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ABSTRACT 

The broad and varying regulatory or causative roles of guanine (G)-quadruplexes in both biological 

processes and some human diseases incentivize the development of ligands able to recognize these 

structures and modulate their effects. These reagents might find use either as therapeutics or, more 

broadly, as discovery probes to elucidate both the existence and functional implications of quadruplex 

structures in the genome. Towards this end, this dissertation explores quadruplex recognition by peptide 

nucleic acid (PNA) or gamma-peptide nucleic acid (PNA) oligomers possessing sequences that are 

either complementary, homologous, or both to selected quadruplex-forming sequences (QFS). 

An overview of G-quadruplex structures in DNA and RNA, with particular emphasis on their structural 

characteristics and polymorphisms, established and/or speculated biological regulatory functions, and 

several strategies for recognition is presented in Chapter 1. 

Chapter 2 explores quadruplex invasion by complementary PNA oligomers directed to different regions 

of a QFS. We observe that while all probes bind with similar affinities to their respective sequences in 

the context of the QFS, there is a strong positional bias in the potency of inhibition when the PNAs are 

directed against an mRNA transcript bearing the QFS in its 5’-untranslated region (UTR). This bias is 

all but eliminated when the probes and transcript are pre-incubated at an elevated temperature prior to 

the start of the translation reaction, demonstrating that kinetics exert a significant influence on translation 

inhibition by these probes in this context. Additionally, we find PNAs to be functionally superior to 

other molecules (PNA or 2’-OMe RNA) previously explored as ligands for quadruplex invasion in other 

reports. 

We extend this mode of recognition to additional G-rich target sequences bearing four G2 or G4 tracts in 

Chapter 3. The data presented show that the complementary PNAs can form stable hybrids with their 

respective targets, overcoming, where present, the thermodynamic barrier to hybridization posed by the 
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quadruplex fold in the target. Importantly, these probes also elicit potent and specific inhibition in the 

context of an in vitro translation assay. 

Quadruplex invasion by homologous PNA/PNA oligomers is explored in Chapter 4. We demonstrate 

that all probe molecules tested are effective ligands for the QFS, since the binding reactions yield hybrids 

that are more stable than the starting quadruplex structure. Translation inhibition by this class of probes 

has also been demonstrated, but these effects were observed to be non-specific. Modifications intended 

to impede probe binding at sites suspected to be culpable for the non-specific effects did not improve 

specificity. Importantly, however, specificity is improved by the presence of relatively short DNA 

oligomers that compete with the mRNA transcript for probe binding, suggesting that modifications to 

tune specificity, while currently lacking, would enable de-conflation of specific from nonspecific effects 

induced by these probes. 

‘Chimeric’ PNA oligomers possessing two domains for recognition; one complementary, and the other 

homologous, have been explored as QFS-interactive molecules in Chapter 5. We demonstrate that these 

probes are able to discriminate against an RNA target possessing only one (out of two) ‘binding sites’ 

required to engage both domains of the probe. These results provide impetus for designing PNA/PNA 

oligomers that might achieve the holy grail of QFS recognition: selectivity for one quadruplex, out of 

many such structures reported to exist in the genome. 
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CHAPTER 1 

GUANINE-QUADRUPLEXES: STRUCTURES, FUNCTIONS, 

AND STRATEGIES FOR RECOGNITION 
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 STRUCTURAL DEVIATIONS FROM B-DNA 

Although the coalition of efforts to unravel the secondary structure of DNA converged on B-

DNA—a right-handed helical arrangement of antiparallel strands1—as the major structural 

conformation adopted by the information carrier, many sequence-dependent deviations exist2. For 

example, Z-DNA motifs3—characterized by alternating purines and pyrimidines, can form left-

handed helices (Figure 1.1) under physiological salt conditions in vitro. These structures are further 

stabilized by negative supercoiling4 and are predicted to relieve transcriptionally-induced torsional 

stress5. Likewise, cruciform structures6 (Figure 1.1) result from negative supercoiling in regions 

of DNA characterized by 6-nucleotide inverted repeats, and are predicted to play a role in 

stabilizing certain human chromosomes7. Also, triplex structures8—formed by Hoogsteen 

hydrogen (H)-bonding interactions9 between a third DNA strand and purine-rich duplex DNA 

(Figure 1.1), have been observed in buffer solutions, while motifs capable of forming these 

structures are enriched in the introns of genes involved in cell signaling10. 

 

 

 

 

 

 

  

 

Figure 1.1: Possible structural conformations of DNA. B-DNA (A). Z-DNA (B). Cruciform 

(C). Triplex (D). Reviewed in REF. 2, adapted from REF. 17. 
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 G-QUADRUPLEX STRUCTURES  

While the in vivo existence and physiological relevance of the aforementioned structures remain 

under investigation, another class of non-B-form secondary structures, called guanine (G)-

quadruplexes11, 12, are receiving increasing attention due to evidence of their existence in vivo13-16 

and numerous reports demonstrating their regulatory and/or causative roles in biological 

processes17-21 and human diseases22, respectively.  

Guanine quadruplexes are formed from G-rich oligonucleotides containing at least four G-tracts 

of 2 or more G residues, wherein each tract is separated by at least one nucleotide23. The core 

guanine residues are held in a square planar arrangement, wherein each guanine is both the donor 

and acceptor of two hydrogen bonds11 (Figure 1.2). Co-axial stacking of these H-bonded 

macrocycles generates van der Waals’ interactions that stabilize the quadruplex structure23 (Figure 

1.2). Further stabilizing interactions result from coordinate covalent bonding between the carbonyl 

groups of each guanine residue and alkali ions—with a significant bias in the stabilizing effect 

occurring for K+ and Na+.24 

 

 

 

 

 

 

 

 

  

Figure 1.2: Stabilizing interactions within a G-quadruplex. Hoogsteen H-bonds and coordinate 

covalent interactions within the tetrad (A). Square planar arrangement of guanine nucleobases 

within G-tetrad (B). Tetrad stacking to form the G-quadruplex (C). Adapted from REF. 17. 
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The molecularity of the structure depends on the number of strands donating the G-tracts. Self-

sufficient G-rich strands possessing all the G-tracts requisite for quadruplex formation fold into 

intramolecular structures25, 26, wherein the residues involved in H-bonding interactions within the 

tetrad are present on the same strand (Figure 1.3). Conversely, intermolecular structures result 

when the G-tracts are supplied by different strands27 (Figure 1.3). In all of these structural 

configurations, the intervening, non-tetrad-forming residues are extruded to the loops, directed 

away from quadruplex core. 

 

 

 

 

 

 

 

 

1.2.1 G-quadruplex Structures in DNA 

While all the structural features enumerated above hold true for all (DNA and RNA) quadruplexes, 

considerable structural polymorphism exists for DNA-derived structures. The morphology of G-

quadruplex structures in DNA is affected by molecular crowding, strand orientations, loop and 

overhang length/composition, and cation concentration/identity28-30. Further, although the majority 

of quadruplex-forming sequences (QFS) derived from functionally relevant regions of the genome 

were characterized by short (< 7) loops separating contiguous Gx tracts17—an observation that 

 

Figure 1.3: Possible structural conformations of the G-quadruplex. Structures 

can be intramolecular (A) or intermolecular (B). Adapted from REF. 17. 
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informed early algorithms31, 32 designed to identify QFS motifs within entire genomes—recent 

evidence suggests that the quadruplex structure is sufficiently robust to tolerate longer loop 

sequences and interruptions in the G-tracts.  

For example, Palumbo et al have demonstrated that a G-rich DNA sequence derived from the 

hTERT promoter adopts a tertiary structure consisting of two end-to-end stacked G-

quadruplexes—one of which features a 26-nt loop33 (Figure 1.4A). The authors also provided 

evidence suggesting that the loop residues are involved in Watson-Crick H-bonding interactions 

to generate a duplex secondary structure within the global quadruplex tertiary structure33 (Figure 

1.4A). Further, Guédin et al have provided biophysical evidence to show that G-rich DNA 

sequences with long (up to 15 nts) intervening residues between the G3-tracts can fold into stable 

intramolecular quadruplexes in physiologically relevant buffers34. We have recently reported 

stable intramolecular quadruplex folding by a G-rich DNA oligomer possessing a 17-nt 

intervening sequence between the last two G3-tracts35.  

More strikingly, Mukundan and Phan utilized a rigorous repertoire of biophysical characterization 

methods to show that G-rich DNA sequences possessing non-G residues within the G3-tracts could 

still fold into stable intramolecular quadruplex structures under physiological conditions36, 37 

(Figure 1.4B). Evidently, quadruplex folding would extrude the intervening, non-G residues as 

bulges within the G3-tracts (Figure 1.4B). While the physiological relevance of these structures 

remains unknown, a recent report has demonstrated that non-canonical quadruplexes—of the types 

described above—constitute the majority (~ 70 %) of DNA G-quadruplexes in the human 

genome38. Further, the same report demonstrated that these non-anonical G-quadruplexes are the 

predominant quadruplex structures in genomic regions associated with regulation38, suggesting a 

potential functional role for these structures. 
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1.2.2 G-quadruplex Structures in RNA 

Significantly less polymorphism has been reported for RNA G-quadruplexes, which 

predominantly adopt parallel folds irrespective of sequence context and experimental conditions26, 

39, 40. (RNA G-quadruplexes with long central loops have been reported, but these structures still 

conserve the parallel arrangement of strands41.) These structures are more stable than their DNA 

homologs40, 42, 43 due, in part, to an extended network of intramolecular hydrogen bonding 

interactions between the C2’ hydroxyl groups 

and adjacent H-bond acceptors on neighboring 

backbone phosphate groups or ribose O4’ 

atoms44 (Figure 1.5). These interactions 

contribute to the favorable enthalpy of folding, 

while decreasing the entropic cost associated 

with ordering water molecules within the G-

quadruplex grooves44.  

 

Figure 1.4: Examples of non-canonical Structures. G-quadruplexes with a 

long loops (A) or bulges have been reported (B). Figures adapted from 

REF. 32 and REF. 36, respectively. 
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Figure 1.5: Intramolecular H-bonding 

interactions present in RNA G-quadruplexes. The 

2’-hydroxyl group mediates interactions with O4’ 

atoms of the adjacent sugars. Adapted from REF. 

43. 

 

 

 



7 
 

 (SELECTED) FUNCTIONS OF DNA G-QUADRUPLEXES 

1.3.1 Regulation of Telomerase 

Telomerases are evolutionarily conserved ribonucleoproteins that specifically extend the ends of 

linear chromosomes45-47. These genomic regions are characterized by a high density of G-rich 

repeats48, 49 that have been directly observed to form G-quadruplexes in ciliates13 and humans14, 

and are predicted to adopt a similar structural conformation in diverse other organisms50. Zahler 

et al first reported that intramolecular quadruplex formation by G-rich sequences derived from the 

Oxytricha telomeric repeats deactivated these strands as substrates for recognition and 

polymerization by the Oxytricha telomerase in vitro51. These authors further proposed that 

quadruplex formation by the G-rich primers directly impeded recognition by the enzyme and 

accelerated the dissociation rates of bound substrates from its RNA subunit51. This finding—

coupled with the subsequent discovery that telomerase is quiescent in somatic cells, but activated 

in the majority of cancer cells52—has motivated a plethora of efforts53 to identify quadruplex-

specific ligands that induce and/or stabilize telomeric quadruplex structures, with potential 

inhibitory effects on telomerase function (Figure 1.6). 

 

 

 

 

 

 

 

Figure 1.6: Molecules that induce and/or stabilize intramolecular quadruplex formation at 

telomeres are being explored as inhibitors of telomerase function. Figure adapted from REF. 17. 
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1.3.2 Regulation of Transcription 

Although the high density of QFS motifs in the regions proximal to the promoters of protein-

coding genes in humans31, 38 and diverse other organisms (such as yeast54, plants55, and bacteria56) 

suggests some regulatory roles for G-quadruplexes on transcription, these effects are most clearly 

elucidated for the nuclease hypersensitive element (NHE) III1 of human c-MYC57. Siddiqui-Jain 

et al provided the first direct evidence that a G-rich sequence within the NHE III1 of human c-

MYC folded into an intramolecular quadruplex structure that repressed transcription when placed 

in control of a luciferase reporter58, thus confirming earlier speculation on the functional relevance 

of this motif on c-MYC transcription59. Further, a quadruplex-interactive molecule (TMPyP4), but 

not its positional isomer incapable of quadruplex binding (TMPyP2), was able to inhibit c-MYC 

transcription in relevant cell lines58.  

The molecular mechanism underpinning this regulation is proposed to involve the sequestration of 

binding sites for transcriptional activators of c-MYC, such as Sp1, by the folded conformation of 

the NHE III1 (Figure 1.7).57 (Additional silencing is speculated to occur by the sequestration of 

binding sites for hnRNP K by an i-motif structure formed on the C-rich strand, Figure 1.7.) It is 

now known that ancillary transcriptional activators such as NM23-H2 can bind and unfold the 

quadruplex structure, revealing the binding sites for Sp1 and other factors, such as CNBP60. 

Conversely, nucleolin—a non-specific quadruplex-binding protein that induces and/or stabilizes 

quadruplex structures within the NHE III1—can potentiate inhibition of Sp1-mediated c-MYC 

expression (Figure 1.7).61 These results have incentivized the development of ligands able to 

recognize the c-MYC G-quadruplex and perturb its interactions with NM23-H262, 63. 
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In a different example of quadruplex-mediated transcriptional regulation, Haeusler et al have 

reported that intronic G4C2 repeat expansions in C9orf72—the most frequently reported genetic 

cause of amyotrophic lateral sclerosis and frontotemporal dementia64—form intramolecular DNA 

G-quadruplexes that lead to an accumulation of abortive transcripts in vitro22. Quadruplex 

formation on the DNA template was reported to decrease the processivity of the RNA polymerase, 

with the severity of the impact correlating positively with the degree of repeat expansion22. The 

authors proposed a model wherein quadruplex formation downstream of the polymerase triggered 

pausing and eventual displacement of the polymerase, leading to eventual release of the aborted 

transcript22 (Figure 1.8).  

 

Figure 1.7: Transcriptional regulation of c-MYC by DNA G-quadruplex in NHE III1. G-quadruplex 

represses transcription by occluding Sp1 binding site (A). NM23H2 resolves the quadruplex and is 

displaced by Sp1 (B). Supercoiling in DNA induces binding of CNBP and hnRNP K, both of which are 

activators of c-MYC transcription (C). Nucleolin displaces both transcription factors and stabilizes the 

quadruplex, leading to inhibition of c-MYC (D). Reviewed in REF. 56. 
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1.3.3 Regulation of DNA Synthesis 

The transient strand separation requisite for DNA replication is predicted to facilitate quadruplex 

formation in G-rich regions, since this event sequesters the QFS from its complementary strand, 

while quadruplex folding alleviates the supercoiling introduced ahead of the replication fork. 

These putative quadruplexes are speculated to stall translocation of the replication machinery 

(Figure 1.9), thus requiring the unwinding activities of specialized DNA helicases—the absence 

of which can result in entire deletions of the G-rich motif. For example, London et al have observed 

that patient cells expressing a defective variant of the FANCJ quadruplex-specific DNA helicase 

are characterized by genomic deletions in regions predicted to adopt quadruplex folds65. 

Interestingly, loss-of-function mutations in quadruplex-specific DNA helicases is a predominant 

characteristic of human disorders associated with genomic instability66, 67—suggesting that G-

quadruplex structures, and their unfolding, are also important modulators of genome integrity. 

 

Figure 1.8: Transcriptional regulation of C9orf72 by G4C2 repeat expansions. G-

quadruplex structures in the DNA impair processivity of RNA polymerase. Figure 

adapted from REF. 22.  
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1.3.4 Pathogen Antigenic Variation 

Cahoon and Steifert have reported that a 16-base pair G-rich sequence within the pilin locus of 

Neisseria gonorrhoeae—the causative pathogen of gonorrhea—regulates homologous 

recombination events that control the structure of the antigen (pilin protein) displayed on the 

surface of the bacterium68. Although many pilin genes are encoded by the bacterial genome, only 

the gene in the pilE locus is expressed. High-frequency recombination reactions between the 

multiple silent pilin loci and the pilE gene are one of three antigenic variation (Av) strategies 

adopted by this pathogen to evade the host surveillance system69. Quadruplex formation by this 

sequence was demonstrated in vitro, and DNA sequence analysis of Av-deficient colonies revealed 

that they all bore mutations predicted to destabilize the quadruplex fold. Conversely, mutations to 

the sequence that did not disrupt quadruplex formation were innocuous to the Av capacity of the 

bacterium, demonstrating that the quadruplex structure, and not the sequence itself, was the critical 

modulator of recombination-mediated antigenic variation. While the molecular basis for this 

regulation is currently lacking, a similar QFS motif has also been reported to modulate antigenic 

variation in a different pathogen class70. 

 

Figure 1.9: Intramolecular quadruplex formation in the leading strand might stall 

the replisome. Figure adapted from REF. 17. 
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 (SELECTED) FUNCTIONS OF RNA G-QUADRUPLEXES 

1.4.1 Regulation of Telomerase 

Two QFS motifs have been proposed to regulate the function of telomerase: (1) the G-rich element 

present on the 5’-end of the RNA subunit (TERC) of the enzyme; (2) telomeric RNA repeats 

(TERRA) formed by RNA pol II-mediated transcription of the telomeric DNA C-rich strand. Gros 

et al showed that a quadruplex structure formed on the 5’-end of TERC existed in dynamic 

equilibrium with the canonical P1a helix established as the requisite element for boundary 

definition to establish the limits of reverse transcription on the 3’-template sequence71 (Figure 

1.10). The authors also observed that a quadruplex-interactive small molecule shifted the 

equilibrium towards the quadruplex conformation, leading to speculation that such ligands could 

be used to modulate the structural conformation of TERC, and thus the functional state of 

telomerase71. Further, Lattmann et al utilized RNA immunoprecipitation assays to show that 

RHAU72—an RNA helicase with specific quadruplex-unfolding activity, was associated with 

telomerase through a stable quadruplex structure on the 5’-end of TERC73—suggesting that such 

mechanisms for modulating telomerase function through TERC structural conformation might 

exist in natural systems.    
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Azzalin et al provided the first evidence that the C-rich strand of telomeric DNA is transcribed by 

the DNA-dependent RNA pol II74. Quadruplex formation by this sequence in vitro has been 

confirmed by various reports44, 75, 76, while evidence for its in vivo existence is beginning to 

emerge77. TERRA has been shown to interact directly, and separately, with both telomerase and 

TERC78. Importantly, the interaction with the former results in potent inhibition of its telomere 

extension activity in vitro78.  Although not yet completely elucidated, the mechanism for inhibition 

has been proposed to involve the sequestration of active telomerase from the DNA substrate78. 

(The affinity of TERRA for telomerase is higher than that of the DNA substrate78.) It is currently 

unclear whether intramolecular quadruplex formation by TERRA is requisite for telomerase 

binding and sequestration, and some have suggested that the intermolecular quadruplex formed 

between TERRA and telomeric DNA might contribute to the inhibitory effect27. 

 

Figure 1.10: Proposed models for regulation of telomerase activity by RNA G-

quadruplexes. Quadruplex formation on the 5’-end of TERC impedes formation of 

the functionally competent P1 helix. RHAU is proposed to unfold the quadruplex 

and reactivate telomerase. TERRA has been shown to inhibit telomerase activity by 

either direct interaction with the enzyme or formation of an intermolecular RNA-

DNA quadruplex with the telomeres. Figure adapted from REF. 20.  
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1.4.2 Regulation of pre-mRNA Processing (Polyadenylation) 

Decorsière et al have reported that an RNA guanine quadruplex located downstream of the p53 

polyadenylation signal was required to rescue p53 3’-end processing in cells under genotoxic 

stress79. Interestingly, the quadruplex motif activated p53 processing and expression under 

conditions (UV irradiation and doxorubicin treatment) in which global mRNA expression is 

otherwise suppressed due, in part, to the sequestration of critical processing factors in incompetent 

complexes. Quadruplex-mediated activation was dependent on direct interactions between the 

quadruplex and heterogeneous nuclear ribonucleoprotein (hnRNP) H/F79. The authors further 

proposed a model where the quadruplex-protein complex formed on the 3’-end of the mRNA was 

able to impede the sequestration of CsfF—a crucial component of the processing machinery—by 

inhibitory complexes (Figure 1.11). 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 1.11: Effect of G-quadruplexes on poly-adenylation. DNA damage normally leads to 

sequestration of CstF by BRCA1 and BARD1 (Left). hnRNP H/F binds an RNA G-quadruplex 

in the 3’-UTR of TP53 and recruits CstF to the poly(A) signal, thus preventing its inactivation 

by BRCA1/BARD1.  Figure adapted from REF. 20. 
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1.4.3 Regulation of pre-mRNA Processing (Alternative Splicing) 

G-quadruplexes have also been shown to act as cis regulators of alternative splicing reactions in 

vivo (Figure 1.12). For example, a G-rich motif in intron 6 of the mRNA encoding human 

telomerase has been proposed to act as a silencing element by promoting alternative splicing 

reactions that lead to an accumulation of the inactive transcripts80. Quadruplex formation by this 

sequence has been demonstrated in vitro, and a quadruplex-binding small molecule with moderate 

selectivity for this RNA quadruplex was shown to inhibit telomerase in vivo80. The authors further 

demonstrated that cells treated with this ligand showed an accumulation of the inactive transcripts, 

while retaining the same global transcription level of the mRNA relative to control cells80. 

Didiot et al also demonstrated that a G-quadruplex proximal to an alternative splice site in exon 

15 of the pre-mRNA for fragile x mental retardation protein (FMRP) modulated splicing events 

that controlled the expression levels of the different protein isoforms81. Interestingly, this 

quadruplex structure is simultaneously the site of binding for FMRP to its encoding mRNA82 

(FMR1), thus suggesting a mechanism where FMRP regulates its own splicing events by binding 

to the G-quadruplex.  

G-quadruplexes in intron 3 of the TP53 pre-mRNA have also been postulated to act as enhancers 

of alternative splicing events that control the excision or inclusion of intron 2 in the mature 

mRNA83. Disrupting mutations in the quadruplex structures were reported to decrease intron 2 

excision by 30 % in a reporter assay. Conversely, a small molecule ligand that stabilized the 

quadruplex structures amplified intron 2 excision in vivo. Interestingly, a bioinformatics study has 

identified putative QFS motifs at the 5’-end of the first intron in ~ 50 % of all human protein-

coding genes, suggesting that these elements might be broadly applied as cis-regulators of mRNA 

splicing84.  
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1.4.4 Regulation of Translation 

Perhaps the most well characterized functional roles of RNA G-quadruplexes are their regulatory 

effects on translation. Indeed bi-directional translation modulation (stimulation or inhibition) has 

been reported for RNA quadruplexes in a manner that is broadly dependent on the mechanism of 

translation initiation adopted by the ribosomes (Figure 1.13). Cap-dependent translation85—

whereby the 40S ribosomal subunit recognizes a methylated guanosine residue on the 5’-end of 

the mRNA before ‘scanning’ to the initiation codon—has been reported, in most86-96 but not all95, 

97 cases, to be inhibited by the presence of quadruplex structures in the 5’-untranslated region 

(UTR) of the message (Figure 1.13). Conversely, cap-independent translation85—where structural 

elements within the 5’-UTR suffice to recruit the 40S ribosomal subunit to the mRNA—has been 

shown (in few examples98, 99) to be activated by G-quadruplex structures. 

 

Figure 1.12: Effects of G-quadruplexes on alternative splicing. An 

RNA G-quadruplex in intron 6 of the human telomerase pre-mRNA 

silences telomerase expression by activating alternative splicing to 

generate inactive transcripts. An RNA G-quadruplex in exon 15 of 

FMR1 enhances splicing events for different isoforms. G-quadruplex 

in intron 3 of TP53 regulates splicing reactions on intron 2. ISE: 

intronic splicing enhancer; ISS: intronic splicing silencer; ESE: exonic 

splicing enhancer. Figure adapted from REF. 20.  
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Schaeffer et al provided the first demonstration of this effect by showing that a quadruplex 

structure originally discovered in the coding sequence of FMR1 repressed translation when placed 

in the 5’-UTR of a luciferase reporter82. Balasubramanian and coworkers subsequently elaborated 

on this effect by showing that a G-rich motif present in the 5’-UTR of the human NRAS mRNA 

formed a G-quadruplex in vitro and repressed translation in the context of a similar reporter 

assay86. Subsequent reports from the same group showed that this inhibitory effect is modulated 

by the position of the G-rich motif in the context of the NRAS UTR,100 and amplified by 

pharmacological agents known to bind and stabilize the G-quadruplex in vitro101. Importantly, this 

G-rich motif is conserved in both its sequence and position in orthologs of NRAS present in 

different vertebrate species86, suggesting that this element might be an evolutionarily conserved 

modulator of NRAS expression.  

 

Figure 1.13: Effect of 5’-UTR RNA G-quadruplexes on translation. G-quadruplexes, in most examples, 

inhibit cap-dependent translation. In two reported examples, G-quadruplexes in IRESs enhance cap-

independent translation. Figure adapted from REF. 18. 
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Quadruplex formation and translation repression by 5’-UTR G-rich motifs have been reported for 

genes involved in diverse cellular processes (ZIC-193, MT3-MMP92, TRF294, ERS189, BCl288, 

EBAG987, FZD287, BARHL187, NCAM287, THRA87, AASDHPPT87, ADAM1096, AKTIP95, 

CTSB95)—suggesting that this mode of regulating gene expression might be broadly applied in 

vivo. The prevailing mechanistic models underpinning this regulation depend on the relative 

position of the quadruplex in the 5’-UTR: quadruplex structures proximal to the 5’-cap structure 

of the mRNAs are predicted to impede assembly of the pre-initiation complex (43S) on the 

message18 (Figure 1.13). Additionally, quadruplex structures distal from the 5’-cap are proposed 

to stall the scanning process required for recognition of the initiation codon18 (Figure 1.13). 

Interestingly, both of these models were previously proposed to explain translation inhibition by 

other structural elements in the 5’-UTR102, 103, suggesting that this regulatory effect is not unique 

to quadruplex structures and might be a general feature of thermodynamically stable structures in 

the 5’-UTR.  

These quadruplex-mediated repressive effects on translation are not limited to those in the 5’-UTR. 

Endoh et al previously reported translation repression by quadruplex structures inserted into the 

coding regions of reporter mRNAs104. Evidently, the quadruplexes were impervious to the intrinsic 

helicase activities of the ribosomes, with the degree of resistance dependent on the thermodynamic 

stabilities of the structures. The authors further proposed a model where quadruplex formation in 

the mRNA impeded entry into the A-site of the ribosome, since the dimensions of the quadruplex 

structure exceeded those required for facile ribosomal access104. In a different study, clusters of G-

quadruplex structures in the coding region of the mRNA for EBNA1—an Epstein-Barr virus 

maintenance protein—were observed to downregulate translation105. The authors proposed that 

these structures act as cis regulatory elements to curtail EBNA1 expression in order to limit antigen 
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presentation to the host’s T-cells105. Additionally, Arora and Suess have reported that a quadruplex 

in the 3’-UTR of the PIM1 proto-oncogene repressed translation in the context of a reporter assay 

in vivo106. Together, these reports suggest that the regulatory effects of quadruplex structures could 

occur at the three different steps of translation (initiation, elongation, and termination). 

Despite the prevalence of quadruplex-mediated inhibitory effects on cap-dependent translation, a 

few groups have reported translation stimulation by quadruplexes located in the 5’-UTR. Maiti 

and coworkers have reported that G-quadruplex structures in the 5’-UTRs of FOXE395 and 

TGFβ297 enhanced translation of reporter genes in vivo. Interestingly, the quadruplex structure in 

the latter activated translation only when it was placed in the context of the natural TGFβ2 5’-

UTR, whereas inhibitory effects were observed when the isolated QFS was inserted into the 

artificial UTR of a reporter gene97. This result suggests that future efforts to evaluate the biological 

roles of quadruplex structures should refrain from conclusive assertions if the structures are studied 

outside their natural sequence context. 

Internal entry of ribosomes to facilitate cap-independent translation85 has also been reported to be 

regulated by G-quadruplex structures. Two examples exist to date to show that, when present 

within internal ribosome entry sites (IRES), G-quadruplexes are necessary to preserve the 

functionally competent structural configuration of the IRES: Bonnal et al reported that deletion of 

a QFS in the IRES of the mRNA encoding FGF-2 led to abrogation of translation initiation at 

downstream AUG codons98. The authors further showed that the G-quadruplex is part of a cluster 

of structures (including multiple step-loops) that are required for proper folding of the IRES. Basu 

and coworkers have also reported that a 17-nt G-rich sequence within IRES A of the human VEGF 

mRNA is necessary for cap-independent translation99. The authors provided evidence that this 

sequence, because of its redundancy of G-tracts, was able to adopt multiple quadruplex folds—
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each of which displayed differential activating effects on translation. However, a recent report by 

Cammas et al presents evidence that this G-rich motif is functionally silent, and thus dispensable 

for cap-independent translation of VEGF107, suggesting that additional investigations to ascertain 

an unambiguous nexus between VEGF expression and quadruplex formation by this sequence are 

necessary. 

 STRATEGIES FOR RECOGNITION 

1.5.1 Antibodies and Peptides 

The binding reactions between selected antibody fragments and QFS motifs provide some of the 

best evidence for the existence of G-quadruplex structures in vivo13-16. Schaffitzel et al provided 

the first demonstration of antibody-based recognition of quadruplex structures by showing that 

single chain variable fragments (scFvs) derived from a human combinatorial antibody library108, 

and screened for binding to the parallel G-quadruplex conformer of the Stylonychia telomeric 

repeats, could react selectively with the macronucleus of the ciliate13. Selection by ribosome 

display109 led to the identification of two candidate scFvs: one (Sty3) with 1000-fold difference in 

affinity between the parallel and antiparallel quadruplexes; and the other (Sty49) with similar 

affinities for both structures. Remarkably, the scFvs enabled determination of the conformational 

preference of the ciliate telomeric repeats in vivo, since no staining was observed with Sty3 

(selective for parallel structures), while nuclear foci were detected with Sty49 (with pan affinity 

for parallel/antiparallel structures).13 

In later work, Balasubramanian and coworkers used phage display110 of a human scFv library to 

screen for antibody fragments selective for an intramolecular G-quadruplex derived from the 

promoter region of human c-kit111. The authors employed five rounds of selection to identify HF2, 
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an scFv with 3000-fold selectivity for the quadruplex target over GC-rich duplex structures111. 

Importantly, HF2 also showed modest preference (300-fold) for its target structure over an 

intramolecular quadruplex derived from a different region within the same c-kit promoter. When 

assayed for binding to other well characterized quadruplex structures derived from different gene 

promoter regions (MYC and bcl2), but not utilized in the negative selections—the scFv variant 

retained preferential, if diminished (25-fold), selectivity for its target111. (This level of 

discrimination is evidently not useful for recognition of a single quadruplex structure, since HF2 

was subsequently utilized in a pull-down assay designed to enrich for quadruplex structures present 

in human cell lysates112.) This result highlights an important limitation of this strategy for 

quadruplex recognition: it is likely that the isolation of a selective binder might be predicated on 

the anticipation of many possible off-target quadruplexes for use in the negative selections, thus 

making any unanticipated quadruplex a potential site of non-specific binding.  

Another report from the same group utilized the aforementioned technique to identify a pan-

quadruplex binder (HF1), using only duplex DNA in the negative selections113. Expression of HF1 

in mammalian cells, via a plasmid bearing the coding sequence, resulted in differential expression 

in ~ 10% of all known protein-coding genes, presumably due to the binding reactions between the 

translated scFv and quadruplex structures in vivo113. Importantly, the authors observed that 

differentially expressed genes were enriched in QFS motifs in regulatory regions (promoters and 

UTRs), suggesting a potential strategy for regulating quadruplex-laden genes using plasmids 

expressing the protein binder. 

Phage display also yielded BG414, a single-chain antibody variant with pan affinity for 

intra/intermolecular DNA quadruplexes, as well as intramolecular RNA quadruplexes. Detection 

of BG4 nuclear14 and cytoplasmic15 foci—for DNA14 and RNA15 G-quadruplexes, respectively, 
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provided the first direct evidence that both types of structures can exist in human cells. In a parallel 

strategy to achieve the same objective, Henderson et al raised monoclonal antibodies against 

vertebrate telomeric G-quadruplex structures by inoculating mice with the requisite (pre-folded) 

G-rich DNA sequence16. The authors reported strong nuclear staining by the antibody in a manner 

that was modulated by a quadruplex-binding small molecule or depletion of a quadruplex-specific 

DNA helicase. 

Zinc-finger peptides provide an alternative recognition module for G-quadruplex structures. The 

first demonstration of this strategy was provided by Isalan et al, wherein randomly mutagenized 

variants of Zif268—a murine transcription factor, were selected by phage display for binding to 

the G-quadruplex conformer of human telomeric repeats114. Three rounds of selection led to the 

isolation of Gq1, a three-finger peptide with low nM affinity for the quadruplex target, and no 

detectable affinity for duplex DNA. Modeling studies on the Gq1-quadruplex complex revealed 

that the second finger was indispensable to the binding affinity and selectivity, and could be 

combined with other domains from the parent peptide to create modular two-finger peptides that 

retained recognition, albeit with lower affinity, for the quadruplex target114. Importantly, a 

subsequent report showed that Gq1 could stall primer extension of a quadruplex-laden target by 

an E. coli DNA polymerase, presumably by binding and stabilizing the quadruplex target115. 

Further, the authors reported that Gq1 inhibited telomerase-mediated extension of a G-rich 

template—an effect that was attributed to the binding of the peptide to the intramolecular 

quadruplex formed after addition of four or more telomeric repeats. 
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1.5.2 Small Molecules 

The most widely explored strategy for quadruplex targeting involves the application of small, 

drug-like molecules able to recognize structural features unique to the quadruplex fold116-120. Initial 

interest in these molecules was predicated on the hypothesis that ligands able to induce or stabilize 

quadruplex formation in the telomeric 3’-overhang could preclude its recognition and extension 

by telomerase, ultimately inducing telomere dysfunction and/or apoptosis in cancer cells. This 

section provides a few representative examples of these molecules, while the interested reader is 

directed to REFs. 116-120 for a more comprehensive summary.  

A prime example of this class of molecules is telomestatin121 (Chart 1.1)—a macrocyclic 

polyoxazole identified by screening the secondary metabolites of Streptomyces anulatus for 

inhibitors of telomerase activity. Telomestatin was found to potently inhibit telomerase-mediated 

telomeric primer extension in lysates of human B lymphoma cells121 (IC50 = 5 nM). Inhibitory 

effects have also been reported in both human cell lines122 and animal models123 representative of 

leukemia, where the ligand potentiated telomere dysfunction122 and decreased tumor volumes123 

in the former and latter, respectively.  

Also, Kim et al provided evidence for a direct, specific interaction between telomestatin and the 

G-quadruplex conformer of the human telomeric repeats—with the ligand either inducing or 

stabilizing, or both, quadruplex formation124, thus leading to speculation that telomestatin induces 

its effect by binding to the telomeric quadruplexes. Molecular dynamics simulations revealed that 

the lowest energy conformation for the complex was one where two ligand molecules were stacked 

on the terminal tetrads of the quadruplex. More recent efforts have thus sought to tether two 

equivalents of a telomestatin derivative (L2H2-6OTD, Chart 1.1) using a flexible linker that allows 

simultaneous interactions on both terminal tetrads by one equivalent of the ligand125. Although 
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this covalent dimer (Chart 1.1) was observed to be two-fold more potent for telomerase inhibition 

in vitro125, the additive, rather than synergistic, effects observed are unlikely for a molecule 

interacting simultaneously with both tetrads.  

Porphyrins represent another example of quadruplex-interactive agents widely explored for their 

anti-telomerase activity. Hurley and coworkers first reported that 5,10,15,20-tetra-(N-methyl-4-

pyridyl)porphine (TMPyP4, Chart 1.1) bound G-quadruplex structures formed by the human 

telomeric repeats126. Optical spectroscopic studies revealed that stacking interactions were the 

predominant mode of binding, and titration experiments showed that two equivalents of the ligand 

were associated with the quadruplex target126. Further, ligand binding selectively sensitized the G 

residues of the terminal tetrads to photocleavage, suggesting that TMPyP4 bound—as did 

telomestatin—by stacking to the terminal tetrads of the quadruplex. Importantly, TMPyP4 induced 

dose-dependent inhibition of telomerase activity in both HeLa cell extracts126 and whole tumor 

cells117, 127. 

To improve the ability of the porphyrins to discriminate between quadruplex and duplex targets—

an important criterion for any quadruplex-recognition strategy, Dixon et al introduced a 

coordinating metal ion in the center of the ring, and appended flexible cationic groups directed 

away from the porphyrin core128. The resulting Mn(III) porphyrin (Chart 1.1) showed a 104-fold 

higher affinity for the quadruplex target over GC- or AT-rich duplexes. The authors speculated 

that the bulky cationic groups exacerbated the steric clashes that occur when porphyrins intercalate 

into duplex DNA129, thus increasing preference for the quadruplex target. While the authors do not 

elaborate on the binding mode of this modified ligand to the quadruplex target, an optimal fit for 

the binding isotherm was obtained only with a two-site model128, suggesting that the ligand 
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preserves the 2:1 stoichiometry previously observed for TMPyP4. Importantly, however, the 

modified ligand inhibited telomerase activity, with IC50 = 580 nM128. 

Another molecule finding increasing utility for intervening in quadruplex function is pyridostatin 

(Chart 1.1). Originally reported by Balasubramanian and coworkers, the ligand was shown to 

induce significantly greater stabilization of a quadruplex target relative to duplex DNA130. Further, 

the authors showed that pyridostatin displaced POT1131—a component of the telomere-protecting 

shelterin complex132—from telomeric DNA in vitro and in cellulo, resulting in nuclear localization 

of DNA damage-response markers in the latter context130. Subsequent reports confirmed that 

ligand binding was mediated by stacking interactions with the terminal tetrad101. Importantly, 

pyridostatin, or its RNA-selective derivative133, was subsequently utilized as a reagent to trap 

DNA- and RNA G-quadruplexes in human cell nuclei14 or cytoplasm15, respectively.  
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Although the terminal tetrads present the most obvious binding surfaces on G-quadruplexes—and 

are the basis for designing ligands such as anthracenes134, quindolines135, acridines136, 

anthraquinones137, naphthalenes138, and helicenes139—alternative surfaces of the quadruplex have 

 

Chart 1.1: Some examples of small-molecule ligands used in quadruplex recognition. telomestatin (A). 

L2H2-6OTD dimer (B). TMPyP4 (C). Mn(III) porphyrin (D). pyridostatin (E). distamycin-A (F). 

peimine (G). peiminine (H). quarfloxin (I). 
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been explored. For example, Martino et al reported that four distamycin-A molecules (Chart 1.1) 

bound in the grooves of an intramolecular DNA G-quadruplex140. The solved structure for the 

complex shows that two antiparallel distamycin dimers are bound in two opposite grooves of the 

quadruplex target. Importantly, the binding reaction is exergonic (ΔG ~ -37 kJ mol-1), suggesting 

that tetrad stacking interactions are not the only high-affinity sites available on the quadruplex 

structure140. A similar binding model has been reported for two alkaloids, peimine and peiminine 

(Chart 1.1)—both of which induce significant thermal stabilization of an intramolecular 

quadruplex target141. 

The first demonstration of the potential clinical utility of quadruplex-interactive small molecules 

was provided by Drygin et al (Cylene Pharmaceuticals, now defunct). The authors reported that 

quarfloxin—a fluoroquinolone derivative (Chart 1.1), was able to displace nucleolin from 

ribosomal DNA G-quadruplexes in tumor cells142. The displacement reaction triggered 

mislocalization of nucleolin, thus impairing ribosome biogenesis. Quarfloxin also showed anti-

proliferative activities against a broad range of cancer cell lines, and anti-tumor activity in murine 

models of several human cancers142. Despite these promising results in vivo, clinical trials did not 

progress beyond phase II. Quarfloxin has since been licensed to TetraGene (www.tetragene.com) 

for further clinical development. 

1.5.3 Complementary Oligomeric Molecules 

Recognition by oligomeric molecules possessing Watson-Crick complementary nucleobases 

presents the most systematic method for G-quadruplex targeting. In this case, knowledge of the 

primary structure of the quadruplex is usually sufficient to inform ligand design, and the binding 

reaction results in a structural conversion of the G-rich target strand from a quadruplex to a hybrid 

http://www.tetragene.com/
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duplex (Scheme 1.1), provided the latter is more thermodynamically stable than the starting 

quadruplex. 

 

 

 

 

 

A range of backbone structures have been employed to present the complementary nucleobases to 

the quadruplex target (Chart 1.2), including natural DNA105, 143-150, locked nucleic acids (LNA)151, 

152, 2’-O-methly RNA (2’-OMe)153, and peptide nucleic acids (PNA)154-162. 

 

 

 

 

 

 

In an early demonstration, Raghuraman and Cech utilized a DNA oligomer complementary to the 

Oxytricha telomeric repeats as a probe to elucidate the mechanistic details of binding between the 

quadruplex structure formed by the latter and a telomere-binding protein143. The rate of 

accumulation of the QFS-probe duplex was independent of the concentration of the latter, but 

accelerated by quadruplex-destabilizing conditions, such as elevated temperatures and low [K+], 

 

Scheme 1.1: QFS recognition by complementary oligomeric molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chart 1.2: Backbone structures of oligomeric complementary molecules used for 

QFS recognition. DNA (A). LNA (B). 2’-OMe RNA (C). PNA (D). 
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thus suggesting that quadruplex unfolding was the rate-limiting step143. The authors then used 

duplex accumulation to track quadruplex opening, and compared the rate of protein binding to the 

inferred rate of quadruplex opening. Expectedly, the opening step, and thus protein binding, was 

accelerated by quadruplex-destabilizing conditions, such as elevated temperatures and decreased 

[K+]143. Other demonstrations involving complementary DNA oligomers have sought to use these 

molecules as probes to indirectly establish quadruplex formation in the context of GC-rich double-

stranded DNA144, 147-150, or as fuel strands in nanomechanical devices145, 146.  

Murat et al also showed that a DNA oligomer complementary to the QFS motifs clustered in the 

coding region of EBNA1, an Epstein-Barr virus maintenance protein—was able to invade the RNA 

quadruplex in vitro105. Further, the probe was able to hybridize to its QFS targets in the context of 

the EBNA1 mRNA transcript and relieve the repressive effect on protein translation induced by 

the G-quadruplex structures105.   

Another demonstration incorporated LNA modifications into a complementary DNA strand to 

improve its binding affinity and hybridization kinetics to a stable DNA quadruplex152. Increasing 

LNA modifications improved the equilibrium association constant relative to the native DNA, with 

as much as a 25-fold difference in affinity between the unmodified probe and one probe bearing 

10 LNA modifications152. When evaluated for their abilities to silence luciferase expression in vivo 

by invasion of a QFS motif placed upstream of the luciferase coding sequence, the most potent 

repressive effects were recorded for the most extensively modified probe. The authors attributed 

the improved silencing to the enhanced affinity and biological stability induced by LNA 

modification152. 

A recent report showed that 2’-OMe oligomers complementary to the central region of an RNA 

QFS could preclude quadruplex formation in vitro153. However, the G-rich target—once prefolded 
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into the quadruplex conformer, was impervious to the hybridization by the probe, presumably 

because the energy investment to unfold the quadruplex target was not compensated for by the ΔG 

for hybrid formation153. Although these probes were reported to stimulate translation in cellulo, 

presumably by inhibiting quadruplex formation by nascent transcripts153—the aforementioned 

limitation accentuates an important design criterion for effective complementary ligands: the 

chemistry of the probe must be such that the binding reaction is sufficiently exergonic to overcome 

the thermodynamic barrier posed by the quadruplex. 

The unnatural, uncharged character163, 164 of the PNA backbone provides a means to improve the 

binding affinity of complementary ligands by alleviating the repulsive interactions that might 

impede hybridization of the aforementioned probe types. Balasubramanian and coworkers 

demonstrated that a complementary PNA oligomer could trap the open conformer of a G-

quadruplex formed by the human telomeric repeats154. Hybridization was zero-order with respect 

to the PNA probe, synonymous with earlier reports on QFS recognition by alternative probe types.  

Our lab has extensively studied the interactions between complementary PNA oligomers and QFS 

targets. We first showed that a short (7mer) probe complementary to a region of a DNA QFS 

requisite for stable quadruplex folding was able to invade the target at moderate [K+]155. In this 

example, the free energy of the hybrid was determined by both H-bonding interactions within the 

duplex region and stacking interactions by overhanging bases extending beyond the hybrid. 

Quadruplex invasion was subsequently extended to an RNA QFS target, whereby we showed that 

the binding reaction resulted in a relatively tight hybrid duplex (KD = 1 nM)156, 157. We also 

observed that quadruplex invasion by the complementary PNAs was more effective for a target 

with longer, more accessible loop residues, relative to one with shorter loops158, presumably 

because the loops of the former target facilitate initial nucleation of the probe prior to invasion. 
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Importantly, we have begun exploring the functional implications of this recognition mode in the 

context of biochemical system. In this context, we reported that a complementary PNA oligomer 

directed to a quadruplex-laden target was able to enhance primer extension by DNA pol η, relative 

to the starting quadruplex structure159. The results summarized in this dissertation extend our 

knowledge on the functional effects induced by targeting RNA G-quadruplexes with 

complementary PNA/PNA probes. 

1.5.4 Homologous Oligomeric Molecules 

Quadruplex-interactive oligomeric molecules possessing G nucleobases contravene Watson-Crick 

rules for recognition—instead hybridizing to the QFS by Hoogsteen base pairing, the same 

interactions that mediate G-tetrad formation in the targets. By presenting the guanine nucleobases 

at the right intervals and in the appropriate orientations to participate in tetrad formation, these 

molecules effectively replace the G residues in the DNA/RNA tetrads with those contributed by 

the probe (Figure 1.14).  

 

 

 

 

 

 

 

Figure 1.14: Homologous oligomeric molecules substitute guanine(s) in 

the DNA/RNA G-tetrad. 
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We provided the first demonstration of this recognition strategy by showing that a PNA oligomer 

homologous in sequence to the Oxytricha nova telomeric repeat could hybridize to its target, 

resulting in a stable tetramolecular complex165. The binding reaction—mediated by the formation 

of PNA-DNA hybrid tetrads—was strongly exergonic, and the resulting complex displayed cation 

sensitivity characteristic of quadruplex structures, albeit to a lesser extent than the starting DNA 

target165. Subsequent demonstrations extended this recognition mode to invasion of a stable 

intramolecular quadruplex formed by a G-rich element derived from the human MYC promoter166. 

Therein, we showed that the hybridization end point was a ternary complex consisting of two 

hybrid DNA-PNA quadruplexes (Scheme 1.2). The binding reaction was again strongly exergonic, 

resulting in a relatively tight complex (KD = 5 nM)166, 167. 

 

 

 

 

 

 

 

More recent work has extended the utility of these probes to invasion of an intramolecular DNA 

G-quadruplex possessing a long (17 nt) central loop35. In this example, the resulting complex 

consisted of six PNA molecules annealed to the DNA target35. The observed association rate was 

five times slower for this complex than for the ternary structure formed with the MYC-derived 

target. Importantly, however, the PNA-DNA hybrid was more stable than the starting DNA 

 

Scheme 1.2: Homologous oligomeric molecules convert intramolecular G-

quadruplex into hybrid quadruplexes. 
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quadruplex target35, thus providing a first demonstration of the potential to target these non-

canonical quadruplexes with homologous probes.  

Homologous recognition has also been extended to RNA G-quadruplex targets. We previously 

showed that a PNA oligomer homologous to one 7-nt sequence within an intramolecularly folded 

RNA G-quadruplex could hybridize to its target, resulting in two RNA-PNA hybrid 

quadruplexes156, 157. Evidently, true homology—where the nucleobases on the probe are identical 

to the sequence of the target—was not requisite for binding. Instead, G-homology—where only 

the G-residues requisite for binding are presented to the target—was sufficient to mediate binding 

of two probe molecules to the target. This degeneracy in recognition has important implications 

for tuning probe specificity and will be discussed further in Chapter 4. 

Demonstrations of the potential to regulate biological processes by probes of this class are 

beginning to emerge. For example, Ito et al have reported that a G-rich RNA oligomer was able to 

inhibit EGFP expression in vivo by forming an intermolecular quadruplex with a G-homologous 

sequence inserted into the 5’-UTR or coding region, or both, of the reporter plasmid168. Basu and 

coworkers also reported that a DNA oligomer possessing domains putatively able to form hybrid 

quadruplex and duplex structures with requisite G-rich and flanking sites, respectively, of an 

mRNA could downregulate expression of both reporter and endogenous genes169. In recent work 

from our lab, we have reported that a homologous PNA oligomer directed to quadruplex-laden 

template could stall primer extension by DNA pol η159. These functional data provide incentive to 

explore additional effects of these probes on the biochemical and/or biological functions of G-

quadruplexes, and these will be reported in Chapter 4. 
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 CONTRIBUTIONS TO THE FIELD 

The results summarized in this dissertation expand our knowledge on the strategies for G-

quadruplex recognition, with particular emphasis on the functional effects induced by the 

sequence-directed (complementary or homologous) approaches.  

In Chapter 2, we explore QFS targeting by complementary gamma ()-PNA oligomers. We 

examine the binding properties and translation inhibitory effects of three PNA oligomers directed 

to different segments of an RNA QFS. Our results demonstrate that access to the QFS matter at 

least as much as affinity in determining the functional outcome of the binding reaction, i.e., potent 

inhibition by a probe is a consequence of both high affinity for the target sequence and its ability 

to reach the binding site in the context of a transcript. We also compare PNA to PNA and 2’-OMe 

RNA oligomers—both of which have been used to invade stable quadruplexes and modulate their 

biochemical and/or biological effects. Our results establish the functional superiority of the PNAs 

for translation inhibition in our reporter system, since the probe is more potent, more specific or 

both, relative to the PNA and 2’-OMe RNA. 

Chapter 3 extends QFS recognition by PNAs to targets bearing four G2- or G4-tracts. We observe 

that the respective probes form exceptionally stable hybrids with their targets, with the free energy 

for complex formation effectively compensating for the energy investment to unfold the 

quadruplex, where present. Importantly, we show that both probes produce potent and specific 

repressive effects on translation when directed to the 5’-ends of the respective G-rich targets in the 

context of a reporter transcript. 

We explore quadruplex invasion and translation inhibition by homologous probes in Chapter 4. 

Our results show that the binding reactions result in hybrid quadruplexes more stable than the 
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starting RNA G-quadruplex. We also observe dose-dependent repressive effects on translation 

against both the target (quadruplex-laden) and control transcripts. The specificity is improved by 

introducing a DNA strand able to compete with the mRNA transcript for binding to the PNA probe. 

Modifications to pre-organize the probe, and thus obviate the need for the competing DNA strand, 

did not improve specificity, thus necessitating further investigations to elucidate the functional 

effects of quadruplex invasion by these probes in this context. 

Finally, Chapter 5 summarizes our efforts to merge homologous and complementary domains into 

the same PNA probe. We show that—as isolated substructures—both domains form the expected 

structures with the target. However, the existence of both substructures simultaneously in the same 

bound probe molecule has not been proven. We show that the chimeric probe is able to 

discriminate between two RNA targets; one possessing binding sites to engage both domains of 

the probe, and the other lacking one of the two requisite binding sites. Further, we observe that the 

selectivity of the probe is enhanced by introducing modifications that putatively destabilize the 

substructure by which the deficient target is annealed to the probe.  
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CHAPTER 2 

G-QUADRUPLEX INVASION AND TRANSLATION 

INHIBITION BY COMPLEMENTARY PNA OLIGOMERS 
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2.1 INTRODUCTION 

Many reports establish aberrant gene expression as crucial to the pathogenesis of several diseases1-

4—making synthetic molecules able to regulate gene expression valuable to the biomedical 

research community as either therapeutics or, more broadly, as exploratory tools to delineate 

pathways that contribute to the diseased state. While the targets for early synthetic efforts were 

limited to proteins with anomalous expression in relevant disease tissues, interest has slowly 

accrued in recognizing additional elements annotated with regulatory roles in gene expression. 

Towards this end, guanine (G)-quadruplexes—nucleic acid structural elements formed by specific 

arrangements of guanine nucleotides—have become important as targets for pharmacological 

intervention5-9 (reviewed in Chapter 1). 

Although several parallel strategies for quadruplex recognition are being developed (reviewed in 

Chapter 1), the most intuitive, systematic methods rely on oligomeric molecules presenting 

complementary nucleobases at appropriate intervals to form Watson-Crick base pairs10 with the 

quadruplex-forming sequence (QFS). An early demonstration utilizing this strategy showed that a 

DNA oligomer complementary to the Oxytricha telomeric repeat was useful as a probe in 

elucidating the mechanistic details of binding between the G-rich motif and a cognate protein11. 

Hybridization of the probe with the DNA target was used to extrapolate the kinetics for unfolding 

of the quadruplex structure inherent in the latter, with the results being compared to the rate of 

formation of the protein-DNA repeat complex11. The authors further demonstrated that QFS 

binding—whether by the protein or complementary probe, was preceded by a rate-limiting 

quadruplex ‘opening’ step, a conclusion that was supported in later studies of QFS hybridization 

to additional complementary ligands11.  
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Subsequent demonstrations used complementary DNA oligomers either as probes to indirectly 

establish the existence of quadruplex structures under physiologically relevant conditions12-14, or 

as ‘fuel’ strands15-17 to propel molecular motions in so-called nanomechanical devices. In all of 

these examples, yields of the resulting duplex hybrids were mitigated by quadruplex-stabilizing 

conditions, such as low temperatures16, high [K+]11, 16, and elevated amounts of 

osmolytes/cosolvents18.   

While the biochemical and/or biological relevance of these demonstrations may differ, the lessons 

gleaned on quadruplex recognition by complementary probes remain consistent: Hybridization to 

the QFS is beset by both thermodynamic and kinetic barriers—both of which are exacerbated by 

quadruplex-stabilizing conditions18, and alleviated by converse conditions that induce unfolding16. 

The thermodynamic barrier exists because the binding site for the complementary probe is 

sequestered within a stable intrinsic structure, requiring that the ΔG for complex formation be 

sufficient to compensate for the energy investment to unfold the quadruplex. Likewise, the 

requirement for quadruplex unfolding to reveal the binding site for the complementary probe 

introduces a kinetic barrier19 that is overcome in a manner dependent on the probe’s ability to 

hybridize the open conformation of the QFS, provided quadruplex opening is the rate-limiting step.  

The aforementioned criteria therefore enable predictions of desirable properties of QFS-binding 

complementary ligands: The applied probe must possess high affinity for the target, so that the 

binding reaction is sufficiently exergonic to compensate for quadruplex unfolding. Also, 

hybridization is likely to be accelerated if the probe is devoid of negative charges that decelerate 

binding through electrostatic repulsions. Both of these criteria have been satisfied (separately) in 

previous demonstrations by a combination of strategies, including application of long DNA 

oligomers complementary to the entire QFS16, non-systematic introduction of modified 
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nucleotides at random positions to improve binding affinities20, 21, and backbone modifications that 

obviate negative charges on the complementary probe19. 

We previously showed that a short (7mer) PNA probe complementary to crucial residues of a 

stable DNA QFS could invade the quadruplex target, resulting in a PNA-DNA hybrid duplex22. 

Our results suggested that the binding energy of the PNA to its complementary site, and the 

enthalpic contribution from stacking of overhanging, unhybridized nucleotides—both conflated 

into the ΔG of complex formation—were sufficient to compensate for the energetic cost of 

unfolding the DNA target22. This recognition strategy was also extended to an RNA quadruplex 

target, wherein we showed that another short PNA probe was able to overcome the target structure, 

yielding a relatively tight (KD = 1 nM) hybrid23, 24.    

Although PNA oligomers expanded the repertoire of QFS-recognizing complementary ligands, 

important limitations have impeded their broader applications. For example, quadruplex invasion 

by the short PNA probe described above was most facile below 10 mM K+, whereas elevated K+ 

concentrations—conditions likely to exist in vivo—precluded hybridization, due to the increased 

thermodynamic stability of the quadruplex target22.  We also showed that hybridization of a short 

PNA oligomer directed to a surface-immobilized QFS was impeded by the kinetic barrier posed 

by the stable quadruplex25. Further, the combined relevance of these two limitations in the context 

of a biochemical assay was provided by Murphy et al, wherein experiments were performed at 10 

mM K+ to demonstrate the impact of PNA-mediated quadruplex invasion on primer extension by 

a processing DNA polymerase26.  

PNA27, 28 oligomers present attractive alternative reagents that might overcome the limitations of 

PNA probes in the context of quadruplex invasion at high salt concentrations (or in vivo), where 

the quadruplex target is likely to be thermodynamically and kinetically stable. By featuring a 
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stereogenic center at the  position of the PNA molecule, these modified probes are pre-organized 

into helical conformers, with the helical outcome dependent on the stereochemistry at the  

carbon27, 28. PNA oligomers also possess superior affinity for complementary DNA/RNA targets, 

and—where diethylene glycol units are installed at the  position—feature improved aqueous 

solubility, relative to their PNA homologs28.  

This chapter presents evidence of quadruplex invasion and translation inhibition by 

complementary PNA oligomers designed to hybridize distinct regions of an RNA QFS. The data 

presented here show that all PNA probes studied readily overcome both the thermodynamic and 

kinetic barriers to hybridization (at 100 mM K+), resulting in PNA-RNA hybrids that are more 

stable than the intrinsic quadruplex fold. Although these probes all display repressive effects on 

translation, there is a strong, kinetically influenced positional bias in the potency of inhibition—

with the probe directed to the 5’-end of the QFS displaying a 5 – 6 fold higher potency than the 

other PNAs. Finally, evidence is also presented here to support the functional superiority of 

PNAs over other recently-utilized complementary oligomers for translation inhibition mediated 

by RNA quadruplex invasion in this context. 
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2.2 MATERIALS AND METHODS 

2.2.1 PNA/RNA/DNA Oligomers 

The γPNA/PNA oligomers (Chart 2.1) used for all experiments were purchased from PNA 

Innovations Inc. (www.pnainnovations.com) and included C-terminal L-lysine residues. The 

PNA oligomer used as the scrambled control for 5’ in the in vitro translation assay is presented 

below. RNA/2’-OMe RNA and DNA oligomers used were obtained from Integrated DNA 

Technologies (www.idtdna.com). Sequences of all biotinylated DNA oligonucleotides used as 

capture strands in SPR competition experiments and the RNA oligomer designed for SPR direct-

binding experiments are also given below. (RNA/DNA sequences written 5’-3’ and PNA 

sequence written C-N. Underlined Gs are predicted to participate in G-tetrads.) 

 Sequence  

4G3 RNA (for SPR) 

5’ (scrambled overhang) 

γ5’ capture strand 

γ3’ capture strand 

γCen capture strand 

PNA5’ 

OMe5’ 

AGACCCAAGCACUAUAAGCUAGCGGGAGGGCGGGUCUGGGCGAUCC 

TCGAACCCTCCC (PNA) 

biotin–ATTACTAGCGGGAGGGATTA (DNA) 

biotin–ATTAGTCTGGGCGATCATTA (DNA) 

biotin–ATTAGAGGGCGGGTCTATTA (DNA) 

GATCGCCCTCCC 

GAUCGCCCUCCC 

  

2.2.2 UV Melting Experiments 

Thermal melting experiments were performed on a Varian Cary 300 spectrophotometer equipped 

with a thermoelectrically-controlled multicell holder. Samples were prepared in a buffer 

containing 10 mM Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of 

KCl/LiCl. The solutions were incubated at 95 °C for 5 min and cooled to 15 °C at a rate of 1 °C 

/min. Subsequently, the annealed samples were incubated at 15 °C for 5 min, and a heating ramp 

http://www.pnainnovations.com/
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was applied at 1 °C/min up to 95 °C. Melting curves were generated by monitoring absorbance 

values at 275 nm (for hetero-duplexes) and 295 nm (for quadruplexes) every 0.5 °C. Where 

possible, the melting temperature (Tm) was determined from a first-derivative plot of the respective 

melting curve. Each reported melting temperature is the average of three independent experiments. 

2.2.3 Circular Dichroism (CD) Spectropolarimetry 

CD spectra were obtained on a Jasco J-715 circular dichroism spectropolarimeter equipped with a 

water-circulating temperature controller. Samples were prepared in a buffer containing 10 mM 

Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of KCl/LiCl. The samples 

were incubated at 95 °C for 5 min and cooled slowly to room temperature. All spectra were 

collected at 37 °C. Each spectrum was collected after 6 different scans (200 – 360 nm) at a scan 

rate of 100 nm/min and baseline corrected. The CD spectra for 3 different samples were collected 

and averaged. 

2.2.4 Surface Plasmon Resonance (SPR) Experiments 

All SPR experiments were performed on a Biacore T100 instrument equipped with a four-channel 

CM5 sensor chip (GE Health Care). The sensor chip was coated with a carboxylmethyl dextran 

matrix that allows further functionalization with streptavidin via a standard NHS-EDC coupling 

procedure. Covalent immobilization of streptavidin was continued until 7000 response units (RU) 

of the protein were captured on each of the four channels (flow cells). The final step of the sensor 

design involved non-covalent immobilization of a biotinylated capture strand on the streptavidin-

modified surface.  

The sensor surface was primed by a buffer injection [100 mM KCl/LiCl, 10 mM Tris-HCl (pH 

7.4), 3 mM Na/Li2EDTA, and 0.005 % v/v P-20 surfactant] prior to all experiments. The capture 
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strand utilized for direct-binding studies with 4G3 RNA was a biotinylated 15mer PNA oligomer that was 

designed to hybridize to a complementary sequence appended to the 5’-end of the RNA QFS. The active 

flow cell was modified with a high density (1000 RU) of the biotinylated PNA capture strand. 

Immobilization of the target RNA was then performed by injecting a 100 nM solution (pre-

annealed for 2 h) over the active flow cell for 400 s (flow rate = 50 µL/min) until a medium density 

(300 RU) of the RNA accumulated on the surface. A short dissociation phase (20 s) was introduced 

to remove any unhybridized or loosely-bound RNA from the surface. 

To study PNA hybridization to the immobilized RNA, 50 nM of each probe was injected for 400 

s (flow rate = 30 µL/min) over both the active and reference flow cells, after which the buffer 

injection was restarted and continued for 600 s to monitor dissociation of the hybrids. The sensor 

surface was regenerated with a solution of 10 mM NaOH and 1 M NaCl (2x for 30 s), and another 

buffer injection (120 s) was introduced to wash off residual regeneration solution. The sensor 

surface was replenished with fresh RNA, and subsequent binding studies were continued by simple 

iterations of the aforementioned steps. The initial association rates were calculated based on the 

times required to reach 0.3 normalized response units of bound PNA, similar to a procedure 

utilized by us in an earlier report29. 

For the competition assay30, 1000 RU of a DNA capture strand was immobilized on the surface of 

the chip. The flow cell containing the capture strand was subsequently calibrated for the free γPNA 

concentration by injecting a series of solutions containing 5 – 50 nM of the free probe for 200 s.  

The slopes for the sensorgrams were obtained over a 10 s window (beginning 30 s post-injection) 

and plotted against the concentration of free γPNA to obtain a linear regression curve.  

A fixed concentration of each γPNA probe (10 or 20 nM) was then incubated with increasing 

concentrations of the pre-annealed RNA target at 25 °C for 2 hours prior to injection over the 



55 
 

sensor surface. The slopes for the resulting sensorgrams were then used to obtain the amounts of 

free PNA in equilibrium with the hybrid using the previously-generated regression curve 

(equation 1). Further, the concentration of bound PNA was calculated by assuming that the system 

obeys the mass conservation condition (equation 2). 

[𝛾𝑃𝑁𝐴]𝑓𝑟𝑒𝑒 =  
𝑆𝑙𝑜𝑝𝑒40−50 𝑠

𝑀
     𝑬𝒒𝒏 𝟏 

𝑀 = 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 

[𝛾𝑃𝑁𝐴]𝑇𝑜𝑡𝑎𝑙 =  [𝛾𝑃𝑁𝐴]𝑓𝑟𝑒𝑒 +  [𝛾𝑃𝑁𝐴]𝑏𝑜𝑢𝑛𝑑     𝑬𝒒𝒏 𝟐 

The bound-probe concentration, in turn, corresponds to the amount of hybrid (duplex) formed for 

a system involving two interacting components (equation 3). Therefore, the accumulation of the 

duplex after each addition of the RNA target could be determined and fit to a Langmuir isotherm 

that accounts for ligand depletion (equation 4), where [𝑃]𝑇 = total PNA concentration; [𝑅]𝑇 = 

total RNA concentration; 𝐾𝐷 = equilibrium dissociation constant.  

[𝛾𝑃𝑁𝐴]𝑏𝑜𝑢𝑛𝑑 ≡ [𝐷𝑢𝑝𝑙𝑒𝑥] =  [𝛾𝑃𝑁𝐴]𝑇𝑜𝑡𝑎𝑙 − [𝛾𝑃𝑁𝐴]𝑓𝑟𝑒𝑒    𝑬𝒒𝒏 𝟑 

[𝐷𝑢𝑝𝑙𝑒𝑥] =  
𝑏 −  √𝑏2 − 4 • [𝑃]𝑇 • [𝑅]𝑇

2 • [𝑃]𝑇
    𝑬𝒒𝒏 𝟒 

𝑏 =  [𝑅]𝑇 + [𝑃]𝑇 +  𝐾𝐷 

2.2.5 Template Production and In Vitro Transcription  

The DNA template containing the target sequence upstream of the firefly luciferase gene (4G3 

reporter) was amplified by Polymerase Chain Reaction (PCR) using Taq DNA polymerase (New 

England Biolabs)  and two sequence specific primers: forward primer (5’-

AATACGCAAACCGCCTCTC-3’) and reverse primer (5’-GGTGATGTCGGCGATATAGG-

3’).  A similar procedure was also used to obtain a control reporter without the target sequence 
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upstream of the luciferase coding sequence (No G3 reporter). The resulting DNA fragments were 

purified using a GeneJET PCR purification kit (ThermoFisher) according to the manufacturer’s 

instructions. The integrity and length of each PCR product were verified using a 1 % agarose gel 

and electrophoresis. 

The purified DNA templates were transcribed in vitro using a cocktail consisting of T7 RNA 

polymerase (100 units) and a mixture of the ribonucleotide triphosphates (500 µM of each NTP) 

in a total reaction volume of 100 µL at 37 oC for 2 h. The resulting mRNA transcripts were purified 

using the GeneJET RNA clean-up Micro Kit (Thermo Scientific) according to the manufacturer’s 

instructions. The final mRNA concentrations were estimated by UV spectroscopy. The extinction 

coefficient of each mRNA transcript was assumed to be the sum of the molar absorptivities of each 

nucleobase, and the recorded absorbance (at 260 nm) was assumed to be unaffected by any 

(undetermined) secondary folding of the transcripts. The nucleotide sequences for the UTRs in 

both the experimental (4G3) and control (No G3) transcripts are presented below, with the 

quadruplex-forming fragment, where present, highlighted in bold and upper-case. 

4G3: gagacccaagcuuucagauccgcuagcGGGAGGGCGGGUCUGGGcgauccagccaccaug  

No G3: gaucuaauaucuacuuaagaacacaaaacucgagaaccaug 

2.2.6 Cell-Free Translation  

A translation reaction was typically performed by incubating the purified transcripts in a mixture 

containing nuclease-treated rabbit reticulocyte lysate (70 % v/v) (Promega), 10 µM amino acid 

mixtures minus leucine, 10 µM amino acid mixtures minus methionine and 20 units RNasin 

ribonuclease inhibitor (50 µL total reaction volume) at 30 oC for 1.5 h. Experiments to examine 

the effect of each PNA on luciferase production were performed by pre-incubating the mRNA 
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with requisite amino acids and increasing concentrations of the PNA in a buffer containing 79 

mM KCl and 7.9 mM Tris-HCl (pH = 7.4) to a total volume of 19.5 µL at 37 oC for 1 h. Each 

subsequent translation reaction was started by adding 30.5 µL of the rabbit reticulocyte lysate to 

the pre-incubated mixture, and the final mixture was incubated at 30 oC for 1.5 h. Finally, we 

performed a luciferase assay by incubating 10 µL of the translation products with 50 µL of a 

reagent cocktail (D-luciferin, Mg2+, and ATP) (Promega) to estimate the relative amounts of 

enzyme produced from the mRNA reporter. Luciferase activity was estimated as relative light units 

(RLU) on a Tecan Infinite M1000 Plate Spectrometer. 
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2.3 RESULTS 

2.3.1 Target Selection and Probe Design 

We selected as our target, a guanine (G)-rich RNA sequence derived from the 5’-untranslated 

region (UTR) of the human NRAS mRNA. The original sequence was previously shown to form a 

stable, three-tetrad, intramolecular G-quadruplex that represses translation in the context of a 

luciferase reporter model31—an effect that is reinforced by pharmacological32 and/or sequence 

perturbations33 that stabilize the structure, and attenuated by converse destabilizing mutations33. 

Our target sequence (called 4G3 RNA, Chart 2.1) bears few deviations from the original 

sequence31 reported by Balasubramanian. (1) We deleted one guanine residue from the second G-

tract of the original NRAS QFS to simplify characterization of hybrids formed with homologous 

PNA/PNA probes (reported in Chapter 4). (2) Additional mixed-sequence bases were also 

introduced on both termini of the target to examine any contributions of overhang recognition by 

complementary probes in driving quadruplex invasion. Importantly, as demonstrated below, both 

changes did not perturb the biophysical and biochemical characteristics of the quadruplex target. 
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Chart 2.1: Sequences of PNA and RNA oligomers used in this study. (RNA sequences written 5’-3’ and 

PNA sequences written C-N. Underlined Gs are predicted to participate in G tetrads.) 

 

            Oligomer Sequence  

4G3 RNA 

γ5’ 

  GCUAGCGGGAGGGCGGGUCUGGGCGAUCC 

   GATCGCCCTCCC 

γCen 

γ3’ 

          CTCCCGCCCAGA  

                  CAGACCCGCTAG 

5’ rComp 

3’ rComp 

Cen rComp 

   CUAGCGGGAGGG 

          GAGGGCGGGUCU  

                  GUCUGGGCGAUC 

  

Three complementary PNA oligomers (Chart 2.1) were designed and tested for their abilities to 

invade the 4G3 RNA quadruplex target and perturb its biochemical function. 5’ was designed to 

recognize the first two G-tracts of the QFS, in addition to the adjacent 5’ overhanging nucleotides. 

The same recognition pattern was expected by 3’ on the opposite end of the QFS, while the 

binding site for Cen was embedded completely within the QFS (Scheme 2.1). Two additional 

probes—representing molecule classes recently reported26, 34 to invade stable G-quadruplexes, 

with consequent biological/biochemical effects—were also tested in our system: PNA5’ and 

OMe5’—PNA and 2’-OMe homologues of 5’, respectively—were both tested for their abilities 

to invade our quadruplex target. 

 

 

 

 

 

Scheme 2.1 

 

Invasion of folded 4G3 RNA quadruplex by complementary PNA oligomers. 
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2.3.2 Characterization of 4G3 RNA 

The RNA target was predicted to fold into a three-tetrad intramolecular quadruplex, with loops of 

1-, 1-, and 3- nucleotides, respectively, as previously reported for a very similar G-rich sequence. 

Circular dichroism (CD) experiments on samples containing 2 µM of the target in 1 mM KCl 

elicited a minimum and a maximum at 245 and 265 nm, respectively (Figure 1A, closed circles). 

Repeating the experiments in a 1 mM LiCl buffer produced the same peaks, but with ~ 30 % 

weaker intensities (Figure 2.1A, open circles). The peak positions observed herein are consistent 

with a parallel fold within the quadruplex structure35, 36, consistent with the known monomorphic 

character of RNA G-quadruplexes37. Additionally, the attenuation in signal intensities upon cation 

substitution is well known for G-quadruplex structures35 and has been attributed both to the higher 

desolvation energy38 and small size of Li+ relative to K+, both of which converge to decrease the 

ΔG of quadruplex folding.   

Thermal denaturation analyses on the same samples produced a hypochromic transition in 1 mM 

KCl that was eliminated upon cation substitution to Li+ (Figure 2.1B). This result in consistent 

with quadruplex formation in the former buffer, and destabilization in the latter36. Interestingly, no 

residual quadruplex folding was observed by UV-melting in the LiCl buffer (Figure 2.1B, open 

circles), whereas weak quadruplex signatures were observed by CD experiments, under the same 

conditions (Figure 2.1A, open circles). While it is plausible that these divergent results represent 

the differential sensitives of these techniques—as the proportion of folded structures might be 

below the threshold detectable by UV-melting, it is also possible that the relatively weak CD peaks 

in 1 mM LiCl might be due to a non-quadruplex, yet helical fold present in this structure under 

these conditions. 
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Importantly, the quadruplex structure is very stable in 1 mM KCl (Tm = 62 ± 1 °C)—a property 

that is further amplified in 100 mM KCl (Figure 2.2). Additionally, quadruplex folding is 

unimolecular, as a 5-fold increase in strand concentration (to 10 µM) did not perturb the thermal 

stability of the structure (Figure A1).   

 

 

 

 

 

 

 

 

 

Figure 2.1: Biophysical characterization of 4G3 RNA quadruplex. CD spectra (A) and UV-melting 

curves (B) of 4G3 RNA target. All samples contained 2 µM RNA buffered in 1 mM KCl (closed 

circles) or 1 mM LiCl (open circles).  
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Figure 2.2: Quadruplex stability is enhanced by higher [K+]. 

UV-melting curves for 2 µM 4G3 RNA in 100 mM KCl. 
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Biochemical characterization of the RNA target was performed by inserting the QFS into position 

28 within the 5’-UTR of a firefly luciferase transcript (4G3 reporter). A deletion control (No G3 

reporter), devoid of the QFS within the same position, was examined in parallel to ascertain any 

quadruplex-dependent effects on translation. (Quadruplex formation within the 4G3 reporter was 

assumed under the conditions of the assay.) The 4G3 reporter was translated 50 % less efficiently 

than the control transcript (Figure 2.3), indicating a repressive role for this quadruplex structure, 

consistent with many other reports describing inhibitory RNA quadruplexes31, 33, 39-43—including 

one for a very similar sequence31. Taken together, our data suggest that 4G3 RNA forms a stable 

G-quadruplex structure with a repressive effect on protein synthesis, when placed in the 5’-UTR 

of a reporter transcript. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Biochemical Characterization of 4G3 

RNA. Luminescence intensity (expressed as % RLU) 

for 4G3 reporter and No G3 control transcripts. 
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2.3.3 Characterization of 4G3 RNA-PNA Hybrids 

We next sought to characterize the hybrids formed between 4G3 RNA and the complementary 

PNA oligomers. Samples containing the target and each probe were prepared in 100 mM KCl 

buffer to simulate a realistic thermodynamic barrier to hybridization by the PNA oligomers. (The 

high salt concentration was shown above to stabilize the quadruplex target.) Melting curves 

generated at 295 nm44 were characterized by a hyperchromic transition (Figure 2.4A), in contrast 

to the hypochromic trend previously observed for the target alone. This inversion in chromicity 

indicates that the quadruplex fold of 4G3 RNA is abolished in the presence of the complementary 

probes.  

Melting curves generated at 275 nm24—to directly examine hybrid duplex melting, were 

characterized by a general hyperchromic trend (Figure 2.4B). However, the presence of multiple 

transitions and absence of clear inflection points made further interpretation of this data set 

difficult (Figure 2.4B). Additional support for the existence of hybrid duplexes was obtained from 

CD spectra, wherein a minimum at 295 nm—characteristic of PNA-RNA hybrid duplexes24, 45, 

was observed for all PNA-RNA complexes (Appendix, Figure A2). These spectra were not 

equivalent to the mathematical aggregates of those for 4G3 RNA and the PNAs, suggesting that 

the CD signatures observed here are characteristic of the hybrid duplexes (Figure A3). Importantly, 

the minima and maxima for all hybrid duplexes were similar to those observed for the complexes 

formed with truncated RNA targets (rComp) possessing only the bases complementary to each 

probe (Appendix, Figure A4). Taken together, the composite of thermal denaturation and CD 

analyses suggest that the PNA oligomers can overcome the thermodynamic barrier to 

hybridization posed by the 4G3 RNA target, with the binding reaction resulting in complexes that 

are more stable than the starting quadruplex structure. 
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Measurements of the dissociation constants (KD) were next performed for the respective PNA-

4G3 hybrids. Although direct extrapolation of thermodynamic parameters for hybridization is 

possible from UV-melting curves46, such analyses were precluded herein by the complex melting 

profiles recorded for these hybrid complexes (vide supra). Therefore, KD values for the hybrids 

were determined by a surface plasmon resonance (SPR) competition method30. Originally reported 

by Roy et al30, this method facilitates homogenous, label-free analyses of biomolecular 

interactions. A comprehensive description of the experimental protocol is provided in the methods 

section. In brief, an SPR chip—laden with a high density of a DNA capture strand, is calibrated 

with increasing concentrations of the relevant complementary PNA. The sensor responses from 

each injection are used to construct a regression curve relating instrument signal to free PNA 

concentration. A fixed amount of the PNA is then titrated with increasing concentrations of 4G3 

RNA, and the sensor responses are used to compute the bound PNA (duplex) concentrations. The 

 

Figure 2.4: Biophysical characterization of 4G3-PNA Hybrids. UV melting curves at 295 nm (A) and 

275 nm (B). All samples contained 2 µM 4G3 RNA and 2 µM 5’ (green), 3’ (blue), or Cen (red) in 

100 mM KCl. 
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binding isotherm, resulting from a plot of [duplex] against [4G3 RNA], is fit to a Langmuir model 

that accounts for ligand depletion at high RNA concentrations. 

The sensorgrams from calibration and competition, along with the linear regression curve used for 

each PNA are presented in the Appendix (Figures A5 – A7). The binding isotherms for the three 

hybrid duplexes are presented in Figure 5, and KD values predicted by the Langmuir model are 

summarized in Table 1. We observe that all PNAs bind with similar affinities to the 4G3 RNA 

target, with KD values in the low (2 – 4) nM range (Table 2.1). This result is not surprising, as all 

PNA probes tested here are challenged by the same intrinsic quadruplex structure of the RNA 

target and have similar G-C contents (Chart 2.1). Additionally, the fact that PNA oligomers 

directed to different regions of the quadruplex target exhibit similar KD values suggests that the 

intrinsic affinities of the probes for their respective target sequences within the QFS were similar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Binding Isotherms for 4G3-PNA Hybrids. 5’ + 4G3 (A). 3’ + 4G3 (B). Cen + 4G3 

(C). Data fit to Langmuir model presented in Methods (section 2.2.4). 
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Table 2.1: Equilibrium dissociation constants (KD, nM) for PNA-RNA hybrid duplexes formed with 

4G3 RNA quadruplex and truncated complementary RNA targets. 

 

PNA 4G3 RNA rComp 

   

5’ 4.2 ± 0.3 3.8 ± 0.2 

3’ 1.9 ± 0.2 0.0015 ± 0.0004 

Cen 2.8 ± 0.3 33 ± 1.7 

   

2.3.4 Characterization of rComp-PNA Hybrids 

To test the above hypothesis, we performed identical analyses on the truncated RNA targets 

bearing only the complementary sequences for the respective PNAs oligomers (Chart 2.1). Hybrid 

duplex formation between each respective rComp and the corresponding PNA was verified by 

UV melting and CD experiments (Figure 2.6). However the melting data collected here—as with 

the 4G3 RNA samples, precluded direct KD determination due to the incomplete transitions 

recorded at even the highest temperatures. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Biophysical characterization of rComp-PNA Hybrids. UV melting curves at 275 nm (A) 

and CD Spectra (B). All samples contained 2 µM of the respective rComp and were buffered in 100 

mM KCl. 
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SPR competition experiments, performed as described previously, were therefore used to 

determine KD values for the resulting hybrid duplexes. Sensorgrams from the competition 

experiments are presented in the Appendix (Figure A8). The binding isotherms are presented in 

Figure 2.7, and KD values (Langmuir model) are summarized in Table 1. Interestingly, the 

affinities for the rComp-PNA hybrids differ by four orders of magnitude—with 3’ hybridizing 

to its complementary sequence (3’-rComp) with 22,000-fold higher affinity than Cen. [We 

currently do not have an explanation for the fact that the affinity of the probes for their rComp 

targets is only marginally improved (for 5’) and even less (for Cen), relative to the 4G3 target.] 

This disparity in binding affinities is greater than that recorded for the 4G3 RNA hybrids (Table 

2.1). One possible explanation for this result is that the structures adopted by the rComp targets in 

solution are sufficiently disparate to impose significantly different levels of resistance to 

hybridization of the respective probes. For example, intra- or intermolecular structures formed by 

one rComp oligomer will depress its affinity for the complementary PNA probe, provided the 

targets for the other probes are devoid of such structures.  

 

 

 

 

 

 

To test for the presence of intra- or intermolecular structures formed by the rComp targets, we 

examined melting and CD profiles of each rComp oligomer in 100 mM KCl—the same conditions 

under which affinities were measured. 5’-rComp and Cen-rComp elicit hypochromic melting 

 

Figure 2.7: Binding Isotherms for rComp-PNA Hybrids. 5’ + 5’-rComp (A). 3’ + 3’-rComp (B). 

Cen + Cen rComp (C). Data fit to Langmuir model presented in Methods (section 2.2.4). 
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transitions characteristic of stable quadruplexes, while 3’-rComp did not possess quadruplex 

melting signatures (Figure 2.8A). CD experiments performed on the same samples also showed 

characteristic quadruplex peaks for the former sequences, which were attenuated in the latter 

(Figure 2.8B). Closer examination of the respective sequences reveals that 5’-rComp and Cen-

rComp both possess two G3 tracts separated by single-nucleotide loops—sequence requirements 

for intermolecular quadruplex formation involving two or four strands. Only one G3 tract is present 

in 3’-rComp, implying that quadruplex formation by this sequence can be accomplished only by 

the assembly of four strands.  

 

 

 

 

 

 

 

 

 

Although the quadruplex structures—where they exist—are stable at the concentrations (µM) used 

for the melting experiments, it is not clear whether they would be stable at the lower concentrations 

(nM) used for the SPR competition analyses. Additionally, KD determination for the Cen/Cen-

rComp hybrid in 100 mM LiCl, conditions expected to disfavor quadruplex folding—showed only 

a 25-fold recovery in binding affinity (33 nM vs 1.3 nM, Figure A9). This result suggests that the 

 

Figure 2.8: Biophysical characterization of rComp targets. UV melting curves at 295 nm (A) and CD 

Spectra (B) for 2 µM 5’-rComp (green), 3’-rComp (blue), and Cen-rComp (red). All samples were 

buffered in 100 mM KCl. 
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depression in binding affinity for the truncated, structured target is not sufficiently explained by 

intermolecular folding of Cen-rComp. It will therefore be interesting to measure the binding 

affinities of 3’ and 5’ for their respective targets under identical conditions (100 mM LiCl) in 

order to further elucidate the extent to which intermolecular structures, or their absence, affect 

binding thermodynamics. Taken together, however, our analyses suggest that the PNA oligomers 

can form stable hybrids with the truncated RNA targets, regardless of the any intermolecular 

secondary folding. 

2.3.5 Effect of PNAs on mRNA Translation 

We next assessed the effect of each PNA on translation of the luciferase reporter containing the 

RNA QFS (4G3) and the control reporter (No G3) lacking this element. Dose response curves are 

shown in Figure 2.9 for each PNA, and IC50 values are summarized in Table 2.2. All PNA 

oligomers tested here are potent inhibitors of translation, with IC50 values in the low – mid nM 

range (Table 2.2). We recorded minute to moderate activities of the probes against the No G3 

reporter, even at the highest probe concentrations (Figure 2.9)—demonstrating that these probes 

inhibit translation via a specific recognition event. Fidelity in recognition was further demonstrated 

by pre-incubating the probes with the cell lysates prior to introduction of a control reporter 

transcript to begin the translation reaction. (The control transcript in this case is supplied by 

Promega and codon-optimized for expression in this lysate kit.) All PNA probes remained inert 

to the control reporter, even at concentrations corresponding to two times the respective IC50 values 

(Figure A10)—demonstrating that these probes have no detectable effect on ribosomal translation 

efficiency in this system. 
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Table 2.2. IC50 values (nM) for PNA antisense oligomers targeted to 4G3 RNA at two different 

temperatures. 

PNA IC50 (nM) 

37 ºC 

IC50 (nM) 

60 ºC 

   

5’ 15 15 

3’ 75 20 

Cen 90 20 

 

We also tested a variation of 5’ in which the first 5 nucleotides were scrambled to eliminate 

complementarity to the 5’-overhang of the quadruplex, and found that the partially scrambled 

PNA did not effectively inhibit translation (Figure 2.10). This attenuation in potency upon 

eliminating overhang complementarity is further evidence of the sequence selectivity of these 

probes, and highlights overhang recognition as a salient determinant of the invasion and inhibitory 

effects of the complementary PNAs in this context (discussed further below). 

 

 

Figure 2.9: Effect of PNAs on luciferase mRNA translation. Dose-response curves for γ5’ (A), γ3’ 

(B), and γCen (C) against 4G3 target (filled squares) and No G3 control (open squares) mRNAs. 

[mRNA] = 10 nM and PNA-RNA samples were incubated for one hr at 37 °C prior to adding to lysate. 

Data are normalized to 100% for the samples that lacked any PNA. Error bars represent standard 

deviation of three independent trials. 
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The dose-response curves for the three PNAs against the 4G3 reporter (summarized in the 

Appendix, Figure A11) were next compared to elucidate any position-dependent effects on 

quadruplex invasion and translation inhibition. We observed a strong positional bias in the potency 

of inhibition, with the probe directed to the 5’-end of the QFS inhibiting translation at 5 – 6 fold 

higher potency than probes directed to other positions (Figure A11 and Table 2.2). This variation 

in potencies exceeds the difference in KD values recorded for the respective hybrids (Table 2.1), 

suggesting that binding affinities alone are not sufficient to explain the biochemical activities 

observed for these probes. (In any case, the most potent probe, 5’, is simultaneously the weakest 

binder of the 4G3 RNA target (KD = 4.2 nM)) 

 

 

Figure 2.10: Effect of overhang recognition on 

translation inhibition by 5’. Dose-response curves for 

5’ bearing complementary (green) or scrambled 

(black) overhang recognition element.  
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2.3.6 Effect of Kinetics on Translation Inhibition by PNAs  

We therefore considered the possibility that kinetic effects might be contributing to the variation 

in potency. In the initial cell-free translation experiments, the PNA and mRNA were incubated at 

37 °C for 60 min prior to addition to the rabbit reticulocyte lysate to begin translation. We repeated 

these experiments but increased the incubation temperature to 60 °C to enhance hybridization rates 

prior to performing translation at 37 °C. IC50 values determined under these conditions showed 

nearly identical results for the three PNAs (Figure 2.11 and Table 2.2), all but eliminating the 

variation observed after incubation at lower temperature, consistent with a kinetic contribution to 

the discrimination observed at 37 °C. 

 

 

 

 

 

 

 

 

 

 

Although kinetic effects largely explain the disparate potencies, it is unlikely that the KD values 

are entirely irrelevant. The divergence between affinity and activity might reflect our inability to 

 

Figure 2.11: Comparing antisense inhibition by γ5’ 

(green squares), γ3’ (blue triangles), and γCen (red 

circles) following incubation at 60 °C. Data are 

normalized to 100% for the samples that lacked any 

PNA.  
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accurately simulate the conditions of the translation assay during measurement of the former. 

Binding affinities were obtained by an SPR competition method (described above), wherein a fixed 

concentration of the PNA probes was titrated with increasing concentrations of a synthetic, 

truncated RNA strand (~ 40 nt). However, the translation assay challenges the PNA probes with 

an in vitro transcribed RNA fragment (~ 2000 nt). It is therefore possible that KD measurements 

with the truncated strand fail to account for adjacent or long-range interactions that could perturb 

the stability of the quadruplex and/or its interactions with the complementary probes. ‘Realistic’ 

affinity measurements are limited here by the unavailability of mRNA transcript in sufficient 

amounts and, even where present, the need to unambiguously validate the binding stoichiometry 

of the mRNA-PNA hybrids prior to curve fitting. 

2.3.7 Monitoring Kinetics of PNA Hybridization to 4G3 RNA 

In order to further interrogate the interactions between 4G3 RNA target and the respective PNA 

oligomers, we utilized SPR direct-binding experiments in which the individual probes were flowed 

over the surface of a target (RNA)-laden SPR chip. Direct-binding analyses involving immobilized 

RNA targets are traditionally difficult to execute, especially when the reactions yield high-affinity, 

slowly-dissociating complexes—as is the case in our system.  

To circumvent this technical limitation, we developed a method that allowed us to replenish the 

sensor surface with fresh RNA after each injection cycle (Scheme 2.2). Specifically, 4G3 RNA 

was extended by adding nucleotides to the 5’-end which were complementary to a biotinylated 

PNA capture strand that was deposited on the SPR chip. Flowing the RNA over the PNA-

functionalized chip resulted in immobilization of the RNA by Watson-Crick pairing. (A similar 

method was recently reported by Smolke and coworkers for DNA/RNA aptamer immobilization 
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on an SPR chip47.) Hybridization to the PNA capture strand did not affect the thermal stability of 

the RNA quadruplex (Figure A12). The strength of the PNA-RNA duplex was sufficiently high 

to minimize dissociation of the RNA QFS during the subsequent introduction of the antisense 

molecules (Figure A13). After each hybridization experiment, the antisense molecule and RNA 

QFS were removed by washing with NaOH, followed by reconstitution of the chip by addition of 

fresh RNA QFS. 

 

 

 

 

 

 

 

 

 

As shown in Figure 2.12, we observed a slight kinetic advantage (1.3 – 1.6 fold) for hybridization 

to the 5’-end of 4G3 RNA (by 5’), relative to other positions of the QFS (Figure 12A, see legend). 

However, the accessibility of this position is counter-balanced by faster release of the bound probe 

(Figure 2.12A). While these results, by themselves, do not provide insight into the 

association/dissociation kinetics of the PNA oligomers with their cognate RNA targets outside of 

Scheme 2.2 

 

I: Immobilization of biotinylated PNA on streptavidin-modified SPR chip. 

II: Hybridization of 4G3 RNA to capture strand via 5’-tag. 

III: PNA probes bind to non-covalently immobilized RNA quadruplex target. 

IV: Regeneration removes resulting complex, releasing the PNA capture strand for subsequent 

reactions. 
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the quadruplex context—the faster off-rates for the two terminally-directed probes (5’ and 3’) 

are consistent with our previous report describing stabilization of PNA-DNA hybrid duplexes by 

overhanging, unhybridized nucleotides22. It is therefore possible that the centrally-directed probe 

(Cen)—although deprived of an obvious nucleation site, forms a kinetically stable complex due 

to stacking of overhanging bases on both ends of the duplex. 

Interestingly, the trends in relative initial association and dissociation rates for the respective 

probes did not change when identical experiments were repeated in 100 mM LiCl (Figure 2.12B)—

demonstrating that the differences observed herein are not due to quadruplex folding, and might 

be attributable to some intrinsic properties of the probes (vide infra). Importantly, the kinetic 

differences recorded here, while statistically significant (p = 0.0363), are insufficient to explain 

the strong positional bias observed from the in vitro translation experiments. As with the affinity 

measurements, it is possible that the information derivable from these SPR experiments is limited 

by the use of a truncated target, instead of the full mRNA transcript. However, our method for 

immobilizing RNA molecules (summarized above) should alleviate this challenge in future 

studies. 
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2.3.8 Evidence of Intramolecular Folding in PNA Probes 

The advantage potentiated by overhang recognition on the 5’-end of the QFS (for 5’) was 

expected to be available on the 3’-end (to 3’), to the extent the 3’-overhanging nucleotides are 

themselves not sequestered by intra/intermolecular folds, or occluded by adjacent secondary 

structures downstream of the quadruplex. We therefore sought to examine the three PNA probes 

for evidence of existing structures that might preclude access to their respective binding sites, and 

thereby manifest as weaker invasion or potency of some probes relative to others. As shown in 

Figure 2.13A, UV-melting analyses of the PNA oligomers, in the absence of the RNA targets, 

revealed hyperchromic melting transitions, with the highest Tm (51 °C) recorded for 3’ (Figure 

2.13A). (For comparison, 5’ and Cen elicit melting transitions at 35 °C and 31 °C, respectively.) 

 

Figure 2.12: Sensorgrams for hybridization of 50 nM 5’ (green curve), 3’ (blue curve), or Cen (red 

curve) to immobilized 4G3 RNA. Running buffer contained 10 mM Tris-HCl (pH 7.4), 3 mM 

Na2EDTA, and 100 mM KCl (A) or 100 mM LiCl (B). All binding experiments were performed at 25 
oC. Error bars at t = 800 s. 
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One possible explanation for this result is that these probes all adopt structures in solution—the 

most stable being present in 3’—which have to be disrupted for the probes to access their 

complementary sites on the target. However, extensive interpretation of this result is precluded by 

the fact that helical preorganization of the probes enforces a stacking arrangement of the 

nucleobases—the unfolding of which would also produce the hyperchromic transitions recorded 

here. The latter possibility is supported by the fact that the melting transitions are concentration-

independent, as a five-fold increase in strand concentration did not perturb the ostensible Tm values 

(Figure 2.13B). Regardless of the physical interpretation for these results, the fact that Cen 

inhibits translation with six-fold lower potency than 5’, while forming a structure comparable—

in thermal stability, at least—to the latter, suggests that intramolecular secondary folding (or 

nucleobase stacking) is not a crucial determinant of the inhibitory effects induced by these probes. 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Characterization of PNA oligomers. UV-melting curves at 260 nm for 5’ (green curve), 

3’ (blue curve), or Cen (red curve) at 2 µM (A) or 10 µM (B) strand concentrations. All samples 

contained 100 mM KCl. Tm values are presented in parenthesis in the legend. 
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2.3.9 Comparing PNA with PNA and 2’-OMe Oligomers: Translation Inhibition 

The results presented above show that PNA oligomers can invade a stable RNA G-quadruplex 

and exert potent inhibition of translation at low nM concentrations. We next assessed the antisense 

effects of PNA and 2’-OMe oligomers directed to the same position (5’-end) of the quadruplex as 

the most potent PNA in the context of the luciferase assay. These probes were selected based on 

recent reports demonstrating their abilities to invade stable G-quadruplexes and modulate 

polymerase extension (for PNA26) and translation (for 2’-OMe34). Ancillary melting experiments 

also demonstrated that the hypochromic transition of 4G3 RNA was abolished in the presence of 

either of the aforementioned probes, demonstrating their capacity to overcome the thermodynamic 

barrier to hybridization posed by the quadruplex structure (Figure A14). 

Figure 2.14 presents dose-response curves for both oligomers against the target and control 

reporters. (IC50 values are summarized in Table 2.3.) The PNA probe (PNA5’) is as potent as the 

PNA probe, but also retains significant activity against the control transcript (Figure 2.14A). The 

2’-OMe oligomer (OMe5’) is ~ 15-fold less potent than 5’ (250 nM vs 15 nM, respectively), 

although this probe, unlike the PNA oligomer, displayed only modest non-specific effects against 

the control transcript (Figure 2.14B). While it is likely that the reduced potency of OMe5’ is 

attributable, at least in part, to the lower affinity of 2’-OMe oligomers compared with PNA, we 

also considered the possibility that kinetic effects could again contribute to the differences. 
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Table 2.3. IC50 values (nM) for different antisense oligomers targeted to 4G3 RNA. 

Antisense IC50 (nM) 

  

5’ 15 

PNA5’ 20 

OMe5’ 250 

  

To test this hypothesis, luciferase experiments were performed by incubating the 4G3 RNA 

transcript with a constant concentration of OMe5’ (250 nM), varying incubation time for the probe 

with the target RNA prior to the start of translation. As shown in Figure 2.15, we observed 

substantial time-dependent improvements in translation inhibition by OMe5’, indicative of slower 

hybridization kinetics for this probe relative to the homologous PNA. Control experiments 

performed by pre-incubating the mRNA transcript alone for 5 h showed reduced translation (60 

%) from the reporter, possibly due to mRNA degradation (Figure A15). Importantly, however, this 

attenuation in luciferase production was less than the inhibition observed in the presence of the 

 

Figure 2.14: Effects of alternative antisense molecules on mRNA translation. Dose response curves for 

PNA5’ (A) or OMe5’ (B) oligomers against 4G3 target (filled squares) or No G3 control (open squares) 

reporters. [mRNA] = 10 nM, and RNA-PNA/2’OMe samples were incubated for one hr at 37 °C prior 

to adding to lysate. Data are normalized to 100% for the samples that lacked any antisense probe. 
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probe (Figure A15), suggesting that the enhanced antisense effects reported in Figure 2.15 are 

due—at least in part, to the specific activity of the OMe5’ probe.  

 

 

 

 

 

 

 

 

 

2.3.10 Comparing PNA with PNA and 2’-OMe Oligomers: Binding Kinetics 

SPR direct-binding experiments were next employed to assess the contributions of any differential 

binding kinetics for the different probe types to the disparate potencies recorded in the in vitro 

translation assays. Again, these analyses were enabled by the noncovalent immobilization of the 

RNA quadruplex on the SPR chip using the method described in Scheme 2.2.  

The three probes exhibit drastically different binding profiles to the immobilized target (Figure 

2.16). Quadruplex invasion by PNA5’ is more efficient than 5’, with as much as a seven fold 

difference between the initial association rates for the two probes recorded when experiments were 

performed in 100 mM KCl (Figure 2.16A). These results are surprising, since a previous report 

directly comparing hybridization by both PNA and PNA to an immobilized complementary DNA 

 

Figure 2.15: Effect of incubation time on translation 

inhibition by OMe5’. [RNA] = 10 nM and [OMe5’] = 

250 nM. All reactions were incubated at 37 °C for 

increasing durations prior to addition to lysate.  
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showed that the association rates were not significantly perturbed by the introduction of  

modifications28. PNA5’ was also released from the target at a much faster rate than 5’, consistent 

with a previous report showing that -modifications suppress dissociation rates of PNA relative 

to the unmodified PNA28. The difference between the initial association rates for the two probes 

decreases to 3-fold when the quadruplex is destabilized in 100 mM LiCl, suggesting that the 

differential kinetics are not due entirely to the quadruplex structure (Figure 2.16B), and might be 

attributable to some inherent structure in the probes. 

Hybridization by OMe5’ was more than 40-fold slower than 5’ (Figure 2.16A), a trend that was 

slightly improved when the experiment was repeated in 100 mM LiCl (Figure 2.16B). The fact 

that quadruplex destabilization did not result in significant enhancement in hybridization suggests 

that the binding profile observed herein is due to the intrinsic properties of the probe. 2’-OMe 

oligomers retain the negatively charged, phosphodiester backbone of RNA/DNA. It is therefore 

possible that the electrostatic repulsion between this probe and the RNA target impedes facile 

hybridization, even when the quadruplex is destabilized. Importantly, the slow association rate for 

this probe helps explain its higher IC50 recorded in the luciferase assay (Figure 2.14), and the 

progressive improvements in translation inhibition following extended incubation times reported 

in Figure 2.16. Taken together, these results establish the functional superiority of PNA probes 

for translation inhibition mediated by quadruplex invasion in vitro, over other molecules (PNA 

and 2’-OMe) recently reported to invade stable G-quadruplexes and modulate their functions. 

 

 

 



82 
 

 

 

 

 

 

 

 

 

 

 

 

2.4 DISCUSSION 

The results presented above show that antisense PNA 12mers directed to a quadruplex-forming 

sequence within the 5’-UTR of a firefly luciferase reporter mRNA inhibit translation with IC50 

values in the low-mid nanomolar range. Importantly, the probes minimally inhibit a control 

transcript lacking the QFS and have no significant effect on overall ribosomal translation 

efficiency, demonstrating useful selectivity for future intracellular applications. We also observed 

an interesting variation in the antisense potencies depending on the site of recognition within the 

QFS, with hybridization to the 5’- and 3’-ends of the quadruplex and flanking regions yielding 

more potent inhibition than an internal site after pre-incubation at 37 ºC. Interestingly, this 

discrepancy in the antisense potencies was substantially diminished after pre-incubation at 60 ºC, 

demonstrating that kinetic effects exert significant control over the efficiency of translation 

 

Figure 2.16: Sensorgrams for hybridization of 50 nM 5’ (black curve), PNA5’ (red curve), or OMe5’ 

(blue curve) to immobilized 4G3 RNA. Running buffer contained 10 mM Tris-HCl (pH 7.4), 3 mM 

Na2EDTA, and 100 mM KCl (A) or 100 mM LiCl (B). All binding experiments were performed at 25 
oC. The same amount of RNA was immobilized prior to each injection of the probe. 
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inhibition by these probes. We illustrate below, some of the factors that contribute to these potent, 

temperature-responsive, and position-dependent antisense effects observed for the PNA probes. 

The inherently high affinity28 of γPNA for RNA drives quadruplex invasion and stable duplex 

formation at low γPNA and RNA concentrations. The intrinsic affinity of the probes is especially 

important in this context since the stable structure of 4G3 RNA imposes a thermodynamic penalty 

to hybridization that has to be compensated by the free energy of complex formation. This 

energetic barrier is likely to be exacerbated in a cellular context, where high salt concentrations 

could further stabilize the quadruplex target.  

Our results also demonstrate that access to the QFS matters at least as much as affinity in 

determining the functional outcome of the binding reaction. The significantly more potent 

antisense effect observed for 5’ than 3’ or Cen following incubation at 37 ºC occurs presumably 

because the flanking nucleotides on the 5’-end of the QFS facilitate initial nucleation of the probe 

in the vicinity of the quadruplex target. The resulting increased local concentration for 5’ might 

drive hybrid formation to a greater extent than for 3’ or Cen. We observe that the positional bias 

of antisense inhibition is significantly minimized following incubation at 60 ºC. It is likely that the 

elevated temperature destabilizes the quadruplex structure as well as nearby secondary structure, 

facilitating γPNA hybridization, suggesting that the rate-determining step is unfolding of the 

quadruplex secondary structure, consistent with a report from Green et al19 for hybridization of a 

complementary PNA to a DNA quadruplex derived from the human telomere sequence. 

PNA also exhibited important advantages over other antisense molecules (PNA and 2’-OMe) 

recently reported26, 34 to invade stable G-quadruplexes and modulate their downstream 

biochemical/biological effects. Translation inhibition by the PNA probe was more potent, more 
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specific or both, relative to the homologous PNA and 2’-OMe oligomers. The PNA probe is as 

potent as the PNA oligomer, but the significant off-target activity of the former makes it difficult 

to de-conflate its specific from non-specific effects in the context of the target reporter. It is 

possible that the rigid structure predicted for the PNA oligomer makes it less tolerant than the 

unmodified PNA to bulges resulting from off-target binding. Additionally, the slower off-rate 

observed for PNA relative to PNA in the SPR binding analyses suggests that the former might be 

kinetically trapped within its corresponding hybrid duplex with the target, thereby limiting its 

availability to potential off-target sites. The PNA probe was also more potent and specific than 

the 2’-OMe oligomer. In this context, the negatively-charged character of the phosphodiester 

backbone likely decelerates hybridization by the 2’-OMe probe and destabilizes its hybrid with the 

target. Regardless of the basis for these differences, the assay results provide evidence for the 

functional superiority of PNA over PNA and 2’-OMe in translation inhibition for this target. 

Our results can be compared to other recent reports of antisense approaches to modulate 

quadruplex function. In an important example, Murat et al reported that complementary DNA and 

RNA probes could invade the guanine quadruplexes formed within the coding sequence (CDS) of 

the Epstein-Barr virus maintenance protein and facilitate translation by previously-stalled 

ribosomes both in vitro and in vivo48. Evidently, ribosomal translocation was more adversely 

affected by the cluster of quadruplex structures in the native mRNA than by the hybrid duplexes 

formed by the antisense agents, resulting in increased translation48.  

Rouleau et al have provided a more closely related example by directing complementary 2’-OMe 

RNA antisense oligonucleotides (ASOs) to three-tetrad RNA quadruplexes located within the 5’-

UTR of both reporter and endogenous genes34. The quadruplex targets studied by the authors 

featured one long (12-13 nts) unstructured central loop and two peripheral single-nucleotide loops. 
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The authors demonstrated that complementary probes designed to bind the central two G-tracts 

and intervening loop nucleotides inhibited quadruplex formation in vitro and modestly enhanced 

translation in cellulo, an effect that was attributed to inhibition of quadruplex formation within the 

5’-UTR34. As in the previous case by Murat et al, this indicates that the heteroduplex formed by 

the antisense oligonucleotide and the mRNA is less inhibitory than is the endogenous quadruplex 

structure34, in contrast to our findings. (Interestingly, in vitro experiments indicated that the 

antisense oligonucleotide was unable to bind to a pre-folded RNA quadruplex. Nevertheless, 

statistically significant effects on translation were observed for both cellular reporters and 

endogenous mRNA targets, indicating that the ASOs were capable of hybridizing to their targets 

in cellulo.) At this point, it is unclear why the 2’-OMe ASO reported by Rouleau et al had a weak 

stimulatory effect on translation34, whereas our experiments with a 2’-OMe ASO led to weak 

inhibition. 

Eukaryotic translation is a complicated multi-step process controlled mainly by a rate-limiting 

initiation step49. Briefly, the 40S ribosomal subunit binds to specific structures in the 5’-UTR and 

scans this region of the transcript for the start codon49. Location of this signal is followed by 

recruitment of the 60S subunit to form the complete (80S) ribosomal machinery that proceeds with 

translation across the CDS49. In contrast to the aforementioned reports34, 48, we find that the 

quadruplex-to-hybrid duplex structural conversion results in further translation inhibition, 

indicating that the PNA-RNA hybrids are stronger impediments to ribosomal translocation than 

the starting quadruplex, even with the relatively short (12 bp) length of the heteroduplexes. 

At least three important factors might explain the divergence of our results from previous efforts 

to target RNA quadruplexes using antisense molecules. First, the position (UTR or CDS) of the 

hybrid resulting from quadruplex invasion might determine the effect of an antisense molecule on 
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ribosomal translocation. Second, the fact that the ribosomal structure varies depending on its 

position on the transcript (i.e. 40S in the 5’-UTR, 80S in the CDS) might impart differential effects 

on processing of structures encountered along the transcript. Third, even for hybrids formed in the 

same position, the affinity of the probes employed (e.g. 2’-OMe RNA or PNA) could determine 

their functional outcomes.  

In this context, we recently reported that a complementary PNA 8mer could bind to a DNA G 

quadruplex and enhance the accumulation of full-length products from primer extension by DNA 

pol . Interestingly, higher concentrations of the PNA probe simultaneously elicited strong 

inhibition at the predicted binding sites and increased the amounts of full-length products, 

suggesting that some of the bound PNA molecules were displaced by the translocating 

polymerase. These results are consistent with the hypothesis that PNA oligomers—carefully 

tuned in affinities for their targets, could be used to stimulate, rather than inhibit, nucleic acid 

processing.  It is therefore possible that, in the current demonstration, variation of the length of the 

PNA without altering the target site could very well result in a transition from translation 

stimulation to inhibition as the PNA length increases. Regardless of the basis for this divergence 

between our results and published data, the ability to enhance and suppress translation is likely to 

be useful, since regulation—by the strictest definition—requires that we can drive expression in 

both directions. 

Much remains to be learned about quadruplex invasion and antisense effects by PNAs. We intend 

to examine the number of overhanging bases required to drive efficient invasion, since secondary 

structures up- and down-stream of the quadruplex are likely to impact the accessibility of its 

adjacent nucleotides to antisense molecules. Application of structure-analysis methods such as 

SHAPE50 or footprinting51 and correlation with antisense activity might lead to a better 
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understanding of the extent to which local secondary structure affects PNA hybridization to 

quadruplexes. Enhancing gene expression with PNAs is also of interest to us. Such stimulation 

might be achieved by carefully tuning oligomer length to be simultaneously sufficient for 

quadruplex invasion yet susceptible to ribosomal displacement. 

It would also be interesting to examine the positional bias (if any) of γPNA antisense effects in 

vivo. Towards this end, additional modifications would be required on the probes for efficient 

intracellular delivery. Cellular membrane translocation of PNAs might be achieved by 

conjugating the probes to cell-penetrating peptides originally utilized for delivery of peptide 

fragments52. Additionally, Ly and coworkers have observed efficient auto-transfection of PNA 

oligomers possessing guanidinium functional groups at the γ-position of the PNA backbone53. 

Delivery of PNAs by polymeric nanoparticles has also been reported and represents a viable 

alternative54. 

In conclusion, our results demonstrate the efficacy of relatively short complementary PNAs for 

invading a stable RNA G quadruplex structure and inhibiting translation in cell lysate. The high 

affinity of PNA and the potential for discriminating among closely related quadruplex targets 

based on recognition of flanking nucleotides, as recently demonstrated by Basu and coworkers55, 

gives confidence that sequence-based targeting is a viable strategy for regulating G-quadruplex 

function. 
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CHAPTER 3 

INVASION OF FOUR- AND TWO-TETRAD G-

QUADRUPLEXES BY COMPLEMENTARY PNA OLIGOMERS 
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3.1 INTRODUCTION 

Guanine-rich sequences with potential to form four- or two-tetrad quadruplexes are becoming 

interesting targets for recognition due to recent reports assigning them causative roles in certain 

human diseases. Specifically, expansions of G4-
1 and G2-containing2 repeats have been implicated 

in the pathophysiology of certain neurodegenerative1 and neurodevelopmental2 disorders. 

Concomitant folding by some of these sequences into four-3-5 or two-tetrad6, 7 quadruplexes is now 

well established, while the molecular mechanisms underlying their respective contributions to 

disease progression are at different levels of development.   

For example, stable, four-tetrad, intramolecular quadruplexes within the G4C2 intronic repeats of 

the C9orf72 gene—the most frequently reported genetic cause of both amyotrophic lateral 

sclerosis and frontotemporal dementia8—induce premature transcription termination1, with the 

accumulation of abortive transcripts correlating positively with the degree of repeat expansion1. 

The molecular mechanism underpinning this phenomenon involves the sequestration of otherwise-

active nucleolin by G-quadruplex structures in the transcribed mRNA—resulting in a dispersed 

nuclear distribution of the protein, rather than localized accumulation in the nucleolus1. Also, 

expansions of the G2C repeat in the 5’-untranslated region (UTR) of the fragile X mental 

retardation 1 (FMR1) gene result in loss of function of the encoded protein (FMRP), leading to 

fragile x syndrome (FXS)2. Although quadruplex formation by the G-rich repeats has been 

established in vitro for synthetic, truncated DNA sequences6—their existence in the context of the 

full-length genomic DNA, and/or their precise contributions to disease pathology remain nebulous 

and constitute an active research area9.  

Both the established and speculated contributions of these G-quadruplex structures to disease 

pathology incentivize the development of specific sequence-recognition agents that could invade 
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four- or two-tetrad quadruplex targets and function as either therapeutics or probes for potential 

quadruplex function. However, while repeat expansions are prime candidates for antisense 

intervention10, 11, quadruplex-laden targets pose unique challenges to antisense targeting12, since 

the binding sites—although known, are not immediately accessible to the ligands. Further, four-

tetrad quadruplexes, even when present as isolated structures5, and two-tetrad quadruplexes, when 

present in clusters13—can pose a significant thermodynamic barrier to hybridization—likely 

exacerbated—as in C9orf721, by competing protein ligands. 

We recently showed that PNA14, 15 oligomers complementary to different regions of an RNA 

quadruplex forming sequence (QFS) could hybridize to their respective target sequences (Chapter 

2), even when the latter were partially or fully sequestered within a stable, three-tetrad, 

intramolecular G-quadruplex. The binding event resulted in exceptionally stable hybrid duplexes 

that were characterized by low-nM dissociation constants (KD). We also showed that these probes 

elicited dose-dependent inhibition of translation when directed against a QFS motif inserted into 

the 5-UTR of a luciferase reporter gene. Interestingly, we observed a strong positional bias in the 

potency of inhibition, with greater repressive effects observed for the probe directed to the 5’-end 

of the QFS (Chapter 2). 

The data presented in this chapter show that PNA oligomers complementary to the 5’-ends of 

both G2 and G4-rich RNA targets can hybridize to their respective cognate sequences, leading to 

stable hybrid duplexes with low/sub-nM dissociation constants. In some cases, PNA 

hybridization is accompanied by unfolding of a very stable existing quadruplex structure, 

necessitating that a second equivalent of the probe anneal to an additional site on the QFS to 

prevent refolding. The probes also readily overcome the kinetic barrier to hybridization posed by 

the stable quadruplex structure (where present)—an effect that is further enhanced by quadruplex-
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destabilizing buffer conditions. Finally, the probes are potent and specific inhibitors of translation 

when directed against G-rich inserts in the 5’-UTR of a reporter transcript.  

3.2 MATERIALS AND METHODS 

3.2.1 PNA/RNA/DNA Oligomers 

The γPNA oligomers (Chart 3.1) used for all experiments were purchased from PNA Innovations 

Inc. (www.pnainnovations.com) and included C-terminal L-lysine residues. RNA and DNA 

oligomers used were obtained from Integrated DNA Technologies (www.idtdna.com). Sequences 

of all biotinylated DNA oligonucleotides used as capture strands in SPR competition experiments 

and the RNA oligomers designed for SPR direct-binding experiments are also given below. 

(RNA/DNA sequences written 5’-3’.) 

 Sequence  

4G4 RNA (for SPR) 

4G2 RNA (for SPR) 

γ4G4 capture strand 

γ4G2 capture strand 

AGACCCAAGCACUAUAAGCUAGCGGGGAGGGGCGGGGUCUGGGGCGAUCC 

AGACCCAAGCACUAUAAGCUAGCGGAAGGCCGGUUCUGGCCGAUCC 

biotin– ATTACTAGCGGGGAGGATTA (DNA) 

biotin– ATTACTAGCGGAAGGCATTA (DNA) 

  

3.2.2 UV Melting Experiments 

Thermal melting experiments were performed on a Varian Cary 300 spectrophotometer equipped 

with a thermoelectrically-controlled multicell holder. Samples were prepared in a buffer 

containing 10 mM Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of 

KCl/LiCl. The solutions were incubated at 95 °C for 5 min and cooled to 15 °C at a rate of 1 °C 

/min. Subsequently, the annealed samples were incubated at 15 °C for 5 min, and a heating ramp 

was applied at 1 °C/min up to 95 °C. Melting curves were generated by monitoring absorbance 

values at 275 nm (for hetero-duplexes) and 295 nm (for quadruplexes) every 0.5 °C. Where 

http://www.pnainnovations.com/
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possible, the melting temperature (Tm) was determined from a first-derivative plot of the respective 

melting curve. Each reported melting temperature is the average of three independent experiments. 

3.2.3 Circular Dichroism (CD) Spectropolarimetry 

CD spectra were obtained on a Jasco J-715 circular dichroism spectropolarimeter equipped with a 

water-circulating temperature controller. Samples were prepared in a buffer containing 10 mM 

Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of KCl/LiCl. The samples 

were incubated at 95 °C for 5 min and cooled slowly to room temperature. All spectra were 

collected at 37 °C. Each spectrum was collected after 6 different scans (200 – 360 nm) at a scan 

rate of 100 nm/min and baseline corrected. The CD spectra for 3 different samples were collected 

and averaged. 

3.2.4 Surface Plasmon Resonance (SPR) Experiments 

All SPR experiments were performed on a Biacore T100 instrument equipped with a four-channel 

CM5 sensor chip (GE Health Care). The sensor chip was coated with a carboxylmethyl dextran 

matrix that allows further functionalization with streptavidin via a standard NHS-EDC coupling 

procedure. Covalent immobilization of streptavidin was continued until 7000 response units (RU) 

of the protein were captured on each of the four channels (flow cells). The final step of the sensor 

design involved non-covalent immobilization of a biotinylated capture strand on the streptavidin-

modified surface.  

The sensor surface was primed by a buffer injection [100 mM KCl/LiCl, 10 mM Tris-HCl (pH 

7.4), 3 mM Na/Li2EDTA, and 0.005 % v/v P-20 surfactant] prior to all experiments. The capture 

strand utilized for direct-binding studies with either 4Gx RNA was a biotinylated 15mer PNA 

oligomer that was designed to hybridize to a complementary sequence appended to the 5’-end of 
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the RNA QFS. The active flow cell was modified with a high density (1000 RU) of the biotinylated 

PNA capture strand. Immobilization of the target RNA was then performed by injecting a 100 

nM solution (pre-annealed for 2 h) over the active flow cell for 400 s (flow rate = 50 µL/min) until 

a medium density (300 RU) of the RNA accumulated on the surface. A short dissociation phase 

(20 s) was introduced to remove any unhybridized or loosely-bound RNA from the surface. 

To study PNA hybridization to the immobilized RNA, 50 nM of each probe was injected for 400 

s (flow rate = 30 µL/min) over both the active and reference flow cells, after which the buffer 

injection was restarted and continued for 600 s to monitor dissociation of the hybrids. The sensor 

surface was regenerated with a solution of 10 mM NaOH and 1 M NaCl (2x for 30 s), and another 

buffer injection (120 s) was introduced to wash off residual regeneration solution. The sensor 

surface was replenished with fresh RNA, and subsequent binding studies were continued by simple 

iterations of the aforementioned steps. The initial association rates were calculated based on the 

times required to reach 5 RUs of bound PNA, similar to a procedure utilized by us in an earlier 

report16. 

For the competition assay17, 1000 RU of a DNA capture strand was immobilized on the surface of 

the chip. The flow cell containing the capture strand was subsequently calibrated for the free γPNA 

concentration by injecting a series of solutions containing 5 – 50 nM of the free probe for 200 s.  

The slopes for the sensorgrams were obtained over a 10 s window (beginning 30 s post-injection) 

and plotted against the concentration of free γPNA to obtain a linear regression curve.  

A fixed concentration of each γPNA probe (10 or 20 nM) was then incubated with increasing 

concentrations of the pre-annealed RNA target at 25 °C for 2 hours prior to injection over the 

sensor surface. The slopes for the resulting sensorgrams were then used to obtain the amounts of 

free PNA in equilibrium with the hybrid using the previously-generated regression curve 
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(equation 1). Further, the concentration of bound PNA was calculated by assuming that the system 

obeys the mass conservation condition (equation 2). 

[𝛾𝑃𝑁𝐴]𝑓𝑟𝑒𝑒 =  
𝑆𝑙𝑜𝑝𝑒40−50 𝑠

𝑀
     𝑬𝒒𝒏 𝟏 

𝑀 = 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 

[𝛾𝑃𝑁𝐴]𝑇𝑜𝑡𝑎𝑙 =  [𝛾𝑃𝑁𝐴]𝑓𝑟𝑒𝑒 +  [𝛾𝑃𝑁𝐴]𝑏𝑜𝑢𝑛𝑑     𝑬𝒒𝒏 𝟐 

The bound-probe concentration, in turn, corresponds to the amount of hybrid (duplex) formed for 

a system involving two interacting components (equation 3). Therefore, the accumulation of the 

duplex after each addition of the RNA target could be determined and fit to a Langmuir isotherm 

that accounts for ligand depletion (equation 4), where [𝑃]𝑇 = total PNA concentration; [𝑅]𝑇 = 

total RNA concentration; 𝐾𝐷 = equilibrium dissociation constant.  

[𝛾𝑃𝑁𝐴]𝑏𝑜𝑢𝑛𝑑 ≡ [𝐷𝑢𝑝𝑙𝑒𝑥] =  [𝛾𝑃𝑁𝐴]𝑇𝑜𝑡𝑎𝑙 − [𝛾𝑃𝑁𝐴]𝑓𝑟𝑒𝑒    𝑬𝒒𝒏 𝟑 

[𝐷𝑢𝑝𝑙𝑒𝑥] =  
𝑏 −  √𝑏2 − 4 • [𝑃]𝑇 • [𝑅]𝑇

2 • [𝑃]𝑇
    𝑬𝒒𝒏 𝟒 

𝑏 =  [𝑅]𝑇 + [𝑃]𝑇 +  𝐾𝐷 

 

3.2.5 Template Production and In Vitro Transcription 

The DNA template containing the target sequence upstream of the firefly luciferase gene (4Gx 

reporter) was amplified by Polymerase Chain Reaction (PCR) using Taq DNA polymerase (New 

England Biolabs)  and two sequence specific primers: forward primer (5’-

AATACGCAAACCGCCTCTC-3’) and reverse primer (5’-GGTGATGTCGGCGATATAGG-

3’).  A similar procedure was also used to obtain a control reporter without the target sequence 

upstream of the luciferase coding sequence. The resulting DNA fragments were purified using a 
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GeneJET PCR purification kit (ThermoFisher) according to the manufacturer’s instructions. The 

integrity and length of each PCR product were verified using a 1 % agarose gel and electrophoresis. 

The purified DNA templates were transcribed in vitro using a cocktail consisting of T7 RNA 

polymerase (100 units) and a mixture of the ribonucleotide triphosphates (500 µM of each NTP) 

in a total reaction volume of 100 µL at 37 oC for 2 h. The resulting mRNA transcripts were purified 

using the GeneJET RNA clean-up Micro Kit (Thermo Scientific) according to the manufacturer’s 

instructions. The final mRNA concentrations were estimated by UV spectroscopy. The extinction 

coefficient of each mRNA transcript was assumed to be the sum of the molar absorptivities of each 

nucleobase, and the recorded absorbance (at 260 nm) was assumed to be unaffected by any 

(undetermined) secondary folding of the transcripts. The nucleotide sequences for the UTRs in 

both the experimental (4Gx) and control transcripts are presented below, with the quadruplex-

forming fragment, where present, highlighted in bold and upper-case, and underlined. 

4G4: gagacccaagcuuucagauccgcuagcGGGGAGGGGCGGGGUCUGGGGcgauccagccaccaug  

4G2: gagacccaagcuuucagauccgcuagcGGAAGGCCGGUUCUGGccgauccagccaccaug 

Control: gaucuaauaucuacuuaagaacacaaaacucgagaaccaug 

3.2.6 Cell-Free Translation 

A translation reaction was typically performed by incubating the purified transcripts in a mixture 

containing nuclease-treated rabbit reticulocyte lysate (70 % v/v) (Promega), 10 µM amino acid 

mixtures minus leucine, 10 µM amino acid mixtures minus methionine and 20 units RNasin 

ribonuclease inhibitor (50 µL total reaction volume) at 30 oC for 1.5 h. Experiments to examine 

the effect of each PNA on luciferase production were performed by pre-incubating the mRNA 

with requisite amino acids and increasing concentrations of the PNA in a buffer containing 79 
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mM KCl and 7.9 mM Tris-HCl (pH = 7.4) to a total volume of 19.5 µL at 37 oC for 1 h. Each 

subsequent translation reaction was started by adding 30.5 µL of the rabbit reticulocyte lysate to 

the pre-incubated mixture, and the final mixture was incubated at 30 oC for 1.5 h. Finally, we 

performed a luciferase assay by incubating 10 µL of the translation products with 50 µL of a 

reagent cocktail (D-luciferin, Mg2+, and ATP) (Promega) to estimate the relative amounts of 

enzyme produced from the mRNA reporter. Luciferase activity was estimated as relative light units 

(RLU) on a Tecan Infinite M1000 Plate Spectrometer. 

  



101 
 

3.3 RESULTS 

3.3.1 Target Selection and Probe Design 

Two G-rich targets (4G4 and 4G2, Chart 3.1) were selected based on the 4G3 sequence reported 

in Chapter 2. We previously showed that 4G3 folds into an intramolecular G-quadruplex 

consisting of three stacked G-tetrads, with consequent repressive effects on translation (Chapter 

2). By inserting (as in 4G4) or mutating (as in 4G2) one guanine within each G3 tract of 4G3, we 

constructed additional reporter transcripts predicted to possess quadruplex motifs with divergent 

biophysical and/or biochemical properties relative to 4G3. These constructs were expected to yield 

insight into any existing nexus between the stability of the quadruplex motif and its repressive 

effects on translation—as has been suggested in a previous report.18 Further, two- and four-tetrad 

quadruplexes—as are predicted for 4G4 and 4G2, respectively—have recently been studied as 

regulatory or causative elements in gene expression19 and human disease1. Therefore, we sought 

to explore these structures as targets for recognition by complementary PNA oligomers. 

Chart 3.1: Sequences of PNA and RNA oligomers used in this study. (RNA sequences written 5’-3’ and 

PNA sequences written C-N. Underlined Gs are predicted to participate in G tetrads.) 

            Oligomer Sequence  

4G4 RNA 

4G2 RNA 

γ4G4 

  GCUAGCGGGGAGGGGCGGGGUCUGGGGCGAUCC 

  GCUAGCGGAAGGCCGGUUCUGGCCGAUCC 

   GATCGCCCCTCC 

γ4G2 

4G4 rComp 

4G2 rComp 

   GATCGCCTTCCG 

   CUAGCGGGGAGG 

   CUAGCGGAAGGC                           

  

12mer PNAs (Chart 3.1) complementary to the 5’-end of each respective QFS were employed as 

probes in our study. The choice of this position (5’-end) was informed by our previous observation 

of a positional, kinetically influenced bias in the potency of inhibition by complementary PNAs 
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targeted to different regions of a QFS motif in the context of a luciferase reporter assay (Chapter 

2). Further analyses revealed that recognition of the 5’-overhanging nucleotides of the quadruplex 

was crucial to translation inhibition by the most potent probe (Chapter 2). We therefore designed 

4G4 and 4G2 (Chart 3.1) to recognize the 5’-overhanging nucleotides of their respective 

quadruplex targets, in addition to seven internal nucleotides of the QFS (Scheme 3.1).  

 

 

 

 

 

 

 

 

 

3.3.2 Biophysical Characterization of 4G4 and 4G2 RNAs 

 4G4 

Quadruplex folding by this sequence was predicted to result in four stacked G-tetrads, with non-

bonded yet internal residues extruded to the loops (1, 1, and 3 nts, respectively). CD spectra of 

4G4 (in KCl) possessed a minimum and a maximum at 245 and 265 nm, respectively—both of 

which were diminished when identical experiments were performed in LiCl (Figure 3.1A). Both 

the positions of the peaks and their attenuation upon the cation switch are consistent with parallel 

quadruplex20 folding by this RNA sequence in KCl, and its unfolding in LiCl21. Evidence of 

Scheme 3.1

 

Recognition of 4G4 or 4G2 RNA targets by PNA oligomers complementary to the respective 5’-ends 
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quadruplex stability was also obtained from UV melting analyses, where we observed a 

hypochromic melting transition22 for 4G4 in 1 mM KCl (Tm = 61.9 ± 0.7 °C), which was eliminated 

in 1 mM LiCl (Figure 3.1B). Importantly, quadruplex stability is concentration-independent, as 

melting experiments performed with a five-fold higher concentration of the RNA showed a similar 

transition temperature (Figure B1). This result confirms that the folding reaction is unimolecular 

and results in an intramolecular quadruplex, as was suggested in a previous report18 on a very 

similar sequence.  

 

 

 

 

 

 

 

 

 

 4G2 

Although this sequence was predicted to fold into a quadruplex bearing two stacked G-tetrads, CD 

analyses revealed no differences, in either peak positions or intensities, between the K+ and Li+-

bound forms of the RNA (Figure 3.2A). UV-melting analyses on 4G2 also showed identical 

hyperchromic transitions in KCl and LiCl buffers (Figure 3.2B). While these data suggest that 4G2 

does not adopt a quadruplex fold under the conditions of our experiments, it is possible that folding 

 

Figure 3.1. Biophysical characterization of 4G4 RNA quadruplex. CD spectra (A) and UV-melting 

curves (B) of 4G4 RNA target. All samples contained 2 µM RNA buffered in 1 mM KCl (closed circles) 

or 1 mM LiCl (open circles).  
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might occur at elevated salt concentrations (>100 mM K+) and/or the crowded environment of the 

cell lysates—neither of which are accurately simulated here. 

 

 

 

 

 

 

 

 

 

 

3.3.3 Biochemical Characterization of 4Gx RNAs 

We next sought to examine the effects of the 4G2 and 4G4 RNA sequences on luciferase 

production from transcripts bearing the respective G-rich elements in their 5’-UTRs. Figure 3.3 

shows translation efficiencies (presented as % RLU) for 4G2 and 4G4 reporter transcripts, relative 

to the control reporter devoid of a G-rich insert. (Data for 4G3 is also included for comparison.) 

We observe 20 % translation inhibition by 4G4, an effect less than that observed with 4G3 (Figure 

3.3). Further, translation inhibition by 4G2—previously observed to be absent a stable quadruplex 

fold—was greatest among the three inserted G-rich motifs. 

An explanation for this magnitude of inhibition by 4G2 RNA is unknown. It is possible that the 

UTR for this reporter possesses a stable alternate structure with greater repressive effects on 

 

Figure 3.2. Biophysical characterization of 4G2 RNA quadruplex. CD spectra (A) and UV-melting 

curves (B) of 4G4 RNA target. All samples contained 2 µM RNA buffered in 100 mM KCl (closed 

circles) or 100 mM LiCl (open circles).  
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translation than 4G3 or 4G4. Therefore, structure elucidation methods23, 24 to determine the fold 

adopted by this UTR in the context of the mRNA transcript will prove useful in future studies. 

Importantly, however, all three 4Gx constructs studied here exhibit disparate translation 

efficiencies relative to the control, suggesting a possible—if incompletely understood—regulatory 

effect on translation by these G-rich elements. 

  

 

 

 

 

 

 

 

3.3.4 Characterization of 4Gx-PNA Hybrids 

 4G4 + 4G4 

The PNA oligomer complementary to the 5’-end of the 4G4 QFS (4G4) was examined for its 

ability to form a stable hybrid with its complementary sequence, part of which would be 

sequestered by the stable quadruplex fold observed for 4G4. Results from CD and UV-melting 

analyses on the 4G4-4G4 duplex are presented in Figure 3.4. While CD spectra alone are 

insufficient evidence of hybridization, as the peak positions for parallel RNA G-quadruplexes25 

and RNA-PNA hybrid duplexes26 are similar, the spectrum presented in Figure 3.4A shows a 

minimum at 295 nm that is absent in that for 4G4 (Figure 3.1). This peak has been observed in 

 

Figure 3.3. Biochemical Characterization of 4Gx 

RNAs. Luminescence intensity (expressed as % RLU) 

for 4Gx reporter and No G3 control transcripts. 
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Figure 3.4. Biophysical Characterization of 4G4-4G4 Hybrid. CD spectrum (A) and UV-melting curve 

(B) of 4G4-4G4. All samples contained 2 µM RNA and 2 µM PNA in 100 mM KCl. 
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previous reports of RNA-PNA duplexes26 and suggests hybridization between the two binding 

partners tested here.  

The thermal stability for the hybrid could not be assessed, as melting curves generated at 275 nm 

yielded incomplete, non-cooperative melting transitions (Figure 3.4B). However, the fact that we 

fail to observe a complete transition at 95 °C suggests a high thermal stability for the hybrid. 

Importantly, the hypochromic transition recorded for 4G4 (Figure 3.1B) is abolished in the 

presence of an equimolar amount of 4G4 (Figure B2), suggesting that under these conditions, and 

for these concentrations of probe and target, the resulting hybrid duplex is more stable than the 

4G4 quadruplex. 

 

 

 

 

 

 

 

 

 

SPR competition experiments17 were employed to obtain the KD value for the hybrid duplex. 

Figure 3.5 presents the binding isotherm constructed by titrating 4G4 with increasing 

concentrations of the 4G4 RNA. (For sensorgrams and calibration curve, see Figure B3.) We 

observed that the PNA forms a relatively tight hybrid with the RNA target, with KD = 0.94 nM. 
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Figure 3.5. Binding Isotherm for 4G4-4G4 Hybrid.  
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Although the fit is non-ideal (Figure 3.5), this sub-nanomolar affinity is impressive, since the 

intrinsic structure of the RNA target poses a significant thermodynamic barrier to hybridization 

that has to be compensated by the free energy of the binding reaction. (Interestingly, the data fit 

better to a two-site model with two identical KD values. However, we currently have no reasonable 

physical interpretation for that result.) It is likely that the high G-C content (75 %) of the probe 

imparts significant thermodynamic stability to the resulting duplex, thus compensating for the 

energy investment to unfold the quadruplex structure in the target. Additionally, quadruplex 

invasion by the probe results in a relatively long (20 nt) stretch of overhanging bases on the 3’-end 

of the RNA that could stabilize the duplex by stacking on the terminal hybrid base pair, as we have 

suggested in a previous report27. 

 

 

 

 

 

 

 

 

Table 3.1. Equilibrium dissociation constants (KD, nM) for PNA-RNA hybrid duplexes formed with 

4Gx RNA and truncated complementary RNA targets. 

 

PNA 4Gx RNA 4Gx-rComp 

   

4G4 0.94 ± 0.33  3.02 ± 0.35 

4G2 0.14 ± 0.03 0.19 ± 0.02 

   



108 
 

 

Figure 3.6. Biophysical Characterization of 4G2-4G2 Hybrid. CD spectrum (A) and UV-melting curve 

(B) of 4G2-4G2. All samples contained 2 µM RNA and 2 µM PNA in 100 mM KCl. 
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 4G2 + 4G2 

Hybridization by 4G2 to its complementary sequence within the 4G2 QFS was expected to be 

unhindered, as no quadruplex folding was detected in the latter (Figure 3.2A). Indeed, the 

minimum at 295 nm in the CD spectrum for the hybrid confirmed duplex formation (Figure 3.6A), 

as was observed for the 4G4-4G4 reaction. Further, the resulting hybrid is very thermally stable, 

eliciting an incomplete transition even at 95 °C (Figure 3.6B). 

 

 

 

 

 

 

 

 

 

SPR competition experiments17 were used to construct the binding isotherm presented in Figure 

3.7. (See Figure B4 for sensorgrams and calibration curve.) The data fit well to a one-site binding 

model, yielding a KD = 140 pM (Figure 3.7 and Table 3.1). The higher affinity recorded for this 

probe, relative to 4G4, is likely a consequence of the absence of a stable quadruplex fold in its 

RNA target. Importantly, the affinity recorded here is similar—in order of magnitude—to values 

reported earlier for hybridization of PNAs to unstructured complementary RNA targets14.  
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Figure 3.7. Binding Isotherm for the 4G2-4G2 

Hybrid.  
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3.3.5 Characterization of rComp-PNA Hybrids 

 4G4-rComp + 4G4 

To further understand hybridization of 4G4 to its complementary sequence within the QFS, a 

series of biophysical experiments were next performed on the hybrid duplex formed between the 

probe and a truncated RNA target (4G4-rComp) bearing only the nucleotides complementary to 

4G4. A CD spectrum of the hybrid possessed a minimum at 295 nm (Figure 3.8A), characteristic 

of antiparallel PNA-RNA duplexes.26 The incomplete melting transition (Figure 3.8B)—although 

indicative of a high thermal stability for the hybrid, necessitated the application of SPR 

competition experiments to determine the corresponding KD value.  
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Figure 3.8. Biophysical Characterization of 4G4rComp-4G4 Hybrid. CD spectrum (A) and UV-

melting curve (B) of 4G4rComp-4G4. All samples contained 2 µM RNA and 2 µM PNA in 100 mM 

KCl. 
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The binding isotherm for the hybrid is presented in Figure 3.9. The data fit well to a one-site 

binding model, and the KD (3.02 nM, Table 3.1) is indicative of a relatively tight complex. (SPR 

sensorgrams and calibration curve are presented in Figure B5.) Interestingly, the affinity of 4G4 

for the truncated target (4G4-rComp) is ~ 3-fold lower than that for the 4G4 target (Table 3.1). 

We have not performed melting experiments to check for the existence of a stable structure in 

4G4-rComp that might also present a thermodynamic barrier to duplex formation with the probe.  

However, such resistance—if it exists, is unlikely to be greater than that posed by the 4G4 target, 

since this sequence (4G4-rComp) possesses only one G4 tract, and thus can only form a 

tetramolecular quadruplex consisting of four stacked G-tetrads (Chart 3.1). (Intermolecular 

quadruplex formation in the truncated target might also account for the 15-fold higher KD recorded 

for the 4G4/4G4-rComp hybrid, relative to the 4G2/4G2-rComp hybrid, Table 3.1) 

Additionally, while it is likely that the overhanging bases in the longer target—and absent in 4G4-



111 
 

 

Figure 3.9. Binding Isotherm for the 4G4rComp-4G4 

Hybrid.  
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rComp, confer greater thermodynamic stability to the hybrid formed with the former, it is 

currently not clear whether such effects will account for a 200 % variation in the KD values between 

the respective duplexes. 

   

 

 

 

 

 

 

 

 4G2-rComp + 4G2 

Identical analyses were performed to understand hybridization of 4G2 to its complementary 

sequence. CD and UV-melting (Figure 3.10A and B, respectively) experiments confirmed 

formation of a stable hybrid between the probe and its truncated complementary sequence (4G2-

rComp). As with 4G4—the thermal stability of the hybrid, and consequent incomplete melting 

analysis, necessitated SPR competition experiments for affinity measurements. Figure 3.11 

presents the binding isotherm constructed by titrating 4G2 with increasing concentrations of 4G2-

rComp. (SPR sensorgrams and calibration curve presented in Figure B6.) 
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Figure 3.10. Biophysical Characterization of 4G2rComp-4G2 Hybrid. CD spectrum (A) and UV-

melting curve (B) of 4G2rComp-4G2. All samples contained 2 µM RNA and 2 µM PNA in 100 mM 

KCl. 
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Figure 3.11. Binding Isotherm for the 4G2rComp-4G2 

Hybrid.  
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We obtained a KD value = 190 pM for the hybrid duplex (Table 3.1). Interestingly, this value is 

similar to that obtained with the full-length (4G2) target—suggesting that the thermodynamic 

penalty incurred by the probe is the same for hybridization to both the full-length and truncated 

targets. These data are consistent with results from CD and UV-melting experiments showing that 

4G2 does not form a stable quadruplex. 
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3.3.6 SPR Direct-Binding Analyses on 4Gx Targets        

To directly interrogate the interactions between the PNA probes and their respective G-rich 

targets, we employed SPR direct-binding experiments wherein the RNA targets were non-

covalently immobilized on the SPR chip (see Chapter 2). The sensorgrams are corrected for the 

immobilization levels of the RNA target—and, where a buffer change was made, care was taken 

to ensure identical immobilization levels for the RNA target under both buffer conditions.  

 4G4 + 4G4 

While the PNA probe readily overcomes the kinetic barrier to hybridization posed by the stable 

4G4 quadruplex (Figure 3.12A, black curve), destabilization of the target in Li+ led to a strong (~ 

6 fold) amplification in binding (Figure 3.12A, red curve), presumably due to the increased 

accessibility of the complementary sequence. We also observed faster release kinetics in the 

presence of Li+ than in K+. This result is surprising, since the latter buffer is expected to stabilize 

the QFS resulting from dissociation, potentially accelerating 4G4 release. Importantly, however, 

the acceleration in binding following target destabilization is an interesting demonstration of the 

inertia to binding introduced by a stable structure in the target strand.   

 4G2 + 4G2 

Figure 3.12B presents sensorgrams for 4G2 binding to- and dissociating from the immobilized 

4G2 RNA. While we observe binding between the probe and target under both conditions, no 

cation-specific binding enhancements are observed in this interaction, unlike with 4G4. This 

consistency in binding responses following ostensible target destabilization (Figure 3.12B) is 
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further evidence that 4G2 RNA does not fold into a stable quadruplex under these conditions. We 

currently have no explanation for why so little 4G2 bound to the RNA in either buffer, since all 

sensorgrams were corrected for the immobilization level of the RNA target.    

3.3.7 4G3 + 4G3 

Results from identical analyses with 4G3 (5’ in Chapter 2) were compared with those for the 

4G4 and 4G2 probes. Quadruplex invasion was accomplished by this probe in K+ (Figure 3.12C, 

black curve), an outcome that was amplified when the target was destabilized in Li+ (Figure 3.12C, 

red curve). Interestingly the signal (binding) enhancement recorded upon quadruplex 

destabilization for this probe was less than that for 4G4 (6.7-fold for 4G4; 3.6-fold for 4G3). 

This result is not due to disparate binding responses to the stable quadruplexes, since both probes 

elicit identical binding profiles to their respective targets in KCl (Figure B7a). Rather, we observe 

that the binding responses in LiCl account for this difference (Figure B7b), suggesting that the 

aforementioned buffer has a greater ‘opening’ effect on the 4G4 than the 4G3 target. While the 

basis for this result is unknown, our results, taken together, show that the complementary PNA 

probes can overcome the inherent structure of RNA quadruplexes and gain access to their binding 

sites. 
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Figure 3.12. Sensorgrams for hybridization of 50 nM PNAs to 4Gx RNA targets. 4G4 + 4G4 (A) 

4G2 + 4G2 (B) 4G3 + 4G3 (C). Running buffer contained 10 mM Tris-HCl (pH 7.4), 3 mM 

Na2EDTA, and 100 mM KCl (black curve) or 100 mM LiCl (red curve). All binding experiments were 

performed at 25 oC. Sensorgrams are corrected for the immobilization level of each RNA. 

 

 

 

 

 

 

 

 

 

 

 

 

0 200 400 600 800 1000

0

100

200

300

B

R
es

p
o

n
se

 (
R

U
)

Time (s)

 K
+

 Li
+

 

 

0 200 400 600 800 1000

0

100

200

300

C

R
es

p
o

n
se

 (
R

U
)

Time (s)

 K
+

 Li
+

 

 

0 200 400 600 800 1000

0

100

200

300

R
es

p
o

n
se

 (
R

U
)

Time (s)

 K
+

 Li
+

A

 

 

 

 

 

 

 

 

 

 

 

3.3.8 Effects of 4G4 and 4G2 on Translation  

We next examined the functional implications of PNA binding in the context of a luciferase 

reporter assay. Luciferase mRNA transcripts bearing the G-rich inserts in their 5’-UTRs were 

titrated with increasing concentrations of the respective complementary PNA probes. Control 

experiments were also performed using luciferase transcript devoid of the 5’-UTR G-rich inserts. 

 4G4  

We observed dose-dependent inhibition of translation by this probe, with IC50 = 15 nM (Figure 

3.13A and Table 1). Additionally, no activity was detected against the control reporter, even at the 

highest dose of the probe (Figure 3.13A, open squares), suggesting that translation inhibition 

results from a specific binding event. The potency recorded for this probe is impressive, since 

recognition of its binding site is likely accompanied by unfolding of a stable four-tetrad 

quadruplex. Further, the inertness of the probe to the control reporter is important, since the C4 
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Figure 3.13. Effects of PNAs on mRNA translation. Dose response curves for 4G4 (A) or 4G2 (B) 

oligomers against 4Gx target (filled squares) or control (open squares) reporters. [mRNA] = 10 nM, and 

RNA-PNA samples were incubated for one hr at 37 °C prior to adding to lysate. Data are normalized 

to 100% for the samples that lacked any PNA probe. 
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tracts within the probe could, in principle, bind to other G-rich, non-QFS domains present in the 

coding sequence. 

 4G2 

This probe also displayed potent inhibition of translation (IC50 = 20 nM, Table 3.1) in the presence 

of the target reporter, with only modest off-target inhibition at the highest concentration tested, 

when applied against the control transcript (Figure 3.13B). Although concerning, the off-target 

effect is de-emphasized by the near-absolute inhibition of the target reporter with 75 nM 4G2—

a concentration at which we see minimal effects on the control. Taken together, these results 

establish complementary PNA oligomers as effective probes for invasion of stable G-

quadruplexes (where present in 5’-UTRs), with resultant inhibitory effects on translation. 
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3.4 DISCUSSION 

The results presented in this chapter demonstrate that PNA oligomers complementary to the 5’-

ends of G-rich RNA targets can hybridize with high affinities to their respective target sequences. 

Quadruplex folding—where present, is sufficient to decelerate and weaken, but insufficient to 

preclude, hybridization between the probes and targets. The resulting hybrids are exceptionally 

stable, with the ΔG for complexation compensating for the energy investment to unfold any 

existing quadruplex structure. Importantly, the PNA oligomers elicit potent inhibition of 

translation mediated by a specific binding event.  

Extending the recognition to 4G4 and 4G2 RNA targets is an important advance in the application 

of complementary PNA oligomers for quadruplex invasion, since these targets display disparate 

biophysical and biochemical properties relative to the 4G3 RNA target studied in Chapter 2.  4G4 

forms a stable, intramolecularly folded quadruplex that exerts a moderately inhibitory effect on 

translation. Conversely, we failed to observe characteristic quadruplex signatures for 4G2 RNA, 

even though this sequence, when inserted into the 5’-UTR of the reporter transcript—produced 

strong repressive effects. It is possible that quadruplex formation by 4G4 is disfavored by 

competing secondary structures that are less obstinate to 43S scanning in the 5’-UTR. 

Additionally, a putative 4G2 quadruplex could be reinforced by molecular crowding in the cell 

lysates or adjacent structures in the 5’-UTR which coalesce to pose a strong impediment to 

scanning. Together, our data show that these targets have differential effects on translation, while 
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also accentuating the need to apply structure elucidation methods, such as SHAPE23 and/or foot 

printing24 analyses, to understand/verify quadruplex folding in future reports. 

Our results on the basal levels of translation for the 4Gx reporters contrast with a previous report 

from Kumari et al showing systematic enhancements in the translation efficiency for the 

quadruplex-laden transcripts with progressive destabilization of the quadruplex structures18. 

Importantly, however, the aforementioned authors presented the 4Gx sequences in the context of 

the natural (236 nt) NRAS 5’-UTR18, whereas our results were obtained for 4Gx sequences inserted 

into a synthetic (~60 nt) 5’-UTR. It is possible that the different sequence context applied here 

induces alternate folding patterns for the inserted G-rich motifs or reinforces the existing 

quadruplex folds to different extents, resulting in effects on translation that cannot be explained 

by biophysical data obtained for the isolated sequences in buffer solution. 

Indeed, the importance of sequence context in elucidating the putative functional effects of G-

quadruplex structures was further demonstrated by a report from Maiti and coworkers, wherein a 

QFS within the 5’-UTR of TGFβ2 mRNA repressed translation when placed in the context of an 

artificial 5’-UTR, but enhanced translation when in the context of the natural TGFβ2 5’-UTR28. 

These results emphasize the importance of comprehensive structural characterization of the G-rich 

motifs within the natural sequence context prior to conclusive statements on their biochemical or 

biological effects. 

Data presented in Chapter 2 highlighted the relevance of overhang recognition to translation 

inhibition by the most potent probe. The extent to which this contribution affects the activities of 

4G4 and 4G2 is likely determined, in part, by the structural context of the QFS in the 5’-UTR, 

i.e. structures adjacent to the quadruplex might occlude overhanging bases to different extents. In 

general, however, future efforts should seek to correlate structural insight on the entire quadruplex-
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laden UTR with the activities of complementary ligands, especially those directed to flanking 

bases.  

In conclusion, these results demonstrate the potential for applying complementary PNA 

oligomers as reagents for translation inhibition mediated by quadruplex invasion. Recent advances 

in the delivery of PNA oligomers29, 30, coupled with the rapid pace of discovery of QFS motifs 

and/or their functions, make us confident that this class of reagents will find broad use in the 

biomedical research community.  
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CHAPTER 4 

G-QUADRUPLEX INVASION AND TRANSLATION 

INHIBITION BY HOMOLOGOUS PNA/PNA OLIGOMERS 
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4.1 INTRODUCTION 

The rapid pace of discovery of novel regulatory roles for guanine (G)-quadruplexes incentivizes 

the development of ligands capable of recognizing these non-canonical structures, with resultant 

effects on their biochemical and/or biological functions (reviewed in Chapter 1). Such reagents 

would find use either as therapeutics—where an unambiguous nexus exists between quadruplex 

formation and disease pathogenesis1, or as discovery probes for elucidating the mechanistic 

contributions of quadruplex structures to biological processes. Towards this end, sequence-

recognizing agents that anneal to the primary structure, rather than shape, of the quadruplex are 

being developed, in part because of the potential for specific binding, and the requirement for little 

upfront knowledge of the quadruplex structure (beyond its sequence) ahead of ligand design. 

Although oligomeric complementary ligands2-11 that anneal to the quadruplex-forming sequence 

(QFS) by Watson-Crick hydrogen bonding12 represent the most obvious members of this reagent 

class—our group9, 13-19, and others20-23, have demonstrated the potential for QFS recognition by 

peptide nucleic acid (PNA) oligomers presenting homologous (G-rich) nucleobases to the QFS 

target. Our first demonstration of this alternative recognition mode utilized a PNA molecule 

homologous to the Oxytricha nova telomeric repeat to hybridize a synthetic DNA strand based on 

the repeat motif13. Hybridization occurred via a strong exergonic reaction, resulting in a very stable 

PNA-DNA hetero-quadruplex that aligned the PNA N-terminus with the DNA 5’-end13. Further, 

the resulting complex displayed cation sensitivity characteristic of quadruplex structures, even 

though the impacts of varying cation concentrations were less pronounced than in an analogous 

DNA homoquadruplex13.  
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We extended this recognition mode to an RNA quadruplex-forming target, whereby a PNA 

oligomer homologous to a region of the RNA sequestered in the quadruplex fold was shown to 

invade the target—resulting in a more stable RNA-PNA hybrid quadruplex14, 15. The binding 

reaction resulted in a ternary complex consisting of two PNA molecules annealed to the same RNA 

strand14, 15. This result led to the insight that true homology—where the PNA nucleobases are 

entirely homologous to those of the target—was not requisite for binding. Rather, ‘G-homology’—

where G-nucleobases are presented at the same intervals in the probe as they occur in the target—

was sufficient to mediate heteroquadruplex formation14, 15.  

The same principle was demonstrated in a subsequent report from our group, wherein we showed 

that a homologous PNA probe formed a ternary complex with a DNA QFS, despite the presence 

of only one perfectly homologous sequence on the target16. In fact, the binding reaction resulted 

in a very tight complex (KD = 5 nM)—an impressive feat, given the relatively small size (8mer) of 

the probe, and the extrusion of non-bonded intervening residues16.  

This degeneracy in recognition—where G-homology instead of perfect homology would suffice 

for binding—proved useful in subsequent attempts to tune the selectivity of homologous PNA 

oligomers for quadruplex-forming targets instead of potential C-rich, duplex-forming off-targets. 

In this context, we showed that the replacement of intervening residues in a homologous probe 

with abasic residues was sufficient to discourage hybridization to a C-rich strand17. The redesigned 

probe, which remained G-homologous to a DNA QFS, formed stable hybrid quadruplexes with 

the DNA target17. Importantly, the dissociation constant for the hybrid was unperturbed by the 

modification in the probe, demonstrating the potential for the heteroquadruplex to tolerate 

considerable modifications in the PNA component17.  
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Further demonstration of this tolerance for probe modification was provided when we showed that 

left-handed preorganization of the PNA—afforded by incorporation of D-amino acid-derived G 

monomers—did not preclude quadruplex invasion and formation of stable hybrids17. Importantly, 

this modification significantly mitigated hybridization to a C-rich sequence17, thus priming this 

probe as a tool specific for quadruplex recognition in intact cells and/or cell lysates, without 

collateral binding to C-rich off-targets.  

The data presented in this chapter summarize our efforts to utilize homologous PNA oligomers as 

reagents to modulate translation of a reporter transcript bearing a QFS element in its 5’-UTR. We 

demonstrate that the PNA probes can form stable hybrids with the QFS target, resulting in hybrids 

that are more stable than the quadruplex structure inherent in the latter. The probes elicit non-

specific inhibition in the context of an in vitro translation assay—an effect that persists despite 

incorporation of -modifications24, 25 to induce left-handed helical pre-organization, but is 

remediated by DNA strands that compete with the mRNA transcript for probe binding. Although 

we cannot currently define translation inhibition as a direct result of a specific recognition event 

between the homologous probes and quadruplex target in this context, these results provide insight 

on possible off-target binding sites that mediate the non-specific repressive effects of the PNAs. 
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4.2 MATERIALS AND METHODS 

 PNA/PNA/DNA/RNA 

All t-boc-protected PNA monomers were purchased from PolyOrg, Inc. (Leominster, MA). The 

PNA/PNA oligomers (Chart 1) used for all experiments were synthesized using standard solid-

phase peptide synthesis26 protocols and included C-terminal L-lysine residues. Pure oligomers 

were isolated after purification using reverse-phase HPLC (Waters 2695 Separations Module) and 

confirmed by MALDI-TOF mass spectrometry (Applied Biosystems, Voyager DE sSTR) using α-

cyano-4-hydroxycinnamic acid as the matrix. The γPNA oligomer (sequence below) used as the 

RNA capture strand in SPR experiments was purchased from PNA Innovations Inc. 

(www.pnainnovations.com) and was functionalized with a biotin on the ε-amino group of the C-

terminal lysine residue. RNA and DNA oligomers used were obtained from Integrated DNA 

Technologies (www.idtdna.com). Sequences of the DNA and RNA oligonucleotides used in SPR 

direct-binding experiments are given below. (RNA/DNA sequences written 5’-3’ and PNA 

sequence written C-N.)   

 Sequence 

4G3 RNA (for SPR) 

C-rich DNA (for SPR) 

RNA capture strand 

AGACCCAAGCACUAUAAGCUAGCGGGAGGGCGGGUCUGGGCGAUCC 

biotin-TTTTTCCCACCCCTCCCACCCCT 

biotin-TCTGGGTTCGTGATA (PNA) 

  

 UV Melting Experiments 

Thermal melting experiments were performed on a Varian Cary 300 spectrophotometer equipped 

with a thermoelectrically-controlled multicell holder. Samples were prepared in a buffer 

containing 10 mM Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of 

KCl/LiCl. The solutions were incubated at 95 °C for 5 min and cooled to 15 °C at a rate of 1 °C 

http://www.pnainnovations.com/
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/min. Subsequently, the annealed samples were incubated at 15 °C for 5 min, and a heating ramp 

was applied at 1 °C/min up to 95 °C. Melting curves were generated by monitoring 295 nm every 

0.5 °C. Where possible, the melting temperature (Tm) was determined from a first-derivative plot 

of the respective melting curve. Each reported melting temperature is the average of three 

independent experiments. 

 Circular Dichroism (CD) Spectropolarimetry 

CD spectra were obtained on a Jasco J-715 circular dichroism spectropolarimeter equipped with a 

water-circulating temperature controller. Samples were prepared in a buffer containing 10 mM 

Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of KCl/LiCl. The samples 

were incubated at 95 °C for 5 min and cooled slowly to room temperature. All spectra were 

collected at 37 °C. Each spectrum was collected after 6 different scans (200 – 360 nm) at a scan 

rate of 100 nm/min and baseline corrected. The CD spectra for 3 different samples were collected 

and averaged. 

 Surface Plasmon Resonance (SPR) Experiments 

All SPR experiments were performed on a Biacore T100 instrument equipped with a four-channel 

CM5 sensor chip (GE Health Care). The sensor chip was coated with a carboxylmethyl dextran 

matrix that allows further functionalization with streptavidin via a standard NHS-EDC coupling 

procedure. Covalent immobilization of streptavidin was continued until 7000 response units (RU) 

of the protein were captured on each of the four channels (flow cells). The final step of the sensor 

design involved non-covalent immobilization of a biotinylated capture strand on the streptavidin-

modified surface.  
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For direct-binding experiments with immobilized DNA, a low-density chip (~100 RU) was 

prepared to minimize mass transfer effects. The sensor surface was primed with a buffer injection 

[100 mM KCl/LiCl, 10 mM Tris-HCl (pH 7.4), 3 mM Na/Li2EDTA, and 0.005 % v/v P-20 

surfactant] prior to introduction of a fixed concentration (25 nM) of the different PNA/γPNA 

probes. Sample injection was continued for 420 s (flow rate = 50 µL/min), after which the buffer 

injection was restarted and continued for 600 s to monitor dissociation. 

To perform similar experiments on an RNA target, we immobilized a biotinylated 15mer PNA 

oligomer designed to hybridize to a complementary sequence appended to the 5’-end of the RNA 

QFS. The active flow cell was modified with a high density (1000 RU) of the biotinylated PNA 

capture strand. Immobilization of the target RNA was then performed by injecting a 100 nM 

solution (pre-annealed for 2 h) over the active flow cell for 400 s (flow rate = 50 µL/min) until a 

medium density (300 RU) of the RNA accumulated on the surface. A short dissociation phase (20 

s) was then introduced to remove any unhybridized or loosely-bound RNA from the surface.  

To study hybridization to the immobilized RNA, 50 nM of each probe was injected for 400 s (flow 

rate = 30 µL/min) over both the active and reference flow cells, after which the buffer injection 

was restarted and continued for 600 s to monitor dissociation of the hybrids. The sensor surface 

was regenerated with a solution of 10 mM NaOH and 1 M NaCl (2x for 30 s), and another buffer 

injection (120 s) was introduced to wash off residual regeneration solution. The sensor surface was 

replenished with fresh RNA, and subsequent binding studies were continued by simple iterations 

of the aforementioned steps. In both experiments (DNA/RNA direct-binding), the initial association 

rates were calculated based on the times required to reach 5 response units of bound PNA/PNA, similar to 

a procedure utilized by us in an earlier report18. 
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 Template Production and In Vitro Transcription 

The DNA template containing the target sequence upstream of the firefly luciferase gene (4G3 

reporter) was amplified by Polymerase Chain Reaction (PCR) using Taq DNA polymerase (New 

England Biolabs)  and two sequence specific primers: forward primer (5’-

AATACGCAAACCGCCTCTC-3’) and reverse primer (5’-GGTGATGTCGGCGATATAGG-

3’).  A similar procedure was also used to obtain a control reporter (No G3) without the target 

sequence upstream of the luciferase coding sequence. The resulting DNA fragments were purified 

using a GeneJET PCR purification kit (ThermoFisher) according to the manufacturer’s 

instructions. The integrity and length of each PCR product were verified using a 1 % agarose gel 

and electrophoresis. 

The purified DNA templates were transcribed in vitro using a cocktail consisting of T7 RNA 

polymerase (100 units) and a mixture of the ribonucleotide triphosphates (500 µM of each NTP) 

in a total reaction volume of 100 µL at 37 oC for 2 h. The resulting mRNA transcripts were purified 

using the GeneJET RNA clean-up Micro Kit (Thermo Scientific) according to the manufacturer’s 

instructions. The final mRNA concentrations were estimated by UV spectroscopy. The extinction 

coefficient of each mRNA transcript was assumed to be the sum of the molar absorptivities of each 

nucleobase, and the recorded absorbance (at 260 nm) was assumed to be unaffected by any 

(undetermined) secondary folding of the transcripts. The nucleotide sequences for the UTRs in 

both the experimental (4G3) and control transcripts are presented below, with the quadruplex-

forming fragment, where present, highlighted in bold and upper-case. 

4G3: gagacccaagcuuucagauccgcuagcGGGAGGGCGGGUCUGGGcgauccagccaccaug  

No G3: gaucuaauaucuacuuaagaacacaaaacucgagaaccaug 
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 Cell-Free Translation 

A translation reaction was typically performed by incubating the purified transcripts in a mixture 

containing nuclease-treated rabbit reticulocyte lysate (70 % v/v) (Promega), 10 µM amino acid 

mixtures minus leucine, 10 µM amino acid mixtures minus methionine and 20 units RNasin 

ribonuclease inhibitor (50 µL total reaction volume) at 30 oC for 1.5 h. Experiments to examine 

the effect of each PNA on luciferase production were performed by pre-incubating the mRNA 

with requisite amino acids and increasing concentrations of the PNA in a buffer containing 79 

mM KCl and 7.9 mM Tris-HCl (pH = 7.4) to a total volume of 19.5 µL at 37 oC for 1 h. Each 

subsequent translation reaction was started by adding 30.5 µL of the rabbit reticulocyte lysate to 

the pre-incubated mixture, and the final mixture was incubated at 30 oC for 1.5 h. Finally, we 

performed a luciferase assay by incubating 10 µL of the translation products with 50 µL of a 

reagent cocktail (D-luciferin, Mg2+, and ATP) (Promega) to estimate the relative amounts of 

enzyme produced from the mRNA reporter. Luciferase activity was estimated as relative light units 

(RLU) on a Tecan Infinite M1000 Plate Spectrometer. 
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4.3 RESULTS 

 Target Selection and Probe Design 

The target (called 4G3) reported in this chapter is an RNA sequence consisting of four G3 tracts, 

interspersed with 1-, 1-, and 3-nt non-G residues, respectively (Chart 4.1). We previously showed 

that the sequence adopts an intramolecular quadruplex fold possibly consisting of three stacked G-

tetrads—with the intervening residues extruded to the loops (Chapter 2) 8. Finally, the quadruplex 

structure exerts a repressive effect on translation when inserted into the 5’-untranslated region 

(UTR) of a luciferase reporter transcript (Chapter 2) 8.  

Chart 4.1: Sequences of PNA/PNA and RNA oligomers used in this study. (RNA sequence written 5’-3’, 

and PNA/PNA sequences written N-C. Underlined Gs in RNA are predicted to participate in G tetrads. -

modifications in PNA are presented in uppercase.) 

            Oligomer Sequence  

4G3 RNA 

PAG 

Peg2 

3,6D-Peg2 

4,5,6D-Peg2 

  GCUAGCGGGAGGGCGGGUCUGGGCGAUCC 

        ggg(ag)ggg 

        ggg(eg)2ggg  

        ggG(eg)2ggG 

        ggg(eg)2GGG    

  

Two homologous probes (PAG and Peg2, Chart 4.1) were initially selected for quadruplex targeting 

based on previous reports16, 17 demonstrating their capacities to invade a stable intramolecular 

DNA quadruplex and form hetero-quadruplexes. (PAG was originally called Pmyc in previous 

reports16, 17.) Although originally designed to bind a different target, we show that these probes 

can invade the 4G3 target and form stable hybrid quadruplexes (Scheme 4.1). We also tested 3,6D-

Peg2 and 4,5,6D-Peg2—two derivatives of Peg2 that bore -hydroxymethyl  modifications25 introduced 

at strategic positions (described later) to induce left-handed helical preorganization in the probe 
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(Chart 4.1). The effects of these modifications on the kinetics of invasion and potency/specificity 

of translation inhibition is also reported below. 

 

 

 

 

 

 

 

 

 

 Characterization of RNA-PNA Hybrids 

To investigate the capacity of PAG and Peg2 to invade the stable quadruplex structure inherent in 

4G3, UV-melting and CD analyses (Figure 4.1) were performed on the RNA target in the presence 

and absence of the respective probes. Our results show that the hypochromic transition recorded 

for melting of the 4G3 quadruplex target is shifted towards higher temperatures in the presence of 

2 equivalents of either homologous probe (Figure 4.1A). (The choice of this stoichiometry is based 

on previous reports from our group showing that a homologous PNA probe similar to those 

reported here forms a ternary complex with its quadruplex-forming RNA target14, 15.) This shift in 

the position of the hypochromic transition has previously been ascribed to the melting of a more 

stable hybrid quadruplex formed between the probe and target, relative to the starting RNA 

intramolecular quadruplex14, 15.  

Scheme 4.1 

 

Invasion of folded 4G3 RNA quadruplex by homologous PNA oligomers 
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Changes in the CD spectrum for the RNA target upon introduction of the homologous probes are 

less dramatic than those recorded in the UV-melting experiments (Figure 4.1B): While the peak 

positions remain the same in both the RNA and RNA-PNA hybrid quadruplexes, we observed an 

attenuation in the amplitude of the CD signals recorded for the latter (Figure 4.1B). This reduction 

in signal, even with nearly twice as many nucleobases in the hetero-quadruplex, is probably a 

consequence of the partial relaxation in the helical twist of the RNA target to accommodate the 

PNA probes. Importantly, the peak positions are characteristic of parallel hetero-quadruplex 

structures—in which the N-termini of the PNA probes are aligned with the 5’-end of the RNA 

target13. Together, our data thus suggest that these homologous probes can invade the quadruplex 

target and form very stable parallel hybrid quadruplexes. 

 

 

Figure 4.1: Biophysical characterization of RNA-PNA Hybrid quadruplexes. UV-melting (A) and CD 

spectra (B) of 2.5 µM 4G3 RNA target in the absence (open circles) or presence of 5 µM PAG (black 

filled circles) or Peg2 (red filled circles). All samples contained 1 mM KCl, 10 mM Tris-HCl (pH 7.4), 

and 0.1 mM Na2EDTA. 
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 Effects of PAG and Peg2 on Translation 

To investigate the functional implications of PNA binding in the context of a biochemical assay, 

we employed the luciferase reporter system8, 27 previously utilized to demonstrate the inhibitory 

effects on translation exerted by complementary PNA oligomers (Chapters 2 and 3). As in 

previous chapters, two luciferase transcripts were tested: (1) a reporter transcript bearing the 4G3 

sequence in its 5’-UTR was used to examine the effects of PNA-mediated quadruplex invasion on 

translation. (2) We also tested a control transcript (No G3) ostensibly devoid of a binding site for 

the G-rich homologous probes to determine the specificity of an induced effects on translation. 

 PAG 

Titration of the 4G3 reporter transcript with increasing concentrations of PAG elicited modest dose-

dependent inhibitory effects on translation (Figure 4.2A, filled squares). However, control 

experiments with the No G3 transcript produced an overlapping dose-response curve, indicating 

that the effects recorded against 4G3 are not due exclusively to quadruplex recognition. While 

hybrid formation between this probe and a synthetic, truncated (~40 nt) RNA target was 

demonstrated in buffer solution, it is not clear whether the same reaction would occur with an in 

vitro transcribed (~ 2000 nt) RNA in the context of mammalian cell lysates.  

Further, although intermolecular quadruples formed between G-rich targets and homologous RNA 

probes have been shown to inhibit GFP expression28, such repressive effects on translation have 

not been reported for PNA-containing hybrid quadruplexes. It is therefore possible that the PNA-

RNA quadruplex—if formed, is efficiently resolved by the translocating 43 S ribosomal subunit29. 

However, regardless of the basis for the similar results in the presence and absence of the 

quadruplex target, it is clear that alternative, if off-target, PNA binding sites mediate translation 

inhibition in both the No G3 control and 4G3 target reporters. 
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 Peg2 

Experiments with this probe also produced identical dose-response curves against the reporter 

(4G3) and control transcripts (Figure 4.2B), as was observed for PAG. These results are surprising, 

since this probe bears modifications17 introduced to disfavor recognition of potential C-rich off-

target sequences (vide infra) speculated to mediate binding of PAG to the control transcript. 

Interestingly, translation inhibition by Peg2, even though non-specific, is more potent than the 

effects recorded with PAG (Figure 4.2).  

Further, the non-specific repressive effect of this probe is not due to direct inhibition of the 

ribosomes (possibly by rRNA binding), since incubating 250 nM Peg2 with cell lysate prior to 

addition of a control transcript (supplied by Promega) did not perturb translation (Figure C1). The 

inertness of this probe to the commercially available control transcript is surprising, and may be a 

consequence of the fact that this transcript is codon-optimized by the manufacturer for luciferase 

expression in this lysate system. Therefore, any mRNA molecules left unhybridized might be 

sufficiently well-translated to compensate for any loss in signal induced by PNA binding.  
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 Elucidating Off-Target Binding by Peg2 

To understand the contributions of off-target binding to the translation inhibition recorded for Peg2, 

we examined the entire sequence of the No G3 control transcript to identify potential C-rich 

sequences that could sequester the G-rich Peg2 in unintended duplexes, thus simultaneously 

decreasing its potency—by withholding active molecules from the quadruplex target, and its 

specificity, provided the hybrid duplexes stall processing ribosomes. (The entire sequence for the 

control and reporter transcripts, with relevant sites highlighted, is presented in Figure C2-C3.) 

Chart 4.2 presents the sequences of potential C-rich off-target sites and their positions relative to 

the start codon. Interestingly, all identified sites occur within the coding sequence for the firefly 

luciferase reporter, implying that their potential contributions to off-target binding would be 

present in both the control and reporter systems. 

 

 

Figure 4.2: Effect of PNAs on luciferase mRNA translation. Dose-response curves for PAG (A) and Peg2 

(B) against 4G3 target (filled squares) and No G3 control (open squares) mRNAs. [mRNA] = 10 nM 

and PNA-RNA samples were incubated for one hr at 37 °C prior to adding to lysate. Data are normalized 

to 100% for the samples that lacked any PNA. 
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Chart 4.2: Sequences of C-rich stretches that could potentiate off-target binding and inhibition. (DNA 

sequence written 5’-3’. Positions given are after the start codon.) 

Off target Sequence Position 

OT1 

OT2 

OT3 

OT4 

OT5 

OT6 

OT7 

CGCCCGC 

ACCTCCCG 

CCCTTCC 

CCAACCC 

GGCCCCCGCT 

ACACCCCAAC 

TCCCGCCGCC 

305-312 

513-521 

623-630 

862-869 

1344-1354 

1377-1387 

1437-1447 

   

 

A competition assay was then employed to identify the most culpable off target site(s) by 

incubating 200 nM Peg2—the IC50 for translation inhibition (Figure 4.2B)—with an equimolar 

amount of synthetic DNA strands (called OTx) corresponding to the potential off-target sites for 

1 h to allow hybridization. The preformed hybrids were subsequently incubated with the No G3 

control transcript for 1 h prior to addition of the cell lysate. Figure 4.3A summarizes the extent of 

translation inhibition induced by Peg2 in the presence (black bars) or absence (red bar) of the 

competing ‘off-target’ DNA strands. While all competing DNA strands diminish translation 

inhibition by the probe (Figure 4.3A, black bars), we observe near-complete abrogation of the 

inhibitory effect of Peg2 by OT7. Importantly, all OTx DNA strands showed moderate or negligible 

effects on No G3 translation (Figure 4.3B), demonstrating that any inhibition observed in Figure 

4.3A was due to residual unhybridized probe molecules. 
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Further, to determine if the remediation of the probe’s (Peg2) non-specific inhibition by OT7 is a 

titratable effect, we incubated 200 nM Peg2 with increasing concentrations of the competing DNA 

strand. Our results show that while the un-encumbered probe displays significant inhibitory effects 

on translation of the No G3 transcript (Figure 4.4, red bar), increasing concentrations of OT7 

gradually improve the probe’s inertness to the control transcript (Figure 4.4, filled bars). 

Importantly, full recovery of specificity was achieved at 120 nM OT7 (Figure 4.4), demonstrating 

the potential to mitigate the probe’s non-specific effect with sub-stoichiometric amounts of a 

competing DNA strand.  

 

 

 

Figure 4.3: Luciferase competition experiments. Luciferase expression from No G3 mRNA samples 

treated with Peg2 in the presence (black bars) or absence (red bar) of competing OTx DNA oligomers 

(A). Luciferase expression from No G3 mRNA samples treated with OTx oligomers alone (B). PNA-

DNA samples were incubated for 1 h at 37 °C prior to addition of mRNA transcript. Cocktail was 

incubated for another 1 h prior to addition of lysates. Results are normalized to signal from samples 

without DNA/PNA treatment. [mRNA] = 10 nM; where present, [PNA]/[DNA] = 200 nM 
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We next determined if OT7 could extricate the non-specific effects of Peg2 in the context of the 

4G3 reporter transcript. Equimolar amounts (200 nM) of the probe and competing DNA strand 

were preincubated for 1 hour prior to addition of the 4G3 transcript (for 1 h) and subsequent 

introduction of the cell lysate. Figure 4.5 shows that the presence of OT7 diminishes but does not 

completely eliminate the inhibitory effect of Peg2 on translation of the 4G3 reporter (Figure 4.5). 

Importantly, Peg2, in the presence of OT7, displays only a negligible effect on translation of the 

No G3 control. These results, taken together, identify OT7 as a potential source of off-target 

 

Figure 4.4: Luciferase competition experiments. Luciferase 

expression from No G3 mRNA samples treated with Peg2 in the 

absence (red bar) or presence (black bars) of 20 – 150 nM OTx 

DNA. PNA-DNA samples were incubated for 1 h at 37 °C prior to 

addition of mRNA transcript. Cocktail was incubated for another 

1 h prior to addition of lysates. Results are normalized to signal 

from samples without DNA/PNA treatment. [mRNA] = 10 nM; 

where present, [PNA] = 200 nM 
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inhibition by the PNA probe, and suggest that strategies to discourage hybridization to this site 

might improve specificity of translation inhibition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Introduction of -modifications to Tune Specificity 

To obviate the need for a competing DNA strand to tune the specificity of Peg2, we introduced -

modifications at strategic positions of the oligomer to drive left-handed helical pre-organization 

and potentially discourage hybridization to the C-rich off-target sequences identified to facilitate 

inhibition of the control transcript. The modifications were made by substituting the G-monomers 

 

Figure 4.5: Effects of PNA-DNA hybrids on mRNA translation. 

Luciferase expression from 4G3 mRNA samples treated with Peg2 

in the absence (red bar) or presence (black bar) of OTx DNA. 

PNA-DNA samples were incubated for 1 h at 37 °C prior to 

addition of mRNA transcript. Cocktail was incubated for another 

1 h prior to addition of lysates. Results are normalized to signal 

from samples without DNA/PNA treatment. [mRNA] = 10 nM; 

where present, [PNA]/DNA = 200 nM 
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with derivatives bearing the same nucleobase on a hydroxymethyl-modified PNA backbone25. 

NMR and CD spectroscopic analyses previously revealed that helical induction potentiated by -

modification in PNA oligomers is unidirectional, with effects originating from the PNA C-

terminus24.  

We therefore made substitutions at the three G residues proximal to the C-terminus (as in 4,5,6D-

Peg2) or at the C-terminal G residue of each G3 tract (as in 3,6D-Peg2, Chart 4.1). CD spectra for 

these sequences showed that they were weakly pre-organized, displaying—with weak intensities 

(Figure C4)—peaks previously reported for a similar left-handed homologous probe (maxima at 

240- and 275 nm; minima at 260- and 295 nm)17. Importantly, UV-melting experiments confirmed 

that both probes were able to form stable hybrid quadruplexes with the 4G3 target, consistent with 

a previous report showing that this recognition mode is sufficiently robust to accommodate even 

drastic modifications to the PNA backbone17 (Table 4.1 and Figure C5). 

Table 4.1. Tm values (°C) for different PNA/PNA-4G3 RNA heteroquadruplexes. 

PNA/PNA Tm (°C) 

  

Peg2 > 80 

3,6D-Peg2 79.2 ± 0.2 

4,5,6D-Peg2 72.3 ± 0.5 

  

 

SPR direct-binding experiments were next used to examine the interactions between the modified 

probes and an immobilized C-rich DNA target. (Although a more ideal assay would have examined 

binding to immobilized RNA, this experiment was still expected to inform us about the potential 

for the modified probes to discriminate against C-rich targets.) Figure 4.6 presents sensorgrams 
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for binding of both the unmodified and modified probes to the immobilized C-rich DNA strand. 

We observed strong disparities in the binding responses between Peg2 and either of the modified 

probes (Figure 4.6). More modest differences were observed between the initial association rates, 

with Peg2 hybridizing 1.4 and 2.3 times faster than 3,6D-Peg2 and 4,5,6D-Peg2, respectively (Figure 

4.6). Further, we observed fast dissociation rates for all probes from the target, and this trend was 

more pronounced for those containing -modifications. This result is consistent with our previous 

report showing that the incorporation of abasic residues and -modifications to a homologous 

probe mitigated binding to an immobilized C-rich target, while also accelerating dissociation of 

any bound probe molecules from the target17.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Sensorgrams for binding of Peg2 (red curve), 3,6D-Peg2 

(blue curve), and 4,5,6D-Peg2 (green curve) to immobilized C-rich 

DNA (see methods). [PNA] or [PNA] = 25 nM. Running buffer 

contained 100 mM KCl, 10 mM Tris-HCl (pH = 7.4), 0.1 mM 

Na2EDTA, and P20 surfactant (0.1 % v/v). Relative initial 

association rates are presented in parenthesis. 
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We also sought to examine the extent to which the modified residues would frustrate hybrid 

quadruplex formation between the probes and RNA target. While UV-melting experiments (Figure 

C5) provided information on the thermal stability of the hybrids already formed with the target, 

we sought to examine if the modifications would decelerate quadruplex invasion. SPR direct-

binding experiments were therefore performed to examine the relative initial association rates for 

PNA-RNA binding. (The modified SPR assay designed to enable this sort of analysis on 

immobilized RNA was reported in Chapter 2 and Ref 8.)  

Figure 4.7 presents sensorgrams for quadruplex invasion by either the modified or unmodified 

homologous probes. We observe that invasion of the 4G3 quadruplex by Peg2 is 3 and 5 times 

faster than 3,6D-Peg2 and 4,5,6D-Peg2, respectively (Figure 4.7), suggesting that the -modifications 

also decelerate hybridization to the 4G3 QFS. This data is consistent with our previous finding 

that left-handed preorganization of a PNA probe impeded hybridization to the DNA QFS, although 

the incorporated modifications affected hetero-duplex formation (to a C-rich target) more 

severely17. Comparisons between these results and those in Figure 6 for binding to the C-rich target 

are not straightforward, since both backbone (DNA vs. RNA) and sequence disparities (G-rich vs 

C-rich) likely impact the results. However, it is noteworthy that we obtained faster off-rates with 

the C-rich target (Figure 4.6) than the G-rich target (Figure 4.7). Similar SPR experiments 

comparing hybridization to G-rich and C-rich RNA strands should be of utmost importance in 

future studies. 
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 Effects of 3,6D-Peg2 and 4,5,6D-Peg2 on Translation 

We next sought to examine if the modifications introduced to discourage hybridization to C-rich 

targets would enhance the probes’ specificities in translation inhibition. Both the 4G3 reporter and 

No G3 control transcripts were titrated with increasing concentrations of each probe. Our results 

show that both probes still exhibit non-specific repressive effects on translation, with overlapping 

dose-response curves against both transcripts (Figure 4.8). These results suggest that the modified 

probes still do not discriminate against the off-target sequences that mediate non-specific binding 

and inhibition. 

It is possible that the modifications introduced to Peg2 are insufficient to discourage hybridization 

to C-rich off-targets in the context of the in vitro transcribed RNA. Although the competition 

 

Figure 4.7: Sensorgrams for binding of Peg2 (red curve), 3,6D-Peg2 

(blue curve), and 4,5,6D-Peg2 (green curve) to immobilized 4G3 

RNA (see methods). [PNA] or [PNA] = 25 nM. Running buffer 

contained 100 mM KCl, 10 mM Tris-HCl (pH = 7.4), 0.1 mM 

Na2EDTA, and P20 surfactant (0.1 % v/v). Relative initial 

association rates are presented in parenthesis.  
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experiments described above could be broadly applied to elucidate the impact of probe 

modifications on specificity, they are unlikely to be useful to evaluate the PNAs in this context, 

since left-handed helical preorganization of the probes—as is the case with 3,6D-Peg2 and 4,5,6D-

Peg2—would impede the ability of the competing right-handed DNA strand to sequester active 

probe molecules from the mRNA transcript. Whether additional modifications to further bias 

recognition against C-rich targets will improve specificity remains to be seen. Together, our results 

show that the inhibitory effects on translation recorded for these homologous probes cannot, at this 

point, be ascribed to invasion of the 4G3 quadruplex in the 5’-UTR. 

 

 

 

 

 

 

 

 

 

  

 

Figure 4.8: Effects of PNAs on mRNA translation. Dose response curves for 3,6D-Peg2 (A) or 4,5,6D-Peg2 

(B) oligomers against 4Gx target (filled squares) or control (open squares) reporters. [mRNA] = 10 nM, 

and RNA-PNA samples were incubated for one hr at 37 °C prior to adding to lysate. Data are 

normalized to 100% for the samples that lacked any PNA probe. 
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4.4 DISCUSSION 

The data presented in this chapter show that homologous PNA probes can invade a stable RNA 

quadruplex, yielding stable hybrid RNA-PNA heteroquadruplexes. We also observed translation 

inhibition by these probes, with more potent—albeit nonspecific—repressive effects recorded 

when the intervening, non-bonding residues were replaced with abasic units. The non-specific 

effects are mediated, at least partly—by C-rich stretches within the coding sequence of the 

luciferase. Specific inhibition is restored by competing DNA strands that sequester probe 

molecules from potential off-target sites. However, we find that helical preorganization of the 

probe by incorporation of -modified (DG) monomers, in the absence of the competing DNA 

strands, is insufficient to engineer specificity. These results, taken together, suggest that while 

homologous probes may have the potential to form stable hybrid quadruplexes with a G-rich target, 

additional modifications—beyond those reported here—would be required to tune specificity and 

understand the regulatory impact of the resulting hybrids. 

While our data are inconclusive on the regulatory effects induced by PNA-RNA 

heteroquadruplexes, the viability of this nucleic acid recognition mode for effecting biochemical 

and/or biological regulation has been demonstrated in previous reports. We previously showed 

that hybrid quadruplexes formed between a homologous PNA probe and QFS-laden DNA 

templates could stall primer extension by DNA pol η, with the major stop site occurring before the 

PNA-DNA heteroquadruplexes30. Evidently, these hybrids leverage their remarkable 

thermodynamic stabilities relative to the DNA quadruplex to stall processing and/or translocation 

by the polymerase. Further, Watson-Crick-based duplex hybrids formed by replacing the 

homologous probes with complementary PNAs enhanced primer extension, demonstrating that the 
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repressive effects were specific to hybrid quadruplex formation, and not due just to binding at the 

QFS motif30.  

In a related example, Ito et al demonstrated that a small RNA oligomer homologous to G-rich 

inserts in the 5’-UTR, coding sequence, or both of an eGFP reporter could inhibit translation by 

forming RNA-RNA intermolecular quadruplexes in HeLa cells28. The authors further showed that 

the potency of inhibition was dependent on both the number of binding sites available to the probe 

and, in the cases where only one obvious site was available—the position of the resulting 

intermolecular quadruplex28. Importantly, the fidelity of recognition—or at least, specificity of 

inhibition was demonstrated by the inertness of the probe to a control reporter devoid of the G-

rich insert28. This result stands in contradistinction to ours, as we record significant nonspecific 

effects with the homologous PNA. Comparisons between these data sets are difficult, since 

different reporter systems (firefly luciferase8 vs eGFP28) and assay contexts (cell lysates8 vs HeLa 

cells28) are utilized. However, it is possible that the higher affinity of PNA over RNA for 

complementary RNA sequences confers on the former a tolerance for mismatched off-target 

sequences that will not be recognized by the latter. 

The intransigence of the nonspecific effects in our system is surprising, as even modifications to 

induce left-handed preorganization do not alter either the potency or specificity of inhibition. 

While additional modifications to further pre-organize the probes could be incorporated, it is also 

possible that the non-specific effects arise not from C-rich off-targets, but from G-rich, non-

quadruplex-forming stretches also present in the luciferase coding sequence (Figure C2-B3). These 

sites, expected to be more accessible than the folded 4G3 QFS, could simultaneously sequester 

probe molecules from the QFS target (in the reporter transcript) and produce nonspecific inhibition 

in the control assay.  
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Also, although competition experiments demonstrate the culpability of the C-rich stretches in 

mediating non-specific binding, it is possible that the hybrid duplexes formed between Peg2 and 

the OTx fragments enhance specificity by mitigating binding of the probes to the G-rich stretches. 

This hypothesis is supported by a previous report showing that PNA-RNA hybrid duplexes—the 

structures formed from PNA hybridization to the ostensible C-rich off-targets—formed distal to 

the 5’-end of the message display only weak effects on translation31. (OT7 occurs ~ 1,440 

nucleotides from the start codon.) A more informative experiment then would involve the 

introduction of ‘masking’ strands that veil the suspected off-target sites to examine if they improve 

specific action by the PNA probe. However, such assays would be useful only to the extent that 

the ‘masks’ have sufficient affinities for their targets to compete favorably with potential 

displacement by the PNA. 

In conclusion, a regulatory role for the RNA-PNA hybrid quadruplex cannot be assigned at this 

time, as additional efforts will be required to improve the probe’s specificity. However, the 

differential repressive effects of the Peg2-OT7 hybrid on translation of the reporter and control 

transcripts suggest that it might be possible to de-conflate specific, heteroquadruplex-mediated 

effects from nonspecific inhibition in the context of the reporter transcript. It will also be important 

to demonstrate hybrid (heteroquadruplex) formation in vivo, and the myriad strategies—such as 

backbone modification with guanidinium groups32, conjugation to cell-penetrating peptides33, or 

formulation into polymeric nanoparticles34—being developed for intracellular PNA delivery 

should facilitate this effort.  
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CHAPTER 5 

TOWARDS CHIMERIC RECOGNITION OF GUANINE-

QUADRUPLEXES 
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5.1 INTRODUCTION 

The broad and varying regulatory roles1-4 of guanine (G)-quadruplexes in important biological 

processes (reviewed in Chapter 1) incentivize the development of specific ligands able to recognize 

these structures and modulate their biochemical and/or biological functions. Such reagents would 

find use as tools for probing or verifying quadruplex function, thus obviating the need for 

quadruplex-destabilizing mutations5 or sequence deletions6—with the attendant loss of sequence 

context—to functionally annotate QFS motifs. Towards this end, several parallel strategies for 

quadruplex recognition are being developed, among which shape-selective recognition using 

small-molecule ligands7, and sequence-selective recognition using oligomeric ligands8 that anneal 

to the primary structure of the quadruplex hold great promise. 

The isolation of telomestatin from Streptomyces anulatus and demonstration of its inhibitory effect 

on telomerase9 triggered initial interest in designing similar quadruplex-binding ligands10 to act as 

anti-proliferative agents through modulation of telomerase activity. A common strategy is to 

design molecules with planar aromatic surfaces expected to be π-complementary to the terminal 

G-quartet(s) of a quadruplex structure7, 11. However, while this strategy can sometimes provide 

drug-like molecules with useful affinities for their targets7, achieving binding selectivity is often 

difficult12, since the quadruplex structure—especially in RNA13—is not sufficiently polymorphic 

to provide the selection pressure needed to isolate specific binders. 

Selecting a single quadruplex target is likely to be achieved by designing molecules that recognize 

structural features unique to the target. For example, the discovery that G-quadruplex structures 

can tolerate bulges within the Gx tracts14, and that long intervening loop nucleotides do not 

preclude quadruplex folding15 introduces a diversity to quadruplex structures that might be helpful 
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for selective targeting. However, while such structural variations provide an opportunity to screen 

molecules in silico for binding to specific targets, progress via this approach is limited by several 

factors, not least of which is the paucity of comprehensive structural data on putative quadruplexes 

in biologically-relevant regions of the genome. 

Sequence-selective strategies obviate the need for detailed structural characterization of the 

quadruplex target, requiring only that the primary structure (sequence) of the QFS motif be known 

prior to ligand design. We have reported that complementary16-21 or homologous17-20, 22-26 peptide 

nucleic acid (PNA)27, 28 or gamma-peptide nucleic acid (PNA)29, 30 oligomers can invade stable 

guanine quadruplexes—and, in some examples,20, 21 modulate their biochemical functions. 

Hybridization by the former molecules yields hybrid duplex structures16-21, while the latter result 

in heteroquadruplexes17-20, 22-26, both of which are more stable than the quadruplex targets. 

However, the broad application of this strategy for quadruplex/QFS targeting remains stymied by 

the stringent criteria requisite for selective quadruplex recognition. At least two levels of 

selectivity are required of any hybridization probe: (1) the oligomer, whether complementary or 

homologous, should be able to discriminate against off target sequences presenting binding sites 

that are partially complementary to the probe. Such sites, even if thermodynamically disfavored, 

might act as kinetic traps that decelerate binding to the QFS target. (2) The oligomer should also 

be able to select for a single quadruplex, while evading similar structures that diverge from the 

target only in areas such as loop and/or overhang composition/length. The consequences of 

promiscuity in this context could be more sinister, since recognition of off-target QFS motifs—

reported to be overrepresented in regions of the genome associated with regulation31-33, could 

potentiate unintended regulation with potential deleterious downstream effects. 
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Molecular engineering efforts to satisfy the above criteria are slow in accruing, but show promise 

towards the intended goals. We previously showed that incorporation of abasic units in the 

intervening region between the G3 tracts of a homologous PNA disfavored binding to a C-rich 

target, with minimal perturbation in the binding affinity for a DNA QFS target24. Discrimination 

against the C-rich target was further improved by substituting the unmodified G-residues of the 

PNA with -modified G-monomers that induce left-handed helical pre-organization24. While the 

ability of such modifications to induce selective binding to QFS motifs instead of C-rich off-targets 

in the context of a biochemical or biological assay is yet to be reported, these results demonstrate 

the potential to achieve such selectivity, at least in buffer solutions. 

We also observed kinetic discrimination in hybridization of a homologous probe to different DNA 

G-quadruplexes, with preferential (faster) binding to a parallel folded target25. However, while 

these results are interesting, their extrapolation to inform selective recognition of RNA G-

quadruplexes—which predominantly adopt parallel folds13—remains to be seen. 

More recently, we reported that recognition of overhanging bases adjacent to an RNA G-

quadruplex was crucial for quadruplex invasion and translation inhibition by a complementary 

PNA oligomer21. Evidently, overhang recognition conferred upon the probe a kinetic advantage 

that was absent in PNAs directed to other regions of the QFS, even though they possessed the 

requisite complementary nucleobases21.  

This dependence on overhang recognition for invasion highlights an interesting potential strategy 

for achieving selective recognition of G-quadruplexes using PNA or PNA oligomers: it might be 

possible to tether an overhang-recognizing complementary domain to a quadruplex-invading 

homologous domain (Scheme 5.1, vide infra), thus creating a chimeric molecule able to 
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simultaneously form a hybrid duplex and quadruplex, respectively, with the target. The putative 

chimeric probe should preserve the orientational preferences previously reported for PNA-

DNA/RNA hybrid duplexes34 and quadruplexes22 in order to ensure synergy between the two 

binding domains. Further, for discrimination between different quadruplex targets, the binding 

energy of the probe should be sufficiently delocalized across both domains to ensure that off-target 

quadruplexes do not remain annealed to the probe by binding to one domain. 

This chapter summarizes our efforts to achieve chimeric recognition of a G-rich sequence using a 

PNA oligomer possessing both homologous and complementary domains. We observe that 

truncated probes possessing the isolated (homologous or complementary, only) domains can form 

the expected hybrid quadruplex or duplex structures, respectively. However, the contributions of 

both in the context of the chimeric structure remain nebulous. Importantly, titration curves 

generated by SPR competition analysis show that the chimeric molecule is bound more readily by 

a target presenting binding sites for both domains of the probe, with less binding to a sequence 

presenting only one domain. These results illustrate the potential to achieve selective quadruplex 

targeting using chimeric probes that recognize unique features of the target in addition to the QFS. 
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5.2 MATERIALS AND METHODS 

5.2.1 RNA/DNA Oligomers 

RNA and DNA oligomers used (Chart 5.1) were obtained from Integrated DNA Technologies 

(www.idtdna.com). The DNA capture strand used in SPR competition experiments is modified 

with biotin on the 5’-end (Chart 5.1).  

5.2.2 UV Melting Experiments 

Thermal melting experiments were performed on a Varian Cary 300 spectrophotometer equipped 

with a thermoelectrically-controlled multicell holder. Samples were prepared in a buffer 

containing 10 mM Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of 

KCl/LiCl. The solutions were incubated at 95 °C for 5 min and cooled to 15 °C at a rate of 1 °C 

/min. Subsequently, the annealed samples were incubated at 15 °C for 5 min, and a heating ramp 

was applied at 1 °C/min up to 95 °C. Melting curves were generated by monitoring absorbance 

values at 260 nm (for hetero-duplexes) and 295 nm (for quadruplexes) every 0.5 °C. Where 

possible, the melting temperature (Tm) was determined from a first-derivative plot of the respective 

melting curve. Each reported melting temperature is the average of three independent experiments. 

5.2.3 Circular Dichroism (CD) Spectropolarimetry 

CD spectra were obtained on a Jasco J-715 circular dichroism spectropolarimeter equipped with a 

water-circulating temperature controller. Samples were prepared in a buffer containing 10 mM 

Tris-HCl (pH 7.4), 0.1 mM Na/Li2EDTA, and different concentrations of KCl/LiCl. The samples 

were incubated at 95 °C for 5 min and cooled slowly to room temperature. All spectra were 

collected at 37 °C. Each spectrum was the average of 6 consecutive scans (200 – 360 nm) collected 
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at a scan rate of 100 nm/min and baseline corrected. The CD spectra for 3 different samples were 

collected and averaged. 

5.2.4 Surface Plasmon Resonance (SPR) Experiments 

All SPR experiments were performed on a Biacore T100 instrument equipped with a four-channel 

CM5 sensor chip (GE Health Care). The sensor chip was coated with a carboxylmethyl dextran 

matrix that allows further functionalization with streptavidin via a standard NHS-EDC coupling 

procedure. Covalent immobilization of streptavidin was continued until 7000 response units (RU) 

of the protein were captured on each of the four channels (flow cells). The final step of the sensor 

design involved non-covalent immobilization of a biotinylated capture strand on the streptavidin-

modified surface.  

The sensor surface was primed by a buffer injection [100 mM KCl/LiCl, 10 mM Tris-HCl (pH 

7.4), 3 mM Na/Li2EDTA, and 0.005 % v/v P-20 surfactant] prior to all experiments. For the 

competition assay23, 1000 RU of a DNA capture strand was immobilized on the surface of the 

chip. The flow cell containing the capture strand was subsequently calibrated for the free PNA 

concentration by injecting a series of solutions containing 10 – 150 nM of the free probe for 100 

s.  The slopes for the sensorgrams were obtained over a 10 s window (beginning 30 s post-

injection) and plotted against the concentration of free PNA to obtain a linear regression curve. 

(Where the quality of the sensorgrams precluded such analysis, the sensor response at 60 s was 

used to construct the calibration curve.)  

A fixed concentration of each PNA probe was then incubated with increasing concentrations of 

the pre-annealed RNA target at 25 °C for 2 hours prior to injection over the sensor surface. The 

slopes for the resulting sensorgrams were then used to obtain the amounts of free PNA in 
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equilibrium with the hybrid using the previously-generated regression curve (equation 1). Further, 

the concentration of bound PNA was calculated by assuming that the system obeys the mass 

conservation condition (equation 2). Finally, the fraction of probe molecules bound by each RNA 

was determined from equation 3.  

[𝑃𝑁𝐴]𝑓𝑟𝑒𝑒 =  
𝑆𝑙𝑜𝑝𝑒40−50 𝑠

𝑀
     𝑬𝒒𝒏 𝟏 

𝑀 = 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 

[𝑃𝑁𝐴]𝑇𝑜𝑡𝑎𝑙 =  [𝑃𝑁𝐴]𝑓𝑟𝑒𝑒 +  [𝑃𝑁𝐴]𝑏𝑜𝑢𝑛𝑑    𝑬𝒒𝒏 𝟐 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑 =  
[𝑃𝑁𝐴]𝑏𝑜𝑢𝑛𝑑

[𝑃𝑁𝐴]𝑇𝑜𝑡𝑎𝑙
    𝑬𝒒𝒏 𝟑 
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5.3 RESULTS 

5.3.1 Target Selection and Probe Design 

The target studied here (PM RNA, Chart 5.1) is derived from part of a G-rich RNA sequence 

present in the 5’-untranslated region of the human vascular endothelial growth factor (VEGF) 

mRNA. The full length sequence is capable of adopting multiple two-tetrad intramolecular 

quadruplex conformations, each of which show disparate stimulatory effects on cap-independent 

translation initiation35. Also, quadruplex formation by this sequence modulates both the 

recruitment of- and binding affinity to the 40 S ribosomal subunit36. PM RNA features only the 

last two G-tracts of this biologically-relevant motif and thirteen nucleotides, which do not 

participate in quadruplex formation, but are immediately adjacent to the G-tracts in the full-length 

mRNA. This change was made to simplify both design and binding analysis of the bivalent PNA 

probe. We also examined hybridization to a control target (MM RNA, Chart 5.1) that features two 

G-tracts on its 5’end, but has a different sequence of adjacent nucleotides. 

Chart 5.1: Sequences of PNA and RNA oligomers used in this study. (RNA sequence written 5’-3’, and 

PNA written C-N. All PNA molecules have C-terminal lysines. Underlined Gs in RNA and PNA are 

predicted to participate in hybrid G tetrads. dab = diamino butyric acid.) 

            Oligomer Sequence  

PM RNA 

MM RNA 

Pchim1 

Pcomp 

Phomo 

Pchim2 

DNA capture strand 

  GGAGGAAGAAGAGAAGGA 

  GGCGGUUUUGUGCGCAGA 

  GGegGG-dab-CTTCTCT-TO  

         dab-CTTCTCT-TO 

  GGegGG-dab    

GegGegGG-(eg)2-dab-eg-CTTCTCT-lys 

ATTACCCCCCAAGAAGAGAATTA 
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The chimeric PNA probe (Pchim1, Chart 5.1) featured two different PNA binding domains tethered 

by an abasic linker. Both domains were expected to hybridize to PM RNA using different 

recognition modes (Scheme 5.1)—and, if designed properly, would be co-dependent on each other, 

whereby binding by one domain would be requisite for a successful interaction on the adjacent 

domain. The two different domains of Pchim1 were designed to preserve the orientational 

preferences previously reported for hybrid duplexes and quadruplexes. (3’-end to N-terminus for 

hetero-duplexes34 and 5’-end to N-terminus for hetero-quadruplexes22.) A fluorogenic dye, 

thiazole orange was also conjugated to the probe to enable facile synthesis (vide infra). An abasic 

unit was inserted in one of the G2 tracts in the homologous domain of the probe to create Pchim2 

(Chart 5.1). This modification was made to improve the probe’s discrimination against an off-

target sequence (discussed later). 

Further, whereas hybridization to PM RNA was expected to engage both recognition domains of 

the PNA probe, the corresponding reaction with MM RNA—if it occurred—was expected to be 

mediated only by the homologous domain of Pchim1 (Scheme 5.1). Control oligomers capable of 

forming either heteroduplex (Pcomp) or heteroquadruplex (Phomo) structures, but not both, with the 

PM RNA were also tested to examine the advantage conferred by chimeric binding to the thermal 

stability of the hybrids and/or specificity of binding. 
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5.3.2 Synthesis of Chimeric PNA Oligomers 

We initially surmised that the chimeric probes could be obtained using an orthogonal synthetic 

strategy that allowed the complementary and homologous domains to be concatenated to the boc- 

and fmoc-amino groups (respectively) of an orthogonally-protected unnatural amino acid scaffold 

(Scheme 5.2). However the challenges of fmoc-deprotection and subsequent oligomer extension 

on the homologous domain mitigated progress via this approach. Therefore subsequent efforts 

were directed towards introducing synthetic and structural modifications that eliminated the need 

for fmoc-protected monomers and also improved the coupling efficiency of building blocks to the 

deprotected amino groups. 

 

 

 

Scheme 5.1 

 

Hybridization of Pchim1 using either complementary or homologous domains, or both 
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The synthetic strategy outlined hitherto aimed to concatenate the complementary and homologous 

arms to the amino acid scaffold using boc- and fmoc- synthetic protocols exclusively (and 

respectively). We predicated this strategy on the orthogonality of both protecting groups that 

allowed oligomer extension exclusively on the unveiled amino group of the preceding monomer. 

However, we surmised that extension of the homologous arm could be accomplished using boc-

chemistry if an acid-sturdy group was used to terminate the complementary domain. This N-

terminal ‘cap’ would allow extension of the homologous arm (via boc-chemistry) without 

unwanted deprotection of the terminating group on the complementary arm (Scheme 5.3). 

The second modification involved the incorporation of a lysine residue on the scaffold intervening 

between both arms of the chimeric probe. This structural modification installs the natural amino 

acid in order to increase the separation between the growing oligomer and the solid-phase resin. 

Decreased proximity to the resin was expected to minimize the possibility of hydrophobic 

Scheme 5.2 

 

Potential synthetic route to chimeric PNA probe 
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collapse—a phenomenon that has been reported to inhibit removal of protecting groups and/or 

restrict access to unveiled reactive moieties on the oligomer37 (Scheme 5.3). 

 

 

 

 

 

 

 

 

5.3.3 Biophysical Characterization of PNA-RNA Chimera 

5.3.3.1 UV-Melting 

In order to determine the contribution from each recognition domain of the probe to the thermal 

stability of the complex formed with PM RNA, we monitored the melting transitions for samples 

containing the chimeric (or truncated) probe and target strand. (Characterization of the hybrids 

formed with MM RNA was not performed, but will be required to fully understand how the 

absence of one binding site on the target affects the thermal stability of the PNA-RNA complex.) 

Melting curves generated for samples containing Pchim1 showed a hyperchromic transition (Figure 

5.1, red circles) indicating the formation of a stable duplex with the target RNA. Interestingly, 

similar experiments performed with the truncated probe expected to form only a duplex with the 

target (Pcomp) showed similar melting transitions (Figure 5.1, blue squares).  

Scheme 5.3 

 

Modified synthetic route to chimeric probe 
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One possible explanation for this result is that recognition by the complementary domain of the 

probe is only minimally dependent on the presence of a contributing heteroquadruplex 

substructure. However, extensive interpretation of this data is limited by the absence of 

comprehensive structural information on the PNA-RNA chimera. It is possible that a 

heteroquadruplex structure is absent in the Pchim1-RNA complex, or that such structure—if it 

exists, is formed by a second equivalent of the probe. Either of these outcomes would eliminate 

the potential contribution of heteroquadruplex formation to the thermal stability of the 

accompanying heteroduplex.  

 

 

 

 

 

 

 

 

 

 

 

 

The contribution of the heteroquadruplex structure to the thermal stability of the chimeric hybrid 

was assessed by examining the complex formed between Phomo and PM RNA. Melting of the 

 

Figure 5.1: Biophysical characterization of PNA-RNA hybrids. 

UV-melting curves (260 nm) for PM RNA in the presence of 

Pchim1 (red circles) and Pcomp (blue squares). All samples 

contained 2.5 µM of both PNA and RNA, and were buffered in 

100 mM KCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM Na2EDTA 
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Phomo-RNA heteroquadruplex elicited a hypochromic transition at a lower temperature (ΔTm = -10 

°C, Figure 5.2A) than that observed for the Pchim1-RNA chimeric structure (Figure 5.2B). While 

this result might suggest a greater dependence of the heteroquadruplex domain on chimeric 

binding, it is possible that the thermal stability enhancement observed for the chimera could be a 

direct consequence of effective concentration-mediated modulation in the stability of the 

complexes. Melting of the quadruplex substructure is expected to precede duplex unfolding 

(compare Figs. 5.1 and 5.2A). Therefore, to the extent that a heteroquadruplex exists in the Pchim1-

RNA hybrid, its thermally-induced unfolding generates an intermediate where the two strands 

remain annealed due to the higher stability of the heteroduplex substructure. In contrast, melting 

of the Phomo-RNA heteroquadruplex generates two free strands.  

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Biophysical characterization of PNA-RNA hybrids. UV-melting curves (295 nm) for PM 

RNA in the presence of Phomo (A) or Pchim1 (B). All samples contained 2.5 µM of both PNA and RNA, 

and were buffered in 100 mM KCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM Na2EDTA. 
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5.3.3.2 Circular Dichroism 

Additional information on the nature of the interaction between the PM RNA target and PNA 

probes was obtained from CD spectra for the respective complexes. Samples containing the RNA 

strand alone produced a spectrum with an exciton band between 250 nm and 290 nm that reflects 

the helical organization of the target strand (Figure 5.3, open circles). Upon addition of the 

truncated homologous probe, Phomo, negative and positive peaks appear at 242 nm and 265 nm, 

respectively (Figure 5.3, green triangles), indicating the formation of a PNA-RNA parallel 

quadruplex18. In the presence of the truncated complementary probe, Pcomp, a minimum and a 

maximum appear at 250 nm and 270 nm, respectively (Figure 5.3, blue squares), providing 

supporting evidence for the formation of an antiparallel PNA-RNA duplex28.  

The CD spectrum for samples containing equimolar amounts of the RNA target and chimeric probe 

(Pchim1) is less lucid, since the minimum and maximum at 250 nm and 275 nm, respectively are 

signature peaks for both PNA-RNA antiparallel duplexes28 and parallel quadruplexes18, 22 (Figure 

5.3, red circles). Taken together, while these data confirm that the isolated probe domains form 

the expected structures with the RNA target, the nature of their interactions with the target, once 

incorporated into the chimeric probe cannot be determined by this method. 
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5.3.4 Selectivity through Chimeric Recognition 

We next utilized SPR competition experiments23 to examine the ability of Pchim1 to discriminate 

between PM RNA and the control target (MM RNA) possessing a scrambled sequence on the 

heteroduplex domain. In this experiment, a DNA capture strand immobilized on the SPR chip was 

used to quantify the amount of free Pchim1 present in a mixture of the probe and either RNA target. 

(A calibration curve correlating the sensor response with free probe concentration is presented in 

Figure D1.)  

Figure 5.4 presents results for the titration of Pchim1 with increasing concentrations of either RNA 

target. (Sensorgrams are presented in Figure D2.) While probe consumption by PM RNA (black 

squares) was more pronounced and proceeded to a higher level than with MM RNA (red circles), 

 

Figure 5.3: Biophysical characterization of PNA-RNA hybrids. 

CD spectra recorded for the PM RNA alone (open circles) and 

in the presence of Pchim1 (red circles), Pcomp (blue triangles), or 

Phomo (green squares). 
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we observed that saturation in the binding isotherm for Pchim1 occurs at similar concentrations of 

either RNA target (Figure 5.4), suggesting that this probe binds with similar affinities to both 

RNAs.  

Additionally, hybridization by either RNA target did not exceed 80 % of the total Pchim1 molecules 

present in solution (80 % for PM RNA; 50 % for MM RNA, Figure 5.4). While it is possible that 

the RNA targets lacked sufficient affinity to hybridize a higher fraction of free probe molecules, 

we have not ruled out the additional possibility that the RNA targets themselves bind to the 

immobilized DNA capture strand, thus occluding the binding sites for free probe molecules. In 

this event, low concentrations of free probe—likely to be the case at high [RNA]—would be 

difficult to detect if they cannot displace the bound RNA molecules. SPR direct-binding 

experiments to evaluate the inertness—or lack thereof— of the RNA targets to the immobilized 

DNA capture strand might yield insight on the extent to which inadvertent RNA binding to the 

capture strand impedes probe detection. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Selectivity of Pchim1. Titration of 120 nM Pchim1 

with 0 – 200 nM PM RNA (black squares) or MM RNA 

(red circles). 
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5.3.5 Structural Modifications to Improve Sequence Discrimination 

The relatively high level (50 %) of binding to the control sequence prompted us to examine if 

additional modifications could be made in the probe to limit its interaction with MM RNA. Close 

inspection of this RNA sequence revealed that, although duplex formation with the probe was 

unlikely, the heteroquadruplex could be sufficiently stable to keep the MM RNA annealed to the 

probe. We therefore introduced an abasic residue (ethylene glycol) within one of the G2 motifs on 

the homologous domain of the probe (Pchim2, Scheme 5.4). Successful binding by this modified 

domain would necessitate extrusion of the intervening residue away from the quadruplex core to 

form a bulge. It was not initially known whether this modification would entirely scuttle 

heteroquadruplex formation, since a thorough search of the literature revealed no examples of 

bulge-containing PNA-RNA/DNA heteroquadruplexes. However, bulges within G3 tracts are 

tolerated well by DNA intramolecular quadruplexes14. Therefore we expected this modification to 

be tolerated in the PNA/RNA hybrid quadruplex, provided the G residues in the probe were still 

presented at appropriate intervals to form tetrads with the target.  

Two additional modifications were introduced in Pchim2: (1) we increased the separation between 

the homologous and complementary domains using ethylene glycol residues, in addition to the 

amino acid scaffold. This modification was expected to alleviate any steric limitations that might 

preclude synergistic binding by the probe. (2) The thiazole orange cap was replaced with a lysine 

residue to improve the solubility of the probe (Scheme 5.4). 
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To examine the ability of Pchim2 to discriminate between the PM and MM RNA targets, SPR 

competition experiments were again used to analyze the binding of the probe to the different RNA 

oligomers. Figure 5.5 presents results from titration of Pchim2 with increasing RNA concentrations. 

(Sensorgrams for calibration/competition and calibration curve are presented in Figure D3-D4. 

The curves for Pchim2 are much clearer than those for Pchim1, presumably due to the improved 

aqueous solubility of the former.) We observe that Pchim2 is consumed much more readily by PM 

RNA (black squares) than by the control sequence (red circles). As with Pchim1 (Figure 5.4) we 

observe saturation in binding before molar equivalence is reached by PM RNA. While it is likely 

that RNA binding to the capture strand precludes detection of low concentrations of free probe, 

this sub-stoichiometric saturation might suggest that the chimeric hybrid is not a binary complex. 

Future work on this project should therefore seek methods to unambiguously verify the binding 

stoichiometry of the chimeric structure. Importantly, we observe greater discrimination between 

the target and control RNA strands with Pchim2 than with Pchim1. 

Scheme 5.4 

 

Hybridization of Pchim2 using either complementary or homologous domains, or both 
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However, much remains to be learned about the mode of recognition adopted by Pchim2. For 

instance, the specificity reported above is still attainable if hybridization is mediated by only the 

complementary domain of the probe. The incorporation of the ethylene glycol unit in one of the 

G2 tracts of Pchim2 was meant to destabilize the hetero-quadruplex domain, and increase its 

dependence on the flanking hetero-duplex. However, this structural modification has not been 

shown to be tolerated by isolated hetero-quadruplexes. Therefore additional characterization 

would be required to appraise the contribution of the homologous domain to overall target 

recognition.  

 

 

 

Figure 5.5: Selectivity of Pchim2. Titration of 170 nM Pchim2 with 

0 – 500 nM PM RNA (black squares) or MM RNA (red 

circles). 
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5.4 DISCUSSION 

The results presented here show that a PNA oligomer possessing both homologous and 

complementary domains can form a stable hybrid with a corresponding RNA target presenting the 

appropriate binding sites. While hybridization has been verified for truncated probes representing 

the isolated binding domains, the contribution of each substructure to the overall binding energy 

of the chimeric probe has not been evaluated. Importantly, the PNA probe shows discrimination 

in recognition against an RNA target lacking one of the requisite binding sites—an effect that is 

improved by structural modifications intended to destabilize the interactions tethering the probe to 

the deficient RNA target. 

The destabilizing modifications were made on the homologous domain of the probe, whereby an 

abasic residue within a G2-tract would be extruded as a bulge in the resulting chimeric hybrid. To 

the extent that this modification is tolerated in the resulting heteroquadruplex substructure, it 

would be expected to decrease the contribution of this domain to the overall binding energy of the 

hybrids formed with either RNA target, thus increasing the probe’s dependence on the 

complementary domain.  

This enforced co-dependency is likely to be useful in achieving selective targeting of G-quadruplex 

motifs using PNA oligomers possessing homologous and complementary domains. The high 

affinities of even isolated (homologous23 or complementary18, only) PNA probes for QFS motifs 

make it likely that an inappropriately designed chimeric PNA would provide sufficient binding 

energy (on one domain) to tether the probe to an off-target sequence presenting only one of the 

requisite ‘binding sites’. To circumvent this potential outcome, hybridization by the chimeric PNA 

to its target should depend on the simultaneous engagement of both binding domains in the 

resulting complex.  
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Although we have attempted to implement this strategy by incorporating abasic, bulging residues 

in the homologous domain, alternative strategies are possible. For example, inosine and 

deazaguanine residues could be incorporated in the homologous domain to deprive the hybrid 

tetrad of hydrogen bond donor and acceptor groups, respectively (Scheme 5). This modification 

might induce local destabilization of the tetrad that, if introduced at strategic positions—could 

propagate through the entire heteroquadruplex substructure. Additionally, truncation of the 

complementary domain might decrease the contribution of the heteroduplex substructure to the 

binding energy, thus increasing its dependence on the homologous domain. The extents to which 

these different ‘levers’ would have to be adjusted will likely depend on the structural features of 

the target, such as the number of G-tetrads and accessibility of its adjacent nucleotides. 

 

 

 

 

    

 

 

 

 

Our results can also be compared to other strategies and/or demonstrations of chimeric recognition 

of QFS motifs previously reported in the literature. Paul et al have reported that a PNA-acridone 

conjugate was able to form a stable heteroquadruplex with a G-rich DNA target bearing three G3 

Scheme 5.5 

 

Incorporation of Inosine and deazaguanine residues to destabilize hybrid tetrad 
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repeats38. The authors presented a binding model showing that each G residue of the PNA 

participated in hybrid tetrads formed with those of the DNA target, with stacking of the conjugated 

acridone ligand occurring on the terminal tetrad.38 Further, the free energy for complex formation 

appeared to be contributed by both H-bonding (from PNA) and end-stacking (from acridone), since 

the PNA—absent the acridone moiety, formed a less stable hybrid with the target, while the 

unconjugated small molecule did not perturb the folding pattern or thermal stability of the target38. 

Interestingly, while the chimeric probe was able to assemble the hybrid quadruplex from an 

unfolded strand, intermolecular quadruplex formation by the DNA precluded binding by the probe, 

presumably because the binding energy supplied by H-bonding and end-stacking was insufficient 

to compensate for the energy investment required to displace the DNA strand supplying the last 

G3 tract38.  

The limitation observed in the aforementioned report holds an important lesson for future work on 

this project: while our chimeric probes target a truncated RNA target predicted to be absent a stable 

quadruplex fold, it is possible that the design requirements for achieving simultaneous engagement 

of the two recognition domains will be affected by the stability of the quadruplex structure present 

in the target. For example, a more stable quadruplex might require the binding energy for our 

chimeric probe to be weighted more heavily on the homologous domain in order to facilitate 

quadruplex invasion. However, disproportionate localization of the binding affinity on one domain 

might compromise the probe’s selectivity against off-targets, since one binding site might suffice 

for recognition.  

In another example, Bhattacharyya et al have provided evidence that a DNA oligomer possessing 

both homologous and complementary domains was able to bind to an RNA target presenting the 

appropriate binding sites39. Evidently, hybridization was mediated by the formation of an RNA-
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DNA hybrid quadruplex and duplex by the homologous and complementary domains, 

respectively, of the DNA probe39. Further, the probe was shown to induce specific repressive 

effects on translation when directed against an endogenous gene presenting the binding sites for 

the DNA in its 5-untranslated or coding regions, or both39.  

However, while the biochemical and biological effects of this chimeric probe are clear, the binding 

model to the target RNA is nebulous: the authors present biophysical evidence for formation of a 

parallel folded RNA-DNA hybrid quadruplex39. In contrast, their binding model aligns the 3’-end 

of the probe (containing the homologous domain) with the 5’-end of the RNA target39. Further, 

both chemical and enzymatic foot-printing data showed that quadruplex destabilization in LiCl did 

not trigger unfolding of the putative adjacent duplex structure, suggesting that the binding energy 

is disproportionately weighted on the complementary domain39. These contradictions therefore 

limit our ability to extrapolate useful guidelines from this report for improving our design of the 

chimeric PNA probes. 

In conclusion, the chimeric probes presented in this chapter show discrimination against an RNA 

target lacking one of the requisite binding sites for the probes. The extent to which this selectivity 

is mediated by the simultaneous engagement of both domains of the same probe molecule has not 

been examined. However, the improvement in selectivity recorded upon putative destabilization 

of one of the recognition domains suggests that such synergistic effects can be measured by 

appropriate modifications to the probe. The ability of the probes to discriminate between target 

sequences capable of forming intramolecular quadruplexes is currently unknown, and should be a 

subject of future studies. It will also be interesting to examine the ability of these probes to induce 

effects on translation that are due to recognition of a specific quadruplex structure. 
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Figure A2. CD spectra of 4G3 RNA-PNA hybrids. All 

samples contained 2 µM 4G3 RNA and 2 µM PNA in 

100 mM KCl. 
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Figure A1. Quadruplex folding is intramolecular. UV-

melting curve for 10 µM 4G3 RNA in 1 mM KCl. 
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Figure A5. SPR competition experiments for 5’ + 4G3 RNA. Sensorgrams for 5 – 50 nM 5’ (A). 

Linear regression curve for slope against free 5’ concentration (B). Sensorgrams for titration of 20 nM 

5’ with 0 – 70 nM 4G3 RNA (C). All samples were buffered in 100 mM KCl, 10 mM Tris-HCl (pH 

7.4), and 0.1 mM Na2EDTA. 
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Figure A4. CD spectra for hybrid duplexes formed between 4G3 RNA (black curve) or rComp (red 

curve) and 5’ (A), Cen (B), and 3’ (C). All samples contained 2 µM PNA and 2 µM RNA, and were 

buffered in 100 mM KCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM Na2EDTA. 
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Figure A3. CD spectra for hybrid duplexes formed between 4G3 RNA and 5’ (A), Cen (B), or 3’ 

(C). Black curves represent spectra for hybrids; red curves represent spectra for PNAs alone; blue 

curves represent mathematical aggregate of 4G3 RNA and PNA spectra.  
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Figure A6. SPR competition experiments for 3’ + 4G3 RNA. Sensorgrams for 5 – 50 nM 3’ (A). 

Linear regression curve for slope against free 3’ concentration (B). Sensorgrams for titration of 20 nM 

3’ with 0 – 70 nM 4G3 RNA (C). All samples were buffered in 100 mM KCl, 10 mM Tris-HCl (pH 

7.4), and 0.1 mM Na2EDTA. 
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Figure A7. SPR competition experiments for Cen + 4G3 RNA. Sensorgrams for 5 – 50 nM Cen (A). 

Linear regression curve for slope against free Cen concentration (B). Sensorgrams for titration of 20 

nM Cen with 0 – 70 nM 4G3 RNA (C). All samples were buffered in 100 mM KCl, 10 mM Tris-HCl 

(pH 7.4), and 0.1 mM Na2EDTA. 
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Figure A9. Characterization of Cen + Cen-rComp in 100 mM LiCl. Sensorgrams 

for titration of 20 nM Cen with 0 – 70 nM Cen-rComp (A). Binding isotherm for 

Cen + Cen-rComp (B).  
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Figure A8. Sensorgrams for titration of PNAs with rComp targets. 20 nM 5’ + 0 – 70 nM 5’-rComp 

(A). 20 nM 3’ + 0 – 70 nM 3’-rComp (B). 20 nM Cen + 0 – 200 nM Cen-rComp (A). All samples 

were buffered in 100 mM KCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM Na2EDTA. 
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Figure A10. Effect of PNAs on ribosomal translation 

efficiency. Cell lysates were incubated with 30 nM 5’ 

(green) or 150 nM 3’ (blue), or 180 nM Cen (red) prior 

to addition of control transcript (supplied by Promega).  

 

 

Figure A11. Comparison of antisense inhibition of 4G3 

target by γ5’ (green squares), γ3’ (blue triangles), and 

γCen (red circles).  
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Figure A12. Melting profiles (295 nm) for 2 M of 4G3 

RNA in the absence (open circles) and presence (closed 

circles) of the PNA capture strand. Each sample was 

buffered in 10 mM KCl, 10 mM Tris-HCl (pH 7.4), and 

0.1 mM Na2EDTA. 
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Figure A13. Sensorgrams for (0 – 100 nM) 4G3 RNA 

binding to PNA capture strand. Running buffer contained 

100 mM KCl, 10 mM Tris-HCl (pH 7.4), and 3 mM 

Na2EDTA. 
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Figure A14. Biophysical characterization of 4G3-

PNA5’/OMe5’ hybrids. UV-melting curves at 295 nm for 

2 µM 4G3 RNA in the presence of 2 µM PNA5’ (red 

squares) or OMe5’ (blue circles). Samples contained 100 

mM KCl. 
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Figure A15. Effect of incubation time on 4G3 mRNA 

translation. [RNA] = 10 nM; Where present, [OMe5’] = 

250 nM. Reactions were incubated at 37 °C for the 

indicated durations prior to addition to lysate. 
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APPENDIX B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B2. UV-melting curve at 295 nm for 2 µM 4G4 

RNA in the presence of 2 µM 4G4 in 100 mM KCl. 

 

 

 

 

 

20 30 40 50 60 70 80 90

0.6

0.8

1.0

N
o

rm
al

iz
ed

 A
2

9
5

 n
m

Temperature (
o
C)

 

 

 

Figure B1. UV-melting curve for 10 µM 4G4 RNA target 

in 1 mM KCl. 
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Figure B4. SPR competition experiments for 4G2 + 4G2 RNA. Sensorgrams for 5 – 50 nM 4G2 (A). 

Linear regression curve for slope against free 4G2 concentration (B). Sensorgrams for titration of 20 

nM 4G2 with 0 – 100 nM 4G2 RNA (C). All samples were buffered in 100 mM KCl, 10 mM Tris-HCl 

(pH 7.4), and 0.1 mM Na2EDTA. 
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Figure B3. SPR competition experiments for 4G4 + 4G4 RNA. Sensorgrams for 5 – 50 nM 4G4 (A). 

Linear regression curve for slope against free 4G4 concentration (B). Sensorgrams for titration of 20 

nM 4G4 with 0 – 100 nM 4G4 RNA (C). All samples were buffered in 100 mM KCl, 10 mM Tris-HCl 

(pH 7.4), and 0.1 mM Na2EDTA. 
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Figure B5. SPR competition experiments for 4G4 + 4G4 rComp. Sensorgrams for 5 – 50 nM 4G4 

(A). Linear regression curve for slope against free 4G4 concentration (B). Sensorgrams for titration of 

20 nM 4G4 with 0 – 100 nM 4G4 rComp (C). All samples were buffered in 100 mM KCl, 10 mM 

Tris-HCl (pH 7.4), and 0.1 mM Na2EDTA. 

 

 

 

 

 

 

 

 

 

 

 

0 10 20 30 40 50
0.0

0.6

1.2

1.8

2.4

3.0

S
lo

p
e

[4G4] (nM)

B

Slope = 0.0529 • [4G4]

R
2
 = 0.99

 

 

0 50 100 150 200 250

0

100

200

300

400
R

es
p

o
n

se
 (

R
U

)

Time (s)

A

[4G4]
50 nM

5 nM

 

 

0 50 100 150 200 250

0

50

100

150

200

250

300

R
es

p
o

n
se

 (
R

U
)

Time (s)

+ 30 nM 4G4C

[RNA]

0 nM

100 nM

 

 

 

Figure B6. SPR competition experiments for 4G2 + 4G2 rComp. Sensorgrams for 5 – 50 nM 4G2 

(A). Linear regression curve for slope against free 4G2 concentration (B). Sensorgrams for titration of 

20 nM 4G2 with 0 – 100 nM 4G2 rComp (C). All samples were buffered in 100 mM KCl, 10 mM 

Tris-HCl (pH 7.4), and 0.1 mM Na2EDTA. 
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Figure B7. Sensorgrams for hybridization of 50 nM PNAs to 4Gx RNA targets. 4G4 + 4G4 (blue 

curve), 4G2 + 4G2 (black curve), 4G3 + 4G3 (red curve). Running buffer contained 10 mM Tris-HCl 

(pH 7.4), 3 mM Na2EDTA, and 100 mM KCl (A) or 100 mM LiCl (B). All binding experiments were 

performed at 25 oC. Sensorgrams are corrected for the immobilization level of each RNA. 
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APPENDIX C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1. Effect of PNAs on ribosomal translation 

efficiency. Control transcript (Promega) was incubated 

with PNA prior to addition of cell lysates (middle bar). 

PNA was incubated with cell lysates prior to addition of 

control transcript (right bar). Samples are normalized to 

translation in the absence of PNA. [PNA] = 250 nM. 
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GAGACCCAAGCTTTCAGATCCGCTAGCGCTACCGGGATCCAGCCACCATGGAAGACGCCAAAAACATA

AAGAAAGGCCCGGCGCCATTCTATCCTCTAGAGGATGGAACCGCTGGAGAGCAACTGCATAAGGCTAT

GAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTGAACATCACGT

ACGCGGAATACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACAAAT

CACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCGCGTTATTTAT

CGGAGTTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTGCTCAACAGTATGAACATTT

CGCAGCCTACCGTAGTGTTTGTTTCCAAAAAGGGGTTGCAAAAAATTTTGAACGTGCAAAAAAAATTA

CCAATAATCCAGAAAATTATTATCATGGATTCTAAAACGGATTACCAGGGATTTCAGTCGATGTACAC

GTTCGTCACATCTCATCTACCTCCCGGTTTTAATGAATACGATTTTGTACCAGAGTCCTTTGATCGTG

ACAAAACAATTGCACTGATAATGAATTCCTCTGGATCTACTGGGTTACCTAAGGGTGTGGCCCTTCCG

CATAGAACTGCCTGCGTCAGATTCTCGCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGA

TACTGCGATTTTAAGTGTTGTTCCATTCCATCACGGTTTTGGAATGTTTACTACACTCGGATATTTGA

TATGTGGATTTCGAGTCGTCTTAATGTATAGATTTGAAGAAGAGCTGTTTTTACGATCCCTTCAGGAT

TACAAAATTCAAAGTGCGTTGCTAGTACCAACCCTATTTTCATTCTTCGCCAAAAGCACTCTGATTGA

CAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGGGGCGCACCTCTTTCGAAAGAAGTCGGGG

AAGCGGTTGCAAAACGCTTCCATCTTCCAGGGATACGACAAGGATATGGGCTCACTGAGACTACATCA

GCTATTCTGATTACACCCGAGGGGGATGATAAACCGGGCGCGGTCGGTAAAGTTGTTCCATTTTTTGA

AGCGAAGGTTGTGGATCTGGATACCGGGAAAACGCTGGGCGTTAATCAGAGAGGCGAATTATGTGTCA

GAGGACCTATGATTATGTCCGGTTATGTAAACAATCCGGAAGCGACCAACGCCTTGATTGACAAGGAT

GGATGGCTACATTCTGGAGACATAGCTTACTGGGACGAAGACGAACACTTCTTCATAGTTGACCGCTT

GAAGTCTTTAATTAAATACAAAGGATATCAGGTGGCCCCCGCTGAATTGGAATCGATATTGTTACAAC

ACCCCAACATCTTCGACGCGGGCGTGGCAGGTCTTCCCGACGATGACGCCGGTGAACTTCCCGCCGCC

GTTGTTGTTTTGGAGCACGGAAAGACGATGACGGAAAAAGAGATCGTGGATTACGTCGCCAGTCAAGT

AACAACCGCGAAAAAGTTGCGCGGAGGAGTTGTGTTTGTGGACGAAGTACCGAAAGGTCTTACCGGAA

AACTCGACGCAAGAAAAATCAGAGAGATCCTCATAAAGGCCAAGAAGGGCGGAAAGTCCAAATTGTAA

GCGGCCGCTCGAGCATGCATCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCCCAAA

AAAAAAAAAAAAAAAAAAAAAAAAAAA 

Figure C2: Sequence of No G3 control. Firefly luciferase coding sequence highlighted in yellow. 

Possible C-rich and G-rich off targets are highlighted in cyan and pink, respectively. 
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GAGACCCAAGCTTTCAGATCCGCTAGCGGGAGGGCGGGTCTGGGCGATCCAGCCACCATGGAAGACGC

CAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCTCTAGAGGATGGAACCGCTGGAGAGCAACTGC

ATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTG

AACATCACGTACGCGGAATACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCT

GAATACAAATCACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCG

CGTTATTTATCGGAGTTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTGCTCAACAGT

ATGAACATTTCGCAGCCTACCGTAGTGTTTGTTTCCAAAAAGGGGTTGCAAAAAATTTTGAACGTGCA

AAAAAAATTACCAATAATCCAGAAAATTATTATCATGGATTCTAAAACGGATTACCAGGGATTTCAGT

CGATGTACACGTTCGTCACATCTCATCTACCTCCCGGTTTTAATGAATACGATTTTGTACCAGAGTCC

TTTGATCGTGACAAAACAATTGCACTGATAATGAATTCCTCTGGATCTACTGGGTTACCTAAGGGTGT

GGCCCTTCCGCATAGAACTGCCTGCGTCAGATTCTCGCATGCCAGAGATCCTATTTTTGGCAATCAAA

TCATTCCGGATACTGCGATTTTAAGTGTTGTTCCATTCCATCACGGTTTTGGAATGTTTACTACACTC

GGATATTTGATATGTGGATTTCGAGTCGTCTTAATGTATAGATTTGAAGAAGAGCTGTTTTTACGATC

CCTTCAGGATTACAAAATTCAAAGTGCGTTGCTAGTACCAACCCTATTTTCATTCTTCGCCAAAAGCA

CTCTGATTGACAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGGGGCGCACCTCTTTCGAAA

GAAGTCGGGGAAGCGGTTGCAAAACGCTTCCATCTTCCAGGGATACGACAAGGATATGGGCTCACTGA

GACTACATCAGCTATTCTGATTACACCCGAGGGGGATGATAAACCGGGCGCGGTCGGTAAAGTTGTTC

CATTTTTTGAAGCGAAGGTTGTGGATCTGGATACCGGGAAAACGCTGGGCGTTAATCAGAGAGGCGAA

TTATGTGTCAGAGGACCTATGATTATGTCCGGTTATGTAAACAATCCGGAAGCGACCAACGCCTTGAT

TGACAAGGATGGATGGCTACATTCTGGAGACATAGCTTACTGGGACGAAGACGAACACTTCTTCATAG

TTGACCGCTTGAAGTCTTTAATTAAATACAAAGGATATCAGGTGGCCCCCGCTGAATTGGAATCGATA

TTGTTACAACACCCCAACATCTTCGACGCGGGCGTGGCAGGTCTTCCCGACGATGACGCCGGTGAACT

TCCCGCCGCCGTTGTTGTTTTGGAGCACGGAAAGACGATGACGGAAAAAGAGATCGTGGATTACGTCG

CCAGTCAAGTAACAACCGCGAAAAAGTTGCGCGGAGGAGTTGTGTTTGTGGACGAAGTACCGAAAGGT

CTTACCGGAAAACTCGACGCAAGAAAAATCAGAGAGATCCTCATAAAGGCCAAGAAGGGCGGAAAGTC

CAAATTGTAAGCGGCCGCTCGAGCATGCATCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAG

AGCTCCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

Figure C3: Sequence of 4G3 reporter. Firefly luciferase coding sequence highlighted in yellow. 

Possible C-rich and G-rich off targets are highlighted in cyan and pink, respectively. G3 tracts are in 

bold and underlined. 
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Figure C4. CD spectra for Peg2 (red circles), 3,6D-Peg2 (blue 

triangles), and 4,5,6D-Peg2 (green squares). Samples 

contained 5 µM PNA/PNA buffered in 150 mM KCl, 10 

mM Tris-HCl (pH = 7.4), and 0.1 mM Na2EDTA 
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Figure C5. UV-melting for 4G3 RNA in the absence 

(open circles) or presence of Peg2 (red circles), 3,6D-Peg2 

(blue triangles), or 4,5,6D-Peg2 (green squares). Samples 

contained 2.5 µM RNA and 5 µM PNA/PNA buffered in 

1 mM KCl, 10 mM Tris-HCl (pH = 7.4), and 0.1 mM 

Na2EDTA. 
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APPENDIX D 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D1: Calibration for SPR competition experiments. Sensorgrams for 10 – 150 nM Pchim1 (A). 

Linear regression curve for concentration series (B).    
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Figure D2: SPR competition experiments. Sensorgrams for titration of 120 nM Pchim1 with 0 – 240 nM 

PM RNA (A) or MM RNA (B).  
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Figure D3: Calibration for SPR competition experiments. Sensorgrams for 10 – 150 nM Pchim2 (A). 

Linear regression curve for concentration series (B).    
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Figure D4: SPR competition experiments. Sensorgrams for titration of 170 nM Pchim2 with 0 – 500 nM 

PM RNA (A) or MM RNA (B).  

 

 

 

 

 

 

 

 

0 50 100 150 200 250

0

20

40

60

80

100

120

140

A

500 nM

0 nM

R
es

p
o

n
se

 (
R

U
)

Time (s)

[RNA]

 

 

0 50 100 150 200 250

0

20

40

60

80

100

120

B

R
es

p
o

n
se

 (
R

U
)

Time (s)

500 nM

0 nM

[RNA]

 

 


