was removed the pellet was 

washed with 75µL of 75% ethanol with centrifugation at 4ºC for 15min.  The pellet was 

vacuum dried for 15min before being resuspended in 50µL of DEPC-treated water.  

Purified RNA was stored at –80ºC.  DNA was quantified using optical density (OD) 

measurements at 260nm.  An OD of 1 is equivalent to 40µg/mL of RNA. 

8.2.7  DNA Melting Curves  

DNA melting curves were performed on a Varian Cary 300 spectrophotometer with a 

peltier temperature controller.  PNA/DNA samples were prepared with 1µM each of the 

PNA probe and DNA target strands in 5mM sodium phosphate buffer (pH 7.5).  

Samples were heated at 90ºC for 5min, cooled at 20ºC for 30 min then cooled at 0ºC for 

10 min.  Where slow hybridisation was required, samples were heated at 90ºC for 5min 

then cooled to 0ºC at a rate of 0.5ºC/min and held at 0ºC for 10min.  For the thermal 

melt analysis, samples were heated from 0ºC to 80ºC at a rate of 0.5ºC/min, with data 

points collected every 0.2ºC.  The data was then exported to Kaleidagraph for Tm and 

van’t Hoff analysis. 

8.2.8 Buffers 

Several buffers were used through this work and recipes for these are given below. 

Sodium Phosphate Buffer:  A 0.1M stock sodium phosphate buffer solution was made 

to pH 7.5 from solutions of 1M Na2HPO4 and 1M NaH2PO4 according to the 

Henderson-Hasselbach equation for the preparation of buffers.189  This stock solution 

was then diluted to a working concentration of 5mM as required. 

Tris-EDTA (TE) Buffer:  10mM Tris-Cl pH 7.5 and 1mM EDTA pH 8.0.  The final pH 

of the resultant TE buffer solution was adjusted to the appropriate pH with 1M NaOH. 
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Phosphate Buffered Saline (1× PBS):  Each litre contains 8g NaCl, 0.2g KCl, 1.44g 

NaH2PO4 and 0.24g KH2PO4. 

Martin’s Lysis Buffer:  600µL 5M NaCl, 500µL 1M Tris-Cl, 200µL Triton X-100, 2 

protease inhibitor cocktail tablets (Complete Mini from Roche), 18.7mL dH2O, 2mM 

NaV and 4mM NaF. 

8.3 DESIGN OF PNA PROBES 

8.3.1  Sequence Acquisition and Database Generation 

The search utility of the Influenza Sequence Database104 was used to download 

influenza sequences, in groups by virus type (A, B or C) and segment (e.g. PB1, PB2, 

PA, HA, NS, NP, NA and M for influenza A and B), with influenza A sequences also 

grouped by host.  ClustalX105 was used for multiple sequence alignments with the 

resulting alignments saved in PIR format as well as the default ALN and DND files. 

ARB107 was used to create databases of the influenza sequences.  Each database was 

created using the “Create and Import” option.  The autoformat option was used to 

inform the program of the format of the file being loaded and the alignment type for the 

data was cDNA. 

8.3.2  Probe Design 

Each file of aligned sequences was examined by eye to located the 5’ and 3’ conserved 

non-coding regions.  The influenza A 5’ conserved region was compared across all 

segments to find a region that was identical in all influenza A segments.  The same was 

done for the influenza A 3’ conserved region and the Influenza B 5’ and 3’ conserved 

regions.  The resulting sequences were tested against the PNA probe rules to select 

suitable probe sequences. 
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8.4 PNA SYNTHESIS 

8.4.1  Synthesis of Inf#1K 

Sequence:  H-TGTTTCTAC-Lys-NH2 

8.4.1.1  Semi-Automated Synthesis of Inf#1K 
 
Inf#1K was synthesised according to Protocol A (Section 8.2.1), using Lys-substituted 

Wang resin (27mg, 0.63mmol/g, 75-100 mesh).  Synthesis of Inf#1K was carried out 

over two days, with the synthesis halted before deprotection of the terminal amine at the 

end of day one.  After each deprotection and coupling steps the success of the reaction 

was tested using the Kaiser Test (Section 8.2.3).  The crude product was dried and 

dissolved in aqueous TFA (1mL, 0.1%).  Purification was by HPLC on a Waters Delta 

Pak C18 15µm, 100Å, 300 × 7.8mm ID column at 55°C using aqueous TFA (0.1%, 

Solvent A) and 0.1% TFA in acetonitrile (Solvent B).  The HPLC gradient used was 0-

9%B 9min, 9-18% 10min, 18-22% 15min, 22-100%B 10min, 100%B 10min and the 

major product had a retention time of 33min.  Freeze-drying yielded 8mg.  ESI-MS 

expected for C103H137N47O32 2545.49amu, found 2545amu. 

8.4.1.2  Automated Synthesis of Inf#1K 
 
Inf#1K was synthesised according to Protocol B (Section 8.2.2) using PAL resin (36mg, 

0.5mmol/g, 100-200 mesh).  Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF) was 

added in two sequential coupling steps, followed by two sequential capping reactions.  

The crude product was solubilised in aqueous TFA (5mL, 0.5%) and purified by HPLC 

on an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  

The HPLC gradient used was 0-40%B 40min, 40-100%B 5min, 100%B 10min using 

aqueous TFA (0.5%, Solvent A) and 0.5% TFA in acetonitrile (Solvent B).  The major 
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product had a retention time of approximately 33min and yielded 8.9mg after freeze-

drying.  ESI-MS expected for C103H137N47O32 2545.49amu, found 2545amu. 

8.4.2  Synthesis of Inf#1 

Sequence:  H-TGTTTCTAC-NH2 

Inf#1 was synthesised according to Protocol B (Section 8.2.2) using PAL resin (36mg, 

0.5mmol/g, 100-200 mesh).  The first monomer was added in two sequential coupling 

steps, followed by two sequential capping reactions.  The crude product was solubilised 

in aqueous TFA (3.5mL, 0.5%) and purified by HPLC on an Agilent Zorbax 

StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient 

used was 0-30%B 40min, 30-100%B 5min, 100%B 10min using aqueous TFA (0.5%, 

Solvent A) and 0.5% TFA in acetonitrile (Solvent B).  The major product had a 

retention time of approximately 35min and yielded 4.3mg after freeze-drying.  ESI-MS 

expected for C97H125N45O31 2417.32amu, found 2417amu. 

8.4.3  Synthesis of KInf#1 

Sequence:  H-Lys-TGTTTCTAC-NH2 

KInf#1 was synthesised according to Protocol B (Section 8.2.2) using PAL resin (36mg, 

0.5mmol/g, 100-200 mesh).  The first monomer was added in two sequential coupling 

steps, followed by two sequential capping reactions.  Fmoc-Lys(Boc)-OH (125µL, 

0.5M in dry DMF) was used instead of the PNA monomer (125µL, 0.2M in dry NMP) 

for the appropriate cycle.  The crude product was solubilised in aqueous TFA (7mL, 

0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 

250mm ID column at 55°C.  The HPLC gradient used was 0-40%B 40min, 40-100%B 

5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA in 

acetonitrile (Solvent B).  The major product had a retention time of approximately 
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32min and yielded 4.6mg after freeze-drying.  ESI-MS expected for C103H137N47O32 

2545.49amu, found 2545amu. 

8.4.4  Synthesis of Inf#1KK 

Sequence:  H-TGTTTCTAC-Lys-Lys-NH2 

Inf#1KK was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF) 

was used instead of the PNA monomer (125µL, 0.2M in dry NMP) for each appropriate 

cycle.  The first monomer was added in two sequential coupling steps, followed by two 

sequential capping reactions.  All coupling times were extended from 30min (described 

in Protocol B) to 60min.  The crude product was solubilised in aqueous TFA (4mL, 

0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 

250mm ID column at 55°C.  The HPLC gradient used was 0-25%B 60min, 25-100%B 

5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA in 

acetonitrile (Solvent B).  The major product had a retention time of approximately 

45min and yielded 2mg after freeze-drying.  ESI-MS expected for C109H149N49O33 

2673.66amu, found 2673amu. 

8.4.5  Synthesis of Inf#1KKK 

Sequence:  H-TGTTTCTAC-Lys-Lys-Lys-NH2 

Inf#1KKK was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF) 

was used instead of the PNA monomer (125µL, 0.2M in dry NMP) for each appropriate 

cycle.  The first monomer was added in two sequential coupling steps, followed by two 

sequential capping reactions.  All coupling times were extended from 30min (described 

in Protocol B) to 60min.  The crude product was solubilised in aqueous TFA (4mL, 
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0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 

250mm ID column at 55°C.  The HPLC gradient used was 0-25%B 60min, 25-100%B 

5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA in 

acetonitrile (Solvent B).  The major product had a retention time of approximately 

44min and yielded 4.5mg after freeze-drying.  ESI-MS expected for C115H161N51O34 

2801.83amu, found 2801amu. 

8.4.6 Synthesis of Inf#1E 

Sequence:  H-TGTTTCTAC-Glu-NH2 

Inf#1E was synthesised according to Protocol B (Section 8.2.2) using PAL resin (35mg, 

0.5mmol/g, 100-200 mesh).  Fmoc-Glu(OtBu)-OH (125µL, 0.5M in dry DMF) was 

added in two sequential coupling steps, followed by two sequential capping reactions.  

Deprotection and capping times were reduced to 2min each with a single deprotection 

step for all cycles after the first monomer attachment.  The crude product was 

solubilised in aqueous TFA (15mL, 0.5%) and purified by HPLC on an Agilent Zorbax 

StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient 

used was 0-50%B 30min, 50-100%B 5min, 100%B 10min using aqueous TFA (0.5%, 

Solvent A) and 0.5% TFA in acetonitrile (Solvent B).  The major product had a 

retention time of approximately 26min and yielded 7.8mg after freeze-drying.  ESI-MS 

expected for C102H132N46O34 2546.43amu, found 2546amu.  A secondary product was 

obtained with a retention time of 36min, correlating to Inf#1E with terminal Fmoc 

protection yielding 12.6mg after freeze-drying.  ESI-MS found 2768amu and 5535amu 

(dimeric form). 
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8.4.7  Synthesis of Inf#1W 

Sequence:  H-TGTTTCTAC-Trp-NH2 

Inf#1W was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Trp(Boc)-OH (125µL, 0.5M in dry DMF) 

was added in two sequential coupling steps, followed by two sequential capping 

reactions.  Deprotection and capping times were reduced to 2min each with a single 

deprotection step for all cycles after the first monomer attachment.  The crude product 

was solubilised in aqueous TFA (5mL, 0.5%) and purified by HPLC on an Agilent 

Zorbax StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC 

gradient used was 0-50%B 30min, 50-100%B 5min, 100%B 10min using aqueous TFA 

(0.5%, Solvent A) and 0.5% TFA in acetonitrile (Solvent B).  The major product had a 

retention time of approximately 28min and yielded 8.2mg after freeze-drying.  ESI-MS 

expected for C108H135N47O32 2603.53amu, found 2603amu.  A secondary product was 

obtained with a retention time of 37min, correlating to Inf#1W with terminal Fmoc 

protection yielding 4.2mg after freeze-drying.  ESI-MS found 2824amu and 5648amu 

(dimeric form). 

8.4.8  Synthesis of Inf#1F 

Sequence:  H-TGTTTCTAC-Phe-NH2 

Inf#1W was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Phe-OH (125µL, 0.5M in dry DMF) was 

added in two sequential coupling steps, followed by two sequential capping reactions.  

Deprotection and capping times were reduced to 2min each with a single deprotection 

step for all cycles after the first monomer attachment.  The crude product was 

solubilised in aqueous TFA (6mL, 0.5%) and purified by HPLC on an Agilent Zorbax 
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StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient 

used was 0-50%B 30min, 50-100%B 5min, 100%B 10min using aqueous TFA (0.5%, 

Solvent A) and 0.5% TFA in acetonitrile (Solvent B).  The major product had a 

retention time of approximately 28min and yielded 6.5mg after freeze-drying.  ESI-MS 

expected for C106H134N46O32 2564.49amu, found 2564amu.  A secondary product was 

obtained with a retention time of 37min, correlating to Inf#1W with terminal Fmoc 

protection, yielding 5.9mg after freeze-drying.  ESI-MS found 2786amu. 

8.4.9  Synthesis of Inf#1-C 

Sequence:  H-TGTTTCTACOO-Cys-NH2 

8.4.9.1  Automated Synthesis of Inf#1-C 
 
Inf#1-C was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(50mg, 0.5mmol/g, 100-200 mesh).  During the coupling step in each appropriate cycle, 

PNA monomer (250µL, 0.2M in dry NMP) or Fmoc-Cys(Trt)-OH (250µL, 0.5M in dry 

DMF), HATU (250µL, 0.19M in dry DMF) and base mix (250µL, 0.3M DIPEA, 0.2M 

lutidine in dry DMF) was added to the resin and mixed for 60min.  The crude product 

was solubilised in aqueous TFA (1.5mL, 0.1%) and purified by HPLC on an Agilent 

Zorbax StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC 

gradient used was 0-20%B 10min, 20%B 5min, 20-35%B 30min, 35-45%B 10min, 45-

100%B 10min, 100%B 10min using aqueous TFA (0.1%, Solvent A) and 0.1% TFA in 

acetonitrile (Solvent B).  The major product had a retention time of approximately 

23min and yielded 2.84mg after freeze-drying.  ESI-MS expected for C112H152N48O38S 

2810.77amu, found 2809amu.   
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8.4.10 Synthesis of C-Inf#1 

Sequence:  H-Cys-OOTGTTTCTAC-NH2 

C-Inf#1 was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(50mg, 0.5mmol/g, 100-200 mesh).  During the coupling step in each appropriate cycle, 

PNA monomer (250µL, 0.2M in dry NMP) or Fmoc-Cys(Trt)-OH (250µL, 0.5M in dry 

DMF), HATU (250µL, 0.19M in dry DMF) and base mix (250µL, 0.3M DIPEA, 0.2M 

lutidine in dry DMF) was added to the resin and mixed for 60min.  The crude product 

was solubilised in aqueous TFA (1.5mL, 0.1%) and purified by HPLC on an Agilent 

Zorbax StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC 

gradient used was 0-20%B 10min, 20%B 5min, 20-35%B 30min, 35-45%B 10min, 45-

100%B 10min, 100%B 10min using aqueous TFA (0.1%, Solvent A) and 0.1% TFA in 

acetonitrile (Solvent B).  The major product had a retention time of approximately 

23min and yielded 9.47mg after freeze-drying.  ESI-MS expected for C112H152N48O38S 

2810.77amu, found 2810amu.   

8.4.11 Synthesis of Rhod-Inf#1 

Sequence:  Rhod-OOTGTTTCTAC-NH2 

Rhod-Inf#1 was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(35mg, 0.5mmol/g, 100-200 mesh).  The first monomer was added in two sequential 

coupling steps, followed by two sequential capping reactions.  Deprotection and 

capping times were reduced to 2min each with a single deprotection step for all cycles 

after the first monomer attachment.  Rhodamine B isothiocyanate (12.5mg), dry DMF 

(300µL) and DIPEA (20µL) were incubated with the resin for 5h before cleavage and 

the first cleavage reaction was increased to 3h.  The crude product was solubilised in 

aqueous TFA (3mL, 0.5%) and purified by HPLC on an Agilent Zorbax StableBond 
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C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient used was 0-

50%B 60min, 50-100%B 5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) 

and 0.5% TFA in acetonitrile (Solvent B).  The product had a retention time of 

approximately 63min and yielded 1.7mg after freeze-drying. .  ESI-MS expected for 

C144H188N52O41S 3335.43amu, found 3207amu.  A secondary product was obtained with 

a retention time of 65min, correlating to the attachment of an additional Rhodamine 

molecule, yielding 1.4mg after freeze-drying 

8.4.12 Synthesis of Rhod-Inf#1-NLS 

Sequence:  Rhod-OOTGTTTCTACOO-Pro-Lys-Lys-Lys-Arg-Lys-Val-NH2 

Rhod-Inf#1-NLS was synthesised according to Protocol B (Section 8.2.2) using PAL 

resin (35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Pro-OH (125µL, 0.5M in dry DMF), 

Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF), Fmoc-Arg(Mtr)-OH (125µL, 0.5M in 

dry DMF) or Fmoc-Val-OH (125µL, 0.5M in dry DMF) was added with HBTU 

(125µL, 0.45M in dry DMF), HOBt (125µL, 0.5M in dry DMF) and base mix (125µL, 

0.3M DIPEA, 0.2M lutidine in dry DMF) for each appropriate cycle. Both the first PNA 

monomer and amino acid monomer were added in two sequential coupling steps, 

followed by two sequential capping reactions.  Deprotection and capping times were 

reduced to 2min each for PNA cycles, and 5min each for amino acid cycles, with a 

single deprotection step for all cycles after the first monomer attachment.  Rhodamine B 

isothiocyanate (12.5mg), dry DMF (300µL) and DIPEA (20µL) were incubated with the 

resin for 5h before cleavage and the first cleavage reaction was increased to 3h.  The 

crude product was solubilised in aqueous TFA (3mL, 0.5%) and purified by HPLC on 

an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The 

HPLC gradient used was 0-50%B 60min, 50-100%B 5min, 100%B 10min using 

aqueous TFA (0.5%, Solvent A) and 0.5% TFA in acetonitrile (Solvent B).  The product 
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had a retention time of approximately 62min and yielded 1mg after freeze-drying.  ESI-

MS expected for C190H274N66O53S 4362.69amu, found 4363amu. 

8.4.13  Synthesis of Rhod-Inf#1-pAntp 

Sequence:  Rhod-OOTGTTTCTACOO-Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-Arg-Arg-

Met-Lys-Trp-Lys-Lys-NH2 

Rhod-Inf#1-pAntp was synthesised according to Protocol B (Section 8.2.2) using PAL 

resin (35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Arg(Mtr)-OH (125µL, 0.5M in dry 

DMF), Fmoc-Gln(Trt)-OH (125µL, 0.5M in dry DMF), Fmoc-Ile-OH (125µL, 0.5M in 

dry DMF), Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF), Fmoc-Trp(Boc)-OH 

(125µL, 0.5M in dry DMF), Fmoc-Phe-OH (125µL, 0.5M in dry DMF), Fmoc-

Asn(Trt)-OH (125µL, 0.5M in dry DMF) and Fmoc-Met-OH (125µL, 0.5M in dry 

DMF) was added with HBTU (125µL, 0.45M in dry DMF), HOBt (125µL, 0.5M in dry 

DMF) and base mix (125µL, 0.3M DIPEA, 0.2M lutidine in dry DMF) for each 

appropriate cycle. Both the first PNA monomer and amino acid monomer were added in 

two sequential coupling steps, followed by two sequential capping reactions.  

Deprotection and capping times were reduced to 2min each for PNA cycles, and 5min 

each for amino acid cycles, with a single deprotection step for all cycles after the first 

monomer attachment.  Rhodamine B isothiocyanate (12.5mg), dry DMF (300µL) and 

DIPEA (20µL) were incubated with the resin for 5h before cleavage and the first 

cleavage reaction was increased to 3h.  The crude product was solubilised in aqueous 

TFA (10mL, 0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 

300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient used was 0-50%B 60min, 

50-100%B 5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA 

in acetonitrile (Solvent B).  The major product had a retention time of approximately 
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63min and yielded 1.5mg after freeze-drying.  ESI-MS expected for C254H364N86O65S2 

5726.28amu, found 5727amu.  A secondary peak with a retention time of 66min yielded 

1.5mg of product and dual-labelled product combined.  ESI-MS 5727amu and 

6150amu. 

8.4.14  Synthesis of Rhod-Inf#1-hCT 

Sequence:  Rhod-OOTGTTTCTACOO-Lys-Phe-His-Thr-Phe-Pro-Gln-Thr-Ala-Ile-Gly-

Val-Gly-Ala-Pro-NH2 

Rhod-Inf#1-hCT was synthesised according to Protocol B (Section 8.2.2) using PAL 

resin (35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry 

DMF), Fmoc-Phe-OH (125µL, 0.5M in dry DMF), Fmoc-His(Trt)-OH (125µL, 0.5M in 

dry DMF), Fmoc-Thr(tBu)-OH (125µL, 0.5M in dry DMF), Fmoc-Pro-OH (125µL, 

0.5M in dry DMF), Fmoc-Gln(Trt)-OH (125µL, 0.5M in dry DMF), Fmoc-Ala-OH 

(125µL, 0.5M in dry DMF), Fmoc-Ile-OH (125µL, 0.5M in dry DMF), Fmoc-Gly-OH 

(125µL, 0.5M in dry DMF) and Fmoc-Val-OH (125µL, 0.5M in dry DMF) was added 

with HBTU (125µL, 0.45M in dry DMF), HOBt (125µL, 0.5M in dry DMF) and base 

mix (125µL, 0.3M DIPEA, 0.2M lutidine in dry DMF) for each appropriate cycle. Both 

the first PNA monomer and amino acid monomer were added in two sequential 

coupling steps, followed by two sequential capping reactions.  Deprotection and 

capping times were reduced to 2min each for PNA cycles, and 5min each for amino 

acid cycles, with a single deprotection step for all cycles after the first monomer 

attachment.  Rhodamine B isothiocyanate (12.5mg), dry DMF (300µL) and DIPEA 

(20µL) were incubated with the resin for 5h before cleavage and the first cleavage 

reaction was increased to 3h.  The crude product was solubilised in aqueous TFA (3mL, 

0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 
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250mm ID column at 55°C.  The HPLC gradient used was 0-50%B 60min, 50-100%B 

5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA in 

acetonitrile (Solvent B).  The major product had a retention time of approximately 

64min and yielded less than 1mg after freeze-drying.  ESI-MS expected for 

C224H3073N71O64S 5050.34amu, found 5051amu.  A secondary peak with a retention 

time of 66min yielded less than 1mg of product and apparently dual-labelled product 

combined.  ESI-MS 5049amu and 5474amu. 

8.4.15 Synthesis of SMCC-Pig12 

Sequence:  SMCC-OO-PNA-NH2 (PNA sequence not given due to commercial 

sensitivity) 

SMCC-Pig12 was synthesised according to Protocol B (Section 8.2.2) using PAL resin 

(35mg, 0.5mmol/g, 100-200 mesh). Both the first PNA monomer and amino acid 

monomer were added in two sequential coupling steps, followed by two sequential 

capping reactions.  Deprotection and capping times were reduced to 2min each for PNA 

cycles, and 5min each for amino acid cycles, with a single deprotection step for all 

cycles after the first monomer attachment.  SMCC (600µL, 70mM in dry DMF) was 

incubated with the resin for 5h before cleavage and the first cleavage reaction was 

increased to 3h.  The crude product was solubilised in aqueous TFA (3mL, 0.5%) and 

purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 300Å, 9.4 × 250mm ID 

column at 55°C.  The HPLC gradient used was 0-50%B 60min, 50-100%B 5min, 

100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA in acetonitrile 

(Solvent B).  The major product had a retention time of approximately 63min and 

yielded 2mg after freeze-drying.  ESI-MS expected 3739amu, found 3739amu.   
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8.4.16  Synthesis of Rhod-PNA1-pAntp 

Sequence:  Rhod-OOCCCCAGCCCCTACCCOO-Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-

Arg-Arg-Met-Lys-Trp-Lys-Lys-NH2 

Rhod-PNA1-pAntp was synthesised according to Protocol B (Section 8.2.2) using PAL 

resin (35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Arg(Mtr)-OH (125µL, 0.5M in dry 

DMF), Fmoc-Gln(Trt)-OH (125µL, 0.5M in dry DMF), Fmoc-Ile-OH (125µL, 0.5M in 

dry DMF), Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF), Fmoc-Trp(Boc)-OH 

(125µL, 0.5M in dry DMF), Fmoc-Phe-OH (125µL, 0.5M in dry DMF), Fmoc-

Asn(Trt)-OH (125µL, 0.5M in dry DMF) and Fmoc-Met-OH (125µL, 0.5M in dry 

DMF) was added with HBTU (125µL, 0.45M in dry DMF), HOBt (125µL, 0.5M in dry 

DMF) and base mix (125µL, 0.3M DIPEA, 0.2M lutidine in dry DMF) for each 

appropriate cycle. Both the first PNA monomer and amino acid monomer were added in 

two sequential coupling steps, followed by two sequential capping reactions.  

Deprotection and capping times were reduced to 2min each for PNA cycles, and 5min 

each for amino acid cycles, with a single deprotection step for all cycles after the first 

monomer attachment.  Rhodamine B isothiocyanate (12.5mg), dry DMF (300µL) and 

DIPEA (20µL) were incubated with the resin for 5h before cleavage and the first 

cleavage reaction was increased to 3h.  The crude product was solubilised in aqueous 

TFA (10mL, 0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 

300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient used was 0-60%B 60min, 

60-100%B 5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA 

in acetonitrile (Solvent B).  The major product had a retention time of approximately 

54min and yielded 3mg after freeze-drying.  ESI-MS expected for C311H438N122O78S2 

7197.71amu, found 7198amu. 
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8.4.17 Synthesis of Rhod-tPNA4-pAntp 

Sequence:  Rhod-OOAGCGTGTGCGCCATOO-Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-

Arg-Arg-Met-Lys-Trp-Lys-Lys-NH2 

Rhod-tPNA4-pAntp was synthesised according to Protocol B (Section 8.2.2) using PAL 

resin (35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Arg(Mtr)-OH (125µL, 0.5M in dry 

DMF), Fmoc-Gln(Trt)-OH (125µL, 0.5M in dry DMF), Fmoc-Ile-OH (125µL, 0.5M in 

dry DMF), Fmoc-Lys(Boc)-OH (125µL, 0.5M in dry DMF), Fmoc-Trp(Boc)-OH 

(125µL, 0.5M in dry DMF), Fmoc-Phe-OH (125µL, 0.5M in dry DMF), Fmoc-

Asn(Trt)-OH (125µL, 0.5M in dry DMF) and Fmoc-Met-OH (125µL, 0.5M in dry 

DMF) was added with HBTU (125µL, 0.45M in dry DMF), HOBt (125µL, 0.5M in dry 

DMF) and base mix (125µL, 0.3M DIPEA, 0.2M lutidine in dry DMF) for each 

appropriate cycle. Both the first PNA monomer and amino acid monomer were added in 

two sequential coupling steps, followed by two sequential capping reactions.  

Deprotection and capping times were reduced to 2min each for PNA cycles, and 5min 

each for amino acid cycles, with a single deprotection step for all cycles after the first 

monomer attachment.  Rhodamine B isothiocyanate (12.5mg), dry DMF (300µL) and 

DIPEA (20µL) were incubated with the resin for 5h before cleavage and the first 

cleavage reaction was increased to 3h.  The crude product was solubilised in aqueous 

TFA (10mL, 0.5%) and purified by HPLC on an Agilent Zorbax StableBond C18 5µm, 

300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient used was 0-60%B 60min, 

60-100%B 5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) and 0.5% TFA 

in acetonitrile (Solvent B).  The major product had a retention time of approximately 

40min and yielded 2mg after freeze-drying.  ESI-MS expected for C285H400N112O70S2 

6579.02amu, found 6582amu. 
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8.4.18  Synthesis of Rhod-PNA1-pTat 

Sequence:  Rhod-OOCCCCAGCCCCTACCCOO-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-

Arg-Arg-Arg-NH2 

Rhod-PNA1-pTat was synthesised according to Protocol B (Section 8.2.2) using PAL 

resin (35mg, 0.5mmol/g, 100-200 mesh).  Fmoc-Arg(Mtr)-OH (125µL, 0.5M in dry 

DMF), Fmoc-Gln(Trt)-OH (125µL, 0.5M in dry DMF), Fmoc-Lys(Boc)-OH (125µL, 

0.5M in dry DMF), Fmoc-Gly-OH (125µL, 0.5M in dry DMF) and Fmoc-Tyr(tBu)-OH 

(125µL, 0.5M in dry DMF) was added with HBTU (125µL, 0.45M in dry DMF), HOBt 

(125µL, 0.5M in dry DMF) and base mix (125µL, 0.3M DIPEA, 0.2M lutidine in dry 

DMF) for each appropriate cycle. Both the first PNA monomer and amino acid 

monomer were added in two sequential coupling steps, followed by two sequential 

capping reactions.  Deprotection and capping times were reduced to 2min each for PNA 

cycles, and 5min each for amino acid cycles, with a single deprotection step for all 

cycles after the first monomer attachment.  Rhodamine B isothiocyanate (12.5mg), dry 

DMF (300µL) and DIPEA (20µL) were incubated with the resin for 5h before cleavage 

and the first cleavage reaction was increased to 3h.  The crude product was solubilised 

in aqueous TFA (15mL, 0.5%) and purified by HPLC on an Agilent Zorbax StableBond 

C18 5µm, 300Å, 9.4 × 250mm ID column at 55°C.  The HPLC gradient used was 0-

50%B 60min, 50-100%B 5min, 100%B 10min using aqueous TFA (0.5%, Solvent A) 

and 0.5% TFA in acetonitrile (Solvent B).  The major product had a retention time of 

approximately 54min and yielded 2.5mg after freeze-drying.  ESI-MS expected for 

C271H388N120O72S2 6510.81amu, found 6511amu. 
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8.5 SOLUTION DETECTION OF PNA/DNA HYBRIDISATION 

8.5.1 DiSC2(5) Scans 

The samples were prepared to a final concentration of 1µM DNA and PNA in sodium 

phosphate buffer (5mM, pH 7.5).  They were heated (90°C, 5min) and cooled (20°C, 

30min) before DiSc2(5) (1µM, 2µM, 5µM or 10µM; 1mM stock in methanol) was 

added.  Scans of the dye absorption profile from 700nm to 450nm was carried out on a 

Varian Cary 300 spectrophotometer at 20°C, 25°C, 30°C, 40°C, and 50°C. 

8.5.2 DiSC2(7) Scans 

The samples were prepared to a final concentration of 1µM DNA and PNA in sodium 

phosphate buffer (5mM, pH 7.5).  They were heated (90°C, 5min) and cooled (20°C, 

30min) before DiSc2(7) (1µM, 2µM, 5µM or 10µM; 1mM stock in methanol) was 

added.  Scans of the dye absorption profile from 800nm to 450nm was carried out on a 

Varian Cary 300 spectrophotometer at 20°C, 25°C, 30°C, 40°C, and 50°C. 

8.5.3   DiSC2(5) Free:Bound Absorbance Ratio Tests 

The samples were prepared to a final concentration of 1µM DNA and PNA in sodium 

phosphate buffer (5mM, pH 7.5).  They were heated (90°C, 5min) and cooled (20°C, 

30min) before DiSc2(5) (1µM, 2µM, 5µM or 10µM; 1mM stock in methanol) was 

added (final volume 500µL).  Each sample was divided into 5 equal aliquots and 

incubated at 20ºC, 25ºC, 30ºC, 40ºC and 50ºC for 5 min.  The absorbance of each 

sample was read at 527nm and 646nm on a Biorad Smartspec 3000 Spectrophotometer.  

All experiments were carried out in triplicate. 
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8.5.4 DiSC2(7) Free:Bound Absorbance Ratio Tests 

The samples were prepared to a final concentration of 1µM DNA and PNA in sodium 

phosphate buffer (5mM, pH 7.5).  They were heated (90°C, 5min) and cooled (20°C, 

30min) before DiSc2(7) (1µM, 2µM, 5µM or 10µM; 1mM stock in methanol) was 

added (final volume 500µL).  Each sample was divided into 5 equal aliquots and 

incubated at 20ºC, 25ºC, 30ºC, 40ºC and 50ºC for 5 min.  The absorbance of each 

sample was read at 578nm and 750nm on a Biorad Smartspec 3000 Spectrophotometer.  

All experiments were carried out in triplicate. 

8.5.5   DiSC2(5) Sensitivity Tests 

Sensitivity test samples were made in triplicate with a constant concentration of PNA 

(1µM) and varying amounts of DNA (0.1 – 1 µM, in 0.1µM increments).  They were 

heated (70°C, 5min), cooled (20°C, 30min) and the dye was added, before incubating at 

40ºC for 5 min.  The absorbance of each sample was read at 527nm and 646nm on a 

Biorad Smartspec 3000 Spectrophotometer. 

8.6 PNA IMMOBILISATION 

8.6.1  Attachment of Cysteine-PNA to Glass Surfaces 

Glass surfaces (1cm2, cut from microscope slides) were treated with piranha (30min; 

30% 30vols H2O2, 70% conc H2SO4), washed with milliQ and dried with N2.  The 

surfaces were functionalised with free amines via silanisation (2% v/v N-[3-

(trimethoxysilyl)propyl]ethylenediamine in dry toluene; 65ºC, 4min), washed with 

toluene and acetone and dried with N2.  They were incubated with 4-(N-

maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide ester (SMCC; 

20µL, 20mM in dry DMF; covered with coverslip, overnight), washed with DMF and 
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acetone and dried with N2.  Cysteine-PNA was spotted (0.1-1µL, 200µM in 1M betaine) 

onto the surface and left to react overnight.  The unreacted maleimide groups were 

capped with 3-mercaptopropionic acid (1mM in ethanol; 30min). 

8.6.2   Attachment of Cysteine-PNA to Glass Beads 

Glass microspheres flame-dried with N2 before functionalisation with free amines via 

silanisation (9% v/v N-[3-(trimethoxysilyl)propyl]ethylenediamine in dry toluene; 65ºC, 

30min), washed with toluene and acetone and dried with N2.  They were incubated with 

4-(N-maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide ester 

(SMCC; 60mg in 5mL dry DMF overnight), washed with DMF and ethanol, then 

capped with acetic anhydride (5mL 50% v/v in DCM; 10min).   Cysteine-PNA was 

added to the spheres (1mL, 200µM in milliQ water) reacted overnight.  The unreacted 

maleimide groups were capped with 3-mercaptopropionic acid (1mM in ethanol; 

30min) then washed three times with ethanol. 

8.6.3   Attachment of SMCC-PNA to Silica Beads 

PNA was attached to Polybead® carboxylate 6.0 micron microspheres (2.55% solids-

latex), obtained from PolySciences, Inc (Warrington, PA), in three steps:  (i) attachment 

of cystamine, (ii) exposure of free thiols and (iii) attachment of SMCC-PNA.  All 

resuspensions were performed via vortexing the beads. 

Aliquots (200µl) of polybeads were centrifuged to remove storage media.  They were 

resuspended in 2-(N-morpholino)ethanesulfonic acid (MES; 50µL, 0.1M, pH 4.5).  

Cystamine dihydrochloride (2µL, 20mM, in MILLIQ) was added to the bead mixture.  

1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; 250µL, 10mg/mL, in milliQ) 

was added to the mixture before incubation at room temperature (30min).  An additional 
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addition of EDC (250µL, 10mg/mL in MILLIQ) was made followed by a second 

incubation at room temperature (30min).   

The beads were centrifuged for 5min (12000g) and the resultant pellet was washed with 

Tween-20 (1mL, 0.02%) followed by SDS (1mL, 0.1%) with centrifugation (12000g, 

5min) and supernatant discarded after each wash.  The microspheres were resuspended 

in TE buffer (50µL, pH8.0) to which a large excess dithiothreitol (DTT) was added 

(200µL, 12.8mg/mL), and were incubated at room temperature (30min). 

The microspheres were washed twice with TE buffer (500µL, pH8.0) before attachment 

of the PNA.  The SMCC-PNA (0.2nmol) was added to the bead suspension in water 

(50µL) and was incubated for 2 hours with vortexing every 30min.  The beads were 

washed twice with MILLIQ before final resuspension in TE for storage (100µL, pH8.0). 

8.6.4   Attachment of SMCC-PNA to Luminex™ Beads 

PNA was attached to Luminex™ beads, obtained from Genetic Solutions, Inc. 

(Brisbane), according to the protocol given in Section 8.6.3. 

8.7 CELLULAR STUDIES 

8.7.1 Cell Culture 

MDCK (Madin-Darby canine kidney) cells were cultured (37ºC, 5% CO2) in DMEM 

media (high glucose with glutamax; GibcoBRL) supplemented with 10% (v/v) foetal 

calf serum (GibcoBRL) and antibiotic-antimycotic solution (Invitrogen). K562 cells 

were cultured in RPMI 1640 media (GibcoBRL) supplemented with 10% foetal calf 

serum and antibiotic-antimycotic.  Media was changed every two days and cells were 

passaged every 3-4 days (1:5).   
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8.7.2 PNA Transfections for Cellular Localisation 

MDCK or K562 cells were seeded into 12-well plates (containing 19mm diameter 

coverslips for MDCK cells) at 20,000 cells/well.  Each well was supplemented with 

1.5mL of serum- and antibiotic-antimycotic-containing media and cells were allowed to 

attach for 12h.  Media was removed and 1.5mL of serum- and drug-free media 

containing varying concentrations of the appropriate PNA probe (80µM stock in 

1×PBS) was added to each well.  The cells were incubated with the PNA for 1, 2, 4 and 

8 hours before preparation of slides. 

8.7.3 Preparation of Slides for Confocal and Fluorescence Microscopy 

The media was removed from each well and the cells washed six times with 1×PBS.  

Cold methanol (70%, 5min at 4ºC) was used to fix the cells.  After fixing, the cells were 

washed once with 1×PBS and 500µL of Hoechst stain (1µg/mL in 1×PBS) was added 

for 15min at room temperature.  The cells were washed with twice 1×PBS and mounted 

on slides with 20µL of mounting media (10% 1×PBS in glycerol; 2.5% DABCO). 

8.7.4 Confocal Microscopy 

Confocal microscopy was performed by Joanne Cox at QIMR on a Leica TCS SP2 

using a scan speed of 400.  All cell images were taken using a 100× oil immersion 

objective lens. 

8.7.5 PNA Transfections for Down-regulation of Bcl-2 

All PNA transfections for the down-regulation of Bcl-2 were performed by Joanne Cox 

at QIMR.  MDCK or K562 cells, stably transfected with the bcl-2/18 plasmid, were 

seeded into 12-well plates at 20,000 cells/well.  Each well was supplemented with 

1.5mL of serum- and antibiotic-antimycotic-containing media and cells were allowed to 
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attach for 12h.  The media was then removed and 1.5mL of serum- and drug-free media 

containing 200nM, 5µM or 10µM of the appropriate PNA probe (80µM stock in 

1×PBS) was added to each well.  The cells were incubated with the PNA for 72h before 

harvesting for flow cytometry or western blot analysis. 

8.7.6 Flow Cytometry 

MDCK cell samples were trypsinised for 5min to harvest the cells for flow cytometry.  

The media was removed from both the MDCK and K562 cell suspensions and the cells 

were washed twice with 1×PBS.  The resulting cells were used for flow cytometry with 

a fluorescein isothiocyanate (FITC) labelled Bcl-2 antibody (Bcl-2 Oncoprotein/FITC cl 

124 from DakoCytomation) to measure the level of Bcl-2 expression.  A Beckton 

Dickinson FACSCalibur was used for flowcytometery (by Joanne Cox at QIMR) and 

the FITC fluorescence was recorded on the FL1-H channel.  One-dimensional 

histograms and fluorescence intensity and light scattering statistics were analysed on 

Weasel, free flow cytometry analysis software available for Mac OSX. 

8.7.7 Western Blot  

All western blot analysis was performed by Joanne Cox at QIMR according to standard 

protocols.189   

The media was removed from each well and the cells were washed twice with 1×PBS.  

After washing, the cells were incubated in Martin’s lysis buffer (200µL; see Section 

8.2.8) for 30min.  The lysis buffer was then collected into micro-centrifuge tubes and 

centrifuged (12,000g, 4ºC, 10min).  The total protein content of the lysate was measured 

via a Bradford assay.190  For loading onto the gel, samples were made with gel loading 

buffer (125mM Tris-HCl pH 6.8, 4% (w/w) SDS, 100mM DTT, 20% glycerol) and 

100µg total protein (from the lysate), for a final volume of 40µL.  Each sample was 
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heated at 95ºC for 5min then cooled on ice for 1min before loading onto a 10% 

acrylamide gel for protein separation via SDS-PAGE.191  The protein was then 

transferred from the gels onto nitrocellulose membranes and immunoblotted189 using 

and an anti-Bcl2 antibody. 
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