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ABSTRACT 

 

 

PEPTIDE-BASED DRUG SYSTEMS 

 

 

 

Melek Parlak 

PhD in Chemistry Department, METU 

Supervisor: Salih Özçubukçu 

September 2017, 173 pages 

 

The increasing appeal of safe, cheap and effective treatments against various type of 

diseases has paved the way for the discovery and development of innovative peptide-

based drug and drug delivery systems. The relative ease with which peptide based-

materials can be synthesized and the wide range of synthetic techniques available have 

ensured that these materials can be tuned to adopt specific conformation or modified 

to contain specific functional groups.  

Our major focus in this thesis is developing peptides with different scaffolds. In one 

study, we synthesized small peptides that mimic the correctly folded state of the fusion 

protein of the Respiratory syncytial virus (RSV) that causes respiratory tract 

infections. As small peptides generally do not retain their native conformation, they 

were stabilized through construction of intramolecular bridges that hold the peptides 

in the right conformation. A various type and size of intramolecular bridges were 

established in different part of the peptide sequences. Constrained peptides that both 

showing binding against specific antibodies and having helical structures as in their 

native structures were covalently linked to carrier protein for further immunological 

studies.
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In another study, poor therapeutic properties of pro-apoptotic Smac peptide 

(AVPIAQK) were improved. Apoptotic peptide was fused to a well-known 

octaarginine cell-penetrating peptide for promoting its access to a cell's interior. Smac 

and octaarginine containing linear, monocyclic and bicyclic peptides were 

successfully synthesized. The biological properties of designed peptides in terms of 

cell-permeability, cytotoxicity and apoptotic efficiency were studied. 

As a final study, anthracene containing peptide nanofibers and peptide vesicles were 

designed, synthesized and changes in their self-assembled structure upon light 

exposure at 365 nm were investigated. It was proved that such systems have a potential 

as light-driven drug delivery. 

 

Keywords: Respiratory syncytial virus, Smac peptide, Octaarginine, Apoptotic 

peptide, self-assembled structures.  
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ÖZ 

 

 

PEPTİT BAZLI İLAÇ SİSTEMLERİ 

 

 

 

Melek Parlak 

Doktora, Kimya Bölümü, ODTÜ 

Danışman: Salih Özçubukçu 

Eylül 2017, 173 sayfa 

 

Çeşitli hastalık türlerine karşı güvenli, ucuz ve etkili tedavilere olan giderek artan ilgi, 

yenilikçi peptit bazlı ilaç ve ilaç dağıtım sistemlerinin keşfedilmesi ve 

geliştirilmesinin yolunu açmıştır. Peptit bazlı materyallerin sentezlenmesinin göreceli 

kolaylığı ve mevcut geniş sentetik teknik çeşitliliği, bu materyallerin spesifik 

konformasyonu benimsemek üzere ayarlanmasını veya spesifik fonksiyonel grupları 

ihtiva edecek şekilde modifiye edilmesini sağlamıştır. 

Bu tezdeki ana odak noktamız, farklı iskelet özelliklerine sahip peptitlerin 

geliştirilmesidir. Bir çalışmada, solunum yolu enfeksiyonlarına neden olan 

Respiratuar sinsityal virüse (RSV) ait füzyon proteininin katlanmış halini taklit eden 

küçük peptitleri sentezledik. Küçük peptitler genellikle doğal konformasyonlarını 

muhafaza etmediğinden, peptitler, onları doğru konformasyonda tutabilen 

intramoleküler köprüler kurularak sağlamlaştırılmıştır. Çeşitli tip ve boyutlarda 

intramoleküler köprüler, peptit dizilerinin farklı bölümlerinde kurulmustur. Hem 

spesifik antikorlara karşı bağlanma gösteren hem de doğal yapılarında olduğu gibi 

sarmal yapılara sahip olan sınırlandırılmış peptitler, daha ileri immünolojik çalışmalar 

için taşıyıcı proteine kovalent olarak bağlanmıştır. 
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Bir başka çalışmada, pro-apoptotik Smac peptidinin (AVPIAQK) zayıf terapötik 

özellikleri geliştirildi. Apoptotik peptit, hücrenin iç kısmına erişimi sağlamak icin, iyi 

bilinen bir hücre penetrasyon peptiti olan oktaarjinine eklendi. Smac ve oktaarjinin 

içeren lineer, monosiklik ve bisiklik peptitler başarıyla sentezlendi.  Tasarlanan 

peptitlerin hücre geçirgenliği, sitotoksisite ve apoptotik etkinlik açısından biyolojik 

özellikleri araştırıldı.  

Son çalışmada, antrasen içeren peptit nanofiberleri ve peptit vezikülleri tasarlandı, 

sentezlendi ve 365 nm'de ışığa maruz bırakıldıklarında kendi kendine düzenlenen 

yapılardaki değişiklikler araştırıldı. Bu tür sistemlerin ışığa dayalı ilaç dağıtımı 

potansiyeline sahip olduğu kanıtlandı. 

 

Anahtar Kelimeler: Respiratuvar sinsityal virüs, Smac peptit, Oktaarjinin, Apoptotik 

peptit, Kendi kendine düzenlenen yapılar.  
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CHAPTER 1 

 

 

PEPTIDE-BASED THERAPEUTICS 

 

 

 

1.1 Introduction 

 

Peptides are biologically active molecules, consisted of short chains of amino acid 

monomers linked together via amide bonds (–CONH–) or disulfide bond (-S-S-). 

These molecules are attractive building blocks in bioorganic and supra-molecular 

chemistry due to available diversity of amino acid sequences and their predictable 

conformational properties.  

Emil Fischer, along with Ernest Fourneau, synthesized the first synthetic peptide, 

‘dipeptide’—glycylglycine, in 1901.1 This is considered as beginning of peptide 

chemistry. Progress however was slow for the next 50 years. Therefore medicinal use 

of synthetic peptides started after the Second World War. In 1953, the chemical 

synthesis of the first polypeptide—‘oxytocin’ by du Vigneaud was a milestone in 

peptide history.2 However, amount of time and effort that peptide synthesis took was 

enormous by conventional methods. In 1963, Bruce Merrifield accelerated and 

automated this long process using the method he named Solid Phase Peptide Synthesis 

(SPPS). SPPS method paved the way for simple, rapid and effective preparation of 

peptides and small proteins. This technological leap has remarkably sparked progress 

in biochemistry, molecular biology, pharmacology and medicine. With their excellent 

specificity which is transferred into remarkable safety, tolerability and efficacy, 

peptides became an excellent starting point for the design of novel therapeutics.  

The study of peptide-based biomaterials is an alluring target because it scrutinizes and 

advances basic understanding of how natural biomaterials are constructed and used in 
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biological systems. They often have essential roles in human physiology, including 

actions as hormones, neurotransmitters, growth factors or ion channel ligands.3 They 

are very specific in activity. This feature of peptides might also be the primary 

differentiating factor of peptides compared with traditional small molecules when 

used as a drug candidate.4 Another peculiar attribute of peptides is structural similarity 

between the constructed peptide and the physiologically active parent molecules from 

which they are derived, which helps depicting the risk of unforeseen side-reactions.5 

Furthermore, peptide therapeutics have lower production complexity with recent 

technological enhancements in peptide synthesis compared to  protein-based 

biopharmaceuticals, therefore  the production costs are also lower, generally 

approaching those of small molecules. Inspite of all given attractive features, they also 

have some limitations. One of the most difficult challenges for peptides is the need for 

effective and patient-friendly delivery technologies. They have to be injected or 

special formulations have to be designed to accommodate them. The proteolytic 

stability of natural peptides is one of the primary limitation of their use as drug 

candidates. Despite such negations, therapeutic peptides has shown wide applications 

in medicine and biotechnology as diagnostics as well as therapeutics and came into 

prominence as potential drug of future.  

The therapeutic peptides market has appeared in the 1970s, when Novartis launched 

Lypressin, a Vasopressin analogue. In 2000 the total ethical pharmaceutical market 

was accounted as $265 billion, with peptides and proteins, excluding vaccines, 

reporting for more than 10 % of the market.6 Approximately 30 peptides had reached 

the market in the period between 1970 and 2003.  

The number of new chemical drugs had been almost stable for about 10 years, with 

around 35–40 each year, but the number of peptide and protein based drugs had been 

constantly increasing during these years. The most remarkable peptide drug in 

approved in 2003 was Enfuvirtide, which blocks HIV entry into cellular CD4 and can 

be considered the turning point of investor attitude to biotech in general and to peptide 

drugs in particular.7 In 2010, there were a total of 60 peptide had been approved in the 

USA by the Food and Drug Administration (FDA) and their total sales are 

approximately 13 billion USD. Among these, the multiple sclerosis therapy Copaxone 

and the hormone-related products Leuprolide, Octreotide, and Goserelin have annual 

sales of more than $1 billion each.8 The year 2012 is considered as prominent year for 
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the peptide therapeutics sector. Six peptide therapeutics was granted marketing 

approvals in a single year. It had been estimated that the peptide market sales reached 

$ 12 billion in 2013.9 As of now there are over 100 approved peptide-based 

therapeutics on the market for the prosperity of patients. For all these reasons, the 

commercial value of peptide therapeutics are undeniable, and their market share could 

substantially increase as recently approved products and those seen on the horizon.  

1.2 Chemical Approaches for Effective Development of Peptide 

Therapeutics 
 

The phenomenal progress in synthetic methodologies and peptidomimetics lead the 

beginning of a new era in peptide therapeutics with the vision that chemists are now 

able to prepare without restraint, essentially any desired peptide sequence. At this 

juncture, the role of chemical biology is indispensable. The disadvantages in peptide 

design such as long sequences, short half-life, rapid proteolytic cleavage, and low oral 

bioavailability have been overcame by utilizing some biochemical strategies and 

approaches.  Since the biggest obstacles in peptide chemistry was circumvented with 

the discovery of Solid Phase Peptide Synthesis, it will be explained in detail. Then, 

other developed techniques used for enhancing druggability of peptides will be briefly 

discussed. 

1.2.1 Solid Phase Peptide Synthesis (SPPS) 

 

Introduced by Merrifield in 1963, solid phase peptide synthesis (SPPS) has 

immediately become one of the most powerful and versatile molecular tool for the 

construction of peptides.10 Importance of this technique was fully appreciated and 

brought Nobel Prize to Robert Bruce Merrifield "for his development of methodology 

for chemical synthesis on a solid matrix". This technique based on the fact that the 

peptide chain is covalently attached to an insoluble polymeric resin. Growing peptides 

on an insoluble solid support has some distinct advantages. Firstly, separation of 

peptide from soluble reagents and solvents simply carried out with filtration and 

washing, which requires less time and labor compared to tedious work-up procedure. 

Moreover, many operations are amenable to mechanization and extensive range of 

robotic instrumentation are available now. After programing the amino acid sequence 

of peptides and describing synthesis parameter, machines can automatically perform 
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all the synthesis steps required to prepare peptide samples. Additionally, excess 

reagents can be used to help to drive reactions to completion and physical loses of 

peptides stay in minimum level due to robust covalent attachment of peptide resin in 

reaction condition. The major problem with this approach is the absence of feasible 

analytical techniques employed for following the course of the reactions. Progress of 

the reactions are depend on qualitative color tests.  

The principles of SPPS are illustrated in Scheme 1.1.11 The first amino acid residue is 

tethered to insoluble polymeric resin via a linker (between the solid support and the 

synthesized peptide) functionality. Any functional group in amino acid side chains 

must be protected with ‘permanent’ masking groups that must stay intact in reaction 

conditions during peptide chain assembly. After loading the first amino acid, the 

‘temporary’ masking groups on α-amino group is removed, then second amino acid is 

introduced. The carboxy group of the second amino acid being activated for amide 

bond formation through the generation of an active ester or by reaction with coupling 

reagent. Following with the coupling, excess reagents are washed away throughout 

the resin. The protecting group is removed from the N-terminus of the resulted 

dipeptide, prior to addition of third amino acid, then third amino acid was coupled by 

activation of its α-carboxylic group. This deprotection/coupling cycle is repeated until 

the target sequence is obtained. At the end of the synthesis the peptide is released from 

the resin and the side chain protecting groups simultaneously removed.  
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Scheme 1. 1 SPPS principles 

 

 

There are two categories of SPPS known as Boc/Benzyl and Fmoc/t-Bu SPPS, where 

the names refer to temporary N-terminal protecting group of the amino acid/permanent 

side chain protecting groups.  

Initially, Boc-SPPS, which is also called Merrifield SPPS, was the main form of 

SPPS.12 The tert-butoxycarbonyl (Boc) group is used for temporary protection of α-

amino group and removal of this group is effected with neat trifluoroacetic acid (TFA) 

or TFA in dichloromethane (DCM). The resulting trifluroacetate is neutralized before 

the coupling with diisopropylethylamine (DIPEA) or neutralized in situ during the 

coupling reaction. Couplings were originally carried out by activation of subsequent 
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amino acid with dicyclohexylcarbodiimide (DCC) in DCM, but today the use of 

various type of potent coupling reagents in N,N-dimethylformamide (DMF) or N-

methylpyrrolidone (NMP) are preferred for efficient synthesis.  Permanent side-chain 

protecting groups (a range of benzyl based protecting groups) and peptide-resin bonds 

are cleaved at the end of the synthesis by usually treating the resin anhydrous 

hydrofluoric acid (HF). Even if this method is extremely powerful tool for efficient 

synthesis of large peptides and small proteins, the need to use highly toxic HF and 

special teflon-lined apparatus seriously hinder the usability of this approach. In 

addition to this, the harsh acidic conditions can cause detrimental and irreversible 

changes in the structure of peptides with sensitive sequences. Although Boc-SPPS is 

still used today, these reasons cause dwindling of Boc-SPPS method.  

9-fluorenylmethoxycarbonyl (Fmoc) group was introduced in 1970 by Carpino and 

Han.13 In the late 1970s, the Fmoc group was adopted for solid-phase applications.  

Fmoc based SPPS strategy employs the base-labile Fmoc group for protection of the 

α-amino functional group, acid-labile side-chain protecting groups and acid-labile 

peptide-resin linkers. The temporary Fmoc protecting group is removed with 20-50% 

v/v piperidine in DMF as depicted in Scheme 1. 2.  Couplings are typically carried out 

in DMF or NMP with pre-formed active esters or using activation reagents that 

generate in situ benzotriazolyl esters. Cleavage of the peptide from resin and the 

overall side-chain deprotection is achieved with maximum 95% TFA.  One of the 

potential advantage of this strategy is that temporary and permanent orthogonal 

protecting groups are eliminated by completely different mechanisms, thus facilitating 

the use of milder acidic conditions for final deprotection and release of peptide from 

the resin. Moreover, elimination of repetitive acidolysis steps enables the synthesis of 

peptides that are susceptible to acid-catalyzed side reactions. All in all, these are the 

most obvious reasons for the popularity of Fmoc-SPPS approach that is actively 

utilized in laboratories worldwide.  



7 

 

 

 

Scheme 1. 2 Fmoc removal mechanism. 

 

 

Successful SPPS is governed by several parameters: the choice of the solid support, 

linker,   appropriately protected amino acids, coupling reagent, and protocol for 

cleaving the peptide from the solid support.14 

The preference of the right solid support is often critical for successful, non-

problematic synthesis of the desired peptide. Resin must be swelled in DCM, DMF 

and NMP, which are commonly used solvents. It has to be noted that effective 

solvation of the peptide/resin is perhaps the most crucial condition for efficient 

synthesis. Swollen resin beads should reacted and washed batch-wise with agitation, 

then filtered either with suction or under positive nitrogen pressure.  Resin must be 

robust and less tendency to degrade over the course of long peptide array.  

Furthermore, resins prepared irregular shaped beads cannot always be packed 

properly, causing problems with channeling and irregular distribution of reagents 

through the resin bed. Extensive number of resins are now commercially available in 

the market for complex peptide synthesis. 

The function of the linker is to provide temporary immobilization of the first synthetic 

component, an amino acid in the case of peptide synthesis to a solid support (Figure 

1.1). It remains after cleavage at the support. Besides, linker protects the C-terminal 

of α-carboxyl group during the process of peptide assembly. Functionality of the C-

terminal of a final peptide depends on the choice of linker. Most of the linkers are 

designed to release peptide acids or amides upon the treatment with TFA. Linkers are 
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also available in which the peptide-resin linkage is cleaved with nucleophiles, 

enzymes or light. The primary criteria for linker selection are the structure of the target 

peptide and the protection strategy. 

 

 

 

 

Figure 1. 1 Attachment of the peptide sequence to a solid support via a linker 

 

 

Another aspect for the successful SPPS is usage of properly protected amino acids. 

Most of the aminoacids contain reactive functional groups. Therefore, it is usual for 

all these potentially reactive groups to be masked in order to avoid unwanted reactions 

during iterative deprotection, coupling steps and final cleavage process. For routine 

synthesis, protecting groups that are removed with TFA are usually employed, because 

unmasking of the side chain protections is occurred at the same time as peptide 

releases from the resin. Furthermore a wide range of groups is also available which 

selectively removed on solid phase, thus facilitate the selective modification of the 

side-chains of individual residues without chemically interacting the other 

aminoacids. These find application in the synthesis of cyclic peptides, 

phosphopeptides, biotinylated and florescence-labeled peptides. Table 1.1 lists the 

frequently used side-chain protecting groups and the conditions required for removal.  
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Table 1. 1 Commonly used protecting groups compatible with Fmoc/tBu SPPSa 

 

Functionality  

of side chain 

Protecting groups Cleavage conditions  References 

 

 

 

 

 

 

 

95% v/v TFA, 30min 15 

 

 50% v/v TFA in DCM,1h 

 TFA-anisole (9:1), 30min 

 TFA-anisole-EDT-EMS, 

(95:3:1:1),1,5h 

16, 17 

 

 

17 

 
 

90% v/v TFA, 30min 18 

 

Pd(Ph3P)4 (0.1equiv), PhSiH3 (24 

equiv.) in DCM, 10-30min, 

19 

 

4% TFA in DCM,15 min 20 

 

 

90% v/v TFA, 30-60min 21 

 

90% v/v TFA, 1h 22 
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Table 1. 1 (Continued) 

 

 

 

90% v/v TFA, 30min 23 

 

 I2  

 Tl(tfa)3  

 Ag(TFMSO)  

 Hg(OAc)2 

24 

25 

26 

27 

 

PBu3 or PPh3 in TFE 28 

 

HF, 20°C 

 

29 

 

 0.5-1 % v/v TFA in DCM-TES 

(95:5), 30min 

 3 % v/v TFA,5-10min 

 

30 

 

 

5% v/v TFA-3% TES in DCM 31 

 

 

50% v/v TFA in DCM, 30 min 32 
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Table 1. 1 (Continued) 

 

  

90% v/v TFA, 30 min 33 

 

 

90% v/v TFA , 30 min 34 

 

Pd(Ph3P)4 (0.1equiv), PhSiH3 (24 

equiv.) in DCM, 

10-30min, 

19 

 

2% NH2NH2.H2O in DMF, 5-10 min 35,36  

 

1.8% TFA in DCM, 3minx 15 

 

37 

 
 

90% v/v TFA , 30 min 38,39 

 

1-5% TFA in DCM,2-5 min 40,41 
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Table 1. 1 (Continued) 

 

 

 

 0.1M TBAF-DMF, 15min (Tyr) 

 TFA,15min (Ser/Thr) 

42 

  

(i)90% v/v TFA , 1h; followed by  

(ii)1% aq.TFA, 1-2h 

43 

 

a The protecting groups are drawn to include masked atom of the aminoacids, shown 

in bold.  

 

 

The success of the peptide synthesis relies on an efficient combination of protecting 

groups and coupling reagents. The term coupling refers to formation of an amide bond 

between two amino acids and that mainly consists of two steps. As a first and foremost 

step is the activation of carboxy component of the incoming amino acid. Although 

methods involving activation of carboxy groups commonly employed in organic 

synthesis, these are too extreme to be used in peptide synthesis as their tendency to 

side-reactions. Peptide chemists have therefore used milder activation methods, 

generally based on formation of active esters, pre-formed active esters or in-situ 

activation of carboxy group. The second step is the nucleophilic attack of the amino 

group of the other amino acid derivative at the active carboxylic group.  

Among the vast number of coupling methods, those that require in situ activation of 

the carboxylic acid are most in use. The most-widely used coupling reagents are 

categorized as carbodiimides, uronium/aminium salts, phosphonium and immonium 

salts, which have structure as shown in Figure 1.2.44 HBTU, HCTU, HATU, 

HOBt/DIC and PyBroP are highly reactive, affordable in price and they resolve 

racemization issue. Therefore they are utilized in peptide synthesis part of the thesis.  
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Figure 1. 2 Structure of coupling reagents A. Phosphonium salts, B. uronium/aminium 

salts, C. immonium salts, D. Carbodiimides reagents, E. Additives used with 

carbodiimides. 

 

 

When peptide construction is completed, it is released from the resin by a concentrated 

TFA (95%) for 1-3h. Peptide cleavage mechanisms of Rink45 and 2-chlorotrityl 

chloride resin46 are described in Scheme 1.3. Side-chain protecting groups are also 

removed under these highly acidic conditions, resulting peptide with fully deprotected 

side chains. Acidic side-chain group deprotection may yield highly reactive cationic 

species that are generated from the protecting groups and resin linkers. Since these 

species can react and result unwanted modifications, they are generally suppressed by 

introduction of various nucleophilic reagents called as “scavengers” into cleavage 
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mixture. The most frequently used scavengers are triisopropylsilane (TIS), water 

(H2O) and 1, 2-ethanedithiol (EDT) molecules.  

 

 

 

 

Scheme 1. 3. Resin cleavage mechanism, A) Rink resin, B) 2-Chlorotrityl chloride 

resin (R represents amino acid sequence). 

 

 

1.2.2 Chemical modification 

 

In order to fulfill the biological requirements, peptides of interest often have to have 

structural elements beyond the 20 genetically encoded amino acids. Particular 

emphasis has been placed on peptides containing cyclic scaffolds, polyethylene glycol 

(PEG), D-amino acids, and lipophilic moieties and phosphorylated or glycosylated 

residues. 

1.2.2.1 Macrocyclisation 

 

Peptide macrocycles are conformationally rigidify synthetic peptides that are 

generally designed with the goal of increasing biological potency and/or specificity. 

As a characteristic feature, cyclic peptides are more resistant to enzymatic degradation 

than their linear variants, 47 which is a significant proof of therapeutic potential of this 

class of molecules. Cyclic peptides have proven to be useful for two main applications. 

One is the mimicry of secondary structures such as helicity and the other is the 
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optimization of peptides in terms of increased binding potency/selectivity and protease 

stability. There are many cyclic peptides with diverse biological activities.  Octreotide, 

calcitonin, cyclosporine A, nisin, polymixin and colistin are the well-known peptide 

macrocycles that being used as therapeutic agents.48 

Depending on its functional groups, there are four general methods for cyclization: 

head-to-tail (N-to-C), head-to-side chain, side chain-to-tail or side-chain-to-side-chain 

(figure 1.3). Among these four different ways for cyclization, head-to-tail and side 

chain-to-side chain cyclization are the most frequently utilized. While head-to-tail 

cycles are usually formed by amide bond formation, side-chain-to-side-chain cycles 

are most often synthesized via disulfide bond formation, lactamization, alkyne-azide 

cycloadditions and ring-closing metathesis (RCM).  

 

 

 

 

Figure 1. 3 Four possible ways a peptide can be constrained in a macrocycle. N 

represent the N-terminus (head) of peptides, C represents the C-terminus (tail) of 

peptides.  

 

Disulphide bridging was one of the first cyclization techniques to be reported. 

Disulphide bridges between pairs of cysteine residues play an important structural role 
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in many proteins. Simultaneous deprotection of cysteines and oxidation give the 

disulphide bridged peptide. Their limited stability in reducing environments restrict 

their applicability in peptide chemistry.  

Lactam refers to cyclic amide bond which is used for the preparation of head-to-tail 

cyclic peptides and side-chain-to-side-chain cyclic peptides. The use of amide bond 

has two primary advantageous over disulfide bridges. First amide bond is inert to most 

of the conditions to which peptides are subjected, while disulfide-bridged peptides can 

be reduced to their acyclic thiol form in an intracellular environment. 

Second, the availability of a wide variety of protecting groups for amines and 

carboxylic acids that are orthogonally cleavable enables the preparation of complex 

multicyclic peptides in more controllable and easier manner than disulfide bridge 

containing peptides. The construction of a monocyclic lactam-bridged peptide by 

SPPS will generally require a pair of selectively cleavable protecting groups for 

protection of the amine and carboxylic acid. After concomitant removal of the 

protection of amine and acid groups on resin while other aminoacids stay as protected, 

free amine and acid are coupled with potent coupling reagent, resulting a lactam 

formation. Incorporation of allyl-protecting groups (OAll/Alloc) which can be 

removed using the Pd° catalyst, base-labile protecting groups (Fmoc/OFm) and the 

protecting groups that can be cleaved under mild acidic conditions (Mtt/OPip) are 

largely used strategies. There has been extensive optimization and application of these 

strategies for development of lactam bridged peptides. 

The utility of azide-alkyne cycloaddition reactions as a macrocyclisation tool is quite 

clear. This type of reaction encompasses  effective, highly reliable, and selective 

way to generate substances by joining azide and alkyne units together through triazole 

ring. Cu (I)-catalyzed alkyne-azide cycloaddition (CuAAC) and strain-promoted 

alkyne-azide cycloaddition (SPAAC) are successfully integrated to peptide chemistry, 

showing a great promise. The amino acids required for triazole stapling are readily 

accessible, 49 and the reaction conditions are now well-characterized.  

The discovery of the olefin metathesis reaction in forming carbon–carbon bonds has 

led to a wide range of applications in the area of macrocyclization. Grubbs and co-

workers were the first to apply the strategy of ring-closing metathesis (RCM) to 

conformationally restrain amino acids and peptides.50 From a synthetic perspective, 
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the route for preparing hydrocarbon stapled peptides is investigated and optimized, 

however allyl containing aminoacids such as allylglycine, O-allyl serine and the 

ruthenium-based catalysts are still expensive for SPPS applications.  

1.2.2.2 PEGylation 

 

Covalent attachment of non-toxic, non-immunogenic polyethylene glycol (PEG) 

polymer to peptides, so-called PEGylation, confers new physicochemical properties 

and can modify both stability and solubility. Furthermore, PEGylated peptide and 

protein therapeutics exhibit prolonged half-life, lower immunogenicity and 

antigenicity.51These consequences are attributed to increased molecular size52,53 which 

reduces glomerular filtration and masking of the protein surface, which decreases 

immunorecognition response and proteolytic degradation.52, 54 Due to these favorable 

properties, PEGylation plays a critical role in oral drug delivery, enhancing the 

efficacy of peptides and proteins as parenteral therapeutic agents. Another remarkable 

application of PEG-peptides is seen in the field of self-assembled systems. Interesting 

self-assembly properties arising from the amphiphilicity of PEG−peptide conjugates 

offers advantages for biomedical applications such as drug delivery or the 

development of enzyme-responsive self-assembling biomaterials.55 

1.2.2.3 Substitution of L-amino acid with D-amino acids 

 

Functionality of peptides and proteins was dictated by their structure which is 

constituted by composition, configuration and chirality of aminoacids. Natural amino 

acids (except glycine) exhibit two different enantiomers (L- and D-). Although the L-

form is clearly the predominant enantiomer found in nature, some peptides and 

proteins containing D-amino acids are also known. Their incorporation in designed 

peptide and proteins often make the designed therapeutics advantageous.  One 

advantages of them is that compounds containing D-residues are much more resistant 

to proteolytic degradation than natural peptides, which is due to the stereospecificity 

of most exo- or endoproteases.56, 57 For drug candidates, this feature is quite 

considerable. Another superiority of D-residue containing peptides and proteins is that 

their characteristic regions of allowed Ramachandran space make D-residues 

particularly suitable for stabilizing turns.58, 59 Therefore they can be used for structural 

stabilization of the secondary structures.  
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1.2.2.4 Increasing the hydrophobicity of a peptide using lipophilic moieties 

 

The covalent binding of a lipid group to a peptide chain is called lipidation. It is the 

most common way to increase the hydrophobicity of the peptides for multiple 

purposes. Since the lipidation dramatically changes the physiochemical characteristic 

of the peptides, it is useful tool in designing peptide drugs. The number fatty acids,   

chain length and lipid anchor positions of fatty acids plays an important role in 

modulating their function.60 Modification with lipids affects the absorption, 

distribution, metabolism and excretion (ADME) and bioavailability of drugs, and thus 

make this strategy attractive.60 

 Lipidated peptides are more stable than their unlipidated analogs, attached fatty acid 

moieties protects them against enzymatic degradation.61 Moreover these lipophilic 

units improves their permeation of biological membranes to a certain extent and 

therefore increases their bioavailability and activity62 Lipidic moieties can gain 

selectivity to peptides and target peptides to particular cells, such as dentritic63 or 

cancer cells,64 thus increasing peptide immunogenicity or antitumor efficacy, 

respectively. 

Importantly, lipidation can change the secondary structures of peptides through the 

hydrophobic interactions of the fatty acid chain with the peptide backbone or side 

chains. Lipidated peptides can form stable self-assembling structures (such as 

micelles, tubules, vesicles, mono- or bilayers, nanofibers) which are currently 

committed to produce materials for biotechnology and biomedical applications.65 

1.2.2.5 Incorporation of phosphorylated or glycosylated residues 

 

Modifications of peptides and proteins by means of phosphorylation, or glycosylation 

endow the affected biomolecules with distinctive physiological and biochemical 

functions and/or reinforcement of certain significant structural conformation.  

In recent years, a variety of reagents have been developed for protein phosphorylation 

research. Among these phosphopeptides have been proven to be critical components 

in designing assays for protein phosphorylation. Phosphorylation may affect protein 

function in different ways. Phosphates add both charge and hydrophilicity to a 

protein’s surface. These changes may either construct or destroy sites for interaction 
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with other proteins or they induce changes in the conformation. These effects control 

its activity, subcellular localization, binding properties. 

Phosphorylated peptides mainly contain phosphorylated hydroxyl-bearing amino acid 

residues serine and threonine and to a lesser extent, on the phenolic side chain of 

tyrosine. Principally, methodology of the chemical synthesis of phosphopeptides can 

be divided into two strategies: (1) preparation of the corresponding phosphorylated 

building blocks of amino acids and incorporation of them into the stepwise mode of 

solid phase synthesis by Fmoc or Boc chemistry; (2) the peptide can be phosphorylated 

after solid phase synthesis from hydroxyl substituents on the unprotected Ser/Thr/ Tyr 

residues.66 This latter approach is referred to as global phosphorylation. 

The introduction of carbohydrate moieties is another chemical strategy to improve 

therapeutic efficacy of peptide. First advantage of this strategy is the selective 

targeting to specific organs and enhancing biodistribution in tissues, which is 

fundamental for drug delivery. Carbohydrates are useful candidates for receptor-

targeted peptide delivery. Therefore, the therapeutic agents conjugated with 

carbohydrate units can be recognized by lectin receptors, are expressed in the 

membrane of different cells, such as liver, tumor, and kidney cells.67 As a second 

utility, carbohydrate incorporation enhances the permeability68 of drugs across the cell 

membrane both by targeting glucose transporters on the surface of biological 

membranes 24 and increasing the hydrophobic character of peptides. Importantly, 

glycosylation can improve the metabolic stability and lowers the clearance rate.69 

1.2.2.6 Introduction of peptidomimetics elements 

 

Self-assembly is a spontaneous process of organization of irregularly distributed 

molecular units into well-ordered structures as a result of 

intramolecular/intermolecular interactions.70 It is a powerful tool in the synthesis of 

functional nanostructures such as nanofibers, nanotubes, nanovesicles, nanoribbons 

and etc. Many self-assembling systems have been developed from polymers, 

carbohydrates, nucleic acids and peptides. Among them peptide self-assembled 

nanostructures are extensively preferred for biomedical applications such as tissue 

engineering, biosensors, antimicrobial agents and carrier-mediated drug delivery. The 

features of biocompatibility, biodegradability, and versatility of peptides make them 

more valuable than the other conventional structures.  
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By manipulating the number, type, and sequence of amino acids, different type self-

assembled structures can be designed. Depending upon these elements, it is possible 

establish a relative control over morphology of a target nanostructure and thus achieve 

controlled assembly.71,72 Different types and structures of peptides including aromatic 

dipeptides, cyclic peptides, dendritic peptides, amphiphilic peptides, α-helical 

peptides, and β-sheet peptides have been utilized to self-assemble into 

nanostructures.73 

Noncovalent interactions such as electrostatic interaction, hydrophobic interaction, 

hydrogen bonding, and 𝜋-𝜋 stacking mediate the peptide self-assembly. Electrostatic 

interactions involve both attractive and repulsive forces between charged residues 

from amino acids in the peptide self-assembly. There are many studies that utilizes the 

electrostatic interactions to direct assembly process and fold peptide into certain 

morphology. For example, nanotape structures were observed when C16-KTTKS was 

mixed with C16- ETTES.74 Electrostatic interactions between anionic residue E 

(glutamic acid) and cationic residue K (lysine) led to the formation of fibrillar self-

assembled structures. The hydrophobic interaction is one of the most important effects 

among various noncovalent interactions in the peptide self-assembly process. For 

instance, amphiphilic peptides that can be self-assembled into nanostructures were 

developed based on the magnitude of hydrophobic interactions. Hydrogen bonding is 

another significant input in the formation and stabilization of the peptide secondary 

structure and protein folding. Hydrogen bonding pattern interactions through the 

amide and carbonyls groups in the backbone directs the construction of peptide 

assembly. For aromatic moiety containing peptides, 𝜋-𝜋 stacking from the aromatic 

groups can be the major driving for stabilized the self-assembled nanostructures as 

seen in the diphenylalanine (FF) peptide.75 All these noncovalent interactions are 

easily affected by the external stimuli including pH, temperature, and solvent polarity, 

enabling the stimulation and manipulation the self-assembly process.  

For successful fabrication of self-assembled peptide nanostructures in drug delivery 

applications, tunable management of the physical and biological properties of peptide 

self-assembled nanostructures is highly desired.  

When designing peptide self-assembled nanostructures for drug delivery, all of the 

noncovalent interactions should be taken into consideration and be rationally applied 

in the strategies.  
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CHAPTER 2 

 

 

CONFORMATIONALLY-CONSTRAINED PEPTIDE MIMICS OF A KEY 

RSV NEUTRALIZING EPITOPE 

 

 

 

Respiratory syncytial virus (RSV) is a major pathogen that causes severe respiratory 

diseases in newborns and immune-compromised people. In spite of several attempts, 

vaccine against RSV has not yet been developed. The viral fusion glycoprotein (RSV 

F) plays a major role in the entry process and is the main target of neutralizing 

antibodies. In this study, 23 and 27-residue peptide sequences present most potent 

RSV antigenic site called Ø (zero) from a prefusion state of the RSV fusion protein 

were constrained in a helical conformation. Constraining the peptides with a single i, 

K (i) - D (i+4) lactam bridges was not sufficient to keep the structure helical as in its 

native form. However, the insertion of double staples side by side or interlocked led 

to formation of helical structure as proven with Circular Dichroism (CD) 

spectroscopy. Systematic work that we have proceeded in this study proved that 

designed helical peptides have potential as vaccine antigens and can be also used for 

the detection of antigenic site Ø specific antibodies in human sera. 

2.1 Introduction 

 

Essentially all children become infected with respiratory syncytial virus (RSV) during 

an early stage of life. While most children show only mild respiratory disease, some 

may develop severe bronchiolitis and pneumonia, making RSV a major cause for 

hospitalization of infants.1-3 In addition, RSV is a significant problem in adults and the 

elderly, causing morbidity and mortality similar to those seen with influenza virus.4 

Currently, the only available option to prevent RSV-mediated disease is the passive 

administration of the commercially available RSV-neutralizing monoclonal antibody 

(MAb) Palivizumab.5 However, passive immunization provided by this antibody 

doesn’t last season to season and its use is restricted to infants considered at high risk 
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of developing severe respiratory disease due to its high costs. A vaccine against RSV 

is not yet available. 

The RSV envelope contains two glycoproteins that are the main target of the immune 

system: the attachment protein G and the fusion protein F (reviewed by6, 7). The F 

protein is considered an attractive target for the development of an effective vaccine 

in view of its limited antigenic variability between different RSV strains and the 

effectiveness of Palivizumab, which targets the F protein.5 Several current RSV 

vaccine approaches therefore particularly focus on the induction of anti-F neutralizing 

antibodies.8 The RSV F protein is present on infected cells and on virus particles in 

two conformations: the metastable prefusion and the very stable post-fusion 

conformation.9,10 The structures of these two F protein conformations (Figure 2.1 A 

and figure 2.1 B) have been solved.11-13 The conversion of the prefusion into the post-

fusion conformation drives the fusion between the virus and host cell membranes and 

is essential for virus entry. 
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Figure 2. 1 Prefusion and postfusion conformation of RSV F. A) Prefusion12 and B)  

postfusion11 structures of RSV F. Antigenic sites are indicated (according to reference 
12) as follows: prefusion-specific site Ø (recognized by MAbs D25 and AM22), 

postfusion-specific site I, site II (recognized by MAb palivizumab), and site IV , C) 

Structural analysis of D25 (shown in purple) binding to to prefusion F (1 protomer is 

shown in grey). D25 interacts with several residues in a helix (D200, K201, Q202 and 

N208 and K209, colored red) and a single residue (N63) in a loop. The sequence of 

the wild type (WT) peptide is indicated. 

 

 

MAbs binding to different epitopes on prefusion and/or post-fusion F differ in their 

neutralizing capacity. Palivizumab binds to antigenic site II, which is present on both 

prefusion and post-fusion F. Post-fusion specific antibodies targeting antigenic site I 

have a much lower neutralizing capacity, while antibodies targeting the prefusion-

specific antigenic site Ø (AM22 and D25) neutralize RSV much more effectively than 

Palivizumab.14 In agreement herewith, vaccination with F proteins stabilized in the 

prefusion conformation was more effective than vaccination with post-fusion F. 

Moreover, analysis of RSV-specific antibody responses revealed that levels of 

A B

200-DKQLLPIVNKQSCSISA-216

C

D194LKNYIDKQLLPIVNKQSCSISA 216
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antibodies recognizing the prefusion-specific antigenic site correlate better with virus 

neutralization than levels of other antibodies.  

The much greater contribution of antibodies recognizing antigenic site Ø to 

neutralization compared to other antibodies binding to F suggests that an RSV vaccine 

that solely induces antigenic site Ø-specific antibodies is preferred over a vaccine that 

also induces antibodies against other parts of F. In addition, the absence of antibodies 

binding poorly or non-neutralizing antibodies is preferred as these antibodies may 

contribute to vaccination-induced enhancement of disease,15,16 as opsonization of RSV 

with non-neutralizing antibodies may facilitate infection of macrophage-like cells.17 

In this study, we generated synthetic peptides that were recognized by different MAbs 

(D25 and AM22) that recognize antigenic site Ø. Subsequently, we stabilized these 

peptides in a helical conformation, in order to induce the conformation, found in the 

crystal structure of prefusion F with MAb D25, by incorporating side chain cross-links 

in the peptides. Peptides were selected which displayed increased binding of both D25 

and AM22 and a helical conformation. Finally, we studied whether vaccination with 

these peptides resulted in the induction of neutralizing antibodies and whether these 

peptides are suitable for the detection of antigenic site Ø-specific antibody levels in 

human sera. 

2.2 Results and Discussion 

 

2.2.1 Characterization of wild type (WT) peptide 

 

Analysis of the crystal structure of prefusion F bound with D25 shows that several 

residues in RSV F interact with D25, which are  D200, K201, Q202 and N208 and 

K209 located in a helix and N63 present in a loop of the prefusion F protein12 (Figure 

2.1 C). As most antibody contacts were observed for this helix, we analyzed whether 

synthetic peptides of different lengths corresponding to this part of F 

(D200LKNYIDKQLLPIVNKQSCSISA222, D200LKNYIDKQLLPIVNKQ216, and 

D206KQLLPIVNKQ216, referred to as WT, Δ6 and Δ12, respectively) were recognized 

by antibodies D25 and AM22. These antibodies were previously shown to both bind 

antigenic Ø, but at different angles as determined by negative stain electron 

microscopy12 suggesting them to recognize different residues in RSV F.  Binding of 

the antibodies was analyzed in an ELISA set up, in which the different peptides were 
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coated. As shown in Figure 2.2 A and B, both D25 and AM22 efficiently bound to the 

WT peptide. C-terminal deletion of 6 amino acids completely abrogated binding of 

AM22, while binding of D25 was hardly affected. No binding was observed for both 

antibodies with the shortest peptide. These results indicate that the WT peptide 

contains the minimal requirements for binding of both prefusion-specific antibodies. 

Furthermore, AM22 binding is more sensitive for deletion of C-terminal residues than 

binding of D25 is. Analysis of the conformations of these three peptide by circular 

dichroism showed them to be structurally disordered (Figure 2.2 C).  

 

 

 

 

Figure 2. 2 Analysis of WT and deletion mutant peptides. Interaction of WT and 

deletion mutant peptides with limiting dilutions of A) D25,  B) AM22,  C) CD 

spectrum of the WT peptide and deletion mutant peptides. 
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2.2.2 Alanine Scan 

 

As we aim to stabilize the RSV F peptide in a (prefusion-like) helix conformation, we 

first investigated which side chain residues of the amino acids contribute to the binding 

affinity of the prefusion-specific antibodies and which residues can be modified to 

induce a helical conformation onto the peptide. To this end a limited alanine scan was 

performed on residues other than those that were already apparent to be contributing 

to binding to antibodies D2512, 18 (Table 2.1).   

 

 

Table 2. 1 The list of peptides for alanine scan and deletion mutant peptides 

 

Entry   

1 WT H-DLKNYIDKQLLPIVNKQSCSISA-NH2 

2 Δ12 H-DKQLLPIVNKQ-NH2 

3 Δ6 H-DLKNYIDKQLLPIVNKQ-NH2 

4 N197A H-DLKAYIDKQLLPIVNKQSCSISA-NH2 

5 Y198A H-DLKNAIDKQLLPIVNKQSCSISA-NH2 

6 I199A H-DLKNYADKQLLPIVNKQSCSISA-NH2 

7 P205A H-DLKNYIDKQLLAIVNKQSCSISA-NH2 

8 Q210A H-DLKNYIDKQLLPIVNKASCSISA-NH2 

9 C212A H-DLKNYIDKQLLPIVNKQSASISA-NH2 

9 I214A H-DLKNYIDKQLLPIVNKQSCSASA-NH2 

 

 

Our observations reveal that several mutations including Y198A, I199A, P205A and 

I214A significantly decreased binding affinity towards both antibodies (Figure 2.3 A 

and 2.3 B). Mutations Q210A and C212A abolished binding of AM22, but not of D25, 

in agreement with these antibodies displaying different binding to the deletion mutant 

peptides. The N197A mutation did not negatively affect binding of D25 and AM22. 

Hence, bridge positions were selected to avoid substitution of residues critical for the 

binding of both antibodies. 
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Figure 2. 3 Interaction of WT and peptides containing different Ala substitutions with 

limiting amounts of A) D25 and B) AM22. 

 

 

2.2.3 Synthesis, secondary structure and binding activity of peptides 

 

Cyclic peptides were synthesized by cyclizing linear precursors on resin.  The 

principle of on-resin cyclization is relied on removal of orthogonal protecting groups 

from the side chain of the amino acids and then ring closure while peptide is still on 

resin.  In these work, we have used three different well-characterized methods towards 

the synthesis of cyclic peptides.  

Our initial attempt to synthesize conformationally-constrained peptides, was based on 

side-chain-to-side-chain lactam bridge formation, which is one of the most applied 

methodology.19 Amide bond was constructed between glutamic acid and lysine 

residues after orthogonally and selectively removal of Alloc and Allyl groups on resin 

Scheme 2.1.  
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Scheme 2. 1 Synthesis of monocyclic K193E197 peptide with Alloc/OAll Strategy 

 

 

We found that the synthesis of the peptide using standard Fmoc protected amino acids 

was rather cumbersome because of a very difficult coupling after Ser210, but when 

we included a pseudo-proline20 for residues Ile-214 and Ser-215 the synthesis went 

smoothly. Using this strategy, firstly, monocyclic Lys-Glu (KE) bridged-peptides 

were successfully synthesized by moving the position of the bridge from N-terminus-

to C-terminus (Table 2.2 entries 2-6). We positioned the bridges such that resides 

shown to be important for antibody binding either by the Ala scan or by the structural 

analysis were avoided as much as possible. In order to be able to make a bridge with 

the N-terminal residue 197, we extended the peptide sequence with an additional 

lysine (K193).  
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Table 2. 2 Sequences of Lys-Glu (KE) single and double bridged peptides and a linear 

WT peptide (residues that are used for linkage are highlighted in red). 

 
Entry   

1 WT ----DLKNYIDKQLLPIVNKQSCSISA 

   

KE single bridged peptides 

 

2 K193E197 ---KDLKEYIDKQLLPIVNKQSCSISA 

3 K199E203 ----DLKNYKDKQELPIVNKQSCSISA 

4 K203E207 ----DLKNYIDKQKLPIENKQSCSISA 

5 K207E211 ----DLKNYIDKQLLPIKNKQECSISA 

6 K212E216 ----DLKNYIDKQLLPIVNKQSKSISE 

  

KE double bridged peptides 

 

7 K193E197-K199E203 ---KDLKEYKDKQELPIVNKQSCSISA 

8 K193E197-K203E207 ---KDLKEYIDKQKLPIENKQSCSISA 

9 K193E197-K207E211 ---KDLKEYIDKQLLPIKNKQECSISA 

10 K193E197-K212E216 ---KDLKEYIDKQLLPIVNKQSKSISE 

11 K207E211-K212E216 ----DLKNYIDKQLLPIKNKQEKSISE 

12 K190E194-K193E197 KKVKELKEYIDKQLLPIVNKQSCSISA 

 

 

Typically, circular dichroism (CD) spectroscopy revealed that these constrained 

peptides still adopted a random coil with no defined – random coil - secondary 

structure. In addition to this, antibody binding to the bridged analogs was either similar 

or much reduced compared with the native sequence (WT). In addition, besides WT 

only the K193E197 peptide was efficiently bound by both antibodies (Figure 2.4).  
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Figure 2. 4 Single bridged Lys-Glu (KE) peptides. A) Binding affinity of peptides 

against D25, B) Binding affinity of peptides against AM22, C) Normalized CD 

spectra.  

 

 

Since these constrained peptides did not show any trace of helicity and poor binding, 

we decided to incorporate an additional bridge in the sequence and prepared double-

bridged KE peptides (Table 2.2 entries 7-12). Since some minor improvement was 

observed when bridge formation was carried out in position 193 and 197, second 

bridges were constructed in addition to K193E197 bridge. Peptide sequence was 

extended for the synthesis of entry 12, with four more aminoacids from N-terminus of 

WT peptide (Table 2.2). To our surprise, again no specific secondary structure was 

observed by CD spectroscopy and binding to the antibodies was completely 

suppressed (Figure 2.5 C).  
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Apparently, the doubly bridged peptides were constrained to conformations that are 

not compatible with the binding sites of the site Ø specific antibodies (Figure 2.5 A, 

2.5 B). 

 

 

 

 

Figure 2. 5 Double bridged Lys-Glu (KE) peptides. A) Binding affinity of peptides 

against D25, B) Binding affinity of peptides against AM22, C) Normalized CD spectra 

 

 

Next, we embarked on the synthesis of an analogous series monocyclic Lys-Asp (KD) 

bridged peptides (table 1, entries 7-11) to examine the effect of bridge size on both 

secondary structure formation and binding affinity. 
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Table 2. 3 The list of WT and KD mono-bridged peptides in this study (residues that 

are used for linkage are highlighted in red). 

 

Entry   

1 WT ----DLKNYIDKQLLPIVNKQSCSISA 

 Single bridged peptides 

2 K193D197 KDLKDYIDKQLLPIVNKQSCSISA 

3 K199D203 -DLKNYKDKQDLPIVNKQSCSISA 

4 K203D207 -DLKNYIDKQKLPIDNKQSCSISA 

5 K207D211 -DLKNYIDKQLLPIKNKQDCSISA 

6 K212D216 -DLKNYIDKQLLPIVNKQSKSISD 

 

 

Again, an Alloc/Allyl strategy21 was applied, but this was found to fail for some 

sequences due to the propensity of allyl ester protected aspartates to undergo base-

induced aspartimide formation.22 To circumvent this problem we decided to resort to 

the mild acid-labile protecting groups N-methyltrityl (Mtt) and phenylisopropyl (Pip) 

for the lysine and aspartic acid residues23 respectively (Scheme 2.2 ).  

 

 

 

 

Scheme 2. 2 Strategy used for the synthesis of Lys-Asp (KD) mono bridge using acid 

labile methyltrityl (Mtt) and phenylisopropyl (Pip) groups. 
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Circular dichroism spectra of four out of five Asp-Lys bridged peptides revealed 

secondary structure formation, having negative bands at 205 and 222 nm, indicative 

of some helical structure (Figure 2.6 C). Of these peptides again the peptide bridged 

between residue 193 and 197 (K193D197) was the only one that displayed increased 

(D25) or comparable (AM22) binding compared to the linear WT peptide (Figure 2.6 

A and 2.6 B). This time also some helicity could be observed as determined by CD 

spectroscopy (Figure 2.6 C). 

 

 

 

 

Figure 2. 6 Single bridged Lys-Asp (KD) peptides. A) Binding affinity of peptides 

against D25, B) Binding affinity of peptides against AM22, C) Normalized CD spectra 

 

 

With this knowledge, we decided to focus on the 193-197 position for bridge 

formation (Table 2.4). Firstly, we decreased the bridge length by substituting lysine to 
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ornithine (O) and synthesized O193D197 macrocycle. However, the introduction of 

this shorter lactam bridge into that position caused reduction of binding and loss of 

helicity (Figure 2.7). 

 

 

Table 2. 4 The list of monocyclic peptides with different type and length of bridges. 

(O = ornithine, Ȼ = homo-Cysteine, X = azido-Lysine and Z = propargyl-Glycine, 

yellow colored A represents the cysteine substituted with alanine) 

 

Entry   

1 WT ----DLKNYIDKQLLPIVNKQSCSISA 

2 O193D197 ODLKDYIDKQLLPIVNKQSCSISA 

3 X1193Z197 XDLKZYIDKQLLPIVNKQSCSISA 

4 C193C197 CDLKCYIDKQLLPIVNKQSASISA 

5 C193Ȼ197 CDLKȻYIDKQLLPIVNKQSASISA 

6 Ȼ193 Ȼ197 ȻDLKȻYIDKQLLPIVNKQSASISA 

 

 

The bridge type is another factor that was examined. For this purpose, X193Z197 (X 

= azido-Lysine and Z = propargyl glycine) triazole bridged peptide was synthesized 

using CuAAC on resin 24 (Scheme 2.3). Although this mimetic showed a slightly 

increased binding affinity, no significant increase on helicity compared to K193D197 

was found (Figure 2.7). 
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Scheme 2. 3 Azide–alkyne cycloaddition in the synthesis of bridged peptide 

 

 

Another convenient and straightforward method for constraining a peptide into a 

macrocycle is the bridging of two internal thiol groups forming a disulfide bridge after 

a simultaneous oxidation.25 With the synthesis of, C193C197, C193Ȼ197, Ȼ193Ȼ197 

(C: Cysteine, Ȼ: Homocysteine) sulfur bridge peptides with decreasing bridge size, 

the effect of both bridge type and size was evaluated. None of these cysteine bridged 

peptides displayed any helicity nor significant binding against the antibodies (Figure 

2.7). We inferred that ring size is the most important factor that governs helicity and 

for this peptide an ideal ring size is obtained when it is bridged between a lysine and 

aspartic acid residue.  
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Figure 2. 7 Single bridged peptides varying in bridge length and type. A) Binding 

affinity of peptides against D25, B) Binding affinity of peptides against AM22, C) 

Normalized CD spectra of peptides. (Ȼ denotes a homocysteine). 

 

 

Encouraged by both the presence of helicity and affinity for the two of K193D197 

bridged peptide we decided to synthesize bicyclic KD-bridged peptides (Table 2.5).  
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Table 2. 5 The list of double bridged KD peptides and the WT peptide 

 

Entry   

1 WT ----DLKNYIDKQLLPIVNKQSCSISA 

2 K193D197-K199D203 ---KDLKDYKDKQDLPIVNKQSCSISA 

3 K193D197-K203D207 ---KDLKDYIDKQKLPIDNKQSCSISA 

4 K193D197-K207D211 ---KDLKDYIDKQLLPIKNKQDCSISA 

5 K193D197-K211D215 ---KDLKDYIDKQLLPIVNKQKCSIDA 

6 K193D197-K212D216 ---KDLKDYIDKQLLPIVNKQSKSISD 

7 K190D194-K193D197 KKVKDLKDYIDKQLLPIVNKQSCSISA 

8 K190D194-K193D197-

K211D215 

KKVKDLKDYIDKQLLPIVNKQKCSIDA 

 

 

KD double-bridged peptides were synthesized using both Alloc/Mtt protected lysines 

and Allyl/Pip protected aspartic acids were used in same sequence.The two bridges 

were constructed, by first removing the Alloc group from the lysine and the Allyl 

group from aspartic acid and closing of the first bridge after which unreacted lysine 

residues were capped. Subsequently, Mtt and Pip protections were removed using mild 

acidic cleavage conditions followed by a second cyclization (Scheme 2.4).  

 

 

  

Scheme 2. 4 Strategy used for the synthesis of Lys-Asp (KD) double bridges using 

both acid labile Mtt/Pip groups and catalytically cleavable of Alloc/Allyl groups. 
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Reversing the order of both orthogonal cleavage-cyclization methods did not have any 

influence on the synthesis. In order to be able to introduce two bridges N-terminally 

without having to replace any critical residues we included a peptide that was extended 

N-terminally with three residues. Of these bicyclic peptides, K190E194-K193E197 

and K190D194-K193D197 of which only the latter showed helicity and increased 

binding compared to linear WT (Figure 2.8).  

 

 

 

 

Figure 2. 8 Double and a triple bridged peptides. A) Binding affinity of peptides 

against D25, B) Binding affinity of peptides against AM22, C) Normalized CD spectra 

of peptides  

 

 

As seen in the alpha-helical diagram (Figure 2.9), when an additional bridge at the 

position K211D215 is introduced, it will be on the same side of a potential helix as the 

K193D197 bridge which may help to constrain the peptide even further. To test this 
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hypothesis, we introduced a third bridge by synthesizing tricyclic peptide, K190D194-

K193D197-K211D215.  As envisioned, addition of this third bridge induced more 

helicity than the double bridged peptide. However, binding affinity of this peptide was 

lost this time (Figure 2.8 A and 2.8 B). This indicates that introduction of further 

helicity does not necessarily increase binding affinity for the two antibodies. In 

specific we found that introduction of a bridge in the 211-215 position resulted in 

reduced affinity for the AM22 antibody. A possible explanation for this could be that 

in a bound state, this part of the peptide only has 58% helicity and thus constraining 

this part too much will also result in loss of binding.12 Moreover, the C-terminal is 

apparently important in binding to AM22 as it was also found for the truncated and 

single bridged peptides (vide infra). 

 

 

 

 

Figure 2. 9 Alpha helical wheel representation of triple bridged peptide K190D194-

K193D197-K211D215 (This image was drawn in web-based program created by Don 

Armstrong and Raphael Zidovetzki). 
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2.2.4 Conjugation of potent peptides to KLH via SPAAC reaction 

 

Two of the conformationally constrained peptides (K193D197 and K190D194-

K193D197), showing a markedly enhanced helicity and binding to D25 and AM22 

antibodies (Figure 2.7), were selected for the further immunization assays. Since the 

substitution of Cys212 with another amino acid resulted in losing binding affinity, we 

avoided using thiol-maleimide chemistry for conjugation of the peptides. Instead, 

biorthogonal Strain-Promoted Azide Alkyne Click (SPAAC) reaction was 

employed.26-29 

 

 

 

 

Figure 2. 10 Modified azido peptides  

 

 

KLH (Keyhole Limpet Hemocyanin) protein was derivatized with a BCN (bicyclo 

[6.1.0] nonyne) group from the lysines, such that the strained alkyne group can be 

reacted with an azide group on our peptides. In order to monitor the BCN modification, 

3-Azido-7-hydroxycoumarin (N3-Coumarin) fluorophore was added to aliquots of 

protein solutions and emission of clicked coumarin was measured at 460 nm.  
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The N-terminus of the selected conformationally constrained peptides and the linear 

control peptide were extended with a small PEG4 spacer and subsequently coupled to 

2-azido acetic acid (Figure 2.8). It was proved with both ELISA and octet analysis 

assays that linker is essential for efficient binding. Synthesized azido peptides were 

conjugated to KLH via a SPAAC reaction, obtaining peptide-carrier protein 

conjugates (Scheme 2.5).  

 

 

 

 

Scheme 2. 5 KLH Conjugation of Peptides via SPAAC reaction. Before and after the 

conjugation the decrease of BCN concentration was followed by fluorescence 

intensity of clicked 3-Azido-7-hydroxycoumarin. 
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Peptide conjugation was also visualized with the help of N3-coumarin, since the 

amount of free BCN was decreased after the peptide conjugations, the signal of clicked 

coumarin at 460nm also decreased (Figure 2.11). 

 

 

 

 

Figure 2. 11 The intensity of clicked azido coumarin fluorescence (a. u.) against 

wavelength (nm) as a result of SPAAC reaction. 

 

 

Mice were immunized with the peptides conjugated to KLH. VN titers were 

determined using a luciferase expressing RSV. VN50% titers were determined (Figure 

2.12 A). Titers of the mice that received the stabilized peptides were significantly 

higher than the titers of the mice that received the WT peptide, which were similar to 

the titers observed in non-immunized mice. Titers were however relatively low 

indicating that there is room for improvement. The different ELISAs (using helical 

peptides and a WT peptide) were validated using pooled human control sera that were 

obtained from beiRESOURCES (Figure 2.12 B) and that have either a low or high 

RSV-neutralizing titer (beiRESOURCES NR-4023 and NR-4021, respectively). 

These sera have been shown by us30 and others to differ in VN and F-ELISA titers. 

Only the double-bridged peptide result in detectable binding of antibodies present in 
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pooled human control sera. These control sera were previously shown to significantly 

differ in the amount of antigenic site Ø specific antibodies by competition ELISA. Our 

results indicate that also the double-bridged peptide can be used to analyze antigenic 

Ø specific antibody levels in sera. (Much easier assay than competition Elisa).  

 

 

 

 

Figure 2. 12 Reactivity of pooled human control sera A) 50% Virus neutralization 

titer B) Binding of human control sera to stabilized peptides  
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2.3 Experimental 

 

2.3.1 General Peptide Synthesis and Purification Procedures 

 

All chemical reagents and solvents were of ACS grade or higher and purchased from 

commercial sources unless otherwise stated. Breipohl (Rink amide) resin was obtained 

from Bachem, coupling reagents and protected amino acids were obtained from 

Novabiochem, Bachem or Iris Biotech GmbH. MilliQ was double deionized using a 

Labconca Water Pro PS purification system (18.1 MW). 

Peptides were prepared using Fmoc solid-phase peptide chemistry on Breipohl resin 

(Rink amide resin) with a loading capacity of 1 mmol\g. The dry resin was swelled 

with DMF before use. Fmoc deprotections were achieved with 3x6 min treatment of 

resin with 20% piperidine in DMF.  Couplings were carried out with 3.0 equivalents 

of the required amino acid, 3.3 equivalents of DIPCDI and 3.6 equivalents of HOBt 

in DMF. After each coupling unreacted N-terminal of peptides were capped with 

solution of DMF/Ac2O/Pyridine (10:1:1).  After each coupling and deprotection 

Kaiser Test was used to ensure the reaction had gone to completion1. Double couplings 

were performed if necessary. As a result of difficulty encountered during the coupling 

of Fmoc-Ile-OH at position 214 Fmoc-Ile-Ser (psiMe, Mepro)-OH dipeptide was 

used.  When the synthesis finished, resin was washed with DMF, DCM, MeOH, DCM 

and ether respectively and air-dried for at least 1h. The peptide was cleaved from the 

resin and fully deprotected by treatment of the resin with a mixture of 

TFA/TIS/H2O/EDT (90: 2.5: 2.5: 2.5, v/v/v/v) for 3 hours. Free peptides were 

separated from the resin by filtration and the resin was further washed with TFA. 

Collected filtrate was precipitated in diethyl ether and centrifuged.  The supernatant 

was removed and diethyl ether was further added to repeat the washing step up to three 

times.  The precipitate was dried, lyophilized in water and purified using preparative 

RP-HPLC.  Purity was evaluated by analytical RP-HPLC and identity confirmed by 

mass spectrometry. 

Preparative HPLC was performed on a Shimadzu LC-20AT Prominence system, 

employing a  Phenomenex  C18 column (21.2 × 150 mm,  10 μm) at  flow rate of  was 

6ml/min. Acetonitrile/water gradient containing 0.1% trifluoroacetic acid (5-100%, 1-
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70 min) was utilized as eluent.  Purity of each fraction was assessed with analytical 

RP-HPLC, before combining pure fractions. 

Analytic HPLC was performed on a Shimadzu LC-20AT Prominence system 

equipped with a ReproSil C18 column (150 x 3 mm, 3 µm).  After purity of collected 

fractions confirmed by analytical HPLC, lyophilization was achieved using an ilShin 

Freeze Dryer. Elution of the peptides was achieved using an acetonitrile/water gradient 

containing 0.1% trifluoroacetic acid (5-100%, 1-50 min, flow 0.4 mL/min). 

 LC-MS was performed on a Thermo Finnigan LCQ-Fleet ESI-ion trap  equipped with 

a  ReproSil-Pur C18-AQ column (2x200 mm, 3µm), 0,2 ml\min  flow and using the 

same gradient as used for HPLC (5-100%, 1-50 min) , only trifluoroacetic acid was 

replaced with formic acid 

2.3.2 Lactamization  

 

Alloc/OAll Strategy  

When the elongation of peptide sequence was complete, resin was washed with dry 

DCM (3x2 min) and suspended in DCM. In the presence of argon was added of PhSiH3 

(24 equiv.) and the resin was stirred for 2 min. Subsequently, a solution of Pd(PPh3)4 

(0.25 equiv.) in DCM was added while argon passing continuously through the resin 

and left to stirring for 30 minute, after which ninhydrin test gave an intense blue color. 

The reaction was also monitored with LC-MS after cleavage of peptides from a resin 

aliquot, additional treatments were done if Alloc or/and Allyl still on resin. Freshly 

prepared catalyst was used to obtain complete removal of the protections. After 

finishing the deprotection, the peptidyl resin was washed with DCM, DMF, and again 

with DCM and the process was repeated if necessary. The peptide resin was re-

suspended in DMF, followed by on-resin cyclization of the peptide via the free 

carboxylic acid side-chain of glutamic acid and the free amino group side-chain of 

lysine by addition of PyBroP (3 equiv.), DIPEA (6 equiv.) for 90 min. This process 

was repeated until a negative Kaiser test obtained. Acetylation of unreacted amines 

was accomplished using typical capping solution. Finally, the cyclic peptides were 

removed from the resin, purified and characterized as previously described methods. 
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Mtt/OPip Strategy 

Breipohl resin carrying Mtt/Pip protected peptide was swollen in DCM prior to use 

and then treated with 1.8% TFA (v/v) in DCM for 3 min at room temperature, repeated 

10 times, using 10ml solution per 1 g of resin4. Methyltrityl cation produces yellow 

color in DCM/TFA solution, and Varian Cary® 50 UV-Vis spectrophotometer was 

used to measure absorbance of collected samples at 460 nm.  When the removal of 

Mtt protection was finished, resin was washed with DCM, then DMF and free amine 

and acid were coupled with PyBroP (3 equiv.), DIPEA (8 equiv.) for 90 min. Excess 

DIPEA was used as a precaution for the presence of TFA, trapped into the resin beads. 

2.3.3 On Resin Side-Chain Cyclization Using CuAAC  

 

200mg of resin (0.016mmol) was placed in 10ml reaction vessel and allowed to swell 

in DCM under flow of argon for 30min. After removal of DCM, CuBr (0.016mmol) 

completely dissolved in dry DMSO (1 mL) sodium ascorbate (3.17 mg, 0.016 mmol) 

dissolved in water (200 µL), 2, 6-lutidine (18.0 µL, 0.16 mmol), and DIEA (28 µl, 

0.16 mmol) were added to the resin. Argon was purged through the reaction vessel for 

10 min, and reaction vessel was sealed and gently shaken on roller band at room 

temperature for 36h (Scheme 4.1). Resin was then successively washed with 

Isoproponal: DMSO (5:3, 3 mL x3), followed by DMF (3 mL x3) and DCM (3 mL x 

3).  The resin was then dried under vacuum before cleavage  

2.3.4 Disulfide bridge formation 

 

Simultaneous iodine oxidation of S-Trityl-cysteine and S-Acetamidomethyl-cysteine 

residues was used give cystine peptides5. 0.1g of both S-trityl and S-acetamidomethyl 

cysteine containing peptidyl resin was exposed to 10ml solution of 4.10-2M iodine in 

DMF with air bubbling. After a reaction time of 5 min. excess iodine was reduced 

with ascorbic acid. Resin was washed with DMF, DCM, MeOH and ether respectively 

and dried with suction in an open air. 5mg of resin was transferred into the eppendorf 

and 2 ml of a solution of Ellman’s reagent (2.5×10−3 M, in methanol), is added 

followed by 5 µl DIPEA, then left on a shaker for 30min. Solution was diluted with 

methanol, then absorbance at 412 nm measured against a methanol reference6. 
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2.3.5 Peptide Conjugation to KLH via SPAAC reaction 

 

BCN-NHS was purchased from SynAffix. Hemocyanin from Megathura crenulata 

(keyhole limpet) PBS solution 3.0-7.0 mg/mL protein (A280) was supplied from 

Sigma. Amicon Ultra-0.5 mL Centrifugal Filters were bought from Merck Millipore. 

3-azido-7-coumarin (N3-coumarin) was kindly donated by research assistant Jan 

Dommerholt from Radboud University.  

KLH (Keyhole Limpet Hemocyanin) protein was derivatized with a BCN (bicyclo 

[6.1.0] nonyne) group from the lysines, such that alkyne group can be reacted with 

azide group on peptide mimetics, in a biorthogonal click chemistry reaction.  

50 µl of 3-7 mg\ml KLH solutions in PBS was transferred into a vial and 400 equiv. 

of BCN-NHS dissolved in DMSO was added on it.  Reaction mixture was left stirring 

on roller band for 4h and then spin-filtered with Amicon Ultra-0.5 mL Centrifugal 

Filters. Solution left in the filtered (20 µl) were washed with PBS (0.9M NaCl 

containing, pH 7.2). Total volume completed to 200 µl and analyzed with by SEC 

using a Superose 6 increase 10/300 column in order to confirm absence of unreacted 

BCN-NHS. Spin filtration was repeated if necessary.  Concentration of BCN modified 

KLH protein was measured using absorption of the protein at 280 nm. In order to 

monitor BCN modification, N3-coumarin fluorophore was added to aliquot of protein 

solution and emission of clicked coumarin was measured at 480nm.  

Azido peptides were dissolved in PBS and transferred into the vials that contain BCN 

modified KLH solution separately and left stirring for 24h. Peptide conjugation was 

also visualized with the help of N3-coumarin, since the amount of free BCN was 

decreased after the peptide conjugations, signal of clicked coumarin at 480nm 

decreased as well.  

2.3.6 Circular Dichroism Spectroscopy 

 

CD measurements were performed using a Jasco model J-815 spectropolarimeter.  

Peptides were dissolved in 10 mM phosphate buffer (peptide concentration 100-

180µM) at pH 7.2. Spectra were recorded at room temperature (298 K), with a 0.1 cm 

quartz cell over the wavelength range 265-185 nm at 50nm/min with a bandwidth of 

1.0 nm, response time of 2 s, resolution step width of 0.1 nm, and standard sensitivity.  
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2.3.7 Fluorescence Spectroscopy 

 

Fluorescence measurements were performed on an LS 55 fluorescence 

spectrophotometer (Perkin-Elmer Ltd., Beaconsfield, UK) using λexc and λem of 

380nm and 480nm, respectively. An emission scan was performed between 400 and 

600 nm. Excitation slit was fixed at 15 nm, emission slit was fixed at 10nm. Hellma 

105.253-QS 100 μl Ultra-Micro Fluorescence Cell was used for each measurement. 

To determine the background fluorescence, N3-coumarin dissolved in 5% DMSO 

containing PBS buffer.  

2.3.8 Enzyme-linked Immunosorbent Assay (ELISA) Analysis of Peptides 

 

96-well Nunc maxisorp plates were coated with peptides (50 ng/well) o/n at 4oC. After 

blocking (phosphate buffered saline [PBS] with 0.1% Tween-20 v/v and 3% bovine 

serum albumin w/v) and extensive washing (PBS with 0.05% Tween-20 v/v), the 

plates were incubated with limiting dilutions of AM22 (starting with a 200-fold 

dilution of a 0.7 mg/ml stock) or D25 (starting with a 60-fold dilution of a 1 mg/ml 

stock). After extensive washing, the plates were incubated with HRP conjugated goat-

anti-human IgG antibodies (ITK Southern Biotech) at a 1:1000 dilution for one hour 

at room temperature. Detection of HRP reactivity was performed using 

tetramethylbenzidine substrate (BioFX) and a ELISA plate reader (EL-808 from 

Biotek). All experiments were repeated 2–3 times.  
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CHAPTER 3 

 

 

STRUCTURE-BASED DESIGN AND SYNTHESIS OF KILLER CYCLIC 

PEPTIDES FOR MULTIPLE MYELOMA TUMOR CELLS 

 

 

 

The second mitochondria-derived activator of caspase (Smac/DIABLO) is a recently 

identified, novel pro-apoptotic protein, released from mitochondria into the cytosol in 

response to apoptotic stimuli. Smac promotes apoptosis in cell by eliminating the 

caspase-inhibitory properties of the inhibitors of apoptosis proteins (IAP), particularly 

XIAP. In this study, heptamer Smac peptide (AVPIAQK) fused to a well-known 

octaarginine (Arg8) cell-penetrating peptide and either one part of the peptide or both 

part constrained in a cyclic structure. The biological properties of designed peptides 

in terms of cell-permeability, cytotoxicity and apoptotic efficiency have been studied. 

Significant contribution of cyclization on cytotoxicity and apoptosis have been 

demonstrated in multiple myeloma (MM) cells. 

3.1 Introduction 

 

Apoptosis is a very tightly programmed cell death which contributes to the elimination 

of unnecessary and unwanted cells to maintain the convenient balance between cell 

division and cell death. The loss of this balance is associated with wide variety of 

illnesses, including cancer. If the rate of cell division is greater than the rate of cell 

death, cells accumulate (cancer expands); conversely, if the rate of cell death is greater 

than the rate of cell division, the cancer regress. This means that anything that shifts 

the balance toward cell division over cell death will result in the expansion of a 

cancer.1 Tumor suppressors, whether they act by inhibiting cell cycle or promoting 

apoptosis, push the balance the other way, and in general, causes the intervention of 

cancer. Therefore, there are therapies 
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that aim for such an out-come.2, 3 The induction of apoptosis is one of the key strategies 

for preventing the emerge of cancer4 and there is a variety of pathways for activation 

of apoptosis in tumor cells use.5 

Mitochondria-dependent apoptosis is the major pathway for apoptosis induction. In 

this pathway, conditions that promote cell death engage a set of related proteins, called 

BCL-2 family. The proteins in question control the integrity of the outer membranes 

of mitochondria in the cell. When mitochondrial outer membrane permeabilization 

(MOMP) occurs, soluble proteins of the intermembrane space diffuse into cytosol. 

Among these Smac/DIABLO is a recently identified pro-apoptotic protein released 

from mitochondria upon apoptotic stimulation.6, 7 Caspases, a family of intracellular 

cysteine proteases, are the effectors of apoptosis. When the mitochondrial pathway of 

apoptosis is engaged, activated executioner caspases gain access to inner membrane 

of mitochondria and they cleave hundreds or thousands of substrates in the cell to 

orchestra apoptosis. Some caspases are inhibited by members of the inhibitor of 

apoptosis proteins (IAP) family. The role of Smac in here is promoting apoptosis in 

cells, by eliminating the caspase-inhibitory properties of the inhibitors of apoptosis 

proteins (IAP), particularly XIAP.  It forms an elongated dimer and targets both the 

BIR2 and BIR3 domains in XIAP. It removes the XIAP inhibition of caspase-9 by 

binding to the BIR3 domain in XIAP through its AVPI tetrapeptide binding motif.8, 9 

The ability of the Smac (AVPI tetrapeptide) to neutralize XIAP and induce apoptosis 

has initiated multiple drug discovery efforts aimed at producing peptidyl and non-

peptidyl small molecules with drug-like properties as candidate therapeutics for 

cancer.10 

Smac mimetics have several limitations (e.g., poor cell permeability and poor in vivo 

stability and bioavailability) as potentially useful therapeutic agents. Therefore, our 

laboratory, like the others, has focused on developing a number of Smac mimetics10 

and conjugates17, 18, 19 with the aim of improved binding affinities, cell-permeability, 

and in vivo stability and biocompatibility. A heptapeptide AVPIAQK (SmacN7) that 

contain binding sequence was targeted. SmacN7 peptide was fused with a well-

established cell-penetrating peptide octaarginine (Arg8) to achieve cellular uptake. In 

order to increase therapeutic efficacy of the bifunctional sequence, the peptide 

conformation was locked via cyclization, which leads to reduction of polarity, increase 

in proteolytic stability.11-15 Structural variants of the linear peptide backbone have 
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always played an important role on specific characteristics of a peptide. One possible 

consequence of linear nature is rapid degradation by proteases. Furthermore, to 

provide a therapeutic effect, a peptide must bind to its target. The flexible nature of 

linear peptides can limit their affinity making it difficult to bind to some challenging 

cellular targets, such as protein surfaces involved in protein–protein interactions. In 

contrast, the reduced flexibility of cyclic peptides decreases the entropic penalty 

associated with binding, making them much more suitable for inhibiting some difficult 

targets.16 Overall, constraining a peptide into a cyclic structure may significantly 

increase its efficacy in different ways. 

In this study, we examined the effects of cyclization of SmacN7-Arg8 fused peptides 

on both cellular uptake and cytotoxicity. Different variants SmacN7-Arg8 peptides 

were designed, synthesized, and tested for U266 multiple myeloma cell line (Figure 

3.1).  
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Figure 3. 1 Sequences of P1-7. Lactam bridges are shown as thin lines. The thick line 

joining the N and C termini of P6 indicates backbone cyclization. For better 

visualization, schematic representation of each peptide is shown from the right-hand 

side. 

 

 

3.2 Results and Discussion 

 

Macrocyclisation strategy that we typically utilized is a side-chain-to-side-chain 

lactamization (P4-P7), but head to tail lactam formation was also used to obtain P6. 

Fluorescein isothiocyanate (FITC) was also coupled to these fusion peptides at 

different positions (P2 and P3) to measure cellular uptake by flow cytometry. For the 

comparison of the cellular uptake between SmacN7 with or without octaarginine, P1 

also synthesized. 

In order to proceed cyclization via lactam formation on resin, amine and acid 

functionality of lysine and glutamic acid must be free while other aminoacids are fully 

protected. For this purpose, we utilized two different strategy for different peptides. 
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Initially, we used orthogonal Alloc/OAll deprotection strategy.20 Alloc\OAll 

deprotection was done with freshly-prepared Pd (PPh3)4 (0.5 equiv.) as a catalyst and 

PhSiH3 (12 equiv.) as an allyl scavenger. Lactam formation between free amine and 

acid functional groups were carried out with 3.0 equivalents of phosphonium based 

coupling reagent, bromo-tris(pyrrolidino)- phosphonium hexafluorophosphate 

(PyBroP) and 6 .0 equiv of DIPEA for 90 min to 2h, at room temperature in DMF. 

The other convenient and straightforward strategy that we used is removal of acid-

labile Mtt/OPip groups.21 After completion of synthesis, rink amide resin carrying 

Mtt/OPip protected peptide was swollen in dichloromethane (DCM) prior to use and 

then treated with 1.8% trifluoroacetic acid (TFA) (v/v) in DCM for 3 min at room 

temperature, repeated 10 times, using 1 ml solution per 100 mg of resin. The peptide 

resin was then re-suspended in DMF, followed by on-resin cyclization of the peptide 

via the free carboxylic acid side-chain of glutamic acid and the free amino group side-

chain of lysine by addition of PyBroP (3 equiv.), DIPEA (6 equiv.) for 1.5 to 2 h. 

Excess DIPEA was used as a precaution for the presence of TFA, trapped into the 

resin beads. Coupling time was extended until a negative Kaiser test obtained (Scheme 

3.1) 
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As another strategy, head-to tail cyclization was also employed for the synthesis of 

P6.  When the synthesis is complete, the first monocyclic peptide was constructed on 

resin, then labeled with FITC after selective removal of Alloc group from the lysine. 

After Fmoc removal from the N-terminus of peptide (head), peptide was cleaved from 

the resin by the treatment with Acetic acid/ trifluoroethanol (TFE)/DCM = 1:1:6 

(v/v/v) for 60 min at room temperature. The solution was filtered and concentrated in 

vacuo and precipitated with ether. The monocyclic peptide that all side chains are still 

protected was subjected to head-to-tail cyclization in solution for 3 days. The reaction 

using PyBrOP under the conditions high dilution in DCM (<1 mM) was afforded the 

desired fully-protected cyclic peptide. Finally, deprotection of side chains were done 

with TFA/TIS/H2O=90:5:5 (v/v/v) for 2.5 h, ended up with bicyclic P6 (Scheme 3.2). 
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Cellular uptake studies showed that P1 has the lowest cellular entry, as expected, due 

to lack of transmembrane transport polyarginine peptide.17,19 We found strong cellular 

uptake (>65%) for most of the Smac conjugates other than P6 (Figure 3.2). 

 

 

 

 

Figure 3. 2 Cellular uptake assessment of linear and cyclic SMAC peptides. Asterisks 

(**and ***) denote statistical significance at p < 0.01 and p < 0.001, respectively (n = 

2). 

 

 

Position of FITC had an effect on cellular uptake. When FITC-labelled lysine was 

flanked between Smac and Arg8, peptide (P3) resulted less internalization than other 

linear variant (P2) which shows that slight alterations of structure may result 

unpredictable outcomes. On the contrary to the previous report22 when octaarginine 

part of the peptide was constrained in a cycle, while keeping the Smac part linear (P4), 

there wasn’t any enhancement of uptake. Similarly, when Smac part is cyclized, while 

octaarginine part is linear (P5), there was no improvement either. When two part of 

the peptide cyclized as two adjacent cycle (P6), cellular uptake went even worse. One 

explanation for this can be that second backbone cyclization causes distortion of the 

geometry which blocks cell-permeable function of polyarginine.  
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To assess our claim, we synthesized another bicyclic peptide (P7) with double side-

chain-side-chain cyclization with additional –GlyGly- as a spacer.  It is observed that 

cellular uptake of bicyclic P7 is higher than the other compact bicyclic P6. This result 

showed that too much constrained in the cyclic structure of peptide might have adverse 

effect to its function. 

Cellular cytotoxicity experiments were also conducted to show the therapeutic 

potential of designed peptides. As shown in Figure 3.3, cyclization led increase in 

cytotoxicity. P6 showed the lowest toxicity among all designed cyclic peptides due to 

both lower cellular uptake and reduction of Smac activity caused by structural 

distortion. Another interesting observation here is that linear P2 and P3 peptides are 

not cytotoxic, although their cellular uptake were very high. This supports our claim 

that cyclization increases stability of peptides in cellular environment and thus 

biological functions. 
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Figure 3. 3 Viability assessment and cell cycle analysis of U266 cells after 48 h 

treatment. A) Effect of 50 µM peptide treatment on the viability of U266 MM cell 

line. B) Flow cytometry fluorescence intensity histograms of cells stained with PI. 

Intensity ranges for the corresponding cell cycle phases (G0/G1, S, and G2/M) are 

shown on the untreated sample. C) Bar plots of normalized count values of each phase 

for untreated and treated cells with 25 µM peptides. Asterisks (**and ****) denote 

statistical significance at p < 0.01 and p < 0.001, respectively (n = 3). 

 

 

Cytotoxicity mechanism of potent cyclic peptides (P4, P5, P7) was also investigated 

with cell cycle arrest and apoptosis assays. As consistent with the literature23 , three 

cyclic peptides have effect on G0/G1 stage of cell proliferation (Figure 3.4 B). All 
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three apoptosis assays, which shows identical results, also indicate that P4, P5 and P7 

induces apoptosis on U266 MM cells (Fıgure 3.4). 

 

 

 

 

Figure 3. 4 Induction of apoptosis upon treatment with 25 µM peptides; Mitochondrial 

Membrane Depolarization State (MMD state), Caspase-3 Activity Change, Cell 

Membrane Asymmetry Change. A) Flow cytometry fluorescence intensity dot plots 

of cells stained with JC-1. Gated fluorescence intensity values for polarized and 

depolarized states are labeled. Bar plots of normalized mitochondrial membrane 

polarization state values. B) Flow cytometry fluorescence intensity histograms and 

corresponding bar plots. C) Dot plots of Annexin V-PE vs 7-AAD signals gated as 

live, early apoptotic and late apoptotic events, and cell population bar graphs.  

Asterisks (**and ***,****) denote statistical significance at p < 0.01 and p < 0.001, 

respectively (n = 3). 
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In conclusion, we have reported the design, synthesis, and characterization of a 

peptidic, cell-permeable, easily accessible bifunctional Smac conjugates and 

demonstrated that alterations in the structure of Smac-Arg8 peptide via cyclization 

shows different cytotoxicity and uptake results. These designed three apoptotic cyclic 

peptides have also tested for the first time on U266 MM cell line. Although the exact 

mechanism of cell death and cellular uptake remains further investigated, this study 

proves that developed cyclic peptides are good candidates as therapeutics.  

3.3 Experimental 

 

3.3.1 Chemicals  

 

All chemical reagents and solvents were ACS grade or higher and purchased from 

commercial sources other than tetrakis(triphenylphosphine) palladium (0) 

(Pd(PPh3)4). All Fmoc-protected-l-aminoacids, coupling reagents, Rink amide MBHA 

resin (200-400 mesh, 0.52 meq/g loading capacity) and 2-chlorotrity chloride resin 

(100-200 mesh, 1.0-2.0 meq/g loading capacity) were obtained from Chem-impex 

(USA). Dichloromethane (DCM) distilled over calcium hydride. Dimethylsulfoxide 

was pre-dried over calcium sulfate for approximately 2 days, and then dried with 

vacuum distillation. MilliQ water was double deionized using a Milli-Q® Advantage 

A10® Water Purification Systems (18.2 MΩ.cm at 25 °C, TOC: 7 ppb). 5 mM stock 

peptide solutions in MilliQ were prepared for cell assays and stored at −20 °C. 

3.3.2 General Method for Solid-Phase Peptide Synthesis 

 

All peptides were synthesized with CEM Discover Bio - Manual Microwave Peptide 

Synthesizer by using Fmoc-based solid-phase peptide synthesis (SPPS) strategy either 

on a Rink amide resin or a Trt (2-Cl) resin at different scales between 0.1 mmol and 

0.25 mmol. N-terminus of peptides except P6 and P3 were extended with an 

aminohexanoic acid (Ahx) spacer to attach the fluorescein moiety needed to follow 

cellular uptake by flow cytometry. Attachment of fluorescein for P6 and P3 was done 

from the lysine after selectively removal of allyloxycarbonyl (Alloc) or methyltrityl 

(Mtt) protections on resin. All arginines were coupled with potent coupling reagent 

HCTU (2-(6-chloro-1-H-benzotriazole-1-yl)-1, 1, 3, 3tetramethylaminium 

hexafluorophosphate). Other aminoacids were coupled with HBTU (N, N, N′, N′-
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tetramethyl-O-(1H-benzotriazol-1-yl) uronium hexafluorophosphate).  Couplings 

were carried out with 3.0 equivalents of Fmoc-L-amino acids, 2.85 equiv of coupling 

reagent, 6 equivalents of N, N-diisopropylethylamine (DIPEA) in dimethylformamide 

(DMF) with assistance of MW heating (20 W, 10-15 min). All deprotections were 

achieved with 5 ml solution of 20% piperidine in DMF with MW heating (20 W, 3x2 

min). Completion of each coupling and deprotection was monitored by Kaiser test24 

except Fmoc-Pro-OH.  

After peptide elongation was complete, peptide was cleaved from the resin and fully 

deprotected by treatment of the resin with a mixture of trifluoroacetic acid (TFA) 

/triisopropylsilane (TIS)/H2O (95: 2.5: 2.5 v/v/v) for 3-4 hours at room temperature. 

Free peptides were separated from the resin by filtration and the resin was further 

washed with TFA. Collected filtrate was precipitated in diethyl ether and centrifuged.  

The supernatant was removed and diethyl ether was further added to repeat the 

washing step up to three times.  The precipitate was dried, lyophilized in water and 

purified using preparative reverse phase high performance chromatography (RP-

HPLC).  Purity was evaluated by analytical RP-HPLC and identity confirmed by mass 

spectrometry.  

3.3.3 Reverse Phase High Performance Liquid Chromatography (RP-HPLC) 

analysis 

 

Reverse phase preparative HPLC was performed on a Dionex UltiMate 3000 Hplc 

system, employing a Thermo Scientific Hypersil Gold C18 column (250× 10 mm, 5 

μm) at flow rate of 2ml/min at 40 C. Acetonitrile/water gradient containing 0.1% 

trifluoroacetic acid (5-100%, 1-70 min) was utilized as eluent. All polyarginine 

containing peptides were dissolved in 10% Acetic acid containing MilliQ. The 

concentration of the peptides was adjusted as 20 mg/ml. 1.5 ml of this peptide solution 

was purified for one batch by using 2ml injection loop and purification repeated 

consecutively. Purity of each fraction was assessed with analytical RP-HPLC, before 

combining pure fractions. 

Analytical HPLC was performed on a Dionex UltiMate 3000 Hplc system equipped 

with a Thermo Scientific AcclaimTM 120 C18 column (46 x 150 mm, 3 μm). Elution 

of the peptides was achieved using an acetonitrile/water gradient containing 0.1% 

trifluoroacetic acid (5-100%, 1-30 min, flow 0.4 mL/min). After purity of collected 
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fractions confirmed by analytical HPLC, lyophilization was achieved using a Telstar 

Cryodos Freeze Dryer and peptides were stored at -20 C.  

3.3.4 Mass analysis of peptides 

 

The concentration synthesized peptides was adjusted as 1 mg/ml with water and 

characterized by mass spectrometry on an Agilent 6530 Q-TOF mass spectrometer 

equipped with ESI (Electrospray Ionization) source. 

3.3.5 Preparation of Pd (PPh3)4 25 

 

40 ml dry DMSO was deoxygenated by vigorously flushing nitrogen gas for 30 

minutes in a two- neck round bottom flask equipped with a magnetic stirring bar and 

a reflux condenser. PdCl2 (0.5 g, 2.8 mmol, 1.0 equiv.) and PPh3 (3.7 g, 14.1 mmol, 5 

equiv.) were added under nitrogen atmosphere. The orange mixture is heated to ~150 

C by means of an oil bath with stirring until complete solution occurs (~ 1 h). The 

bath is then taken away, and the solution is stirred for approximately 15 min, then 

hydrazine monohydrate (0.55 ml, 11.3 mmol, and 4 equiv.) was added dropwise over 

approximately 1 min. to form a yellow precipitate. A vigorous reaction takes place 

with evolution of nitrogen. The yellow solution is cooled to 0 C with an ice bath and 

solid was collected by filtration and washed successively with three 50 ml portions of 

ethanol and three 50 ml portions of diethyl ether. The bright yellow solid was dried by 

passing a slow stream of nitrogen through the funnel for 1 hour, then with vacuum 

pump for overnight. The resulting yellow crystalline product weights 3.2 g (96-98% 

yield). The compound is sensitive to air, light and moisture. It was stored cold under 

nitrogen. 

3.3.6 Attachment of FITC 

 

After obtaining a free amine either deprotection of Fmoc group from N-termini of 

peptide or orthogonally removal of protecting groups (Mtt or Alloc) from lysine, resin 

was treated with solution of 1.5 equiv of FITC and 2 equiv of DIEA in DMF and, the 

left gentle stirring overnight. The completion of the reaction was tested using Kaiser 

test.24 
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3.3.7 Cell Culture 

 

U266 MM cells were cultured in RPMI-1640 growth medium containing 10% FBS, 

1% penicillin–streptomycin and 1% non-essential amino acids at 37 °C in a 5% CO2 

incubator. 

3.3.8 Flow cytometry 

 

Cellular uptake assessment, cell cycle analysis and apoptosis assays were performed 

on Accuri C6 flow cytometer (BD Biosciences). Gating was performed so that cell 

debris, cell clumps and doublets were excluded. Ten thousand events were recorded 

for each measurement. 

3.3.9 Cellular Uptake 

  

Cells were treated with 10 µM of designed peptides for 48 h. Cellular uptake 

assessment was carried out using flow cytometer. 

3.3.10 Cell viability assays 

 

Toxicity assays was done using the Cell Titer Blue Cell Viability Assay (Promega). 

Cells were treated with 50 µM of corresponding peptides for 48 h at a cell density of 

100,000 cells/ml. For each sample, five technical replicates were used. At the end of 

the treatment duration, assay reagent was added and plates were incubated for an 

additional 4 h.  

Fluorescence was measured with excitation wavelength at 555 nm and emission 

wavelength at 595 nm using SpectraMax® Paradigm ®Multi-Mode Microplate 

Reader (Molecular Devices). 

3.3.11 Cell cycle analysis 

 

Cells were treated with 25 µM peptides for 48 h and harvested. After cold PBS wash, 

samples were fixed with 70% ethanol and kept on ice for 2 h. Following centrifugation 

at 800g for 5 min, cells were washed with PBS and then incubated with 25 µg/ml 

propidiumiodide (PI) and 3 mg/ml RNAse, at 37 °C for 30 min. Stained cells were 

then analyzed with flow cytometry. 
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3.3.12 Apoptosis assays 

 

Cells were treated with 25 µM P4, P5 and P7 peptides and analyzed at 48 h with flow 

cytometry. To study the effect of peptide treatment on mitochondrial membrane 

polarization MitoScreen Flow Cytometry Mitochondrial Membrane Potential 

Detection Kit (BD Biosciences) was used and samples were prepared as described by 

the manufacturer. Active caspase-3 was detected with PE Rabbit Anti- Active 

Caspase-3 Kit (BD Biosciences). Annexin V PE-7AAD Apoptosis Detection Kit from 

the same manufacturer was used to detect early- and late-stage apoptosis.  

3.3.13 Statistical analysis 

 

Statistical significance of results was determined using one-way ANOVA with the 

Bonferroni post-test module or an unpaired t-test with two tails using GraphPad Prism 

software. P value of less than 0.05 was accepted as significant.  
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CHAPTER 4 

 

 

DESIGN AND SYNTHESIS OF A PHOTOCONTROLLED DRUG CARRIER 

 

 

 

Light induced drug delivery has gained much attention due to the noninvasive and 

localized nature of this stimulus. The ultimate goal of this study is to design and 

synthesize a novel light sensitive peptide based nanocarriers. The designed 

nanocarriers are composed of peptide amphiphiles that assemble into micelles and 

fibers in an aqueous environment and the anthracene fluorophore that can undergo 

photodimerization upon irradiation at 365nm resulting partially dissociation of the 

assembled structures. After a drug is encapsulated within the hydrophobic core of a 

peptidic carrier systems, its release can be induced by exposure of anthracene moiety 

to UV light, which disrupts the nanostructures formed by self-assembly of small 

peptides and facilitates the drug release in a controlled manner. 

4.1 Introduction 

 

The recent advances on stimuli responsive systems make the on-demand drug delivery 

feasible, in particular from the field of nanomedicine. Since the delivery of a drug in 

spatial-, temporal- and dosage-controlled fashions is clinically important, nanocarriers 

with structures that are transformable in response to an external stimuli have gained 

increasing attention. The serious need arises for more efficient drug carriers that have 

a crucial role on drug efficacy. A broad range of nanocarriers with diverse sizes, 

architectures and physiochemical properties have been designed. These include self-

assembled peptide nanostructures, liposomes, polymer nanoparticles, dendrimers, and 
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inorganic nanoparticles made of iron oxide, quantum dots, and gold or metal oxide 

frameworks.  

Material scientist have designed or modified the existing nanocarriers to fulfill the 

requirements of ideal drug delivery systems. Biocompatibility, large drug payload and 

controlled release function are the major properties of ideal drug carriers. The carrier 

material must be chemically and biologically inert so that it would not react with both 

the drug that it loaded and the human organs that it might interact. As a primary 

element, the dosing amount should be controlled precisely with the payload capacity. 

Materials with large drug storage volume are preferred.  On-demand release (also 

termed ‘switch on/off’) enables the excellent spatial, temporal and dosage control. By 

answering the signals either existing inside the environment or externally created, drug 

carrier discharges the drug to serve its purpose. The accurate design of controlled 

release based on the fully understanding of relevant stimuli signals and releasing 

mechanism.  

On-demand drug delivery systems take the advantage of stimuli signals that are 

basically categorized into two main types: internal stimuli and external stimuli. 

Intracellular environment of normal tissue and diseased tissue may differ in pH value, 

redox state, types and amounts of biomolecules.1These natural gradients make internal 

stimuli an ideal trigger for controlled release and enhanced specificity of carrier.  

On the other hand, external stimuli plays an equally important role. External stimuli 

doesn’t exist inside the human body and extra applied to the disease location by 

providing more accurate control over the drug carriers. The exposure of temperature 

changes, magnetic fields, ultrasounds, light and electric fields are generally used 

external stimulus that have been used. 1, 2  

Light induced drug delivery remain among the most popular stimuli-responsive 

strategy owing to their non-invasive nature and the possibility of remote 

spatiotemporal control. The drug releasing behavior of the light triggered systems can 

be precisely controlled by applying specific light irradiation at a specific position. 

Light takes advantage of (i) photodimerizations, cis−trans photoconversions; (ii) 

photocleavage of chemical bonds  
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directly or assisted by photosensitizers; or (iii) photo-induced heating of gold 

nanoparticles (AuNPs) to control mass transport from pore voids to a solution.3 

Among all these light induced mechanism, photodimerization is one of the oldest and 

well-established mechanism for various type of light sensitive molecules.  

Photodimerization is a bimolecular photochemical process in which an electronically 

excited unsaturated molecule reacts with an unexcited molecule of the same species 

to give addition products. This simple reaction, which allows a rapid change in the 

size of molecules, has been used to design stimuli responsive systems. The first 

example of a photo responsive delivery systems was based on photodimerization 

reaction of coumarin, which was developed by Fujiwara and co-workers in 2003.4, 5 

Coumarin undergoes a [2 + 2] photodimerization in which there is a cycloaddition 

reaction that involves carbon−carbon double bonds of two neighboring molecules to 

result in a cyclobutane dimer. Photodimerization is performed in the presence of light 

and it is a reversible process that can be controlled by selecting the irradiation 

wavelength.  

Apart from coumarin, anthracene and its derivatives have been used in many light 

responsive systems. The photophysical and photochemical properties 

photodimerization reaction of anthracene, which occurs favorably in UV light 

irradiations (250–400 nm) have been widely investigated for the application of 

photoresponsive materials.6–14 Furthermore, the dimerization has been recently 

accomplished with visible light (400–700 nm) or multiphoton light in order to weaken 

some side effects during irradiation.15-17 However typical dimerization reaction takes 

place upon irradiation at 365 nm, at the 9 and 10 carbons (Figure 4.1) . This 

photochemical transformation can be easily monitored by fluorescence spectroscopy 

as the anthracene core responsible for the molecule's emission at 470 nm is disrupted 

upon dimerization, thus providing a probe for following the progress of the reaction. 

The photodimer is found to be thermally stable, with no indication for dissociation at 

room temperature. However the dimerization may be reversed either by irradiation at 

254 nm or heating over 100°C. 
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Figure 4. 1 [4+4] cycloaddition reaction of anthracene molecules and its reverse 

reaction 

 

 

In this study our major goal is take the advantages of photoactive anthracene moiety 

for light induced drug delivery systems. We have designed and synthesized a novel 

anthracene–containing micelle and fiber forming peptides and investigated structural 

disruption of peptide architecture with light.  

4.2 Results and Discussion 

 

In order to use in SPPS, anthracene-2 carboxylic acid was synthesized according to 

described procedures in literature and isolated in 72% yield (Scheme 4.1).18 

 

 

 

 

 Scheme 4. 1 Synthesis pathway of Anthracene-2-carboxylic acid 
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Anthracene carboxylic acid was coupled to micelle forming small AhxPPPKKK19 

peptide and fiber forming VYGGG peptide20 while peptides were still on resin, 

resulting small peptide molecules which can self-assemble in aqueous media (Figure 

4.2). 

 

 

  

 

Figure 4. 2 Structure of Ant-PK and Ant-VY peptides 

 

 

Our initial attempt was disruption of micellar structure, thereby photoresponsive 

micelle forming Ant-PK peptide was dissolved in water. In order to neutralize positive 

charges on lysine residues, basicity of the peptide solution was arranged to pH 11 
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using 1N NaOH solution. However, contrary to the expectations, both Transmission 

electron microscopy (TEM) images and Dynamic light scattering (DLS) analysis 

indicated no evidence of micellar structure prior to irradiation. In the light of this 

finding, 0.5 wt. % Ant-PK peptide solution was prepared in water and pH of the 

solution was fixed to pH 4 using 1N HCl solution. TEM images proved that peptides 

were self-assembled into micelles size raging 100-200nm when lysines are positively 

charged under acidic conditions (Figure 4.3).   

 

 

 

Figure 4. 3 Positively stained TEM image of Ant-PK peptide at pH 4 

 

 

Hydrodynamic size of peptidic micelles were also analyzed with DLS measurement 

and the mean of ten measurements was taken. Average hydrodynamic size was 

determined as 467.8 nm as shown in (Figure 4.4) and size distributions were around 

74.42 nm.  
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Figure 4. 4 Dynamic light scattering size distribution graph of Ant-PK peptide before 

irradiation 

 

 

Irradiation experiments were performed with aliquots taken from the peptide solution 

over the course of 10 minute irradiation, total irradiation time proceeded 30 minute. 

Since the extended Π-systems in anthracene broken into dimers, cycloaddition 

reaction resulted in a decrement of aromaticity, which also caused decrement of 

fluorescence emission that drives from fully conjugated aromatic system. Therefore, 

dimerization reaction was followed with anthracene emission spectra in aqueous 

solution covering 380–600 nm intervals. The maximum emission peak around 440 nm 

was weaken upon irradiation. On the basis of the signal intensity decrement, overall 

conversion of photodimerization reaction was calculated at around 59.01% (Figure 

4.5).  
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Figure 4. 5 Fluorescence emission intensity of Ant-PK at 125 μM (0.5 wt. %) with 

λex 365nm.  

 

 

TEM image of peptide after 30 minute irradiation indicated that, drastic 

conformational changes in anthracene structure with light, leads partial disruption of 

micellar structure (Figure 4.6 A). Furthermore, DLS measurements supports this 

structural changes. Average hydrodynamic size determined as 993.0 nm as shown in 

(Figure 4.6 B) and size distributions were around 164.7 nm. In consideration of these 

findings, designed peptidic photoresponsive micellar system can be used a potential 

drug carrier.  

 

 

 

 

 

 

 

0

100

200

300

400

500

600

700

800

900

380 400 420 440 460 480 500 520 540 560 580 600

In
te

n
si

ty
 (

a.
u

.)

wavelength (nm)

t=0 min

t=10 min

t=20 min

t=30 min



93 

 

A 

 

B 

 

Figure 4. 6 A) TEM images of micellar peptides after irradiation B) Dynamic light 

scattering size distribution graph of peptide after irradiation 

 

 

Ant-VY peptide that self-assembles into fibrillar structure at pH 4 (Figure 4.7) was 

also investigated as photocontrolled drug carrier systems. Pentapeptide VYGGG 

needs aromatic-aromatic interaction for stimulating self-assembly in water. Native 

form of this peptide doesn’t form nanofibers, without the attachment of any aromatic 

groups.20 Therefore anthracene carboxylic acid was coupled to N-termini of peptide 

both promoting self-assembly and disrupting it with photo irradiation.  
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Figure 4. 7 TEM image of Ant-VY peptide at pH 4.  

 

 

Self-assembly of Ant-VY peptide was studied by TEM, UV and florescence 

spectroscopy. Although TEM images proved that peptide is forming fibrillar structure, 

it didn’t offer clear data about whether photoirradiation works or not.  The emission 

spectra of the peptide at pH 10 (solution formation) and pH 4 (gel formation) offer 

useful and relevant information regarding the interaction of the aromatic rings. The 

decrease of fluorescence emission peak at around 450 nm indicate quenching due to 

aromatic-aromatic interaction between the anthracene groups. The self-quenching 

effect of anthracene decreases upon light induced dimerization of anthracene moieties 

which causes increase in fluorescence emission (Figure 4.8). On the other hand, 

photodimerization causes decrease in concentration of anthracene.  

These two effect neutralized each other and resulted no change in emission spectra 

after irradiation. Therefore, following the phodimerization reaction with emission 

spectra was failed.  
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Figure 4. 8 Fluorescence emission spectra of Ant-VY peptide at 122 μM with λex 

365nm. 

 

 

The UV-Vis spectra of Ant-VY peptide self-assembled peptides (pH 4) showed a 

decrease in absorption peaks and a small shift (1 nm) in the wavelength of maximum 

absorption (compared with those of randomly distributed Ant-VY peptide at ph10). 

When peptide irradiated for 30 minute with 10 minute intervals, absorption of the self-

assembled peptide decreased (Figure 4.9)  
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Figure 4. 9  UV-Vis absorption   spectra of Ant-VY at pH 10, pH 4 and after 

irradiation at pH 4.  

 

 

In order to prove that phodimerization reaction causes decrease in absorbance 

intensity. Fmoc-VY peptide (control peptide) was irradiated with 30 minute with 10 

minute intervals. Although self-assembly of peptide at pH 4 causes shift in the 

wavelength, photoirradiation causes nothing significant in the absorption intensity, 

because Fmoc is inert against light (Figure 4.10).  
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Figure 4. 10 UV-Vis absorption spectra of Fmoc-VY at pH 10, pH 4 and after 

irradiation at pH 4.  

 

 

To summarize, we have synthesized two different peptide based nanocarriers with 

photoactive anthracene moiety. Aqueous solution of Ant-PK peptide forms micellar 

structure and aqueous solution of Ant-VY peptide forms fibrillar structure at pH 4.  

Irradiation of these peptide systems with 365 nm light source partially disrupted their 

structure, thus providing control over their structural integrity.   Despite the fact that 

some hurdles remain to be taken, the results presented in this chapter demonstrate that 

these systems are very promising for controlled drug release with non-invasive light 

exposure.  
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4.3 Experimental 

 

4.3.1 Synthesis of anthraquinone-2-carboxylic acid (2)18 

 

2-methylanthraquinone (1) (1 g, 4.5 mmol) and acetic 

acid (50 mL) were added into two necked flask fitted with 

a condenser. A mechanical stirrer and a thermocouple 

were also placed into flask. The reaction mixture was 

warmed gently with stirring to dissolve 2-

methylanthraquinone.Then anhydrous CrO3 (5.4 g, 54 mmol) was added slowly with 

vigorous stirring. The solution mixture was heated to 85 ⁰ C and kept at that 

temperature overnight (16 hours). Then, the completed reaction mixture was cooled at 

room temperature and diluted with 150 mL distilled water. The resulting precipitate 

was filtered and washed with water until the blue color of chromium salts disappeared. 

The obtained solid was recrystallized with acetic acid. The reaction was completed 

with 85% yield. 1H NMR (400 MHz, DMSO) δ 13.73 (s, 1H), 8.64 (d, J = 1.7 Hz, 

1H), 8.38 (dd, J = 8.0, 1.6 Hz, 1H), 8.28 (dd, J = 8.0, 1.9 Hz, 1H), 8.21 (dd, J = 5.1, 

2.2 Hz, 2H), 8.01 – 7.90 (m, 2H). 13C NMR (100 MHz, DMSO) δ 181.99, 181.84, 

165.90, 135.60, 135.54, 134.69, 134.67, 134.35, 133.13, 132.97, 127.30, 126.81. 

4.3.2 Synthesis of anthracene-2-carboxylic acid (3) 18 

 

Anthraquinone-2-carboxylic acid (2) (0.5 g, 2 mmol), zinc 

dust (2.6 g, 40 mmol), CuSO4.5H2O (0.1 g, 0.4 mmol) and 

aqueous ammonia (35 mL, 26%) were added into a 100 

mL flask. The reaction mixture was stirred with magnetic 

stirrer under reflux at 70 ⁰ C for 5.5 hours. Then, the reaction temperature was 

increased to 85 ⁰ C and kept for 2 hours at that temperature. The completed hot reaction 

mixture was filtered to remove insoluble residues and the filtrate was cooled. After 

that, the filtrate was acidified with dilute HCI (1:1), until pH between 4-5. The 

precipitated yellow solid was filtered and dried in freeze dryer. Then, the yellow solid 

was recrystallized with acetic acid. The reaction was completed with 72% yield. 1H 

NMR (400 MHz, DMSO) δ 8.76 (s, 2H), 8.62 (s, 1H), 8.30 – 7.92 (m, 4H), 7.55 (s, 

2H).  
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4.3.3 Synthesis of Ant-PK peptide 

 

Ant-PK peptide was synthesized using standard solid-phase peptide synthesis (SPPS) 

methods on rink amide MBHA resin (0.25 mM scale, 1.0 mmol/g loading) using a 

CEM Discover Bio - Manual Microwave Peptide Synthesizer. Each amino acid (3 

equiv) was coupled by HBTU (2.85 equiv) and DIEA (6 equiv) in DMF.  A standard 

coupling program (20 W, 75 ºC, 10 min) was used for all amino acids except for the 

coupling of Fmoc-Pro-OH, which were double coupled (20W, 75 ºC, 15 min). 

Deprotections were performed in 20% piperidine in DMF (20 W, 75ºC, and 3 min.) 

and repeated two times. Each coupling and deprotection was monitored by Kaiser test 

except Fmoc-Pro-OH. The N-terminus of the peptides was extended with 6-

aminohexanoic acid. After removal of final Fmoc group from N-terminal Fmoc-

peptide-resin, 2-anthracene carboxylic acid (3) was coupled to the peptidyl resin with 

3.0 equivalents of phosphonium- based powerful coupling reagent, bromo-

tris(pyrrolidino)-phosphonium hexafluorophosphate( PyBroP) and 6.0 equiv of DIEA 

for 90 min to 2h,  at room temperature in DMF. Anthracene was coupled as a 

fluorescent and photoactive part of the peptide and 6-aminohexanoic acid was used as 

a spacer to increase the conformational freedom of the anthracene moiety. Following 

with the anthracene coupling, deprotection of the side chains and cleavage of the 

peptide from resin were done with TFA/TIS/H2O=90:5:5 (v/v/v) for 90min, acidic 

peptide solution was precipitated in cold ether and collected with centrifugation.  

Resulting peptide was lyophilized in MilliQ and purified using preparative RP-HPLC. 

Purity was checked with analytical RP-HPLC and identity verified by mass 

spectrometry. Sample preparation and analytical and preparative RP-HPLC conditions 

were same as mentioned in Chapter 3. Ant-PK peptide was obtained with 99.82% 

purity according to absorption peak at 214 nm. Mass of purified peptide was confirmed 

with HRMS in positive ion mode. [M+H]+ cal: 1010.6191 and [M+H]+ obs: 1010.6215.  

4.3.4 Synthesis of Ant-VY peptide 

 

Ant-VY peptide was synthesized on Fmoc-Gly-Wang resin in the CEM Discover Bio 

- Manual Microwave Peptide Synthesizer. Addition of first amino acid to the Wang 

Resin was done according to literature.21 2 equiv of Fmoc-Gly-OH, 4 equiv. of HOBt, 

and 2 equiv. of DIC in DMF solution was transferred into pre-swelled resin and 2 

equiv. of DMAP was added into this solution, then left overnight stirring. Coupling 
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solution was drained and the modified resin was capped with benzoyl 

chloride/pyridine/DMF (10:8:82, v/v/v) solution for 30 minute and wash with DMF, 

DCM, ether respectively.  Loading capacity of prepared resin was calculated as 

0.65mmol/g, by using: Loading= A290/ (mg of resin x 1.65) formula (A290 stands for 

UV absorbance of Fmoc group at 290nm). 

For the synthesis Fmoc chemistry was used again with a solution of 20 % piperidine 

in DMF as the deprotection agent, HBTU as coupling reagent and DIPEA as base. 

Standard coupling and deprotection programs were applied as in Ant-PK peptide 

synthesis. 2-anthracene carboxylic acid (3) was coupled to the peptidyl resin as a final 

residue with 3.0 equivalents of PyBroP and 6.0 equiv of DIEA for 90 min to 2h, at 

room temperature in DMF. Deprotection of the side chains and cleavage of the peptide 

from resin were done with TFA/TIS/H2O=90:5:5 (v/v/v) for 60min, basic peptide 

solution was precipitated in cold ether and collected with centrifugation.  Resulting 

peptide was lyophilized in MilliQ and purified using preparative RP-HPLC. Purity 

was checked with analytical RP-HPLC and identity verified by mass spectrometry. 

Since resulting peptide was acidic (the overall charge of a peptide is negative), 0.1% 

NH4OH (26%) was added to peptide solution and diluted to the appropriate volume 

before RP-HPLC analysis. The other RP-HPLC conditions were same as mentioned 

in Chapter 3. Ant-VY peptide was obtained with 84.67 % purity according to 

absorption peak at 214 nm. Mass of purified peptide was confirmed with HRMS in 

negative ion mode. [M-H]- cal : 654.2564 and [M-H]- obs: 654.2545.  

For control reaction, Fmoc-VYGGG-OH (Fmoc-VY) was also synthesized and 

characterized with Mass Spectroscopy and analytical RP-HPLC. Purity of peptide was 

calculated as 78.5% at 214nm. [M-H]- cal: 672.2670 and [M-H]- obs: 672.2632 

4.3.5 NMR analysis 

 

1H-NMR and 13C-NMR spectra were recorded on a Bruker 400 MHz spectrometer 

with DMSO-d6 as solvent. Unless otherwise indicated, chemical shifts are reported in 

ppm downfield from tetramethylsilane (TMS) at room temperature using deuterated 

solvents as an internal standard. Abbreviations used for splitting patterns are s= 

singlet, br s = broad singlet, d= doublet, t= triplet and m= multiplet. 
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4.3.6 Transmission electron microscopy (TEM) 

 

TEM measurements were performed on a JEM-2100F (JEOL) microscope operating 

at 200 kV. 0.5 mM peptide solutions were gently dripped on holey carbon coated TEM 

grids and grids were negatively stained with 1 wt% aqueous uranyl acetate solution in 

water, excess materials were removed by washing with water. The TEM samples were 

air-dried for 3 h prior to imaging.  

4.3.7 Dynamic light scattering (DLS) measurements 

 

Before and after irradiation hydrodynamic sizes micellar Ant-PK peptides were 

measured using a Zetasizer Nano-ZS equipment (Malvern Instruments Ltd.). Number 

average hydrodynamic sizes were obtained by cumulative analysis of autocorrelation 

data. Samples were placed in polystyrene cells, which were cleaned with ultrapure 

water. Measurements were taken 10 times at 25 °C in order to check their 

reproducibility.  

4.3.8 Photodimerization reaction 

 

Samples were irradiated with mercury medium pressure lamp. The lamp is contained 

in double-walled immersion wells made of quartz, allowing water cooling and/or 

filtering of excitation radiation. All irradiations were carried out for 10 minutes and 

repeated 3 times. 

4.3.9 Fluorescence Spectroscopy 

 

Fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence 

Spectrophotometer. All spectra were taken at room temperature with an integration 

time of 0.1 s. The slit width was set at 5 nm for excitation and emission. Emission 

spectra were obtained from 380 to 600nm with excitation at 365 nm. EMT Detector 

voltage was arranged at 480 nm. 
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  APPENDICES 

 

 

APPENDIX A 

 

 

AMINO ACID CODE TABLE 

 

 

 

 

Figure A. 1 Amino Acids with Electrically Charged Residues 

 

 

 

Figure A. 2 Amino Acids with Polar Uncharged Residues 
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Figure A. 3 Unique Amino Acids 

 

 

 

Figure A. 4 Amino Acids with Hydrophobic residues 
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APPENDIX B 

 

 

DATA RELATED TO CHAPTER 2 

 

 

 

Table B. 1 Sequence, accurate mass and retention time of WT.  

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 214 

nm 

WT Ac-DLKNYIDKQLLPIVNKQSCSISA-NH2 1316.23 1316.60 17.22 

 

 

 

 

Figure B. 1 Mass and RP-HPLC chromatogram of WT.  
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Figure B.1 (Continued) 
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Table B. 2 Sequence, accurate mass and retention time of Δ12.  

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 
tR at 214 nm 

Δ12 H-DKQLLPIVNKQ-NH2 647.91 648.00 15.98 

 

 

 

 

 

 

Figure B. 2 Mass and RP-HPLC chromatogram of Δ12.  
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Table B. 3 Sequence, accurate mass and retention time of Δ6.  

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 
tR  at 214 nm 

Δ6 H-DLKNYIDKQLLPIVNKQ-NH2 1021.11 1021.53 15.65 

 

 

 

 

 

 

Figure B. 3 Mass and RP-HPLC chromatogram of Δ6. 
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Table B. 4 Sequence, accurate mass and retention time of N197A. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 214 

nm 

N197A H-DLKAYIDKQLLPIVNKQSCSISA-NH2 1273.73 1274.20 16.60 

 

 

 

 

 

 

Figure B. 4 Mass and RP-HPLC chromatogram of N197A. 
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Table B. 5 Sequence, accurate mass and retention time of Y198A. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR  at 214 

nm 

Y198A H-DLKNAIDKQLLPIVNKQSCSISA-NH2 1249.22 1249.73 15.88 

 

 

 

 

 

 

Figure B. 5 Mass and RP-HPLC chromatogram of Y198A. 
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Table B. 6 Sequence, accurate mass and retention time of I199A. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 214 

nm 

I199A H-DLKNYADKQLLPIVNKQSCSISA-NH2 1274.20 1274.64 15.20 

 

 

 

 

 

 

Figure B. 6 Mass and RP-HPLC chromatogram of I199A. 
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Table B. 7 Sequence, accurate mass and retention time of Q210A. 

 

 

 

 

 

 

 

Figure B. 7 Mass and RP-HPLC chromatogram of Q210A. 

 

 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR 

 at 214 nm 

Q210A H-DLKNYIDKQLLPIVNKASCSISA-NH2 1266.72 1267.80 16.35 
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Table B. 8 Sequence, accurate mass and retention time of I214A. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR  

at 214 nm 

I214A H-DLKNYIDKQLLPIVNKQSCSASA-NH2 1274.20 1274.70 16.30 

 

 

 

 

 

 

Figure B. 8 Mass and RP-HPLC chromatogram of I214A. 
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Table B. 9 Sequence, accurate mass and retention time of C212A. 

 

 

 

 

 

 

 

Figure B. 9 Mass and RP-HPLC chromatogram of C212A. 

 

 

 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR  

at 214 nm 

C212A H-DLKNYIDKQLLPIVNKQSASISA-NH2 1279.24 1280.16 17.29 
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Table B. 10 Sequence, accurate mass and retention time of K193E197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at  

214 nm 

K193E197 Ac-KDLKEYIDKQLLPIVNKQSCSISA-NH2 1378.78 1379.20 17.65 

 

 

 

 

 

 

Figure B. 10 Mass and RP-HPLC chromatogram of K193E197. 
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Table B. 11 Sequence, accurate mass and retention time of K199E203. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at  

214 nm 

K199E203 Ac-DLKNYKDKQELPIVNKQSCSISA-NH2 1322.71 1323.28 17.82 

 

 

 

 

 

 

Figure B. 11 Mass and RP-HPLC chromatogram of K199E203. 
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Table B. 12 Sequence, accurate mass and retention time of K203E207. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at  

214 nm 

K203E207 Ac-DLKNYIDKQKLPIENKQSCSISA-NH2  1329.72 1330.20 16.23 

 

 

 

 

 

 

Figure B. 12 Mass and RP-HPLC chromatogram of K203E207. 
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Table B. 13 Sequence, accurate mass and retention time of K207E211.  

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at  

214 nm 

K207E211  Ac-DLKNYIDKQLLPIKNKQECSISA-NH2 1342.75 1343.13 16.93 

 

 

 

 

\  

 

Figure B. 13 Mass and RP-HPLC chromatogram of K207E211. 
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Table B. 14 Sequence, accurate mass and retention time of K212E216. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at  

214 nm 

K212E216   Ac-DLKNYIDKQLLPIVNKQSKSISE-NH2 1348.77 1349.20 17.20 

 

 

 

 

 

 

Figure B. 14 Mass and RP-HPLC chromatogram of K212E216. 

 

 

 



122 

 

Table B. 15 Sequence, accurate mass and retention time of K193E197-K199E203. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR  at 

214 nm 

K193E197-

K199E203 
Ac-KDLKEYKDKQELPIVNKQSCSISA-NH2 1385.26 1385.67 15.40 

 

 

 

 

 

 

Figure B. 15 Mass and RP-HPLC chromatogram of K193E197-K199E203. 
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Table B. 16 Sequence, accurate mass and retention time of K193E197-K203E207. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR  at 

214 nm 

K193E197-

K203E207 

Ac-KDLKEYIDKQKLPIENKQSCSISA-

NH2 
1392.27 1392.60 16.40 

 

 

 

 

 

 

Figure B. 16 Mass and RP-HPLC chromatogram of K193E197-K203E207. 
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Table B. 17 Sequence, accurate mass and retention time of K193E197-K207E211. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR  at 

214 

nm 

K193E197-

K207E211 
Ac-KDLKEYIDKQLLPIKNKQECSISA-NH2 1405.30 1405.84 16.58 

 

 

 

 

 

 

Figure B. 17 Mass and RP-HPLC chromatogram of K193E197-K207E211. 
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Table B. 18 Sequence, accurate mass and retention time of K193E197-K212E216. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 214 

nm 

K193E197-

K212E216 

Ac-KDLKEYIDKQLLPIVNKQSKSISE-

NH2 
1411.32 1411.73 17.35 

 

 

 

 

 

 

Figure B. 18 Mass and RP-HPLC chromatogram of K193E197-K212E216. 
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Table B. 19 Sequence, accurate mass and retention time of K207E211-K212E216. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K207E211-

K212E216 
  Ac-DLKNYIDKQLLPIKNKQEKSISE-NH2 1375.29 1375.67 16.90 

 

 

 

 

 

 

Figure B. 19 Mass and RP-HPLC chromatogram of K207E211-K212E216. 
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Table B. 20 Sequence, accurate mass and retention time of K190E194-K193E197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2

+ 

observed 

tR  

at 214 

nm 

K190E194-

K193E197 

Ac-KKVKELKEYIDKQLLPIVNKQSCSISA-

NH2 
1554.42 

1554.6

8 
17.74 

 

 

 

 

 

 

Figure B. 20 Mass and RP-HPLC chromatogram of K190E194-K193E197. 
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Table B. 21 Sequence, accurate mass and retention time of K193D197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K193D197 Ac-KDLKDYIDKQLLPIVNKQSCSISA-NH2 1371.77 1372.28 18.58 

 

 

 

 

 

 

Figure B. 21 Mass and RP-HPLC chromatogram of K193D197. 
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Table B. 22 Sequence, accurate mass and retention time of K199D203. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K199D203  Ac-DLKNYKDKQDLPIVNKQSCSISA-NH2 1315.70 1316.12 15.15 

 

 

 

 

 

 

Figure B. 22 Mass and RP-HPLC chromatogram of K199D203. 
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Table B. 23 Sequence, accurate mass and retention time of K203D207. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K203D207  Ac-DLKNYIDKQKLPIDNKQSCSISA-NH2 1322.71 1323.16 15.50 

 

 

 

 

 

 

Figure B. 23 Mass and RP-HPLC chromatogram of K203D207. 
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Table B. 24 Sequence, accurate mass and retention time of K207D211. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 214 

nm 

K207D211   Ac-DLKNYIDKQLLPIKNKQDCSISA-NH2 1335.74 1336.40 17.36 

 

 

 

 

 

 

Figure B. 24 Mass and RP-HPLC chromatogram of K207D211. 
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Table B. 25 Sequence, accurate mass and retention time of K212D216. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 nm 

K212D216 Ac-DLKNYIDKQLLPIVNKQSKSISD-NH2 1341.77 1342.48 17.47 

 

 

 

 

 

 

Figure B. 25 Mass and RP-HPLC chromatogram of K212D216. 
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Table B. 26 Sequence, accurate mass and retention time of K193D197-K199D203. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K193D197-

K199D203 
Ac-KDLKDYKDKQDLPIVNKQSCSISA-NH2 1371.25 1371.67 16.15 

 

 

 

 

 

 

Figure B. 26 Mass and RP-HPLC chromatogram of K193D197-K199D203. 

 

 

 



134 

 

Table B. 27 Sequence, accurate mass and retention time of K193D197-K203D207. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K193D197-

K203D207 
Ac-KDLKDYIDKQKLPIDNKQSCSISA-NH2 1378.26 1378.76 18.38 

 

 

 

 

 

 

Figure B. 27 Mass and RP-HPLC chromatogram of K193D197-K203D207. 
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Table B. 28 Sequence, accurate mass and retention time of K193D197-K207D211. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K193D197-

K207D211 
Ac-KDLKDYIDKQLLPIKNKQDCSISA-NH2 1391.29 1391.76 18.32 

 

 

 

 

 

 

Figure B. 28 Mass and RP-HPLC chromatogram of K193D197-K207D211.  
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Table B. 29 Sequence, accurate mass and retention time of K193D197-K211D215. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K193D197-

K211D215 
Ac-KDLKDYIDKQLLPIVNKQKCSIDA-NH2 1397.31 1398.13 19.84 

 

 

 

 

 

 

Figure B. 29 Mass and RP-HPLC chromatogram of K193D197-K211D215. 
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Table B. 30 Sequence, accurate mass and retention time of K193D197-K212D216. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K193D197-

K212D216 
Ac-KDLKDYIDKQLLPIVNKQSKSISD-NH2 1397.31 1397.84 18.94 

 

 

 

 

 

 

Figure B. 30 Mass and RP-HPLC chromatogram of K193D197-K212D216. 
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Table B. 31 Sequence, accurate mass and retention time of K190D194 K193D197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

K190D194-

K193D197 
Ac-KKVKDLKDYIDKQLLPIVNKQSCSISA NH2 1540.41 1540.87 19.28 

 

 

 

 

 

 

Figure B. 31 Mass and RP-HPLC chromatogram of K190D194-K193D197. 
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Table B. 32 Sequence, accurate mass and retention time of K190D194-K193D197-

K211D215. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2

+ 

observed 

tR at 214 

nm 

K190D194-

K193D197-

K211D215 

Ac-KKVKDLKDYIDKQLLPIVNKQKCSIDA-

NH2 
1565.95 

1566.8

0 
19.25 

 

 

 

 

 

 

Figure B. 32 Mass and RP-HPLC chromatogram of K190D194-K193D197-

K211D215. 
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Table B. 33 Sequence, accurate mass and retention time of O193D197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

O193D197 Ac-ODLKDYIDKQLLPIVNKQSCSISA-NH2 1364.76 1365.32 17.29 

 

 

 

 

 

 

Figure B. 33 Mass and RP-HPLC chromatogram of O193D197. 
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Table B. 34 Sequence, accurate mass and retention time of C193C197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

C193C197 Ac-CDLKCYIDKQLLPIVNKQSASISA-NH2 1345.23 1345.96 17.95 

 

 

 

 

 

 

Figure B. 34 Mass and RP-HPLC chromatogram of C193C197. 
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Table B. 35 Sequence, accurate mass and retention time of C193Ȼ197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

C193Ȼ197 Ac-CDLKȻYIDKQLLPIVNKQSASISA-NH2 1352.24 1352.92 18.22 

 

 

 

 

 

 

Figure B. 35 Mass and RP-HPLC chromatogram of C193Ȼ197. 
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Table B. 36 Sequence, accurate mass and retention time Ȼ193Ȼ197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

Ȼ193Ȼ197 Ac-ȻDLKȻYIDKQLLPIVNKQSASISA-NH2 1359.25 1359.68 17.82 

 

 

 

 

 

 

Figure B. 36 Mass and RP-HPLC chromatogram of Ȼ193Ȼ197. 
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Table B. 37 Sequence, accurate mass and retention time of X193Z197. X = azido-

Lysine and Z = propargyl glycine. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

X193Z197 Ac-XDLKZYIDKQLLPIVNKQSASISA-NH2 1383.77 1384.13 18.60 

 

 

 

 

 

 

Figure B. 37 Mass and RP-HPLC chromatogram of X193Z197.  
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Table B. 38 Sequence, accurate mass and retention time of N3-PEG4-WT. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

N3-PEG4-WT N3-PEG4-DLKNYIDKQLLPIVNKQSCSISA-NH2 1460.31 1460.96 17.74 

 

 

 

 

 

 

Figure B. 38 Mass and RP-HPLC chromatogram of N3-PEG4-WT. 
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Table B. 39 Sequence, accurate mass and retention time of N3-PEG4-K193D197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

N3-PEG4-

K193D197 

 

N3-PEG4-KDLKDYIDKQLLPIVNKQSCSISA-NH2 1515.85 1516.48 19.33 

 

 

 

 

 

 

Figure B. 39 Mass and RP-HPLC chromatogram of N3-PEG4-K193D197. 
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Table B. 40 Sequence, accurate mass and retention time of N3-PEG4-K190D194-

K193D197. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

N3-PEG4-

K190D194-

K193D197 

N3-PEG4-KKVKDLKDYIDKQLLPIVNKQSCSISA-NH2 1684.49 1685.04 18.45 

 

 

 

 

 

 

Figure B. 40 Mass and RP-HPLC chromatogram of N3-PEG4-K190D194-K193D197. 
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Table B. 41 Sequence, accurate mass and retention time of Biotin-PEG4-WT. In 

order to proceed octet analysis, N-termini of linear peptide was biotinylated. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

Biotin-

PEG4-

WT 

Biotin-PEG4-DLKNYIDKQLLPIVNKQSCSISA-NH2 1531.84 1532.48 17.65 

 

 

 

 

 

 

Figure B. 41 Mass and RP-HPLC chromatogram of Biotin-PEG4-WT. 
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Table B. 42 Sequence, accurate mass and retention time of Biotin-PEG4-K193D197. 

In order to proceed octet analysis, N-termini of monocyclic peptide was biotinylated. 

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

Biotin-

PEG4-

K193D197 

Biotin-PEG4-KDLKDYIDKQLLPIVNKQSCSISA-

NH2 
1587.69 1588.48 18.91 

 

 

 

 

 

 

Figure B. 42 Mass and RP-HPLC chromatogram of Biotin-PEG4-K193D197. 
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Table B. 43 Sequence, accurate mass and retention time of Biotin-PEG4-K190D194-

K193D197. In order to proceed octet analysis, N-termini of bicyclic peptide was 

biotinylated. 

 

 

 

 

 

Figure B. 43 Mass and RP-HPLC chromatogram of Biotin-PEG4-K190D194-

K193D197

 

Entry Sequence 
[M+2]2+ 

calculated 

[M+2]2+ 

observed 

tR at 

214 

nm 

Biotin-

PEG4-

K190D194-

K193D197] 

Biotin-PEG4-KKVKDLKDYIDKQLLPIVNKQSCSISA-

NH2 
1756.33 1756.40 18.85 
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APPENDIX C 

 

 

DATA RELATED TO CHAPTER 3 

 

 

 

Table C. 1 Accurate mass, retention time and percentage purity of P1 

 

 

 

 

 

Figure C. 1 Structure of P1  

 

 

 

P1 

Formula 
Calculated 

Mass 

Calculated 

[M+H]+ 

Found 

[M+H]+ 

tR 

(214nm) 

min 

% 

Purity 

at 214 

nm 

C60H82N12O14S 1226.579 1227.587 1227.474 19.393 97.62 
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Figure C. 2 Mass and RP-HPLC chromatogram of P1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+H]+ 
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Table C. 2 Accurate mass, retention time and percentage purity of P2 

 

 

P2 

Formula 
Calculated 

Mass 

Calculated 

[M+3H]+3 

Found 

[M+3H]+3 

tR (214nm) 

min 

% Purity 

at 214 nm 

C112H184N46O24S 2589.43123 864.1437 863.7611 17.060 97.09 

 

 

 

 

Figure C. 3 Structure of P2 
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Figure C. 4 Mass and RP-HPLC chromatogram of P2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+3H]+3 
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Table C. 3 Accurate mass, retention time and percentage purity of P3 

 

 

P3 

Formula 
Calculated 

Mass 

Calculated 

[M+4H]+4 

Found 

[M+3H]+3 

tR (214nm) 

min 

% Purity 

at 214 nm 

C110H181N45O23S 2532.40977 634.1024 845.8745 16.897 100.00 

 

 

 

 

Figure C. 5 Structure of P3 
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Figure C. 6 Mass and RP-HPLC chromatogram of P3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+3H]+3 
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Table C. 4 Accurate mass, retention time and percentage purity of P4 

 

 

P4 

Formula 
Calculated 

Mass 

Calculated 

[M+3H]+3 

Found 

[M+3H]+3 

tR 

(214nm) 

min 

% 

Purity 

at 214 

nm 

C119H195N47O25S 2714.5153 905.8384 906.1930 17.360 97.06 

 

 

 

 

Figure C. 7 Structure of P4 
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Figure C. 8 Mass and RP-HPLC chromatogram of P4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+3H]+3 
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Table C. 5 Accurate mass, retention time and percentage purity of P5 

 

 

P5 

Formula 
Calculated 

Mass 

Calculated 

[M+3H]+3 

Found 

[M+3H]+3 

tR 

(214nm) 

min 

% 

Purity 

at 214 

nm 

C119H195N47O25S 2714.5153 905.8384 906.1879 16.997 93.57 

 

 

 

 

Figure C. 9 Structure of P5 
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Figure C. 10 Mass and RP-HPLC chromatogram of P5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+3H]+3 
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Table C. 6 Accurate mass, retention time and percentage purity of P6 

 

 

P6 

Formula 
Calculated 

Mass 

Calculated 

[M+3H]+3 

Found 

[M+3H]+3 

tR (214nm) 

min 

% Purity 

at 214 nm 

C119H193N47O25S 2712.49965 905.16655 905.5212 17.11 81.52 

 

 

 

 

Figure C. 11 Structure of P6 
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Figure C. 12 Mass and RP-HPLC chromatogram of P6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+3H]+3 
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Table C. 7 Accurate mass, retention time and percentage purity of P7 

 

 

P7 

Formula 
Calculated 

Mass 

Calculated 

[M+3H]+3 

Found 

[M+3H]+3 

tR (214nm) 

min 

% Purity 

at 214 nm 

C134H218N52O30S 3067.68521 1023.5617 1023.8948 17.030 87.33 

 

 

 

 

Figure C. 13 Structure of P7 
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Figure C. 14 Mass and RP-HPLC chromatogram of P7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[M+3H]+3 
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APPENDIX D 

 

 

DATA RELATED TO CHAPTER 4 

 

 

 

 

 

Figure D. 1 1H NMR spectrum of anthraquinone-2-carboxylic acid (2) 
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Figure D. 2 13C NMR spectrum of anthraquinone-2-carboxylic acid (2) 

 

 

 

Figure D. 3 1H NMR spectrum of anthracene-2-carboxylic acid (3) 
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Figure D. 4 13C NMR spectrum of anthracene-2-carboxylic acid (3) 
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Figure D. 5 Mass and RP-HPLC chromatogram of Ant-PK. 

 

 

 

 

 

 

(M+H)+ 

(M+2H)+2 
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Figure D. 6 Mass and RP-HPLC chromatogram of Ant-VY. 

 

 

 

 

 

 

 

 

(M-H)- 
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Figure D. 7 Mass and RP-HPLC chromatogram of Fmoc-VY. 

 

 

 

 

 

 

 

 

(M-H)- 
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