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Abstract 

Nucleic acid is a promising material for biomedical applications due to its 

programmability and predictability of sequence binding. However, native nucleic acid 

itself could not be widely exploited in in vivo applications because of enzymatic 

degradation, weak and off-targeting binding and cellular delivery. Such issues could be 

potentially addressed by a novel synthetic nucleic acid analogue called Gamma Peptide 

Nucleic Acid (gPNA), in which backbone is replaced with a gamma modified N-(2-

aminoethyl)-glycine. Nonetheless, the biomedical applications of gPNA will impede until 

the synthesis and binding properties are better investigated.  

The presented work in this Dissertation first offers a robust synthetic strategy for 

preparing optically pure gPNA monomers. The strategy utilizes a bulky temporary 

protecting group to shield the alpha proton of the aminoaldehyde intermediate and 

performs reductive amination to build the gPNA backbone. As a result, the final monomers 

have enantiomeric excess more than 99.5% confirmed by HPLC and 19F NMR. This 

methodology will facilitate the production of gPNA for a wider range of applications. 

Earlier, gPNA is demonstrated to be preorganized into either right-handed (RH) or 

left-handed (LH) motifs by simply inverting the stereochemistry at g position. The RH 

motif can bind to RH-gPNA, unmodified PNA and native nucleic acid with exquisite 

binding affinity and sequence specificity, while the LH motif can only bind to LH-gPNA 

and unmodified PNA. The second work presented in this Dissertation demonstrates that 

the sequence information embedded in conformationally orthogonal gPNA can be 

interconverted by toehold-mediated strand displacement reaction. This work opens up the 
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opportunities for developing orthogonal molecular circuits to rapidly and sensitively detect 

genetic materials. 

Designing a tight binding hybridization probe with high sequence specificity is 

challenging in that the probes are too stable to be sensitive to a base mispairing. Inspired 

by Nature’s template-directed assembly, the third work presented in this Dissertation 

demonstrates a relatively weak binding MPgPNA probe can be concatenated in the 

presence of disease-relevant RNA repeated expansions and becomes a tight binding and 

potentially selective hybridization probe. This work may benefit the development of future 

nucleic acid therapeutics. 

Together, this Dissertation offers a robust synthetic strategy for preparing optically 

pure gPNA monomers, systematically understands the binding relationships of gPNA and 

provides a novel strategy to in-situ assemble tight binding probe with high sequence 

selectivity. This work envisions gPNA as a versatile biomolecular self-assembly platform 

with control over sequence and helical sense and will hopefully facilitate the potential 

applications of gPNA in diagnostics and therapeutics. 
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Chapter I: Introduction 

1.1. Background 

Nucleic acid, especially deoxynucleic acid (DNA), is an attractive biomedical 

material. Besides its evolutionary role for carrying genetic information, DNA holds great 

promise to rationally design biologically irrelevant macrostructures ranging from 

nanometers to millimeters. This success comes from two key elements: First, the double 

helical structure of DNA suggested by Watson and Crick provides the “code” to program 

macrostructures, which consists of hydrogen-bonding interactions between adenine (A) 

and thymine (T) and between guanidine (G) and cytosine (C).1,2 (Figure I- 1) Second, the 

deep and quantitative understanding of DNA thermodynamics3,4 in conjunction with 

computational algorithms5-7  makes it possible to reliably predict how DNA fold and 

interact with one another. Since the seminal work of Chen and Seeman8 in the early 1980s 

for building DNA self-assembly crystals, DNA has been rationally utilized in the bottom-

up construction of a variety of macromolecular systems, including macrostructures such as 

polymeric materials,9,10 nanoparticles,11,12 DNA tiles and origami13-22;  and dynamic 

devices such as molecular circuits,23,24 autonomous nanoscale machines,25-28 information 

storage29-31 and molecular computation.32-36  
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Figure I- 1. Watson-Crick base pairing. 

 

On the other hand, nucleic acid has long been pursued as a molecular biology tool 

for target-responsive smart therapeutics37,38, drug delivery systems39,40, imaging41 and gene 

regulation.42 However, when applied to cellular environment, nucleic acid often faces 

issues such as enzymatic degradation, weak or off-target binding and cellular delivery. 

Interestingly, all these issues could be potentially solved by novel chemical modifications 

on nucleic acid structure. Therefore, the next section of this Chapter will provide a brief 

overview on how chemical modifications can impact the biophysical properties of nucleic 

acid. It will emphasize a unique nucleic acid analogue, called gamma peptide nucleic acid 

(gPNA) for its innovatively endowed biophysical properties. The last section of this 

Chapter will outline three challenges faced when applying gPNA to molecular self-

assembly applications, which will be addressed by the next three Chapters of this 

Dissertation.  
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1.2. Chemically Modified Nucleic Acids 

In attempts to modulate the properties of nucleic acid– nuclease stability, binding 

affinity and specificity and cellular uptake, nucleic acids are amenable to be chemically 

modified on the furanose sugar, the nucleobase and the phosphodiester backbone. 

1.2.1. Modifications on Furanose 

2’-Modified RNA. The two most commonly modifications at the 2’-OH position 

are 2’-O-methyl (2’-OMe) and 2’-O-methoxy ethyl (MOE).43 (Figure I- 2) The 2’ 

modifications with such electron-withdrawing groups induce the conformational 

equilibrium of the furanose ring toward the RNA-like C3’endo structure, which induces 

slightly better affinity toward complementary RNA. It has improved nuclease stability and 

less toxicity.44  

Locked Nucleic Acid (LNA). Similar to 2’-modified RNA, a methylene bridge 

introduced between the 2’oxygen of the ribose and the 4’-carbon locks the sugar 

conformation as the C3’endo structure. The modified nucleic acid is known as locked 

nucleic acid (LNA).45 (Figure I- 2) The key linkage confers stronger binding affinity (+5 

to +9 oC per incorporation), great enzymatic resistance and cellular uptake.46,47 However, 

it showed increasing risk for causing hepatotoxicity.48,49  

Mirror-Image Oligonucleotides. The (L)-(deoxy)ribonucleic acid exhibits similar 

solubility, hybridization kinetics and duplex thermal stability to the native (D)-form, but 

cannot be recognized by nucleases.50-53 (Figure I- 2) However, it was observed to bind to 

native nucleic acid under certain conditions, so careful considerations have to be made for 

sequence design.50,54  



 4 

 

Figure I- 2. Common oligonucleotide structures with furanose modifications. B: 
Nucleobases.  

1.2.2. Modifications on Nucleobases 

The G-clamp base (X) is a cytosine analogue. (Figure I- 3) Unlike cytosine forming 

3 H-bonds with guanidine, G-clamp can form 5 H-bonds with guanine by the extra two 

through Hoogsteen base pairing.55 Additionally, the tricyclic phenoxazine rings offers 

extended surface area for base stacking, which together significantly enhances thermal 

stability per incorporation.56,57 Besides G-clamp, diaminopurine (D) can form three H-

bonds with thymine and enhance thermal stability by ~ 1.5 oC per incorporation.58,59 Other 

modified purines include the N2-imidazolylpropyl and N2-aminopropyl analogues of 

guanine. The cationic groups form electrostatic interactions with the phosphate backbone 

in the major groove of DNA and enhance duplex thermal stability by 1 to 3.3 oC per 

incorporation.60,61  
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Figure I- 3. Representative examples of modified nucleobases. 

1.2.3. Modifications on Phosphodiester Backbone 

Phosphorothioate (PS). The phosphorothioate (PS) replaces the non-bridging 

oxygen in the phosphate group with a sulfur atom. (Figure I- 4, left) De Clercq et al. 

developed the first phosphorothioate analogs and showed improved enzymatic stability.62 

However, phosphorothioates in general have a slightly lower binding affinity for 

complementary DNA or RNA targets as compared to the natural counterparts (– 0.5 oC per 

incorporation). Therefore, it requires a longer sequence to achieve a desired affinity for 

practical applications.63 Additionally, incorporation of the sulfur atom introduces chirality 

at the phosphate group and causes heterogeneity in nuclease stability and binding affinity. 

The Sp form is more nuclease stable than the Rp form, but less thermally stable to 

complementary sequences.64 Lastly, phosphorothioates have showed cytotoxic side effects 

due to the interactions with endogenous proteins.65-67  
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Figure I- 4. Representative examples of backbone modified nucleic acid analogues. 

Phosphorodiamidate morpholino (PMO). Phosphorodiamidate morpholino 

oligomers replace the phosphodiester backbone with a phosphorodiamidate linkage and the 

ribofuranose ring with a morpholino ring. 68 (Figure I- 4, middle) The neutral backbone 

confers high enzymatic resistance and enhanced binding affinity as compared to the natural 

counterparts. However, it poorly traverses the cell membrane and requires other methods 

for cellular delivery.69  

Peptide nucleic acid (PNA). PNA replaces the natural sugar-phosphodiester 

backbone with the achiral N-(2-aminoethyl)glycine units, seminally reported by Nielsen et 

al. in 1991.70 (Figure I- 4, right) PNA hybridizes to DNA and RNA with high affinity and 

sequence selectivity and resists enzymatic degradation.71 One unique feature of PNA is 

that it can invade double-stranded DNA when the target sequences are mostly purine- and 

pyrimidine-rich targets71, or when the mixed sequences are within unstable dsDNA helical 

regions.72-75 This opens up the opportunities to manipulate gene expression at the 

transcriptional level.76,77 

In real practice, PNA suffers from some limitations. PNA tends to fold into complex 

globular structures, presumably due to the collapse of the hydrophobic nucleobases.78 

Therefore, PNA tends to aggregate and nonspecifically adhere to surfaces and 

biomolecules. Additionally, the charge-neutral backbone confers poor cellular uptake for 
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in vivo applications.79 Further synthetic efforts have been made to endow PNA with 

improved biophysical properties.80-82 In general, the backbone modifications can be 

classified into two categories, cyclic and acyclic. 

Cyclic backbone. Cyclic backbone has been pursued in order to preorganize the 

achiral flexible PNA backbone into helical structure.80 (Figure I- 5) The tcypPNA replaces 

the ethylene portion of PNA with a trans-cyclopentyl group and restrains the backbone to 

better accommodate DNA and RNA.83 Similarly, a/b dipeptide replaces the PNA 

backbone with a dimer of D-proline and a cyclic b-amino acid, resulting in strong mismatch 

discrimination and binding affinity.84 

  

Figure I- 5. Representative examples of cyclic PNA. 

 

Acyclic backbone.  

aPNA. Introduction of stereogenic centers at alpha backbone results in aPNA. 

(Figure I- 6, left) In general, aPNA/DNA complexes have slightly less thermal stability 

than PNA/DNA complexes.85 However, incorporation of cationic side chains, such as 

lysine and arginine, can enhance the thermal stability through electrostatic interactions with 

phosphate charge of DNA.86,87 Lastly, cellular uptake of aPNA can be improved by 

guanidium groups88 and N-acetylgalactosamine.88,89 
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Figure I- 6. Chemical Structures of aPNA and gPNA. 

gPNA. Among all chemically modified nucleic acids, gPNA is perhaps the most 

promising analogue that can improve enzymatic resistance, binding affinity, sequence 

specificity and cellular delivery simultaneously by relatively simple chemical synthesis. 

(Figure I- 6, right) The substituents at gamma backbone positions induce steric clash with 

the substituents on the tertiary amines and preorganize backbone into either right-handed 

(RH) or left-handed (LH) motif.90 (Figure I- 7) The LH motif cannot bind to 

physiologically relevant complementary B-DNA due to conformational mismatching.91  

On the other hand, the RH motif can bind to RH-gPNA, unmodified PNA and native 

nucleic acid with exquisite binding affinity and sequence specificity. Unlike unmodified 

PNA, the RH-gPNA can invade double helical DNA or RNA without sequence 

restriction.92,93  

 

Figure I- 7. Backbone preorganization results in two helical motifs, the right-handed (RH) 
and the left-handed (LH)-gPNA. Arrow directions: from N- to C- termini for gPNA; from 
5’ to 3’ ends for B-DNA. 
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The preorganization minimizes the entropic penalty upon duplex complexation, 

which affords high binding affinity and sequence discrimination as compared to 

unmodified PNA. On average, the Tm’s of the RH-gPNA hybrid duplexes increased by ~3 

oC for DNA and ~2 oC for RNA for every chiral unit incorporated into PNA oligomers. A 

single-base mismatch in PNA hybrid duplexes lowered Tm by 16-21 oC for DNA and 

12-20 oC for RNA, depending on the mismatched pair, as compared to 10-14 oC and 

11-18 oC respectively for unmodified PNA.88 Additionally, a single-base mismatch in 

gPNA duplexes lowered Tm by more than 27 oC.91  

The size of g modifications does not affect the backbone preorganization94; 

therefore, a variety of side chains can be incorporated to improve the biophysical properties 

and provide new chemical functions. (Figure I- 8) Cationic groups (guanidinium and 

amine groups) can enhance the cellular uptake of gPNA.95-97 Anionic groups (carboxylate 

and sulphate groups) can enhance water solubility and binding affinity toward DNA and 

RNA under medium to high salt concentrations.98,99 Diethylene glycol (commonly referred 

to as MiniPEG, or ‘MP’) moiety can enhance water solubility and biocompatibility of 

gPNA without introducing charges.88 L-Lysine-derived gPNA monomers were prepared for 

post-synthesis modification with fluorescent dyes, peptides and bioactive ligands.100,101 L-

Cysteine-derived gPNA monomers were prepared to embody native chemical ligation for 

synthesizing long oligomers.102 These newly endowed properties of gPNA have been 

exploited in a number of applications, including molecular assembly,91,103-109, gene 

editing,110-112 antisense therapeutics,113-117 and diagnostics.118-127 

Despite the appeal, the wider range of gPNA applications will impede until at least 

three challenges are addressed. The next section will discuss the three challenges addressed 



 10 

by this Dissertation. It will turn gPNA into a versatile biomolecular self-assembly platform 

with control over sequence and helical sense, and hopefully facilitate the potential 

applications in therapeutics and diagnostics. 

 

 

 

 

Figure I- 8. Representative Examples of gPNA. 
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1.3. Thesis Organization 

1.3.1. Synthesis of gPNA Monomers 

With the innovatively endowed biophysical properties, gPNA has a unique role in 

several biomedical applications. Further implementation of gPNA relies on the production 

of chemical building blocks that are optically-pure and that are compatible with the 

automated solid-phase peptide synthesis (SPPS). The former is essential since even the 

slightest amount of a racemate could have profound effects on the conformation and 

hybridization property of the oligonucleotide.128 The latter is practical in that operating 

solid phase synthesizer with milder reagents would reduce the chance of corrosion and 

extend the lifetime of instrument. Therefore, it is foremost required to develop a roust 

method for scaling-up the production of enantiomerically-pure gPNA monomers with 

mildly removable protecting groups. 

Currently, there are three general strategies to prepare gPNA monomers. The first 

common strategy involves Mitsunobu-Fukuyama reaction that has been shown as a mild 

and epimerization-proof condition.129 For example, in the preparation of MPgPNA, Boc-

protected L-serine was first alkylated with miniPEG side chain and followed by reduction 

to Boc-protected serinol.88 The treatment of Mitsunobu-Fukuyama condition with 

dinitrophenylsulfonamide glycine and the mild basic removal of the sulfonamide group 

afforded MPgPNA backbone. (Scheme I- 1) After coupling with nucleobase acetic acid 

and basic hydrolysis, the resulting gPNA monomers were proved to be optically pure by 

19F NMR.88 However, this method generally suffers from tedious separation of byproducts 

such as triphenylphosphine oxide. Additionally, installation of the miniPEG side chain has 
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to compromise the yield with optical purity in a larger-scale set-up. Therefore, this method 

is generally not adopted for large-scale preparation.  

 

   

Scheme I- 1. Synthesizing gPNA monomers by Mitsunobu-Fukuyama condition with a 
representative example of Boc-L-MPgPNA.88 

The second general strategy to prepare gPNA monomer involves preparing diamino 

derivatives from amino acids and then conducting N-alkylation to construct the chiral 

gPNA backbones.96,130-134 (Scheme I- 2) While this strategy is generally epimerization-

proof, the tricky N-alkylation afforded yields from 55% to 80% due to the chance of di-N-

alkylation. Therefore, further investigations are required to optimize the reaction 

conditions. 
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Scheme I- 2. Synthesizing gPNA monomers by N-alkylation reaction with a representative 
example Boc-L-g-(S)-amPNA.96 

The third strategy to prepare gPNA monomers involves the straight reduction of 

protected chiral amino acids to protected chiral amino aldehyde and then reductive 

amination to construct the corresponding chiral g backbones.135 (Scheme I- 3) This strategy 

is shorter and easier for purification as compared to the previous two strategies. 

 

  

Scheme I- 3. Synthesizing gPNA monomers by reductive amination with a representative 
example Boc-L-alanine-based gPNA.135 
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conditions with Boc and 9-(9-phenylfluorenyl) (PhF) groups, and concluded that PhF can 

best secure the optical purity of gPNA monomers in this reductive amination strategy.128 

This superior outcome resulted from two factors: (1) The bulky group twists the aldehyde 

structure into an unfavorable configuration and shields the alpha proton from removal140; 

(2) PhF group prefers to be a leaving group following deprotonation over the inversion and 

reprotonation of the anion.141  

While the PhF group can secure optical purity, the removal of this group requires 

strong acid or hydrogenation conditions, which is not compatible with acid-labile 

functional groups on monomers or pyrimidine bases, respectively. Chapter 2 of this 

Dissertation will address this challenge and provide a general method for synthesizing both 

RH– and LH– Fmoc-protected miniPEG containing gPNA monomers. 
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1.3.2. Molecular Computing by gPNA Platform 

Currently, most dynamic nucleic acid nanodevices and circuits comprise native 

nucleic acids to achieve the desired manipulations in cell-free environment. However, 

when applied to in vivo environment, native nucleic acids could not achieve the desired 

goals due to the enzymatic degradation within a period of minutes.142 The half-lives of 

nucleic acid could be extended by chemical modification on the phosphodiester-sugar 

backbone. However, some of the modified nucleic acids has spurious binding with cellular 

components and induces cellular toxicity.143 This problem could be potentially solved by 

bio-orthogonal nucleic acid analogues that cannot be recognized by cellular components. 

Furthermore, how to interface between the native and the bio-orthogonal forms is required 

to be investigated. 

These two issues could be potentially addressed by using mirror-image 

oligonucleotide and toehold-mediated strand-displacement. (L)-DNA is a mirror-image of 

native DNA and known to have similar hybridization kinetics and duplex thermal stability 

to the native oligonucleotide.50-52 It can bind to achiral PNA same as the native form. This 

common nature was exploited by Sczepanski et al. to develop a helical sense convertor to 

interface both forms by toehold-mediated strand-displacement.144 The group demonstrated 

that PNA-mediated heterochiral circuits can detect endogenous microRNA. However, 

mirror-image oligonucleotides are not truly bio-orthogonal to endogenous nucleic acid50,54 

and the signal integrity cannot be maintained in real in vivo applications. Therefore, it is 

necessary to find other materials for high signal-integrity molecular computing. 

Earlier our group demonstrated that LH-gPNA cannot bind to RH-gPNA, DNA 

and RNA with the same complementary sequence, but can bind to achiral PNA similarly 
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to RH-gPNA.91 Chapter 3 of this Dissertation demonstrates that the sequence information 

in the two orthogonal worlds can be interconverted through PNA-mediated strand 

displacement. Further integration of the gPNA platform would facilitate the development 

of a rapid and sensitive method for in-situ detection of genetic materials. 
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1.3.3. Design of Tight Binding Probes with High Sequence Specificity  

Designing a tight binding hybridization probe with high sequence specificity is 

challenging in that the probes are too stable to be sensitive to a base mispairing.145 Nature 

has developed template-directed biopolymer synthesis to assemble low-affinity but highly 

sequence-specific building blocks to tightly and selectively bind to the template. 146 To 

mimic the process in the laboratory, one requires oligomeric monomers with mutually 

reactive functional groups, which are chemically stable in the absence of template, but are 

concatenated in the presence of template. However, this concept cannot be realized by 

traditional oligomeric monomers such as DNA and achiral PNA, because the flexible 

backbones allow the two reactive groups diffusively approaching each other and 

undergoing cyclization.147,148  

Chapter 4 of this Dissertation postulates that conformationally rigid oligomeric 

monomers, gPNA in this study, can address this challenge. It demonstrates that a relatively 

short MPgPNA probe did not immediately undergo intramolecular cyclization with a half-

life of 1h. In the presence of targets consisting of RNA CUG repeats, the probe was 

concatenated to form long tight binding probes. While further investigations are needed to 

investigate the sequence-selectivity of such template-directed assemblies, this strategy 

provides a novel approach to design short nucleic-acid probes for targeting RNA-repeat 

expansions through template-directed oligomerization. 
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Chapter II: A General Method for Preparing the Right- and 

Left-Handed Fmoc-MPgPNA Monomers with 

High Optical-Purity 

The work in this chapter is to be submitted as: 

 Hsieh, W.-C.; Shaikh, A. Y.; Ly, D. H. A General Method for Preparing Optically-

Pure (R)- And (S)-Fmoc-MiniPEG-Containing Gamma Peptide Nucleic Acid Monomers.  

 

Wei-Che Hsieh and Dr. Danith H. Ly designed the research. Wei-Che Hsieh and Dr. Ashif 

Yasin Shaikh developed the schemes. Wei-Che Hsieh and Dr. Danith H. Ly analyzed the 

data and wrote the paper.  

 

2.1 Introduction 

Synthetic oligonucleotides are valuable as molecular tools and reagents for biology, 

biotechnology, and medicine, as well as for molecular engineering and computation.1-3 

Paramount to the success of many of these applications is a reliance on their ability to 

recognize and bind the designated DNA or RNA targets, or their obligatory partners with 

high affinity and sequence-specificity. Other biophysical attributes, including cellular 

transduction, biodistribution, and metabolism, may be required for intracellular or in vivo 

applications; however, they are not necessary for in vitro experiments. It is therefore 

essential to be able to modify the structures and chemical functionalities of these molecular 

tools and reagents with ease so that they could be tailor-designed to suit the specific tasks 
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in hand, since there is no one particular design or chemical outfit that can fulfill all the 

requirements.  

A particular class of nucleic acid mimic that is endowed with such synthetic 

flexibility is peptide nucleic acid (PNA). Developed by Nielsen and coworkers4 in the early 

1990’s, PNA comprises an entirely different backbone skeleton from that of DNA or RNA, 

made up of N-(2-aminoethyl) glycine units. PNA has several appealing features, including 

tight and sequence-specific binding with DNA or RNA, and resistance to enzymatic 

degradation.5 Furthermore, the acyclic and achiral backbone provides a convenient means 

for chemical modifications. However, it is not without shortcomings. The charge-neutral 

polyamide backbone that confers PNA with many of its attractive features renders it less 

water soluble than the natural counterparts. As a result, PNA tends to aggregate and adhere 

to surfaces and other macromolecules in a non-specific manner. While this issue has been 

addressed to some degree,6-8 further improvements in this and other areas, including 

synthetic methodology and recognition property, are needed in order to expand the scope 

and utility of PNA in the various research disciplines. 

A promising approach involves installation of a chiral center at the gamma 

backbone. Such a stereochemical modification transforms PNA from a random-fold into 

either a right-handed (RH) or a left-handed (LH) helical motif, depending on the 

stereochemistry.9 The LH conformer is unable to hybridize to the RH, or to DNA or RNA, 

due to conformational mismatch.10 On the other hand, the RH hybridizes to DNA or RNA 

with exquisite affinity and specificity, and is able to invade double helical DNA or RNA 

without sequence restriction.11 Furthermore, by incorporating diethylene glycol 

(commonly referred to as MiniPEG, or ‘MP’) moiety at the gamma backbone, the water 
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solubility and biocompatibility of PNA could be significantly improved without 

introducing charges.12 These newly endowed properties of PNA have been exploited in a 

number of applications, including biosensing,13-15 gene editing,16,17 and molecular 

engineering.10 The challenge with this stereochemical approach, however, is in the 

production of chemical building blocks that are optically-pure and that are compatible with 

the automated solid-phase peptide synthesis (SPPS). The former is essential since even the 

slightest amount of a racemate could have profound effects on the conformation and 

hybridization property of the oligonucleotide.18 Herein, we report the development of a 

robust method for scaling-up the production of enantiomerically-pure, Fmoc-protected (R)- 

and (S)-MPgPNA monomers from relatively cheap and commercially available starting 

materials for SPPS (Figure II- 1).   

 

 

 
Figure II- 1. Fmoc-protected (R)- and (S)-MPgPNA monomers being prepared by this 
method. 
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2.2. Results and Discussion  

Most chiral PNA monomers were prepared through the reductive amination route, 

starting with Boc- or Fmoc-protected amino acids.19 However, such a coupling reaction is 

known to be configurationally unstable due to the propensity of Boc- and Fmoc-

aminoaldehydes to undergo epimerization even under mild experimental conditions.20-23 

We were able to minimize the extent of racemization by carrying out serine side chain-

alkylation under a strict reaction condition and by employing Mitsunobu reaction in the 

preparation of MPgPNA backbone (Scheme II- 1).12 While we were able to produce small 

quantities of optically-pure MPgPNA monomers for the initial proof-of-concept studies, it 

remains a challenge to scale-up monomer production without compromising optical purity. 

First, it requires the reaction to be performed at a low temperature and in a relatively short 

time to avoid racemization. Second, it requires a strenuous purification step that would be 

required to remove triphenylphosphine oxide from the desired backbone. Moreover, such 

a protocol is not compatible with Fmoc-chemistry due to the strong basicity employed in 

the alkylation step, which would lead to its removal.  

To overcome these issues of scalability, optical purity, and harsh on-resin reaction 

conditions, we explored several protecting groups, including fluorenylmethyloxycarbonyl 

(Fmoc),24 dibenzyl,25 9-phenylfluorenyl (PhF),26 and 9-(4-bromophenyl)-9-fluorenyl 

(BrPhF),27 along with numerous synthetic routes. Among these we found BrPhF to be the 

most robust and facile temporary protecting group, and the synthetic route outlined in 

Scheme II- 2 through 4 to be the most economical in the production of monomers 1a-d 

and 2a-d (Figure II- 1). The other protecting groups were not as successful due to several 

setbacks (Refer to Scheme II-S 1 and Scheme II-S 2).    
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Scheme II- 1. Synthesis of Boc-protected MPgPNA monomer by Mitsunobu-mediated 
reaction.12 

 

Previously we have shown that PhF, a nitrogen protecting group originally 
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orientation for deprotonation.30 Upon the extreme condition for deprotonation, namely the 
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retains the full protection repertoire of PhF but can be selectively removed under a mild 

acidic condition following the insertion of an electron-donating group, such as morpholine.  

The strategy for incorporating BrPhf and MPhf is outlined in Scheme II- 2. The 

hydroxyl group of L-serine methyl ester 3 was selectively protected by tetrahydropyranyl 

acetal (THP) group and followed by the N-alkylation of BrPhF group. We found the THP 

protection33 instead of in-situ trimethylsilylation26 was necessary to provide high yield of 

conversion to ester 5. The conversion of ester 5 to Weinreb amide 8 was performed by the 

three-step process with basic hydrolysis, Weinreb amide formation and removal of THP 

group with 95% overall yield. This conversion could have been performed in a one-pot 

manner by employing Lewis acid Me2AlCl and N,O-dimethylhydroxylamine 

hydrochloride;34 however, the latter method could only remove the THP group even with 

excess of Me2AlCl. (Data not shown)  

Next, in the conversion of 8 to 10, the hydroxyl group was O-alkylated with 

miniPEG tosylate 17 with addition of TBAI and NaH, followed by Buchwald amination 

with yields 77% and 96% respectively. For the amination, Cs2CO3 and Xphos were found 

to be the best combination due to higher conversion and presumably less elimination 

product found. (Table II- 1) Overall, the alkylated Weinreb amide (10) was prepared in 

seven steps with greater than 55% overall yield, with several reaction steps carried out in 

nearly quantitative yields. (Scheme II- 2)   
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Scheme II- 2. Synthesis of intermediate 10 from L-serine methyl ester 3. 

 

 

Entry Ligand (0.06 eq) Base (5 eq) Yielda 
1 Xphos NaOtBu <5% 
2 Johnphos NaOtBu <5% 
3 BINAP NaOtBu <5% 
4 Xanthphos NaOtBu <5% 
5 Davephos NaOtBu <5% 
6 Xphos Cs2CO3 >90% 
7 Johnphos Cs2CO3 ~70% 
8 BINAP Cs2CO3 ~80% 
9 Xanthphos Cs2CO3 <10% 
10 Davephos Cs2CO3 ~70% 

 
 
Table II- 1. Screened conditions for Buchwald amination. All reactions were performed 
with 0.06 eq of Pd(OAc)2 in toluene (0.1M) for 2 hr with the indicated reagents in the table. 
Temperature was set at 80 oC to mitigate racemization issue. a: TLC yield. 
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The BrPhF precursor and MP-sidechain were prepared as shown in Scheme II- 3.  

In Scheme II- 3A, the BrPhF hydroxyl precursor 12 was brominated with acetyl bromide35 

in toluene with quantitative yield, instead of HBr aqueous solution.36 The latter condition 

resulted in rapid solvolysis of 13. In Scheme II- 3B, the benzyl diethylene glycol was first 

converted to tert-Butyl ether by the treatment of magnesium perchlorate and Boc 

anhydride.37 The relatively low yield resulted from the impurity benzyl monoethylene 

glycol from starting material. The tert-Butyl ether was then subjected to nearly neat high-

pressure hydrogenation and tosylation to afford miniPEG tosylate 17. 

  

Scheme II- 3. Synthesis of (A) 9-(4-bromophenyl)-9-fluorenyl bromide (13) 32 and (B) 2-
(2-(tert-butoxy)ethoxy)ethyl 4-methylbenzenesulfonate (17). 

Once prepared, the Weinreb amide 10 was converted to an aldehyde, followed by 

reductive amination38 to produce the backbone intermediate 19. (Scheme II- 4) Coupling 
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didn’t remove the tert-butyl- or Boc-protecting group as crude ESI-MS data suggested. 

(Figure II-S 27 and Figure II-S 28) However, the Fmoc protection with the treatment of 

Fmoc-OSu and DIEA could not afford satisfactory yield (up to 40%) even with excess of 

reagents and prolonged stirring. An attempt to utilize Fmoc-Cl resulted in undesired 

cyclized product most likely due to the chlorination of carboxylic acid and then 

intramolecular N-acylation. (Data not shown) Further investigations with other Fmoc 

reagents may enhance the final yield.39 Similarly, the left-handed version was prepared 

with a relatively cheap D-serine methyl ester.  

   
Scheme II- 4. Synthesis of Fmoc-protected MPgPNA from intermediate (10). 
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Their optical purities were confirmed by converting Fmoc groups of monomers 1a 

(RH) and 2a (LH) to Mosher derivatives 23 and 24, respectively. On the 1H-NMR spectra, 

both derivatives 23 and 24 formed rotamers with ratio ~ 1:1. (See Figure II-S 37 and 

Figure II-S 39) However, on the 19F-NMR spectra (Figure II- 2), the RH derivative 23 

exhibited double peaks, while the LH derivative 24 only exhibited a singlet as previously 

noted.12 The discrepancy of 19F NMR patterns presumably resulted from the different 

chemical environments with the neighboring substituents; therefore, the rotamers of the 

LH derivative 24 were not separable.  

 In this study, the double peak pattern of the RH derivative was not observed on the 

spectrum of the LH derivative, indicating enantiomeric excess is greater than 99.5%, the 

detection limit of 19F-NMR.40 A more rigorous analysis by HPLC also showed that the e.e. 

value is more than 99.5 % for both derivatives. (Figure II- 3) These results suggested that 

with BrPhF and MPhF as the protecting groups, the optical purity of final monomers was 

secured even under conditions with strong bases and elevated temperatures.  
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Figure II- 2. Assessment of enantiomeric purity. 19F-NMR spectra of compounds 23 and 
24. The doublet pattern of each compound in 23 is the result of the formation of rotamers 
in d6-DMSO.  

 
Figure II- 3. Assessment of enantiomeric purity. HPLC chromatograms of compounds 23 
and 24. Undetectable peak overlapping was observed. HPLC Condition: C18 column 
(dimensions 4.6 mm X 250 mm), 1 mL/min flow rate, 60 oC oven temperature, 25 to 75% 
ACN/H2O with 0.1% TFA in 30 min. 
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2.3. Conclusions 

Overall, we developed a general and robust synthetic method for scaling-up the 

production of enantiomerically-pure, Fmoc-protected (R)- and (S)-MPgPNA monomers. 

The work employed a safety-catch BrPhF-protecting group and its morpholine derivative 

for shielding the α-proton from undergoing epimerization in the alkylation and reductive 

amination steps. The ee values of these monomers were determined to be greater than 

99.5% by HPLC and 19F-NMR. Although the synthetic route is relatively lengthy in 

comparison to the published report,12 many of these reaction steps provided excellent 

chemical yields and were used in the subsequent steps without purification. Upon the 

insertion of morpholine, the resulting MPhF-protecting group can be removed in situ with 

the ester group, during acid-neutralization following hydrolysis, without affecting the tert-

butyl- or Boc-protecting group. The resulting amine can be readily protected with Fmoc or 

any other functional groups as desired. This is in direct contrast to all the other routes that 

we have examined,12,29 which were prone to racemization and required strenuous column 

chromatography for purification in every step. This method could be potentially applied to 

prepare monomers with novel chemical modifications at gamma backbone positions. 
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2.4. Experimental Sections 

2.4.1. Material and Methods 

All commercial reagents were used without further purification. Solvents were 

dried by standard methods and distilled freshly prior to use. 1H-, 13C- and 19F-NMR spectra 

were recorded on a Bruker 500 MHz Avance NMR spectrometer using standard Bruker 

software. The 1 H NMR spectra were referenced to d6-DMSO (2.50 ppm) or TMS in CDCl3 

(0.00 ppm). The 13C NMR spectra were referenced to CDCl3 (77.23 ppm) or d6-DMSO 

(39.52 ppm). The 19F NMR spectra were referenced to TFA in d6-DMSO (-76.55 ppm). 

Flash chromatography was performed using standard silica gel (60Å, 63-200 µm) or NH2 

silica gel (100 Å, 40-75 µm). TLC was generally performed with silica gel 60 F-254 

precoated plates or NH2 HPTLC plate plate. High Resolution Mass Spectrometry (HRMS) 

was performed with a Thermo Scientific Exactive Plus EMR Orbitrap ESI mass 

spectrometer. GC-MS analysis was performed on a Hewlett-Packard Agilent 6890-5973 

GC-MS workstation with a Hewlett-Packard fused silica capillary column cross-linked 

with 5% phenylmethylsiloxane and Helium as the carrier gas. The following conditions 

were used for all GC-MS analyses: injector temperature, 250 °C; initial temperature, 70 

°C; temperature ramp, 10 °C/min; final temperature, 280 °C. High-performance liquid 

chromatography was performed by Shimadzu UFLC system with a C18 column 

(dimensions 4.6 mm X 250 mm) and 1 mL/min flow rate. Gradients and temperature were 

indicated with figures.  
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2.4.2. Supplementary Schemes 

 
 
Scheme II-S 1. An attempt to use Fmoc protecting group for preparing gPNA monomers. 
The final product S9 and S10 exhibited 95% ee. See Figure II-S 41 for optical purity 
results.  
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Scheme II-S 2. An attempt to use Dibenzyl protecting group for preparing gPNA 
monomers. The hydrogenation condition cannot be applied to cytosine due to over 
reduction. 
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2.4.3. Experimental Protocols 

  
O3-(Tetrahydropyran-2-yl)-L-serine methyl ester hydrochloride (4)33 

To a suspension of L-serine methyl ester hydrochloride (19.5 g, 127.3 mmol) in 

anhydrous CH2Cl2 (100 mL) was added 3,4-dihydro-1-H-pyran (17.1 mL, 187.8 mmol) 

and p-toluenesulfonic acid monohydrate (0.476 g, 2.5 mmol). The reaction mixture was 

allowed to stir at room temperature for 20 h. The resulting precipitates were chilled with 

ice bath, filtered and washed with chilled CH2Cl2 to afford white powder without further 

purification (25.7 g, 83%). C9H18ClNO4; white solid; TLC (MeOH/CH2Cl2, 10:90) Rf= 0.6; 

diastereomeric ratio: 83:17; 1H NMR (500 MHz, DMSO) δ 8.77 (3H, s), 4.63‒4.57 (1H, 

m), 4.33‒4.28 (1H, m), 4.04‒3.99 (1H, m), 3.82‒3.75 (4H, m), 3.63‒3.58 (1H, m), 3.46‒

3.44 (1H, m), 1.79‒1.41 (6H, m); 13C NMR (125 MHz, DMSO) δ 168.1, 98.3/97.7, 

64.6/64.4, 61.3/61.0, 52.8, 52.3/52.2, 29.7/28.5, 24.8, 18.5. HRMS (ESI) calcd for 

C9H18NO4: 204.1236; found: m/z 204.1223 [M – HCl + H]+. 

  

HCl-H2N
OMe

O

THPO

4
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N-(9-(4-Bromophenyl)-9-Fluorenyl)-O3-(Tetrahydropyran-2-yl)-serine methyl ester (5) 

9-(4-Bromophenyl)-9-Fluorenyl bromide (13): To an anhydrous solution of 9-(4-

Bromophenyl)-9-Fluorenol (12)32 (14.1 g, 41.8 mmol) in toluene (208.0 mL) was added 

acetyl bromide (61.9 mL, 835.1 mmol) at 0 oC and refluxed at 120 oC for 2h. After the 

reaction completion was confirmed by GC-MS, the reaction mixture was concentrated 

under reduced pressure and co-evaporated with toluene for three more times. The residue 

was dried in vacuo for 12 h to afford the bromide compound (13) as yellowish syrup. It 

was directly used for the next step without further purification. For analytical sample: 1H 

NMR (500 MHz, CDCl3) δ 7.66 (2H, d, J = 7.7 Hz), 7.47 (2H, d, J = 7.4 Hz), 7.41 (2H, d, 

J = 8.6 Hz), 7.37‒7.34 (4H, m), 7.29‒7.26 (2H, m); 13C NMR (125 MHz, CDCl3) δ 149.1, 

140.4, 138.0, 131.4, 129.2 (2x), 128.6, 125.9, 122.2, 120.4, 66.5. GC-MS tR= 17.8 min. 

To a solution of serine ester (4) (8.00 g, 33.4 mmol) in anhydrous ACN (110.0 mL) 

was added Pb(NO3)2 (55.32 g, 167.0 mmol) and K3PO4 (35.5 g, 167.0 mmol) and stirred 

for 30 min. To the suspension was transferred bromide compound (13) in CH2Cl2 (44 mL) 

and allowed to stir at room temperature for 24 hr. The reaction was quenched by MeOH 

(10 mL). The mixture was then filtered by Celite pad. The filtrate was concentrated in 

vacuo and purified by flash chromatography on silica gel (EtOAc/hexane, 8:92 to 15:85) 

to afford yellow syrup as product. (16.7 g, 96% from serine ester (4)). C28H28BrNO4; TLC 

(EtOAc/hexane, 15:85) Rf= 0.4; diastereomeric ratio: 83:17; 1H NMR (500 MHz, DMSO) 

N
H

OMe

O

OTHP

Br

5
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δ 7.85 (2 H, t, J = 8.0 Hz), 7.43–7.35 (4 H, m), 7.32–7.22 (5 H, m), 7.18 (1 H, d, J = 7.5 

Hz), 4.42 (0.17H, m), 4.32 (0.83H, t, J = 3.4 Hz), 3.55–3.51 (3H, m), 3.35–3.30 (2H, m), 

3.17 (2.49H, s), 3.15 (0.51H, s), 2.76–2.71 (1 H, m), 1.57–1.28 (6 H, m) ;13C NMR (125 

MHz, DMSO) δ 173.8/173.6, 148.5/148.4, 148.2/148.1, 144.1, 140.0, 139.9, 131.0, 

128.6/128.5, 128.1, 128.0, 127.6, 125.5, 124.7, 120.3, 120.1, 98.0/96.8, 72.0, 68.4/67.7, 

61.2/60.5, 55.9/55.6, 51.1/51.0, 29.9/29.7, 24.8, 18.8/18.4; HRMS (ESI) calcd for 

C28H2981BrNO4: 524.1259.; found: m/z 524.1252 [M + H]+. 

 

  
2-N-(9-(4-Bromophenyl)-9-Fluorenyl)-3-hydroxyl-N-methoxy-N-methylpropanamide (8) 

To a chilled solution of methyl ester (5) (10.0 g, 19.1 mmol) in a co-solvent of 

ethanol and water (400 mL, 1:1) was added LiOH-H2O (3.21 g, 76.6 mmol) portionwisely 

at 0 oC with ice bath. The reaction mixture was allowed to gradually warm up to and stir at 

ambient temperature for 12 h. The mixture was neutralized by Dowex resin and filtered. 

The filtrate was concentrated in vacuo and coevaporated with toluene (3x) to afford acid 

(6) as white solid. The crude was used for the next step without further purification. 

To the above acid was added anhydrous DMF and CH2Cl2 (200 mL, 3:1), followed 

by DCC (5.93 g, 28.7 mmol) and DhBtOH (4.68 g, 28.7 mmol) at 0 oC with ice bath. After 

1h of stirring, a mixture of N,O-dimethylhydroxylamine (2.80 g, 28.7 mmol), DIEA (5.00 

mL, 28.7 mmol) in anhydrous DMF and CH2Cl2 (200 mL, 3:1) was transferred to the above 

N
H

N

O

8

OH

Br
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reaction mixture at 0 oC. The resulting reaction mixture was allowed to stir for 2 h at 

ambient temperature. The reaction was then quenched by methanol and concentrated in 

vacuo. The resulting syrup was then diluted with EtOAc (50 mL). The organic layer was 

washed with sat. NaHCO3 (3x) and brine (3x), dried over Na2SO4, and concentrated in 

vacuo to afford weinreb amide (7) as yellowish foaming solid. The crude was used for the 

next step without further purification. 

To the above amide was added methanol (95.7 mL) and p-toluenesulfonic acid 

monohydrate (3.64 g, 19.1 mmol) at 0 oC and allowed to stir at ambient temperature for 18 

h. The reaction mixture was neutralized with sat. NaHCO3 and concentrated in vacuo. The 

resulting solid was diluted with EtOAc and H2O. The aqueous layer was washed with 

EtOAc (2x). The combined organic layer was washed with brine, dried over Na2SO4, and 

concentrated in vacuo. The residue was then purified by column chromatography (EtOAc: 

Hexane= 40:60 to 85:15) to afford alcohol (8) (8.50 g, 95% for three steps). Colorless 

syrup; C24H23BrN2O3; TLC (EtOAc/hexane, 65:35) Rf= 0.4; 1H NMR (500 MHz, DMSO) 

δ 7.83 (2 H, d, J = 8.1 Hz), 7.43–7.35 (5 H, m), 7.30–7.24 (4 H, m), 7.10 (1 H, d, J = 7.6 

Hz), 4.63 (1H, t, J = 5.9 Hz), 3.33–3.24 (3H, m), 2.95 (4H, br), 2.72 (3H, br);13C NMR 

(125 MHz, DMSO) δ 173.8, 149.0, 148.2, 144.5, 140.5, 139.5, 131.1, 128.4, 128.1, 127.9, 

127.5, 125.7, 125.7, 120.1, 72.1, 64.0, 59.9, 53.8, 31.5; HRMS (ESI) calcd for 

C24H24BrN2O3: 467.0970; found: m/z 467.0954 [M + H]+.  
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2-N-(9-(4-Bromophenyl)-9-Fluorenyl)-3-(2-(2-(tert-butoxy)ethoxy)ethoxy)-N-methoxy-N-

methylpropanamide (9) 

To a chilled solution of alcohol (8) (7.73g, 16.5 mmol eq) in DMF (0.2 M) at 0 oC 

with ice bath was added 60% NaH (1.00 g, 25.0 mmol) and allowed to stir at the same 

temperature. After 30 min, tetrabutylammonium iodide (0.10 g, 0.17 mmol) and tosylate 

(17) (10.5 g, 19.9 mmol) were added to the above suspension. After 12 h, the reaction was 

quenched by sat. NH4Cl. The mixture was concentrated in vacuo and followed by stirring 

with EtOAc and water. The aqueous layer was washed with EtOAc (2x). The combined 

organic layer was then washed with brine, dried over Na2SO4, and concentrated in vacuo. 

The residue was purified by column chromatography on silica gel (EtOAc/hexane, 22:78 

to 53:47) to afford colorless syrup (7.80 g, 77%). C32H39BrN2O5; TLC (EtOAc/hexane, 

50:50) Rf= 0.4; 1H NMR (500 MHz, DMSO) δ 7.83 (2 H, d, J = 6.3 Hz), 7.42–7.34 (5 H, 

m), 7.29–7.23 (4 H, m), 7.10 (1 H, d, J = 7.5 Hz), 3.40–3.27 (11H, m), 3.17 (1H, br), 2.99 

(3H, br), 2.71  (3 H, br), 1.09 (9 H, s);13C NMR (125 MHz, DMSO) δ 173.5, 148.8, 148.2, 

140.4, 139.6, 131.1, 128.5, 128.0, 127.9, 127.5, 125.6, 124.9, 120.2, 73.1, 72.2, 72.0, 70.4, 

70.0, 69.6, 60.6, 60.0, 51.4, 31.5, 27.2; HRMS (ESI) calcd for C32H4081BrN2O5: 613.2100; 

found: m/z 613.2085 [M + H]+.  
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3-(2-(2-(tert-butoxy)ethoxy)ethoxy)-N-methoxy-N-methyl-2-N-(9-(4-morpholinophenyl)-

9-Fluorenyl)-propanamide (10)  

To a solution of bromide (9) (7.50 g, 12.2 mmol) in degassed toluene (24 mL) was 

added Pd(OAc)2 (137.7 mg, 0.61 mmol), XPhos (292.31 mg, 0.61 mmol), cesium 

carbonate (20.0 g, 61.3 mmol) and morpholine (1.29 mL, 14.7 mmol). The resulting 

mixture was heated up to 80 oC for 2 hr. After gradual cooling to ambient temperature, the 

reaction mixture was filtered through Celite pad. The filtrate was concentrated in vacuo 

and directly purified by flash column chromatography on NH2 silica gel (EtOAc/hexane, 

18:72 to 63:37) to afford product (10) as colorless syrup (7.27 g, 96%). C36H47N3O6; TLC 

(EtOAc/hexane, 50:50) Rf= 0.2; 1H NMR (300 MHz, DMSO) δ 7.82–7.78  (2 H, m), 7.38–

7.07 (8 H, m), 6.78 (2H, d, J = 9.0 Hz),  3.68 (4H, t, J = 4.7 Hz), 3.38–3.22 (11 H, m), 3.11 

(1H, br), 3.03–2.97 (7 H, m), 2.72 (3H, br), 1.10 (9H, s); 13C NMR (125 MHz, DMSO) δ 

173.7, 150.0, 149.7, 148.8, 140.3, 139.4, 135.0, 128.1, 127.7, 127.2, 126.3, 125.6, 124.9, 

120.0, 1144.7, 73.3, 72.2, 72.0, 70.4, 70.0, 69.6, 66.0, 60.6, 59.3, 51.5, 48.3, 31.5, 27.2; 

HRMS (ESI) calcd for C36H47N3NaO6: 640.3363; found: m/z 643.3338 [M + Na]+.  
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9-(4-Bromophenyl)-9-Fluorenol (12)32  

To a solution of 1,4-dibromobenzene (72.1 g, 305.5 mmol) in 1L of ether at – 50 

oC by ACN-dry ice bath, was added n-butyllithium (1M, 25 mL) over a period of 1h and 

stirred for another 30 min. To the above suspension was transferred fluorenone (38.5 g, 

213.8 mmol) in 400 mL of ether under N2 atmosphere and allowed to stir at the same 

temperature for another 1h. The reaction mixture then gradually warmed up to ambient 

temperature and stirred for 2 h. After reaction was complete, the mixture was cooled to 0 

oC and quenched by water (200 mL). The aqueous layer was then washed with ether (300 

mL 2x). The combined organic layer was washed with brine (300 mL 2x), dried over 

MgSO4, and concentrated in vacuo to afford crude as yellow syrup. The residue was 

purified by flash column chromatography on silica gel (EtOAc/hexane, 1:49 to 1:9) to 

afford product (62.6 g, 87% yield from fluorenone). 

C19H13BrO; white solid; TLC (EtOAc/hexane, 15:85) Rf= 0.4; 1H NMR (500 MHz, 

CDCl3) δ 7.65 (2 H, d, J = 7.8 Hz), 7.38‒7.35 (4H, m), 7.28‒7.22 (6H, m), 2.41 (1H, br); 

13C NMR (125 MHz, CDCl3) δ 150.0, 142.3, 139.5, 131.3, 129.3, 128.6, 127.3, 124.7, 

121.2, 120.2, 83.3. 
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((2-(2-(tert-butoxy)ethoxy)ethoxy)methyl)benzene (15)  

To a chilled solution of ethylene glycol monobenzyl ether (157.0 g, 0.80 mol) in 

CH2Cl2 (1.0 L) at -50 oC by ACN/dry ice bath was added Boc anhydride (401.6 g, 1.84 

mol) and Mg(ClO4)2 (17.9 g, 0.80 mol). The reaction mixture was allowed to gradually 

warm up to room temperature and refluxed for 36 hr. The reaction was quenched by adding 

sat. NaHCO3 (200 mL). The aqueous layer was washed with CH2Cl2 (200 mL 2x). The 

combined organic layer was washed with brine, dried over Na2SO4 and concentrated in 

vacuo. The crude was purified by flash column chromatography on silica gel 

(EtOAc/hexane, 1:99 to 16:84) to afford product (15) (144.3 g, 71%) and mixture with ((2-

(tert-butoxy)ethoxy)methyl)benzene (22.1 g). C15H24NO3; colorless syrup; TLC 

(EtOAc/hexane, 15:85) Rf= 0.6; 1H NMR (300 MHz, CDCl3) δ 7.35–7.26 (5 H, m), 4.58 

(2 H, s), 3.69–3.53 (8 H, m), 1.20 (9H, s);13C NMR (75 MHz, CDCl3) δ 138.3, 128.3, 

127.8, 127.5, 73.2, 72.5, 71.2, 70.7, 69.4, 61.2, 27.4; HRMS (ESI) calcd for C15H24NaO3: 

275.1623; found: m/z 275.1606 [M + Na]+. 
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2-(2-(tert-butoxy)ethoxy)ethyl 4-methylbenzenesulfonate (17) 

To a chilled solution of tert-butyl ether (15) (144.3 g, 0.57 mol) in MeOH (50 mL) 

at 0 oC was added Pd/C (608.5 mg, 0.57 mmol). The reaction was stirred with 100 psi of 

H2 gas for 12 hr at ambient temperature. The reaction mixture was then cooled down to 0 

oC and filtered through Celite. The filtrate was concentrated in vacuo to afford alcohol (16) 

and directly used for the next step without purification.  

To a chilled solution of alcohol (16) in CH2Cl2 (1.0 L) at 0 oC was added DMAP 

(41.9  g, 0.34 mol), Et3N (79.7 mL, 9.57 mol) and tosyl chloride (130.8 g, 0.69 mol). The 

reaction mixture was allowed to stir at ambient temperature for 12 hr before quenched with 

10% citric acid (200 mL). The organic layer was further washed with 10% citric acid (200 

mL) and brine, dried over Na2SO4 and concentrated in vacuo. The crude was purified by 

flash column chromatography on silica gel (EtOAc/hexane, 1:99 to 35:65) to afford 

tosylate (17) (163.1 g, 90%) as colorless syrup. C15H24O5S; colorless syrup; TLC 

(EtOAc/hexane, 22:78) Rf= 0.4; 1H NMR (500 MHz, CDCl3) δ 7.80 (2H, t, J = 8.2 Hz), 

7.34 (2H, t, J = 8.2 Hz), 4.16 (2H, t, J = 9.8 Hz), 3.70 (2H, t, J = 9.8 Hz), 3.53 (2H, t, J = 

10.3 Hz), 3.44 (2H, t, J = 10.3 Hz) 2.44 (3H, s), 1.17 (9H, s);13C NMR (125 MHz, CDCl3) 

δ 144.7, 133.1, 129.8, 128.0, 73.0, 71.4, 69.3, 68.7, 61.2, 27.4, 21.6; HRMS (ESI) calcd 

for C15H24NaO5S: 339.1242; found: m/z 339.1228 [M + Na]+. 

  

TsO O O
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3-(2-(2-(tert-butoxy)ethoxy)ethoxy-2-N-(9-(4-morpholinophenyl)-9-Fluorenyl))-serine-Y 

[CH2N]Gly-OMe (19) 

To a chilled solution of amide (10) (7.12 g, 11.5 mmol) in anhydrous THF (115 

mL) at 0 oC was added lithium aluminum hydride (437.64 mg, 11.5 mmol). The reaction 

was allowed to stir for 1h before quenched with sat. Na2SO4 and further diluted with ether. 

The aqueous layer was then extracted with ether (2x). The combined organic layer was 

washed with brine, dried over Na2SO4 and concentrated in vacuo to afford aldehyde (18). 

The residue was directly used for the next step without purification. 

To a chilled solution of aldehyde in anhydrous dichloroethane (115.3 mL) at 0 oC 

was added glycine methyl ester hydrochloride salt (1.38 g, 11.0 mmol), N,N-

diisopropylethylamie (4.02 mL, 23.1 mmol) and sodium triacetoxyborohydride (3.67 g, 

17.3 mmol). The reaction mixture was stirred at ambient temperature for 20 h before 

quenched with sat. NaHCO3. The mixture was then diluted with ether. The aqueous layer 

was extracted with ether (2x). The combined organic layer was washed brine, dried over 

Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography on silica gel gel (EtOAc/hexane, 24:76 to 99:1) to afford backbone (19) 
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as colorless syrup (5.84 g, 84% for two steps). C37H49N3O6; TLC (EtOAc/hexane, 80:20) 

Rf= 0.4; 1H NMR (500 MHz, DMSO) δ 7.81–7.79  (2 H, m), 7.37–7.32 (4 H, m), 7.37–

7.32 (2 H, m), 7.18 (2H, d, J = 9.0 Hz), 6.78 (2H, d, J = 9.0 Hz), 3.68 (4H, t, J = 4.8 Hz), 

3.60 (3H, s), 3.37–3.31 (6 H, m), 3.14 (2H, t, J = 4.8 Hz), 3.06 (1H, d, J = 17.2 Hz), 3.01–

2.92 (7 H, m), 2.25 (1H, dd, J = 11.5, 5.3 Hz), 2.16–2.09 (2 H, m), 1.08 (9H, s); 13C NMR 

(125 MHz, DMSO) δ 172.5, 150.5, 150.1, 149.9, 139.7(2x), 136.1, 127.9(2x), 127.5(2x), 

126.4, 125.3, 125.0, 120.0, 119.9, 114.7, 72.2, 72.0(2x), 70.4, 69.5, 69.4, 66.0, 60.6, 51.3, 

51.2, 50.8, 50.0, 48.4, 27.2; HRMS (ESI) calcd for C37H50N3O6: 632.3700; found: m/z 

632.3681 [M + H]+.                                                                   

 

 

 

  



 55 

A general procedure for nucleobase coupling: 

  
To a solution of amine (1.0 eq) in anhydrous DMF (0.1 M) was added N,N-

diisopropylethylamine (2.0 eq), nucleobase (2.0 eq) and HBTU (1.8 eq). The reaction was 

allowed to stir for 12 h before quenched by MeOH. The reaction mixture was concentrated 

in vacuo. The residue was diluted with EtOAc, washed with sat. NaHCO3 and brine, dried 

over Na2SO4 and concentrated in vacuo. The crude was purified by flash column 

chromatography on NH2 silica gel gel (MeOH/EtOAc, 1:99 to 15:85). 

 

3-(2-(2-(Tert-butoxy)ethoxy)ethoxy)- 2-N-(9-(4-morpholinophenyl)-9-Fluorenyl)-L-serine 

Thymine methyl ester (20a) 

91% yield; C44H55N5O9; colorless syrup; TLC (MeOH/EtOAc, 5:95) Rf= 0.5 with 

NH2 Silica gel; rotamer ratio=4:1; 1H NMR (500 MHz, DMSO) δ 11.27 (0.20 H, s), 11.22 

(0.80 H, s), 7.84–7.78 (2 H, m), 7.50–7.11 (9 H, m), 6.79–6.76  (2 H, m), 4.40 (1.6 H, s), 

3.94 (0.4 H, s), 3.69–3.67 (4 H, m), 3.66 (0.80 H, s), 3.57 (1H, d, J = 17.2 Hz), 3.54 (2.20 

H, s), 3.48–3.22 (9 H, m), 3.15–3.04 (3 H, m), 3.01–2.99 (4 H, m), 2.92–2.90 (1 H, m), 

2.88–2.63 (1 H, m), 2.22–2.16 (0.20 H, m), 2.07 (0.80 H, br), 1.76–1.75 (0.60 H, m), 1.72 
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(2.40 H, s), 1.08 (1.80 H, s), 1.06 (7.20 H, s); 13C NMR (125 MHz, DMSO) δ 169.5/169.0, 

167.8/167.4, 164.4/164.3, 150.9/150.8, 150.5/150.2, 150.0/149.9, 149.8/149.5, 

142.1/141.9, 140.1/139.9, 139.6/139.5, 135.6/135.2, 128.2, 128.1/128.0, 127.8, 

127.7/127.6, 126.5/126.4, 125.5/125.4, 125.3/125.2, 120.2, 120.1/119.9, 114.7, 

108.1/107.9, 72.2 (2x), 71.2, 70.4/70.3, 69.9/69.6, 69.5/69.4, 66.0, 60.6/60.5, 52.1/51.6, 

51.0/50.6, 50.4/50.1, 48.4, 47.8/47.6, 47.2, 27.3/27.2, 11.9; HRMS (ESI) calcd for 

C44H56N5O9: 798.4078; found: 798.4051 m/z  [M + H]+.  

 

3-(2-(2-(Tert-butoxy)ethoxy)ethoxy)- 2-N-(9-(4-morpholinophenyl)-9-Fluorenyl)-L-serine 

Adenine(Boc) methyl ester (20b) 

84 % yield; C49H62N8O9; colorless syrup; TLC (MeOH/CHCl3, 5:95) Rf= 0.4; rotamer 

ratio=16:84; 1H NMR (500 MHz, DMSO) δ 10.04–10.02 (1 H, m), 8.50–8.47 (1 H, m), 

8.23–8.21 (1 H, m), 7.84–7.73 (2 H, m), 7.48–6.70 (10 H, m), 5.10 (1.68 H, s), 4.11 (0.32 

H, s), 3.72–3.53 (8H, m), 3.42–3.28 (9 H, m), 3.24–2.71 (9 H, m), 2.19 (1 H, br), 1.48 (9 

H, s), 1.07 (1.4 H, s), 1.01 (7.6 H, s); 13C NMR (125 MHz, DMSO) δ 169.6/169.0, 

167.3/166.8, 152.2, 151.6/151.3, 151.4/151.1, 150.6/150.3, 150.1/149.9, 149.8/149.5, 

149.7/149.6, 144.8, 140.1/139.9, 139.6/139.5, 135.5/135.2, 128.3, 128.1, 127.8, 127.7, 

127.6, 126.6/126.3, 125.4, 125.3, 123.0/122.9, 120.1, 114.7, 80.1/80.0, 72.3/72.2, 

72.1/72.0, 71.1, 70.4/70.3, 70.1/69.7, 69.5/69.4, 66.0, 60.6/60.4, 52.2/51.6, 51.0/50.7, 

50.6/50.2, 48.4, 47.3, 44.0/43.5, 27.8, 27.2; HRMS (ESI) calcd for C49H63N8O9: 907.4718; 

found: m/z 907.4685 [M + H]+. 
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3-(2-(2-(Tert-butoxy)ethoxy)ethoxy)- 2-N-(9-(4-morpholinophenyl)-9-Fluorenyl)-L-serine 

Cytosine(Boc) methyl ester (20c) 

92% yield; C48H62N6O10; colorless syrup; TLC (MeOH/CHCl3, 15:85) Rf= 0.5; 

rotamer ratio=4:1; 1H NMR (500 MHz, DMSO) δ 10.26–10.24 (1 H, m), 7.83–7.71 (3 H, 

m), 7.45–7.18 (8 H, m), 7.13–6.75  (4 H, m), 4.49 (1.6 H, s), 3.96 (0.4 H, s), 3.69–3.66 

(4.80 H, m), 3.56–3.53 (3.20 H, m), 3.49–3.33 (9 H, m), 3.26 (2H, t, J = 5.5 Hz), 3.20–

2.63 (7 H, m), 2.23–2.16 (0.20 H, m), 2.09 (0.80 H, br), 1.45 (9 H, s), 1.08 (1.80 H, s), 1.06 

(7.20 H, s); 13C NMR (125 MHz, DMSO) δ 169.5/169.0, 167.8/167.3, 163.2, 154.9, 152.1, 

150.5, 150.4/150.2, 150.0/149.9, 149.7/149.5, 140.1/139.9, 139.6/139.4, 135.6/135.2, 

128.2, 128.1, 127.8, 127.6, 126.6/126.4, 125.4/125.2, 120.2, 120.1/119.9, 114.8/114.7, 

93.7, 80.8, 72.2 (2x), 71.1, 70.4/70.3, 69.9/69.6, 69.5/69.4, 66.0, 60.6/60.4, 52.1/51.6, 

51.0/50.6, 50.4, 49.3/48.8, 48.4, 47.3, 27.8, 27.3/27.2; HRMS (ESI) calcd for C48H62N6O10: 

883.4606; found: m/z 883.4580 [M + H]+. 

 

3-(2-(2-(tert-butoxy)ethoxy)ethoxy)- 2-N-(9-(4-morpholinophenyl)-9-Fluorenyl)-L-serine 

Guanine(Boc) methyl ester (20d) 

71% yield; C49H62N8O10; colorless syrup; TLC (MeOH/CHCl3, 10:90) Rf= 0.2 with 

NH2 Silica gel; rotamer ratio=1:3; 1H NMR (500 MHz, DMSO) δ 11.4 (2 H, br), 7.85–

7.78 (2 H, m), 7.65–7.64 (1 H, m), 7.47–7.09 (8 H, m), 6.80–6.73  (2 H, m), 4.82 (2 H, m), 

4.15–4.01 (1 H, m), 3.70–3.68 (6 H, m), 3.54–2.78 (19 H, m), 2.21–2.20 (1 H, m), 1.48–

1.47 (9 H, m), 1.07 (2.52 H, s), 1.02 (6.48 H, s); 13C NMR (125 MHz, DMSO) δ 

169.6/169.0, 167.3/166.8, 155.5, 150.5, 150.3, 150.1, 149.9, 149.8, 149.4, 139.9, 

140.1/139.9, 139.7/139.4, 135.6/135.1, 128.3, 128.2/128.1, 127.9, 127.7, 126.5/126.3, 
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125.4/125.3, 125.2, 120.2/120.1, 120.0, 118.8, 114.7, 81.8, 72.3/72.2, 72.2/72.0, 71.0, 

70.4/70.2, 70.0/69.7, 69.5/69.4, 66.0, 60.6/60.3, 52.2/51.7, 51.1/50.6, 50.4, 48.4, 47.3, 

43.7/43.3, 27.8, 27.2/27.1; HRMS (ESI) calcd for C49H63N8O10: 923.4667; found: m/z 

923.4650 [M + H]+. 

A general method to convert monomer methyl ester 20 a-d to the final monomer 1 a-

d. 

  
To a chilled solution of methyl ester 20 (1 eq) in a co-solvent of THF and water 

(1:1, 0.05 M) was added LiOH-H2O (4 eq) portionwisely at 0 oC with ice bath. The reaction 

mixture was allowed to gradually warm up to and stir at ambient temperature for 12 h. The 

mixture was neutralized by Dowex resin to pH 4~5 at 0 oC and filtered. The filtrate was 

concentrated in vacuo and coevaporated with toluene (3X) to afford PNA amino acid crude 

without the need for further purification. 

To a solution of PNA amino acid crude in THF (0.1M) was added Fmoc-OSu (1.2 

eq) and DIEA (2.2 eq) and allowed to stir at room temperature for 18h. The reaction 

mixture was then stirred with methanol and concentrated in vacuo with silica gel. The crude 

was then purified by column chromatography (A= EtOAc, B= ACN/MeOH/H2O= 2:1:1, 

A:B= 3:97 to 34:66) to afford final Fmoc miniPEG gPNA monomers 1. 

 

 

FmocHN N

1

O

O
O

OH

O

B
O
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Fmoc-3-(2-(2-(tert-butoxy)ethoxy)ethoxy)-L-serine thymine monomer (1a) 

40% yield; C35H44N4O10; white powder; TLC (EtOAc/ACN/MeOH/H2O, 6:1:1:1) Rf= 0.5; 

rotamer ratio=2:3; 1H NMR (500 MHz, DMSO) δ 12.9 (1 H, br), 11.3–11.2 (1 H, m), 7.88  

(2 H, J= 7.6 Hz, d), 7.69  (2 H, J= 7.4 Hz, d), 7.43–7.22  (5 H, m), 4.72–4.64  (1 H, m), 

4.46 (1 H, s), 4.35–4.28 (2 H, m), 4.23–4.22 (1 H, m), 4.11 (1 H, m), 4.02–3.80 (2 H, m), 

3.60–3.07 (13 H, m), 1.72 (3 H, m), 1.09–1.08 (9 H, m); 13C NMR (125 MHz, DMSO) δ 

170.9/170.4, 168.0/167.5, 164.4, 155.9/155.8, 151.0/150.9, 143.9/143.8, 142.1/142.0, 

140.7, 127.6, 127.0, 125.2, 120.1, 108.1/108.0, 72.2, 70.5, 70.4/69.9, 69.8/69.6, 65.6/65.4, 

60.6/60.5, 49.8/49.4, 48.5/48.1, 47.8/47.7, 46.7, 27.3/27.2, 11.9; HRMS (ESI) calcd for 

C35H44N4NaO10: 703.2955; found: m/z 703.2919 [M + H]+. 

 

Fmoc-3-(2-(2-(tert-butoxy)ethoxy)ethoxy)-L-serine adenine(Boc) monomer (1b) 

29% yield; C40H51N7O10; white powder; TLC (EtOAc/ACN/MeOH/H2O, 6:1:1:1) Rf= 0.4; 

rotamer ratio=2:3; 1H NMR (500 MHz, DMSO) δ 12.8 (1 H, br), 10.0 (1 H, s), 8.51–8.50 

(1 H, m), 8.27 (1 H, s), 7.88  (2 H, J= 7.3 Hz, d), 7.72–7.69  (2 H, m), 7.51–7.14  (5 H, m), 

5.42–5.10 (2 H, m), 4.38–4.21 (4 H, m), 4.06–3.81 (2 H, m), 3.70–3.12 (10 H, m), 1.48 (9 

H, m), 1.08 (3.6 H, s), 1.04 (5.4 H, s); 13C NMR (125 MHz, DMSO) δ 170.7/170.1, 

167.4/166.9, 155.9/155.8, 152.2, 151.4, 151.1, 149.7, 144.9/144.8, 143.9/143.8, 140.7, 

137.3, 128.9, 128.2, 127.6, 127.0, 125.3/125.2, 122.9, 120.1, 80.0, 72.2, 70.5, 70.4, 70.0, 

69.8, 69.7, 69.6, 65.7, 65.6/65.4, 60.6/60.5, 49.8/49.3, 48.5, 49.6, 48.0, 46.7, 44.0/43.8, 

27.8, 27.2; HRMS (ESI) calcd for C40H52N7O10: 790.3776; found: m/z 790.3736 [M + H]+. 
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Fmoc-3-(2-(2-(tert-butoxy)ethoxy)ethoxy)-L-serine cytosine(Boc) monomer (1c) 

32% yield; C39H51N5O11; white powder; TLC (EtOAc/ACN/MeOH/H2O, 6:1:1:1) Rf= 0.5; 

rotamer ratio=1:1; 1H NMR (500 MHz, DMSO) δ 10.3 (1 H, br), 7.88  (2 H, J= 7.6 Hz, d), 

7.84–7.79 (1 H, m), 7.71–7.68 (2 H, m), 7.44–7.40 (2 H, m), 7.34–7.27 (2 H, m), 6.67–

6.95 (1 H, m), 4.87–4.77 (1 H, m), 4.62 (1 H, s), 4.33–4.20 (3 H, m), 4.03–3.79 (3 H, m), 

3.58–3.00 (14 H, m), 1.45 (9 H, s), 1.09–1.08 (9 H, m); 13C NMR (125 MHz, DMSO) δ 

171.2, 167.9/167.3, 163.2, 155.9/155.8, 155.1/155.0, 152.1, 150.5, 143.9/143.8, 140.7, 

127.6, 127.0, 125.2, 120.1, 94.0/93.9, 80.9, 72.2, 70.4, 69.9/69.8, 69.6, 65.5/65.4, 

60.6/60.5, 51.1/49.8, 49.6/49.5, 49.4/48.5, 48.3/47.9, 46.7, 27.8, 27.3/27.2; HRMS (ESI) 

calcd for C39H52N5O11: 766.3663; found: m/z 766.3643 [M + H]+. 

 

Fmoc-3-(2-(2-(tert-butoxy)ethoxy)ethoxy)-L-serine guanine(Boc) monomer (1d) 

23% yield; C40H51N7O11; white powder; TLC (EtOAc/ACN/MeOH/H2O, 6:1:1:1) Rf= 0.3; 

rotamer ratio=1:1; 1H NMR (500 MHz, DMSO) δ 11.3–10.7 (2 H, br), 7.88–7.60 (5 H, m), 

7.42–7.21 (4 H, m), 5.15–4.84 (2 H, m), 4.37–3.08 (20 H, m), 1.44–1.38 (9 H, m), 1.07–

1.05 (9 H, m); 13C NMR (125 MHz, DMSO) δ 171.1/170.6, 167.4/166.7, 156.1/155.8, 

155.1/155.0, 153.8/153.6, 149.6/149.5, 147.5/147.4, 143.8, 143.6, 140.7, 140.3, 127.6, 

127.5/127.3, 127.0, 125.2/125.0, 121.3, 120.2/120.1, 118.9, 82.5/82.4, 72.2, 70.6, 

70.4/70.0, 69.8/69.7, 65.6/65.4, 60.6/60.5, 51.4/50.3, 49.5/48.8, 48.6/47.9, 46.8/46.7, 

43.9/43.8, 27.7/27.6, 27.2; HRMS (ESI) calcd for C40H52N7O11: 806.3725; found: m/z 

806/3693 [M + H]+. 
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Determination of Optical Purities.  

To a stirred, cold solution of thymine monomers (1a and 2a) (1.0 eq) in DMF was 

added piperidine (10 eq). After 2 hr, the reaction mixture was concentrated and co-

evaporated with toluene for three times. The residue was then stirred in chilled CH2Cl2, 

followed by addition of DIEA (2 eq) and (S)-(+)-a-methoxy-a-(trifluoromethyl) 

phenylacetyl chloride (MTPACl; 1.1 equiv). The reaction mixture was allowed to stir at 

room temperature for 3 hr. After completion, the solution was diluted with CH2Cl2 and 

washed with water (2x) and brine. The organic layer was dried on Na2SO4 and concentrated 

in vacuo. The crude sample was directly injected into HPLC to analyze enantiomeric 

excess. For NMR analysis, the crude sample was purified by flash column chromatography.  

 
Compound 23: C30H41F3N4O10; colorless syrup TLC (EtOAc/ACN/MeOH/H2O, 6:1:1:1) 

Rf= 0.5; rotamer ratio=1:1; 1H NMR (500 MHz, DMSO) δ 12.9 (1 H, br), 11.3 (1 H, m), 

8.27–8.14  (1 H, m), 7.55–7.41  (5 H, m), 7.13–7.07  (1 H, m), 4.61–4.27  (3 H, m), 3.94–

3.11 (17 H, m), 1.74–1.72 (3 H, m), 1.11 (9 H, m); 13C NMR (125 MHz, DMSO) δ 170.5/ 

170.2, 168.1/167.5, 165.8/165.5, 164.4/164.3, 158.4/158.1, 150.9, 141.9, 133.4/133.2, 

129.4, 128.4, 127.2, 127.0, 124.9, 122.6, 108.1/108.0, 83.7/83.5, 72.3, 70.4, 70.0/69.7, 

69.7/69.3, 60.6, 55.0/54.9, 49.2, 47.8/47.7, 47.7/47.6, 47.4/47.2, 27.3/27.2, 11.9/11.8); 19F 

NMR (470 MHz, DMSO) δ -70.0/-70.1; HRMS (ESI) calcd for C30H41F3N4NaO10: 

697.2672; found: m/z 679.2649 [M + Na ]+. 
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Compound 24: C30H41F3N4O10; colorless syrup TLC (EtOAc/ACN/MeOH/H2O, 6:1:1:1) 

Rf= 0.5; rotamer ratio=1:1; 1H NMR (500 MHz, DMSO) δ 13.1 (1 H, br), 11.3 (1 H, m), 

8.35–8.05  (1 H, m), 7.53–7.42  (5 H, m), 7.27–7.22  (1 H, m), 4.76–4.63  (1 H, m), 4.48  

(1 H, s), 4.35–4.20  (2 H, m), 4.03–3.92 (1 H, m), 3.65–3.34 (15 H, m), 1.75 (3 H, m), 

1.11–1.10 (9 H, m); 13C NMR (125 MHz, DMSO) δ 171.1/170.7, 168.9/168.0, 166.2/166.0, 

164.9/164.8, 158.5, 151.4, 142.5/142.3, 133.6/133.2, 130.0, 129.8, 128.9, 128.7, 128.0, 

127.8, 127.5, 108.7/108.6, 72.7, 70.9, 70.8, 70.2, 70.1, 69.5, 61.0, 55.5/55.4, 49.6, 48.3, 

48.2, 48.0, 47.9, 47.4, 27.7, 12.3; 19F NMR (470 MHz, DMSO) δ -70.1; HRMS (ESI) calcd 

for C30H41F3N4NaO10: 697.2672; found: m/z 697.2643 [M + Na ]+. 
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2.5. NMR, HRMS, GC and HPLC Data 

(A) 

 
(B) 

 
 

Figure II-S 1. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 4. 
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Figure II-S 2. HRMS (ESI) spectrum of compound 4.  
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(A) 

 
(B) 

 
 

Figure II-S 3. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 5. 
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Figure II-S 4. HRMS (ESI) spectrum of compound 5.  
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(A) 

 
(B) 

 
 

Figure II-S 5. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 8. 
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Figure II-S 6. HRMS (ESI) spectrum of compound 8. 
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(A) 

 
 

(B) 

 
Figure II-S 7. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 9.  
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Figure II-S 8. HRMS (ESI) spectrum of compound 9. 
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(A) 

 
(B) 

 
 

Figure II-S 9. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 10.  
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Figure II-S 10. HRMS (ESI) spectrum of compound 10. 
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(A) 

  
 

(B) 

  
 

Figure II-S 11. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 13.  

  



 74 

 

Figure II-S 12. GC chromatogram of compounds 12 (solid line) and 13 (dash line).  
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(A) 

 
 

(B)  

 
 

Figure II-S 13. (A) 1H NMR (500 MHz, CDCl3) and (B) 13C NMR (125 MHz, CDCl3) 
spectra of compound 15.  
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Figure II-S 14. HRMS (ESI) spectrum of compound 15. 
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(A) 

 
(B) 

 
Figure II-S 15. (A) 1H NMR (500 MHz, CDCl3) and (B) 13C NMR (125 MHz, CDCl3) 
spectra of compound 17.  
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Figure II-S 16. HRMS (ESI) spectrum of compound 17. 
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(A) 

 
(B) 

 
Figure II-S 17. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 19.  
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Figure II-S 18. HRMS (ESI) spectrum of compound 19. 
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(A) 

 
(B) 

 
Figure II-S 19. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 20a.  
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Figure II-S 20. HRMS (ESI) spectrum of compound 20a. 
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(A) 

 
(B) 

 
Figure II-S 21. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 20b.  
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Figure II-S 22. HRMS (ESI) spectrum of compound 20b. 
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(A) 

 
(B) 

 
Figure II-S 23. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 20c.  
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Figure II-S 24. HRMS (ESI) spectrum of compound 20c. 
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(A) 

 
(B) 

 
Figure II-S 25. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 20d.  
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Figure II-S 26. HRMS (ESI) spectrum of compound 20d. 
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(A) 

 
(B) 

  
 

Figure II-S 27. HRMS (ESI) spectra of (A) compound 20a-I and (B) compound 20b-I. 
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(A) 

 
(B) 

 
Figure II-S 28. HRMS (ESI) spectra of (A) compound 20c-I and (B) compound 20d-I. 
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(A) 

  
(B) 

 
Figure II-S 29. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 1a.  
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Figure II-S 30. HRMS (ESI) spectrum of compound 1a. 

 

 

  



 93 

(A) 

 
(B) 

 
Figure II-S 31. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 1b.  

  



 94 

 
Figure II-S 32. HRMS (ESI) spectrum of compound 1b. 
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(A) 

 
(B) 

 
Figure II-S 33. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 1c.  
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Figure II-S 34. HRMS (ESI) spectrum of compound 1c. 
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(A) 

 
(B) 

 
Figure II-S 35. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 1d.  
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Figure II-S 36. HRMS (ESI) spectrum of compound 1d. 
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(A) 

  
(B) 

 
Figure II-S 37. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 23.  
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(A) 

 
(B) 

 
Figure II-S 38. (A) HRMS (ESI) and (B) 19F NMR (470 MHz, DMSO) spectra of 
compound 23.  
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(A) 

 
(B) 

 
Figure II-S 39. (A) 1H NMR (500 MHz, DMSO) and (B) 13C NMR (125 MHz, DMSO) 
spectra of compound 24.  
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(A) 

  
(B) 

 
Figure II-S 40. (A) HRMS (ESI) and (B) 19F NMR (470 MHz, DMSO) spectra of 
compound 24.  

 



 103 

 
Figure II-S 41. HPLC chromatograms of Mosher derivatives S9 and S10 made from Fmoc 
protected intermediates S3 and S7. e.e. value= 95%. HPLC Condition: C18 column 
(dimensions 4.6 mm X 250 mm), 1 mL/min flow rate, 25 oC oven temperature, 25 to 75% 
ACN/H2O with 0.1% TFA in 30 min.
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Chapter III: Stereochemical Conversion of Nucleic Acid 

Circuits via Strand Displacement  

The work in this chapter has been previously submitted as: 

Hsieh, W.-C.; Martinez, G. R.; Wang, A.; Wu, S. F.; Chamdia, R.; H Ly, D. 

Stereochemical Conversion of Nucleic Acid Circuits via Strand Displacement.  

 

Wei-Che Hsieh and Dr. Danith H. Ly designed the research. Wei-Che Hsieh and Raunaq 

Chamdia synthesized the monomers. Wei-Che Hsieh, Ashley Wang, Sharon F. Wu, Dr. 

Gustavo R. Martinez and Dr. Danith H. Ly prepared the oligomers. Wei-Che Hsieh and 

Dr. Gustavo R. Martinez performed spectroscopic studies. Wei-Che Hsieh and Dr. Danith 

H. Ly performed the gel analysis. Wei-Che Hsieh and Dr. Danith H. Ly analyzed the data 

and wrote the paper. 

 

3.1. Introduction 

In addition to fulfilling their evolutionary roles as a medium for the storage and 

transmission of genetic information, nucleic acid biopolymers provide a convenient means 

for organizing molecular self-assembly because of their specific and predictable 

nucleobase interactions and defined length scale. Among them, synthetic DNA 

oligonucleotides have garnered considerable interest as building blocks for molecular 

engineering because of their chemical stability, ease of synthesis, and low cost of 

production. Since the seminal work of Chen and Seeman1 more than two decades ago that 

demonstrated their utility in the construction of molecular frameworks for organizing 
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molecular self-assembly, DNA has been utilized in the bottom-up construction of a wide 

range of macro- and supra-molecular systems, including polymeric materials,2,3 

nanoparticles,4,5 DNA tiles and origami,6-15 molecular circuits,16,17 and autonomous 

nanoscale machines,18-21 as well as in information storage22-24 and molecular computation. 

25-29 However, beyond the feasibility studies that were commonly carried out in test tubes, 

such an approach has not been extensively explored in the biological systems due, in part, 

to the concerns for enzymatic degradation and inadvertent hybridization of the chemical 

building blocks with the host’s genetic materials, although earnest attempts have been 

made.30-34 Spurious binding is not only counterproductive, but could lead to adverse 

cellular and cytotoxic effects. Synthetic derivatives, such as α-DNA and α-RNA (or 

‘Spiegelmer’)35,36 in principle, could be employed to address some of these concerns; 

however, there is no simple way to interface the genetic information encoded in such 

materials with that in natural nucleic acid biopolymers.  

A particular interest in many biological applications involves dynamic assembly,37 

one that relies on the precise spatial and temporal control of the non-equilibrium dynamics 

to drive the hybridization process. These non-covalent reactions are driven by strand 

displacement, a biological phenomenon first recognized several decades ago38 and recently 

pioneered by Yurke18 in nucleic acid programming, in which two strands of partial or full 

complementary DNA hybridize to each other, and, in the process, displace one or more of 

the pre-hybridized strands. Strand displacement is initiated upon hybridization of the 

complementary single-stranded regions, commonly referred to as ‘toeholds,’ where the rate 

of such a reaction can be controlled by varying the binding strength.39  
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Of a myriad of molecular operations that have been developed, with most geared 

toward the construction of materials, one that holds considerable promise for molecular 

diagnostics is hybridization chain reaction (HCR). HCR was developed by Dirks and 

Pierce40 more than a decade ago as a means for amplifying the transduction signals in a 

similar manner to that of polymerase chain reaction (PCR) but without the enzyme. The 

amplification process relies on the coexistence of two metastable hairpin species with 

complementary domains in the loops and toeholds. The two hairpins are unable to 

hybridize to each other because the former is kinetically trapped. HCR is triggered upon 

the addition of an initiator, causing a cascade reaction between the two hairpins. The power 

of HCR in signal amplification has been well-recognized and successfully applied in a 

number of biosensing applications41,42; however, many of them were directed toward the 

detection of genetic materials in processed samples, such as fixed cells and tissues, but 

rarely in their native states.43    

Recently, we reported on the development of an orthogonal nucleic acid system 

that is comprised of three components: a right-handed (RH, Figure III- 1, i) and a left-

handed gPNA conformer (LH, Figure III- 1, ii), and non-helical PNA version (NH, Figure 

III- 1, iii). The first two are orthogonal to each other in recognition, while the third is 

compatible with both the RH and LH conformers, as well as with DNA and RNA. Unlike 

their natural counterparts, these chemical building blocks are impervious to enzymatic 

degradation. Moreover, they are relatively simple to chemically synthesize and structurally 

modify, as all three components share the same PNA backbone skeleton with the exception 

of the stereochemistry or the lack thereof at the gamma (g)-position, which determines 

whether the resulting oligonucleotide adopts an RH, LH, or NH motif. 
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Herein, this work demonstrates that the genetic information encoded in the RH and 

LH conformers, as well as in natural nucleic acid biopolymers, can be interconverted 

through strand displacement. Strategic placement of the backbone spacer and systemic 

evaluation of the experimental conditions yielded insight into key parameters for the design 

of molecular circuits for the detection of genetic materials with improved recognition 

specificity, detection sensitivity, and conversion rate. The work has implications for the 

organization and assembly of materials and molecular computation in biological systems.   

 

 

 
Figure III- 1. Molecular design. Chemical structure of a (i) right-handed RH-gPNA, (ii) 
left-handed LH-gPNA, and (iii) non-helical NH-PNA. 

 

3.2. Design Rationale  

A number of configurationally-inverted nucleic acid systems has been developed, 

including β- and α-DNA,35 β- and α-RNA,36 and LNA44 and α-L-LNA.45 Cross-

hybridization still occurs between the two mirror-imaged partners, but to a lesser extent 

than with the conformationally-matched pairs. In contrast, the RH- and LH-gPNA 

conformers are unable to hybridize to each other.46 Such a feature could hinder or prevent 

the conversion process altogether.  
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To demonstrate the genetic information encoded in the RH- and LH-gPNA can be 

interconverted , we designed two sets of molecular converters (Figure III- 2A), with each 

comprising a non-helical template strand (TS) and either an RH, LH, or NH displacement 

strand (DS). The first set contained a contiguous TS (Figure III- 2A, i), while the second 

contained TS with a flexible PEG-spacer between toehold and the stem (Figure III- 2A, 

ii). The role of the spacer was to decouple the helical induction in toehold from the stem, 

making the former conformationally more flexible and, thus, more accommodating to the 

invading strand (IS) with a mismatched helical sense (Figure III- 2B).  

 

 
 

Figure III- 2. (A) Strand displacement reactions involving (i) a contiguous template, and 
(ii) a template with a disrupted PEG-spacer. TS: Template Strand (15-nts), DS: 
Displacement Strand (10-nts), and IS: Invading Strand (15-nts). (B) Predicted helical 
senses of TS-DS molecular converters containing (i) a contiguous template, and (ii) a 
template with PEG-spacer. 
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The chemical compositions of TS, DS, and IS are shown in Figure III- 3, along 

with their HPLC and MALDI-TOF spectra (Appendix III- 1-8). Glutamic acids were 

incorporated at the N-terminus of each component to improve water solubility and to enable 

their separation by gel electrophoresis. Pyrene was chosen as a reporter for monitoring 

strand displacement.47 In its absence, excitation of pyrene monomers at 344 nm results in 

fluorescent emissions at 380 and 400 nm. In its presence, excitation of pyrenes at the same 

wavelength results in the emission of excimers at 485 nm. This ~ 100 nm red-shift in the 

fluorescent emission provides a convenient means for monitoring the strand displacement 

reaction.  

  
Figure III- 3. Chemical compositions of TS, DS, and IS. DNA oligonucleotides D1, D2, 
and D3 were included for comparison.         
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3.3. Results 

3.3.1. Recognition Orthogonality  

To further substantiate the recognition orthogonality of LH  conformer with nucleic 

acid biopolymers, we adopted the HCR system as reported by Dirks and Pierce48 (Figure 

III- 4A and B), and prepared the corresponding DNA (I1), LH-gPNA (I2), and RH-gPNA 

(I3) initiators (Figure III- 4C). The binding affinity of I3 with DNA is too high to be 

determined accurately by conventional spectroscopic techniques. Based on the previous 

findings49, with the 10-mer RH-gPNAs showing dissociation constants (KDs) in the femto-

molar range, we estimated the KD value of I3 with DNA (or RNA) to be at least several 

orders of magnitude lower. We expected I1 and I3 to hybridize to H1A and initiate HCR 

(Figure III- 4A and B), but not I2, due to the conformational mismatch, unless cross-

hybridization takes place between it and H2A.  

 
Figure III- 4. Recognition orthogonality. (A) Depiction of HCR components. (B) HCR 
cascade. (C) Sequence compositions of hairpins and initiators. 
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Consistent with this prediction, we observed HCR only upon the addition of I1 

(Figure III- 5, lanes 5 and 6) and I3 (lanes 7 and 8), as apparent from the formation of 

shifted bands and from the inverse molecular weight distribution with respect to initiator 

concentration (compare lanes 6 to 5, and lanes 8 to 7). No evidence of HCR took place 

following the addition of I2 and incubation of the mixtures for 16 hrs. This result is 

consistent with the previous report that showed a high degree of recognition orthogonality 

of LH-gPNA with DNA, and, via inference, RNA.46 

 
 

 
Figure III- 5. Result of HCR following the addition of I1 (lanes 5 and 6), I3 (lanes 7 and 
8), and I2 (lanes 9 and 10) to a mixture containing an equimolar ratio of H1A and H1B 
(lane 4) and incubation at 25 °C for 16 hrs. The concentrations of H1A and H1B were 1 
µM each. The samples were prepared in a PBS buffer (50 mM Na2HPO4, 138 mM NaCl, 
2.7 mM KCl, pH 7.4), separated on a 10% non-denaturing PAGE, and stained with SYBR-
Gold.   
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3.3.2. Conformational Analysis 

Circular dichroism (CD) was employed to assess the conformations of DS and IS, 

along with that of the corresponding TS-DS and TS-IS duplexes. With the same 

concentration (Figure III- 6), the individual DS (P2a and P2b) and IS (P3c and P3d) 

components adopted either an RH or an LH motif as inferred from the CD spectral patterns 

(Figure III- 7A), as consistent with the earlier published literature.50 This is in contrast to 

the weak CD signals observed with the achiral (and non-helical) P1a and P1b templates 

and P3a invading strand (Figure III- 7B).51 

 

 

 
Figure III- 6. UV-absorption profiles of P1a, P1b, P2a, P2b, P3a, P3b, P3c, and P3d at 5 
µM strand concentration each recorded at 95 °C. 
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(A) 

 
(B) 

 
Figure III- 7. Conformational preorganization. (A) CD spectra of DS and IS components, 
along with that of the corresponding TS-DS (P1a-P2a and P1a-P2b) and TS-IS (P1a-P3a, 
P1a-P3c, and P1a-P3d) duplexes (Inset). (B) CD profiles of P1a, P1b, and P3a at 5 µM 
strand concentration each, recorded at room temperature. Notice that these oligomers did 
not have backbone modifications.  
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Similar spectral patterns were observed with TS-DS and TS-IS duplexes (Figure 

III- 7A, Inset, and Appendix III- 9). Among the three duplexes with an identical length 

and concentration (Appendix III- 9), P1a-P3a exhibited the weakest CD signals, nearly 

five-fold lower than that of P1a-P3c and P1a-P3d. (Figure III- 7A, Inset) This large 

difference in the signal strength is reflected in the conformational homogeneity of the 

duplex, with P1a-P3a existing as both an RH and an LH conformer in different proportions, 

whereas the others were present in a single conformational state.  

This observation is consistent with the X-ray crystallography data52, along with the 

findings by Nordén53 and Green54, which showed that the helical preference of a PNA-

PNA duplex induced by chiral amino acids at the C-terminus does not exist in one 

predominant state, but rather as a mixture of both RH and LH, with one in slight excess 

over the other.  

On the other hand, incorporation of a PEG-spacer in TS disrupted the helical 

induction in the toehold, as evident from the reduction in CD signals of P1b-P2a and P1b-

P2b duplexes as compared to that of the respective P1a-P2a and P1a-P2b (Figure III- 8). 

However, its inclusion had little effect on the helical induction of the full-length TS-IS 

duplexes (Figure III- 8B, Inset), as it is mediated by IS. This result is consistent with our 

prediction that the introduction of a flexible PEG-spacer would disrupt base-stacking 

interactions in toehold, rendering it conformationally more flexible (Figure III- 2B). 
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(A) 

 

(B) 

 
 

Figure III- 8. (A) UV-absorption profiles of P1a-P2a, P1b-P2a, P1a-P2b, and P1b-P2b 
duplexes at equimolar (5 µM) strand concentration each recorded at 95 °C. Conformational 
preorganization (B) Comparison of the CD spectra of TS-DS duplexes without (P1a-P2a 
and P1a-P2b) and with PEG-spacer (P1b-P2a and P1b-P2b) in the template. Inset: TS-IS 
duplexes without (P1a-P3c and P1a-P3d) and with PEG-spacer (P1b-P3c and P1b-P3d) in 
the template. The samples were prepared in a PBS buffer, and the data were recorded at 25 
°C. The concentration of each strand was 5 µM.  
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3.3.3. Thermal Stability  

Next, we assessed the feasibility of TS-DS as molecular converters by measuring 

their thermal stability, along with that of the resulting TS-IS products. The displacement 

TS-IS products (P1a-P3a and P1a-P3c) are generally 10-15 °C higher in melting transition 

(Tm) than that of the TS-DS converters (P1a-P2a) as expected given the additional base 

pairs. (Figure III- 9) Introduction of a PEG-spacer in TS had little effect on the thermal 

stability of TS-DS, since backbone disruption is external to the stem region. (Figure III- 

10) However, it had a moderate destabilizing effect on the thermal stability of TS-IS, 

lowering the Tm by ~ 10 °C (Figure III- 11). This finding implies that strand displacement 

is thermodynamically favorable. This suggestion was further corroborated by gel 

electrophoresis that showed the expected strand displacement reaction upon the addition 

of IS to TS-DS (Figure III- 12). 

 
Figure III- 9. Representative UV-melting profiles TS-DS (P1a-P2a) and TS-IS (P1a-P3a 
and P1a-P3c) duplexes. Depiction of TS-IS and TS-DS duplexes without PEG-spacer, 
along with their Tms. The samples were prepared in PBS buffer and annealed at 95 °C for 
5 min prior to subjecting to heating runs and determination of their Tms.       
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Figure III- 10. UV-melting profiles of P1a-P2b and P1b-P2b duplexes at equimolar (1 
µM) strand concentration. This demonstrated the introduction of a PEG-spacer in TS has 
little effect on the thermal stability of TS-DS. 

 

 
 

Figure III- 11. UV-melting profiles of P1a-P3a, P1a-P3b, P1b-P3a and P1b-P3b duplexes. 
The samples were prepared in PBS buffer and annealed at 95 °C for 5 min prior to 
subjecting to heating runs and determination of their Tms.       
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Figure III- 12. Strand displacement reactions. (A) Electrophoretic mobility of TS (P1a), 
DS (P2a and P2b), and IS (P3a and P3c) in 2% agarose gel and after staining with SYBR-
Gold. Values in the parentheses indicate the number of nucleotides in each strand and the 
helical sense. (B) Results of strand displacement reactions. The concentration of each 
component was 10 µM, prepared in a physiologically relevant buffer. Strand displacement 
was allowed to take place for 1 hr at 37 °C.      
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3.3.4. Strand Displacement Kinetics 

Strand displacement brings the pyrene moieties on template and invading strands 

together and forms pyrene excimer, (Figure III- 13), which shifts fluorescent emission by 

~ 100 nm for monitoring the hybridization kinetics. (Appendix III- 10) All samples were 

prepared at a physiologically relevant condition.55 The reaction started with incubation of 

TS-DS at 37 oC for 5 min, followed by adding IS. A DNA counterpart was included for 

comparison and as a control in validating the mathematical treatment of the kinetics data. 

The rate constant for strand displacement of DNA was found to be 2.9 x 104 M-1s-1, which 

is within the range as reported in the literature.39 (Figure III- 14A, 1) Under identical 

conditions, the rate constants of displacing DSRH by ISNH and ISRH were similar, 1.9 x104 

and 1.3 x 104 M-1s-1 (Figure III- 14A, 2 and 3), respectively, which are slightly lower than 

that of DNA. We attributed the reduction in the rate to a decrease in water solubility (and 

possible aggregation of the stock solution) of gPNAs and to an increase in the 

thermodynamic stability of the stem, in comparison to that of DNA. Interestingly, strand 

displacement did not take place with a DNA (D3) invading strand due to the resultant P1a-

D3 being thermodynamically less stable than that of P1a-P2b (Figure III- 14A, Inset). The 

displacement rate of DSLH by ISRH, or DSRH by ISLH is further reduced by two-fold (Figure 

III- 14B, compare 3 and 4 to 1 and 2, respectively).  

 
Figure III- 13. Representative strand displacement reactions of TS-DS (P1a-P2b) by IS 
(P3a, P3c, and P3d). 
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Figure III- 14. The kinetics of strand displacements. (A) Fluorescent measurements of the 
strand displacement reactions as a function of time. Inset: Result showing that a DNA 
invading strand (D3) was unable to displace P2b from P1a. (B) Comparison of the strand 
displacement reactions between the conformationally-matched (1 and 2) and mismatched 
(3 and 4) IS and DS. The concentrations of TS-DS duplexes were 100 nM and those of IS 
were 1 µM (10-fold excess). The samples were prepared in PBS buffer, and the reactions 
were carried out at 37 ° C. Excitation was made 344 nm, and the emissions were recorded 
at 480 nm.  
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Contrary to our prediction, introduction of a flexible PEG-spacer in TS (P1b) did 

not improve the rate of strand displacement. In fact, it lowered the rate by roughly three-

fold in comparison to that without the spacer (Figure III- 15). Similar trends in the rates 

were observed with the spacer introduced in TS, IS, or in both (Figure III- 15A, Inset). 

We attributed the reduction in the rate to an additional internal diffusion for strand 

hybridization.56  

Figure III- 15B revealed the temperature-dependent rates of strand displacement. 

The low temperature rates were similar to those reported by Kabza and Sczepanski in the 

conversion of heterochiral D- and L-DNA by PNA.57 Temperature-dependent 

measurements revealed that the rates of strand displacement increased proportionally with 

temperature. An Arrhenius plot of the rates as a function of temperature yielded an 

activation energy of 73 kJ/mol for strand displacement of a mismatched helical sense (or 

stereoconversion), which is nearly two-fold lower than that observed with DNA of a similar 

length but without the toehold.58      
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Figure III- 15. The effects of PEG-spacer and temperature on the rates of strand 
displacement. Kinetic profiles of strand displacement (A) with and without PEG-spacer, 
and (B) at variable temperatures. The samples were prepared the same way as mentioned 
in Figure III-14 caption.  
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3.3.5. Signal Transduction  

To demonstrate that the sequence information stored in orthogonal LH-gPNA can 

be converted to biologically relevant DNA sequence, we coupled the LH-gPNA input (P3c) 

with the molecular converter and a DNA reporter. (Figure III- 16) Despite sequence 

complementarity, incubation of LH-input (P3c) with reporter did not yield any fluorescent 

signals, indicating that cross-hybridization between the two did not take place. (Figure III- 

16C, 4).  The fluorescent signals were observed only when all three components, input, 

converter, and reporter, were present. (Figure III- 16C, 2) The fluorescent signals were 

slightly dampened upon the addition of a DNA quencher (DQ1). (Figure III- 16C, 3) The 

reduction in the fluorescent signals, in this case, is not due to cross-hybridization of 

helically mismatched P3c with DQ1, but due to the inevitable dissociation of DQ1 and 

association of D1’ with the right-handed output (P2b), even at a relatively low reaction 

temperature (20 oC). The dissociation of DQ1 resulted from the relatively low stability of 

such duplex (predicted Tm:~ 26.8 oC by IDT OligoAnalyzer). 
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Figure III- 16. Signal transduction by molecular converter. (A) Sequences of DNA 
reporter and off-target DNA DQ1. (B) Illustration of molecular conversion in the presence 
of DQ1 by an LH-input. (C) Fluorescent profiles of signal transduction. The reactions were 
carried out at 20 °C to minimize the dissociation of DQ1. Wavelengths (lex= 648 nm and 
lem= 668 nm) and slit sizes (Ex= 5 nm and Em= 5 nm). 
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On the other hand, the right-handed input (P3d) can generate fluorescent signal 

faster than the left-handed input (P3d) because P3d can skip the molecular converter and 

directly react with DNA reporter. (Figure III- 17C, red line) However, the addition of a 

DNA quencher (DQ2) resulted in a complete quenching of the fluorescent signals. This 

result highlights the potential danger in employing natural or right-handed nucleic acid 

building blocks in molecular organization and self-assembly in biological systems in the 

presence of background genetic materials.  
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Figure III- 17. Signal transduction with RH-gPNA. (A) Sequences of DNA reporter and 
off-target DNA DQ2. (B) Illustration of molecular conversion in the presence of DQ2 by 
an RH-input. (C) Fluorescent profiles of signal transduction. The reactions were carried 
out at 20 °C. Wavelengths (lex= 648 nm and lem= 668 nm) and slit sizes (Ex= 5 nm and 
Em= 5 nm). 
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3.4. Discussion 

The emerging roles of nucleic acids as engineering materials and as molecular 

‘processors’ and signaling mediums, in addition to their natural roles in the storage and 

transmission of genetic information, lend to the possibility for their integration. The 

interface would provide a more accessible means for controlling life processes. Such an 

undertaking, however, will require the delivery of these chemical building blocks into live 

cells and intact organisms, and that they are able to withstand the enzymatic assaults and 

be able to recognize their designated partners without cross-interference with the 

endogenous genetic materials. Natural building blocks, such as DNA oligonucleotides, are 

attractive in this regard and have been extensively utilized in molecular engineering and 

computation, but they are not well-suited for intracellular or in vivo applications due to the 

aforementioned concerns. Although synthetic counterparts, such as configurationally-

inverted α-DNA and α-RNA, could be employed to alleviate some of these concerns, there 

is no simple way to ‘wire’ the genetic information encoded in these chemical building 

blocks with DNA or RNA. The development of a nucleic acid platform that has the 

potential to address these challenges will be crucial in the translation of de novo molecular 

engineering concepts and principles into the biological realm.  

We have shown that by applying the appropriate chemistry46, a randomly-folded 

PNA, as originally developed by Nielsen and coworkers59 more than two decades ago, can 

be preorganized into either an RH or an LH motif. Due to conformational mismatch, the 

two conformers are unable to hybridize to each other. By employing PNA as an interfacing 

medium that is capable of recognizing the RH and LH conformers, as well as DNA and 

RNA, the genetic information encoded in any one of these nucleic acid systems can be 
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interconverted, with rates comparable to that of homochiral DNA.46 Inclusion of 

conformational chirality provides another dimension in nucleic acid recognition, in 

addition to sequence information. A distinct advantage of this particular nucleic acid 

platform is that all three components, RH, LH, and NH, contain the same molecular 

scaffold, with the exception of the stereochemistry or the lack thereof at the (g)-backbone 

that determines the conformations of the oligomers. They are relatively simple to 

chemically synthesize and structurally modify. They can be made cell-permeable, if 

necessary, by installing the appropriate chemical groups at the (g)-backbone.59 On the other 

hand, such a task is generally challenging to accomplish with natural nucleic acid 

biopolymers.    

Overall, the work provides a foundation for the organization and assembly of 

materials, and for building molecular circuits in biological systems without the concerns 

for the erosion of chemical building blocks or degradation of signals as a result of cross-

interference with the host’s genetic materials. We envision further integration of this 

gamma peptide nucleic acid platform would facilitate the development of a rapid and 

sensitive method for in-situ detection of genetic materials, an essential step on the road to 

implement a global pathogen surveillance system (GPS2) for the monitoring and the 

containment of infectious pathogens.  
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3.5. Experimental Protocols 

3.5.1. PNA monomer Synthesis 

Regular Boc-protected PNA monomers were purchased from PolyOrg Inc. 

MiniPEG-gPNA monomers were synthesized using Boc-protected L-serine as a starting 

material as previously reported by Sahu and coworkers.39 

 

3.5.2. Oligomer Synthesis 

All oligomers were synthesized on solid-support using standard Boc-chemistry 

procedures. The oligomers were cleaved from resin using an m-cresol: thioanisole: 

trifluoromethanesulfonic acid (TFMSA): trifluoroacetic acid (TFA) (1:1:2:6) cocktail 

solution and precipitated with ether. PNA oligomers were purified by reverse-phase high 

performance liquid chromatography (RP-HPLC) in analytical mode (C18 column with 

dimensions 4.6 mm X 250 mm, 1 mL/min, 60 oC) or in semi-prep mode (C18 column with 

dimensions 19 mm X 100 mm, 5 mL/min, 55 oC), and characterized by MALDI-TOF MS 

with CHCA matrix. All PNA stock solutions were prepared using nanopure water, and the 

concentrations were determined at 90 oC on a Agilent Cary UV-Vis 300 spectrometer 

equipped using the following extinction coefficients: 13,700 M-1cm-1 (A), 6,600 M-1cm-1 

(C), 11,700 M-1cm-1 (G), 8,600 M-1cm-1 (T) and 24,000 M-1cm-1 (Pyrene).49,60 All DNA 

oligomers were ordered from IDT without further purification. 
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3.5.3. UV-Melting Experiments 

All UV-melting samples were prepared by mixing PNA oligomers at the indicated 

concentrations in a physiologically simulated buffer (137 mM NaCl, 2.7 mM KCl, 8 mM 

Na2HPO4, and 2 mM KH2PO4, pH= 7.4), and annealed by incubation at 95 °C for 5 min 

followed by a gradual cooling to room temperature. UV melting curves were collected 

using Agilent Cary UV-Vis 300 spectrometer equipped with a thermoelectrically 

controlled multi-cell holder. UV-melting spectra were collected by monitoring UV-

absorption at 260 nm from 20 to 95 oC in the heating runs, and from 95 to 20 oC in the 

cooling runs, both at the rate of 0.2 oC per min. The cooling and heating curves were nearly 

identical, indicating that the hybridization process is reversible. The recorded spectra were 

smoothed using a 7-point adjacent averaging algorithm. The first derivatives of the melting 

curves were taken to determine the melting temperatures of the duplexes. 

 

3.5.4. Circular Dichroism Analyses 

CD samples were prepared at 5 µM strand concentrations in sodium phosphate 

buffer (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4, pH= 7.4). The 

samples were heated to 95 oC and gradually cooled down to room temperature. CD 

experiments were performed on a JASCO J-715 spectropolarimeter using a quartz cuvette 

with 1cm path length. The samples were scanned from 320 to 200 nm with a scan rate of 

100 nm/min and 15 scan accumulations at 25 oC. All spectra were baseline-subtracted, 

smoothed using a five-point adjacent averaging algorithm and replotted using Origin 

software. 
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3.5.5. Fluorescence Measurements 

I. To perform kinetic experiments for nucleic acid conversions, two components 

were prepared separately in 1xPBS buffer*: (1) 216 nM of DS and 180 nM of TS; (2) 180 

nM of IS. The two samples were annealed at 95 oC for 5 min before 1 h of gradual cooling 

to ambient temperature. On Cary Eclipse Fluorescence Spectrometer, DS-TS duplex was 

incubated at 37 oC for 5 min followed by addition of IS to reach final concentrations: [DS]= 

72 nM, [TS]= 60 nM and [IS]= 120 nM. Real-time fluorescence data were collected with 

wavelengths (lex= 350 nm and lem= 480 nm) and slit sizes (Ex= 5 nm and Em= 10 nm). 

To calculate rate constant for nucleic acid conversions, set the first collection point 

as t= 0. Calculate conversion percentage by equation (1): 

𝑥 = 	 $%&'($)
$*($)

    (1) 

, where Fobs= real-time fluorescence intensity; Fi= fluorescence intensity of initial 

stage, DS-TS duplex; Ff= fluorescence intensity of final stage, DS-IS duplex. 

Then use the linear relationship in equation (2) to calculate 2nd order kinetic rate 

constant k: 

	 +
,-%(.-/

𝑙𝑛	 (,-%(3)	.-%
(.-%(3)	,-%

= 𝑘	𝑡   (2) 

, where X= TSo * x. 

*1x PBS buffer= 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4, pH= 

7.4. 

To perform kinetic experiment for signal transduction, four components were 

prepared separately in 1xPBS buffer*: (1) 90 nM of P9F and 108 nM of P8Q; (2) 540 nM 

of P2b and P1a; (3) 2160 nM of D1 and D2; (4) 2160 nM of LH or RH input. The four 



 135 

components were annealed at 95 oC for 5 min before 1 h of gradual cooling to ambient 

temperature.  

On Cary Eclipse Fluorescence Spectrometer, component (1) was incubated at 20 or 

37 oC followed by addition of other components or buffers. Real-time fluorescence data 

were collected with wavelengths (lex= 648 nm and lem= 668 nm) and slit sizes (Ex= 5 nm 

and Em= 5 nm). t= 0 is defined by the first observation after mixing all indicated 

components.  

 

3.5.6. Gel Shift Assay 

PNA strands were prepared as indicated concentration in 1xPBS buffer. For strand 

displacement reactions, TS-DS duplexes were annealed at 95 oC for 5 min and gradually 

cooled down to ambient temperature in 1 h. The duplexes were then incubated at 37 oC for 

5 min before addition of IS oligomers. The reaction mixture were incubated at the same 

temperature for another 1 h before gel shift analysis. The samples were then loaded onto 

2% agarose-gel containing 1xSYBR-Gold with 1xTris-borate buffer and 

electrophoretically separated at 100 V for 15 min. The bands were visualized by UV-

Transilluminator. For the results shown in Figure III- 12, the samples were separated on 

a 10% non-denaturing PAGE for 1.5 h at 120 V/cm.  
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3.6. Appendices 

Appendix III- 1. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P1a. 

(A) 

 

 

(B) 

 

    Calculated mass = 5089.99, observed mass = 5094.00. 
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Appendix III- 2. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P1b. 
(A) 

 

(B) 

 

 

  Calculated mass = 5279.20, observed mass = 5278.32. 
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Appendix III- 3. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P2a. 
 (A) 

 

(B) 

 

 

   Calculated mass = 4585.55, observed mass = 4586.47. 
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Appendix III- 4. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P2b. 
(A) 

 

(B) 

 

    Calculated mass = 4585.55, observed mass = 4588.84. 
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Appendix III- 5. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P3a. 
(A) 

 

 

(B) 

 

Calculated mass = 5192.03, observed mass = 5196.74. 
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Appendix III- 6. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P3b. 
(A) 

 

(B) 

 

Calculated mass = 5381.24, observed mass = 5381.14. 
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Appendix III- 7. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P3c. 
(A) 

 

(B) 

 

Calculated mass = 6921.97, observed mass = 6921.53. 
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Appendix III- 8. (A) HPLC profile and (B) MALDI-TOF MS spectrum of P3d. 
(A) 

 

(B) 

  

Calculated mass = 6921.97, observed mass = 6922.37. 

 

 

 

 

 

 

 

 

 7/11/2018 12:12:18 PM  Page 1 / 1 

 C:\LabSolutions\Data\Weiche\I-NADSA\Translator\purity from GUS\P6A_P6A_1612 PM_007.lcd 

Analysis Report
Sample Name : P6A
Sample ID : P6A
Data Filename : P6A_P6A_1612 PM_007.lcd
Injection Volume : 5 uL
Date Acquired : 12/16/2016 1:53:42 AM Acquired by : System Administrator

 
<Chromatogram>

min

mV

0 5 10 15 20 25 30

0

50

100

150

200

250 Detector A 260nm

<Peak Table>
Detector A 260nm
Peak#

 1 
 2 
 3 
 4 
 5 
 6 
 7 

Total

Ret. Time
 3.292 

 13.701 
 18.922 
 21.732 
 24.028 
 28.958 
 29.822 

Peak Start
 3.208 

 13.508 
 18.600 
 20.158 
 23.883 
 28.775 
 29.558 

Peak End
 3.367 

 13.983 
 19.208 
 24.133 
 24.108 
 29.392 
 30.425 

Area%
 0.030 
 0.096 
 0.616 

 97.727 
 0.040 
 0.144 
 1.348 

 100.000 

Mark
     
     
     
 S   
 T   
     
     

<Sample Information>

Method
<<LC Time Program>>
  Time Module Command Value Comment
0.01 Pumps Pump B Conc. 10
30.00 Pumps Pump B Conc. 40
31.00 Pumps Pump B Conc. 95
41.00 Pumps Pump B Conc. 95
42.00 Pumps Pump B Conc. 10
48.00 Pumps Pump B Conc. 10
48.00 Controller Stop

<<Oven>>
  Oven Temperature : 55 C

<<Pump>>
  Total Flow : 1.00 mL/min

2000 3200 4400 5600 6800 8000
M ass ( m / z)

0

69. 7

0

10

20

30

40

50

60

70

80

90

100

%
 I

nt
en

si
ty

Voyager Spec #1=>BC=>SM17[BP = 1000. 1,  236]

6922. 3718

6925. 7378

6908. 0179
6943. 7755
6990. 8820

6793. 8573
6980. 5859

6891. 3173
2043. 6756 6917. 9296

2410. 4404 6997. 45646773. 3297
5335. 92142075. 4651 6841. 63453463. 7054 7068. 48492351. 1510 6582. 2842 7377. 54772135. 2059

4326. 41192900. 2902 7014. 91972384. 5346 7757. 13566722. 32615928. 57433435. 6991 4978. 89852056. 7025 4691. 6562 6396. 88642268. 3794 2475. 0162 6810. 90166096. 96485342. 0636 7669. 83582032. 5331 7064. 57513955. 6446 6328. 2417 6594. 08733396. 9380 3751. 58242416. 7510 2906. 4848 4609. 66593168. 3328 5660. 55884194. 58252207. 4044 2672. 8011 7519. 29427222. 31452001. 9543 7743. 24044874. 3874 6439. 4594 6853. 14135991. 27213643. 9633 3971. 3026 5199. 80403402. 1679 4654. 55203171. 9424 5635. 63895430. 62052324. 7943 2541. 5078 4263. 9085 6641. 5170 7439. 41326231. 54954920. 82102889. 1363 7154. 2328 7796. 91553500. 4955 4603. 05912035. 9127 3765. 4032 6003. 16285157. 6631 6864. 06482275. 2435 3144. 21182545. 9361 7589. 64046478. 15635697. 5147 7161. 85632861. 7246 5474. 03984274. 28474014. 8565 6248. 7842



 144 

Appendix III- 9. UV-absorption profiles of P1a-P2a, P1a-P2b, P1a-P3a, P1a-P3c, and 
P1a-P3d duplexes at equimolar (5 µM) strand concentration, recorded at 95 °C. The high 
temperature was employed to dissociate the indicated duplexes. 
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Appendix III- 10. Fluorescence spectra of P1a-P2a and P1a-P3d duplexes. 
Concentrations: P1a= 60 nM, P2a= 72 nM, P3d= 120 nM. Samples were annealed at 95 oC 
and followed by gradual cooling to room temperature in 1 hr. The samples were then 
incubated at 37 oC for 5 min before fluorescent measurements with wavelengths (lex= 350 
nm and lem= 480 nm) and slit sizes (Ex= 5 nm and Em= 10 nm). 
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Chapter IV: RNA-Templated Concatenation of Triplet Nucleic 

Acid Probe 
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4.1. Introduction 

The design of molecules for tight and selective binding of biological targets, such 

as proteins and nucleic acids, is the cornerstone of bioorganic and medicinal chemistry. 

Despite the heroic efforts made by synthetic chemists, achieving both of these properties 

at a high degree still remains a challenge owing to their discordance. However, nature has 

devised a creative solution to this dichotomy. Instead of partitioning synthesis from 

recognition, many biological processes couple the two steps tightly through 

macromolecule-templated synthesis.1,2 Template-directed synthesis, in general, modulates 

the effective molarity of reactants, enabling highly diluted components to react with 
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astonishing efficiency and selectivity. In the case of biological polymerization processes, 

which involve the conjugation of consecutively assembled chemical building blocks into 

larger oligomeric systems, proximity-based reactions modify the avidity of the reactants. 

This allows the low-affinity but highly selective components to coalesce and bind tightly 

and selectively to the templated target. Such an example is DNA replication, a template-

directed polymerization reaction occurring in every living organism on earth with 

unparalleled rate and fidelity and exceptional affinity and selectivity of the copied 

(daughter) strand for the parent template. 

The concept of template-directed synthesis has long been recognized by chemists3-

5 and effectively exploited in the synthesis of organic molecules6 and in the organization 

and assembly of a variety of macro- and supramolecular systems.7,8 Despite the appeal, 

such an approach has rarely been applied to the in-situ assembly of mutually reactive 

nucleic-acid building blocks for recognition of genetic materials in live cells and intact 

organisms, except in the context of prebiotic chemical synthesis.9-11  

To enable this process, the mutually reactive nucleic acid components would need 

to be chemically stable for a defined period, such that in the presence of template they 

would undergo template-directed concatenation. On the other hand, in the absence of 

template they would self-deactivate by undergoing an intramolecular (cyclization) 

reaction. We postulate that natural nucleic-acid biopolymers, DNA and RNA are highly 

flexible in conformation12,13  and tend to self-deactivate before concatenation takes place. 

Therefore, conformationally rigid nucleic acid analogues could be exploited to achieve in-

situ assembly of mutually reactive nucleic-acid building blocks. 
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Gamma peptide nucleic acid (gPNA) is a nucleic acid analogue in which the natural 

sugar-phosphodiester backbone of DNA is replaced by the chiral N-(2-aminoethyl)glycine 

unit.14,15 The gamma modification preorganizes single-stranded gPNA into a right-handed 

motif to enhance the binding affinity and sequence selectivity toward endogenous nucleic 

acids.16 Compared to other conformationally rigid nucleic acid synthetic analogues, such 

as locked nucleic acids (LNAs)17, gPNA is easier to chemically synthesize. We envision 

the rigid nature of gPNA could impede the mobility of terminal reactive groups and thereby 

reduce the rate of intramolecular reaction. To assess the feasibility of this design concept, 

native chemical ligation (NCL) was selected because of its appealing native backbone 

product formation within gPNA (Figure IV- 1 and Figure IV- 2), bio-orthogonality, fast 

reaction kinetics, and the fact that such a reaction has been successfully demonstrated both 

in vitro and in vivo.18-20 

 

 

  
Figure IV- 1. Mechanism of native chemical ligation reaction.   
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Figure IV- 2. Concatenation of two MPgPNA units to form a product with a native amide 
backbone.   

 

We selected 5’-G(CUG)nC-3’ as model RNA targets. This particular sequence is of 

biomedical interest because its expansion (n> 40 repeats) is responsible for the etiology of 

DM1, a debilitating neuromuscular disorder for which there is no effective treatment or 

cure. The pathogenicity of DM1 is largely attributed to RNA toxicity.21 Upon transcription, 

the expanded rCUG repeats (rCUGexp) adopt an imperfect hairpin structure that sequesters 

the muscleblind-like protein 1 (MBNL1), an alternative RNA splicing factor, along with 

several other key regulators. Formation of the rCUGexp–MBNL1 complex would not only 

prevent MBNL1 from performing its normal physiological function but would also trap the 

transcript in the nucleus, preventing its export to the cytoplasm for production of the 

essential DMPK protein. Thornton and co-worker showed that displacement of MBNL1 

protein from rCUGexp by a 25-nt morpholino oligonucleotide reversed the disease 

phenotypes in an animal model.22 
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Here, we chose GAC gPNA sequences to target the template rCUG repeats. 

(Scheme IV- 1) We demonstrated that the GAC gPNA sequences are chemically stable in 

the oxidized state. Under simulated reducing environments, gPNA oligomers were ready 

for RNA-templated concatenation, or self-deactivation within reasonable timeframe. 

	

Scheme IV- 1. Reaction pathways of the triplet MPgPNA probe. (A) Probe in the oxidized 
state (in the extracellular environments). (B) Probe in the reduced state (in the intracellular 
environments) in the presence of RNA target. (C) Probe in the reduced state in the absence 
of target.   
 

4.2. Results and Discussion 

4.2.1. Probe Design 

We designed a series of triplet miniPEG-g-peptide nucleic-acid (MPgPNA)23 

probes containing a C-terminal thioester and an N-terminal cystine, along with the various 

controls (Figure IV- 3A). The N-terminal cystine was chosen to provide greater control of 

probe handling so that they would remain chemically stable until the disulfide bond was 

reduced—a chemical state mimicking that in the intracellular environments.24 We selected 

5’-G(CUG)nC-3’ as model RNA targets, for which n= 1, 2, 4, 8, and 12 (Figure IV- 3B). 
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Figure IV- 3. Chemical structures of (A) MPgPNA probes and (B) CUG RNA repeat 
expansions. 

 
P1 was included as a negative control, because it contained flexible achiral PNA 

units (G and A), and it was expected to undergo a rapid intramolecular reaction upon 

reduction of the disulfide bond. P3 contained the same chemical composition as P2 except 

that the C-nucleobase was replaced by G-clamp (X), a tricyclic aromatic system capable of 

forming five H-bonds with G.25 This substitution was designed to test the effect of base 

stacking on the conformational flexibility of the probes, as measured by the half-lives (t1/2) 

of the acyclic sulfhydryl intermediates. P4 and P5 were the other negative controls: In P4, 

the C-terminal thioester was replaced with an amide, an P5, there was an A-to-T single-

base mismatch.  

B

R1=

R1 S
O

G A C

S S R2

NH3
+P2:

R1 S
O

G A X

S S R2

NH3
+P3:

R1
H
N

O
G A C

S S R2

NH3
+P4:

R1 S
O

G T C

S S R2

NH3
+P5:

N

NH

O

ON

N

NH2

O

N

N N

N

NH2

N

N N

NH

O

NH2
N

N

O

NH
O

O

A C G T X

(A) Probes (B) RNA Targets
Primary sequence
5'-G(CUG)nC-3'

T1,   n=1
T2,   n=2
T4,   n=4
T8,   n=8
T12, n=12

U
G

U
G

U
C

G

U
C

GC

C

5' 3'

N
N
H

O
O

G/A

C

S S R2

NH3
+G AP1: R1 S

O

R2= NH3
+

R3 R3

R3 R3

R3 R3

R3 R3

B =

R3

= N
N
H

O
O

B

R3

R3= O

H2N
N
HO

O

O
O

B=

HN

NH2
+

NH2

Secondary
structure

CO2
-

a b
g



 156 

4.2.2. Synthesis of Probes 

All Boc-MPgPNA monomers were prepared from Boc-L-serine according to 

published procedures23, except for the sulfhydryl-protected C and X monomers from Boc-

Cys(Trt)-OH. (Appendix IV- 1) Probes were made on MBHA resin using Boc chemistry, 

purified by reversed-phase (RP) HPLC, and confirmed by MALDI-TOF. In the synthesis 

of probes containing a C-terminal thioester by conventional solid-phase peptide synthesis 

using Boc chemistry, there was concern for inverted deletions following removal of the 

Boc protecting group and neutralization of the amines (Appendix IV- 2). To mitigate this 

possibility, we performed the neutralization and coupling steps in-situ. (Appendix IV- 3) 

Such a condition provided reasonable chemical yields (~76%) and purities of P2 through 5 

(Appendix IV- 4), with only minor deletion products. Appendix IV- 5 shows a 

representative HPLC trace of crude P2. 

However, under the identical conditions, we were not able to prepare P1. No 

precipitation occurred following the addition of diethyl ether to the cleavage mixture. 

Analysis of the crude sample by HPLC revealed several indiscernible baseline peaks (data 

not shown). We attribute the failure in the synthesis of P1 to the high conformational 

flexibility of achiral PNA, which presumably underwent rapid inverted deletions following 

the deprotection and neutralization steps (Appendix IV- 2). 
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4.2.3. Conformational Flexibility 

We next determined the relative conformational flexibility of the probes by 

measuring the half-lives of the reactive intermediates following reduction of the disulfide 

bond. MALDI-TOF was chosen over HPLC and other analytical techniques in 

quantification of the reaction products because of the relatively short timescale of 

intramolecular NCL, which can be performed in less than 5 min. Dithiothreitol (DTT) was 

employed as a reducing agent. To assimilate the physiological conditions, all the 

experiments were performed at a physiologically relevant ionic strength (10 mm NaPi, 150 

mm KCl, 2 mm MgCl2 ; pH 7.4).26  

Initial experiments were performed at ambient temperature, at which P2 (1 µM) 

was incubated with DTT (100 µM, within the concentration range of glutathione in cells) 

24 for 1 h. Under these conditions, we found that the disulfide bond was completely reduced, 

as evidenced by the loss of mass equal to 120 Da (Figure IV- 4 and Appendix IV- 6). To 

our surprise, we noticed that the reduced acyclic form of P2 (P2*), with m/z of M–120 Da, 

remained intact without any trace of the cyclic P2 product (cP2) being formed. This was 

apparent from the absence of a chemical species with a mass of 1128 Da. This result is in 

line with the earlier finding that MPgPNA adopts an extended helical conformation,14 

which significantly reduces the rate of intramolecular reaction in comparison to that of a 

more flexible achiral PNA. 
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Figure IV- 4. MALDI-TOF spectrum of P2 at 1 µM concentration after incubation with 
DTT (100 µM) at an ambient temperature for 1 hr. Inset: MS spectrum of P2 (M = 1468 
Daltons). The M-120 peak corresponds to the reduced acyclic P2*, and the 1128-Dalton 
peak to the cyclic cP2. 

 

To assess the biological feasibility of this reaction, we monitored the progress of 

the reaction of P2 at physiological temperature (37 oC) as a function of time and compared 

the results with those obtained with P3. The difference between the two probes is the degree 

of base-stacking interaction, which is more pronounced for P3 owing to the expanded 

tricyclic ring of G-clamp. Inspection of Figure IV- 5A reveals that the reduced acyclic P2* 

has t1/2~ 1 h. The conversion from an acyclic product into a cyclic product was complete 

within 3 h. On the other hand, examination of Figure IV- 5B shows that the reactive 

intermediate P3* has t1/2~ 4 h, which is four times longer than that of P2*. The kinetic 

profiles of the two probes are markedly different: those of P2* and cP2 follow exponential 

decay and growth (Appendix IV- 7), respectively, and those of P3* and cP3 follow 

sigmoidal profiles (Appendix IV- 8). The longer half-life of P3* is presumably attributed 

to the improved base-stacking interactions.  
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.	 	

	
Figure IV- 5. MALDI-TOF spectra of (A) P2 and (B) P3 at 1 µM each, following the 
incubation with DTT (100 µM) at 37 °C. The samples were analyzed at the indicated time-
points. Square: parent P2 and P3 probes, opened circle: reduced acyclic P2* and P3*, and 
filled circle: cyclic cP2 and cP3 products. Each chemical entity has two masses, 
corresponding to that of the parent probe and that containing a potassium ion (+39 Dalton).    
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Interestingly, even after 5 h we did not observe the formation of concatenated 

intermolecular P2 products in the absence of the RNA target (Figure IV- 6). One 

possibility could be due to the steric hindrance of the leucine residue at the C terminus and 

another could be due to the relatively low concentration of the probe. Overall, the data 

show that the lifetime of the reactive intermediate can be extended, if necessary, by 

increasing the degree of base-stacking interactions. 

 

	
	

Figure IV- 6. MALDI-TOF spectrum of P2 probe. The sample was analyzed after 
incubation with DTT (100 µM) at 37 °C for 5 hrs. Notice that only the cyclic product was 
observed.  
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4.2.4. Concatenation in the Presence of RNA 

With this promising result, we next determined whether RNA could serve as a 

template for the concatenation of P2.  

First, we determined the thermal stability of RNA. We found the thermal stability 

of r(CUG)n remained fairly constant (~69 oC) for n= 6, 8 and 12. (Figure IV- 7) This result 

was corroborated with literature: Beyond a repeat length of five, the thermal stability of 

r(CUG)n remained fairly constant, with melting temperature (Tm) values in the 70–75 oC 

range.27 This indicated that increasing the number of triplet repeats beyond five does not 

necessarily make the hairpin structure thermodynamically more stable. This finding 

suggests that rCUG repeats might be able to template P2 oligomerization. 

 

	
Figure IV- 7. UV-melting profiles of RNA targets. The concentrations of RNAs were as 
follows 12 µM (T1), 6 (T2), 3 (T4), 1.5 (T8), and 1 (T12), prepared in a physiologically 
relevant buffer. Note that the concentration of CUG-binding sites in each sample was the 
same (12 µM).  
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Next, we determined the effect of P2 on the thermal stability of RNA. Figure IV- 

8 shows representative UV-melting profiles of T12 and its combination with P2 following 

their incubation with DTT at ambient temperature and at 37 oC for 1 h. At both incubation 

temperatures, the improvements in the thermal stability of T12 were similar, with DTm 

values of approximately +20 oC, although the improvement was slightly less efficient at 

ambient temperature than at 37 oC, as inferred from the residual melting of unbound T12 

in the 40–60 oC temperature regime. Neither DTT nor P2 alone had a notable effect on the 

Tm value of T12 (Figure IV- 8, inset). A similar experiment was performed with P3, but 

the Tm values were too high to be determined by UV-melting measurements (data not 

shown). In all of the experiments, we observed the Tm values of T4, T6, T8, and T12 to be 

significantly higher with DTT than without it (Appendix IV- 9). 

 
Figure IV- 8. UV-melting profiles of T12 and [T12+P2+DTT] samples, with the latter 
recorded after incubation at an ambient temperature and at 37 °C for 1 hr. The 
concentration of T12 was 1 µM (corresponding to 12 µM binding sites of P2); P2, 12 µM; 
and DTT, 100 µM. The samples were prepared by incubating the pre-annealed T12 with 
P2 and DTT at the indicated temperatures for 1 hr before subjecting to UV-melting 
analyses. Inset: UV-melting profiles of the negative controls carried out under identical 
conditions.  
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Similarly, neither the C-terminal amide probe P4 nor the single-base mismatched 

P5 had a net positive effect on the thermal stability of T12 following incubation with DTT 

(Figure IV- 9).  

	
Figure IV- 9. UV-melting profiles of T12 with P4 and P5 in the presence of DTT. The 
concentrations of T12, P4, P5, and DTT were 1, 12, 12, and 100 µM, respectively. The 
mixtures were incubated at 37 °C for 1 hr prior to subjecting to UV-melting analyses. 
  

The evidence for RNA-templated concatenation of P2 was further corroborated by 

MALDI-TOF analysis (Figure IV- 10), which showed new m/z signals corresponding to 

the concatenated products. However, we were not able to observe the formation of 

significant amounts of oligomeric products larger than a hexamer (6-concatenated probes). 

A likely possibility could be due to the unusually high binding affinity of this particular 

class of MPgPNA molecules. 14 Once formed, they remained bound to the RNA template, 

which could not be detected by MALDI-TOF, despite concerted efforts to dissociate the 

complex by addition of denaturants, such as urea and guanidine up to a certain point (4 

mM), and by alkaline treatment. Nevertheless, the data show that the (CUG)12-RNA hairpin 
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structure is capable of templating P2 concatenation, with the resulting products bound 

tightly and selectively to the RNA template. 

 
Figure IV- 10. MALDI-TOF spectrum of T12 with P2 and DTT after their incubation at 
37 °C for 1 hr. The concentrations of T12, P2, and DTT were 1, 12, and 100 µM, 
respectively.  
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 4.3. Conclusions 

A relatively short MPgPNA probe, 3 nt in length, containing a C-terminal thioester 

and an N-terminal cystine, did not undergo immediate intramolecular NCL reaction upon 

reduction of the disulfide bond. The reactive acyclic P2* intermediate has a half-life of 

approximately 1 h at physiological temperature, which is well beyond a typical nucleic-

acid hybridization timeframe.28 The lifetime of the reactive species could be extended, if 

necessary, by increasing the p–p interactions of the nucleobases, as seen with P3. Despite 

the r(CUG)n repeats (n>5) adopting their own secondary hairpin structures, the triplet 

nucleic-acid probe could still recognize the RNA targets and underwent template-directed 

concatenation. 

Nucleic-acid-catalyzed oligomerization was previously demonstrated, in particular, 

by Lynn,29 Liu,30  and Seitz31; however, none of these systems contained mutually reactive 

C-terminal thioester and N-terminal cysteine moieties in the same nucleic-acid recognition 

module and none were designed to bind to biomedically relevant and structured RNA 

targets, such as CUG repeats. Overall, this work provides a proof of concept for the design 

of short nucleic-acid probes for targeting RNA-repeated expansions through template-

directed oligomerization, lending possibility for the development of therapeutic 

interventions for DM1 and other related neuromuscular and neurodegenerative disorders. 

The potential benefits of such relatively small nucleic-acid probes for biological and 

biomedical applications are many, including the ease of chemical synthesis, structural and 

functional modifications, scale up (by solution as opposed to solid-phase chemistry), and 

improvements in pharmacokinetic properties relative to conventional antisense molecules.  
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4.4. Experimental Procedures 

4.4.1. Solid-Phase Synthesis 

Resin loading. 1 g of MBHA resin (1 mmol/g, Peptide International, RMB-2100-

PI) was soaked in DCM in a reaction vessel for 1 hr, after which it was washed with DCM 

(3x) and then 5% DIEA in DCM (3x). The following solutions were prepared: (A) 30 mg 

of Boc-Leu-OH in 450 µL DMF, (B) 55 mg HATU in 750 µL NMP, and (C) 0.5 M DIEA 

in pyridine. The following coupling cocktail was prepared by adding 450 µL of solution A 

into 3.5 mL NMP, followed by 460 µL of solution C and 550 µL of solution B, allowed to 

sit for 3 min, and then added to the resin. The coupling reaction was allowed to continue 

for 1 hr with gentle shaking. The solution was pushed out, and the resin was thoroughly 

washed with DMF (3x) and DCM (3x). The unreacted amino groups were capped by 

adding 5 mL of a solution containing (1:2:2, acetic anhydride:pyridine:NMP) to the resin 

and gently shaking the reaction vessel for 1 hr. After confirming by Kaiser test that the 

unreacted amino groups have been capped (colorless to pale yellow resin), the capping 

solution was pushed out and resin was thoroughly washed with DCM and then dried in an 

inline vacuum. 

Coupling S-Trt mercaptopropinic (MPA) acid onto resin. Swell the resin (100 

mg) in DCM for 1 hr. Boc was removed by treating resin with TFA:m-cresol (95:5) for 4 

min (3x). Inert gas, argon in this case, was used to push the solvent out of the reaction 

vessel in order to minimize the prospect of oxidizing the thiol group. The resin was 

neutralized with pyridine washes (2x). The following coupling cocktail was prepared by 

mixing 150 µL of 0.2 M MPA (in DMF) with 150 µL of 0.2 M MDCHA (in pyridine) and 

300 µL of 0.1 M HBTU (in DMF), allowed to sit for 3 min and then added to the resin. The 



 167 

coupling reaction was allowed to continue for 15 min with gentle shaking of the reaction 

vessel. 

Coupling MPγPNA building blocks onto the Leu-MPA-containing resin. Boc 

removal was performed under identical conditions as above, but the neutralization step was 

omitted for the rest of the oligomer synthesis to circumvent intramolecular cyclization and 

deletion of the subsequent units. In this case, neutralization was performed in-situ. After 

the treatment of resin with TFA:m-cresol and DMC (3x) and DMF (3x) washes, the 

following coupling cocktail was prepared by mixing 300 µL of 0.2 M MPγPNA (in DMF) 

with 150 µL of 0.39 M HBTU (in DMF) and 150 µL of 0.4 MDIEA (in DMF) and allowing 

to sit for 3 min, and then added to the resin. The reaction was allowed to proceed for 15 

min by gentle shaking of the reaction vessel. The rest of the building blocks were coupled 

the same way. 

Last coupling step. After coupling the MPγPNA building block containing the 

cysteine side-chain (protected with Trt) at the γ-backbone, both Boc and Trt protecting 

groups were removed by treating resin with TFA:m-cresol (95:5) for 4 min (3x). Resin was 

thoroughly washed with DCM (3x) and DMF (3x). Argon was used to push out the solvent 

to prevent thiol oxidation. 300 µL of 0.4 M Boc-Cys(Npys)-OH prepared in DMF was 

added to the resin, and the reaction permitted to take place for 2 hrs. Resin was then 

thoroughly washed with DMF (3x) and DCM (3x). 

Deprotection and cleavage of oligos from resin. Boc was removed by treatment of 

the resin with TFA:m-cresol (95:5) for 4 min (3x). After removal of the last TFA:m-cresol 

(95:5) solution, 800 µL of the cleavage cocktail consisting of TFMSA:TFA:m-cresol 

(2:8:1) was added to resin and the reaction vessel was gently shaken for 2 hrs. The solution 
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was collected in a 15-mL canonical tube, and the oligos were precipitated by adding 10 mL 

of ethyl ether into the mixture. Centrifugation, followed by 2 rounds of ethyl ether washes, 

the precipitate was air-dried and dissolved in 500 µL of H2O:ACN (85:15) solution. 

4.4.2. HPLC Purification 

PNA oligomer purification was done on Hitachi L-7000 series HPLC with C18 

column at 40 oC. The purification conditions were: flow rate at 2 mL/min using water with 

0.1% TFA and acetonitrile with 0.1% TFA. 

4.4.3. MALDI-TOF MS Analysis 

A solution of α-cyano-4-hydroxycinnamic acid (10 mg of α-cyano-4-

hydroxycinnamic acid in 500 µL of water with 0.1% TFA and 500 µL of acetonitrile with 

0.1% TFA) was used as the matrix for MALDI-TOF analysis. MALDI Analysis was 

performed about 5 minutes after spotting. 

4.4.4. UV-Melting Experiments 

MPgPNA–RNA duplexes were hybridized by mixing stoichiometric amount of 

each oligomer strand in physiologically relevant ionic strength (10 mM NaPi, 150 mM 

KCl, 2 mM MgCl2; pH 7.4) and incubated at 90 oC for 5 min, followed by a gradual cooling 

to room temperature. UV-absorption was monitored at 260 nm as the function of 

temperatures from 25 to 95 oC at the rate of 1 oC/min. Both the heating and cooling runs 

were recorded in order to assess the reversibility of the hybridization process. All recorded 

spectra were smoothed using a 5-point adjacent averaging algorithm. The first derivative 

of the melting curve was taken to determine the melting temperature of the duplex. 
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4.5. Appendices  

Appendix IV- 1. Synthesis of cysteine-containing C and X monomers.  
 

 
 

Reagents and conditions: (a) Isobutyl chloroformate, NaBH4, NMM, DME, 0 °à rt; (b) 
DIAD, (2-nitrosulfonyl)glycine ethyl ester, TPP, THF, 0 °à rt; (c) Cs2CO3, thiophenol, 
THF, rt; (d) HBTU, NMM, DMF, rt; (e) 2 N NaOH/THF (1:1), 0 °C.  
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Appendix IV- 2. Inverted deletions occur due to the flexibility of the achiral PNA 
backbone unit, which permits rapid intramolecular cyclization reaction. 
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Appendix IV- 3. On-resin synthesis of a representative P2 probe. In Step (D), after TFA 
deprotection and solvent rinses, coupling solution was directly agitated with resin for 15 
min without pyridine rinse. 
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Appendix IV- 4. MALDI-TOF spectra of (A) P2, (B) P3, (C) P4, and (D) P5. (E) Chemical 
structures of P2 through 5. Calc. M.W. (M.W. found): P2, 1468 Daltons (1465 Daltons); 
P3, 1659 (1657); P4, 1451 (1448); and P5, 1459 (1457).	
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Appendix IV- 5. HPLC trace of crude P2. Inset: reinjection of purified P2. 
 

	
.   
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Appendix IV- 6. Reaction sequence of P2 probe. 
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Appendix IV- 7. Reaction progress of P2. P2, parent probe; P2*, reduced acyclic form of 
P2; cP2, cyclic product of P2. P2 and P2* (with the latter starting from 0.5 hr) followed 
exponential decays, and cP2 followed exponential growth. Square, opened circle, and filled 
circle: experimental data, line: curve-fitting.   
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Appendix IV- 8. Reaction progress of P3. P3, parent probe; P3*, reduced acyclic form of 
P3; cP3, cyclic product of P3. P3 followed exponential decay, and P3* (starting from 1 hr) 
and cP3 followed sigmoidal decay and growth profiles, respectively. Square, opened circle, 
and filled circle: experimental data, line: curve-fitting.   
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Appendix IV- 9. UV-melting profiles of RNAs with P2 and DTT. The concentration of 
RNAs were: 12 µM (T1), 6 (T2), 3 (T4), 1.5 (T8), and 1 (T12); and that of P2 and DTT 
were 12 µM and 100 µM, respectively. The mixtures were incubated at 37 °C for 1 hr prior 
to subjecting to UV-melting analyses. 
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