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Chapter 1                                                     

Background and Overview 

 

1. 1 Introduction 

 

Recently, drug discovery research on intracellular protein-protein interactions (PPIs) has been expected to be one 

of the next generation of breakthrough drugs. In this thesis, I report on the development of a technology to search 

for drug-like peptides for the development of drugs targeting intracellular PPIs. Small molecular drugs, which have 

been the mainstream until now, can reach into cells, but the protein interface that forms PPIs has a wide and 

shallow structure and cannot exert sufficient binding force. In addition, biologics have binding power to PPIs due to 

their large molecular weight, but they cannot cross the cell membrane. In contrast, cyclic peptides are expected to 

have both cell membrane permeability and affinity for therapeutic target protein surfaces. However, cyclic peptides 

have been shown to be permeable to cell membranes in only a few cases, such as cyclosporin A (CSA). So far, there 

is no universal method for peptides to be permeable to cell membranes. In addition, there is a need for a potent 

peptide library with high cell membrane permeability that are useful for intracellular PPIs as drug discovery target. 

In recent years, cyclic peptides with a ring structure in the main chain has been reported as a new method for 

improvement of the peptide permeability to cell membrane due to intramolecular hydrogen bonds offsetting the 

polarity of amide bonds. Originally, cyclic peptides were known to be characterized by metabolic stability and high 

target binding, and have been shown to be a modality with high potential for pharmaceuticals. Cyclic peptides have 

been shown to have metabolic stability and high affinity for drug discovery targets, and are becoming a modality 

with high pharmaceutical potential. 

Therefore, I set a goal to search for new peptide cyclization reactions that generate a ring structure in the main 

chain of cyclic peptides, and to develop technologies that can construct cell membrane-permeable peptide libraries. 

I expect that the solution of this research problem will contribute to the proposal of universal peptide molecular 

design with cell membrane permeability and the development of peptide libraries targeting intracellular PPIs. 

The new cyclization reaction, which is the key to this project, must proceed in water due to be applied to peptide 

display methods such as mRNA display. Therefore, it is desirable that the process proceeds spontaneously without 

catalyst, without amino acid sequence dependence, and in high yield. 

In this thesis, I found that the new peptide cyclization reaction with thiazoline ring in the peptide main chain, 

which was inspired by Luciferin biosynthesis, proceeded spontaneously in water. In addition, to demonstrate the 

usefulness of peptides as peptide drugs, I examined the model cell membrane permeability of cyclic peptides 

having a thiazoline ring. Furthermore, I report the utilization of the peptide cyclization reaction with thiazoline ring 

in cell-free translation for future application to mRNA/cDNA display, a method for obtaining peptides that can bind 

to drug targets. 

  



2 
 

1. 2 Status of peptide drugs 

 

Until now, drug discovery has focused on two modalities: small molecules (molecular weight ~500) and 

biologics such as antibody drugs (molecular weight > 5000) (Fig. 1-1).  Small molecules could act on intracellular 

disease-causing targets due to their high cell membrane permeability, and they could be administered orally, which 

has advantages in terms of dosing convenience, but they have low selectivity for binding to targets, and their dosing 

may be limited due to side effects. 

Biologics have the advantage of a large molecular structure that allows them to develop specific binding 

properties and therefore have low side effects. They also have high affinity to extracellular targets and are expected 

to have long-lasting drug effects. 

 However, the usage of biologics would be restricted due to their inability to bind to intracellular targets. More 

than 50 peptide drugs, a type of biologics, have been approved so far, including Copaxone, Victosa, Sandstatin, 

Cubicin, and Lupron. Peptide drugs, including insulin and the analogues, have annual sales of about $50 billion in 

2015 and account for about 5 % of total pharmaceutical sales1). Conventional peptide drugs are mostly of the type 

that act on extracellular targets, and have modified structures of some of the endogenous peptides. 

Peptide drugs are considered to be a modality that could be possessed both the membrane permeability of small 

molecules and with target-specific affinity of biologics because their molecular weight is in the middle range 

between small molecules and biologics. In addition, unlike biologics, it is relatively easy to modify peptides with 

functional molecules to improve their pharmacological activity or adjust their stability in blood. Furthermore, it 

could be synthesized at a lower cost than biologics. Based on these backgrounds, peptide drugs have recently been 

the focus of much research as a next-generation pharmaceutical modality. However, a number of peptides have 

problems such as low cell membrane permeability and linear peptides are easily degraded by metabolic enzymes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-1  Status of peptide drugs. 
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1.3 Peptide drug discovery targeting PPIs 

 

Protein-protein interaction (PPI) plays an extremely important role in biological activities such as enzyme activity, 

signal transduction, and protein homeostasis, and is involved in the origin and progression of diseases. Based on the 

results of the human genome analysis completed in 2003, the total number of PPIs present in the body is estimated 

to be more than 300,000 patterns2). The relationship between the proteins involved in PPI and the disease is 

summarized in Table 1-13-29). 

The contact surface area between proteins involved in PPI is large, ranging from 1500 to 3000 Å2, and the shape 

of the PPI contact interface is generally flat or looped. On the other hand, proteins that can be involved in small 

molecules are grooved or pocketed with a contact surface area of 300-1000 Å2. In addition, most PPIs are found in 

the cytoplasm and nucleus of cells, which cannot be reached by biologics due to large molecular structures. 

 Since peptides are considered to be a modality that can combine intracellular migration and target-specific 

affinity, they are expected to be a promising drug discovery modality for intracellular PPI targets30), and peptide 

drug discovery is underway for anticancer agents, angiogenesis inhibitors, and infectious diseases31). If peptide drug 

discovery technology that regulates intracellular PPI can be established, it is expected to provide an excellent 

treatment for many diseases for which there has been no effective treatment or current treatments are not effective. 
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Table 1-1  Types of PPIs and corresponding diseases. 

 

Proteins involved in PPI Related disease Ref. Shape of PPI 3)  

MDM-2/p53 AML, CML, sarcoma and Solid tumors 3 Helix with a 

discontinuous 

epitope binding into 

a groove 

Bcl-XL/BAD(BAK)  Bcl-ABL leukemia 4 

ZipA/FtsZ   Bacterial infection 5 

S100B/p53  malignant melanoma 6 

-catenin/TCF3 (TCF4) Colon cancer 7 

Mcl-1/BH3 AML, Multiple myeloma 8 

SUR2/ESX   HER2-overexpressing cancers 9 

XIAP/SMAC AML, lymphoma and solid tumors 3 Continuous epitope 

on ‑sheet or 

‑strand and loops 

binding into 

surface with pockets 

HIV integrase/LEDGF  HIV 10 

Integrins IBD, ulcerative colitis and Crohn’s disease 11 

RAD51/BRCA2    Ovarian, Brest cancer 12 

PDZ domains ischemic brain damage 13 

NRP1/VEGFA Skin cancer, endothelial cell migration 14 

Menin/MLL  Hepatocellular carcinoma 15 

YAP/TEAD mesothelioma 16 

KEAP1/NRF2 Neurodegenerative Diseases 17 Binding into pocket 

in  ‑propeller WDR5/MLL AML 18 

Bromodomains lung inflammation and asthma 19 Peptide with an 

anchor residue owing 

to post-translational 

modification binding 

into a pocket 

PDEδ/KRAS pancreatic cancer 20 

SH2 domains X-linked lymphoproliferative disease 

Breast cancer 

21 

PLK1 PBD/peptide AML, urothelial cancer 22 

VHL/HIF1α Colon cancer 23 

IL‑2/IL‑2R Renal cancer, Cancer immunotherapy 24 Two proteins both 

presenting 

discontinuous 

epitopes 

TNF/TNFR Rheumatoid arthritis,  

IBD (inflammatory bowel disease)  

25 

E2/E1 Viral infection 26 

MYC/MAX tumor 27 A pair of helices with 

an elongated binding 

interaction 

NEMO/IKK Rheumatoid arthritis,  

IBD (inflammatory bowel disease) 

28 

Annexin II/P11 (S100A10) Multiple myeloma, cancer metathesis 29 

*Bold indicates intracellular PPI. 
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1. 4 Reactions for peptide cyclization 

 

Many peptides have poor metabolic stability and bioavailability, making them unsuitable for pharmaceutical use. 

On the other hand, among peptides, cyclic peptides are highly resistant to exo- and endo-peptidases32), and most of 

the approved peptide drugs are cyclic peptides33). In addition, cyclic peptides are thought to have less entropy loss 

when binding to disease-causing targets because these molecules are constrained, and thus their target-binding 

ability is enhanced more readily than that of linear peptides34). In addition, dissociation after the peptide binds to a 

target is slowed down, and the drug effect may be sustained for a long time35). These characteristics are very useful 

for pharmaceuticals, and the drug discovery of cyclic peptides is expected to remain highly promising. 

Many reviews have been reported on peptide cyclization methods36). There are two types of cyclic peptides: 

head-to-tail cyclic peptides in which the N-terminal amino group is linked to the C-terminal carboxyl group by an 

amide bond, and side chain to side chain cyclic peptides in which the functional groups of the amino acid side 

chains are used to link the peptides by their characteristic chemical reactions. Table 1-2 shows the different types of 

cyclization reactions37-47). 

 

Table 1-2  Example of cyclization reaction. 

 

Type Reaction Ref 

Head to tail 

(amide formation) 

Native chemical ligation 

 

37 

Aminolysis of peptide thioester 

 

 

 

38 

KAHA ligation 

 

39 

Staudinger ligation (Traceless ligation) 40 
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Head to tail 

(amide formation) 

Sanger’ Reagent 

 

 

 

 

41 

2-hydroxy-6-nitrobenzyl (HnB) 

 

42 

Type Reaction Ref 

Side chain to side 

chain 

Disulfide 43 

Ring closing metathesis 

 

44 

Huisgen reaction 45 

Perfluoroaryl-Cysteine SNAr reaction 

 

 

 

 

46 

C-H activation 

 

 

 

 

47 
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1. 5 Membrane permeability of cyclic peptides 

 

 Cyclic peptides are attracting attention as a drug discovery tool targeting intracellular PPIs. However, as 

predicted by Lipinski's 'Rule of 5' 48), a well-known drug discovery index for low molecular weight compounds, the 

concern is that cell membrane permeability worsens as the molecular weight increases. 

Molecular design to control the membrane permeability of cyclic peptides has been developed using  

Cyclosporin A (Fig. 1-2), a membrane permeable cyclic peptide consisting of 11 residues and a product of 

microbial metabolism. A number of studies on flexibility of the peptide molecular structure to adapt to the external 

environment49) (Fig. 1-3), N-methylation50), and shielding of the solvated surface by side chain design51) (Fig. 1-4) 

have contributed to improve membrane permeability.  

These improved cell membrane permeability effects are thought to be due to the increased passive diffusion of 

peptides into the low-polarity cell membrane when the polarity of the amide bonds can be offset by the 

intramolecular hydrogen bonds and the molecular structure surrounding the amide bonds. The improvement of cell 

membrane permeability by these molecular designs is expected to improve intestinal mesenteric absorption as well.  

Cellular evaluation showed that the cyclic peptides obtained by closed-ring metathesis, which is a side chain to side 

chain type cyclization method, can bind to intracellular MDM2/MDMX52). These results indicate that ring-closing 

metathesis-type cyclic peptides are an effective method for increasing cell membrane permeability. Based on these 

findings, ALRN-6924, a closed-ring metathesis cyclic peptide, has been applied to clinical development (Phase IIa) 

as an anti-tumor agent. 

Furthermore, it has been reported that the incorporation of a ring structure into the main chain of cyclic peptides 

promotes the formation of intramolecular hydrogen bonds and enhances the cell membrane permeability of cyclic 

peptides. For example, Sanguinamide A (Fig. 1-5), a naturally occurring cyclic peptide of Mw 721 with a thiazole 

ring in its main chain, has a higher bioavailability (typically less than 2 %) than other peptides of similar molecular 

weight. This is thought to be due to that the hydrophobic ring structure forms two intramolecular hydrogen bonds, 

and shields the polarity of the amide group to suppress the polarity of the peptide molecule surface53). Shuto et al. 

introduced a rigid cyclopropane ring into the peptide main chain and investigated the correlation between the 

control of peptide molecular structure and cell membrane permeability. Solution structure analysis using NMR 

revealed that the cyclopropane ring-incorporated peptide molecules are anchored in a conformation favorable for 

passive diffusion and exhibit high cell membrane permeability54). 

 

 

 

 

 

 

 

 

Fig. 1-2  Structure of Cyclosporin A. 
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Fig. 1-3 Membrane permeation mechanisms of cyclic peptides by environmental conformational changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-4  Control of solvation and adjustment of bioavailability by substituents.51) 
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Fig. 1-5  Structure and pharmacokinetic parameters of Sanguinamide A. 
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1. 6 Peptide screening system 

 

An innovative technology called "in vitro display technology" has been developed for the acquisition of starting 

materials for peptide drug discovery. In vitro display technology includes the generation of peptide libraries and 

selection of starting materials in a short period of time using a protein synthesis system of biological origin. There 

are several types of in vitro display technologies: phage display, mRNA display, cDNA display, and ribosome 

display. 

Phage display is a technique for selecting hit peptides by constructing a library of peptides with different 

sequences on each phage. Random peptide sequences are introduced into the phage, and the host is infected to 

release the peptide-displaying phage. The peptide-displaying phage will be incubated with the drug target, and the 

phage bound to the drug target will be collected. The selected phage is then transfected into the host microorganism 

and amplified to read the peptide sequence. However, phage display has some limitations such as small library size 

(~108 species), bias in translatable peptide sequences depending on the host, and usually cannot produce peptides 

containing non-natural amino acids. 

 Szostak et al. and Fushimi et al. groups developed mRNA display respectively, utilizing a cell-free biochemical 

peptide synthesis system55) at the same time. Since no cells are used, hit peptides can be selected from a huge 

peptide library of ~1013 species. The main steps of mRNA display are shown below56) (Fig. 1-6). 

a) Preparation of mRNA from DNA encoding random peptide sequence. 

b) Conjugation of mRNA with puromycin linker and translation in cell-free translation system. 

c) Puromycin-mediated ligation of the peptide to the mRNA to form a peptide-mRNA complex. 

d) Selection of the complex on immobilized drug target to obtain the complex that can bind to the target. 

e) Reverse transcription of mRNA encoding the selected peptide and amplification of cDNA. 

f) Repeat a) through e) to select for peptides that bind more strongly. 

g) Sequencing of the cDNA to confirm the sequence of the hit peptide. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-6  Process of mRNA display. 
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1.7 Cell-free translation using non-natural amino acids 

 

Cell-free translation system that can introduce a wide variety of non-natural amino acids in addition to the 20 

natural amino acids used for protein synthesis could be applied to mRNA display. The incorporation of non-natural 

amino acids can expand the chemical space of the peptide library and the possibility of obtaining hit peptides for 

various disease targets. 

There are many studies that have reported successful incorporation of non-natural amino acids in cell-free 

translation. Schultz et al. chemically acylated amber suppressor tRNA corresponding to amber stop codon UAG 

with non-natural amino acids, and used them to regioselectively introduce non-natural amino acids into proteins57). 

Chamberlin et al. synthesized non-natural amino acid-containing peptides based on a similar concept at the same 

time58). Foster et al. used a reconstituted cell-free translation system without aminoacyl-tRNA synthetase to 

translate a peptide consisting of two natural amino acids and three non-natural amino acids using multiple sense 

codons59). Suga et al. used an enzymatic RNA catalyst, Flexizyme, for aminoacylation of artificial tRNAs, and 

constructed a peptide synthesis system that efficiently introduces non-natural amino acids in response to sense 

codons vacated by excluding some of the 20 natural amino acids60). Szostak et al. constructed a peptide synthesis 

system simultaneously encoding 10 non-natural amino acids that can be recognized by aminoacyl-tRNA 

sytnthetases61). On the other hand, Hohsaka et al. constructed a system that translates four-base codons into 

non-natural amino acids while natural amino acids are encoded by triplet codons, and synthesized proteins 

containing one or two non-natural amino acids62). Bain et al. succeeded in synthesizing polypeptides containing 

non-natural amino acids by additional codon-anticodon pairs having non-natural nucleobases with different styles 

of hydrogen bonding pairs63). Hirao et al. reported the synthetic nucleobases of pyridine-2-one and 

2-amino-6-(thienyl) purine pair, and they have successfully synthesized proteins using codon-anticodon pairs 

containing these artificial nucleic acids64). 

Roberts et al. reported the first example of mRNA display including non-natural amino acids65). A peptide library 

was constructed by mRNA display from 20 natural amino acids and biocytin, a lysine derivative with biotin on a 

side chain, as a non-natural amino acid. The introduction of the non-natural amino acid was performed at the 

position of UAG in the mRNA (Fig. 1-7). Currently, diverse peptide libraries including non-natural amino acids 

have been constructed by mRNA display and applied to peptide drug discoveries. 
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Fig. 1-7  First example of mRNA display including non-natural amino acids. 
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1-8. mRNA display of cyclic peptide library 

 

 As described in 1-4, cyclic peptides are regarded as a promising modality for peptide drugs because of their 

ability to enhance metabolic stability, membrane permeability, and target affinity. In order to screen for cyclic 

peptide-type hit compounds that can bind to desired drug targets, peptide cyclization reactions have being 

incorporated into mRNA display66). mRNA display of cyclic peptides can be divided into two types based on the 

form of the cyclization reaction: one is cyclization using the introduced non-natural amino acids (Fig. 1-8), and the 

other is cyclization by the addition of polycyclic cross-linkers (Fig. 1-9). 

 As an example of the former, Suga et al. developed cell-free translation in which a non-natural amino acid with 

chloroacetyl group is placed at the N-terminus and undergoes intramolecular nucleophilic substitution reaction with 

the thiol group of Cys in the peptide chain to generate cyclic peptides (Fig. 1-8a)67). Using this cyclization reaction, 

hit peptides against drug targets such as E6AP 68), SIRT2 69), VEGFR2 70) and MATE 71) were obtained. In addition, 

intramolecular peptide cyclization was applied to mRNA display using the native chemical ligation between 

N-terminal Cys and non-natural amino acids carrying thioesters (Fig. 1-8b)72). 

 

 

a) 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

Fig. 1-8  Methods of peptide cyclization by introducing non-natural amino acids into peptides. 
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 As an example of the latter, Szostak et al. synthesized a linear peptide containing two Cys by cell-free translation 

and adapted the system to mRNA display by adding dibromoxylene for peptide cyclization to screen for cyclic 

peptides that have affinity to thrombin73). Roberts et al. prepared a cyclic peptide library by cross-linking the 

N-terminal amino group of a linear peptide generated by cell-free translation with the amino group of the Lys side 

chain in an elongated chain by adding disuccinimidyl glutarate, and obtained a cyclic peptide that binds to Gi174). 

 Although both cyclization methods have been able to obtain hit peptides by mRNA display, in the latter case, 

there are some risks that highly reactive cross-linker reacts with the materials involved in the display method and 

generation of peptide dimerization may affect the screening results. 

 Most of the cyclization methods used for mRNA display are based on the formation of amide bonds or thioethers, 

and there are no reports of cyclization methods that form ring structures on the main chain. For example, cell-free 

translation using the Huisgen reaction to form triazole rings has been reported75), but there are no reports of its 

adaptation to mRNA display. Furthermore, there are no reports on the construction of large cyclic peptide libraries 

with high cell membrane permeability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-9  Methods of peptide cyclization by adding multifunctional crosslinking agents. 
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1.9 Content of this thesis 

 

In this thesis, I described that thiazoline ring-bridged peptide cyclization proceeds in a variety of amino acid 

sequences, and discuss the cyclization reactivity. In addition, I demonstrated that thiazoline ring-bridged cyclic 

peptides have membrane permeability and revealed the factors responsible for the membrane permeability. 

Furthermore, I described the synthesis of thiazoline ring-bridged cyclic peptides with cell-free translation. 

 

 

 In Chapter 2, I described the development of a new peptide cyclization method with a ring structure in the main 

chain of cyclic peptides. The concept of the cyclization reaction is based on the synthetic method of Luciferin, in 

which a Cys residue is placed at the N-terminus and a non-natural amino acid with a cyano group on the side chain 

is placed at the C-terminus, resulting in the spontaneous formation of a thiazoline ring. The control of the 

cyclization reaction rate and the diversity of amino acid sequences of peptides that can be adapted to the cyclization 

reaction were also examined. 

 

 

 In Chapter 3, I described the PAMPA model membrane permeability of thiazoline ring-bridged cyclic peptides. 

The characteristics of thiazoline ring-bridged cyclic peptides were compared with those of thioether- and 

amide-bridged cyclic peptides. In order to analyze the membrane permeability factors, the effect of changing the 

amino acid sequence and hydrophobicity on the membrane permeability and the solution structure were analyzed 

using NMR. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-10  Synthesis and model membrane permeability of thiazoline ring-bridged cyclic peptides. 
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In Chapter 4, I described adaptation of the thiazoline ring-bridged cyclyzation to cell-free translation systems 

based on the fact that the cyclization reaction proceeds in aqueous solution. To confirm that the reaction proceeds in 

a variety of peptide sequences, I examined the effect of the length of the amino acid sequence and the presence of 

Cys in the chain other than the N terminus on the cyclization reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-11  Synthesis of thiazoline-ring bridged cyclic peptides by cell-free translation. 
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Chapter 2                                                         

Reaction Characteristics and Versatility of Thiazoline Ring-Bridged 

Peptide Cyclization 

 

2. 1 Introduction 

 

Peptides have target binding properties and selectivity comparable to that of biopharmaceuticals such as 

antibodies. Peptides are easy to synthesize chemically and versatile enough to be used in drug discovery for a 

variety of target proteins by changing the amino acid residues. Due to their relatively small molecular weight, 

peptides can also permeate cell membranes and bind to intracellular target proteins. While linear peptides generally 

have low metabolic stability and cell membrane permeability, cyclic peptides have high metabolic stability and cell 

membrane permeability. For example, natural cyclic peptides such as cyclosporine A (CSA) and griselimycin, as 

well as some synthetic peptides, are known to penetrate the cell membrane 1). 

As a way to design cell membrane-permeable peptides with intramolecular hydrogen bond formation between 

amide groups constituting cyclic peptides, new cyclization methods of peptides have been studied. For example, 

cyclic peptides composed of 1,3,4-oxadiazole in the main chain have been synthesized from cyclization reactions 

through three-component system of linear peptides, aldehydes, and (N-isocyanimino)triphenylphosphorane. It has 

been reported that this cyclic peptide has higher model membrane permeability than the structurally homologous 

peptide without 1,3,4-oxadiazole structure 2). This is expected to be due to the formation of -turn intramolecular 

hydrogen bonds in the cyclic peptide at the amino group adjacent to oxadiazole and oxadiazole, resulting in a 

reduction of the polar surface area (PSA). Considering these previous works, the development of synthetic methods 

for cyclic peptides with heterocycles in the main chain would be useful because they could provide a variety of 

unique structures for drug discovery against a large number of intracellular target proteins. 

In this chapter, I describe the development of a new synthetic method for cyclic peptides with heterocycles in the 

main chain. D-Luciferin, a substrate of luciferase, is produced by the reaction between 

2-cyano-6-hydroxybenzothiazole (HCBT) and D-Cys 3). Since this reaction proceeds in neutral aqueous condition 

without catalysis, it has been used for chemical modification of N-terminal Cys-containing proteins with functional 

molecules 4) (Fig. 2-1). The resulting linkage formed between thiazoline and (hetero)aryl groups is a drug-like 

structure that can be found in bioactive substances derived from natural products 5) (Fig. 2-2). Recently, the 

utilization of this reaction for intramolecular cyclization of peptides had been reported 6). In this study, I focused on 

the potential of the thiazoline ring-bridged cyclization and examined its substrate versatility and cyclization 

reactivity using chemically synthesized peptides. 
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Fig. 2-1  Example of protein labeling using the Luciferin synthesis reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-2  Examples of bioactive natural products with thiazoline rings. 
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2. 2 Materials and methods 

 

2. 2. 1 Synthesis of Fmoc-protected amino acid 1 (Fig. 2-3) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-3  Synthetic route of Fmoc-protected non-natural amino acid 1 with CBT moiety as a side chain 

 

 

(1) Synthesis of allyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-nitrophenyl)propanoate  

Boc-Phe(p-NO2)-OH (2.0g, 6.45 mmol) was dissolved in 25 mL of N,N-dimethylformamide (DMF). To the 

solution, sodium bicarbonate (2.27g, 27.0 mmol) was added. Then, after dropping allyl bromide (1.19 mL, 13.8 

mmol), the mixture was stirred at room temperature for 20 hours. After the disappearance of the raw material was 

confirmed by LC-MS, distilled water and ethyl acetate were added to the reaction solution, and extraction was 

carried out with ethyl acetate. The organic layer was washed with distilled water and saturated brine and dried with 

magnesium sulfate. The solvent was removed under reduced pressure and used directly in the next step without 

further purification. The products were analyzed for mass (ESI-MS) and retention time (RT) using ACQUITY 

UPLC system (Waters) as described below. MS (ESI m/z): 351.2 [M+H]+. RT (min): 1.63. 

(2) Synthesis of allyl (S)-3-(4-aminophenyl)-2-((tert-butoxycarbonyl)amino)propanoate  

Reduced iron (1.81 g, 32.4 mmol) and ammonium chloride (3.1 g, 58.0 mmol) were dissolved in 40 mL of EtOH 

and 20 mL of distilled water, and the mixture was heated at 80°C for 20 minutes. To the solution, 20 mL of ethanol 

solution of allyl (S)-2-((tert-butoxycarbonyl) amino)-3-(4-nitrophenyl) propanoate (crude) was added and the 

mixture was stirred at 80°C for 3 hours. Insoluble matter was removed by Celite filtration, and the filtrate was 

distilled off under reduced pressure. Distilled water and ethyl acetate were added to the residue obtained, and 

extraction was carried out with ethyl acetate. The organic layer was washed with saturated brine, dried over 

magnesium sulfate, and the solvent was removed under reduced pressure to give 2.15 g of the yellow oily title 

compound. MS (ESI m/z): 321.2 [M+H]+. RT (min): 1.02. 

 

 

 



28 
 

(3) Synthesis of allyl (S)-3-(4-amino-3-bromophenyl)-2-((tert-butoxycarbonyl) amino)propanoate 

Allyl (S)-3-(4-aminophenyl)-2-((tert-butoxycarbonyl)amino)propanoate (2.15 g, 6.71 mmol) was added to 20 mL 

of dichloromethane (CH2Cl2) solution of N-bromosuccinimide (NBS) (1.31 g, 7.36 mmol) on an ice bath, followed 

by stirring for 1 hour at room temperature. The reaction solution was distilled off under reduced pressure and 

purified by column chromatography (silica gel, ethyl acetate/hexane = 0/100 to 20/80) to obtain 1.91 g of the title 

compound in yellow liquid. MS (ESI m/z): 400.1 [M+H]+. RT (min): 1.56. 

(4) Synthesis of allyl (S,E)-3-(3-bromo-4-((4-chloro-5H-1,2,3-dithiazol-5-ylidene) amino) 

phenyl)-2-((tert-butoxycarbonyl) amino) propanoate  

To a solution of allyl (S)-3-(4-amino-3-bromophenyl)-2-((tert -butoxycarbonyl)amino)propanoate (1.91 g, 4.78 

mmol) in 30 mL of CH2Cl2 solution, Appel's salt (1.21 g, 5.80 mmol) was added and stirred for 1.5 hours at room 

temperature. To the solution, pyridine (0.80 mL, 9.95 mmol) was added, and the mixture was further stirred for 1 

hour at room temperature. The solvent was removed under reduced pressure, and the product was purified by 

column chromatography (silica gel, ethyl acetate/hexane = 0/100 to 20/80) to obtain 1.63 g of the brown oily title 

compound. MS (ESI m/z): 535.0 [M+H]+. RT (min): 1.97. 

(5) Synthesis of allyl (S)-2-((tert-butoxycarbonyl)amino)-3-(2-cyanobenzo[d]thiazol-6-yl)propanoate 

CuI (I) (640 mg, 3.36 mmol) was added to the solution of 

allyl(S,E)-3-(3-bromo-4-((4-chloro-5H-1,2,3-dithiazol-5-ylidene)amino)phenyl)-2-((tert-butoxycarbonyl)amino)pro

panoate (3-chloro-5H-1,2,3-dithiazol-5-ylidene)amino)phenyl)-2-((tert-butoxycarbonyl)amino)propanoate (1.63 g, 

3.05 mmol) in 15 mL of pyridine and irradiated with microwaves (InitiatorTM, 110 °C, 30 min, 2.45 GHz, 0-240 W). 

Distilled water and ethyl acetate were added to the reaction solution, and extraction was carried out with ethyl 

acetate. The organic layer was washed with distilled water and saturated brine and dried with magnesium sulfate. 

The solvent was removed under reduced pressure, and the product was purified by column chromatography (silica 

gel, ethyl acetate/hexane = 0/100 to 15/85) to afford 872 mg of the title compound as a yellow solid. MS (ESI m/z): 

388.2 [M+H]+. RT (min): 1.69. 

(6)Synthesis of allyl (S)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-cyanobenzo[d]thiazol-6-yl)propanoate 

Allyl (S)-2-((tert-butoxycarbonyl)amino)-3-(2-cyanobenzo[d]thiazole -6-yl)propanoate (751 mg, 1.94 mmol) in 

25 mL of ethyl acetate was added 25 mL of ethyl acetate solution of hydrochloric acid (4 M) and the mixture was 

stirred at room temperature for 1.5 hours. To the reaction solution, 200 mL of hexane was added, the precipitated 

solid was filtered off, and the resulting solid was washed with hexane. The individual was dissolved in 50 mL of 

DMF and 5.0 ml of N, N-diisopropylethylamine (DIPEA) and Fmoc-OSu (785 mg, 2.33 mmol) were added, and 

the mixture was stirred for 2 hours at room temperature. The reaction solution was distilled off under reduced 

pressure and purified by column chromatography (silica gel, ethyl acetate/hexane = 0/100 to 20/80) to give 335 mg 

of the yellow oily title compound. MS (ESI m/z): 510.2 [M+H]+. RT (min): 1.92. 

(7) Synthesis of (S)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-cyanobenzo[d]thiazol-6-yl)propionic acid 

(Fmoc-protected amino acid 1) 

To a solution of 

(allyl(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-cyanobenzo[d]thiazol-6-yl)propanoate (335 mg, 0.657 

mmol) in 10 mL of THF, N-methylaniline (80 μL, 0.74 mmol) and tetrakistriphenylphosphine palladium (0) 
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(Pd(PPh3)4) (77 mg, 0.0667 mmol) were added and the mixture was stirred at room temperature for 1 hour. Distilled 

water and ethyl acetate were added to the reaction solution, and the organic layer was washed with distilled water, 

hydrochloric acid solution (0.1 M), saturated brine, and dried with magnesium sulfate. The solvent was removed 

under reduced pressure, and the product was purified by column chromatography (silica gel, methanol/ethyl 

acetate/hexane = 0/40/60 to 20/80/0) to give 237 mg of Fmoc-protected amino acid 1 as a yellow solid. MS (ESI 

m/z): 470.2 [M+H]+. RT (min): 1.64. 1H-NMR (MeOD) δ: 8.09 (1H, d, J = 8.6 Hz), 7.98 (1H, s), 7.77 (2H, d, J = 

7.9 Hz), 7.62-7.48 (3H, m), 7.36 (2H, t, J = 10.2 Hz), 7.28-7.17 (2H, m), 4.58-4.48 (1H, m), 4.34-4.17 (2H, m), 

4.08 (1H, t, J = 6.9 Hz) -7.17 (2H, m), 4.58-4.48 (1H, m), 4.34-4.17 (2H, m), 4.08 (1H, t, J = 6.9 Hz), 3.44 (1H, dd, 

J = 13.9, 4.6 Hz), 3.20 -3.08 (1H, m). 

 

 

2. 2. 2 Synthesis of Fmoc-protected amino acids 2, 3, and 5 (Fig. 2-4) 

 

 

 

 

 

 

Fig. 2-4  Synthetic route for Fmoc-protected non-natural amino acids 2, 3, and 5 

 

 

(1) Synthesis of tert-butyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-iodopropanoate (Fmoc-iode Ala) 

Fmoc-Ser-OtBu (30 g, 78.2 mmol) was dissolved in 300 mL of CH2Cl2 solution and triphenylphosphine (PPh3) 

(24.7 g, 94.2 mmol) and iodine (21.8 g, 85.9 mmol) were added. The reaction vessel was then immersed in a water 

bath and imidazole (5.83 g, 85.6 mmol) was slowly added, followed by stirring for 2 hours. After filtration of the 

insoluble material, the solvent was removed under reduced pressure, and the residue was purified by column 

chromatography (silica gel, ethyl acetate/hexane = 0/100 to 10/90) to obtain 34 g of the title compound as a white 

solid. MS (ESI m/z): 494.3 [M+H]+. RT (min): 2.03. 

(2) Synthesis of Fmoc-protected amino acid 2 

To a solution of zinc powder (2.4 g, 36.7 mmol) in 2.6 mL of DMF, iodine (46 mg, 0.181 mmol) was added and 

the mixture was stirred for 5 minutes at room temperature under nitrogen atmosphere. tert-Butyl 

(R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino (R)-3-iodopropanoate (600 mg, 1.22 mmol) in 1.4 mL of DMF 

was added to the reaction mixture, then iodine (46 mg, 0.181 mmol) was added under room temperature, and the 

mixture was stirred for 160 minutes. 4-Bromo-2-cyanothiophene (298 mg, 1.58 mmol), 

2-dicyclohexylphosphino-2',4',6'-triisopropyl-1,1'-biphenyl (29 mg, 0.061 mmol), and 

tris(dibenzylideneacetone)dipalladium (28 mg, 0.031 mmol) were added to the reaction mixture under a nitrogen 

atmosphere, followed by stirring for 3 hours at room temperature. After filtration of the insoluble material, ethyl 

acetate was added to the filtrate, and the mixture was washed with sodium thiosulfate solution. The organic layer 
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was dried over magnesium sulfate and then the solvent was removed under reduced pressure. The residue obtained 

was purified by silica gel chromatography (n-hexane: ethyl acetate = 90:10 to 30:70), and tert-butyl (S)-2-((((9H 

-fluoren-9-yl)methoxy)carbonyl)amino)-3-(5-cyanothiophen-3(-yl)propanoate (127 mg) was obtained. MS (ESI 

m/z): 475.1 [M+H]+. RT (min): 1.95. 

tert-Butyl (S)-2-((((9H -fluoren-9-yl)methoxy)carbonyl)amino)-3-(5-cyanothiophen-3(-yl)propanoate (127 mg) was  

dissolved in 1 mL of trifluoroacetic acid (TFA) and stirred at room temperature for 30 minutes, then the solvent was 

removed under reduced pressure. The resulting residue was purified by silica gel chromatography (n-hexane: ethyl 

acetate = 70:30 to 0:100) to afford Fmoc-protected amino acid 2 (63 mg) as a white solid. MS (ESI m/z): 419.0 

[M+H]+. RT (min): 1.55. 1H-NMR (MeOD) δ: 7.78 (2H, d, J = 7.3 Hz), 7.59 (2H, d, J = 7.3 Hz), 7.53-7.24 (6H, m), 

4.53-4.43 (1H, m), 4.36-4.11 (3H, m), 3.25 -2.93 (2H, m). 

(3) Synthesis of Fmoc-protected amino acid 3 

To a solution of zinc powder (780 mg, 11.9 mmol) in 9 mL of DMF, iodine (150 mg, 0.59 mmol) was added and 

the mixture was stirred at room temperature under nitrogen atmosphere for 5 minutes. To the reaction mixture was 

added tert-butyl (R)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino (R)-3-iodopropanoate (2.0 g, 4.05 mmol) in 5 

mL of DMF, then iodine (150 mg, 0.59  mol) was added under room temperature, and the mixture was stirred for 2 

hours. 5-Bromo-3-cyanothiophene (1.0 g, 5.32 mmol), 2-dicyclohexylphosphino-2',4',6'-triisopropyl-1,1'-biphenyl 

(111 mg, 0.233 mmol), and tris(dibenzylideneacetone)dipalladium (114 mg, 0.124 mmol) were added to the 

reaction mixture at room temperature. After filtration of the insoluble material, ethyl acetate was added to the 

filtrate, and the mixture was washed with sodium thiosulfate solution. The organic layer was dried over magnesium 

sulfate and then the solvent was removed under reduced pressure. The residue obtained was purified by silica gel 

chromatography (n-hexane: ethyl acetate = 90:10 to 30:70), and  

(S)-2((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-cyanothiophen-2-yl)propanoic acid tert-butyl (121 mg) 

was obtained as a yellow oil. MS (ESI m/z): 475.0 [M+H]+. RT (min): 1.90. 

(S)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-cyanothiophen-2-yl)propanoic acid tert-butyl (121 

mg) was dissolved in 1 mL of TFA and stirred at room temperature for 30 min, then the solvent was removed under 

reduced pressure. The resulting residue was purified by silica gel chromatography (n-hexane: ethyl acetate = 70:30 

to 0:100) to give Fmoc-protected amino acid 3 (90 mg). MS (ESI m/z): 418.1 [M+H]+. RT (min): 1.47. 1H-NMR 

(CDCl3) δ: 7.84-7.27 (9H, m), 6.93 (1H, s), 5.51-5.38 (1H, m), 4.78-4.50 (2H, m), 4.47-4.35 (1H, m), 4.27-4.17 

(1H, m), 3.49-3.27 (2H, m). 

(4) Synthesis of Fmoc-protected amino acid 5 

To a solution of zinc powder (400 mg, 6.12 mmol) in 3 mL of DMF, iodine (66 mg, 0.26 mmol) was added and 

the mixture was stirred at room temperature under nitrogen atmosphere for 5 minutes. To the reaction mixture was 

added tert-butyl (R)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino (R)-3-iodopropanoate (1.0 g, 2.03 mmol) in 5 

mL of DMF, then iodine (25 mg, 0.099 mmol) was added under room temperature, and the mixture was stirred for 

2 hours. 5-Bromopyridine-2-carbonitrile (440 mg, 2.40 mmol), 

2-dicyclohexylphosphino-2',4',6'-triisopropyl-1,1'-biphenyl (97 mg, 0.203 mmol), and 

tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) (92 mg, 0.100 mmol) were added to the reaction mixture at room 

temperature. After filtration of the insoluble material, ethyl acetate was added to the filtrate, and the mixture was 
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washed with sodium thiosulfate solution. The organic layer was dried over magnesium sulfate and then the solvent 

was removed under reduced pressure. The residue obtained was purified by silica gel chromatography (n-hexane: 

ethyl acetate = 100:0 to 85/15), and tert-butyl 

(S)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(5-cyanopyridin-3-yl)propanoate (310 mg) was obtained as 

a yellow oil. MS (ESI m/z): 470.3 [M+H]+. RT (min): 1.83. 

tert-Butyl (S)-2-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(5-cyanopyridin-3-yl)propanoate (310 mg) 

was dissolved in 1 mL of TFA and stirred at room temperature for 30 min, then the solvent was removed under 

reduced pressure. The resulting residue was purified by silica gel chromatography (MeOH:n-hexane:ethyl acetate = 

0:40:60 to 20: 0:80) to give Fmoc-protected amino acid 5 (210 mg). MS (ESI m/z): 414.4 [M+H]+. RT (min): 1.39. 
1H-NMR (CDCl3) δ: 8.69 (1H, s), 8.51 (1H, s), 7.87-7.79 (2H, m), 7.68 (1H, s), 7.63-7.58(2H, m), 7.45-7.30 (4H, 

m), 5.48 (1H, d, J = 3 Hz), 4.72-4.63 (2H, m), 4.50-4.20 (1H, m), 4.24 (1H, t, J = 6.9 Hz), 3.32-3.12 (2H, m) 

 

 

2. 2. 3 Synthesis of cyclic peptides (general method) (Fig. 2-5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-5  Synthetic route to thiazoline ring-bridged cyclic peptides by Fmoc solid phase peptide synthesis. 

 

 

Peptide solid phase synthesis was performed using an automated peptide synthesizer (Syro I, Biotage). The 

synthesis apparatus included a Rink Amide-ChemMatrixTM (Biotage), N-methyl-2-pyrrolidone (NMP) solution of 

Fmoc protected amino acids (0.5 M), NMP solutions of cyanohydroxyiminoacetic acid ethyl ester (1 M) and NMP 

solution of DIPEA (0.1 M), NMP solution of diisopropylcarbodiimide (DIC) (1 M), and NMP solution of piperidine 

(20 % v/v) were set up. The peptide chain was elongated by repeating one cycle of Fmoc deprotection (20 min) 

with NMP solution of piperidine (20 % v/v), washing with NMP, condensation (1 hour) of Fmoc protected amino 

acids (4 eq.) with NMP solution of diisopropylcarbodiimide (1 M) (4 eq.), and washing with NMP. The resin was 
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immersed in TFA:TIPS:DODT:H2O = 92.5:2.5:2.5:2.5 and shaken for 30 minutes, followed by filtration, and the 

filtrate was distilled off under reduced pressure to obtain linear peptides. 

 For the thiazoline ring-bridged cyclization reaction, the linear peptide was dissolved in MeOH and the same 

amount of phosphate buffer (pH 7.0) was added. TCEP (1 eq.) was added and the mixture was stirred. After 

completion of the reaction, the product was extracted with ethyl acetate and washed with water. The ethyl acetate 

solution was distilled off under reduced pressure. 

 For the amide-bridged cyclization reaction, the linear peptide was dissolved in COMU (AR/THF=1/1) (0.5 M) 

solution and stirred after the addition of diisopropylethylamine (1 M) acetonitrile solution. Four equivalents of 

COMU and DIPEA were used. After completion of the reaction, the product was extracted with ethyl acetate and 

washed with water. The ethyl acetate solution was distilled off under reduced pressure. 

 For the thioether bridged cyclization reaction, the linear peptide was dissolved in triethylammonium bicarbonate 

buffer solution (pH 8.5), and one equivalent of tris(2-carboxyethyl)phosphine (TCEP) was added and stirred. After 

completion of the reaction, the product was extracted with ethyl acetate and washed with water. The ethyl acetate 

solution was distilled off under reduced pressure. Peptides were purified by LCMS system (Waters). Column: X 

Select CSH130 C18 (19 x 250 mm) from Waters, column temperature: 40 °C, flow rate: 20 mL/min, detection 

wavelengths: 220 nm and 254 nm. 

 

 

2. 2. 4 UPLC measurement 

 The measurement sample was prepared by dissolving 1 L of the reaction solution in 150 L of acetonitrile 

containing 0.1 % formic acid. Retention time and UV area measurements as well as mass spectrometry were 

performed using ACQUITY UPLC (Waters). Column: Waters BEH C18 1.7 μm, 2.1 x 30 mm, Solvent: Solution A: 

Aqueous solution containing 0.1 % formic acid, Solution B: Acetonitrile containing 0.1 % formic acid, Gradient 

cycle: 0.00 min (solution A/B = 95/5), 2.00 min (solution A/B = 5/95), 3.00 min (solution A/B = 95/5), flow rate: 

0.5 mL/min, column temperature: room temperature, detection wavelength: 254 nm. 

 

 

2. 2. 5 MALDI TOF-MS measurement 

Saturated α-cyano-4-hydroxycinnamic acid (α-CHCA) dissolved in 50 % aqueous acetonitrile solution (0.1 % 

TFA) was prepared as the matrix solution. 0.75 µL of the purified peptide solution and 0.75 µL of the matrix 

solution were mixed and subjected to MALDI TOF-MS (ultrafleXtreme, Bruker Daltonics) using the peptide 

calibration standard (Bruker Daltonics) as an external standard. 

 

 

2. 2. 6 Calculation for LUMO orbital energy 

This section explains the computational details for the quantum chemical calculations. The geometries of 

molecules were optimized at the B3LYP level in the density functional theory (DFT) from the initial structures. 

Then, the LUMO and its energy of the optimized structures were obtained from the single point calculations at the 
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same level. The basis sets were 6-31G*. All the calculations were performed using the Gaussian09 program 7). 

2. 3 Results and Discussion 

 

2. 3. 1 Synthesis of thiazoline ring-bridged cyclic peptides 

 Six types of non-natural amino acids having cyano group on their side chain were used for the thiazoline 

ring-bridged peptide cyclization (Fig. 2-6). As a model cyclic peptide, CP-D-cha-WRX was designed, in which 

cyanated non-natural amino acids were introduced at position X to react with the N-terminal Cys. The five 

non-natural amino acids contained cyanated aryl groups, 2-cyanobenzothiazole (1), 2-cyanothiophene (2), 

3-cyanothiophene (3), 3-cyanobenzene (4), and 3-cyanopyridine (5), respectively. Cyanoalanine (6) contained 

cyano group directly on the side chain of alanine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-6  Chemical structures of cyanated non-natural amino acids, and schematic illustration of thiazoline 

ring-bridged peptide cyclization. 

 

Fmoc-protected non-natural amino acid 1 was synthesized by synthetic route shown in Fig. 2-3. Fmoc-protected 

forms of 2, 3, and 5 were synthesized by Appel reaction of Fmoc-Ser-OtBu to produce the iodinated form, followed 

by Negishi coupling and deprotection of tBu ester with TFA (Fig. 2-4). Fmoc-protected cyanophenylalanine 4 and 

cyanoalanine 6 were obtained as commercially products. 

Cyclized peptides 1p-6p (Fig. 2-7) were synthesized as follows (Fig. 2-5). First, linear peptides were synthesized 

by Fmoc solid-phase synthesis, followed by cyclization by dissolution in a phosphate buffer solution at pH 7. For 

non-natural amino acid 1, the cyclized form could not be obtained because the cyano group was rapidly hydrolyzed 

during the release of the linear peptide from the resin by aqueous TFA mixture solution (TFA/TIPS/DODT/H2O). 

After completion of the cyclization reaction, the thiazoline ring-bridged cyclic peptides were purified through a 

preparative HPLC. MALDI TOF-MS spectra showed that the thiazoline ring-bridged peptides were successfully 

generated for cyanated non-natural amino acids 2-6 (Fig. 2-8). 
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Fig. 2-7  Structure and total yield of cyclic peptides 1p-6p. 
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Fig. 2-8  MALDI TOF-MS analysis of peptides 2p-6p before (left panels) and after cyclization (right panels). 

2. 3. 2 Confirmation of Sequence Adaptability of Peptide Cyclization Reactions 

In order to confirm that the thiazoline ring-bridged peptide cyclization can be adapted for different amino acid 

sequences, the formation of cyclic peptides 7p (CYGGFX), 8p (CLLKLPLLAAFX), and 9p 

(CLLRLPLLAPAFALX) (Fig. 2-9), in which X indicates the position of cyanated amino acid, were examined. 

Cyanated non-natural amino acid 2 was used because it exhibited high cyclization yield.  The cyclic peptides were 

observed as H+ or Na+ form by MALDI TOF-MS measurements (Fig. 2-10), demonstrating that cyclic peptides can 

be obtained even when the sequence and chain length are altered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-9  Structure of thiazoline ring-bridged cyclic peptides with different amino acid sequences. X denotes 

non-natural amino acid 2. 
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Fig. 2-10  MALDI TOF-MS analysis of thiazoline ring-bridged cyclic peptides 7p-9p before (left panels) and after  

cyclization (right panels). Both H+ and Na+ adducts were observed. 
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2. 3. 3 Kinetics of thiazoline ring-bridged peptide cyclization 

In order to analyze the cyclization kinetics, linear peptides were synthesized on Barlos resin and released from 

the resin as protected linear forms having C-terminal COOH. The protecting groups were removed by TFA, and the 

resulting linear peptides were confirmed not to be cyclized in the TFA salt form. After distilling off TFA under 

reduced pressure, the cyclization reaction was initiated by dissolving the linear peptides in MeOH/phosphate buffer 

(pH 7) and monitored by UPLC (Fig. 2-11). Because almost no components other than linear and cyclic peptides 

were identified on UPLC, the yield of cyclization was determined from the disappearance of linear peptides (Fig. 

2-12). Cyclic peptides containing 2 and 5 were very rapidly produced and yields reached more than 80% in 2 hours. 

Cyclic peptides containing 3 and 4 were formed more slowly, and required 24 hours for 80% yield. On the other 

hand, the cyclization was very slow for peptide containing 6. 

 

 

 

 

 

 

 

Fig. 2-11  Synthetic routes of cyclic peptides used to validate cyclization reaction kinetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-12  Yield of the formation of the cyclic peptides containing cyanated non-natural amino acids 2-6 from the 

corresponding linear peptides. 
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I hypothesized the rate-limiting step is the addition of the thiol group of the N-terminal Cys residue to the carbon 

atom of the cyano group, and calculated the energy levels of the LUMO orbital on the carbon atom of the cyano 

group. B3LYP/6-31G* was used for the LUMO orbit calculation7). All cyanated non-natural amino acids have 

LUMO orbital densities on the carbon of cyano group, and amino acids 2 and 5 show lower orbital energy levels 

than 3 and 4 (Table 2-1). On the other hand, cyanated amino acid 6 has the highest energy level. The order of the 

energy levels is consistent with that of the cyclization kinetics. These results suggest that the cyclization reaction 

can be controlled by adjusting the energy level of the LUMO orbital on the carbon atom of the cyano group. It 

should be noted that cyanated amino acid 1 shows the lowest energy level, suggesting that the hydrolysis of the 

cyano group by TFA treatment of linear peptide may be due to the high reactivity of the cyano group. 

 

 

Table 2-1  Energy level of LUMO orbital for cyanated nonnatural amino acids. 
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2. 4 Conclusion 

 

I examined the reaction characteristics and versatility of thiazoline ring-bridged peptide cyclization of linear 

peptides containing N-terminal Cys and non-natural amino acids having cyano groups. This is a simple method for 

converting linear peptides into cyclic peptides in neutral aqueous solution at room temperature with addition of a 

reducing reagent. The cyclization reaction starts with a reversible reaction of thiol and cyano group and is 

completed irreversibly by nucleophilic attack of the adjacent -amino group and ammonia elimination. The 

kinetics of the thiazoline ring formation varied depending on the reactivity of the cyano group, but the reaction 

proceeded unless the cyano group is hydrolyzed. Furthermore, this cyclization reaction was demonstrated to be 

used for various peptides with 6 to 15 amino acids, suggesting that the present method can be applied to peptide 

libraries with different lengths for drug discovery. 
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Chapter 3                                                         

Membrane Permeability of Thiazoline Ring-Bridged Cyclic Peptides 

 

3. 1 Introduction 

 

Cyclic peptides are attracting attention as a new modality for inhibiting intracellular protein-protein interactions 

(PPIs) and other therapeutic targets which have not previously been targeted for drug discovery1). However, there 

are only a few examples of cyclic peptides with high cell membrane permeability that have been used in medicine, 

such as the natural product cyclosporine A (CSA), and elucidating the factors that improve the membrane 

permeability of cyclic peptides is an important technological goal2). 

Many efforts have been made to improve the cell membrane permeability of cyclic peptides with reference to the 

mechanism of membrane permeability of CSA3). Hydrophobicity (LogP, LogD, etc.) and polar surface area (tPSA, 

SASA, EPSA, 3D-PSA, etc.) are potent indicators to design permeable peptides, based on the fact that CSA is 

composed of highly hydrophobic amino acids. For example, selective methylation of the amides that make up the 

cyclic peptides and the formation of intramolecular hydrogen bonds between the amide groups of the cyclic 

peptides to reduce the polarity of the molecule are thought to enhance membrane permeability by shielding water 

molecules from solvation and facilitating their transfer into the hydrophobic cell membrane4) . Second, CSA can 

form different conformations in the cell membrane and in water, and cyclic peptides with so-called "chameleonic" 

properties are thought to be advantageous for cell membrane permeability5). In the case of cyclic peptides with a 

large molecular size, such as CSA, "chameleonic" properties is considered to be an essential factor for high cell 

membrane permeability. 

 On the other hand, as described in Chapter 1, it has been reported that rigid cyclopropane-ring-incorporated 

peptide molecules are anchored in a conformation favorable for passive diffusion and exhibit high cell membrane 

permeability. Further research is needed to elucidate the factors that contribute to the membrane permeability of 

cyclic peptides, and it will be important to obtain the factors that contribute to membrane permeability depending 

on the structure type. 

 In this chapter, I examined the membrane permeability of thiazoline-bridged cyclic peptides. Membrane 

permeability and its factors were discussed by comparing thioether-bridged cyclic peptides and amide-bridged 

cyclic peptides, which are widely used as cyclic peptides. The membrane permeability was evaluated by PAMPA 

(Parallel Artificial Membrane Permeation Assay) 6) using artificial biological membranes prepared by soaking 

phospholipids in membrane filters. The factors responsible for membrane permeability were analyzed using ClogP 

and LogD as hydrophobicity indices, and NMR analysis of intramolecular hydrogen bonds and solution structure. 
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3. 2 Materials and methods 

 

3. 2. 1 PAMPA measurement 

 Artificial phospholipid membranes were prepared by adding 5 μL of phospholipid organic solvent solution 

consisting of L-α-phosphatidylcholine (Avanti, Cat. 840051P, 1.67%) and 1,2 

-dioleoyl-sn-glycero-3-phospho-L-serine and n-dodecane/1-octanol (=10/1) on filter plate (Merck Millipore, Cat. 

MAIPN4550). Next, 25 μL of dimethylsulfoxide (DMSO) solution containing the peptide compound at a 

concentration of 20 μM was diluted to a final concentration of 1 μM by adding 475 μL of 50 mM KPB (potassium 

phosphate buffer, pH 7.4 or pH 6.5). 300 µL of the compound solution was added to the lower side (donor side) 

across the artificial phospholipid membrane of a PAMPA 96-well plate (Filter Plate (Merck Millipore, Cat. 

MAIPN4550)). 200 μL of 5% DMSO KPB (pH 7.4) was added to the upper side (acceptor side) across the artificial 

phospholipid membrane. Permeation test through the artificial phospholipid membrane was performed at 25°C for 

4 hours. The concentration of the compound in solution in the donor and acceptor plates was measured by 

LC/MS/MS, and the membrane permeation rate (Pe) of the compound was calculated from the following equation, 

where t is the test time, A is the membrane filter area = 0.3 cm2 , VD is the donor solution volume = 300 μL, VA is 

the acceptor solution volume = 200 μL, CD(t) is the compound concentration in the donor solution at time t, CA(t) is 

the compound concentration in the acceptor solution at time t. 

Cequilibrium = [CD(t)*VD+CA(t)*VA]/(VD+VA)  

Pe = -ln[1-CA(t)/ Cequilibrium]/[A*(1/VD+1/VA)*t] 

Pe is synonymous with Papp. 

Permeability (in unit of cm/s) 

 

3. 2. 2 CLogP and LogD calculation 

 CLogP: The results were quantified using the logP calculation tool in MarvinSkech 5.3.7 (ChemAxon). The 

calculation conditions were as follows: Method was set to Weighted mode, Method Weighted was set to VG to 1, 

KLOG to 1, PHYS to 1, Cl- concentration setting to 0.1 mol/cm3, Na+, K+ concentration setting to 0.1 mol/cm3. 

 LogD: To 5 L of 20 mM DMSO solution of cyclic peptide, 300 L of octanol and 600 L of PBS were added 

and shaken for 30 min. 10 L of the octanol layer was diluted with 990 μL of ethanol to make a 100-fold dilution. 

The concentrations of the compounds in the PBS and octanol layers, respectively, were measured by LC-MS. The 

logD of the compound was calculated from the formula:  

logD=log10 (octanol layer peak area / PBS layer peak area *100) 

 

3. 2. 3 2D-NMR and variable temperature NMR measurements 

Cyclic peptides were dissolved in d6-DMSO to a concentration of 5 mg/mL. The sample tube was a SIGEMI 

tube (BMS-005B) with a sample volume of 400 L. NMR measurements were performed on a Bruker 600 MHz 

cryosystem. The following three types of 2D-NMR measurements were performed for attribution. COSY 

(cosygpppgf, 128 times integration), TOCSY (melvphpp, 128 times integration, 80 msec expansion time), NOESY 

(noesygpphpp, 64 times integration, 150 msec expansion time, 300 msec). Temperature-variable 1H NMR 
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measurements (zg, 64 times in total) were performed at 25°C, 30°C, 35°C, 40°C, 45°C, and 50°C, respectively, and 

NH/T (ppb/K) values were calculated from the change in chemical shift values with temperature. 

 

3. 2. 4 Computational analysis 

 The calculations for the MD method were performed in AmberTools16. The GAFF force field was used for the 

interaction, and the RESP charge calculated by Gaussian 09 was used for the charge. The NMR constraint option 

implemented in AmberTools16 was used to impose the NMR data (main chain dihedral angle and distance between 

HHs) as constraints. In order to obtain the 3D structure of the cyclic peptide with high accuracy and precision, the 

calculation steps were devised as follows: 

(1) Prepare 1000 initial structures with different conformations for the linear peptide before cyclization. 

(2) Put the cyclization and NMR data constraints in steps, respectively. The order is (i) main chain dihedral angle, 

(ii) cyclization and short distance HH distance, (iii) medium distance HH distance, (iv) long distance HH distance, 

and 0.2 ns is calculated for each of these steps. 

(3) Of the 1000 structures obtained, number them in the order in which they satisfy the NMR data. Draw the top 10, 

check that the structure remains the same, and make the final 3D structure. 

 The solvent accessible surface area (SASA) calculations were performed by applying the program implemented 

in AmberTools16 based on the solution structure obtained from the MD and 2D-NMR methods described above. 
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3. 3 Results and Discussion 

 

3. 3. 1 Membrane permeability of thiazoline ring-bridged cyclic peptides 

For peptide drug discovery, passive diffusional cell membrane permeability of peptides is a key important factor. 

Therefore, I then examined the model membrane permeability of the thiazoline-bridged cyclic peptides. The 

hydrophilic parameters (CLogP and LogD) and the formation of intramolecular hydrogen bonds were determined 

and their correlation to the membrane permeability was examined.  

For comparison, homologous amide-bridged and thioether-bridged cyclic peptides were used (Fig. 3-1). The 

amide-bridged cyclic peptides 10p-12p contained Z-PF-(D-cha)-WRE-NH2 sequence, in which Z was Ala, Phe, or 

1-naphthylalanine, and the N-terminal amino group and the side chain carboxyl group of the C-terminal Glu were 

cyclized by amide bond. The thioether-bridged cyclic peptides 13p-15p contained 

N-chloroacetate-Z-PF-(D-cha)-WRC-NH2 sequence, in which Z indicates Ala, Phe, or 1-naphthylalanine, and the 

N-terminal chloroacetyl group and the C-terminal Cys are cyclized by thioether bond. The thioether-bridged cyclic 

peptide 16p had Lys at Arg position in peptide 15p to further increase the hydrophobicity.  

The membrane permeability (Papp) of the cyclic peptides was evaluated by using parallel artificial membrane 

permeability assay (PAMPA). I defined high membrane permeability as Papp > 1.0 x 10-6 cm/s according to the 

literature.4). Papp and hydrophilic parameters CLogP and LogD were summarized in Table 3-1. Thiazoline 

ring-bridged cyclic peptides showed clear dependency of Papp values upon increase in CLogP (Fig. 3-2). Similar 

tendency was observed for LogD (Fig. 3-3). Particularly, cyclic peptides 2p-5p showed Papp values above 2 x 10-6 

cm/s, suggesting the possibility of high membrane permeability in living cells. On the other hand, Papp values were 

lower than 1.0 x 10-6 cm/s for the amide and thioether-bridged cyclic peptides regardless of CLogP and LogD. 

These results indicate the superiority of thiazoline ring-bridged cyclic peptides in model membrane permeability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-1  Structure of homologous amide-bridged and thioether-bridged cyclic peptides. 
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Fig. 3-2  Correlation between CLogP and Papp for PAMPA model membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-3  Correlation between LogD and Papp for PAMPA model membranes. 
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Table 3-1  Summary of PAMPA model membrane permeability and hydrophobic parameters of the 

thiazoline-bridged, amide-bridged, and thioether-bridged cyclic peptides. 
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3. 3. 2 Evaluation of intramolecular hydrogen bonding 

Membrane permeability has been suggested to be enhanced by intramolecular hydrogen bonds in cyclic peptides 

through decreasing the polarity of the amide group. In order to verify the intramolecular hydrogen bonds of the 

thiazoline-bridged cyclic peptides, temperature-variable NMR analysis was performed. The peptides 2p and 3p 

with different cyclization substructures and similar CLogP and LogD were used, while amide bridged 10p and 

thioether bridged 13p cyclic peptides were selected for comparison. 

The presence or absence of intramolecular hydrogen bond of the amide bond in the main chain is determined 

based on the magnitude of the chemical shift change (NH) in response to temperature change (T) in d6-DMSO. 

We interpretedNH/T < - 4.6 ppb/K as no hydrogen bond formation, -3 > NH/T > - 4.6 ppb/K as weak 

intramolecular hydrogen bonds, andNH/T > - 3 ppb/K as forming strong intramolecular hydrogen bonds 7). 

Figure 3-4a summarizes the NH/T values for each amino acid and the number of strong intramolecular 

hydrogen bonds in the peptide, along with the Papp value of PAMPA. When two chemical shifts of amide bond 

originating from two different conformers were observed, they were listed separately. For peptides 2p and 3p, the 

strong hydrogen bond was formed in the amide derived from non-natural amino acid 2. For peptide 3p, additional 

strong hydrogen bond was formed for a total of one in Trp and Arg of the two conformers. These thiazoline 

ring-bridged cyclic peptides had higher membrane permeability than 2 x 10-6 cm/s. On the other hand, no strong 

hydrogen bonding was observed in the amide-bridged 10p and thioether-bridged 13p, which had membrane 

permeability of less than 1 x 10-6 cm/s. Therefore, a rigid bending structure induced by the thiazoline ring-bridged 

structure is speculated to facilitate the formation of intramolecular hydrogen bonds. The resulting hydrogen bonds 

could cause the polarity offset of the amide groups and contribute to the improvement of the model membrane 

permeability. Further optimization of the thiazoline ring-bridged structure and the intramolecular hydrogen bond 

formation may be effective to improve the membrane permeability. 

For increasing the cell membrane permeability, N-methylation and hydrophobization of peptides have been 

examined as in case of CSA, although their solubility in aqueous condition might be reduced. Our findings suggest 

that the thiazoline ring-bridged cyclic peptides can enhance the cell membrane permeability through intramolecular 

hydrogen bond formation, while the water solubility can be ensured in a highly polar environment in aqueous 

solution due to dissociation of the hydrogen bonds. 

 

 

 

 

 

 

 

 

 

 

 



52 
 

a) 
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Fig. 3-4 (a) Temperature-variable chemical shift change of the amide bond, the number of strong intramolecular 

hydrogen bond, and model membrane permeability for the cyclic peptides 2p, 3p, 10p, and 13p. When two 

chemical shifts of amide bond originating from two different conformers were observed, they were listed separately. 

Yellow-colored amide bonds indicate strong intramolecular hydrogen bonds, and green-colored ones indicate weak 

intramolecular hydrogen bonds. (b) Solution structures of cyclic peptide 2p and 10p. The main chains of the cyclic 

peptides are highlighted in yellow. Polar surface areas were calculated to be 778 Å2 and 844 Å2, respectively. 
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3. 3. 3 The polar surface area of solution structure 

 The effect of hydrophobic groups and intramolecular hydrogen bonding on the shielding of amide groups from 

polar groups was then evaluated. From the data based on 2D NMR measurements of the thiazoline ring-bridged 2p 

and the amide-bridged 10p peptides in d6-DMSO, each solution structure was determined by quantum dynamics 

calculations (AmberTools16) and the Solvent Accessible Surface Area (SASA) was calculated (Fig. 3-4b). The 

results showed that the thiazoline-type peptide 2p has a lower polar surface area (778 Å2) than the amide type 

peptide 10p (844 Å2). The distance between the C-terminal amide nitrogen atom and the carbonyl oxygen of Trp in 

the peptide 2p was 3.5 Å. This intramolecular hydrogen bonds could be formed in an aqueous phase near the model 

membrane, and contribute to reduce the polarity required for the membrane permeability. Furthermore, the polar 

part of the cyclic peptide was shieled by the hydrophobic surface derived from the thiazoline-bridged structure to 

suppress the polar surface area. On the other hand, the amide-bridged peptide 10p gave neither polar offset nor 

shielding effect. It has been reported that the cell membrane permeability of cyclic peptides correlates with low 

polar surface area 8). The present results that the peptide 2p with lower surface area had better membrane 

permeability showed a similar tendency. 
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3. 4 Conclusion 

 

 I revealed that the thiazoline ring-bridged cyclic peptides showed higher membrane permeability on PAMPA 

model membranes than the amide-bridged and thioether-bridged cyclic peptides. This high permeability can be 

attributed to the polar offset by intramolecular hydrogen bonding and the introduction of thiazoline ring structures, 

which reduced the polar surface area of the peptides. In addition, the membrane permeability of the amide-bridged 

and thioether-bridged types was not improved even though the hydrophobicity parameters increased by the 

introduction of hydrophobic groups, indicating that the introduction of hydrophobic groups does not always 

improve the membrane permeability. These results suggest the importance of the control of the steric structure of 

peptides in the solution state. Previously, it has been reported that polar surface area does not always correlate with 

the membrane permeability 9) and various factors including the rate of conformational change in aqueous and 

membrane environments may affect the membrane permeability. Therefore, further studies should be added to 

pursue the membrane permeability factors of thiazoline-bridged cyclic peptides. 
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Chapter 4                                                         

Expression of Thiazoline Ring-Bridged Cyclic Peptides in Cell-Free 

Translation 

 

4. 1 Introduction 

 

Cyclic peptides are expected to have higher metabolic stability, cell membrane permeability, and target binding 

properties, compared to linear peptides, and are attracting attention as a promising modality for peptide drugs 1). In 

order to obtain cyclic peptides that can bind to drug targets, the combinatorial use of peptide cyclization reactions 

and mRNA/cDNA display technology has been investigated 2). There have been two types of peptide cyclization 

reactions used for mRNA/cDNA display in addition to disulfide- and amide-bridged cyclization. One is cyclization 

using reactive groups introduced into peptides as non-natural amino acids, and the other is cyclization using 

cross-linker reagents. As an example of use of non-natural amino acids, N-chloroacetylated amino acid is 

introduced into the N-terminus of peptides in a cell-free translation system to produce cyclic peptides by 

intramolecular nucleophilic substitution reaction with the SH group of Cys in the peptide chain 3). Using this 

cyclization reaction combined with cDNA-display, peptides against drug targets such as E6AP 4), SIRT2 5), 

VEGFR2 6) and MATE 7) have been developed. In addition, native chemical ligation between the N-terminal Cys 

and non-natural amino acids carrying thioester side chains was also applied to mRNA-display 8). As an example of 

use of polycyclic cross-linker, dibromoxylene was used to cyclize peptides with two Cys residues in a cell-free 

translation, which was applied to mRNA display to obtain cyclic peptides that bind to thrombin 9). In addition, 

disuccinimidyl glutarate was used for cross-linking N-terminal α-amino group with ε-amino group of Lys to 

obtain a cyclic peptide that binds to Gαi1 10). 

 On the other hand, there have been a limited number of reports of ring structure-bridged cyclic peptides 

expressed in cell-free translation systems. The Huisgen reaction was used to form triazole ring-bridged cyclic 

peptides have been reported, although it has not been adapted to mRNA/cDNA-display.11) Cyclic peptides with a 

ring structure in the main chain have been reported to improve cell membrane permeability and oral absorption 12), 

and therefore, ring structure-bridged cyclic peptides will be a useful platform for drug discovery. In chapter 2, I 

have reported on the development of intramolecular cyclization of linear peptides with N-terminal Cys and cyano 

group-containing nonnatural amino acids to produce thiazoline ring-bridged cyclic peptides. The thiazoline 

ring-bridged cyclization reaction proceeded in aqueous solution spontaneously and generated a unique heterocyclic 

structure in the peptide main chain. I also found that the thiazoline ring-bridged cyclic peptides exhibited high 

model membrane permeability due to the formation of intramolecular hydrogen bonds using chemically 

synthesized peptides. 

 In this chapter, I evaluated the applicability of this novel peptide cyclization reaction in a cell-free translation 

system. The cyanated non-natural amino acids were incorporated into peptides using the amber suppression method 
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(Fig. 4-1). The effects of the amino acid sequence including internal Cys residues and the chain length of the cyclic 

peptides on the thiazoline ring-bridged cyclization reaction were examined. The characteristics and versatility of 

this cyclization reaction will provide basic insights for future applications in peptide drug discovery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-1  Schematic illustration of expression of cyclic peptides in a cell-free translation system by using 

non-natural amino acid mutagenesis.  
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4. 2 Materials and methods 

 

4. 2. 1 Synthetic method for aminoacyl-pdCpAs (general) 

 Boc-protected amino acids were synthesized using the intermediates in the synthesis of Fmoc-protected amino 

acids described above. For the synthesis of Boc-protected amino acid cyanomethyl ester, Boc-protected amino acid 

was dissolved in DMF and DIPEA (1.1 eq) was added, followed by addition of bromoacetonitrile (1.05 eq) and 

stirring. After completion of the reaction, the reaction solution was distilled off under reduced pressure and purified 

by silica gel column chromatography (Fig. 4-2). 

Next, DMF solution of pdCpA tetrabutylammonium salt (3 eq.) was added to the Boc-protected amino acid 

cyanomethyl ester, and the mixture was vortexed and shaken for 1 hour. After completion of the reaction, the 

product was diluted with 0.38 % formic acid solution/acetonitrile (1/1) solution and purified according to the 

following conditions. High performance liquid chromatography (HPLC) (Agilent 1260 Infinity Binary LC System, 

column: Agilent ZORBAX SB-C18 (9.4 x 50 mm), column temperature: 40°C, gradient conditions: H2O (0.1% 

TFA ) / acetonitrile (0.1% TFA) = 90/10 to 0/100, flow rate: 4.0 ml/min, detection wavelength: 254 nm). 

The solvent of the eluate was removed under reduced pressure, and TFA was added to the residue obtained. After 

shaking at room temperature for 1 hour, the solvent was removed under reduced pressure to obtain the 

aminoacyl-pdCpA (Fig. 4-3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2  Synthesis and characterization of Boc-protected non-natural amino acid cyanomethyl esters. 
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Fig. 4-3  Synthesis of non-natural aminoacyl-pdCpAs. 

 

 

4. 2. 2 Preparation of aminoacyl-tRNAs 

Amber suppressor tRNA(-CA) derived from Mycoplasma capricolum Trp tRNA and lacking 3' dinucleotide was 

prepared as described previously. A reaction mixture containing 55 mM HEPES-Na (pH 7.5), 15 mM MgCl2, 3.3 

mM DTT, 1 mM ATP, 20 μg/mL BSA, 25 μM amber suppressor tRNA(-CA), 1.33 μL of DMSO solution of 0.73 

mM aminoacyl-pdCpA, and 16 U of T4 RNA ligase in 13.3 μL was prepared in a 1.5 mL sample tube and 

incubated at 4°C for 2 hours. Then, 13.3 L of 0.6 M potassium acetate solution (pH 4.5) and 80 L of ethanol 

were added to the reaction solution, and the mixture was allowed to stand at -80°C for 30 min. Then, centrifugation 

(4°C, 13200 rpm) was performed for 30 minutes to remove the supernatant. Gently add 200 L of 70% ethanol 

solution and centrifuge (4°C, 13200 rpm) for 30 minutes. The supernatant was removed again and dried under 

reduced pressure to obtain aminoacyl-tRNA. The resulting aminoacyl-tRNA was dissolved in 1 mM potassium 

acetate (pH 4.5) just before adding to the translation mixture. 

 

4. 2. 3 Preparation of mRNAs 

The template DNA gene for mRNA was designed to contain T7 promoter and ribosome binding sequence 

upstream of the open reading frame. The sequence of was: 

CGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTA

AGAAGGAGATATACATATGTGCAAACAGAAACCGCGGAGCAAAAACTAGAGCGACTACAAAGACGAT

GACGACAAATAAGCTTGAGTATTCTATAGTGT, in which peptide-encoding region was underlined. The DNA 

was synthesized by primer extension of oligo DNAs, and purified using the QIAquick PCR Purification Kit 

(QIAGEN). 

Next, mRNA was synthesized by transcription reaction. A reaction mixture containing 40 mM Tris-HCl (pH 8.0), 

50 mM NaCl, 8 mM MgCl2, 5 mM DTT, 4 mM each of NTPs, 2 mM spermidine, 20 µg/mL of BSA, 0.5 unit of 
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inorganic pyrophosphatase , 40 units of RNase inhibitor, 200 units of Thermo T7 RNA polymerase, and 2 µg of 

template DNA in a 100µL was prepared and incubated at 37°C for 6 hours. To the reaction mixture, 100 μL of 5 M 

ammonium acetate was added and placed on ice for 20 minutes. The mixture was centrifuged at 13,200 rpm for 20 

minutes at 4°C. The supernatant was removed and the precipitate was dissolved in 200 μL of 1xTE buffer (10 mM 

Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0)). Equal volume of phenol/chloroform = 1/1 (saturated with 1 x TE) was 

added, vortexed, and centrifuged. The upper layer was collected and an equal volume of chloroform was added, 

vortexed, and centrifuged. The upper layer was collected and 20 μL of 3 M potassium acetate pH 4.5 and 600 μL of 

ethanol were added, mixed gently, and placed at -80°C for 30 minutes. After centrifugation at 13200 rpm for 30 

minutes at 4°C, the supernatant was removed and 200 μL of 70 % cold ethanol stored at -30 °C was added, and the 

mixture was centrifuged at 13200 rpm for 5 seconds at 4°C. The supernatant was removed and the mixture was 

dried under reduced pressure. The concentration was determined by spectrophotometer and dissolved in water to 16 

μM. 

 

4. 2. 4 Cell-free translation 

Cell-free translation was carried out using PUREfrex custom ver. 2 (GeneFrontier) manufactured without adding 20 

amino acids. The PUREfrex system was mixed with 45 M amino acid mixture without methionine, 40 pmol of 

mRNA, and 400 pmol of aminoacylated amber suppressor tRNA solution obtained above, and incubated at 37°C 

for 30 minutes. The reaction mixture was further incubated at 37°C for 30 minutes in the presence of 1mM 

tris(2-carboxyethyl)phosphine (TCEP). To the reaction mixture, 31 μL of wash buffer (20 mM phosphate buffer 

(pH 7.5), 500 mM NaCl, 5 mM imidazole) and 10 μL of magnetic bead solution (MBL Life Sciences, 

Anti-DDDDK-tag mAb-Magnetic Agarose) were added and shaken using a vortex at room temperature for 30 min. 

Then, the supernatant was removed by centrifugation, and the washing step for the magnetic beads (addition of 200 

μL of wash buffer, shaking with vortex, centrifugation, and removal of supernatant) was repeated three times. To 

elute the purified products, 10 μL of 2% formic acid solution was added to the resulting magnetic beads and shaken 

with vortex at room temperature for 1 hour. The magnetic beads were then sedimented by centrifugation, and the 

supernatant was collected. The purified products were identified by MALDI TOF-MS. 
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4. 3 Results and Discussion 

 

4. 3. 1 Expression of cyclic peptides in cell-free translation system 

In addition to chemical synthesis of cyclic peptides, peptide expression in a cell-free translation system was 

investigated to enable rapid synthesis of thiazoline-bridged cyclic peptides in response to the gene code. The 

cyanated non-natural amino acids were incorporated into peptides using the amber suppressor tRNA (Fig. 4-1). 

Aminoacylated tRNAs with non-natural amino acids were synthesized using chemical aminoacylation method 13).  

N-Boc-protected non-natural amino acid was esterified with cyanomethyl group (Fig. 4-2), condensed with pdCpA, 

and deprotected with TFA to obtain non-natural aminoacyl-pdCpAs (Fig. 4-3). Desired aminoacyl-tRNAs were 

prepared by ligating non-natural aminoacyl-pdCpAs and an amber suppressor tRNA derived from Mycoplasma 

capricolum Trp tRNA lacking two bases of the 3'-terminus14). As a model peptide, 

CKQKPRSKNXS-DYKDDDDK sequence was designed, where cyanated non-natural amino acid was designed to 

be incorporated at X position in response to the amber codon and linked with N-terminal Cys residue to produce 

cyclic peptides 17p-22p (Fig. 4-4). The synthetic gene fused with T7 promoter, SD sequence, start codon AUG, and 

termination codon UAA was constructed by primer extension reaction. The corresponding mRNA was prepared by 

transcription using T7 RNA polymerase. 

For expression of peptides containing Cys at the N-terminus without the initial Met residue, the cell-free 

translation was performed without methionine 8). The non-natural aminoacylated amber suppressor tRNA and the 

peptide-encoding mRNA were added to the reconstituted cell-free translation system, PURE system (PUREfrex 

custom ver. 2, GeneFrontier), and incubated at 37 ºC for 30 min. After addition of TCEP, the reaction mixture was 

incubated for another 30 minutes. The expressed peptides were immobilized onto anti-DYKDDDDK 

antibody-coated magnetic beads, washed with PBS buffer, and eluted by incubation with 2% formic acid for 1 hour. 

The eluates were analyzed by MALDI TOF-MS.  

The results of the MALDI-TOF MS analysis are shown in Fig. 4-5. In case of non-natural amino acid 2, the 

cyclic peptide 18p with expected m/z value of 2331.1 was clearly observed but the linear form was not detected. 

This indicates that the peptide was expressed in the cell-free translation system and cyclized in a quantitative 

manner. Non-natural amino acid 1 also gave only the cyclic peptide 17p. 

On the other hand, in case of non-natural amino acid 5, the cyclic peptide 21p was partly generated but some 

amount of linear peptides was remained. Moreover, non-natural amino acids 3, 4, and 6 gave linear peptides with 

few amount of cyclized forms. These results indicate that all the non-natural amino acids used in this research were 

introduced into the peptides through the amber suppression, but the cyclization efficiency depended on the types of 

cyanated residues. Considering the cyclization efficiency, non-natural amino acids 1 and 2 were preferred for the 

expression of the thiazoline ring-bridged cyclic peptides. It should be noted that byproducts with m/z 26 larger than 

that of the linear peptides were detected for non-natural amino acids 3-5. MS/MS analysis of the byproduct for 19p 

gave b fragments with m/z 26 larger than those of the linear peptide, suggesting that the N-terminal Cys was 

modified to form a cyclic carbamothioic acid derivative (Fig. 4-6). 
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Fig. 4-4  Cyclic peptides expressed in the cell-free translation. 
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Fig. 4-5  MALDI TOF-MS analysis of thiazoline ring-bridged peptide 17p-22p containinig cyanated non-natural 

amino acid 1-6 expressed in the cell-free translation system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-6  MS/MS analysis of linear peptide (upper panel) and by-product (lower panel) for 19p. 
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4. 3. 2 Selectivity of thiazoline ring-bridged peptide cyclization for Cys residues  

The cyclization reaction starts with reversible nucleophilic attack of the SH group of N-terminal Cys on the 

cyano group, followed by irreversible nucleophilic attack of the adjacent α-amino group and ammonia elimination 

(Fig. 4-7a). Therefore, even if peptide contains Cys residues other than at the N-terminus, the internal Cys residue 

without α-amino group cannot form the thiazoline ring-bridged cyclization, although the internal Cys residues 

may affect the cyclization reaction. 

 In order to examine the influence of internal Cys residues on the cyclization reaction, I tested the selectivity of 

the thiazoline ring-bridged peptide cyclization reaction by using peptide sequences containing N-terminal and 

internal Cys residues. As a model peptide, CKQKPRSKNXS-DYKDDDDK sequence was also used, and amino 

acid residues at positions 3 and 7 were replaced by Cys in peptides 23p and 24p (Fig. 4-7b). The non-natural amino 

acid having 2-cyanothiophene residue (2, Fig. 4-7c) was introduced at X position, because it achieved the peptide 

cyclization in a rapid and quantitative manner as describe above. The structures of these target cyclic peptides are 

shown in Fig. 4-8. These peptides were expressed in the cell-free translation system and analyzed by MALDI 

TOF-MS. 

As shown in Fig. 4-7d, for both peptides 23p and 24p containing additional Cys residues, peaks corresponding to 

the expected m/z values of the cyclized forms were observed. No linear peptide peaks were detected for these 

peptides. In addition, the conjugates of cyanothiophene and internal Cys residues without the elimination of amino 

group, whose m/z was expected to be 60 greater than that of the cyclized peptide, were not detected (Fig. 4-7d). 

These results indicate that the linear peptides containing cyanothiophene residue were synthesized in the ribosomal 

translation system and spontaneously cyclized in a rapid and quantitative manner. The cyclization reaction 

proceeded even in the presence of additional Cys residues at varied positions. 

The present cyclization method is in contrast to other disulfide-bridged or thioether-bridged cyclization, in which 

internal Cys residues are involved in the cyclization reaction and produce multiple cyclic peptides with different 

circular chain lengths. The cyclization at undesired positions in peptide libraries reduces the population of the 

cyclic peptides with desired circular chain lengths and requires identification of the cyclization position after 

peptide screening. The thiazoline ring-bridged peptide cyclization will allow to prepare cyclic peptide libraries with 

defined circular chain lengths. 
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Fig. 4-7  Cyclization of peptides containing Cys at the N-terminus and inside peptide and cyanothiophene residue 

at the C-terminus. a) Schematic diagram of the cyclization reaction. b) Amino acid sequence and calculated m/z 

value of the peptides used; X indicates the position of introduction of the non-natural amino acid 2; c) Chemical 

structure of the non-natural amino acid 2 with 2-cyanothiophene residue; d) MALDI TOF-MS spectra. 
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Fig. 4-8  Cyclic peptides structure of peptide 23p and 24p 

 

 

 

4. 3. 3 Thiazoline ring-bridged cyclization of peptides of different lengths 

 In the intramolecular cyclization of peptides, the length of the peptide to be cyclized may affect the efficiency of 

the cyclization reaction. Therefore, I evaluated the efficiency of the cyclization reaction by changing the number of 

amino acids between the N-terminal Cys and side chain of 2. For this purpose, I used peptide sequences containing 

5-9, 15, and 20 residues in the cyclic portion (25p-31p), as shown in Fig. 4-9a. The cell-free expression of the 

cyclic peptides and MALDI TOF-MS analysis were carried out as described above. 

 As shown in Fig. 4-9b, peaks corresponding to the cyclic peptides were clearly observed for all peptides 25p-31p. 

For peptides 25p, 26p, 27p, 30p and 31p, no peaks corresponding to linear peptides were detected, while peptides 

25p and 26p showed Na+ adducts of the cyclic form. On the other hand, unreacted linear peptides were observed in 

peptides 28p and 29p, but their peak intensities were much weaker than those of the cyclic peptides.  

These results demonstrate that the cyclic peptides can be efficiently produced regardless of the length of the 

peptides to be cyclized and the surrounding amino acid sequences. Up to at least 20 amino acid residues did not 

affect the cyclization reaction, suggesting the wide applicability of this reaction. 
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Fig. 4-9 Cyclization of peptides with cyanothiophene residue introduced at different positions. a) Amino acid 

sequence of the peptides used in this study and calculated m/z values. X indicates the position of the introduced 

non-natural amino acid 2. b) MALDI-TOF MS spectra of expressed peptides. 
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4. 4 Conclusion 

 

I have confirmed that thiazoline ring-bridged peptide cyclization occurs in an N-terminal Cys-selective manner 

using non-natural amino acids with cyano groups in cell-free translation. All the non-natural amino acids used in 

this study were introduced into the peptides through the amber suppression, but the cyclization efficiency depended 

on the types of cyanated residues. Considering the cyclization efficiency, non-natural amino acids 1 and 2 are 

preferred for the expression of the thiazoline ring-bridged cyclic peptides. I have also confirmed that the N-terminal 

Cys was selectively cyclized in the thiazoline ring-bridged peptide cyclization even in the presence of Cys in the 

chain. Furthermore, I confirmed that the cyclization reaction proceeds even for linear peptides with a chain length 

of 5 to 20 residues. These results obtained in this study demonstrate the usefulness of this cyclization reaction in the 

construction of cyclic peptide libraries with mRNA display. In other words, this cyclization reaction enable to 

establish the peptide libraries cyclized at specified positions. This cyclization method is in contrast to 

disulfide-bridged or thioether-bridged cyclization, where multiple Cys inside peptides are involved in the 

cyclization reaction and cyclization occurs at multiple positions, requiring identification of the cyclization position 

after peptide selection. The ability to use Cys without limitation in a random library and the ability to produce 

cyclic peptides of different lengths are also advantages in increasing the diversity of the library. In addition, the 

thiazoline ring-bridged cyclization structure is also expected to enhance membrane permeability and is expected to 

be applied to obtain peptides against intracellular protein-protein interactions. 
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Chapter 5                                                         

Conclusion 

 

In this study, I discribed the reaction properties and versatility of thiazoline ring-bridged peptide cyclization 

inspired by Luciferin biosynthesis. This peptide cyclization reaction proceeded in an aqueous solvent spontaneously, 

and it was possible to construct a characteristic heterocyclic structure in the peptide main chain. The reactivity of 

cyclization can be tuned by the energy level of the LUMO orbital of the cyano group. Furthermore, we have shown 

that the present peptide cyclization reaction can be adapted to linear peptides composed of various amino acid 

sequences. The thiazoline ring-bridged cyclic peptides showed higher membrane permeability than amide- and 

thioether-bridged ones. To better understand the model membrane permeation phenomenon, I have carried out 

temperature-variable NMR and computational solution structure analysis and found that the intramolecular 

hydrogen bonds reduced the polar surface area by the polar offset and solvent molecule shielding effect. In addition, 

I have applied this thiazoline ring-bridged peptide cyclization reaction to the cell-free translation and revealed that 

the cyclic peptides were obtained from the cell-free expressed linear peptides in a rapid and quantitative manner. 

 

The advantages of the thiazoline ring-bridged cyclic peptides were summarized as follows: (1) regioselective 

cyclization of a wide range of amino acid sequences is possible, (2) cyclic peptides with high membrane 

permeability could be provided, and (3) cyclic peptides also can be expressed in a cell-free translation 

regioselectively. This type cyclic peptides have a druggable thiazoline ring as a heterocyclic structure in the peptide 

main chain, thus providing novel peptide libraries that are different from conventional amide and thioether-bridged 

ones. In addition, the rigidity of the thiazoline ring-bridged structure may also be advantageous to reduce entropy 

loss upon binding to targets. These characteristics of the thiazoline ring-bridged cyclic peptides are expected to be 

utilized to develop novel types of peptide drugs in a wide range of areas, from the discovery stage to the 

development stage. 
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