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Abstract 

Re-inventing Template-Directed Replication in Dynamic Chemical Networks 

By Li Zhang 

 

Biological replication, either sequence replication defined by the Central Dogma, or 

prion conformational replication, is driven by a template-directed mechanism. Previous 

efforts to re-invent templated replication in non-enzymatic systems were unsuccessful 

partly due to the lack of reversibility. Dynamic chemical networks (DCNs) provide a 

remarkable platform for selection of replicating species in a dynamic manner, and with 

adaptive and evolvable potential towards changing environments. 

 

Dynamic chemical networks were constructed using reversible N,O-acetal 

condensation. Model study establishes dynamic properties, environment impacts and 

stereochemistry of N,O-acetal condensation reaction, providing insight for our design 

of networks. DNA templated sequence information transfer in ribose-amine nucleoside 

polymer (rANP) networks was accomplished, with B-form duplex formed between 

template and rANP oligomers. Peptide networks based on TTF-CHO building block 

were generated, with cyclic dimer being selected as major species, and under certain 

condition self-assembled into novel structures. Prion-like templated conformational 

replication behavior was achieved in a TTF-CHO + (TTF)2 network, in which both self-

templated and external-templated conformation replication were selected and 

propagated into different assembly structures. 



These discoveries achieved selection for replication behavior in dynamic chemical 

networks by generating diversity on both chemical and physical levels. More 

importantly, the common reversible linkage that connects both informational 

biopolymers of biology provides a unique form of nucleic acid/amino acid symbiosis 

for the emergence of chemical evolution. 
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Chapter One 

Templated Information Replication in Dynamic Chemical Networks 

 

1.1 Template-Directed Replication in Biological Selection and Evolution 

Biology is a complex network built upon the dynamic interaction of biopolymers. 

Nucleic acids and proteins cooperate to continuously function, replicate and mutate to 

render differentiated species, while environmental fluctuations drive selection and 

reproduction of specific species. The molecular foundation of this remarkable complex 

cooperation is best represented as the Central Dogma[1], a process defining how 

sequential information encoded in DNA template as genotype is transcribed into RNA 

and translated into proteins as phenotype. The majority of biology relies on this process 

to accurately pass on genetic information inherent in nucleic acids to offspring, serving 

as platform for biological replication and Darwinian evolution. 

 

On the other hand, a completely different replication mechanism was recently 

discovered in infectious protein diseases such as prion infection[2]. For prions, instead 

of nucleic acid sequences, specific protein conformations are selectively replicated and 

propagated through a template inherent in the cross-β architecture[3]. Misfolded prion 

protein can give rise to polymorphic β-sheet aggregates or fibers via a templated 

nucleation mechanism[4], allowing self-propagation and transfer of specific 

conformational information. Importantly, this prion-like self-propagation behavior is 
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not only found in prions or amyloid proteins, but seem to be a generic property of 

polypeptides. In fact, even very short peptides (3 – 11 residues long) can self-propagate 

into amyloid fibrils[5]. 

 

Both biopolymer replication described by the Central Dogma and prion conformational 

replication can be viewed as a template-directed replication process from a chemical 

perspective. In the Central Dogma, linear sequence information is encoded by four 

nucleotides, and is copied from template molecule following Watson-Crick base-

pairing with extremely high precision[6] to give rise to polymerization product. While 

in prion infectious propagation, cross-β assembly provides the template for self-

replication of the β-sheet conformation information and propagate into highly ordered 

protein assemblies. 

 

However, two templated replication processes are also inherently different in some 

perspectives, and can be summarized as “digital” and “analog” strategies[7] for 

replication and evolution, as shown in Fig 1.1. For Central Dogma defined replication, 

highly discrete hydrogen bonding interaction between Watson-Crick base-pairing 

dominates all other interaction, and resembles “digital” information copying. Followed 

by nucleobase recognition, nucleotides are polymerized into long sequences by 

enzymatic phosphodiester condensation. Thus, it is a primarily chemical transformation 

process, and diversity is generated in the chemical process by forming mismatched 

sequences, as exemplified by virus replication and evolution in Fig 1.1A, exemplified 
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by virus replication and evolution. While in prion propagation, peptide folding and 

conformational information is dictated by interaction of complex inter- and intra-

molecular forces from amino acid side chains and peptide amide backbones, including 

electrostatics, aromatic, hydrophobic and hydrogen bonding. Thus cross-β assembly is 

highly context dependent and subject to environmental changes[8]. In this case, no 

chemical transformation is involved, diversity and selectively replication is achieved 

on physical level by self-templated propagation of different protein conformation, 

similar to an “analog” information response, as shown in Fig 1.1B. 

 

 

 

Fig 1.1 Two strategies for replication and evolution: digital strategy (A) in nucleic acid 

sequence dependent replication, exemplified by viral evolution, and analog strategy (B) found 

in prion infectious propagation, which is conformation dependent. 
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1.2 Re-Inventing Template-Directed Replication 

Template-directed biopolymer replication is fundamental to biological replication and 

evolution. In addition, the broad range diversity of structures and functions in 

biopolymers clearly demonstrates the power of sequence-controlled polymer synthesis. 

Inspired by these natural sequence-defined materials, researchers are actively seeking 

strategies to control the primary structure of synthetic polymers for development of 

next-generation materials with new structures and functions[9]. However, current efforts 

to synthesize sequence-controlled polymers fell short in controlling dispersity (for step-

growth approaches)[10], sequence precision (for chain-growth strategies)[11] or 

synthesizing longer sequences (solid-phase iterative synthesis)[12]. In contrast, 

template-directed replication adopted by biology is highly precise and controlled, with 

the ability to accurately generate extremely long sequences, superior to any man-

invented approaches. Therefore, taking a reductive approach to re-invent template-

directed replication process in a simple, enzyme-free context has long been an attractive 

topic for researchers working in diverse fields from biological evolution[13] to material 

science. 

 

The well-defined nucleic acids were first used as templates to replicate digital 

sequential information. Inspired by Orgel’s pioneering works[14], the first successful 

non-enzymatic DNA templated ligation was reported in 1986 by von Kiedrowski[15]. 

As shown in Fig 1.2, ligation of two trinucleotides A and B is catalyzed by a 

complementary hexamer DNA template T. 3’-phosphate of A is activated by 1-
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(dimethlyaminopropyl)-3-ethylcarbodiimide (CDI) to overcome the kinetic barrier for 

phosphodiester condensation without enzymes. Ligation with a fully complementary 

template gives highest efficiency, strongly suggesting the involvement of template 

effect[16]. 

 

 
 

Fig 1.2 Non-enzymatic DNA template directed ligation[15]. Template T catalyzes the ligation of 

A and B. The product has the same structure as T, and serve as new template. 

 

Following Orgel and von Kiedrowski’s work, many other DNA templated replication 

systems have been explored. Evolution and origin of life scientists have developed 

templated-replication based on triplex recognition[17]; replication coupled with 

protocell division[19] and replication into alternative nucleic acid backbones such as 

GNA[20] were also reported. At the same time, material scientists extend Watson-Crick 

base-pairing into template assisted polymer synthesis [21] as well as synthesis of 
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structures beyond nucleic acids[22]. 

 

On the other hand, rules governing template-directed cross-β peptide conformational 

replication have been intensively investigated, due to its correlation with many diseases 

and functional biomaterials. This replication process is primarily a physical 

transformation, and diversity is rich on conformational level but not on primary 

sequence level. Recently, researchers started to couple the physical transformation 

(cross-β assembly) and chemical transformation (peptide ligation reaction) together, 

potentially provides opportunity to further enrich diversity of the system by introducing 

another dimension of variation into peptide cross-β assembly. Takahashi and Mihara 

developed a system of template-directed self-replicating amyloid fibrils[23], where the 

surface of β-sheet serves as template to direct the ligation of shorter peptide fragments 

into full-length peptide, and subsequently incorporated into cross-β assembly to 

become new templates. Ashkenasy[24] reported a similar cross-β replication system that 

assembles into both fibers and nanotubes, as shown in Fig 1.3. In this system, template-

assisted formation of ligation products exhibits exponential growth. Both systems 

require Cys residue at N-terminus of ligation site, and activation of C-terminus with 

thioester for native ligation reaction to take place. 
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Fig 1.3 Cross-β template directed replication. Cross-β assembly serves as template to direct the 

ligation of N and E. The ligation product then incorporated onto the surface of cross-β assembly 

and serve as new template. The sheets assemble into fibers and nanotubes. 

 

Examples discussed above nicely demonstrate first step success for implementing 

template-directed replication criteria in chemical systems. However, significant 

limitations including fidelity and sequence space are present for both systems, impeding 

an efficient re-creation of replication. For nucleic acids non-enzymatic replication, 

efficiency of monomer polymerization is considerably lower compared to ligation of 

oligomers. Enzyme-free templated copying of monomeric nucleotide tends to give high 

error rate (~20%)[25], low sequence specificity and distribution of truncated products[26], 

as shown in Fig 1.4. Because maximum genome information can be encoded is 

inversely proportional to the mutation rate[27], a 20% error rate corresponds to a genome 

of only 5 nucleotides, hardly large enough to carry any sensible function. Some efforts 
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have been made[28] to improve replication fidelity, but in general DNA templated 

polymerization of monomers remains to be an error-prone procedure. While for the 

cross-β templated conformational replication, sequence fidelity is not yet even explored, 

but the use of native ligation reaction imposes significant limitation on the option of 

amino acid residue at ligation site. 

 

 

Fig 1.4 DNA template catalyzed RNA monomer polymerization[26]. (A) A (dC)10 template is 

used to direct polymerization of activated RNA monomer 2-MeImpG. (B) Templated reaction 

generates distribution of truncated products instead of full-length product 

 

1.3 Dynamic Chemical Networks (DCNs) and Template Effect 

With the problems for template-directed replication in chemical systems in mind, next 

questions become: can template-directed replication be achieved in a different way? Is 

fidelity only determined by template sequences? How do other factors play role in high-

fidelity replication? 

 

Aside from sequence-specific recognition driven by Watson-Crick base-pairing, fidelity 
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of enzymatic template copying also benefits from reversibility of phosphodiester 

linkage in the form of polymerases error-correction function. Phosphodiester linkages 

are extremely stable under physiological condition, but the presence of enzymes can 

make it temporarily reversible, so that mismatched nucleotides can be removed and 

replaced. However, in non-enzymatic templated replication, such error correction 

mechanism is missing. Once the phosphodiester linkage is formed, it remains stable 

and cannot be hydrolyzed easily. As a result, matched base-pair, even though 

thermodynamically more preferred, cannot outcompete and replace already-formed 

mismatched products. In other words, introducing reversibility is one plausible 

approach to improve templated replication fidelity. 

 

The surging research field of dynamic chemical networks (DCNs) provides opportunity 

to implement reversibility into templated replication systems. Around two decades after 

von Kiedrowski’s report on first success of DNA-templated ligation, study on dynamic 

chemical networks (DCNs) became a booming topic in system chemistry. Taking 

advantage of reversible covalent reactions called dynamic covalent chemistry (DCC)[29], 

DCNs create complex systems from simple building blocks under thermodynamic 

control. The members within the system constantly interconvert through formation and 

breakage of reversible covalent bonds, and the distribution of members is responsive to 

change in environment conditions and template effect. Such complexity generated by 

dynamic covalent linkages are previously coined as “dynamic combinatorial library” 

(DCL), but we instead use the term “dynamic chemical network” (DCN) to better 
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reflect its interchangeable nature. 

 

With its dynamic property, DCNs offer a unique opportunity to help solve the fidelity 

problem in templated replication that has haunted researchers for decades. Equilibrium 

of DCNs can be shifted by template effect and select for species with template-binding 

structures[29b, 29e], similar to template effect in DNA-templated replication. Actually, 

DCN was initially envisaged as a potential tool for discovery of new ligands and 

receptors based upon template-binding. Upon addition of external target molecules as 

templates, the dynamic nature of DCNs allows equilibrium shifts to amplification of 

members with highest template-binding affinity. DCN selection based on recognition 

with external template can generally be categorized into two strategies[29b, 30]: casting 

(for selection of a guest by a template as host) and molding (for selection of a host by 

a template as guest), as shown in Fig 1.5. External template induced network selection 

have been achieved for wide range of templates including metal ions[31], small 

molecules[32] and biomolecules[33]. 
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Fig 1.5 Two strategies of DCN member selection based on external template effect: (A) Casting, 

for selection of guests; and (B) Molding, for selection of hosts. 

 

Besides external templateing, DCNs can also selectively overexpress members by self-

templating, similar to self-templated cross-β propagation. In self-templating DCNs, 

intermolecular recognition occurs between network members, resulting in self-

organization and driving the equilibrium towards self-copying species. Fig 1.6 

illustrates a simple and elegant example of DCN selection based on self-templating 

effect[34]. This DCN constitutes imine condensation products Al(1-3)Am(1,2). Among all 

possible network members, only Al1Am1 is capable stabilizing itself by self-templating 

effect through hydrogen-bonding induced dimerization to form [Al1Am1]2. This self-

duplicating interaction biases DCN equilibrium towards amplification of Al1Am1 as the 

dominant species in the network. 
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Fig 1.6 Internal Template induced DCN selection[34]. Pairwise combination of aldehydes Al(1-3) 

and amines Am(1,2) generates a DCN containing six imines Al(1-3)Am(1,2). Only Al1Am1 is 

capable to dimerize, resulting in greater stability and selection of Al1Am1.  

 

1.4 Re-Invent Template-Directed Replication in DCNs 

In principle, external templating and self-templating selection in DCNs resemble DNA 

template directed replication and prion self-templated conformational replication 

respectively. In addition, dynamic property of DCNs allows for selection under 

thermodynamic control, which provides error-correction in a dynamic fashion, and can 

potentially enhance fidelity of replication. Therefore, introducing template effect into 

biopolymer replication systems could help improving fidelity. What’s more, the wide 

scope of reversible linkages to construct DCNs greatly enriches the chemical and 

sequence space in templated replication. 
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Our lab reported the first attempt to construct a simple DCN by using DNA template to 

guide imine condensation of complementary strands[35]. As shown in Fig 1.7, in the 

presence of DNA template dGCAACG, two modified DNA trimers, 5’-H2N-dTGC and 

dCGT-3’-CH2CHO undergoes imine coupling to yield the product with complementary 

sequence to the template. Dynamic imine condensation allows thermodynamic 

equilibrium between coupled and uncoupled substrates, allowing for substrate-template 

recognition to guide product formation. In aqueous environments, products 

complementary to the template outcompetes non-complementary product by 30-fold at 

0oC (thermodynamic cycle). Since the imine group is highly labile in water and 

hydrolyzes quickly upon dissociation from template, cyanoborohydride is used to 

reduce the product into stable secondary amine (catalytic cycle). 
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Fig 1.7 Coupled thermodynamic and kinetic cycles of DNA template directed ligation[35]. 

 

Later, our lab extended the DNA template guided imine DCN to bis-functionalized 

substrate 5’-H2N-dT-3’-CH2CHO[36], where a (dA)8 template guided the monomeric 

substrate to polymerize into complementary (dT)8 amine nucleoside polymer (ANP) 

(Fig 1.8). This templated DCN is highly robust, with significantly improved fidelity (< 

1%), high sequence specificity, and capability to copy information from longer DNA 

template such as 32-mer[36b], established that introducing reversibility improves fidelity 

in templated replication. The reaction is found to proceed with a new step-growth 

polymerization mechanism, distinct from chain-growth mechanism observed in 
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enzymatic DNA replication. This templated imine condensation approach was further-

extended for templated synthesis of modified PNA[37] and base-filling PNA synthesis[38] 

by other research groups. 

 

 

 

Fig 1.8 Template-directed polymerization of amine nucleoside polymer[36]: ANP monomers 

association with complementary template gives full-length product, resulting in sequence and 

chain-length specificity following step-growth mechanism. 

 

Self-templated peptide conformational replication coupled with reversible linkage 

formation were also reported[39]. Examples include a simple peptide DCNs constructed 

from disulfide-exchange selecting for β-turn hairpin structure[40], and a dynamic peptide 

network aggregates into particles[39c]. But in general this topic is still underexplored. 

Otto and coworkers[41] demonstrate an interesting and unusual system in selection of 

self-assembly peptide in DCNs. They demonstrate a DCN of dithiol-functionalized 
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pentapeptide building blocks forming a mixture of macrocyclic oligomers through 

disulfide exchange, among which hexamer and heptamer can self-propagate into β-

sheets and grow as fibers, as shown in Fig 1.9. Remarkably, breakage of fibers by 

different type of mechanically forces select for propagation of different macrocycles: 

shaking the solution lead to exponential growth of hexamer-based fibers, while stirring 

favors amplification of heptamers. In such process, product selection is determined 

kinetically, even though the system is under thermodynamic control. This system can 

be regarded as a first step towards far-from-equilibrium selection. 
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Fig 1.9 A peptide macrocycle DCN selecting for self-assembly species responds differently on 

different mechanic forces. (A) A dithiol-functionalized peptide forms DCN containing different 

macrocycles through disulfide exchange. (B) Hexamers or heptamers can self-assemble into 

fibers. (C) Hexamers are amplified by shaking-induced fiber breakage. (D) Heptamers are 

amplified by stirring. 

 

Benefiting from thermodynamic control in DCNs, DNA template directed ANP 

replication achieved unprecedented fidelity compared to non-dynamic systems. 

However, labile imine linkage hydrolyzes rapidly following dissociation from the 

template, making product separation and analysis infeasible. Reductive amination was 
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used to overcome this problem, but it falls short in maintaining dynamic nature of the 

network. On the other hand, peptide replication in DCNs is still rarely studied, and 

limited reports on such systems are restricted by both sequence diversity and choice of 

dynamic linkages. For example, in Otto’s peptide replication DCN, species diversity is 

restricted to macrocycles size but not peptide sequence, and choice of dynamic linkage 

is so far limited to disulfide exchange reaction. 

 

Templated replication in biology occurs in fully dynamic biopolymer networks and 

generates diversity on both sequence and conformation levels. To re-construct such 

process in chemical system, it is desirable to create truly dynamic DCNs instead of 

irreversibly trapped networks, only so that species within the network can be fully 

responsive towards different template, and select for different sequences. 

 

In this dissertation, I seek to construct DCNs using N,O-acetal linkage, a dynamic 

linkage with similar condensation mechanism of imine but higher stability. With N,O-

acetal linked DCNs, I hope to re-invent both digital and analog template-directed 

replication in a dynamic fashion. For DNA templated digital replication, N,O-acetal 

linked dynamic polymer with complementary sequence can be selected. While for 

peptide cross-β self-templated replication, taking advantage of amino acid side chains 

to construct dynamic linkages allows for exploring sequence diversity in such 

replication process, and establishing generality of dynamic linkages in aid of peptide 

propagation. The establishment of DCNs exhibiting replication of digital and analog 
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genetic materials sets the first stage to explore chemical evolution and bottom-up 

synthetic biology. 
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Chapter Two 

Investigating Dynamic N,O-acetal Condensation on Nucleic Acid and 

Peptide Backbones 

 

2.1 Introduction 

2.1.1 From dANP to rANP: Use of N,O-acetal Linkage 

By replacing irreversible phosphodiester linkage with a reversible imine linkage to 

generate a DCN, our group successfully addressed the hurdle of low fidelity in non-

enzymatic template-directed polymerization[1]. With < 1% error rate, we were able to 

accurately copy information on a DNA template with long sequences such as 32 bps 

into Amine Nucleoside Polymers (ANPs)[2]. However, NaCNBH3 was required to drive 

polymerization (Fig 2.1). While this reductive amination approach yielded stable 

polymers, the dynamic property of DCN was lost, as amine formation is irreversible. 

Maintaining the dynamic nature of linkages is critical to build a network that responds 

to changing environmental stimuli and templates. 
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Fig 2.1 Replacing phosphodiester with imine to construct DCN. Imine coupling occurs between 

an aldehyde moiety and an amine group. Imine is trapped by reducing into secondary amine. 

 

If the imine can be stabilized by another reversible reaction instead of irreversible 

reductive amination, then a conditionally dependent (such as pH) DCN can be 

preserved. On nucleic acid backbone, one simple approach is to switch to RNA (ribose 

Amine Nucleoside Polymer, rANP) as the DCN building block. As shown in Fig 2.2, 

the 2’-OH of rANP monomer can intramolecularly trap the imine intermediate to 

generate dynamic cyclic N,O-acetal linkage[3] (Fig 2.2), whose stability should be pH-

dependent[4], providing a convenient tool to fine-tune the dynamics of DCNs. To study 

the dynamics of N,O-acetal formation on rANP backbone, the synthesis to generate two 

mono-functionalized uridine monomers were designed and achieved, one bearing an 

aldehyde moiety, another with amine, to investigate the N,O-acetal condensation 

reaction by NMR. 
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Fig 2.2 From dANP to rANP: trappling the imine linkage as N,O-acetal. (A) reductive 

amination of imine on deoxyribose-Amine Nucleoside Polymer (dANP). (B) 2’-Hydroxyl 

group reversibly trap the imine as N,O-acetal on ribose-Amine Nucleoside Polymer (rANP) 

 

2.1.2 Extending N,O-acetal Linkages on Peptide Backbones 

Reversible N,O-acetal linkage can be extended to peptide backbones for investigation 

of templated conformational replication in peptide dynamic chemical networks. Simple 

(-1) change of oxidation state of C-terminus into an aldehyde, allowing coupling with 

N’-terminus of another peptide to generate an imine. The inventory of diverse side 

chain functional groups on amino acids provides various options to further stabilize the 

imine as different acetals, as shown in Fig 2.3. Among them, threonine and serine side 

chains are positioned to trap the imine as a five member ring N,O-acetal. The amino 

acid chosen to be reduced into aldehyde is phenylalanine, due to the propensity of the 



30 
 

phenyl ring for promoting high-order assembly structures in peptides[5]. 

 

 

Fig 2.3 Illustration of reversible acetal linkages on peptide from side-chain trapping of imine. 

Inventory of amino acid side chains allows for trapping of imine as acetals with different 

heteroatoms and ring sizes. 

 

2.1.3 Stereo-Selectivity in N,O-acetal Condensation 

N,O-acetal condensation gives rise to a new chiral center at acetal carbon with two 

possible configuration: trans and cis. Previous investigations[6] suggest energy 

difference between the two configurations in five-member ring is not significant, and 

acid-catalyzed acetalization of serine, threonine or cysteine esters yields 1:1 mixture of 

both isomers. But the ratio of two configurations is subject to change depending on 

substitution, N-acylation, ring-fusion and other factors. Therefore, knowledge of N,O-

acetal condensation stereo-selectivity is a critical piece of information to define DCN 

behavior. 
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2.2 Results and Discussion 

2.2.1 N,O-acetal on rANP Backbone 

Mono-functionalized substrate 7u and 11u were synthesized from uridine, with 7u as 

aldehyde monomer and 11u as amine monomer, as shown in Scheme 2.1. After mixing 

two substrates 7.5 mM each in THF-d8, but the aldehyde monomer 7u is in slight excess 

to prevent possible nucleophilic attack on imine from primary amine of 11u. The course 

of N,O-acetal condensation reaction was monitored by NMR over time under room 

temperature, as shown in Fig 2.4. 

 

Scheme 2.1 N,O-acetal condensation on rANP monomer 

 

After 24h, two NMR resonances assigned to N,O-acetal proton emerged at 5.25 ppm 

and 4.84 ppm respectively, with a 2:1 ratio. The formation of N,O-acetal is confirmed 

by 2D COSY (Fig 2.5 A), which shows coupling between N,O-acetal proton and 

adjacent methylene protons as well as one of the 5’ protons. The N,O-acetal dimer is 

further confirmed by mass spectrometry (Fig 2.5 B). 
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Fig 2.4 NMR time-course monitoring of N,O-acetal condensation on rANP backbone. Two 

resonances at 5.25 ppm and 4.84 ppm emerges as the reaction progresses.  
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Fig 2.5 Characterization of N,O-acetal linked dimer. (A) 2D COSY spectrum indicates coupling 

between N,O-acetal proton and adjacent protons on methylene carbon. (B) Mass spectrometry 

confirms dimer formation 

 

2.2.2 Kinetics of N.O-acetal Condensation on rANP Dimer 

We noticed that N,O-acetal condensation between 7u and 11u is substantially slower 

than literature reports[4]. NMR analysis of starting material reveals that compound 7u, 

the aldehyde substrate, does not exist in the free aldehyde form. Instead, the 2’-OH 

intramolecularly traps the methyl aldehyde to yield ring-closure product lactol, as 

shown in Scheme 2.2. As a result, ring-opening step is required to release the free 
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aldehyde for N, O-acetal condensation to take place. The five member ring lactol 

tautomer is energetically favored over and ring-opening step becomes rate-limiting for 

N,O-acetal condensation reaction. 

 

 

Scheme 2.2 Ring-closure lactol is favored over free aldehyde in 7u 

 

To improve the reaction rate, catalytic (< 0.1eq) TFA-d was added upon mixing of 7u 

and 11u, as shown in Fig 2.6, addition of acid significantly facilitates N,O-acetal 

condensation. The reaction reaches equilibrium with ~90% conversion within 24h. The 

ratio of the two isomers remains to be 2:1. 
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Fig 2.6 TFA catalysis of N,O-acetal condensation between 7u and 11u. Catalytic amount of 

TFA greatly accelerates the condensation reaction, with the equilibrium being reached around 

24 hrs. The ratio of two isomers does not change. The N,O-acetal conversion rate is measured 

by integration of N,O-acetal resonances vs TMS internal standard. 

 

Raising the reaction temperature can also increase the condensation reaction rate. As 

shown in Fig 2.7, increasing temperature to 45oC gives even more pronounced rate-

acceleration compared to acid catalysis, but at the cost of fidelity in templated system. 

At 45oC, the reaction reaches equilibrium within 2 hours. However, compared to acid 

catalysis, thermal catalysis gives lower equilibrium constant (K = 16 at 45oC without 

TFA catalysis vs K = 360 at 25oC with TFA catalysis). 
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Fig 2.7 Comparison of thermal catalysis and TFA catalysis. At 45oC, condensation reaction 

reaches equilibrium at ~2 hours, faster than TFA catalyzed reaction at 25oC, but has lower 

equilibrium constant. Concentration is measured by integration of N,O-acetal resonance on 

NMR spectra and calculated with internal standard TMS and initial concentration of substrates. 

Data is fitted to a simple second-order reaction mechanism. 

 

2.2.3 Kinetics of N, O-acetal Hydrolysis on rANP Dimer 

Mechanism of N, O-acetal condensation involves releasing one molecule of water, thus 

addition of water to the system should be able to drive the reaction backwards. On 

addition 20 μL of D2O into 750 μL THF-d8 solution (~2.5% D2O (v/v)) at 25oC, no 

change in N,O-acetal 1H-NMR intensity was observed. After increasing temperature 

(Fig 2.8, after 30 min) to 45oC, however, hydrolysis began to take place and starting 

materials were re-generated. 
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Fig 2.8 N,O-acetal hydrolysis in 2.5% D2O in THF-d8 (v/v) at 25oC and after increasing 

temperature to 45oC. At 25oC, no change in N,O-acetal 1H-NMR intensity is observed, 

suggesting N,O-acetal is stable under such condition. After heating to 45oC, hydrolysis starts to 

occur and starting materials are regenerated. No TFA added in solution. 

 

pH dependence of N,O-acetal hydrolysis was also investigated. The equilibrated N,O-

acetal was mixed in 1:1 with D2O buffer of different pHs. Acidic buffer pD = 4.5 

acetate-d4 and pD = 5.5 pyridine-d5 buffer hydrolyzes the N,O-acetals within 5 min. In 

near-neutral buffer (pD = 7.0 KD2PO4 buffer, pD = 7.5 KD2PO4), the hydrolysis is much 

slower, with the half-life of N, O-acetal more than 1 hr (Fig 2.9), consistent with 

literature reported N,O-acetal pH-dependence profile[4c]. These experiments clearly 

demonstrate the temperature and pH dependence of N,O-acetals, opening up 

opportunity for environmental and template regulation. 
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Fig 2.9 Hydrolysis of N,O-acetal in 1:1 THF-d8-D2O mix solvent is pH-dependent. In acidic 

buffer (pD = 4.5 and 5.5), N,O-acetals hydrolyze within 5 min, while under neutral pH (pD = 

7 and 7.5), N,O-acetal is relatively stable against hydrolysis, with half-life more than 1 hr. 

 

2.2.4 Stereochemistry Assignment of Diastereomers 

Two diastereomers in a 2:1 ratio are generated in N,O-acetal condensation reaction on 

ANP backbone. Nuclear Overhauser Effect (NOE) experiments were designed to 

elucidate the configuration of the two diastereomers. By irradiating each N,O-acetal 

proton resonance individually, and combining these assignments with COSY spectra, 

all resonances with significant (> 0.5%) enhancement upon irradiation were assigned. 

As shown in Fig 2.10, irradiation on isomer 1 N,O-acetal proton resonance at 5.25 ppm 

causes enhancement of 1’-H proton and 4’-H on aldehyde segment of the dimer, 

suggesting on isomer 1, N,O-acetal linkage is at the same side of ring with these two 

protons. While for the isomer 2, upon irradiation of N,O-acetal proton resonance at 4.48 

ppm, positive enhancement of 2’-H was observed, indicating this N,O-acetal shares 
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same face with 2’-H. (3’-H resonance overlaps with several other proton signals and is 

difficult to assign).  

 

Fig 2.10 NOE for N,O-acetal condensation product. Isomer 1 N,O-acetal proton is on the same 

face of 1’-H and 4’-H, while isomer 2 N,O-acetal proton is on the same face of 2’-H. 

 

Based on NOE results, we proposed models for two isomers as shown in Fig 2.11. Note 

that we flip the ring pucker of isomer 2 to place the bulky group equatorial, instead of 

keeping the ring conformation and pointing bulky group towards axial position because 

we observed similar percentage enhancements for 1’-H & 4’-H on isomer 1, and 2’-H 

on isomer 2, suggesting the distances between protons are similar for both isomers. If 

the bulky group is axial for isomer 2, the distance between 2’-H and acetal proton will 

be further away and weaker enhancements are expected. 
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Fig 2.11 Proposed structure models for 2 isomers 

 

2.2.5 N,O-acetal Condensation and Kinetics on Peptide Backbones 

Two mono-functionalized substrates, N-Boc-L-Phe-CHO and L-Thr methyl ester are 

selected for similar analysis of N,O-acetals on peptide backbone. As shown in Scheme 

2.3, the hydroxyl group on Thr side chain can trap the intermediate imine and generate 

the cyclic N,O-acetal. 

 

 

Scheme 2.3 N,O-acetal condensation mechanism from N-Boc-L-Phe-CHO and L-Thr methyl 

ester substrates 

 

In benzene-d6, N,O-acetal proton NMR resonance appears at 4.43 ppm, concomitant 

with the loss of aldehyde proton at 9.04 ppm. The yield and kinetics of N,O-acetal 

condensation were determined by integration of resonances relative to the TMS internal 
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standard over time as shown in Fig 2.12. Within two hours, the reaction reaches 

equilibrium (Fig 2.13). Detailed assignment of each resonance on acetal product was 

achieved by COSY analysis and is shown in Fig 2.14. 

 

 

Fig 2.12 1H-NMR monitor of N,O-acetal condensation on F-T peptide backbone. The loss of 

aldehyde proton resonance at 9.04 ppm is concomitant with emergence of acetal proton 

resonance at 4.43 ppm. 
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Fig 2.13 Kinetics of N,O-acetal condensation on F-T peptide backbone. Condensation reaction 

reaches equilibrium within 3 hrs. 

 

 

Fig 2.14 2D COSY spectrum of N,O-acetal condensation product on F-T peptide backbone. All 

resonances between 1.5 ppm to 6 ppm are assigned and labeled accordingly. Resonance on 4.43 

ppm contains 2 protons, on coupled with proton 4, assigned as acetal proton 3, another coupled 

with phenylalanine methyl proton 7, assigned as proton 2.  
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2.2.6 Diastereoselectivity of N,O-acetal Condensation on Peptide Backbone 

Two diastereomers are possible for cyclic N,O-acetal: (S,S)-trans and (R,S)-cis, as 

shown in Fig 2.15, however, only a single N,O-acetal proton resonance was observed. 

The (R,S)-cis diastereomer, with the bulky group positioned quasi-equatorial, is less 

sterically hindered and energetically more favorable, as shown in Fig 2.15, top. As 

shown in Fig 2.16, in NOE experiment, irradiating the acetal proton enhances proton 5 

resonance relative to proton 8. Due to the overlap of the acetal proton and the Phe α 

proton (proton 2), proton 7 resonance is also enhanced. This result supports that N,O-

acetal adopts cis configuration, as shown in Fig 2.15. 

 

 

Fig 2.15 Two possible configurations of N,O-acetal on T-F peptide backbone. (R,S)-cis 

configuration is predicted to be energetically more favored, for the bulky R group is at quasi-

equatorial position and sterically less hindered, compared to (S,S)-trans configuration, which 

the R group is at axial position. 
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Fig 2.16 NOE experiment of N,O-acetal on F-T peptide backbone. Irradiation of acetal proton 

3 resonance gives positive enhancement of proton 5 but not 8, indicates protons 3 and 5 are at 

the same face of the ring, supporting the acetal adopts (R, S)-cis configuration. 

  

2.3 Conclusion 

In this chapter, we proposed the use of the N,O-acetal linkage to reversibly trap 

intermediate imines to construct dynamic DCNs responsive to environmental and 

template effects. Using two monofunctionalized monomers, one with aldehyde, another 

with amine, we are able to create model systems suitable for detailed study of the 

kinetics and stereoselectivity of the reversible N, O-acetal linkage by NMR. 

 

For condensation on two rANP monomers, the kinetics are substantially slower than 
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the N,O-acetal on peptide backbones, likely because of the ring closure of aldehyde 

monomer generates energy-favored fused bicyclic lactol structure. However, by 

controlling pH or temperature, the reaction rate can be accelerated. Likewise, 

hydrolysis of the N, O-acetal is also temperature and pH dependent. The N,O-acetal 

being generated on rANP backbone is a mixture of two diastereomers with 2:1 ratio, 

and the configurations of two isomers are tentatively assigned by NOE and COSY 

experiments. While for N, O-acetal condensation between two peptide monomers, N-

Boc-L-Phe-CHO and L-Thr methyl ester, the condensation reaction in benzene occurs 

fast and reaches equilibrium within hours. This reaction selects for the (R, S)-cis 

configuration, a configuration that is sterically more preferred. 

 

Understanding how different environmental factors impact the rate and stability of the 

N,O-acetal is critical for our design and development of dynamic chemical networks. 

Both condensation and hydrolysis are pH dependent, suggesting we should be able to 

drive the reaction to proceed or “freeze” the network from exchange by tuning the pH. 

The reaction proceeds more readily in organic solvent, meaning that hydrophobic 

environment is preferred to generate and stabilize the product. Hydrophobic 

environments can also be achieved by other approaches, such as template-induced 

peptide self-assembly and DNA template surfaces. Higher temperature can destabilize 

association between template and substrates, but can be used to drive to different region 

of the reaction surface[7]. 
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In summary, the NMR study in this chapter provides a solid foundation for our 

understanding of the nature of the reversible linkage, and strengths and limitations for 

establishing our fully-functionalized DCNs described later in this thesis. 

 

2.4 Experimental 

2.4.1 General Methods 

All chemical reagents and solvents are purchased from Sigma-Aldrich, Fisher, 

AnalSpec, Alfa-Aesar and Cambridge Isotope Laboratories without further purification 

unless otherwise noted. All reactions are performed under N2 protection unless 

otherwise noted. All 1D and 2D NMR was performed on an INOVA 400 MHz or an 

INOVA 600 MHz NMR spectrometer. FT-IR spectra were acquired using a Jasco FT-

IR 4100 at room temperature and averaging 500 to 1000 scans with 2 cm-1 resolution, 

using an MCT detector with a 5mm aperture and a scanning speed of 4mm/sec. Aliquots 

(10μL) of substrate ethyl acetate solution were dried as thin films on a Pike Galdi ATR 

diamond crystal. 

 

2.4.2 Synthesis of 3’-CHO-5’-Tr-Uridine (7u) 

Synthetic route of 7u is shown in Scheme 2.4. The 2’- and 5’- hydroxyl groups are 

protected with TBS using AgNO3 as catalyst. The free 3’-hydroxyl group is activated 

by a phenylthiolcarbonyl group. Then the carbon skeleton of 3’-aldehyde moiety is 

introduced by a stereoselective radical allylation reaction initiated by AIBN, and 

masked as an olefin. The bulky 5’-TBDMS protecting group prevents the radical 
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coupling to attack the β face of ribose ring, giving a single diastereomer with selectivity > 

9:1. The 5’-TBDMS group can be selectively removed using TFA: H2O : THF = 1:1:4 

(v/v/v) mixed solvent, and protected with trityl group. The aldehyde is later unmasked 

by oxidation of olefin, and TBS group on 2’- position is deprotected by TBAF. 

 

Scheme 2.4 Synthetic route of 3’-CHO-5’-Tr-Uridine (7u) 

 

1. 2’, 5’-O-bis(tert-butyldimethylsilyl)uridine (1u)[8] 

 

To a suspension of 2.44 g uridine (10mmol) in 100 mL THF were added 3.89 mL 

pyridine (5eq), 3.74 g AgNO3 (2.2eq) then 3.32 g TBDMS-Cl were added. Stir 

overnight at room temperature under N2 protection. The precipitant was filtered off and 

solvent was removed in vacuuo. Residue was diluted by EtOAc, washed with H2O, 

saturated NaHCO3 solution then brine, dried and concentrated. Purified by column with 

Ether:Hexane = 4:1 to give the product 1u. Yield: 83%.1H NMR (600 MHz, cdcl3) δ 
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8.78 – 8.59 (s, 1H), 8.01 – 7.96 (m, 1H), 5.96 (dd, J = 10.1, 4.4 Hz, 1H), 5.69 (dd, J = 

8.1, 1.1 Hz, 1H), 4.19 (t, J = 4.4 Hz, 1H), 4.10 (dt, J = 4.3, 2.6 Hz, 2H), 3.98 (d, J = 

11.6 Hz, 1H), 3.81 (d, J = 11.6 Hz, 1H), 2.60 (s, 1H), 1.04 – 0.73 (m, 18H), 0.29 – -

0.03 (m, 12H). HRMS: M+H+ (C21H41N2O6Si2): calculated: 473.2503, found: 473.2514 

 

2. 2’, 5’-O-bis(tert-butyldimethylsilyl)-3’-O-phenylthiocarbonyl-uridine (2u)[9] 

 

472 mg 1u (1mmol) and 488 mg DMAP (4eq) were dissolved in DCM. Under N2 

protection, PTC-Cl was added dropwise at 0oC. The reaction mixture then was warmed 

up to RT and stir for 18h. After removal of solvent under reduced pressure, column 

chromatography (DCM then DCM : MeOH = 10:1) was used to purify the residue and 

give the product 2u. Yield: 81%. 1H NMR (600 MHz, cdcl3) δ 8.34 (s, 1H), 7.98 (t, J = 

7.5 Hz, 1H), 7.45 – 7.40 (m, 2H), 7.31 (dt, J = 13.2, 3.3 Hz, 1H), 7.07 (dd, J = 7.6, 1.0 

Hz, 2H), 6.05 (t, J = 5.8 Hz, 1H), 5.71 (d, J = 8.2 Hz, 1H), 5.59 (t, J = 4.7 Hz, 1H), 4.50 

(t, J = 4.7 Hz, 1H), 4.48 – 4.43 (m, 1H), 4.05 (d, J = 11.8 Hz, 2H), 3.91 (dd, J = 8.2, 3.5 

Hz, 2H), 1.00 – 0.88 (m, 18H), 0.17 – 0.06 (m, 12H). HRMS: M+H+ (C28H45N2O7SSi2): 

calculated: 609.24861, found: 609.24847. 
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3. 3’-C-Allyl-2’, 5’-O-bis(tert-butyldimethylsilyl)-uridine (3u)[10] 

 

To a solution of 3.66g 2u (7.75mmol) in 50 mL benzene was added 104 mg AIBN 

(0.1eq) and 14 mL allyltributylstanne (7.5eq). The solution was degassed for 15min, 

then reflux at 80oC under N2 protection overnight. After cooling down to room 

temperature, the solvent then was removed in vacuuo and residue was purified by silica 

gel column chromatography with Hexane : EtOAc = 5:1 through 3:1 to give the product 

3u. Yield: 68%. 1H NMR (600 MHz, cdcl3) δ 8.25 (d, J = 8.2 Hz, 1H), 8.15 (s, 1H), 

5.78 – 5.68 (m, 1H), 5.65 (s, 1H), 5.61 (t, J = 6.6 Hz, 1H), 5.10 – 5.01 (m, 2H), 4.24 (d, 

J = 4.0 Hz, 1H), 4.15 (d, J = 12.1 Hz, 1H), 4.05 (d, J = 10.1 Hz, 1H), 3.72 (dt, J = 10.3, 

5.1 Hz, 1H), 2.39 – 2.31 (m, 1H), 2.14 (ddd, J = 14.1, 8.4, 3.5 Hz, 1H), 2.04 – 1.97 (m, 

1H), 0.96 – 0.85 (m, 18H), 0.27 – 0.05 (m, 12H).M+H+ (C24H45N2O5Si2): calculated: 

497.28670, found: 497.28647. 

 

4. 3’-C-Allyl-5’-O- tert-butyldimethylsilyl-uridine (4u)[11] 

 

400 mg 3u (0.81 mmol) was dissolved in 8 mL THF and cooled down to 0oC, 4 mL 

TFA : H2O = 1:1 mixture was added dropwise. Stirred for 4h at 0oC, then neutralized 
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with saturated NaHCO3 solution. Extract with 50 mL EtOAc 3 times, combined the 

organic layer, washed with 20 mL H2O followed by 20 mL brine, dried with MgSO4 

then concentrated. The residue was purified by column with DCM:MeOH = 20:1 to 

give 4u. Yield: 87%. 1H NMR (600 MHz, cdcl3) δ 9.14 (s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 

5.80 – 5.69 (m, 1H), 5.66 (t, J = 6.6 Hz, 1H), 5.61 (s, 1H), 5.12 – 5.01 (m, 2H), 4.31 (d, 

J = 4.3 Hz, 1H), 4.14 – 4.05 (m, 2H), 3.80 – 3.74 (m, 1H), 2.34 (dt, J = 14.1, 7.0 Hz, 

1H), 2.16 – 2.03 (m, 2H), 0.96 – 0.77 (m, 9H), 0.25 – 0.07 (m, 6H). HRMS: M+H+ 

(C18H31N2O5Si): calculated: 383.20023, found: 383.20007. 

 

5. 3’-C-Allyl-5’-O-tert-butyldimethylsilyl-2’-O-trityl-uridine (5u)[8] 

 

1.07 g 4u (2.8 mmol) was dissolved in 80 mL THF. 0.856 g Tr-Cl (1.1 eq), 0.521g 

AgNO3 (1.1 eq) and 1.08mL pyridine (5 eq) was added. The reaction mixture was 

stirred at room temperature overnight, filtered, concentrated and purified by flash 

column with Hexane : EtOAc = 3:1 to give 5u. Yield: 79%.1H NMR (400 MHz, cdcl3) 

δ 9.74 (s, 1H), 8.25 (d, J = 8.1 Hz, 1H), 7.46 – 7.36 (m, 6H), 7.36 – 7.20 (m, 9H), 5.75 

– 5.60 (m, 2H), 5.24 (dd, J = 8.1, 2.0 Hz, 1H), 5.02 (dd, J = 17.0, 1.5 Hz, 1H), 4.92 (dd, 

J = 10.1, 1.4 Hz, 1H), 4.28 (t, J = 7.0 Hz, 1H), 3.70 (dd, J = 11.3, 1.7 Hz, 1H), 3.34 (dd, 

J = 11.4, 2.7 Hz, 1H), 2.36 – 2.21 (m, 2H), 1.88 (dd, J = 17.5, 8.9 Hz, 2H), 0.89 (s, 9H), 

0.19 (d, J = 56.3 Hz, 6H).  
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6. 3’-C-acetaldehyde-5’-O-tert-butyldimethylsilyl-2’-O-trityl-uridine (6u)[10] 

 

100 mg 5u (0.16 mmol) was dissolved into 4 mL dioxane and 2 mL H2O. 0.1 mL OsO4 

(4 wt% in H2O) was added dropwise. Solution turned brown in 5min. Stir for another 

15 min, then NaIO4 was dissolved into 30 mL dioxane and 20 mL H2O and added 

dropwise over 1h. Stirred for another 1h, then diluted the reaction mixture with 50 mL 

H2O plus 10 mL brine, extract with 50 mL DCM for 3 times, dried and concentrated. 

Residue was purified by silica gel column with Hexane : EtOAc = 2:1 to give product 

6u. Yield: 67%. 1H NMR (400 MHz, cdcl3) δ 9.66 (s, 1H), 9.31 (s, 1H), 8.19 (d, J = 8.2 

Hz, 1H), 7.39 (dt, J = 10.8, 5.6 Hz, 6H), 7.35 – 7.20 (m, 9H), 5.73 (s, 1H), 5.34 (dd, J 

= 8.1, 2.2 Hz, 1H), 4.45 (d, J = 3.6 Hz, 1H), 4.02 (d, J = 10.3 Hz, 1H), 3.79 (dd, J = 

11.7, 2.1 Hz, 1H), 3.28 (dd, J = 11.7, 2.6 Hz, 1H), 2.69 – 2.54 (m, 2H), 1.95 (t, J = 11.8 

Hz, 1H), 0.85 (s, 9H), 0.12 (d, J = 82.8 Hz, 6H). HRMS: M+H+ (C36H43N2O6Si): 

calculated: 627.28904, found: 627.28747 
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7. 3’-C-Acetaldehyde-5’-O-Trityl-uridine (7u) 

 

67 mg 6u (0.11 mmol) was dissolved in 5 mL THF at 0oC. 0.1 mL TBAF (1.0 M in 

THF) was added at 0oC then stir for 2h at room temperature. Solvent was removed in 

vacuuo and product 7u was obtained by column chromatography with Hexane : EtOAc 

= 5:1. NMR indicates product is a mixture of two diastereomers of ring-closure lactol 

structure with 1:1 ratio. Yield: 92%. 1H NMR (600 MHz, cdcl3) δ 9.44 (s, 0.5H) & 9.34 

(s, 0.5H), 7.72 (d, J = 8.1 Hz, 0.5H) & 7.60 (d, J = 8.1 Hz, 0.5H), 7.46 – 7.36 (m, 6H), 

7.35 – 7.20 (m, 9H), 6.17 (d, J = 2.6 Hz, 0.5H) & 5.97 (s, 0.5H), 5.75 (dt, J = 8.8, 4.4 

Hz, 0.5H) & 5.73 (d, J = 5.0 Hz, 0.5H), 5.51 (dd, J = 8.1, 1.8 Hz, 0.5H) & 5.45 (dd, J 

= 8.1, 1.7 Hz, 0.5H), 4.80 (d, J = 6.4 Hz, 0.5H) & 4.66 (dd, J = 8.2, 2.5 Hz, 0.5H), 4.58 

(m, 0.5H) & 3.93 – 3.88 (m, 1H), 3.47 (dd, J = 10.8, 3.1 Hz, 0.5H) & 3.41 (dt, J = 14.1, 

7.1 Hz, 0.5H), 3.36 (ddd, J = 10.4, 9.1, 4.3 Hz, 1H), 3.11 (qd, J = 8.5, 2.9 Hz, 0.5H) & 

3.00 (q, J = 8.2 Hz, 0.5H), 2.04 – 1.99 (m, 2H), 1.93 (m, 2H). HRMS: M+Na+ 

(C30H28N2O6Na): calculated: 535.18451, found: 535.18341. 

 

2.4.3 Synthesis of 2’-, 3’- di-TBS - 5’-Amino Uridine (11u) 

Synthesis of 11u is outlined in Scheme 2.5. After protecting all three hydroxyl groups 

with TBS, 5’-TBS can be selected deprotected. Incorporation of 5’-amine group is 

achieved by azidolation instead of previous phthalimide approach, due to easiness of 
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working-up and higher yield. Azido group is later converted to primary amine. 

 

Scheme 2.5 Synthetic route of 2’-, 3’- di-TBS - 5’-Amino Uridine (11u) 

 

 

1. 2’, 3’, 5’-O-tris(tert-butyldimethylsilyl)uridine (8u)[12] 

 

488 mg (2 mmol) uridine, 2.11 g TBDMS-Cl (7 eq) and 1.91g imidazole (14 eq) are 

dissolved in 50 mL anhydrous DMF and stir overnight at room temperature under N2 

protection. Dilute reaction mixture with EtOAc and wash with H2O three times to get 

rid of most DMF. Organic layer was combined, dried and concentrated. Residue was 

purified by silica gel column chromatography with Hexane : EtOAc = 3:1 to obtain the 

product 8u. Yield: 93%. 1H NMR (600 MHz, cdcl3) δ 8.39 (s, 1H), 8.02 (d, J = 8.2 Hz, 

1H), 5.87 (d, J = 3.8 Hz, 1H), 5.67 (d, J = 8.1 Hz, 1H), 4.12 – 4.03 (m, 3H), 3.98 (d, J 

= 11.5 Hz, 1H), 3.75 (d, J = 11.6 Hz, 1H), 1.03 – 0.81 (m, 27H), 0.20 – 0.02 (m, 18H). 

HRMS: M+H+ (C27H55N2O6Si3): calculated: 587.33680, found: 587.33840. 
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2. 2’, 3’-O-bis(tert-butyldimethylsilyl)uridine (9u)[11] 

 

2.74g of 8u (4.68 mmol) was dissolved in 40 mL THF at 0oC. H2O and TFA (10 mL 

each) were slowly added to make THF : TFA : H2O = 4:1:1. The solution was stirred 

for 6h at 0oC under N2 then neutralized with saturated NaHCO3 solution and dilute with 

250mL EtOAc. The organic layer was washed with water then brine, dried and subject 

to column chromatography with Hexane : EtOAc = 1:1 to give the product 9u. Yield: 

57%. 1H NMR (600 MHz, cdcl3) δ 8.16 (s, 1H), 7.59 (d, J = 8.1 Hz, 1H), 5.72 (d, J = 

8.1 Hz, 1H), 5.45 (d, J = 5.5 Hz, 1H), 4.56 (t, J = 5.0 Hz, 1H), 4.19 – 4.14 (m, 1H), 4.10 

– 4.07 (m, 1H), 3.94 (dd, J = 12.3, 2.1 Hz, 1H), 3.72 (dd, J = 12.3, 2.0 Hz, 1H), 0.97 – 

0.84 (m, 18H), 0.12 – 0.00 (m, 12H). HRMS: M+H+ (C21H41N2O6Si2) calculated: 

473.25032, found: 473.24917. 

 

3. 5’-Azido-2’, 3’-O-bis(tert-butyldimethylsilyl)uridine (10u)[13] 

 

472 mg of 9u (1 mmol) was dissolved into 10 mL anhydrous DMF. 288 mg of PPh3 

(1.1 eg) and 487 mg of NaN3 (7.5 eq) were subsequently added into solution. 365 mg 

CBr4 (1.1 eq) was then added in portions. Stirred overnight under N2 protection at room 
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temperature. 2 mL MeOH was added to quench the reaction. The reaction mixture was 

filtered, diluted with EtOAc, washed with brine 3 times, dried and concentrated. The 

residue was purified by column with Hexane : EtOAc = 2:1 to give the product 10u. 

Yield: 53%. 1H NMR (400 MHz, cdcl3) δ 8.71 (s, 1H), 7.71 (d, J = 8.2 Hz, 1H), 5.78 

(d, J = 8.2 Hz, 1H), 5.69 (d, J = 3.0 Hz, 1H), 4.24 – 4.18 (m, 1H), 4.18 – 4.10 (m, 1H), 

3.98 (dd, J = 6.1, 4.4 Hz, 1H), 3.84 (dd, J = 13.5, 3.1 Hz, 1H), 3.63 (dd, J = 13.5, 3.2 

Hz, 1H), 0.98 – 0.82 (m, 18H), 0.18 – 0.04 (m, 12H). HRMS: M+H+ (C21H40N5O5Si2) 

calculated: 498.25680, found: 498.25678. IR of νas(N=N=N): 2105cm-1. 

 

4. 5’-Amino-2’, 3’-O-bis(tert-butyldimethylsilyl)uridine (11u)[14] 

 

248 mg 10u (0.5 mmol) and 262 mg PPh3 (2 eq) was dissolved into 20 mL THF + 2 mL 

H2O and reflux overnight. The reaction mixture was concentrated under reduced 

pressure and purified by column chromatography with DCM : MeOH = 10:1 to give 

the product 11u. Yield: 80%.1H NMR (400 MHz, THF-d8) δ 8.00 (d, J = 8.1 Hz, 1H), 

5.76 (d, J = 4.3 Hz, 1H), 5.51 (d, J = 8.1 Hz, 1H), 4.33 (t, J = 4.4 Hz, 1H), 4.14 (t, J = 

4.7 Hz, 1H), 3.94 (dd, J = 8.6, 4.0 Hz, 1H), 3.04 – 2.82 (m, 2H), 1.03 – 0.81 (m, 18H), 

0.11 (dd, J = 9.0, 3.5 Hz, 12H). HRMS: M+H+ (C21H42N3O5Si2): calculated: 472.26630, 

found: 472.26553. 
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2.4.4 Mixing of 7u with 11u for N, O-acetal Condensation 

Free amine substrates of 11u and the aldehyde substrate 11u are dissolved individually 

in THF-d8. Then the amine substrate is added into the aldehyde solution closely to 0.99: 

1 with 7.5 mM concentration for each substrate. The reaction progress is followed by 

1H NMR spectroscopy and recorded on an INOVA 600 NMR spectrometer. 

 

For hydrolysis study, pD = 4.5 acetate-d4 buffer, pD = 5.5 pyridine-d5 buffer, pD = 7.0 

KD2PO4 buffer, pD = 7.5 KD2PO4 buffer were prepared with D2O. Deuterium chloride 

solution (35% wt in D2O) and Sodium Deuterioxide (40% in D2O) were used to adjust 

the pD on a Fisher Scientific Accumet Basic AB15 pH meter using the relationship[15]: 

pD = pH(meter) + 0.5. Ionic strength is controlled to be 100 mM over all buffers using 

NaCl. 

 

2.4.5 Preparation of Free Amine Substrates by Neutralizing Thr Ester HCl Salts 

Before mixing aldehyde substrate with the amine substrate for acetal condensation, the 

Thr ester hydrochloride salts (50 mg) are neutralized by 30% NH4OH solution (1 mL) 

and the resulting water and excess NH4OH is removed in vacuum at room temperature. 

The resulting residue is then dissolved in acetonitrile (1 mL) in a microcentrifuge tube 

and centrifuged at 9,000 × g for 3 minutes to separate the precipitated NH4Cl salt at the 

bottom, and then the supernatant is transferred and dried in vacuuo to yield the free 

amine of Thr ester residues.  
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2.4.6 Mixing of Thr Ester with Phe Aldehyde for N, O -acetal Product 

The 1H NMR spectra of the free amine and the aldehyde substrates are recorded on an 

INOVA 600 NMR spectrometer as follows: 

L-Thr-methyl ester: 1H NMR (600 MHz, cd3cn) δ 3.91 (qd, J = 6.4, 4.4 Hz, 1H), 3.69 

(m, 3H), 3.33 (d, J = 4.4 Hz, 1H), 1.17 (d, J = 6.5 Hz, 1H). 

N-Boc-L-Thr-CHO: 1H NMR (600 MHz, cd3cn) δ 9.58 (s, 1H), 7.34 – 7.27 (m, 2H), 

7.23 (dd, J = 15.4, 7.5 Hz, 3H), 5.59 (s, 1H), 4.19 (dd, J = 13.4, 8.5 Hz, 1H), 3.17 (dd, 

J = 14.1, 5.0 Hz, 1H), 2.83 (dd, J = 14.0, 9.5 Hz, 1H), 1.35 (s, 9H). 

 

Free amine substrates of Thr residues and the aldehyde substrate N-Boc-L-Phe-CHO 

are dissolved individually in solvents. Then the amine substrate is added into the 

aldehyde solution closely to 0.99: 1 with 10 mM concentration for each substrate. The 

reaction progress is followed by 1H NMR spectroscopy and recorded on an INOVA 600 

NMR spectrometer or INOVA 400 NMR spectrometer. 

 

 

 

References 

1. (a) Goodwin, J. T.; Lynn, D. G., Template-directed synthesis: use of a reversible 

reaction. Journal of the American Chemical Society 1992, 114 (23), 9197-9198; (b) Li, 

X.; Zhan, Z.-Y. J.; Knipe, R.; Lynn, D. G., DNA-Catalyzed Polymerization. Journal of 

the American Chemical Society 2002, 124 (5), 746-747. 



58 
 

2. Li, X.; Hernandez, A. F.; Grover, M. A.; Hud, N. V.; Lynn, D. G., Step-growth 

control in template-directed polymerization. Heterocycles 2011, 82 (2), 1477-1488. 

3. Bergmann, E. D., The Oxazolidines. Chemical Reviews 1953, 53 (2), 309-352. 

4. (a) Isbell, H. S.; Frush, H. L., Effect of pH in the mutarotation and hydrolysis of 

clycosylamines. Journal of the American Chemical Society 1950, 72 (2), 1043-1044; 

(b) Fife, T. H.; Hagopian, L., Oxazolidine hydrolysis. Participation of solvent and buffer 

in ring opening. Journal of the American Chemical Society 1968, 90 (4), 1007-1014; 

(c) Fife, T. H.; Hutchins, J. E. C., General-acid-catalyzed ring opening of oxazolidines. 

Hydrolysis of 2-[4-(dimethylamino)styryl]-N-phenyl-1,3-oxazolidine. The Journal of 

Organic Chemistry 1980, 45 (11), 2099-2104. 

5. (a) Adler-Abramovich, L.; Reches, M.; Sedman, V. L.; Allen, S.; Tendler, S. J. B.; 

Gazit, E., Thermal and Chemical Stability of Diphenylalanine Peptide Nanotubes:  

Implications for Nanotechnological Applications. Langmuir 2006, 22 (3), 1313-1320; 

(b) Meital, R.; Ehud, G., Designed aromatic homo-dipeptides: formation of ordered 

nanostructures and potential nanotechnological applications. Physical Biology 2006, 3 

(1), S10; (c) Scanlon, S.; Aggeli, A., Self-assembling peptide nanotubes. Nano Today 

2008, 3 (3–4), 22-30. 

6. Seebach, D.; Amatsch, B.; Amstutz, R.; Beck, A. K.; Doler, M.; Egli, M.; Fitzi, R.; 

Gautschi, M.; Herradön, B.; Hidber, P. C.; Irwin, J. J.; Locher, R.; Maestro, M.; Maetzke, 

T.; Mouriño, A.; Pfammatter, E.; Plattner, D. A.; Schickli, C.; Schweizer, W. B.; Seiler, 

P.; Stucky, G.; Petter, W.; Escalante, J.; Juaristi, E.; Quintana, D.; Miravitlles, C.; 

Molins, E., Structure and Reactivity of Five- and Six-Ring N, N-, N, O-, and O, O-



59 
 

acetals: A lesson in allylic 1, 3-strain (A1, 3 strain). Helvetica Chimica Acta 1992, 75 

(3), 913-934. 

7. Carnall, J. M. A.; Waudby, C. A.; Belenguer, A. M.; Stuart, M. C. A.; Peyralans, J. 

J.-P.; Otto, S., Mechanosensitive Self-Replication Driven by Self-Organization. Science 

2010, 327 (5972), 1502-1506. 

8. Hakimelahi, G. H.; Proba, Z. A.; Ogilvie, K. K., New catalysts and procedures for 

the dimethoxytritylation and selective silylation of ribonucleosides. Canadian Journal 

of Chemistry 1982, 60 (9), 1106-1113. 

9. Meier, C.; Huynh-Dinh, T., Improved Conversion of Adenosine to 3′-

Deoxyadenosine. Synlett 1991, 1991 (04), 227-228. 

10. Fiandor, J.; Y. Tam, S., Synthesis of 3′-deoxy-3′-(2-propynyl)thymidine and 3′-

cyanomethyl-3′-deoxythymidine, analogs of AZT. Tetrahedron Letters 1990, 31 (5), 

597-600. 

11. Zhu, X.-F.; Williams, H. J.; Scott, A. I., Facile and highly selective 5[prime or 

minute]-desilylation of multisilylated nucleosides. Journal of the Chemical Society, 

Perkin Transactions 1 2000,  (15), 2305-2306. 

12. Ogilvie, K. K.; Beaucage, S. L.; Schifman, A. L.; Theriault, N. Y.; Sadana, K. L., 

The synthesis of oligoribonucleotides. II. The use of silyl protecting groups in 

nucleoside and nucleotide chemistry. VII. Canadian Journal of Chemistry 1978, 56 (21), 

2768-2780. 

13. (a) Hata, T.; Yamamoto, I.; Sekine, M., A simple method for the synthesis of 5'-

azido-5'-deoxyribonucleosides. Chemistry Letters 1975, 4 (9), 977-980; (b) Yamamoto, 



60 
 

I.; Sekine, M.; Hata, T., One-step synthesis of 5'-azido-nucleosides. Journal of the 

Chemical Society, Perkin Transactions 1 1980,  (0), 306-310. 

14. Mungall, W. S.; Greene, G. L.; Heavner, G. A.; Letsinger, R. L., Nucleotide 

chemistry. XX. Use of the azido group in the synthesis of 5'-terminal 

aminodeoxythymidine oligonucleotides. The Journal of Organic Chemistry 1975, 40 

(11), 1659-1662. 

15. Glasoe, P. K.; Long, F. A., Use of glass electrodes to measure acidities in Deuterium 

Oxide. The Journal of Physical Chemistry 1960, 64 (1), 188-190. 

 

 

 

 

 

 

 

 

 

 

 

 



61 
 

Chapter Three 

DNA Templated rANP Networks: Formation of DNA/rANP Duplexes 

 

3.1 Introduction 

In biology, the highly accurate replication of sequence information encoded on DNA is 

accomplished by template-directed polymerization with sophisticated polymerases. 

The power of evolution in this process is greatly appreciated by researchers, and 

decades of efforts have been put into creating simple chemical systems to mimic the 

process, but most previous efforts suffer from low fidelity, possibly due to lack of 

reversibility as discussed in Chapter 1. In our laboratory[1], by replacing phosphodiester 

with reversible imine to create a DCN, we successfully achieved a template-directed 

replication under thermodynamic control, and greatly improved information copying 

fidelity. However, the use of reductive amination traps the DCN in an irreversible 

fashion and eliminates the dynamic property of the network. 

 

To construct DCNs with full potential to responds to different environmental inputs and 

templates, it is desirable to fully maintain the dynamic property. It has also been 

postulated that the prebiotic selection of biopolymers might have taken advantage of 

reversible backbones to provide a means to recycle, repair and transform in response to 

environment[2]. 
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Ghadiri et al[3] reported the first fully dynamic system that can copy sequence 

information from DNA template to new polymers (Fig 3.1). In this system, nucleobase 

thioester forms reversible disulfide linkages with a poly-cysteine backbone to generate 

thioester peptide nucleic acids (tPNA) (Fig 3.1A). In the presence of a DNA template 

(dT)20, adenine thioester is selectively anchored on the backbone, over-competes other 

nucleobase thioesters, and form tPNA with complementary sequences (Fig 3.1B). Apart 

from this DNA templated dynamic base-filling, DNA template directed reversible 

ligation using disulfide exchange[4] and boronic ester condensation[5] have also been 

reported. However, no attempt of using monomeric network building block to achieve 

DNA template directed sequence-specific replication have been successful[6]. 
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Fig 3.1 DNA template directed dynamic tPNA oligomerization via reversible base-filling[3]. (A) 

Mechanism for reversible covalent oligomer assembly via anchoring of thioester-derived 

building blocks onto an oligopeptide backbone. (B) Illustration of oligomer assembly and 

binding to a complementary oligonucleotide template. (C) Structures of nucleobase thioester 

monomers for construction of network. 

 

Here, to create DCNs with the potential to achieve DNA template directed replication 

from monomers, we propose to use ribose-ANP monomer (rANP) instead of 

deoxyribose-ANP (dANP) to construct DCNs and copy information from a DNA 

template. As discussed in Chapter 2, the 2’-OH group on ribose is well-positioned to 

trap the imine in a reversible fashion and generate an N,O-acetal, a dynamic linkage 
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fused as a five member ring structure. Not only can N,O-acetal linkage remains 

dynamic and responsive towards environment changes, but its fused bicyclic structure 

can further increase the organization on DNA template[7], due to less degree of freedom 

from the restricted conformation flexibility observed in locked nucleic acids (LNA)[8]. 

 

3.2 Results and Discussion 

3.2.1 Synthesis of rANP Monomer Building Blocks 

Uridine-derived monomers are selected as the building blocks for construction of 

dynamic chemical networks on poly-dA oligonucleotide templates for the selection of 

rANP networks. Uridine-based building block benefits from a relative easy synthesis. 

Another benefit of A-U base-pairing relative to G-C is to avoid the complications of G-

quadruplex structure formation in the presence of salt. 

 

As summarized in Scheme 3.1, two geometries of rANP monomers, 5’-amino-3’-

aldehyde-uridine (rU1) and 3’-amino-5’-aldehyde-uridine (rU2) are both prepared. In 

Chapter 2 we found that for rU1, the proximity of 2’-hydroxyl group and the 3’-

allylaldehyde results in formation of lactol structure, and complicates the reaction. 

Positioning the aldehyde at 5’- position and the amine at 3’- position avoids this 

complication. The design of both monomers presents a six atom distance linkage, same 

as the native phosphodiester, to maximize the likelihood of effective template-substrate 

binding. 
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Scheme 3.1 N,O-acetal condensation of rANP monomers rU1 and rU2. (A) rU1 with 5’-amine 

and 3’-aldehyde generates reversible N,O-acetal linkage with O in cyclic structure and N out 

of cyclic structure. (B) rU2 with 3’-amine and 5’-aldehyde generates N,O-acetal linkage with 

N and O in cyclic structure. 

 

Synthetic routes to create rU1 and rU2 monomers are summarized in Scheme 3.2. Both 

monomer synthetic routes start from commercially available uridine. For rU1, uridine’s 

2’- and 5’-OH groups are selectively protected by TBDMS using AgNO3 as catalyst[9]. 

The free 3’-OH group is activated by phenylthiocarbonyl[10], then the carbon skeleton 

of 3’-aldehyde moiety is introduced by a stereoselective radical allylation reaction 

initiated by AIBN[11], and masked as an olefin. The bulky 5’-TBDMS protecting group 

prevents the radical coupling to attack the β face of ribose ring, giving a single 
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diastereomer with selectivity > 9:1. The 5’-TBDMS group can be selectively removed 

using TFA: H2O : THF = 1:1:2 (v/v/v) mixed solvent[12]. Incorporation of 5’-amine 

group is achieved by azidolation[13] instead of the previous phthalimide approach, due 

to the easiness of working-up and higher yield. The azido group is later converted to 

primary amine[14] and protected with Boc group. The 3’-olefin is oxidized to the 

aldehyde by OsO4 in the presence of NaIO4
[11a]. The final rU1 is generated by 

deprotecting Boc group in situ using 1 M HCl aqueous solution at room temperature. 

 

For the rU2 monomer, after selectively protecting 2’- and 5’- OH with TBDMS, the 3’- 

position is oxidized to the ketone by Dess-Martin oxidation[15], converted into the 

oxime[16], and the C=N double bond of oxime product is reduced by NaBH4 acetate 

solution to generate the hydroxylamine[17]. This reduction is stereoselective if reaction 

temperature is carefully controlled under 5oC. Even though 5oC is below the freezing 

point of solvent acetate, high concentrations of NaBH4 effectively lower the freezing 

point. In addition, adding a small volume of THF as co-solvent helps avoid freezing 

without compromising stereoselectivity. The hydroxylamine is further converted to the 

amine using Pd/C catalyzed hydrogenation, and protected with Boc group. The 5’-

aldehyde is introduced by oxidation of 5’-hydroxyl group using IBX oxidation[18], 

followed by Wittig reaction[19]. Previous efforts to use Dess-Martin reagent or Swern 

oxidation resulted in low yield of the subsequent Wittig reaction. We found that it was 

due to byproducts formed from those reactions hampering the following Wittig reaction. 

The 5’-aldehyde uridine is not stable and cannot be purified using silica gel 
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chromatography. The IBX reaction greatly simplifies the reaction and improves yield 

because the byproduct is not soluble and can be easily removed by filtration. Selective 

reduction of the C=C double bond on α, β-unsaturated aldehyde is accomplished by 

Pd/C reduction[20]. The TBDMS is deprotected by classical TBAF approach, and as 

with rU1, the final rU2 is generated by deprotecting the Boc group in situ using 1M 

HCl aqueous solution at room temperature. 

 

Scheme 3.2 Summary of synthetic routes for rU1 and rU2 monomers 

 

3.2.2 (dA)16 Template in rANP Networks Induces DNA/rANP Hybrid Duplexes 

The DNA templated rANP network reaction is illustrated in Fig 3.2. For the rU1 

network, rU1 monomer and DNA template (dA)16 were incubated together with the 

ratio of template (dA)16 = 1 mM and monomer rU1 = 16 mM. Acetate buffer with pH 

= 4.5 (concentration:50 mM, ionic strength:100 mM) was used and the template was 

slowly heated to 75oC, then cooled down to room temperature to eliminate any possible 

folding structures, and the rANP substrate was added. The final network solution was 
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incubated at 4oC for 2 weeks. 

 

Fig 3.2 Illustration of DNA templated rANP networks. DNA template and rANP monomers are 

incubated in aqueous buffer solution in stoichiometric ratio (template (dA)16=1 mM, rU1 

monomer = 16mM) at 4oC. 

 

As shown in Fig 3.3, (dA)16 template exhibits a negative band at 248 nm and a strong 

positive band at 217 nm, characteristic of a lack of secondary structure[5a, 21], and rU1 

monomer alone gives no obvious CD signals. However, for the (dA)16 templated rU1 

network, after 30 days of incubation, a drastic CD signal change was observed after 14 

days of incubation. CD displays a strong positive band at 265 nm and a negative band 

at 245 nm, diagnostic of B-form duplex conformation[22]. The formation of B-form 

duplex is consistent with oligomerization of rANP and hybridization with template. 

 



69 
 

 

Fig 3.3 Circular Dichroism of (dA)16 templated rU1 network and B-form poly[d(AT)] duplex. 

Circular Dichroism of (dA)16 templated rU1 network. Short dashed line: CD of (dA)16 template; 

dashed line: CD of rU1 monomer; solid line: CD of (dA)16 templated rU1 network after 30 days 

of incubation. Condition: (dA)16 = 1 mM, rU1 = 16 mM, buffer: pH = 4.5 acetate, c = 50 mM, 

I = 100 mM. Incubation temperature: 4oC. 

 

The templated rU2 network requires lower substrate concentration and higher ionic 

strength for the putative B-form duplex to form. On mixing of template and monomer 

under the same conditions ((dA)16 = 1 mM, rU2 = 16 mM with pH = 4.5 acetate buffer 

(c = 50 mM, I = 100 mM), precipitant formed immediately, likely due to non-specific 

electrostatic interaction between negatively charged template and positively charged 

rANP monomers. To minimize the electrostatic interaction, the concentration of 

substrates was reduced to to 10%, with (dA)16 = 0.1 mM, rU2 = 1.6 mM; and the ionic 

strength of the buffer was raised to 500 mM instead of 100 mM using NaCl. Higher 

ionic strength solutions shield non-specific electrostatic interactions, favoring Watson-
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Crick base-pair recognition, and as shown in Fig 3.4, under such condition, a strong 

CD ellipticity similar to templated rU1 network with a positive band at 265 nm and a 

negative band at 245 nm was observed. 

 

Fig 3.4 Circular Dichroism of (dA)16 templated rU2 network. Templated network exhibits B-

form duplex type of signal, with a strong positive band at 265 nm and a negative band at 245 

nm, similar to templated rU1 network. Condition: (dA)16 = 0.1 mM, rU2 = 1.6 mM, buffer: pH 

= 4.5 acetate, c = 50 mM, I = 500 mM. Incubation temperature: 4oC. 

 

To verify that the duplex formation we observed in the DNA templated rANP network 

is driven by specific Watson-Crick base pairs, rather than other non-specific 

interactions, we examined whether (dT)16 template can impact the behavior of rANP 

networks. In both (dT)16 templated rU1 and rU2 networks, after 30 days of incubation, 

no change of ellipticity was observed, confirming the recognition between rANP and 

DNA template is driven by specific Watson-Crick base pairs, establishing digital 

information transfer within templated rANP networks. 
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HPLC separation of rANP oligomers in templated networks were unsuccessful, 

possibly due to product hydrolysis. Adjusting HPLC condition to pH = 4.5, the pH for 

network incubation, resulted in extremely short retention time and poor resolution. 

Therefore, the templated networks were directly applied for MALDI-TOF analysis. As 

shown in Fig 3.5A, with DHB matrix, an m/z = 3887 peak was observed for templated 

rU2 network, consistent with a 15-mer ANP oligomer (M + AcOH + H2O + Na+). This 

15-mer oligomer was further confirmed by a bivalent ionization signal observed with 

CHCA matrix (m/z = 1940, M + AcOH + 2Na+, data not shown). Similarly, as shown 

in Fig 3.5B, for templated rU1 network a 15-mer ANP oligomer peak was also observed 

in CHCA matrix, with m/z = 3986 (M + 3AcOH + Na+). It is unclear why 15-mer 

instead of 16-mer were detected. Possible explanation includes decomposition in gas 

phase, or incomplete oligomerization in templated reaction. 
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Fig 3.5 MALDI-TOF analysis of templated rU1 and rU2 networks detects 15-mer oligomers. 

(A) MALDI-TOF of templated rU1 network, with DHB matrix. (B) MALDI-TOF of templated 

rU2 network, with CHCA matrix. 

 

3.2.3 Kinetics of Duplex Formation in Templated rANP Networks 

To better resolve the transformation, the kinetics were monitored by CD over time. As 

shown in Fig 3.6A, for templated rU1 network, the signature for B-form duplex 

formation reached completion after 5 days, while for templated rU2 network, even 
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though the concentration is 10 times lower than rU1 network, duplex formation was 

completed within 48 hours (Fig 3.6B). Since the structure of rU2 monomer, with 5’-

aldehyde away from 2’-hydroxyl, avoids the lactol formation complicating the rU1 

reaction, the higher effective concentration of reactive aldehyde likely contributes to 

the faster kinetics of duplex formation in the templated rU2 network. 

 

 

 

Fig 3.6 Kinetics of (dA)16 templated rU1 and rU2 networks. (A) Kinetics of (dA)16 templated 

rU1 network monitored by the increase of 265 nm ellipticity. The transition is completed after 

5 days. Condition: (dA)16 = 1 mM, rU1 = 16 mM, buffer: pH = 4.5 acetate, c = 50 mM, I = 100 

mM. 4oC. (B) Kinetics of (dA)16 templated rU2 network monitored by increase of 265 nm 

positive band on CD. Assembly is completed after 2 days. Condition: (dA)16 = 0.1 mM, rU2 = 

1.6 mM, buffer: pH = 4.5 acetate, c = 50 mM, I = 500 mM. 4oC. 
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3.2.4 Thermal Melting Experiments Suggest High Duplex Binding Affinity 

The CD signal intensity at 265 nm was recorded with incrementally increased 

temperature to determine the thermodynamic stability of the presumptuous duplex 

structure. For the (dA)16 : rU1 = 1 mM : 16 mM network in 100 mM NaCl, as shown 

in Fig 3.7A, the thermal melting curve gives a highly cooperative transition at Tm = 

67oC, 12oC higher than control (dA)16/(dT)16 duplex. While for (dA)16 : rU2 = 0.1 mM : 

1.6 mM network in 500 mM NaCl, the Tm is so high a Tm is not determined (Fig 3.7B). 

 

Such high Tm and cooperativity indicates strong binding between template and rANP 

oligomers. The high thermal stability is likely due to the backbone charge attraction 

instead of repulsion in native DNA duplexes, as well as the restricted conformation 

flexibility from the N,O-acetal five-member ring. 
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Fig 3.7 Thermal melting temperature experiment of (dA)16 templated rU1 and rU2 networks. 

Melting temperature is monitored by 265 nm band on CD over increasing temperature. (A) 

DNA/ANP duplex generated in rU1 network gives a high Tm at 67oC with high cooperativity. 

Control (dA)16/(dT)16 duplex: Tm = 55oC. (B) DNA/ANP duplex in rU2 network has a very high 

Tm that high temperature plateau cannot be reached. Control (dA)16/(dT)16 duplex: Tm = 62oC 
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3.2.5 Impact of Template Length on Duplex Formation 

Template-directed replication rates are correlated with not only substrate/template 

binding affinity, but also the number of template binding sites. For a homopolymer 

(dA)n template, it provides n binding sites for rU monomer that contribute to the first 

N,O-acetal ligation event. The more binding sites available, the more the binding 

equilibrium is biased towards duplex formation. To use this procedure to evaluate 

duplex formation, g a shorter template (dA)8 was used to template the rANP networks. 

The condition for templated rU1 network is (dA)8 = 1 mM, rU1 = 8 mM, in pH = 4.5 

acetate buffer (c=50 mM, I=100 mM) and incubated at 4oC. Similarly, for templated 

rU2 network, (dA)8 = 0.1 mM, rU1 = 0.8 mM, in pH = 4.5 acetate buffer (c=50 mM, 

I=500 mM) is incubated at 4oC for 30 days. 

 

After 30 days of incubation, neither of two (dA)8 templated networks indicates any 

formation of B-form duplex structure. The CD signals show unassembled free (dA)8 

template. This result suggests that for shorter templates, (dA)8 cannot provide sufficient 

amount of binding site to reach the threshold for catalyzing on-template N,O-acetal 

condensation. This result is in agreement with literature reports[23], which shows that 

short DNA template was found unable to provide effect binding to monomeric substrate, 

while longer template is highly efficient. 

 

3.2.6 Impact of pH on DNA Templated ANP Oligomerization 

As was discussed in Chapter 2, reactivity of N,O-acetal condensation and stability of 
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N,O-acetal are pH-dependent. In general, N,O-acetal condensation shows a bell-shape 

pH-dependence curve[24]: slightly acidic pH facilitates condensation by activating 

carbonyl carbon, and this is the rationale to choose pH = 4.5 in DNA templated 

networks. Basic pH is also favorable, because deprotonated primary amine is more 

electrophilic. However, pKa of adenosine and uridine (3.5 for N6 of adenosine and 9.2 

for N3 of uridine) limits the pH range for effective DNA/ANP duplex formation in 

templated networks. Besides, rANP monomers might possess different pKa than native 

uridine, giving their different backbone structures. 

 

Therefore, we tested the DNA templated rANP polymerization in pH = 6.5 MES buffer 

and pH = 8.5 TAPS buffer, with all other conditions maintained the same. For both rU1 

and rU2 templated networks, under both pH = 6.5 and pH = 8.5, no duplex formation 

can be detected by CD, suggesting no oligomerization or hybridization occurred. For 

pH = 6.5, the N,O-condensation reaction rate is expected to be low, consistent with the 

observation that no duplex formation. While pH 8.5 is very close to pKa of Uridine 

(9.2), therefore it is likely that pH 8.5 is out of the pH range for efficient Watscon-Crick 

base-pairing between (dA)16 and rU monomers, hampering efficient oligomerization to 

take place. Another possibility is that for pH above 6.5, N,O-acetal is at a different 

protonation state (pKa range of N,O-acetal[25] is 5.2 – 6.9), and results in unfavorable 

configuration for formation of duplexes. 
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3.2.7 Impact of Ionic Strength on DNA Templated ANP Oligomerization 

Solvent ionic strength impacts the stability of DNA duplexes as well as DNA/ANP 

hybrid duplexes. In general, higher ionic strength can shield the electrostatic interaction 

between backbone charges to reduce non-specific interaction. Higher ionic strength also 

increases solvent polarity, in return enhancing hydrophobic stacking between base-pairs, 

a critical factor to stabilize duplex structures and favors the templating reaction. On the 

other hand, increased solvent polarity also weakens hydrogen bonding interaction 

between base-pairing. Therefore, the balance between these factors dictates the ideal 

ionic strength to facilitate templated duplex formation in rANP networks.  

 

As we discovered previously, for templated rU2 network, higher ionic strength (I = 500 

mM) is critical to reduce the non-specific interaction. Lower ionic strength (I = 100 

mM) results in non-specific interaction between template and substrate to form 

precipitants. Here, we also explored the impact of ionic strength on rU1 networks.  

 

For templated rU1 network, higher ionic strength facilitates kinetics of duplex 

formation. As shown in Fig 3.8, in I = 500 mM acetate pH4.5 buffer, the kinetics of 

duplex formation in network took place faster compared to network in I = 100 mM, 

with transition completed within 2 days for I = 500 mM network and 5 days for I = 100 

mM network. Higher salt concentration is also found to decrease critical concentration 

for duplex formation. As shown in Fig 3.9, in I = 100mM buffer, if the concentration 

for template and substrates was lowered to (dA)16 = 0.1 mM and rU1 = 1.6 mM 
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respectively, no assembly formation can be detected after 35 days of incubation, likely 

due to lack of efficient binding under lower concentration. However, for I = 500 mM 

buffer, duplex structure can be detected at the same low concentrations, though at a 

substantially lower rate compare to templated rU2 network. This result suggests that in 

DNA templated rU1 replication, higher ionic strength is favorable. 

 

Fig 3.8 Higher ionic strength facilitates kinetics of duplex formation in templated rU1 network. 

In I = 100 mM networks, duplex formation completes after 5 days, while in I = 500 mM, duplex 

formation reaches completion after 2 days. Conditions: (dA)16 = 1 mM, rU1 = 16 mM, buffer: 

pH = 4.5 acetate, c = 50 mM, I = 500 mM. Incubation temperature: 4oC. 
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Fig 3.9 Higher ionic strength lowers critical duplex assembly concentration for templated rU1 

network. For (dA)16 = 0.1 mM and rU1 = 1.6 mM, under I = 100 mM (black solid line), no 

duplex formation can be detected after 35 days of incubation. While same substrate 

concentration under I = 500 mM, conformation change can be observed (red dashed line) and 

completes into B-form duplex after 35 days (red solid line). 

 

3.3 Conclusion 

By creating a dynamic chemical network based on imine condensation, our laboratory 

successfully overcame the low fidelity problem of non-enzymatic DNA templated 

replication and achieved template-directed deoxyribose amine nucleoside polymer 

(dANP) synthesis. However, the use of reductive amination results in loss of dynamic 

property. Efforts of creating fully dynamic networks to achieve DNA templated 

replication have been reported, but replication of monomers have not been successful. 

In this Chapter, I sought to use rANP building blocks to construct a truly dynamic 

network that selects for DNA-templated replication behavior. 

 

As shown in Scheme 3.3, with the 2’-hydroxyl group, rANP can form reversible N,O-
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acetal linkage, a reversible linkage with higher stability compared to imine. We 

synthesized two uridine derived rANP monomer, rU1 and rU2, and introduced DNA 

template into rANP networks for template-directed information copying. 

     

Scheme 3.3 poly(dA) template directed rU1 and rU2 oligomerization. 

 

DNA templated reactions were investigated in poly(dA) templated rU networks. 

Circular dichroism is consistent with DNA/ANP duplex structure upon incubation of 

rANP with DNA template, and the formation of ANP oligomers is confirmed by 

MALDI-TOF. The duplexes are found to have very high melting transition temperatures. 

Stabilization likely comes from charge attraction and restricted backbone conformation. 

DNA/ANP hybridized B-from duplex structure formation is driven by Watson-Crick 

base-pairing, with poly(dT) template unable to drive formation of duplexes. 

 

We studied how environmental factors including pH and ionic strength impact DNA 
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template reaction. The duplexes formation were shown to be highly pH dependent, with 

slightly acidic pHs being optimal. This result is consistent with the pH profile of N,O-

acetal condensation. Neutral or slightly basic pH not favored likely due to slow reaction 

rate, or unfavorable configuration from deprotonation of N,O-acetal. Ionic strength also 

impacts assembly. High ionic strength is required for rU2 network to avoid precipitation 

upon mixing with DNA template, and is also favored (though not required) for 

templated rU1 network. It is likely because higher ionic strength stabilizes hydrophobic 

stacking of duplexes and screens charges, herein facilitates the reaction. 

 

3.4 Experimental 

3.4.1 Synthesis of rANP Monomer rU1 

Synthetic route of rU1 is shown in Scheme 3.4. The 2’- and 5’- hydroxyl groups are 

protected with TBS using AgNO3 as catalyst. The free 3’-hydroxyl group is activated 

by a phenylthiolcarbonyl group. Then the carbon skeleton of 3’-aldehyde moiety is 

introduced by a stereoselective radical allylation reaction initiated by AIBN, and 

masked as an olefin. The 5’-TBDMS group can be selectively removed using TFA: 

H2O : THF = 1:1:4 (v/v/v) mixed solvent, and 5’-hydroxyl is converted to azido group 

and reduced to primary amine, followed by Boc protection. The aldehyde is unmasked 

by OsO4 oxidation of olefin, and deprotection of 2’-TBS is achieved by TBAF protocol. 
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Scheme 3.4 Synthetic scheme of rU1 

 

1. 3’-C-Allyl-5’-deoxy-5-azido-2’-O-tert-butyldimethylsilyluridine 12u[13a, 14]: 

 

Synthesis of 4u is described in Chapter 2. To 20 mL DMF solution containing 270 mg 

of 4u (0.71 mmol) was added 231 mg NaN3 (5 eq) and 196 mg PPh3 (1.05 eq). CBr4 

247 mg (1.05 eq) was added in portions. The reaction mixture was stirred overnight 

under N2 protection at room temperature. After 24 h, 1.5 mL MeOH was added to 

quench the reaction. After filtering off precipitants, the filtrate was diluted with EtOAc, 

washed with H2O once then brine once, dried by MgSO4 and concentrated under 

reduced pressure. The residue was purified by flash column chromatography with 
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Hexane : EtOAc = 2:1 to give product 12u. Yield: 87%. 1H NMR (400 MHz, cdcl3) δ 

10.06 – 9.90 (s, 1H), 7.83 (d, J = 7.4 Hz, 1H), 5.82 – 5.67 (m, 2H), 5.62 (s, 1H), 5.16 – 

5.04 (m, 2H), 4.29 (d, J = 4.4 Hz, 1H), 4.14 (m, 1H), 3.88 (dd, J = 12.4, 2.5 Hz, 1H), 

3.59 (dd, J = 13.8, 4.0 Hz, 1H), 2.34 (m, 1H), 2.10 – 1.93 (m, 2H), 0.92 (m, 9H), 0.29 

– 0.03 (m, 6H). HRMS: M-N2+H+ (C18H30N3O4Si): calculated: 380.20056, found: 

380.20013. FT-IR of νas(N=N=N): 2105cm-1. 

 

2. 3’-C-Allyl-5’-deoxy-5-amino-2’-O-tert-butyldimethylsilyluridine 13u[14]: 

 

1.205g 12u (0.515 mmol) was dissolved in 30 mL THF + 3 mL H2O. 1.55 g (2 eq) PPh3 

was added. Reflux overnight at 80oC under protection of N2. Removed solvent in 

vacuuo, and the residue was purified by silica gel column chromatography with DCM : 

MeOH = 10:1 to give the product 13u. Yield: 84%. 1H NMR (400 MHz, cdcl3) δ 8.13 

– 8.02 (m, 1H), 5.84 – 5.67 (m, 2H), 5.64 (s, 1H), 5.08 (dd, J = 18.6, 13.6 Hz, 2H), 4.31 

(d, J = 4.3 Hz, 1H), 4.11 – 4.02 (m, 1H), 3.18 (dd, J = 14.0, 2.5 Hz, 1H), 2.94 (dd, J = 

14.0, 5.9 Hz, 1H), 2.43 – 2.30 (m, 1H), 2.11 – 1.99 (m, 1H), 1.91 (m, 1H), 0.91 (m, 9H), 

0.28 – 0.06 (m, 6H). HRMS: M+H+ (C18H32N3O4Si): calculated: 382.21621, found: 

382.21546 

 

 



85 
 

3. 3’-C-Allyl-2’-O-tert-butyldimethylsilyl-5’-deoxy-5-(tert-butyloxycarbonylamino)-

uridine 14u: 

 

After 120 mg 13u (0.315 mmol) was dissolved in 7 mL EtOAc and 7 mL H2O, 79 mg 

(Boc)2O (1.15 eq) was added. The reaction mixture was stirred overnight at 25oC. The 

organic layer was collected, washed with saturated NaHCO3 solution then H2O, dried 

through anhydrous MgSO4 and concentrated. Silica gel column purification with 

Hexane : EtOAc = 1:1 gives product 14u. Yield: 76%. 1H NMR (600 MHz, cdcl3) δ 

10.05 (s, 1H), 7.58 (t, J = 25.4 Hz, 1H), 5.77 – 5.62 (m, 2H), 5.57 (s, 1H), 5.12 – 4.95 

(m, 3H), 4.33 – 4.28 (m, 1H), 4.08 – 4.00 (m, 1H), 3.59 (dd, J = 13.2, 5.5 Hz, 1H), 3.31 

– 3.18 (m, 1H), 2.37 – 2.27 (m, 1H), 2.08 (ddd, J = 25.2, 15.4, 7.9 Hz, 1H), 1.69 (d, J 

= 4.0 Hz, 1H), 1.49 – 1.31 (m, 9H), 0.91 – 0.81 (m, 9H), 0.24 – 0.04 (m, 6H). HRMS: 

M+H+ (C23H40N3O6Si): calculated: 482.26864, found: 482.26819. 

 

4. 3’-C-acetaldehyde-2’-O-tert-butyldimethylsilyl-5’-deoxy-5-(tert-

butyloxycarbonylamino)-uridine 15u[11a]: 

 

0.967 g 14u (2 mmol) was dissolved into 40 mL dioxane and 20 mL H2O. 1 mL OsO4 
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(4wt% in H2O, 0.01e q) was added dropwise via syringe. Reaction mixture turned into 

dark brown color in 5min. Stirred for another 15 min, then NaIO4 was dissolved into 

30 mL dioxane and 20 mL H2O and added dropwise over 1h by titration funnel. Stirred 

for another 1h. Dilute the reaction mixture with 125 mL H2O + 25 mL brine, extract 

with 150 mL DCM for three times, combined the organic layer, dried with anhydrous 

MgSO4, filtered and concentrated. Residue was purified by silica gel column 

chromatography with Hexane : EtOAc = 1:1 through 1:2 to give product 15u. Yield: 

75%. 1H NMR (600 MHz, cdcl3) δ 9.80 (d, J = 5.6 Hz, 1H), 8.23 (s, 1H), 7.57 (d, J = 

8.1 Hz, 1H), 5.72 (ddd, J = 15.2, 8.5, 4.2 Hz, 1H), 5.67 (s, 1H), 5.01 (s, 1H), 4.44 (d, J 

= 4.8 Hz, 1H), 4.00 (dd, J = 9.4, 4.1 Hz, 1H), 3.59 (ddd, J = 15.0, 6.9, 2.8 Hz, 1H), 3.34 

– 3.25 (m, 1H), 2.83 (dd, J = 19.2, 8.6 Hz, 1H), 2.68 (d, J = 15.6 Hz, 1H), 2.27 (m, 1H), 

1.44 (s, 9H), 0.93 – 0.87 (m, 9H), 0.22 – -0.04 (m, 6H). HRMS: M+H+ (C22H38N3O7Si): 

calculated: 484.24790, found: 484.24777 

 

5. 3’-C-acetaldehyde-5’deoxy-5-tert-butyloxycarbonylamino-uridine 16u 

 

0.72 g 15u (1.49 mmol) was dissolved in 10 mL THF at 0oC. 1.56 mL TBAF (1.0 M in 

THF, 1.05 eq) was added dropwise at 0oC. Warmed up the solution to 25oC and stirred 

for 2 hrs under the protection of N2. Solvent was removed under reduced pressure, and 

residue was purified by silica gel flash column using DCM : MeOH = 15:1 through 
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10:1 to give product 16u. Yield: 62%. NMR shows product is a mixture of two 

diastereomers with 65:35 ratio. 1H NMR (600 MHz, DMSO-d6) δ 11.35 (s, 1H), 7.63 

(t, J = 7.5 Hz, 1H), 7.05 (s, 1H), 6.54 (d, J = 2.6 Hz, 0.65H) & 6.37 (d, J = 5.2 Hz, 

0.35H), 5.91 (d, J = 2.8 Hz, 0.65H) & 5.72 (d, J = 1.7 Hz, 0.35H), 5.62 (dd, J = 8.0, 2.2 

Hz, 0.65H) & 5.60 (dd, J = 8.0, 2.2 Hz, 0.35H), 5.54 (s, 0.35H) & 5.53 – 5.47 (m, 

0.65H), 4.68 – 4.57 (m, 1H), 4.20 (m, J = 7.5 Hz, 0.65H) & 3.68 (m, 0.35H), 3.22 (dd, 

J = 12.5, 6.3 Hz, 1H), 3.15 – 3.05 (m, 1H), 2.84 (d, J = 7.7 Hz, 0.35H) & 2.79 (dd, J = 

16.4, 8.0 Hz, 0.65H), 1.94 (m, 1H), 1.72 (m, 1H), 1.37 (s, 9H). HRMS: M+H+ 

(C16H24N3O7): calculated: 370.16143, found: 370.16120. 

 

3.4.2 Synthesis of rANP Monomer rU2 

Synthetic scheme of rU2 is summarized in Scheme 3.5. After protection of the 2’- and 

5’- hydroxyl groups with TBDMS, the 3’- hydroxyl group is oxidized into ketone with 

Dess-Martin oxidation, then converted to oxime. After deprotection of 5’-TBS, the 

oxime is stereoselectively reduced into hydroxylamine using NaBH4 in AcOH. The 

hydroxylamine is further reduced to amine using Pd/C catalyzed hydrogenation, and 

protected with Boc. The 5’-hydroxyl group is oxidized into aldehyde using IBX 

oxidation, followed by the Wittig ylide reaction to generate α,β-unsaturated aldehyde. 

The C=C double bond is selectively reduced by Pd/C catalyzed hydrogenation to yield 

the final product. 
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Scheme 3.5 Synthetic scheme of rU2. 

 

1. 2’,5’-O-Bis-tert-butyldimethylsilyl-β-D-erythro-pentofuranos-3’-ulosyluracil 

17u[15] 

 

1u was synthesized based on protocol described in Chapter 2. 5.8 g (12.29 mmol) 1u 

was dissolved in 100 mL DCM, and the solution was cooled down to 0oC under N2 

protection. 7.82 g Dess-Martin periodinone (1.5 eq) was dissolved in 50 mL DCM and 

added into reaction mixture via syringe dropwise. The reaction mixture was warmed up 

to 25oC and stirred overnight. Diluted the reaction mixture with EtOAc, washed with 

saturated NaHCO3 solution three times to remove acids, followed by saturated Na2S2O3 

solution three times to remove remaining oxidants, and water once. Combined organic 

layer and dried through anhydrous MgSO4. Removed solvent under reduced pressure, 
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and residue was subject to silica gel column purification with Hexane : EtOAc = 3:1 to 

give product 17u. Yield: 96%. 1H NMR (600 MHz, cdcl3) δ 8.48 (s, 1H), 7.83 (d, J = 

8.2 Hz, 1H), 6.24 (d, J = 8.0 Hz, 1H), 5.82 – 5.77 (m, 1H), 4.22 (s, 1H), 4.15 (d, J = 8.0 

Hz, 1H), 3.90 (qd, J = 11.2, 1.9 Hz, 2H), 0.94 – 0.81 (m, 18H), 0.12 – -0.04 (m, 12H). 

HRMS: M+H+ (C21H39N2O6Si2): calculated: 471.23467, found: 471.23455. 

 

2. 1-[2,5-O-Bis(tert-butyldimethylsilyl)-3-deoxy-3-(hydroxy-imino-)-β-D-erythro-

pentofuranossyl]uracil 18u[16] 

 

5.55 g (11.80 mmol) 17u and 4.10 g hydroxylamine hydrochloride (5 eq) was dissolved 

into 150 mL pyridine. The reaction mixture was stirred overnight at room temperature 

under protection of N2. The solvent was removed in vacuuo, and residue diluted with 

EtOAc. Washed with water twice followed by brine once, dried with anhydrous MgSO4, 

filtered and concentrated. Residue was purified by silica gel flash column with Hexane : 

EtOAc = 3:1 to give product 18u. Yield: 95%. NMR shows the product is a mixture of 

two diastereomers with 1:1 ratio. 1H NMR (400 MHz, cdcl3) δ 8.35 (s, 0.5H) & 8.30 (s, 

0.5H), 8.08 (s, 0.5H) & 7.68 (s, 0.5H),7.95 (d, J = 8.2 Hz, 0.5H) & 7.80 (d, J = 8.1 Hz, 

0.5H), 6.12 (d, J = 7.2 Hz, 0.5H) & 5.97 (d, J = 2.8 Hz, 0.5H), 5.77 (d, J = 6.6 Hz, 0.5H) 

& 5.70 (d, J = 7.8 Hz, 0.5H), 5.04 (s, 0.5H) & 4.90 (s, 0.5H), 4.81 (s, 0.5H) & 4.62 (d, 

J = 7.0 Hz, 0.5H), 4.19 – 4.06 (m, 1H), 3.96 (dd, J = 11.4, 3.1 Hz, 0.5H) & 3.91 – 3.83 
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(m, 0.5H), 0.98 – 0.83 (m, 18H), 0.16 – -0.02 (m, 12H). HRMS: M+H+ (C21H40N3O6Si2): 

calculated: 486.24557, found: 486.24508. 

 

3. 1-[2-O-tert-butyldimethylsilyl-3-deoxy-3-(hydroxy-imino-)-β-D-erythro-

pentofuranossyl]uracil 19u[17] 

 

4.61 g 18u was added into 50 mL 90% TFA in H2O at 0oC with vigorous stirring. 

Continued stirring for 20 min at 0oC under N2 protection. Removed TFA and H2O as 

soon as possible under reduced pressure at room temperature. The residue was co-

evaporated with toluene three times to further remove remaining solvent. Residue was 

purified by silica gel column chromatography using Hexane : EtOAc = 3:7 to give 

product 19u. Yield: 73%. 1H NMR (600 MHz, cdcl3) δ 8,91 (s, 1H), 8.41 (s, 1H), 7.55 

(d, J = 8.1 Hz, 1H), 5.83 (d, J = 8.1 Hz, 1H), 5.62 (d, J = 6.6 Hz, 1H), 5.06 (d, J = 6.7 

Hz, 1H), 5.04 (m, 1H), 4.18 (dd, J = 12.0, 1.5 Hz, 1H), 3.99 (dd, J = 12.0, 2.0 Hz, 1H), 

0.86 (s, 9H), 0.35 - 0.13 (m, 6H) HRMS: M+H+ (C15H26N3O6Si): calculated: 372.15909, 

found: 372.15947. 
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4. 2’-O-tert-butyldimethylsilyl-3’-deoxy-3-(hydroxyamino)-uridine 20u 

 

1.026 g (2.77 mmol) 19u was dissolved into 10 mL AcOH. 524 mg NaBH4 (5 eq) was 

dissolved in 25 mL AcOH and cooled down to 5oC to generate NaAcBH3 in situ. To the 

AcOH solution of NaBH4 was added AcOH solution of 19u dropwise via syringe. 

Stirred the reaction mixture at 5oC for 2 hrs, then removed the solvent in vacuuo. The 

residue was diluted with EtOAc, washed with H2O for three times then brine once, dried 

with anhydrous MgSO4, filtered and removed the solvent under reduced pressure. The 

residue was purified by silica gel flash column with DCM : MeOH = 10:1 to give the 

product 20u. Yield: 83%. 1H NMR (600 MHz, cdcl3) δ 9.31 (s, 1H), 7.86 (d, J = 8.1 Hz, 

1H), 5.72 (d, J = 8.1 Hz, 1H), 5.65 (d, J = 3.2 Hz, 1H), 4.64 (dd, J = 4.9, 3.5 Hz, 1H), 

4.11 (d, J = 6.7 Hz, 1H), 4.01 (dd, J = 12.4, 1.9 Hz, 1H), 3.81 (dd, J = 12.4, 1.9 Hz, 

1H), 3.66 – 3.61 (m, 1H), 0.91 (s, 9H), 0.16 – -0.05 (m, 6H). HRMS: M+H+ 

(C15H28N3O6Si): calculated: 374.17474, found: 374.17406. 

 

5. 2’-O-tert-butyldimethylsilyl-3’-deoxy-3-(amino)uridine 21u 

 

132 mg 20u (0.35 mmol) was dissolved into 15 mL of 90% AcOH in H2O. 13 mg Pd/C 
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(10 wt%) was added and the reaction mixture was stirred under H2 atmosphere 

overnight using a balloon. Monitor the reaction progress by TLC. After the reaction 

reached completion, Pd/C was removed by filtration and solvent was evaporated in 

vacuuo. The residue was co-evaporated with ethanol three times, and purified by 

column chromatography with DCM : MeOH = 10:1 to give product 21u. Yield: 87%. 

1H NMR (600 MHz, cdcl3) δ 9.65 (s, 1H), 7.56 (d, J = 8.2 Hz, 1H), 5.83 (d, J = 8.1 Hz, 

1H), 5.63 (d, J = 7.1 Hz, 1H), 4.17 (d, J = 13.1 Hz, 1H), 3.88 (d, J = 10.9 Hz, 1H), 3.73 

(q, 1H), 0.86 (m, 9H), 0.10-0.02 (m, J = 37.4 Hz, 6H). HRMS: M+H+ (C15H28N3O5Si): 

calculated: 358.17983, found: 358.17939. 

 

6. 2’-O-tert-butyldimethylsilyl-3’-deoxy-3-(tert-butyloxycarbonylamino)uridine 22u 

 

2.815 g 21u (7.88 mmol) was dissolved into 80 mL EtOAc + 80 mL H2O. 1.730 g 

(Boc)2O was added and stirred overnight. The organic layer was separated, washed with 

saturated NaHCO3 solution then water, dried by anhydrous MgSO4 and concentrated to 

give product 22u. Yield: 93%. 1H NMR (400 MHz, cdcl3) δ 8.35 (s, 1H), 8.12 (d, J = 

8.2 Hz, 1H), 5.73 (d, J = 8.1 Hz, 1H), 5.69 (s, 1H), 4.91 (d, J = 8.3 Hz, 1H), 4.26 (d, J 

= 4.4 Hz, 1H), 4.06 (m, 2H), 3.79 (d, J = 13.7 Hz, 1H), 3.35 (m, 1H), 1.44 (s, 9H), 0.94 

(m, J = 6.3 Hz, 9H), 0.23 (d, J = 37.4 Hz, 6H).HRMS: M+H+ (C20H36N3O7Si): 

calculated: 458.23226, found: 458.23081. 
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7. 5′(S)-[1′-(3’-deoxy-3-(tert-butyloxycarbonylamino)-2′-O-tert-butyldimethylsilyl-β-

D-ribo-5′-penta-1′,4′-furanosyl)-uracil] α,β-unsaturated δ-lactone 23u[18-19] 

 

100 mg 22u (0.28 mmol) was dissolved in 5mL acetonitrile. 340 mg SIBX (45 wt% 

IBX with stabilizer, 2.5 eq) was added into the solution. The suspension was refluxed 

at 80oC for 45 min under N2 protection. After cooling down the suspension to 0oC, the 

insoluble substance was filtered off and washed with EtOAc. The filtrate was washed 

with saturated NaHCO3 solution once, followed by water once. The organic layer was 

combined, dried with MgSO4, and evaporated to dryness. Due to the instability of 5’-

aldehyde uridine, the resulting product was directly subject to next step of reaction. 

After dissolving the aldehyde product into DCM, 97 mg of Wittig ylide reagent 

Ph3PCH=CHO (1.5 eq) was added into the solution, and the reaction mixture was stirred 

overnight at room temperature under N2 protection. After reaction completed, the 

solvent was removed under reduced pressure, and the residue was purified by silica gel 

column chromatography with Hexane : EtOAc = 4:5 to give product 23u containing 

triphenylphosphine oxide impurities. HRMS: M+H+ (C22H36N3O7Si): calculated: 

482.23226, found: 482.23236.  
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8. 5′(S)-[1′-(3’-deoxy-3-(tert-butyloxycarbonylamino)-2′-O-tert-butyldimethylsilyl-β-

D-ribo-5′-penta-1′,4′-furanosyl)-uracil]lactone 24u[20] 

 

584 mg 23u with triphenylphosphine oxide impurities was dissolved into 20 mL EtOAc. 

58 mg Pd/C was added, and the reaction mixture was stirred under H2 for 2 hours. After 

filtered off Pd/C, the filtrate was concentrated under reduced pressure and purified by 

silica gel column chromatography with Hexane : EtOAc = 3:5 to give 24u containing 

triphenylphosphine oxide impurities. HRMS: M+H+: (C22H38N3O7Si) calculated: 

484.24790, found: 484.24744. 

 

9. 5′(S)-[1′-(3’-deoxy-3-(tert-butyloxycarbonylamino)-β-D-ribo-5′-penta-1′,4′-

furanosyl)-uracil]lactone 25u 

 

336 mg 24u was dissolved in 10 mL THF. Cooled down the solution to 0oC, then added 

0.73 mL TBAF (1.0 M in THF, 1.05eq) dropwise via a syringe. Warmed up the reaction 

mixture to room temperature and stirred for 2h. Removed the solvent in vacuuo and 

purified the residue by silica gel flash column with DCM : MeOH = 10:1. The product 
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was further purified by HPLC if necessary. Combined yield over 3 steps: 35%. 1H NMR 

(400 MHz, cdcl3) δ 10.16 (s, 1H), 9.83 (s, 1H), 7.56 (d, J = 8.1 Hz, 1H), 5.81 (d, J = 

8.1 Hz, 1H), 5.69 (s, 1H), 5.41 (d, J = 8.7 Hz, 1H), 5.31 (s, 1H), 4.25 (d, J = 5.3 Hz, 

1H), 4.01 (m, 1H), 3.82 (m, 1H), 2.70 (qd, J = 18.3, 9.2 Hz, 2H), 2.24 – 2.11 (m, 1H), 

2.11 – 1.97 (m, 1H), 1.42 (d, J = 13.9 Hz, 11H). HRMS: M+H+ (C16H24N3O7): 

calculated: 370.16143, found: 370.15103. 

 

3.4.3 DNA Templated ANP Networks 

Stock solution of rU1 is prepared by suspending 16u in 1 M HCl aqueous solution 

overnight under N2 at room temperature to deprotect Boc group. After deprotection, the 

solution was dried down under reduced pressure, and the residue was re-dissolved in 

DNAase-free water. The purity of product is confirmed by HPLC and mass 

spectrometry. Mass spectrometry gives a single peak of m/z = 270.10822, corresponds 

to rU1 (M+H+: C11H16N3O5, calculated: 270.10899). Stock solution of rU2 is prepared 

the same way by deprotecting 25u. ESI-MS (M+H+: C11H16N3O5) found: 270.10868, 

calculated: 270.10899 

 

DNA templates are purchased from Integrated DNA Technologies at standard desalting 

or HPLC purification grade. Standard desalting grade samples are further purified by 

reverse-phase HPLC purification using a C18 column, then dried by lyophilization. 

Dissolve DNA with DNAase free water to make stock solution of DNA templates. 

 



96 
 

Concentration of DNA template stock solution and rU1/rU2 stock solution is 

determined by a NanoDrop 2000 UV-Vis Spectrophotometer with absorption at 260 nm. 

Extinction coefficient of DNA template is provided by IDT, and extinction coefficient 

of rU1/rU2 is assumed to be the same as uridine. 

 

DNA template stock solution and rANP monomer stock solution are diluted to indicated 

concentration using pH = 4.5 Acetate, pH = 6.5 MES or pH = 8.5 TAPS buffer (c = 50 

mM, I = 100 mM or 500 mM). The mixture was slowly heated up to 75oC, then cool 

down to room temperature and incubate at 4oC. 

 

DNA templated polymerization is monitored by Circular Dichroism coupled with a 

JASCO PFD-425S temperature control unit. CD spectra were recorded on a Jasco J-

810 CD spectropolarimeter in 0.10 mm or 0.01 mm quartz cells. Spectra were recorded 

from 350 nm to 190 nm at a scanning rate of 100 nm/min and a resolution of 0.5 nm.  
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Chapter Four 

TTF-CHO Networks: Environmental Impacts and Self-Assembly 

 

4.1 Introduction 

Empowered by template-directed sequence replication of heritable information, nucleic 

acids have long been regarded as the basic material for reproduction, mutation and 

selection. However, this view has been challenged by the discovery of prions, an 

infectious and heritable proteins. Prion infectious propagation is also a template-

directed replication process, immobilizing a protein of normal conformation on a 

misfolded surface and forcing it into the prion conformation[1]. Recent analysis found 

that prion infectious propagation also undergoes conformational mutation and selection, 

leading to evolution of different conformations under different conditions[2]. 

Mammalian prion proteins (PrP) are associated with diseases such as Creutzfeldt-Jacob 

disease[3], but now it is clear that many other proteins exhibits prion-like conformational 

infection behavior[4]. All these amyloid proteins self-assemble through a templated 

mechanism to generate and select for specific conformations in responsive to 

environmental factors, as shown in Fig 4.1[5]. 
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Fig 4.1 Phase network of amyloid peptide assembly[5]. Aβ(16–22) peptide can self-assemble 

into wide range of morphologies responsive to environment inputs and forms a dynamic phase 

network. 

 

By coupling chemical transformation with peptide self-assembly, self-synthesizing 

peptides based on cross-β assembly[6] as well as self-assembling peptide DCNs[7] have 

been reported. However, the self-assembly peptide DCNs reported so far are limited by 

sequence diversity as well as choice of reversible linkages. With the reversible N,O-

acetal linkage on the peptide backbone we established in Chapter 2, it is now possible 
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to incorporate this linkage into a peptide DCN that can select specifically for cross-β 

self-assembly propensity. This effort aims to expand the repertoire of dynamic linkages 

and sequence space of self-assembling peptide DCNs, as well as prove the generality 

of peptide DCNs based on template-directed conformation replication. 

 

4.2 Results and Discussions 

4.2.1 Construction of Dynamic Chemical Networks from TTF-CHO 

As discussed in Chapter 2, Threonine and Phenylalanine were chosen as two amino 

acids for construction of dynamic chemical networks because the hydroxyl group of 

Threonine side chain is positioned to trap an intermediate imine condensation product 

as reversible cyclic N,O-acetal linkages, while Phenylalanine provides a high 

aggregation propensity[8]. In addition, a TF dipeptide has been shown to be selected in 

an enzymatic peptide DCN to exhibit strong self-assembly propensity[9]. Therefore, TF-

CHO was initially chosen as the building block for construction of peptide DCN. 

Unfortunately, upon deprotection, TF-CHO quickly went through intramolecular 

cyclization followed by r irreversible oxidation, as shown in Scheme 4.1. To overcome 

this problem, O2 must be completely excluded, or simply extending the building block 

one more residue, to which TTF has higher aggregation propensity compared to TFF 

based on previous simulations[10]. Through reversible N,O-acetal condensation, TTF-

CHO should be able to generate the network with cyclic and linear species of different 

degrees of polymerization, as shown in Scheme 4.2. 
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Scheme 4.1 TF-CHO undergoes intramolecular cyclization 

 

Scheme 4.2 TTF-CHO generates DCNs linked by reversible N,O-acetal bonds 

 

The TTF-CHO synthetic route is shown in Scheme 4.3. Directly reducing C-terminus 

of TTF tripeptide was found unsuccessful, therefore the synthesis of TTF-CHO starts 

with Phenylalanine. The C-terminus of N-Boc Phenylalanine was converted to the 

Weinreb amide[11], reduced to aldehyde with LAH[12], and protected as the dimethyl 

acetal. Coupling of amino acids was achieved by standard EDC coupling protocol[13] 

using Fmoc-protected amino acids. The final product was purified by HPLC to give the 

dimethyl acetal protected TTF-CHO in 78% yield. 
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Scheme 4.3 Synthetic scheme of TTF-CHO 

 

The TTF-CHO was generated in situ by deprotecting acetal linkage with 4% HCl in 

H2O followed by removing the solvent in vacuuo. The residue was then re-dissolved as 

a 2 mM solution in 40% acetonitrile in water, and adjusted to pH = 7 using Et3N. This 

solution was incubated in 4oC and aliquots are removed for HPLC analysis over the 

course of 2 weeks. As shown in Fig 4.2, the cyclic dimer is the major component of the 

network. Over 2 weeks, ~ 75% of the monomer converted to cyclic dimer (Fig 4.2B). 

Mass spectrometry analysis of the whole network suggests formation of cyclic trimer 

and tetramer as well (Table 4.1).  
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Fig 4.2 HPLC chromatogram and kinetics of TTF DCN in 40% ACN under pH = 7 (A) HPLC 

chromatogram of DCN at day 3 shows emergences of cyclic dimer as major product. (B) 

Kinetics of DCN over 14 days. Kinetics fitting is based on expression in Scheme 4.4. Kinetics 

constants are calculated as: k1 = 0.86×10-6(mol-1
sec-1), k-1 = 0.37×10-6 sec-1. 
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Fig 4.3 Mass spectrometry analysis of whole TTF-CHO DCN. m/z corresponding to monomer, 

cyclic dimer, cyclic trimer and cyclic tetramers can be detected. 

 

Table 4.1 Mass Spectrometry identification of species generated in TTF-CHO DCN 

species m/z found m/z calculated 

TTF-CHO 352.1866 352.1872 (M+H+: C17H26N3O5) 

Cyclic dimer 667.3446 667.3455 (M+H+: C34H47N6O8) 

Cyclic trimer 1000.5136 1000.5144 (M+H+: C51H70N9O12) 

Cyclic tetramer 1371.6511 1371.6391(M+K+: C68H92N12O16K) 

 

Under this condition, no obvious assembly structures were observed by TEM, 

suggesting the cyclic dimer, as well as other species, remain in the solution. The 

conversion of TTF-CHO monomer to cyclic dimer can be regarded as a simple second-

order reaction, and the rate constants ware calculated based on the expression in 

Scheme 4.4. Fitting the experimental data to a second order reaction using minimum 

SSE, rate constants were calculated as k1 = 1.02×10-6 and k-1 = 0.130×10-6. 

Corresponding kinetics fitting using minimum SSE is also shown in Fig 4.2B. 
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Scheme 4.4 kinetics of TTF-CHO DCN with cyclic dimer as primary product 

 

4.2.2 Environmental Conditions Control Behavior of TTF-CHO DCNs 

Built on the models analyzed in Chapter 2 and literature reports[14], we learned that 

N,O-acetal condensation and hydrolysis are pH-dependent, thus pH is predicted to 

affect the behavior of DCNs. Here, 2 mM TTF-CHO was dissolved into pH = 6, 7, 8, 

while maintaining temperature and solvent condition (40% acetonitrile in water, 4oC). 

As shown in Fig 4.4, pH = 8 gave highest concentration of cyclic dimer, while at pH = 

6, only very limited cyclic dimer was observed. Based on a second-order reaction model 

shown in Scheme 4.4, kinetic constants were calculated using minimum SSE approach 

and summarized in Table 4.2. The calculated rate constants suggest k1 remains at same 

magnitude, and the change in the backward reaction rate k-1 dictates the pH-dependence 

of N,O-acetal concentration. 
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Fig 4.4 Kinetics of TTF-CHO DCNs under different pH. Condition: TTF-CHO = 2 mM, 40% 

acetonitrile in water, 4oC, (A) pH = 6, (B) pH = 7, (C) pH = 8. pH is adjusted by Et3N. Kinetics 

fitting is based on expression in Scheme 4.4 and calculated with experimental data using 

minimum SSE. Calculated rate constants are summarized in Table 4.2 
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Table 4.2 Rate and equilibrium constants of TTF-CHO DCNs under different pH 

parameter pH = 6 pH = 7 pH = 8 

k1/(mol-1
sec-1) 1.72×10-6 0.86×10-6 1.02×10-6 

k-1(sec-1) 41.04×10-6 0.37×10-6 0.130×10-6 

K/(mol-1) 4.19×10-2 2.32 7.85 

 

To evaluate the impact of H2O on TTF-CHO, 2 mM DCNs in 5%, 20% and 40% 

acetonitrile were prepared at pH = 7 and 4oC. As shown in Fig 4.5, increasing the 

amount of decreases cyclic dimer concentration, and again, this change is due to an 

increase in the hydrolysis rate k-1, as shown in Table 4.3. 

 

 

 

 

 

 

 



112 
 

 

Fig 4.5 Kinetics of TTF-CHO DCNs in different solvents. Condition: TTF-CHO = 2 mM, pH 

= 7, 4oC, (A) 40% acetonitrile in water, (B) 20% acetonitrile in water, (C) 5% acetonitrile in 

water. Kinetics fitting is based on expression in Scheme 4.4 and calculated with experimental 

data using minimum SSE. Calculated rate constants are summarized in Table 4.3. 



113 
 

Table 4.3 Rate and equilibrium constants of TTF-CHO DCNs in different solvents 

parameter 40% ACN 20% ACN 5% ACN 

k1/(mol-1
sec-1) 0.87×10-6 0.67×10-6 0.43×10-6 

k-1(sec-1) 0.38×10-6 2.18×10-6 1.83×10-6 

K/(mol-1) 2.29 0.307 0.235 

 

However, higher temperatures increased the rate of both forward and backward reaction, 

as shown in Fig 4.6 and Table 4.4. Increasing the temperature from 4oC to 25oC 

accelerates both rates to almost 10 fold. The equilibrium constant decreases at higher 

temperature, consistent with our observation in Chapter 2. As shown in Fig 4.7, higher 

temperature also increases the diversity of the DCNs. 
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Fig 4.6 Kinetics of TTF-CHO DCNs under different temperature. Condition: TTF-CHO = 2 

mM, pH = 7, 40% acetonitrile in water, (A) 4oC, (B) 25 oC. pH is adjusted by Et3N. Kinetics 

fitting is based on expression in Scheme 4.4 and calculated with experimental data using 

minimum SSE. Calculated rate constants are summarized in Table 4.4. 
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Table 4.4 Rate and equilibrium constant of TTF-CHO DCNs under 4oC and 25oC. 

parameter 4oC 25oC 

k1/(mol-1
sec-1) 0.86×10-6 4.80×10-6 

k-1(sec-1) 0.37×10-6 2.72×10-6 

K/(mol-1) 2.32 1.76 

 

 

 

Fig 4.7 HPLC chromatograms of TTF-CHO TTF-CHO DCNs under 4oC and 25oC. Higher 

temperature increases the diversity of TTF-CHO network. 

 

4.2.3 Characterization of Cyclic Dimer Structure 

In Chapter 2, we found out that N,O-acetal generated between N-Boc-L-Phe-CHO and 

L-Thr-OMe predominantly adopts a cis conformation, however the N,O-acetal 

configuration preference is sensitive to many factors. The N,O-acetal linkages in the 

cyclic dimer may adopt different configurations due to ring strain and with two N,O-

acetal linkages, there are three possible conformations for the cyclic dimer: (cis-cis), 
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(trans-trans) and (cis-trans), as shown in Scheme 4.5. 

 

Scheme 4.5 Three possible cyclic dimer isomers 

 

To probe N,O-acetal configuration in cyclic dimer, we prepared the 13C-enriched 

monomer TTF-13CHO, and generated DCN in 40% acetonitrile-d3 in D2O (pD = 7.5). 

NMR Heteronuclear correlation experiment (HETCOR) was used to study the N,O-

acetal configuration in cyclic dimer. At day 1, the crosspeak at 90.3 and 5.1 ppm is 

assigned as the correlation between 13C and hydrated aldehyde proton respectively, as 

shown in Fig 4.8A. At day 7, when the DCN nears equilibrium, a new single crosspeak 

at 90.3 and 4.8 ppm is assigned as the to N,O-acetal on cyclic dimer (Fig 4.8B). The 

single resonance for the N,O-acetal linkage on cyclic dimer suggests the symmetry of 

two N,O-acetal linkages are identical, arguing against the possibility of (trans-cis) 

conformation. 
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Fig 4.8 HETCOR experiment indicates two N,O-acetals on cyclic dimer are identical. (A) On 

day 1, the crosspeak (90.3, 5.1 ppm) corresponding to correlation between 13C and hydrated 

aldehyde proton. (B) On day 7, only one new crosspeak (90.3, 4.8 ppm) corresponding to N,O-

acetal emerged. The single resonance for the N,O-acetal linkage on cyclic dimer suggests two 

N,O-acetal linkages on cyclic dimer are identical, rules out (cis-trans) conformation. 

 

Surface potential energy minimization using Maestro for both (cis-cis) and (trans-trans) 

cyclic dimers is shown in Fig 4.9. The (trans-trans) cyclic dimer is energetically more 

favored (-318.043 kJ/mol) than that of (cis-cis) (-281.569 kJ/mol), suggesting both 

N,O-acetal adopts a trans configuration to generate a (trans-trans)- cyclic dimer. These 

results suggest that the cyclic dimer structure favors the trans as stable acetal, while the 

cis configuration formed in model study is less stable in cyclic structures. 
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Fig 4.9 Simulation by surface energy minimization suggests cyclic dimer adopts (tran-trans) 

conformation. Energy minimization with Maestro calculates the (trans-trans) configuration is 

energetically more favored (-318.043 kJ/mol) than (cis-cis) configuration (-281.569 kJ/mol) 

 

4.2.4 Cyclic Dimer Fibers Emerge in TTF-CHO DCN 

Across almost all conditions we tested here, cyclic dimer is the major component of the 

DCN. No self-assembly structure can be detected in 40% or 20% acetonitrile in water, 

suggesting that the cyclic dimer has a low propensity for self-assembly. Interestingly, 

in 5% acetonitrile in water, pH = 7-7.5 and 4oC, self-assembled fibers were detected by 

TEM. As shown in Fig 4.10, particles emerged after 24h and grew into fibers with width 

of 6.7 ± 1.0 nm (Fig 4.11). Even though only ~50% of TTF-CHO transformed into 

cyclic dimer after the DCN reached equilibrium, these assemblies can be pelleted by 

centrifuge, and as shown in Fig 4.12, re-injection of pellets into HPLC gives 
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predominantly cyclic dimers, suggesting cyclic dimer is the self-assembly species. No 

self-assembly can be detected under pH = 6 when DCN remains mostly monomers, nor 

under pH = 9, when DCN species is complicated with no dominant species. 

 

 

Fig 4.10 TEM image of self-assembled fibers in TTF-CHO DCN in 5% acetonitrile in water, 

at pH = 7 and 4oC. Particles as well as some fibers start to form at 24h, and gradually all 

transform into fibers. 

 

 

 

Fig 4.11 Histogram of cyclic dimer fiber width. Width is measured with ImageJ counting for 

200 fibers, and fitted with a Gaussian distribution as shown in red line. The width is 6.7 ± 1.0nm. 
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Fig 4.12 HPLC chromatograms of TTF-CHO whole DCN and centrifuged pellet. DCN 

incubation condition: 5% acetonitrile in water, pH = 7 and 4oC. Re-injection of centrifuged and 

re-suspended pellets gives cyclic dimer as dominant component. 

 

Structural characterization of cyclic dimer fibers using Circular Dichroism, Linear 

Dichroism and FT-IR are shown in Fig 4.13. Circular Dichroism analysis of centrifuge-

enriched assemblies suggests classical β-sheet signature (Fig 4.13A), with a negative 

maximum at 217 nm and a positive maximum at 194 nm. Linear Dichroism using a 

microvolume cuvette at a rotation speed of 2000 rpm gives a positive π-π* transition at 

205 nm, and a very weak n-π* transition at 220 nm (Fig 4.13B), very similar to LD 

signals observed for assembled Aβ(1-42) fibers[15]. Furthermore, FT-IR of centrifuge-

enriched assembly shows a 1642cm-1 Amide I transition (Fig 4.13C), consistent with a 

hydrogen-bonded β-sheet type conformation[16]. Taken together, these data suggests the 

(TTF)2 cyclic dimer fibers adopt β-sheet alignment, similar to previously reported 

cyclic peptide nanotubes[17]. The previously reported cyclic peptide assemblies 
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containing mixed amino acid conformations are driven almost exclusively by hydrogen 

bonding, and can form highly ordered assembly in pure organic solvent such as DCM. 

This cyclic (TTF)2 fiber only assembles in 5% acetonitrile in water, but not in even 

slightly higher concentration of acetonitrile, suggesting hydrophobic interaction plays 

a critical role in stabilizing self-assembly structure. 
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Fig 4.13 Spectroscopic characterization of cyclic dimer fibers suggests β-sheet conformation. 

(A) Circular Dichroism shows β-sheet signature with a negative maximum at 217 nm and a 

positive maximum at 194 nm. CD is performed with centrifuge enriched fibers. (B) Linear 

Dichroism gives a positive π-π* transition at 205 nm and a weak n-π* transition at 220 nm, 

similar to Aβ(1-42) fibers. A microvolume cuvette is used at a rotation speed of 2000 rpm. (C) 

FT-IR shows Amide I transition at 1642cm-1 diagnostic for cross-β peptide conformation. Fibers 

are enriched by centrifuge and resuspension for FT-IR. 

 

4.3 Conclusion 

The dynamic chemical networks constructed with TTF-CHO respond differently 

towards environment conditions including pH, temperature and solvent composition. 

In this network, cyclic dimer is selected as dominant species, with other cyclic species 

also present, as shown in Fig 4.14. Structure characterization using a combination of 

methods of cyclic dimer suggests N,O-acetals on cyclic dimer adopt (trans-trans) 

conformation, different from cis conformation on linear F-T dipeptide backbone we 

observed in Chapter 2. The cyclic ring strain could impact the relative stability and 

energy preferences of two configurations. In 40% or 20% acetonitrile in water, cyclic 

dimer doesn’t self-assemble but still persists as major component of the DCNs, 

suggesting it is relatively stable against acetal hydrolysis. 
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Fig 4.14 TTF-CHO DCNs. Cyclic dimer is selected as dominant species in this network, along 

with other cyclic species. 

 

Interestingly, in 5% acetonitrile, cyclic dimers self-assembles into fibers, as shown in 

Fig 4.15. Structural characterization suggests β-sheet propagation in assembly, similar 

to previously reported cyclic peptide nanotubes. Hydrophobic interaction is a critical 

driven force for cyclic dimer self-assembly, clearly differentiate it from other cyclic 

peptide nanotubes primarily stabilized by hydrogen-bonding[18]. 

 

Fig 4.15 Selection of cyclic dimer self-assembly in TTF-CHO DCN 
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DCNs built from TTF-CHO building blocks establishes responsiveness towards 

environmental inputs. Dominance of cyclic dimer and lack of linear species prevent us 

from selecting for prion-like peptide assembly behavior, which are usually composed 

of linear peptides. This problem can be addressed by introducing a secondary 

component into the DCN, and is discussed in detail in Chapter 5. 

 

4.4 Experimental 

4.4.1 General Methods 

All chemical reagents and solvents are purchased from Sigma-Aldrich, Fisher, 

AnalSpec, Alfa-Aesar and CIL without further purification unless otherwise noted. All 

reactions are performed under N2 protection unless otherwise noted. All 1D and 2D 

NMR was performed on INOVA 400MHz or INOVA 600MHz NMR spectrometer. 

 

Circular Dichroism Spectropolarimetry. CD spectra were recorded on a Jasco J-810 CD 

spectropolarimeter in 0.10 mm quartz cells. Spectra were recorded from 260 to 190 nm 

at a scanning rate of 100 nm/min and a resolution of 0.5 nm. 

 

Flow Linear Dichroism Spectroscopy. Flow linear dichroism spectra were recorded on 

a JASCO J-810 circular dichroism spectropolarimeter using a microvolume cuvette 

with a path length of 50 μm and a rotation speed of 2000 rpm to establish Couette flow. 

The background scattering for each sample was obtained from the LD spectra of 

samples at 0 rpm. The LD spectra were measured after 5 min of rotation. 
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Transmission Electron Microscopy. All TEM are performed by using a Hitachi H-7500 

transmission electron microscope to image the samples at 75kV. A TEM copper grid 

with a 200 mesh carbon support (Electron Microscopy Sciences) was covered with 10 

μL of DCN for 1 min before wicking the excess solution with filter paper. 10 μL of 2% 

uranyl acetate was added and incubated for 2 min, excess solution was wicked away, 

and the grids were placed in desiccators to dry under vacuum overnight.  

 

Attenuated Total Reflectance Fourier Transform Infrared (FT-IR).FT-IR spectra were 

acquired using a Jasco FT-IR 4100 at room temperature and averaging 500 to 1000 

scans with 2 cm-1 resolution, using an MCT detector with a 5 mm aperture and a 

scanning speed of 4 mm/sec. Aliquots (10 μL) of DCN or peptide solution were dried 

as thin films on a Pike Galdi ATR diamond crystal. 

 

X-ray powder diffraction (XRD). The samples were lyophilized to yield dry powder. 

The spectra were obtained by loading the powder into a 0.2 mm mylar capillary and the 

diffraction patterns acquired on a Bruker APEX-II diffractometer with graphite 

monochromated Cu radiation K-alpha radiation, λ=1.54184 Å, 40 kV and 35 mA, with 

a 0.5 pinhole collimator. Exposure times were typically 300s per frame. The data 

integration software XRD2DSCAN was used to convert the two dimensional data into 

a theta-2theta scan. 
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4.4.2 Synthesis of TTF-CHO 

The synthetic route of TTF-CHO is summarized in Scheme 4.6. Boc-protected 

Phenylalanine was firstly converted to Weinreb Amide. After deprotecting Boc, EDC 

coupling was used to couple an Fmoc-protected Threonine. Then the TF-Weinreb 

Amide is reduced into TF-CHO using LAH reduction, and protected as acetal. Another 

molecule of Fmoc-Thr was coupled, and final product was generated after deprotection 

of Fmoc and purified by HPLC. 

Scheme 4.6 Detailed synthetic route of TTF-acetal 
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1. Boc-Phe-Weinreb amide (1): 

 

To a solution of N-Boc-L-Phe 10.61 g (40 mmol) into DCM was added 1,1-

carbonlydiimidazole 7.13 g (1.1 eq). After stirring for 1h, 4.29g (1.1 eq) N,O-

dimethylhydroxyamine hydrochloride was added. After reaction mixture was stirred 

overnight under N2 protection at room temperature, solvent was removed in vacuuo. 

Residue was diluted with EtOAc, washed with 1 M HCl (aq) three times, saturated 

NaHCO3 solution twice and brine twice. Organic layer was dried with MgSO4, then 

solvent was removed in vacuuo to yield 1. Yield: 92%. 1H NMR (600 MHz, cdcl3) δ 

7.44 – 7.11 (m, 5H), 5.15 (d, J = 7.9 Hz, 1H), 4.94 (d, J = 6.6 Hz, 1H), 3.65 (s, 3H), 

3.16 (s, 3H), 3.05 (dd, J = 13.3, 5.7 Hz, 1H), 2.85 (dt, J = 64.4, 32.2 Hz, 1H), 1.38 (s, 

9H). HRMS for C16H25N2O4 (M+H): calculated: 309.18143, found: 309.18130. 

 

2. Phe-Weinreb amide (2): 

 

1 was dissolved in 4 M HCl in dioxane and stir for 2h under room temperature then 

dried in vacuuo to give 2. Yield: 100%. 1H NMR (600 MHz, cdcl3) δ 8.56 (s, br), 7.34 
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– 7.15 (m, 5H), 4.73 (d, J = 5.1 Hz, 1H), 3.64 (s, 1H), 3.35 (tt, J = 20.6, 6.8 Hz, 1H), 

3.10 (s, 3H). HRMS for C11H17N2O2 (M+H): calculated: 209.12900; found: 209.12824 

 

3. Fmoc-Thr-Phe-Weinreb amide (3): 

 

1 g of 2 (4.09 mmol) was dissolved in DCM. 1.2 mL (2.1 eq) of Et3N was added, 

followed by 0.8626 g (1.1 eq) of N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC). The solution turned slurry. 1.534g (1.1eq) of Fmoc-L-Thr-OH 

and 0.687g (1.1 eq) of HOBt were subsequently added and reaction mixture was stirred 

for 6h under RT. Wash with 1 M HCl (aq) twice, saturated NaHCO3 solution twice then 

brine once, combined the organic layer, dried with MgSO4 and removed the solvent 

under reduced pressure to give 3. Yield: 80%. 1H NMR (600 MHz, cdcl3) δ 7.77 (d, J = 

7.5 Hz, 2H), 7.59 (d, J = 7.3 Hz, 2H), 7.44 – 7.08 (m, 9H), 6.82 (d, J = 7.6 Hz, 1H), 

5.56 (d, J = 7.9 Hz, 1H), 5.18 (m, 1H), 4.47 (dd, J = 10.6, 7.2 Hz, 1H), 4.36 – 4.29 (m, 

1H), 4.25 (s, 1H), 4.21 (t, J = 7.0 Hz, 1H), 4.12 (dd, J = 11.3, 5.9 Hz, 1H), 3.76 (s, 3H), 

3.21 (s, 3H), 3.14 (dd, J = 13.8, 5.0 Hz, 1H), 3.05 (s, 1H), 2.91 – 2.77 (m, 1H), 1.11 (t, 

J = 9.2 Hz, 3H). HRMS for C30H34N3O6 (M+H): calculated: 532.24476; found: 

532.24424. 
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4. Fmoc-Thr-Phe-aldehyde (4): 

 

2.173 g 3 (4.08 mmol) was dissolved in THF under N2 protection, then cooled down to 

-78oC. 1.4 eq lithium aluminum hydride (1.0 M in THF, 5.7 mL) was added dropwise 

via syringe. The reaction mixture was warmed up to 0oC and stirred for 30 min. Then, 

the solution was cooled down to -78oC again and 57mL of 1 M KHSO4 (aq) was added 

to quench the reaction. Removed THF in vacuuo, diluted residue with EtOAc, washed 

with saturated NaHCO3 solution and brine. Combined the organic layer, dried with 

MgSO4 then concentrated to yield aldehyde 4. Yield: 91%. 1H NMR (600 MHz, cdcl3) 

δ 9.63 (s, 1H), 7.78 (d, J = 7.4 Hz, 2H), 7.60 (m, 2H), 7.39-7.10 (m, 9H), 5.61 (d, J = 

8.0 Hz, 1H), 4.73 (dd, J = 13.8, 7.0 Hz, 1H), 4.48 (dd, J = 10.6, 6.9 Hz, 1H), 4.39 – 

4.28 (m, 1H), 4.12 (dd, J = 14.2, 7.1 Hz, 1H), 3.12 (ddd, J = 21.5, 14.2, 6.8 Hz, 2H), 

1.14 (t, J = 11.2 Hz, 3H). HRMS for C28H29N2O5 (M+H): calculated: 473.20765, found: 

473.20789 

 

 

 

 

 

 



131 
 

5. Fmoc-Thr-Phe-acetal (5): 

 

1.234 g 4 was dissolved in 20 mL 1.25 M HCl in MeOH, reflux at 75oC for 15 min, 

then cool down to RT and quench with saturated NaHCO3 aqueous solution. MeOH 

was removed. Diluted residue with EtOAc, washed with sat NaHCO3 then water, dried, 

concentrated and purified by silica gel flash column (Hexanes : EtOAc = 1:3) to give 5. 

Yield: 94%. 1H NMR (600 MHz, cdcl3) δ 7.78 (d, J = 7.4 Hz, 2H), 7.60 (d, J = 7.1 Hz, 

2H), 7.42 -7.15 (m, 9H), 6.43 (d, J = 8.9 Hz, 1H), 5.53 (d, J = 8.2 Hz, 1H), 4.50 (dd, J 

= 10.4, 7.0 Hz, 1H), 4.43 (tdd, J = 9.2, 5.7, 3.3 Hz, 1H), 4.34 (dd, J = 10.5, 7.1 Hz, 1H), 

4.27 – 4.16 (m, 2H), 4.03 (d, J = 8.2 Hz, 1H), 3.44 (s, 3H), 3.39 (s, 3H), 2.95 (dd, J = 

14.0, 5.9 Hz, 1H), 2.86 (s, 1H), 2.71 (dd, J = 13.9, 9.0 Hz, 1H), 1.11 (d, J = 6.4 Hz, 3H). 

HRMS for C30H35N2O6 (M+H): calculated: 519.24951, found: 519.24697. 

 

6.  Thr-Phe-acetal (6): 

 

1.104 g 5 was suspended in 10 mL acetonitrile. 2 mL piperidine was added and stirred 

for 20 min under room temperature. Removed solvent in vacuuo to obtain 6. Yield: 
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70%. 1H NMR (600 MHz, cdcl3) δ 7.45 (d, J = 9.7 Hz, 2H), 7.37 – 7.21 (m, 2H), 7.19 

(dd, J = 10.4, 4.2 Hz, 3H), 4.48 – 4.39 (m, 1H), 4.18 (t, J = 41.9 Hz, 1H), 4.07 (dq, J = 

9.6, 3.2 Hz, 1H), 3.46 (s, 3H), 3.42 (s, 3H), 3.14 (d, J = 3.1 Hz, 1H), 3.04 – 2.93 (m, 

1H), 2.72 (dd, J = 14.0, 9.7 Hz, 1H), 1.01 (d, J = 6.5 Hz, 3H). HRMS for C15H25N2O4 

(M+H): calculated: 297.18143, found: 297.18097. 

 

7. Fmoc-Thr-Thr-Phe-acetal (7): 

 

Same procedure as step 3. After removing the solvent, the product was purified by flash 

column with DCM : MeOH = 50:1 to 20:1. Yield: 74%. 1H NMR (600 MHz, cdcl3) δ 

7.75 (d, J = 7.5 Hz, 2H), 7.57 (d, J = 7.4 Hz, 2H), 7.39-7.01 (m, 9H), 6.63 (d, J = 9.0 

Hz, 1H), 5.72 (d, J = 7.7 Hz, 1H), 4.53 – 4.32 (m, 3H), 4.33 – 4.15 (m, 5H), 3.42 (s, 

3H), 3.36 (s, 3H), 2.92 (dd, J = 14.0, 5.7 Hz, 1H), 2.74 (dd, J = 13.9, 8.8 Hz, 1H), 1.14 

(d, J = 6.3 Hz, 3H), 1.06 (d, J = 6.4 Hz, 3H). HRMS for C34H42N3O8 (M+H): calculated: 

620.29719, found: 620.29749. 
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8. Thr-Thr-Phe-acetal (8): 

 

Same procedure as step 6. Purified by HPLC to give final product 8. Yield: 78%. 1H 

NMR (400 MHz, dmso) δ 8.00 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.9 Hz, 1H), 7.31 – 7.13 

(m, 4H), 4.81 (d, J = 4.8 Hz, 1H), 4.76 (d, J = 4.0 Hz, 1H), 4.24 (d, J = 4.5 Hz, 1H), 

4.17 (dd, J = 8.0, 4.0 Hz, 1H), 4.10 (ddd, J = 13.2, 9.1, 4.1 Hz, 1H), 4.00 – 3.92 (m, 

1H), 3.89 (dd, J = 11.0, 4.9 Hz, 1H), 3.38 (s, 3H), 3.35 (s, 3H), 3.08 (d, J = 4.2 Hz, 1H), 

2.88 (dd, J = 14.1, 3.5 Hz, 1H), 2.67 (dd, J = 14.1, 9.8 Hz, 1H), 1.07 (d, J = 6.4 Hz, 

3H), 0.97 (t, J = 14.1 Hz, 3H). HRMS for C19H32N3O6 (M+H): calculated: 398.22911, 

found: 398.22925  

 

4.4.3 Dynamic Chemical Networks 

TTF-CHO was generated in situ by deprotecting TTF-acetal with 4% HCl in H2O then 

dried in vacuuo at 20oC. TTF-CHO then was dissolved into 2 mM solution with 

acetonitrile and water of desired ratio. The pH of solution was then adjusted by titrating 

aliquots of with 5% Et3N in H2O using a Fisher Scientific Accumet Basic AB15 pH 

meter. The solution was incubated under 4oC or 25oC to generate DCN. 

 

Kinetics study of DCN was performed by taking out small fraction of DCN solution for 
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HPLC analysis over 2-4 weeks. All HPLC was performed on a Waters Delta 600 HPLC 

equipped with a photodiode array UV/Vis detector and a reverse-phase HPLC column 

(Kromasil 100-5C18, 4.6 x 250 mm). HPLC solvent gradient: acetonitrile: 10 mM 

TEAA in H2O: 0-90 min: 10% to 100%, 90-100 min: 100%, 100-101 min: 100% to 

10%, 101-110 min: 10%. UV absorbance at 258 nm was recorded and integrated for 

kinetics analysis, assuming absorption coefficient for phenylalanine is additive for all 

species. Species identification was conducted by ESI mass spectrometry at Emory 

University Mass Spectrometry Center. 
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Chapter Five 

TTF-CHO + (TTF)2 Network: Self-templated and External Templated 

Replication 

 

5.1 Introduction 

In Chapter 4, we constructed dynamic chemical networks built from modified tripeptide 

monomer Thr-Thr-Phe-CHO (TTF-CHO) and demonstrated network responsiveness 

towards diverse environmental inputs. In this chapter, we introduced a second 

component, linear peptide (TTF)2 into the TTF-CHO network to generate the linear 

product TTFoxTTFTTF (ox represents oxazolidine, or N,O-acetal) for selection of self-

templated and external templated conformational replication mimicking prion-like 

infectious propagation. 

 

Prion-like infectious propagation is a template-directed conformational replication 

process that incorporates peptides into cross-β supramolecular assemblies. Otto 

reported a self-replicating peptide network that selects for different assembly species in 

response to different shear forces[1] using reversible disulfide exchange. This network 

generates diversity on macrocycle size but not on peptide sequences. Recently, our lab 

incorporated reversible N,N-acetal on peptide backbones to construct NFF-CHO 

peptide DCNs[2]. As shown in Fig 5.1, in this network, diversity is generated on 

sequence level, and linear trimer is selected as self-assembly species, undergoing stages 
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of phase transition to assemble into fibers. 

 

Fig 5.1 NFF-CHO dynamic peptide network. (A) Kinetic model for the NFF-CHO network. (B) 

Kinetic fits of network member concentrations NFF-CHO network. Inset shows the mean 

widths of the two particle populations (black and red) over time. (C) TEM micrographs of 

samples at the indicated time points (scale bar = 200 nm). 
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In this chapter, we generated linear TTFoxTTFTTF in a peptide DCN for selection of 

prion-like infectious propagation. The incorporation of single N,O-acetal linkage lead 

to self-assembly structure as parallel fibers, different from anti-parallel nanotubes 

generated by all peptide sequence (TTF)3. We also explored the network responsiveness 

towards template diversity by introducing external templates. 

 

5.2 Results and Discussion 

5.2.1 Understanding (TTF)n Peptide Self-Assembly 

A series of (TTF)n peptides (n = 2, 3, 4) were prepared as control for the cross-β 

assembly propensity of these sequences. When incubated at 2 mM under pH = 8, 40% 

acetonitrile in water at 4oC, no self-assembly of (TTF)2 peptide can be detected. (TTF)3 

peptide however forms ribbon-like assemblies structure within 24h, and these ribbons 

gradually transforms into nanotubes (Fig 5.2) with diameter of 38.4 ± 7.4 nm (Fig 5.3). 

Further elongating peptide sequence into (TTF)4 were not further explored due to 

limitation in solubility. 

 

Findings that (TTF)2 peptide does not assemble while (TTF)3 peptide assembles into 

tubes suggest an approach to test the impact of a single N,O-acetal on assembly 

propensity. We predict that if TTF-CHO and (TTF)2 peptide can condensate into N,O-

acetal linked linear trimer, TTFoxTTFTTF (ox represents oxazolidine, or N,O-acetal 

linkage), this product would be selected as self-propagating species, and assemble into 

nanotubes, similar to (TTF)3 peptide. 
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Fig 5.2 TEM images show (TTF)3 peptide self-assemble into nanotubes. Under pH = 7-8, 40% 

acetonitrile in water at 4oC, (TTF)3 peptide forms (a) ribbons at day 1, then transforms into 

mature nanotubes (b) after 2 - 4 weeks. 

 

 

Fig 5.3 Histogram and Gaussian distribution of (TTF)3 nanotube diameter. Nanotube width is 

measured with ImageJ counting 120 tubes, and calculate back to diameter. Gaussian distribution 

calculates the average diameter to be 38.4 ± 7.4 nm. 
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5.2.2 Structural Characterization of (TTF)3 nanotubes 

As shown in Fig 5.4, AFM defines the flattened tube height to be 6.8 ± 0.1 nm, thinner 

than E22L peptide nanotubes previously reported by our group considering the longer 

peptide sequence[3]. The thinner wall might suggest this nanotube is composed by 

peptide monolayer instead of bilayer, or the bilayer is orientated with tilt angle similar 

to E22V nanotubes[4]. 

 

 

Fig 5.4 AFM measurement of (TTF)3 nanotube wall thickness. Nanotube height is measured to 

be 6.8 ± 0.1 nm, corresponding to wall thickness of 3.4 nm. 

 

X-ray powder diffraction, FT-IR and CD were used to investigate peptide conformation 

and orientation. As shown in Fig 5.5A, FT-IR gives a 1621 cm-1 Amide I transition, 

characteristic of β-sheets conformation[5]. The 1692 cm-1 overtone is proven to be 
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diagnostic of anti-parallel peptide chains within the assembly[6]. X-ray powder 

diffraction pattern supports two strong reflections signals (Fig 5.5B), 4.7 Å 

corresponding to hydrogen bonding distance in β-sheet structure, and 10.1 Å for β-sheet 

stacking repeat distance most characteristic of the cross-β assembly (lamination 

distance)[7]. The (TTF)3 nanotubes give a unique CD spectrum (Fig 5.5 C), with a 

negative maximum at 197 nm, and a very strong positive maximum at 217 nm, almost 

a mirror image of typical β-sheet. With FT-IR and X-ray diffraction data consistent with 

cross-β conformation, it is unclear what causes this unique CD ellipticity. Similar CD 

signal was previously observed in E22V peptide assemblies[4]. 
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Fig 5.5 (TTF)3 nanotube conformation characterization by FT-IR, X-ray powder diffraction and 

Circular Dichroism. (A) FT-IR shows Amide I band at 1621 cm-1 indicative of β-sheet and a 

transition at 1693 cm-1 suggesting anti-parallel orientation. (B) X-ray powder diffraction gives 

reflection at d-spacing of 4.7 Å and 10.1 Å, correspondent to Hydrogen bonding distance in β-

sheet and lamination distance. (C) Circular Dichroism of (TTF)3 nanotubes shows a negative 

maximum at 197 nm and a strong positive maximum at 217 nm. 
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Positively charged AuNPs and negatively charged AuNPs were added into solution 

containing mature (TTF)3 nanotubes to study the surface charge of (TTF)3 nanotubes. 

The observation that negatively charged AuNPs bind to nanotube surfaces (Fig 5.6A), 

and positively charged AuNPs do not bind (Fig 5.6B), suggests the surface of (TTF)3 

nanotubes is positively charged, confirms the N-terminus of the peptide exposed on the 

tube surface, as is seen in the E22L tubes[8]. 

 

 

Fig 5.6 AuNPs binding experiments visualized by TEM without staining suggest (TTF)3 

nanotube surface is positively charged, with N-terminus exposed on surface. (A) Negatively 

charged AuNPs bind to the surface of nanotubes. (B) Positively charged AuNPs have no 

binding on nanotubes. 

 

Taken together, these data suggests (TTF)3 nanotube has cross-β peptide assembly 

structure and align in anti-parallel fashion, as shown in Fig 5.7. The thinner tube wall 

is more consistent with peptide monolayer instead of bilayer we observed in E22L. 
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Fig 5.7 (TTF)3 peptide assemble into nanotubes with anti-parallel cross-β structure. 

 

5.2.2 Selecting Linear Trimer TTFoxTTFTTF from TTF-CHO + (TTF)2 Network 

Introducing (TTF)2 peptide into TTF-CHO network can generate TTFoxTTFTTF, a 

linear (TTF)3 peptide analog with one N, O-acetal linkage replacing amide bond. This 

product is expected to self-assemble into anti-parallel cross-β nanotubes, similar to its 

native peptide counterpart. Other species such as cyclic dimer are also expected in the 

network, and the proposed network diversity is shown in Fig 5.8. 

 

Fig 5.8 Illustration of TTF-CHO + (TTF)2 dynamic chemical network. 
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To test the proposed assembly, (TTF)2 peptide is added into TTF-CHO network at a 1:1 

ratio, 2 mM each in 40% acetonitrile.at pH = 8 and incubated at 4oC. As HPLC 

chromatogram in Fig 5.9 shows, two major new peaks corresponding to new network 

members appeared after 3 days. Mass spectrometry identifies the first species (retention 

time 28 min) as linear trimer product TTFoxTTFTTF (Fig 5.10), and the second 

(retention time 32 min) as the cyclic dimer. Detailed mass spectrometry identification 

of each component is summarized in Table 5.1. 

 

Fig 5.9 HPLC chromatograms of TTF-CHO + (TTF)2 network exhibit emergence of 

TTFoxTTFTTF and cyclic dimer. Retention time for monomer: 11 in; (TTF)2 peptide: 22 min; 

TTFoxTTFTTF: 28 min; cyclic dimer: 32 min. 
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Fig 5.10 High resolution mass spectrometry confirms formation of linear trimer product 

TTFoxTTFTTF: [M+H]+: 1049.53241; [M+Et3N+H]+ 1150.65263 

 

Table 5.1 Summary of Mass Spectrometry identification of network species 

species m/z found m/z calculated 

TTF-CHO 352.1866 352.1872 (M+H+: C17H26N3O5) 

(TTF)2 817.4837 817.4824 (M+Et3N+H+: C40H65N8O10) 

TTFoxTTFTTF 1049.5330 1049.5308 (M+H+: C51H73N10O14) 

Cyclic dimer 667.3446 667.3455 (M+H+: C34H47N6O8) 
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5.2.3 Self-Templated Propagation in TTF-CHO + (TTF)2 Network 

In order to identify the supramolecular assembly of the network, the whole network 

was sedimented at 16,000 × g for 30 min. The pellet was re-suspended and analyzed by 

HPLC. Enrichment of TTFoxTTFTTF in self-assembly, as shown in Fig 5.11 (b), and 

spontaneously decrease of this species in supernatant (Fig 5.11 (c)) suggests that 

TTFoxTTFTTF is a dominant component in the self-assembly. The residual (TTF)2 

peptide and cyclic dimer could due to the difficulty of completely removing residual 

solution in the gel-like assemblies or the disassembly of TTFoxTTFTTF during HPLC 

analysis. 
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Fig 5.11 HPLC identifies TTFoxTTFTTF as dominant self-assembly species in DCN. (A) 

HPLC chromatogram of full network at 14d, (B) HPLC chromatogram of reinjection of self-

assembly species. HPLC chromatogram shows a single peak correspondent to linear product 

TTFoxTTFTTF. Enrichment of self-assembly species is achieved by sedimentation at 16,000 × 

g for 30 min, followed by resuspension with 40% acetonitrile in water. (C) HPLC 

chromatogram of supernatant after sedimentation shows attenuation of linear trimer. 

 

The morphology of TTFoxTTFTTF self-assembly in the network is different from the 

(TTF)3 nanotubes (Fig 5.12). TEM provides evidence for particles formation after 24 

hours, with diameter of 29.0 ± 3.0 nm (Fig 5.12A & Fig 5.13A), and after 3 days, 

particles began to transform into twisted fibers (Fig 5.12B). After 7 days, the particles 

disappeared and TTFoxTTFTTF assemblies matured into homogenous fibers with 

widths of 12.03 ± 1.90 nm, as shown in Fig 5.12 C & D and Fig 5.13B. 
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Fig 5.12 TEM images of self-assembly in TTF-CHO + (TTF)2 network show phase transition 

in self-assembly. (a) Particles emerged at 24h; (b) after 3 days, particles starts to transform into 

fibers; (c) 7d and (d) 10d, particles disappeared and all transform into fibers 

 

 



152 
 

 

 

Fig 5.13 Histograms and Gaussian distribution of particle and fiber sizes. (A) Particles at 24h, 

with diameter of 29.0 ± 3.0 nm. (B) Mature fibers at 10 days, with width of 12.03 ± 1.90 nm 

 

Structural characterization of self-assembly fibers is shown in Fig 5.14. As shown in 

Fig 5.14A, on FT-IR, the amide I transition is shifted to 1645 cm-1, a phenomenon 

previously observed in peptide cross-β assembly with single site backbone disruption[9]. 

The X-ray powder diffraction contains reflections at 4.7 Å and 10 Å, typically of cross-

β assembly. But the lamination reflection is much broader and weaker than (TTF)3 

nanotubes and more similar to the XRD pattern of fibers (Fig 5.14B) and that seem in 
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the E22V nanotubes, both containing smaller number of lamination repeats. CD 

spectrum again is significantly different from the typical β-sheet, with a positive 

maximum at 220 nm very similar to (TTF)3 control peptides (Fig 5.14C). 

 

Taken together, these data suggests that cross-β structures in TTFoxTTFTTF fibers are 

slightly disrupted, but largely reflect similar β-sheet secondary structure with native 

(TTF)3 peptide even though they differ greatly in overall morphology. 
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Fig 5.14 Conformation characterization of linear trimer fibers using FT-IR, XRD and CD. (A) 

FT-IR shows Amide I transition at 1645 cm-1 (B) XRD gives sharp 4.7 Å peak correspondent 

to hydrogen bonding, and weak, broad 10 Å peak correspondent to lamination distance. (C) CD 

gives positive maximums at 195 nm and 220 nm and negative maximum at 202 nm 
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5.2.4 Kinetics of TTF-CHO + (TTF)2 DCN 

The self-templated replication in the TTF-CHO + (TTF)2 network contains both 

chemical transition (reversible covalent bond formation) and physical transition 

(template-directed conformational propagation). Combining experimental data and 

mathematical modeling, we investigated the kinetics of templated replication in this 

network. The maturation of the TTF-CHO + (TTF)2 network was followed by HPLC, 

and each network member was quantified by integration on the chromatogram 

components at 258 nm. 

 

The kinetic model includes both the chemical reactions and the physical transitions. As 

shown in Scheme 5.1, the chemical process includes reversible N,O-acetal 

condensation between TTF-CHO and (TTF)2 peptide, as well as cyclization of TTF-

CHO to form cyclic dimers. The rate constants k1, k2, k3 and k4 each represent the 

forward and back reaction rate constants, together with an extra templated reaction at 

the fiber ends with rate constant kt to account for the templated self-replication 

process[10].  

 

The physical transition describes TTFoxTTFTTF templated assembly into fibers, as 

shown in Scheme 5.2. The linear trimer species TTFoxTTFTTF self-assembly is 

modeled with published approach[11], and contains three physical transition events: kn 

is the rate constant for nucleation, describes the formation of a stable propagating 

nucleus; ke is the rate constant for filament elongation, representing fiber growth; and 
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kb is the filament breakage rate constant, the process generating new template surfaces 

for propagation. 

 

 

Scheme 5.1 The chemical transition in kinetics modeling, where k1 and k2 as rate constants for 

formation and hydrolysis of cyclic dimer, k3 and k4 as rate constants for formation and 

hydrolysis of TTFoxTTFTTF linear trimer, and kt as rate constant for template-directed 

TTFoxTTFTTF formation. 

 

 

Scheme 5.2 Physical transition in kinetics modeling. kn captures the nucleation process, ke 

represents the fiber elongation, and kb represents the breakage of fibers. 
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Parameter optimization was carried out with the fmincon function in MATLAB 2012a 

(The Mathworks, Inc) by minimizing the sum of square error (SSE) between the 

calculated and experimental values[12]. The best fit and the corresponding parameter 

values are summarized in Figure 5.15 and Table 5.2, respectively. Given 8 parameters, 

this model nicely captures the kinetics and describes the interactions between species. 

As shown in the Fig 5.15, the DCN reaches equilibrium after 250 hours, consistent with 

all reactions being reversible, as specified in our design. This model also captures the 

participation of the templating reaction as reflected in kt. Removal of this templating 

rate from the model results in poor data fitting. At equilibrium, the remaining TTF-

CHO and (TTF)2 suggests that the assemblies are less stable under this condition and 

stay equilibrium with other species. This differs from Otto’s system[1] and N,N-acetal 

linked peptide DCNs from our group[2], in which self-assemblies eventually dominated 

and consumed the rest of species. 
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Fig 5.15. Experimental kinetics data and mathematical fitting of the TTF-CHO + (TTF)2 

peptide network. 

 

Table 5.2 Rate and equilibrium constants from best fit to TTF-CHO + (TTF)2 network 

parameter Value 

k1 (mM-1sec-1) 6.77 × 10-7 

k2 (sec-1) 5.71 × 10-10 

k3 (mM-1sec-1) 7.63 × 10-6 

k4 (sec-1) 6.08 × 10-4 

kt (mM-1sec-1) 2.82 × 10-6 

kn (mM-1sec-1) 4.67 × 10-4 

ke (mM-1sec-1) 1.70 × 10-8 

kb (sec-1) 2.54 × 10-6 
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5.2.5 External Template Guides DCN to New Self-Assembly Structure 

The DCN we explored above exhibits template-directed conformational replication, 

and selects for a propagating species that assembles into fibers with parallel cross-β 

structure. Peptide assembly structures other than fibers can serve as external template 

and provide different surfaces for conformational replication. Here we explored the 

template diversity, and plasticity of self-assembly species in terms of adopting different 

conformation by external templating effect. 

 

(TTF)3 peptide nanotube was chosen as logical next choice for external template, due 

to its identical sequence with self-assembly species in the DCN but one mutation site 

on backbone. In order to provide more templating surface to exert sufficient impact on 

the behavior of DCN, (TTF)3 nanotubes were treated in bath sonicator for 1 hour to 

generate fragmented nanotube seeds as template, as shown in Fig 5.18. These nanotube 

seeds were added as templates into the TTF-CHO + (TTF)2 network in the ratio of 

template : TTF-CHO : (TTF)2 peptide = 0.4 : 2 : 2 mM. The templated network was 

incubated in 40% acetonitrile in water at pH = 8 and 4oC. The templated network was 

monitored by HPLC over the course of 2 weeks and as shown in Fig 5.16, after 3 days, 

the linear trimer species TTFoxTTFTTF (retention time overlap with (TTF)3 peptide) 

and cyclic dimer emerged. The time-dependence of DCN species distribution is plotted 

in Fig 5.17, but unfortunately the network is viscous and difficult to sample as a 

homogenous solution. Nevertheless, the distribution of species upon equilibrium is not 

significantly different from the DCN without the (TTF)3 templates. 
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Fig 5.16 HPLC chromatogram of templated TTF-CHO + (TTF)2 network shows emergence of . 

TTFoxTTFTTF and cyclic dimer, similar to self-templated network. (A) shows 3 peaks 

correspondent to 3 initial component in DCN: TTF-CHO monomer, (TTF)2 peptide and (TTF)3 

peptide. (B) At day 3, both cyclic dimer and linear trimer emerged within network. The linear 

trimer TTFoxTTFTTF has similar retention time with (TTF)3 peptide, and two peaks overlaps 

on chromatogram. 

 

 



161 
 

 

Fig 5.17 Kinetics of (TTF)3 templated TTF-CHO + (TTF)2 network shows network equilibrium 

is not significantly different from self-templated network. Due to the sampling difficulty 

associated with viscosity of the network, the kinetic data is less informative. 

 

With the external template (TTF)3, new assembly structure was formed. As shown in 

Fig 5.18, particles emerged after 24h, similar to non-templated network, but instead of 

transition into fibers, ribbons and nanotubes were observed. These particles and 

nanotubes co-existed for a period of time, but after 10 days, only long nanotubes similar 

to (TTF)3 peptides nanotubes were observed. 
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Fig 5.18 TEM images of (TTF)3 nanotube templated DCN suggests new assembly structure 

formation. Templates were generated by sonicating (TTF)3 nanotubes into fragments. After 

addition of templates into DCN, particles were detected after 24 h. Elongation of nanotubes 

was concomitant with gradual disappearance of particles, no fibers can be observed. After 10 

d, only long nanotubes can be detected. 
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The assemblies were enriched by sedimentation at 16,000 × g for 30 min and 

resuspended with 40% acetonitrile in water for HPLC analysis (Fig 5.19). The peak 

corresponding to self-assembly species contains both (TTF)3 template peptide and 

TTFoxTTFTTF. The co-existence of (TTF)3 and TTFoxTTFTTF peptides within 

assembly is further supported by mass spectrometry, shown in Fig 5.20 and Table 5.3, 

but do not resolve how the two structures are mixed in the nanotubes. 

 

 

Fig 5.19 HPLC identification of self-assembly species in templated DCN suggests co-assembly 

of (TTF)3 peptide and TTFoxTTFTTF. (A) HPLC chromatogram of full network at 14d, (B) 

HPLC chromatogram of reinjection of self-assembly species. HPLC trace shows overlap of two 

peaks (zoom-in), correspondent to TTFoxTTFTTF and (TTF)3. (C) HPLC chromatogram of 

supernatant after sedimentation shows attenuation of linear trimer and (TTF)3. 
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Fig 5.20 ESI high resolution mass spectrometry of enriched self-assembly species supports 

co-existence of (TTF)3 peptide and TTFoxTTFTTF in assembly. TTFoxTTFTTF: 1049.5330 

(M+H+), (TTF)3: 1166.6481 (M+Et3N+H+) 

 

Table 5.3 Mass Spectrometry identification of assembly species in tube-templated DCN 

species m/z found m/z calculated 

TTFoxTTFTTF 1049.5330 1049.5308 (M+H+: C51H73N10O14) 

(TTF)3 peptide 1166.6481 1166.6461 (M+Et3N+H+: C57H88N11O15) 

 

5.2.6 Structural Characterization of Nanotubes in External Templated DCN. 

As shown in Fig 5.21, the amide I band in the FT-IR spectrum occurs at 1621 cm-1, and 

a 1692cm-1 overtone assigned as anti-parallel alignment is also present(Fig 5.21A). X-

ray powder diffraction provides evidence for the cross-β peptide alignment with d-

spacing of 4.7 Å as well as the lamination distance at 10.1 Å (Fig 5.21B). The 10.1 Å 
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reflection is sharper and stronger compared to TTFoxTTFTTF fibers, consistent with 

more repeating laminates in nanotubes rather than in fibers. Circular Dichroism 

contains a complex pattern, with a negative ellipticity maximum at 203 nm, a positive 

maximum at 221 nm, and another negative maximum at 229 nm (Fig 5.21C), which 

may reflect mixed assemblies that differ from either pure assembly. 
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Fig 5.21 FT-IR, XRD and CD characterization of nanotubes in templated DCN suggests anti-

parallel cross-β assembly. (A) FT-IR shows 1621 cm-1 amide I transition and 1692cm-1 overtone, 

suggesting anti-parallel β-sheet. (B) XRD pattern gives d-spacing of 4.7 Å for hydrogen-

bonding distance and stronger 10.1 Å for lamination distance. (C) Circular Dichroism shows 

complicated spectrum likely due to mixed assembly, with negative maxima at 203 nm and 229 

nm and positive maximum at 221 nm. 

 

The data presented above demonstrates that in the presence of external template, linear 

trimer TTFoxTTFTTF is capable of being incorporated on the template surface and 

assemble into new structure as anti-parallel nanotubes, instead of separately grow as 

parallel fibers. This result suggests the diversity of network can be further enriched by 

introducing different templates. 

 

5.3 Conclusion 

In this chapter, we described a minimal dynamic self-replication peptide network and 

its response to templating by a pre-assembled peptide nanotubes. This TTF-CHO + 

(TTF)2 peptide network is able to self-template for the selection of TTFoxTTFTTF 

fibers through phase transition (Fig 5.12), different from the all peptide (TTF)3 control 

which assembles into nanotubes. Combined experimental analysis and mathematical 

modeling show that the kinetics of both chemical and physical transformation are 

involved in this self-templated DCN. All chemical reactions are reversible, an inherent 

property of dynamic chemical networks, and templated reaction is involved in directing 

formation of self-assemblies. The physical phase transition contains three events: 

nucleation, elongation and breakage of self-assembly fibers. 
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In the presence of (TTF)3 nanotubes as an external template, the N,O-acetal linkage 

appears to be incorporated into self-assembly and adopt to morphology. The new self-

assembly structure becomes nanotubes, with anti-parallel cross-β structure (Fig 5.22) 

instead of parallel fibers. 

 

Fig 5.22 Self-templated and external templated replication in peptide DCN. Through dynamic 

covalent linkages, DCNs generate species diversity. Among all network members, 

TTFoxTTFTTF undergoes through phase transitions from solution to particles. With of self-

templating (top) or external templating (bottom) effect, particles further transit into cross-β 

fibers or nanotubes. 

 

5.4 Experimental 

5.4.1 General Methods 

Peptide Synthesis. Peptides H-TTFTTF-NH2 and H-TTFTTFTTF-NH2 were 

synthesized on a Liberty CEM Microwave Automated Peptide Synthesizer utilizing 

Fmoc-Rink Amide MBHA Resins purchased from AnaSpec. All Fmoc protected amino 

acids were purchased from Anaspec, and other chemicals from Sigma-Aldrich or Fisher 
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Scientific. Each peptide synthesis was performed at 0.1 mmol using a 45 mL reaction 

vessel at a scale of 0.1mmol. Fmoc-Rink Amide MBHA Resin was initially swollen 

using ~7 ml dimethylformamide (DMF) for 15 minutes. Fmoc deprotection was 

achieved by addition of 20% piperdine 0.1M N-Hydroxybenzotriazole (HOBt) in DMF 

with microwave power set to maintain temperature between 45-55°C for 180 sec, 

followed by 3X flushing with DMF. Each coupling step is performed using 0.1 M Fmoc 

protected amino acid, and activated with 0.1 M 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluoro-phosphate (HBTU) and 0.2 M N,N- 

Diisopropylethylamine (DIEA) in DMF. Coupling temperatures are maintained 

between 75-82 °C by optimizing microwave power for 300 sec. After coupling, the 

resin is rinsed with three aliquots of DMF. Peptides are cleaved from the resin using 

trifluoroacetic acid/thioanisole/1,2- ethanedithiol/anisole (90: 5 : 3 : 2, v/v/v/v) at room 

temperature for 3 hrs. The cleaved peptide- TFA solution is filtered, and precipitated by 

dropwise addition of cold (-20°C) diethyl ether. Precipitated product is centrifuged at 

3000 rpm for 15 min, and the pellet is subjected to 3 additional rounds of washing with 

cold diethyl ether, followed by desiccating overnight. Dried peptides are dissolved in 

minimal volume of 40% acetonitrile / 60% water and purified by RP-HPLC (Water 

Delta 600) using a C18-reverse phase column with an acetonitrile-water (0.1% TFA) 

gradient. The molecular weight of each peptide is verified by mass spectrometry. 

 

Transmission Electron Microscopy. All TEM are performed by using a Hitachi H-7500 

transmission electron microscope to image the samples at 75kV. A TEM copper grid 
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with a 200 mesh carbon support (Electron Microscopy Sciences) was covered with 10 

μL of DCN for 1 min before wicking the excess solution with filter paper. 10 μL of 2% 

uranyl acetate was added and incubated for 2 min, excess solution was wicked away, 

and the grids were placed in desiccators to dry under vacuum overnight.  

 

Peptide Assembly. Peptide powders were dissolved in 40% acetonitrile/water, adjusted 

to pH 7 or 8 with Et3N using a Fisher Scientific Accumet Basic AB15 pH meter. 

Incubate at 4°C for 2-4 weeks till sample maturation. 

 

Attenuated Total Reflectance Fourier Transform Infrared (FT-IR). FT-IR spectra were 

acquired using a Jasco FT-IR 4100 at room temperature and averaging 500 to 1000 

scans with 2 cm-1 resolution, using an MCT detector with a 5 mm aperture and a 

scanning speed of 4 mm/sec. Aliquots (10μL) of DCN or peptide solution were dried 

as thin films on a Pike Galdi ATR diamond crystal. 

 

X-ray powder diffraction (XRD). The samples were lyophilized to yield dry powder. 

The spectra were obtained by loading the powder into a 0.2 mm mylar capillary and the 

diffraction patterns acquired on a Bruker APEX-II diffractometer with graphite 

monochromated Cu radiation K-alpha radiation, λ=1.54184 Å, 40 kV and 35 mA, with 

a 0.5 pinhole collimator. Exposure times were typically 300s per frame. The data 

integration software XRD2DSCAN was used to convert the two dimensional data into 

a theta-2theta scan. 



171 
 

 

Atomic Force Microscopy (AFM). 20 µL of assembled peptide solutions were diluted 

to desired concentrations and placed on a silicon chip (4’’ diameter diced silicon wafer 

(TedPella, Inc, Redding, CA, USA) previously cleaned by sonication in methanol for 

20 min, for one minute at room temperature. Excess solution was removed with filter 

paper and the chip was rinsed with distilled H2O. Tapping mode analysis on a JEOL 

JSPM- 4210 scanning probe microscope employed ultra-sharp non-contact silicon 

cantilevers (MikroMasch, Wilsonville, OR, USA) with typical frequencies between 240 

and 350 kHz. Images were collected on dry samples 

 

Negatively-charged gold nanoparticles were synthesized[13] by addition of freshly 

prepared 3 mM sodium citrate solution (500 µL) to 0.3 mM aqueous solution of HAuCl4 

(4.4 mL), and stirred for ~10 min. Freshly prepared, ice-cold, 0.3 M NaBH4 (60 µL) 

was added while stirring. The solution immediately turned pink, indicating the 

formation of gold nanoparticles. The concentration ratio of [Au]/[capping 

agent]/[NaBH4] was 1:1:12. The spherical-shaped nanoparticles of dimensions 4±1 nm 

showed a localized surface plasmon resonance (SPR) transition at 505 nm, as measured 

with a Jasco V- 530 UV spectrophotometer, and were further characterized by TEM. 

Positively-charge gold 10 nm cationic gold nanoparticles (Cytodiagnostics, Burlington, 

Ontario, Canada) were surface functionalized with (11-Mercaptoundecyl)-N,N,N-

trimethylammonium bromide. For gold binding studies, 200 µL of preformed gold 

colloid (0.3 mM) was mixed with 5 µL mature peptide nanotubes (1.3 mM) to a final 
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9.2:1 ratio of gold to peptide. The mixture was incubated at room temperature for 3 hrs, 

until a purple red precipitate gradually formed. After centrifugation, the collected pellet 

was resuspended in the assembly solution. Then 10 µL of sample was applied to TEM 

grid for 2 min, and excess solvent was removed with filter paper. The sample grid was 

stored in vacuum desiccator overnight before imaging. 

 

5.4.2 Dynamic Chemical Networks 

TTF-CHO was generated in situ by deprotecting TTF-acetal with 4% HCl in H2O then 

dried in vacuuo at 20oC. TTF-CHO then was re-dissolved with (TTF)2 peptide into 2 

mM : 2 mM solution in 40% acetonitrile in H2O. The pH of solution was adjusted by 

titrating aliquots of 5% Et3N in H2O using a Fisher Scientific Accumet Basic AB15 pH 

meter. The solution was incubated in 4oC to generate DCN. For template seeding 

experiment, (TTF)3 nanotube seeds was generated by sonicating (TTF)3 nanotubes for 

1hr then added into TTF-CHO + (TTF)2 solution after pH adjustment. Solution pH was 

re-measured and readjusted if necessary. All other conditions are the same. 

 

Kinetics study of DCN was performed by taking out small fraction of DCN solution for 

HPLC analysis over 2-4 weeks. All HPLC was performed on a Waters Delta 600 HPLC 

equipped with a photodiode array UV/Vis detector and a reverse-phase HPLC column 

(Kromasil 100-5C18, 4.6 x 250 mm). HPLC solvent gradient: acetonitrile: 10 mM 

TEAA in H2O: 0-90 min: 10% to 100%, 90-100 min: 100%, 100-101 min: 100% to 

10%, 101-110 min: 10%. UV absorbance at 258 nm was recorded and integrated for 
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kinetics analysis, assuming absorption coefficient for phenylalanine is additive for all 

species. Species identification was conducted by ESI mass spectrometry at Emory 

University Mass Spectrometry Center. 
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Chapter Six 

Summary and Outlook 

 

6.1 Summary 

Biological information transfer, either DNA sequence replication defined by the Central 

Dogma, or the prion infectious conformational replication, is relied on a template-

directed replication mechanism. The templated replication is the molecular foundation 

for biology to reproduce, mutate and evolve. The significance of templated-replication 

in biological evolution, polymer chemistry and pathology attracts researchers from 

diverse backgrounds to understand the process and re-invent templated-replication in a 

simpler, non-enzymatic fashion. However, low fidelity and lack of effective ligation 

methods impede the efficient non-enzymatic replication to take place. The booming 

field of dynamic chemical networks (DCNs) provides a unique opportunity for us to 

address such problems and create fully dynamic replication systems responsive to 

different environments and templates. By taking advantage reversible N,O-acetal 

linkages, we re-invented both DNA templated sequence information transfer and 

peptide self-templated conformational replication through dynamic chemical networks. 

 

We investigated dynamic feature of N,O-acetal linkages on both nucleoside and peptide 

backbones. As discussed in Chapter 2, environmental factors (pH, temperature, solvent) 

affect the dynamics of N,O-acetal condensation and hydrolysis. We also studied stereo-
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chemistry of N,O-acetal on both nucleoside and peptide backbones using spectroscopic 

analysis. 

 

With insight into the dynamic properties of the N,O-acetal bond, fully functionalized 

networks were constructed for selection of templated replication behaviors. In Chapter 

3, we extended the DNA template chemistry to rANP networks. Two uridine-derived 

monomers were synthesized, one with 3’-aldehyde and 5’-amine (rU1), the other with 

3’-amine and 5’-aldehyde (rU2), as building blocks of the networks. DNA templates 

selected for DNA/ANP duplex structure within the networks and the resulting products 

showed high thermal stability. Initial evidence suggested that duplex formation is 

driven by Watson-Crick base-pairing, with non-complementary poly(dT) template 

unable to drive formation of duplexes. 

 

Chapter 4 explored DCNs based on functionalized tripeptide TTF-CHO. In this network, 

cyclic dimer is selected as major network species. With 2D-NMR and simulations, the 

stereochemistry of the two new N,O-acetals are assigned as (trans, trans). In 40% and 

20% acetonitrile, no self-assembly occurs, however, in 5% acetonitrile, this cyclic 

dimer assembles into fibers with initial evidence suggesting to be β-sheet. 

 

In Chapter 5, we achieved templated conformational replication of TTFoxTTFTTF in 

peptide DCNs. The linear trimer assembles into fibers, different from nanotube-like 

structures formed by control (TTF)3 peptide. Structural analyses suggest cross-β 
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structure in fibers is slightly perturbed with the introduction of N,O-acetal. Kinetics 

study highlights reversibility of all chemical process, and involvement of templated 

ligation. This network is responsive towards external template effect, with (TTF)3 

template selecting for same self-assembly species but different morphology, 

establishing analog conformational replication. 

 

Both rANP network and peptide network are capable of producing informational 

polymers in response to templates. The templated replication combines chemical and 

physical transitions to achieve emergence of high order supramolecular structures. With 

the remarkable power to select for sequence specificity and high order structure, it sets 

the stage for further exploration of emergent properties and evolvable systems. 

 

6.2 Outlook 

6.2.1 One Common Linkage for Two Biopolymers 

In biology, the two informational biopolymers, nucleic acids and proteins, are two 

separated biopolymers with different linkages, but form a highly synergic network 

through cooperative functions and co-assemblies. For example, the ribosome itself is a 

multi-component supramolecular assembly containing RNA subunits and ribosomal 

proteins[1], and functions as a digital-to-analog converter to transfer information from 

nucleic acids to proteins. In prion infectious propagation, cross-β assembly surface can 

recruit nucleic acids binding, and the binding in return stimulate and facilitate prion 

growth[2]. 
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In this thesis, using reversible N,O-acetal linkages as the common linkage to construct 

both nucleic acid and peptide dynamic chemical networks, we significantly simplify 

current biology. This common linkage in two informational biopolymers allows for 

minimal form of nucleic acid/amino acid symbiosis. Incubating both ANPs and peptide-

aldehydes in one network enables interaction between two building blocks based on 

common N,O-acetal linkages along with non-covalent interactions, and potentially 

selecting for collaboration, co-assembly or chimeric structures, leading to minimal form 

biopolymer co-evolution. 

 

6.2.2 Enriching Inventory Complexity of DCN Building Blocks 

Templated duplex formation between homopolymer (dA)16 and uridine derived rANP 

monomers, and peptide replication based on N,O-acetal linked (TTF)n sequences are 

minimal systems able to illustrate the essentials of templated replication in dynamic 

chemical networks. To further diversify the inventory and extend these networks, other 

building blocks can now be introduced into the networks. 

 

To enrich the inventory of ANP networks, monomers with different nucleobases can be 

synthesized. More general methods for synthesis of ANP monomers bearing different 

nucleobases can be developed starting from sugars or other backbone molecules. 

Reported synthetic routes can be readily modified for the synthesis of ANP monomers, 

such as the synthesis of 3’-amino-5’-carboxymethyl nucleosides from D-glucose[3] 
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along with other methods[4]. Synthesis of nucleic acid analogs capable of forming other 

types of dynamic linkages are known[5], and with these general methods for synthesis, 

non-canonical nucleobases can be incorporated to further enrich the pool of DCN 

building blocks. 

 

The sequence and backbone diversity of peptide networks can also be extended. For 

peptide replication in DCNs, 20 amino acids along with many non-natural amino acids, 

allows for exploration of a broad range of sequence diversity. In addition, as discussed 

in Chapter 2, diverse amino acid residues also provide broad chemical space for 

dynamic linkages. Using more than one building blocks to construct peptide DCNs 

enables generating peptide sequences with multiple different dynamic linkages, further 

increasing the diversity level of the networks. 

 

6.2.3 Selection of Functions in Dynamic Chemical Networks 

Template-directed replication in DCNs allows for selection of oligomers with high 

order structures such as duplexes or cross-β assemblies. Theses structures potentially 

dictate functions, such as catalytic activity, as emergent property in evolvable systems. 

 

Catalytic nucleic acids are regarded as first functional biopolymers in prebiotic 

evolution, supported by catalytic activities reported in natural[6] and modified[7] nucleic 

acids. Our lab found out that functionalized ANP linkages is catalytic and can function 

as artificial DNA ligases[8]. Compared to natural nucleic acids, amine or acetal linkages 
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can be easily functionalized to achieve more versatile catalytic activity. Therefore, 

selection for ANPs with catalytic activity (ANPzymes) is critical step for ANP networks 

to achieve functional diversity beyond structural diversity, leading to emergent 

functions in such networks. 

 

Similarly, in peptide networks, cross-β assembly structures exhibit potential for diverse 

catalytic activity that generate complexity and feedback in the networks. Cross-β 

assembly provides binding grooves for small molecules[9], and upon binding, catalysis 

can be achieved[10]. Introducing dynamic linkages into peptide self-assembly structure 

allows for structure diversity, as we have shown in Chapter 5, which potentially leads 

to on-and-off catalytic activity and feedbacks upon catalysis, as different structures lead 

to difference in catalytic activity. 
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