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Introduction and Objectives 1 

Proteins (derived from the greek word 'Proteios', that means 1irst rank') are involved 

in virtually every biological process. Their functions range from catalysis of chemical 

reactions to maintenance of the electrochemical potential across cell membranes. 

They are synthesized on ribosomes as linear chains of amino acids in a specific order 

as dictated by the information encoded within the cellular DNA. The linear chain of 

proteins folds into unique native three dimensional structures that is characteristic 

for each protein and is strongly dependent on its linear sequence. The phenomenon 

of folding involves a multitude of complex molecular recognition that depends on the 

cooperative action of many relatively weak nonbonding interactions. As the number 

of possible conformations for a polypeptide . chain is astronomically large, a 

systematic search for the native (lowest energy) structure would require an almost 

infinite length of time. However, in real terms, this never happens. Proteins fold into 

their native structure on relatively fast time-scales traversing a defined trajectory of 

events. This has been termed as the 'Levinthal's paradox' and has been the central 

dogma of the complex problem of protein folding. Significant progress has been 

made, of late, towards solving this paradox and understanding the mechanism of 

folding. This has come about through advances in experimental strategies for 

following the folding reactions of proteins using state-of-the-art techniques and 

theoretical approaches that simulate the folding process with simplified models. 

However, biologically relevant proteins are generally large in size and hence not 

always amenable to thorough investigation. This has fuelled the design of small 

peptide fragments that can be successfully used as smaller model systems to address 

the larger problem of protein folding. 

'De novo' design has, thus, emerged as an attractive approach for a systematic 

investigation of the structure-function relationship in proteins. It is a hierarchic 

approach towards the construction of novel mini proteins with predetermined three­

dimensional structure and function. The process involves the design of a linear chain 

of peptide with the desired tertiary structures stabilized by hydrophobic, ionic and 
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hydrogen bonding interactions, placed at appropriate positions, to achieve a unique 

function. 

De novo design has also been successfully applied to the study of peptides. In short, 

'peptides' are smaller fragments of proteins consisting of less than 30 residues. Thus, 

proteins could be considered as a number of covalently connected peptide sub­

domains that although highly flexible and disordered, cooperatively assemble into a 

well-defined three-dimensional (3D) structure. Interestingly, proteins are 

constructed only from a limited number of secondary structure elements, such as 

strands, helices and turns, assembled using loosely structured loops and stabilized by 

tertiary and quaternary associations. These se~ondary structures act as loci for 

intermolecular, long range and non-covalent interactions to overcome the 

unfavorable conformational entropy associated 'folding to adopt a functional 3D 

structure. However, polypeptides composed of 30 amino acids or less generally 

adopt an ensemble of energetically similar conformations in aqueous solutions. 

However, for proper function the peptides should adopt only a specific three 

dimensional structure. Nature uses several such constraints such as incorporation of 

cyclic amino acid residues (prolineL disulfide bonds, etc. Although· the use of 

constraints could highly reduce the number of conformational degrees of freedom in 

a peptide, molecular motions would exist due to the inherent flexibility in the 

molecules. These motions may include librations around peptide bonds, rotations of 

side chains and more global conformational rearrangeme!'lts. Peptide design, thus, 

has been a challenging task. 

There have been a variety of strategies for protein and peptide design that have led 

to the structural characterization of mini-proteins comprising 40 residues or less with 

a compact folded structure. Most design strategies relied on information from the 

rich database of solved protein structures or the redesign of naturally occurring 

motifs in peptides and proteins. The strategies that have been commonly utilized are 
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the design of amphipathic molecules that aggregate into controlled assemblies by 

patterning of polar/non-polar residues, introduction of ligands for metal mediated 

assembly, introduction of disulfide bonds that permit covalent tethering of individual 

molecules and covalent assembly of polypeptide chains on a suitable template TASP. 

A conceptually different approach has been the introduction of stereo-chemical 

control over protein folding. It is widely known that for folding, two requirements 

must be met by the linear chain of the protein or peptide: one thermodynamic and 

one kinetic. The thermodynamic requirement is that the molecules should adopt a 

unique folded conformation (the native state) which is stable under physiological 

conditions. The kinetic requirement is that the denatured polypeptide chain can fold 

into the native conformation within a reasonable time. But a small polypeptide chain 

could theoretically adopt many conformations. In model designed compounds, the 

process of folding can be facilitated by introduction of stereo-chemical control over 

peptide folding. This could be done by the incorporation of conformation-restricting 

residues for constructing stable structures. These essential basic modules could then 

be connected covalently to get the desired folding. This strategy of protein mimicry 

has been known as 'Meccano (or Lego) set' approach. Such a strategy dictates the 

use of amino acids with restricted access to conformational space such as a,~­

dehydrophenylalanine (dPhe), a-aminoisobutyric acid (Aib), D-Pro, a,a-dialkylated 

glycines Deg (diethyl glycine), Dpg (dipropyl glycine), Dbg (dibutylglycine) and a 

variety of synthetically designed residues. Among all, 6Phe has been subjected to an 

extensive characterization due to its unique molecular structure, optical properties 

that aid easy characterization and also the ease of chemical synthesis. 

On the other side, there has been a considerable interest on organic molecule based 

assembling systems from the perspective of new generation biosensors, biocatalysts, 

novel materials, and more importantly as tunable and biocompatible drug delivery 

agents. Recent studies have generated a tremendous excitement especially in the 
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area of peptide based self-assembling systems, not only as novel, biocompatible 

nano-materials but also as models for investigation of processes like aggregation. 

Thus, the principles of de novo peptide design that has been traditionally utilized for 

investigating structural preferences of peptide molecules, could very well be applied 

for the rational design of peptide based novel self-assembling systems. 

Objective 1: 

The primary focus of the thesis has been the "design of small peptides (dipeptides) 

containing conformation constraining residue a,(3-dehydrophenylalanine (~Phe) 

amino acid that could self-assemble into distinct nano-structures in an aqueous 

environment." 

Studies indicated that in dipeptides containing with the motif H-Xaa-6Phe-OH, the 

nature of the N-terminus residue (Xaa) affected the assembly behavior. For example, 

dipeptides with Xaa having no or small side-chain like Gly and Ala, respectively, did 

not self-assemble at the concentrations tested or the time-scale of the investigation. 

However, residues with larger hydrophobic side-chains resulted in self-assembly of 

the dipeptides into structures of varied morphologies. Interestingly, the dipeptide 

with Xaa as Phenylalanine (PheL self-assembled into distinct nanotubes with average 

diameter of 27nm and length in microns. The nanotubes were stable to pH 

conditions and resisted proteolytic degradation. We also found that dipeptides with 

Xaa as Ser (-OH group) or Gin (-CONH2) did not assemble. Of interest was the 

observation that charged amphiphilic dipeptides with Xaa as Glu (-COOH) or Lys (­

NH2) self-assembled into vesicular structures. The necessity of the aromaticity for 

self-assembly in the model dipeptide H-Phe-Phe-OH was also explored. This was 

done by selective substitution of Phe by Cyclohexylalanine (Cha) having a side-chain 

with a non-aromatic and saturated ring structure. As opposed to the proposed idea 

that homo aromatic dipeptides formed the fundamental units of self-assembly, 
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results suggested that residues containing non-aromatic ring structures could very 

well be used for generating peptide based self-assembling structures. From the 

above studies, a few design rules that dictated the phenomenon of self-assembly in 

dipeptides and the morphology of the resultant self-assembled structures could be 

elucidated. 

Further, nano-structures generated from the self-assembly of dipeptides could 

entrap small drug molecules like amodiaquin, doxorubicin, mitoxantrone, vitamins, 

peptides and proteins to varying degrees. It was also observed that the morphology 

of the self-assembled vesicles changed depending on their ionization status occurring 

at the different pH conditions. The change in shape was also associated with the 

release of the entrapped drug making the dipeptide systems amenable for triggered 

drug release applications. 

Objective 2: 

The work in the thesis also aimed at "investigating structural similarilties between 

the fibrils formed by a small aromatic dipeptide {Phe-APhe} and generic amyloid 

fibrils." 

The results suggested that the structure and fibriilization of the dipeptide, Phe-l\Phe, 

mimicked the amyloids. The kinetic studies suggested a primarily heterogenous 

nucleation mediated fibrillization pathway. Th~ effect of non-assembling dipeptides 

on the fibrillization of Phe-l\Phe was also investigated. The results suggested that 

soluble dipeptide Ser-l\Phe could exert potential anti-fibrillization activity against 

Phe-l\Phe alongwith other peptide fragments derived from A~ and hiAPP. 

In brief, the thesis describes the self-assembly behavior of l\Phe containing model 

peptides and their potential applications. 
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1.1 Self-assembling peptides 

Self-assembly has been broadly defined as the autonomous organization of 

components into patterns or structures without human intervention. Self-assembling 

processes are commonly observed throughout nature and involve components from 

the molecular (crystals) to the planetary (weather systems) scales. The structures in 

self-assembly are organized into higher levels of order and stabilized through many 

different kinds of interactions. The concepts of self-assembly have been used in 
i 

many disciplines albeit with a different flavor and emphasis in each. There have been 
' 

several reasons for interest in self-assemblyi [l, 
21 . First, humans are attracted by the 

appearance of order from disorder. Second, components of living cells self-assemble, 

and thus, study of self-assembly would enable better understanding of life. The cell 

offers countless examples of functional self-assembly that stimulate the design of 

non-living systems. Third, self-assembly is one of the few practical strategies for 

generating ensembles of fun'ctional nanostructures. Fourthly, self-assembly is 

common to many dynamic, multi-component systems, from smart materials and self­

healing structures to netted sensors and computer networks. Finally, the 

phenomenon of self-assembly connects the reductionist approach to complexity and 

emergence [31 • Despite a lot of interest and research, the field "self-assembly" has 

not been formalized as a subject. For this reason, the definition of the term has been 

highly elastic. Processes ranging from the non-covalent association of organic 

molecules in solution to the growth of semiconductor quantum dots on solid 

substrates have been called self-assembly. However, a process of generating higher 

order structures from pre-existing components (separate or distinct parts of a 

disordered structure), in a reversible and controlled fashion by appropriate design of 

the components is believed to be truly synonymous with "self-assembly"r181
• 

Self-assembly has been broadly classified into two kinds: static and dynamic. Static 

self-assembly (S) (Figurel- 1) involves systems that are at global or local equilibrium 

and do not dissipate energy [4•
51. 



Chapter 1 

(a) / Hydrophilic 

,--~-...;...-

(c) 

+ 

~ Hydrophobic 

Single molecule 
((3-strand conforma1ion) 

ji-sheettape 

Au Au 

7 

(b) 

(d) 

Current Opinion in Che1llical Biology 

Figure 1-1: Various types of self-assembling peptide systems. (a) Amphiphilic 
peptides in ~-strand conformation self-assembling into twisted tapes. (b) 
Helical dipolar peptides undergoing a conformational change between a-helix 
and ~-sheet like a molecular switch. (c) Surface-binding peptides forming 
mono-layers covalently bound to a surface. (d) Surfactant-like peptides can 
forming vesicles and nanotubes. 

(*Image from Current Opinion in Chemical Biology 2002, 6:86&-871) 

In static self-assembly, formation of the ordered stru cture requires energy but once 

formed, it is stable. Most research in self-assembly has focused on this static type. In 

dynamic self-assembly (D) (Figurel- 2), structures or pattern formation occur only if 
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the system is dissipating energy. The patterns formed by competition between 

reaction and diffusion in oscillating chemical reactions [G. 
71 are simple examples; 

biological cells are much more complex ones. There are two further variants of self­

assembly. In templated self-assembly (T), interactions between the components and 

their environment determine the resulting structures. Crystallization on surfaces that 

determine the morphology of the crystal is one example [s-lol. The other form is the 

phenomenon governing biological self-assembly (B) and the resultant variety and 

complexity of the functions that it produces. The information coded in individual 

components in form of shape, surface properties, charge, polarizability, magnetic 

dipole and mass determine the interactions a·mong them and reflect on the shape 

and properties of the self-assemblies. The study of dynamic self-assembly is in its 

infancy and not a lot is truly understood. Therefore, the design of components that 

organize themselves into desired patterns and functions is the key to applications of 

self-assembly and the also primary focus of the thesis. 

1.2 Self-Assembly in Designed Systems 

The difficulty of studying self-assembly in living cells (and in many nonliving systems) 

has been the impracticality of changing many of the parameters that determine the 

behavior of the system. Therefore, it has been difficult to test hypotheses relating 

structures and properties of these components and the aggregates that they form. 

Thus, it would be desirable to have available a set of self-assembling components in 

which the parameters could be changed easily for investigating the processes by 

which components self-assemble into defined geometrical structures [11
' 

121
. Towards 

this end, many self-assembling systems have already been designed and 

investigated. These include a myriad of inorganic systems like nanosphere, nanorods 

and nanotubes made from carbon, metals and/or semi-conductors [13
-
171

• But there 

has been a relatively recent fascination in organic systems that self-assembled into 

geometric structures for the simple reason that such structures could in some way 

mimic living systems. 
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Figure 1-2: Transmission electron microscope images of nanotube and 
vesicle structures formed by V6D. The sample was flash frozen in liquid 
propane (-180°C) and surface-coated with a thin layer of platinum and 
carbon, yielding a replica. This technique preserved the structures formed in 
solution. 

Organic polymers, carbohydrates, nucleic acids, proteins and also peptides have 

already been used for the design of self-assembling systems in order to investigate 

the phenomenon more closely and/or to use them for applications ranging from 

devices to delivery systems 118 and references thereinl. However, their relative instability 

within living systems and their deleterious effects have limited their potential 

applications. However, a still newer focus has been on the development of small 

peptide based self-assembling systems. The interest in design of peptide based 

nanostructures started with the observation that many soluble cellular proteins 

could undergo self-assembly that led to the formation of well ordered tubular 

deposits as in neurodegenerative diseases such as Alzheimer's, Parkinson's and 

prions 119
-
211

. Though such assemblies exhibited disastrous consequences on normal 

cellular physiology, they have been shown to have potential applications as novel 
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nano-materials [19
-
211

• This led to a focussed and concentrated effort on the study of 

self-assembling peptides[22
-
241 to generate pH responsive hydrogels [25

' 
261

, nanotubes 

from cyclic and linear peptides [27
-
291

, fibres fron ~-sheet forming peptidesr30
•
311

, and 

also biomimetic peptides that formed complexes with heme [32
•
331

, metals and 

semiconducting materials [34
' 

351
• The results of these collective efforts has led to the 

emergence of the new field of molecular self-assembly for fabricating 

nanostructured materials. 

1.3 Self-assembled nanostructures from amphiphilic peptides 

Amphiphiles (amphis: both and philia: love) are broadly defined as chemical 

structures with a hydrophobic and a separated polar region. Such structures have 

been shown to self-assemble into distinct morphologies such as micelles, vesicles or 

tubules in aqueous environment [31
' 

36
-
381 with the assembly driven by hydrophobic 

effect that sequesters the nonpolar region of each polymer molecule away from 

water and thus, towards one another. The dimension and shape of the 

supra molecular structures formed from such assemblies depend on different factors, 

such as the geometry of the polar head group and the shape of each molecule [36
-
381

• 

In biology, the most common example of such amphiphilic molecule is the 

phospholipid which is the predominant constituent of the cell membrane that 

encapsulates and protects the cytoplasm from the environment. The formations of 

ordered and reproducible structures from amphiphilic molecules are common in 

biology. But, there has been a tremendous challenge for material scientists and has 

therefore stimulated the discovery and development of novel materials based on 

amphiphilic biomolecules (Figurel-1). Many simple self-assembling amphiphilic 

peptides have been designed that consisted exclusively of L-amino acids [31
' 
36

-
391

• One 

subset of such molecules are surfactant like peptides that consisted of a polar region 

made up of charged amino acids and a non-polar region made up of four or more 

consecutive hydrophobic amino-acids. The peptide V6D (composed of six consecutive 

hydrophobic valine residues from the N-terminus followed by the negatively charged 
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aspartic acid) self-assembled into a mixture of tubular and vesicular structures in 

aqueous solution [371 (Figurel-2). A few large polypeptides with alternating segments 

of polar and non-polar regions as a diblock co-polymer have also been shown to self­

assemble into pH responsive hydrogels [25
' 

26
' 

361
• Hydrophilic peptides linked to long 

alkyl chains could also self-assemble into tubular structures [40
' 

411
• The incorporation 

of a phosphorylated serine in the said peptide sequence facilitated bio-mineralization 

of hydroxy-apatitite, and thus generating an environment .conducive for growth of 

osteoblasts. Subsequent functionalization of the peptide with cell adhesion ·motif 
' 

RGD resulted in enhanced cell growth [411
, of osteoblast. In another interesting 

design, a peptide with repeated segments of R-A-0-A (a positively charged 

amphiphilic segment followed by .a negativ~ly charged amphiphilic segment) and a 

related variant were used for the fabrication of hydrogels [361
• The matrix consisted of 

interwoven nano-fibers with diameter of 10-20nm and pore size of about 50-200nm 

(Figurel-3). The hydrogel matrix was used for culturing neuronal cells that formed 

active connections: an important step in neuronal repair. The hydrogel was also 

tested for its ability to anchor mammalian cells and support cell proliferation, 

differentiation and the direction of cell growth for potential applications in biosensor 

devices [361
• Bovine chondrocytes have been, shown to express large amounts of 

collagen and glycosaminoglycans during their growth and differentiation within the 

peptide scaffold [421
. Besides the applications ·of amphiphilic peptides in generation of 

biocompatible materials, they have also served as scaffolds for metallization and 

fabrication of nanoscale devices [24
' 

281
. An interesting class of amphiphilic molecules 

is bola-amphiphiles. Unlike linear amphiphiles containing one polar and one 

hydrophobic region, bola-amphiphiles are· characterized by two hydrophilic head 

groups connected by a hydrophobic linker. Depending on the head group 

functionality, they exhibit self-assembly by hydrogen bonding, hydrophobic effect 

and electrostatic interaction. A peptide bola-amphiphile, bis(N-aamido-glycylglycine)-

1,7-heptane dicarboxylate, assembled into a nanotube via networked 30 hydrogen 

bonds between amide and carboxylic acid groups [43
-
451

• Such peptide nanotube have 
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also been functionalized with DNA, synthetic peptides, proteins, porphyrins, and 

azobenzenes, via hydrogen bonding [46
-4

91 molecules onto the nanotube surfaces via 

non-covalent bonding [461
. Functionalization with antibodies enabled the nanotubes 

to smartly navigate to antigen-marked surfaces [501
• The amenability to 

functionalization also made the peptide nanotubes as templates for growing metals 

and semiconductors in controlled morphologies [sl-
541 Importantly, the 

functionalization of bola-amphiphile based nanotubes had no effect on its structure 

and stability. Though amphiphilic peptides pose enormous opportunities for design 

of novel bio-inspired materials, there is a considerable lack of understanding of 

underlying principles that govern the phenomenon of self-assembly. The molecular 

structure of the nano-assemblies has been difficult to obtain because they were not 

amenable to high resolution X-ray diffraction nor solution NMR studies. 

Figure 1-3: The SEM image of the self-asembled RADA peptide showing the 

fibrous network of structures (left). The matrix consist of interwoven nano­

fibers with diameter of 1 0-20nm and pore size of about 50-200nm. The matrix 

was used for culturing neuronal cells (right) that exhibited extensive neurite 

growth with active axonal connections. 



Chapter 1 13 

Theoretical models of self-assembled peptide structures have been investigated to 

some extent by molecular, semi-continuum or fully continuum models depending on 

the level of scalings involved 155
' 

57
' 

581
• Moreover, the precise mechanism of 

nucleation and growth of the nano-structures from the free monomer is still unclear 

!
55

-
581

, and thus design rules for directing the molecules to assemble into micelles, 

vesicles, fibers or tubes need to be further explored. 

1.4 Nanotubes from rationally designed peptides 

As discussed earlier, all forms of assembled structures could be obtained from 

amphiphilic peptide structures influenced by the design of the peptide or the 

condition of assembly. Howe':'er, considerable advances have been made in the 

specific design of nanotubular structures with controllable features. There have been 

two basic strategies for the design of peptide based nanotubes. The first involved the 

use of 'linear peptide' sequences and the other utilized stacking of 'cyclic peptide' 

monomers for the generation of self assembled nanotubes. 

There have been various approaches for the design of linear peptide based 

nanotubes (Figure 1-4). Peptide combinatorial library involving polar (His, Lys, Asn, 

Asp, Gin, Glu) and non-polar (Leu, lie, Val, Phe, Met) amino acid residues have been 

used for the de-novo design of sequences that assembled into nanotubes with their 

dimension highly dependent on the peptide sequence 1591
• In a different design, the 

peptide monomers contained 'sticky-end' residues 143
' 

60
' 

611 that could selectively bind 

to complementary r,esidues based on their charge, polarity and hydrophobicity. The 

position of the sticky ends in the linear peptide monomers determined the 

morphology of the assembled structures. For example, when the stiff and straight 

peptide monomers (peptides ABABAB and CDCDCD in Figure 1-4b) incorporated the 

sticky end sequences, they assembled into straight peptide nanotubes. However, 

kinked and wavy peptide nanotubes could be obtained by mixing a small flexible 

peptide monomer (peptide CC in Figurel-4c) with a straight peptide monomer AA. 
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Figure 1-4: Schematic principle and TEM images of morphology controlled 

peptide nanotubes assemblies. (a) The sequences of standard self­

assembling fibers. Block A complements block 0, and block B complements 

block C. This dimerization creates the sticky ends in the nanotubes. b) 

Straight nanotubes formation, c) kinked nanotubes formation, and d) 

branched nanotubes formation. e) Peptide assemblies mediated via an 

octahedral rhenium complex between peptide monomers. 

(*Image taken from Advanced Materials 2005, 17:2037-2050) 
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Instead when aT-shaped peptide monomer, CDC (Figure 1-4d), was mixed with the 

straight peptide monomer AB, they assembled into branched peptide nanotubes [601
• 

The advantage of this technique was that by placing the sticky ends at proper 

positions is the peptide monomer one could obtain a predictable nanotube 

structure. In another approach, linear peptides were assembled into nanotubes by 

utilization of highly directional metal-ligand interactions instead of sticky-end 

interactions [611
• In this case the designed polypeptide monomers bridged by Re ions 

causing them to assemble into nanotubes. This strategy offered a highly desirable 
I 

feature i.e. precise control of the nanotube length by regulating the number of cross 

linking ions. However, nanotubes assembled from linear peptides generally not offer 

rationale control of features like diameter and surface properties of the tubes. The 

earliest propositions that peptide nanotubes could self-assemble by stacking cyclic 

peptides monomers came from Hassal (1972) [621 and DeSantis (1974) [671
• This led to 

an increasing focus on cyclic peptide based nanotubes that were inspired by natural 

design of cyclic antibiotics that created pores in the bacterial membrane (Figure1-S). 

Later, the assembly of nanotubes in many designed cyclic peptides was 

experimentally demonstrated [63
-
661

• Nanotubes could be assembled from monomers 

with alternating D,L-a-amino acids, ~-amino acids, alternating a,~-amino acids, 

alternating a,y-amino acids, and oligoureas. Heterocyclic alterations between a and 

c:-amino acids in a cyclic peptide was also demonstrated to form open ended, hollow 

tubular structure [67
-
701

• One of the characteristic features of cyclic peptide based 

nanotubes has been their precise diameter control, determined by chain length, side­

chain size, peptide monomer bond angle, and stereochemistry of the amino acids [67
-

701. The number and sequence of the amino acids defined the surface properties in­

side and outside the nanotubes. This feature enabled the nanotubes to possess 

distinctive properties on the inner and outer surfaces. While the amino acid 

sequence of the cyclic peptide controlled the internal diameter of the peptide 

nanotubes, the control was limited to a narrow range of size. 
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(a) 

Figure 1-5: (a) Self-assembled nanotubes from cyclic peptides stabilized by 

back-bone hydrogen bonding interaction. (b) Crystal structure of cyclo-[(L­

Phe-D-N-Me-Aia)4] including modelled partially ordered water centered in the 

cyclic peptide 

(*Image taken from Advanced Materials 2005, 17:2037-2050) 
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For example, cyclic D,L-peptide monomers could be sequenced only between 9 and 

13 A in diameter to maintain a stable cyclic structure [701
• To produce large diameter 

peptide nanotubes, either the ring diameters of the cyclic peptide monomers should 

be larger or the nanotubes should be bundled [711
• Another important feature of the 

hydrogen bond-driven nanotubes self-assemblies was their sensitivity to external 

conditions, such as pH and solvent because the protonation states of peptide 

monomers influenced the intermolecular hydrogen bonds in self-assembled peptide 

structures [66
-
711

. Moreover, the optimization of experimental conditions to grow 

nanotubes from cyclic peptide monomers has been more straight-forward tha'n the 

methods for obtaining nanotubes from linear peptide monomers [27
' 

66
-
711

• However, 

to achieve a wide range of peptide-nanotube sizes, it might be more advantageous to 

assemble them from linear peptide monomers [271
• 

Dendritic peptide monomers have also been reported to form peptide nanotubes 

[
72

'
731 by self-assembly of the dendrons to form pseudo cyclic structures by hydrogen 

bonding of the narrow ends of the peptides and the spreading out of the dendritic 

parts. The cyclic part of the dendritic peptides stacked to form nanotubes via 

hydrogen bonding, as in previously described true cyclic peptides [721 • This strategy 

enabled the diameter control of the peptide ,nanotube (between 1 to 24A) by 

appropriate choice of the amino acid composition. Nanotube assembly from 

dendritic peptides could also be controlled by pH and choice of complementary 

sequences [731
• 

All of the above described strategies utilized large polypeptide sequences with the 

use of either purely L- amino acids, D-amino acids or both. However, the associated 

expense and complexity of synthesis of large linear peptides, cyclic and dendritic 

structures has strongly limited the applicability of such peptides for practical use. 

Moroever; the proteolytic instability of large peptides have also been a major 

concern. Of late, it has been demonstrated that even very small peptides 
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(dipeptides) could self-assemble i~to distinct nanostructures in aqueous medium [74
-

1061, thereby reducing the difficulty and cost of synthesis. 

1.5 Dipeptides as self-assembling systems 

Amyloid fibrils are believed to be the hallmark of diverse groups of diseases of 

unrelated origin, including Alzheimer's disease, type II diabetes, and prion diseases. 

Despite their formation by a diverse and structurally unrelated group of proteins, all 

amyloid fibrils share similar biophysical and structural properties. On the basis of 

both experiments, theory and the well-known role of aromatic stacking in the 

formation of chemical and biochemical supra-molecular structures [76
' 

77
'

13
7-1

491
, it has 

been suggested that the interaction between the aromatic residues of the core 

region play a crucial role in the process of molecular recognition and self-assembly 

resulting in the formation of amyloid fibrils. In this context, the self-assembly 

behavior of the diphenylalanine core motif of A~ was investigated [7
6

, 
113

' 
1251 and it 

was found that the short aromatic dipeptide with a free N- and C- terminus exhibited 

a rapid assembly into ordered semi-crystalline structures that appeared to be hollow 

tubular structures. The diameter of the tubes was in the range of 100nm with 

persistent length of over a micron. The structures were similar to nanotubes formed 

from larger linear and surfactant peptides (discussed in previous sections). However, 

the observed dimensions varied significantly from the cyclic peptide based 

nanotubes. Interestingly, the nanotube structures showed many properties of 

amyloids like congo-red staining and a ~-sheet like molecular structure. Studies also 

showed that the tubes were extremely rigid with an averaged point stiffness of 160 

N/m and an estimated Young's modulus of "'19 GPa, which was much higher than 

that of other biological nano-structures (Young's modulus of microtubules is on the 

order of 1 GPa) making them useful for applications ranging from drug-delivery to 

material sciences [851
• Later studies also proved that they could have novel 

electrochemical biosensing capabilities. Voltammetric and time-based amperometric 

techniques demonstrated the ability of the peptide nanotubes to improve the 
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electrochemical parameters of graphite electrodes [841
• Further investigation revealed 

that the amine- and carboxyl-modified dipeptides could also self-assemble into 

amyloid like structures. However, modification of the N-terminus with aromatic 

groups such as Fmoc- or Cbz- enhanced fibril formation. It was also shown that other 

aromatic structure containing dipeptides like di-0-1-napthylalanine and di-0-2-

napthylalanine also assembled into tubular structures of lOnm and SOnm 

respectively. Two fluorinated diphenylalanine peptides, di-para-fluoro-Phe and di­

pentafluoro-Phe, also assembled into tubular stru
1

ctures with different diameters and 

lengths. Substitution of fluorine with iodine in the halogenated dipeptide also 

resulted in tube formation. Interestingly, di-para-nitro-Phe and di-4-phenyi-Phe 

dipeptides assembled into spherical and thin symmetrical square plates, respectively. 

It was also observed that the aromatic dipeptide, diphenylglycine, self-assembled 

into well ordered closed-caged nanospheres [781
• 

There is very little information on the molecular structure of the dipeptides. Infra-red 

and circular dichroism spectroscopy of the different model dipeptides suggested that 

self-assembly did not require a specific kind of molecular conformation. Infra-red 

signatures of ~-sheet, anti parallel ~-sheet, a-helix and ~-turns have been obtained 

for the different dipeptides [881
• Circular dichroism spectrum of the Phe-Phe dipeptide 

exhibited a positive band at 197nm and another at 220nm [871
• However, other 

dipeptides have not been subjected to conformation analysis using CD spectroscopy. 

There has also been considerable investigation of structure and assembly pattern of 

dipeptides in solid-state [107
-
1361

• The formation of hydrophilic nanotubes by 

supramolecular aggregation of small peptide molecules have been demonstrated in 

the crystals of dipeptides constructed of amino-acids with large hydrophobic side­

chains [1251
. The nanotubes had a hydrophilic inner surface with ability to entrap 

solvents. The monomers were arranged in a helical pattern in the nanotube and 

were stabilized by a network of head-to-tail hydrogen bonding interactions. The 

typical van der Waals' diameter of the channel ranged from a rectangular 2.5 x·G.O A 
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for Leu-Leu, Leu-Phe and lie-Leu, to circular channels with diameter at 10 A for Phe­

Phe. All peptide molecules which formed this type of nanotube occurred in an unique 

conformation that placed both side chains on the same side of the plane defined by 

the peptide bond. The crystal structure of the dipeptide Ala-Val also exhibited a 

stable peptide nanotube system with the hydrophobic channels acting as 

supramolecular hosts for organic solvent molecules [1221
• The pores could entrap 

small molecules like acetonitrile, methanol and acetone. Alcohols larger than 

methanol could also be trapped, but induced a change in shape and size of the pores. 

Another dipeptide Leu-Ala crystallized with the occurrence of cyclic water pentamers 

forming colums in the crystal [1361
• Cocrystallized acetonitrile solvent molecules were 

located inside channels in the crystal structure of L-leucyi-L-serine which could be 

replaced by 12 molecules with full retention of the peptide scaffold [1131
• The 

mono hydrates of the four polar dipeptides L-seryi-L-asparagine, L-seryi-L-tyrosine, L­

tryptophanyi-L-serine and L-tyrosyi-L-tryptopha~ were also dominated by extensive 

hydrogen-bonding networks that include cocrystallized solvent water [1071
• Template­

directed supramolecular assembly of a new type of nanoporous peptide-based . 
material has been observed in the crystal 'structure of L-Leu-L-IIe wherein the 

presence of D-Leu in the crystallization mixture resulted in the dipeptide to assemble 

with hydrophilic, water-filled channels with an irregular cross section of 

approximately 5.5 x 3.5 A [1081
. Another interesting arrangement has been observed 

in the crystal structure of L-Phenylalanyi.L-isoleucine wherein hydrophobic and 

hydrophilic layers are formed with channels of water molecules at the layer interface 

[llsJ. Thus, dipeptides could serve as a unique class of compounds for the design of 

novel biocompatible nanostructures. 

1.6 De novo design 

De novo design has been an attractive and fairly successful approach to investigate 

the structure-function relationship in peptides and proteins. However, the 

accessibility of the constituent amino-acids in small peptides to a relatively large 
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conformational space has made peptide design a challenging task. However, stereo­

chemical control over peptide folding can be achieved by the incorporation of 

conformation restricting residues and aid construction of conformationally stable 

structures. This strategy involved the use of amino-acids with restricted access to 

conformational space such as, a,~-dehydrophenylalanine (6Phe), a-aminoisobutyric 

acid (Aib), 0-Pro, a,a-dialkylated glycines Deg (diethyl glycine), Dpg (dipropyl 

glycine), Dbg (dibutylglycine) and a variety of synthetically designed residues [l3
6

-
1421

• 

Among all, ~Phe has been subjected to extensive characterization due to its unique 

molecular structure, optical properties that aid easy characterization and also the 

ease of chemical synthesis. 

As discussed in preceding sections, de novo design principles have also been applied 

repeatedly for investigating aggregation and: self-assembling behavior in peptides. 

Many interesting and functional nano-structures have been generated using 

different design rules. However, the conformation restricting non-protein amino 

acids have never been used for the design of stable peptide based self-assemblies. 

1.7 a, ~-dehydrophenylalanine (6Phe) 

a, ~-unsaturated (or dehydro) amino acids have been frequently found in naturally 

occurring peptides of microbial origin [143
-
1461 and in some proteins, e.g. histidine 

ammonia lyase from bacterial and mammalian sources and phenylalanine ammonia 

lyase from plants [1471
• They are also constituents of a separate class of polycyclic 

peptide antibiotics, !antibiotics [1481 such as nisin, epidermin, subtilin, etc. [1471
. Nisin 

and subtilin contain both dehydroalanine (Mia) and dehydrobutyrine (Mbu). A 

recent study suggested that nisin, well known as a food preservative, latched to a 

molecule known as lipid-11 on bacterial cell membrane and killed the host by 

punching a hole in the membrane [1491 Dehydroleucine (6Leu) and 

dehydrophenylalanine (6Phe) are present in albonoursin [1501 while dehydrovaline 

(~Val) is found in penicillin [1511 and cephalosporin [1521
• Dehydrotryptophan (6Trp) is 
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contained in neochinulins (growth inhibitor) [1531 and dehydrophenylalanine is found 

in tentoxin (phytotoxic) [1541
• In some cases, dehydroalanine residues form a part of 

the active site in the protein and lack of these residues result in certain diseases [1551
• 

Peptides containing a, ~-dehydroresidues are synthesized in the ribosome via a 

precursor protein followed by enzymatic modifications [1461
• The presence of a,~­

dehydro residues in peptides confer altered bioactivity as well as increased 

resistance to enzymatic degradation [1561
• Dehyd,roresidues have been introduced in 

several bioactive sequences in order to obtain highly active agonist and antagonist 

analogs, and this modification has become one of the most promising methods to 

study structure-function relationships in biologically active peptides [157
-

1641
• a,~­

dehydroamino acid analogs of some peptide hormones, dehydroangiotensin [165
' 

1661
, 

dehydrobradkynin [1671 dehydrodermorphin [168
-
1711

, dehydrosomatostatin [1721 

dehydrosubstance P fragments [1731 dehydroenkephalin [157-161,1641 and 

dehydrogramicidin Shave been synthesized and their biological activity reported. 

a, ~-dehydroamino acids are represented by the symbol~ and are characterized by a 

double bond between Ca and C~ atoms. The presence of three functional groups at 

position Ca of an unsaturated residue: the amino group, the carboxyl group, and the 

C=C double bond have considerable chemical, physicochemical and stereochemical 

consequences. The presence of a sp2 hybridized carbon atom in the backbone, the 

altered electronic d.istribution (conjugation) caused by the a-~ n-system and the 

change in the side chain rotamer populations, all contribute to significantly to the 

behavior of a peptide chain. The conformational flexibility of both, the 

dehydropeptide backbone as well as the specific side chain of the dehydroresidues is 

restricted on account of the double bond between Ca and C~ atoms. Although 

conjugation prefers extended conformation of the dehydroresidues, the bulkiness of 

the side-chain plays a deciding role in its overall conformation. 

a, ~-dehydrophenylalnaine (~Phe) (Figurel-6) is structural analog of the naturally 

occurring amino acid phenylalanine, with a double bond between the Ca and C~ 
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atoms. There are two isomeric forms of L1Phe, the Z-isomer (L12Phe) and the E-isomer 

(L1EPhe) [1471
• In the former the C=O group occurs in trans- position with respect to the 

phenyl group while in the latter it is in the cis position. Most of the conformational 

studies have been carried out on L12Phe because of all chemical synthesis procedures 

result exclusively in the i12Phe. The values of average bond lengths and angles of 

i12Phe residue calculated from crystal structures have been presented in Table 1-1. 

The shortening of N-Ca, Ca-C', C~-Cy single bond lengths and elongation of C'=O 

double bond in i1Phe occurs due to partial conjugation of Ca = C~ double bond and 

the peptide bond. I~ the saturated Phe amino acid, the distances are, N-Ca=1.45A, 

Ca-C'= 1.53A, C'=0=1.20A [1741
• The steric clash between Co1H and NH of L1Phe 

residue results .in opening up of the bond angles Ca-C~-Cy and N-Ca-C~ which 

assume values of "'130° and 125°, respectively, thus deviating from the ideal trigonal 

value of 120° [136
-
137

'
1751

• From simple model building studies it has been observed 

that the most favorable conformation of L1Phe residues were(<!>,'!')"' (602, 302), (-602, 

-302), (-602, 1502) and (602, -1502). 

1.8 Theoretical studies on conformational properties of ~Phe 

Theoretical investigations on the conformation of several model dehydropeptides 

have been carried out, [1761 including several diamides and triamides and have 

provided a characteristic conformer pattern that was determined by conjugation 

effects in the peptide backbone and steric effects of the Z and E substituents. The 

introduction of larger Z or E substituents compensated the conjugation influence to a 

certain amount and changes selectively the torsion angles <)> and 'I' [176
• 

177
• 

178
• 

180
• 

181
• 

182, 1831 
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Figure 1-6: Schematic representation of the molecular structure of a, ~­

dehydrophenylalanine (~Phe) 

Table 1-1: Table of geometrical parameters for ~Phe 

Bond lengths (A) Bond angles (0
) 

N2-c2a. 1.425 c t , ·N2-c2 a. 121.4 

C2
11·C/ 1.504 N2-c2a.~ · 116.5 

c2a.= c2~J 1.329 N2-c2«-~P 124.5 

C2'= 0 2 1.237 c2~J -c2 a..e:z' 118.4 

cP-o 1.460 ~a.-c2P-~! 130.8 
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Theoretical conformational energy calculations have shown that there were six 

energy minima for ~Phe [1791
, but all of them have not been observed experimentally. 

In experimentally determined structures of small peptide units, ~Phe in the Yaa 

position favored the ~II turn in agreement with the theoretical studies. Calculations 

for ~ZPhe in the Xaa position showed ~II' and ~I turns were most stable and 

energetically equivalent. In larger peptide sequences, ~ZPhe has been frequently 

found as a part of 310 helices. Figure1-7 depicts the Ramachandran plot for For­

~ZPhe-NH2 that was calculated using the modified CHARMm 23.1 force field. This 

two-dimensional (<)>,\jf) plot results from a three-dimensional conformational analysis 
;l 

additionally considering the phenyl ring rotation angle, i.e. each (<)>,\jf) grid point 

corresponded to the optimum X2 torsion angle. There was a satisfactory agreement 

between theoretical and experimental value~, especially the region around <)>= -60° 

and \j/= -30°, which was frequently found in crystal structures of longer peptides with 

~ZPhe. 

1.9 Crystal and molecular structural studies 

1.9.1 Crystal structure of dPhe containing small peptides 

Approximately 49 crystal structures of peptides containing a, ~­

dehydrophenylalanine have been reported. The ~Phe residue adopted a 

conformation corresponding to one of the three sets of<)>, \jl torsion angles: i.e. -60°, 

140°; 80°, 0°; -60°, -30° or their enantiomers [l3G, 
1371

• They were accommodated at 

both (i+l, i+2) positions of type I and type II ~-turns in small peptides and helical 

conformation in larger peptides. In most small tripeptides, the ~Phe residue was 

found to induce a ~-turn structure, itself occupying the (i+2) position of the turn [184
-

1891. In these structures, the <)>,\jf values of ~Phe were near 80° and 0°, respectively, 

which were close to the values assigned to a type II ~-turn (<)>i+1= -60°, \j/i+l= 120°, 

<)>i+2= 80°, \jli+2 = 0°). The turn was usually stabilized by an intramolecular 1~4 

hydrogen bond. In dipeptide ,derivatives containing a ~Phe residue where 1~4 
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intramolecular hydrogen bond was not possible, the LlPhe assumed <j),\j/ angles in the 

vicinity of -60° and 120°, respectively, typical of the torsion angles of the residue at 

(i+ 1) position of type II ~-turn [190
' 

1911
• 

-1~ ~~~~~~~~~~~._~~~~~~ 

-180 -135 -90 -45 0 

• 
45 90 135 180 

Figure 1-7: Force field (modified CHARMm 23.1) Ramachandran plot for For­
~zPhe-NH2 and conformers found at the molecular mechanics (black) and 
HF/6-31 G* (white) levels and (<!>, 'I') torsion angles determined for ~zPhe 
residues in crystal structures (triangles). 

The nature of the amino acid residues flanking a LlPhe residue in a peptide has been 

observed to significantly influence its <j},\jf angles. A comparison of torsion angles 

revealed that the bulky phenylalanine residue exerted the maximum steric effect 

[
1851

, while glycine with no side chain imposed minimum constraints [1871 and 

represents a structure closest to an ideal type II ~-turn. The branched ~-carbon 

residues such as Val and lie appeared to have strong conformational preferences. 
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When these amino acids flanked a 11Phe residue, a distorted ~-turn [1861 or an S­

shaped conformation [192'1931 or even unfolded conformations [1941 resulted. 

In longer peptides (larger than tripeptides) containing 11Phe residues, 310 helical 

conformations were stabilized. In peptides with a single 11Phe, Boc Leu-11Phe-Aia­

Leu-OCH3 [1951 and Boc Leu-Phe-Aia-11Phe-Let.:~-OCH3 [1961, 310-helices were favored. In 

peptides containing two or more 11Phe residu~s separated by one or two saturated 

amino acids, 310 helical structures were preferred, usually with an unwinding at the 

(-terminus [197' 1981. The helices were well formed and intramolecular hydrogen bonds 

were also well aligned. Several peptides with alternating 11Phe residues that stabilize 

a 310-helix, have been referred in the literature [199-2021 . The structure of a 

hexapeptide, Boc-Vai-11Phe-Leu-Aia-11Phe-Aia-OCH3 [
2031 and the helical hairpin [2041 

solved in our laboratory further validated the proposition that two 11Phe residues 

interspersed by two saturated residues favor the formation of a 310-helix. It seemed 

from these studies that in peptides containing -11Phe-X-11Phe- or -11Phe-X-X-11Phe­

motifs, there was a tendency to form 310 helical structure, irrespective of the nature 

of residue X. A nonapeptide containing three 11Phe residues, Boc-Vai-11Phe-Phe-Aia­

Phe-11Phe-Vai-11Phe-Giy-OCH3 stabilized three full turns of a right-handed 3w-helix in 

the crystal structure (Figurel-8a) [2051. 

When L1Phe residues were placed consecutively at (i+l) and (i+2) positions in tri and 

tetra peptides, they adopt positive and negative torsion angles alternately, thereby 

leading to an S-shaped structure. However, the torsion angle values of 11Phe residue 

were centered around + 60°, + 30°, thus reducing the <j>, 'I' space to a single region 

[206' 2071 . In the crystal structure of the peptide Boc-Aia-11Phe-11Phe-NHCH3 [
2081 two 

independent molecules were found in the crystallographic unit, a right-handed and a 

left-handed 310-helix. However, a heptap.eptide containing three Val residues 

interspersed by two consecutive 11Phe stabilized a 310-helix [2091 . A tetrapeptide with 

lie at the C-terminus, Boc Vai-11Phe-11Phe-lle-OCH3 and a pentapeptide with Leu at 

the N-terminus and Phe at (-terminus, Boc-Leu-11Phe-11Phe-Aia-Phe-NHCH3 [
2101 gave 
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rise to a right handed 310-helical conformation suggesting that consecutive llPhe 

containing peptides possessing bulky L-residues may favor formation of a right­

handed 3w-helix. 

Several interesting observations have been made with peptides containing three 

consecutive llPhe residues. Boc-Val-llPhe-llPhe-llPhe-Vai-OCH3 
12111 and Boc-Aia­

llPhe-llPhe-llPhe-NHCH3 12121 showed a left-handed 310-helical conformation. In both 

cases however, the terminal L-amino acids were not a part of the helix and a type II 

~-bend is observed at the N-terminus. From model building studies, it can be seen 

that if a type II ~-bend were followed by a helix, the helix would tend to be left­

handed because of unfavorable steric interactions. Recent crystallographic studies on 

a decapeptide, Boc-L-Aia- (llPhekL-Aia- (llPheh-Giy-OCH3 
12131

, revealed the 

presence of two conformers (i) a slightly distorted right-handed 310 helix, and (ii) a 

left-handed 310 helix, per asymmetric unit. 

The molecular structure of the pentapeptide Boc-Val-llPhe-Aia-Leu-Giy-OCH3 

exhibited a a-helical structure. This has been the only example of a llPhe containing 

peptide depicting a a-helix (Figure1-8c). Another pentapeptide, Boc-Pro-llPhe-Aia­

llPhe-Aia-OCH3 12141 formed a flat ~-bend ribbon conformation. The octapeptide Boc­

Val-llPhe-Phe-Aia-Leu-Aia-llPhe-Leu-OH 12151 was characterized by a right-handed 310-

helix at the N-terminus and a 7t-turn at the C-terminus. The llPhe7 residue in the 

sequence adopted a left-handed helical conformation and facilitated a 1f-6 

hydrogen bond (Figure1-8d). Another octapeptide Ac-llPhe-Val-llPhe-Phe-Aia-Val­

llPhe-Giy-OMe 12161 folded into (i) an N-terminal right-handed 310-helical 

pentapeptide segment, (ii) Val6 assumed non-helical dihedral angles, <1> = -123.81°, 'V 

= 18.76° signaling helix terminatic>n and (iii) a C-terminal incipient left-handed 310-

helix comprising llPherGiy8-0CH3(Figure1-8c). The structure also showed a water­

mediated rr-turn 12171
• 
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1.9.2 Occurrence of Super secondary structures in APhe containing peptide 

Dehydrophenylalanine zippers have been observed in the decapeptide Boc-Aia­

(~PhekAia- (~Phe}rGiy-OCH3 [
2131 that crystallized with two conformers per 

asymmetric unit - a right-handed 310-helix and a left-handed 310 helix, both 

antiparallel to each other with a 15° angle be~ween the two helical axes (Figure 1-

8b). A remarkable feature of the structurJ was that the two antiparallel 

ambidextrous helices were held together by symmetrically placed aromatic backbone 

C-H· · ·0 interactions distributed all along the helical axis. The C-H (phenyl)·· ·0 

(carbonyl) hydrogen bonds were observed between Co2(~Phe2), Co2(~Phe5 ), 

Co2(~Phe8) of one helix to 08'(Y), OS'(Y), 02'(Y) of the other and vice versa: The 

hydrogen bonds represented an amazing regularity and provided maximum possible 

hydrogen bonding between the two helices. Further, ~Phe with its planar aromatic 

side chain stacked against another ~Phe from the adjacent shape- complement helix 

leading to two 'extended phenyl embrace' arrangements at the helix-helix interior. 

An a, ~-dehydrophenylalanine containing 21-residue apolar peptide, Ac-Giy-~Phe-D­

Aia-~Phe-~Phe-D-Aia-~Phe-~Phe-l-Aia-(Giy)4-~Phe-l-Aia-l-leu-~Phe-l-Aia-l-leu-
·'· 

~Phe -l-Aia-NHCH3 [2041 was designed to mimic the helical hairpin motif by using a 

simple geometric design strategy. The segment from ~Phe2 to ~Phe8 was 

characterized by left-handed 310-helix stabilized by appropriate intramolecular 

NH· ··0 hydrogen bonds. The segment ~Phe8-l-Aia9-Gil0-Gil1 caused chain reversal 

by adopting a type I ~-turn. The segment from Gll2 to Ala21 folded into a right­

handed 310 helix, containing seven consecutive overlapping type Ill ~-bends stabilized 

by appropriate 1~4 intramolecular NH ... O hydrogen bonds. The protuberant ~Phe 

side chains from the shape-complement helices exhibit parallel stacking: ~Phe8 

stacked against ~Phe14 and ~Phe5 against ~·Phe17 . This arrangement resulted in 

interactions between the two conjugated 1t systems, supported by C-H· ··0 

interactions providing a wedge into groove kind of arrangement. The above 
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structures highlight the important role of weak interactions (C-H · · ·0, n-n stacking, 

NH· · ·n) in the association of secondary structural elements. 

b 

Figure 1-8: (a) A nonapeptide containing three L\Phe residues, Boc-Vai-L\Phe­

Phe-Aia-Phe-L\Phe-Vai-L\Phe-Giy-OCH3 exhibiting a right-handed 310-helix in 

the crystal structure. (b) Stereo diagram depicting helix-helix recognition. 

The two molecules X and Y are antiparallel and interact with each other 

through interdigitation of L\Phe side chains. (c) The molecular structure of the 

pentapeptide Boc-Vai-L\Phe-Aia-Leu-Giy-OCH3 exhibiting a a-helical 

structure. (d) The octapeptide Boc-Vai-L\Phe-Phe-Aia-Leu-Aia-L\Phe-Leu-OH 

[215] was characterized by a right-handed 31 0-helix at the N-terminus and a 

n-turn at the C-terminus. The L\Phe 7 residue in the sequence adopted a left­

handed helical conformation and facilitated a 1 f---6 hydrogen bond. 
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1.10 Solution conformational studies 

1.10.1 Absorption spectra 

The absorption spectrum of peptides containing ~Phe is characterized by an intense 

absorption band at about 280 nm that has been assigned to a charge-transfer 

electronic transition from the electron donating styryl groups to the electron­

accepting carbonyl group. A weaker band occurs at 300 nm that corresponds to the 

benzene moeity. The chromophoric system of the 6Phe residue is essentially the 

cinnamic moiety C6H5-C=C-C=O. The molar extinction coefficient of the peptides 

containing one ~Phe residue is "'19,000 mo1"1.cm·1 12061 in methanol. The peptides 

containing two ~Phe residues show an analogous band, centered on the same 

wavelength, but the intensity of the band is approximately twice that of the mono­

unsaturated ones. 

1.10.2 Circular dichroism (CD) studies 

. . 

The ~Phe containing peptides exhibit different CD profiles depending on the chain 

length, position and number of dehydroresidues. CD spectra of a few tripeptides 

containing ~Phe at i+2 position exhibited broad negative bands centered at 280 nm, 

in correspondence with the main absorption maximum of the dehydro chromophore. 

On the basis of NMR ,and crystal structure of these peptides, this band has been 

attributed to type II ~-bend 12181
• The varying intensities of the CD bands were 

indicative of the varying propensity of the peptide to form a ~-bend. The coexistence 

of folded and disordered conformers in solution is confirmed by the solvent 

dependence of the intensity of CD bands that generally decrease from apolar to 

polar solvents. Peptides containing two or more ~Phe residues show a couplet of 

intense bands with opposite signs at 300 and 270 nm and a crossover point at ""285 

nm. This CD pattern is typical of exciton splitting due to dipole-dipole interactions 

between the ~Phe chromophores and is a strong indication that the two ~Phe 

residues were placed in a mutual fixed disposition within the molecule, generally a 
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310 helix f208
• 

219
• 

2201
• The{-+) sign of the couplet corresponds to a 310 helix with a right 

handed screw sense while {+-) couplet is assigned to the helix with a left handed 

screw sense. For a 'perfect' 3 10~helix containing three resides per turn, the transition 

moments would have a parallel arrangement along the helix and would not show any 

exciton couplet. However, all of them show prominent exciton couplets leading to 

the conclusion that the peptides contain non-integral number of residues per turn. 

Such 310 helices have been reported in a number of crystal structures [2211 and also 

evidenced theoretically. 
·, ~ 

CD has also been widely used to establish the screw sense of L\Phe containing 

peptides in various solvents. For the decapeptide that assumed a 310 conformation, 

CD studies exhibited a striking feature. A negative CD couplet, typical of a right­

handed 310 helix was observed in dichloromethane, hexafluoro-2-propanol and 

chloroform {Figurel-9). However, a positive CD couplet {+-) characteristic of the left­

handed screw sense· of the helix was observed in DMF and 80% methanol. CD of the 

decapeptide in chloroform with increasing concentration of methanol is indicative of 

the equilibrium shifting towards the left-handed conformer. Addition of methanol 

gradually destabilizes the right-handed form and at a concentration 60:40 

{chloroform: methanoiL almost equal proportions of the two conformers were 

present. Similar effects of solvent dependence on helix handedness have also been 

reported by other workers r2221
• The prominent band at 320 nm has been attributed 

to the weak electronic transition along the short axis of the benzene ring. This 

couplet, with a negative band at 290 nm, overlapping with the previous negative 

band, and a positive band at 320 nm or vice versa, might arise due to dipole-dipole 

interaction between transition moments polarized along the short axis of the 

benzene ring [2131
• 

1.10.3. Conformation of APhe containing peptides by NMR 

Extensive lD and 2D NMR studies have been carried out on L\Phe containing 

peptides to elucidate their conformation. The ~-turn conformation with L\Phe as 
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(i+2)th residue of the turn in a number of tripeptides was initially derived from NMR 

and IR studies 1223
-
2271

• Studies were usually carried out in solvents like CDCI3 and 

(CD3bSO. The presence of intramolecularly hydrogen-bonded NH in these peptides 

has been identified using solvent and temperature dependent NMR studies. This was 

supported by IR studies carried out in solution at different concentrations of the 

peptide. In (CD3bSO solutions, solvation destabilized the P-turn conformation 

resulting in partially extended conformations. 

400 400 
(a) Acetonitrile (a) 100:0 

(b) (b) Dichloromethane (b)90:10 

300 
(c) He.-afluoroisopropano 

300 (c) 80:20 
(d) Trilluoroethanol (a) 

(d) 70:30 
(e) Dimethylformamide 

(e) 60:40 
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Figure 1-9: CD of the decapeptide depicting chloroform-methanol titrations. 

Ratios represent concentration of chloroform to methanol 

lH and 13C NMR experiments have been carried out on some cyclic pentapeptides 

1228
' 

2291
• Results suggested that ~Phe could be accommodated at P and y-turn 

positions in these cyclic pentapeptides. In the peptide cyclo (Giy-Pro-~Phe-DAia-Pro), 

Gly-Pro-~Phe-DAia exhibited a type II P-turn with ~Phe at (i+2) position and the 

fragment DAia-Pro-Giy forms a y-turn. In cyclo (~Phe-Pro-Giy-DAia-Pro), the ~Phe 

occupies the ith position of a P-turn and also position i+2 of a y-turn. Yet another 

peptide cyclo (Giy-Giy-~Phe-DAia-Pro) contains only one proline and consequently 

had more potential conformations. However in this peptide ~Phe was found to occur 
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in the i+l position of they-turn. NMR studies on larger peptides containing ~Phe at 

alternate positions revealed the presence of 310 helical structures [2301 . For example, 

Ac-~Phe-Aia-APhe-NHCH 3 [201' 2191, Ac-~Phe-Vai-~Phe-NHCH 3 [2001 and Boc-Giy-~Phe­

Leu-~Phe-Aia-NHCH3 [2301 adopted 310 helical structures in both solution and solid 

states. NOE studies on another peptide containing ..,~Phe-X-X-~Phe- moiety, Boc-Phe­

~Phe-Vai-Phe-~Phe-Vai-OCH3 suggested , a significant solvent-dependent 

conformational variability with a 310 helical conformation stabilized in CDCI3. In 

(CD3hSO, the peptide favored an extended conformation. Another peptide of this 

class Boc-Vai-~Phe-Leu-Aia-~Phe-Aia-OCH 3, formed a 310 helix in CDCI3 but was 

largely extended: in (CD3hSO [2031 . Detailed 20 NMR studies on the octapeptide Ac­

~Phe-Vai-~Phe-Phe-Aia-Vai-~Phe-Giy-OCH3 [1961 showed a 310 helical conformation at 
I 

the N-terminus tetrapeptide fragment Ac-~Phe-Vai-~Phe-Phe-OH. However, the 

NOEs at the (-terminal segment Ala-Vai-~Phe-Giy-OH suggested a turn 

conformation. NMR data on a heptapeptide, Boc-Giy-~Phe-Aia-Phe-Leu-~Phe-Aia­

NHCH3 [2311 and an octapeptide Boc-Vai-~Phe-Phe-Aia-Leu-Aia-~Phe-Leu-OCH3 [2301 

containing three and four spacer residues between ~Phe, respectively, were found 

compatible with a succession of i~i+4 hydrogen bond suggesting an a-helical 

structure. These examples suggest that ~Phe residues could be utilized for the 

generation of various kinds of conformations in a peptide. 

1.11 Conclusion 

In view of the unique conformational properties of ~Phe and the recent focus on the 

design of nano-particles from small peptide, the work in the thesis explored the 

possibility of using ~Phe as a model conformation restricting amino acid for the 

design of dipeptide based self-assembling nanostructures. 
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Self-assemb{y of a,f3-
tfefiyaropfieny{a{anine (APfie) 

containing tfipepticfes into 
nanostructures. 
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2.11ntroduction 

Molecular self-assembly, by which well-defined higher order structures result from 

spontaneous association of the components of the system by non-covalent forces, 

has emerged as an attractive tool for design and fabrication of nanostructures with 

novel properties 1233
' 

2341
• Characterization of supramolecular assemblies involving 

small biomolecules has also generated a lot of i1nterest for they offer a large variety 

of variations through chemical modifications. Numerous reports of organic and 

inorganic tubular assemblies of carbon 1235
' 

2361
, boron nitrite 12371

, zeolites 1238
' 

2391
, and 

carbohydrate based nanotubes 12401
, have catapulted the research in this vast area of 

material science research. Of particular interest have been the peptide based 

nanostructures because they offer easy but many opportunities for chemical 

variations, and hence control, in designing molecular assemblies which have been 

successfully demonstrated to be good models for ion channels and membrane pores 

1
241

• 
242

• 
243

• 
244

1. Existence of pores filled with co-crystallized solvent molecules in the 

crystal structure of many dipeptides with two hydrophobic residues have been 

particularly well characterized and has opened possibilities for the development of 

such structures as biosensors, biocatalysts and specific molecular recognition 

platforms 1245
-
248

• 
111

' 
113

' 
122

' 
1251

• Recent demonstration of well-ordered and discrete 

peptide nanotubes by self-assembly of the diphenylalanine core recognition motif of 

Alzheimer's ~-amyloid polypeptide has further highlighted the potential t:tse of 

peptide-based structures for design of folded and self-organized structures 176
' 

87
' 

111
1. 

In the following work, the self-assembly process in dipeptides incorporating a 

noncoded, achiral amino acid i.e. a,~-dehydrophenylalanine residue (~Phe) has been 

investigated. ~Phe is an analog of the naturally occurring phenylalanine amino acid, 

but with a double bond between Ca and C~ atoms. Introduction of ~Phe in peptide 

sequences has been known to induce conformational constraint, both in the peptide 

backbone as well as the side chain, and to provide the peptide with increased 

resistance to enzymatic degradation 1156
-
161

' 
186

' 
187

' 
192

-
226

' 
2301

• The studies describe the 
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synthesis, characterization and self-assembly of the dipeptide, Phe-~Phe, into 

distinct tubular structures which were stable at broad range of pH conditions and 

treatment of proteases. However, substitution of N-terminal Phe by other 

hydrophobic residues did not result in self-assembly of tubes under identical solvent 

conditions. The importance of aromatic interactions in the self-assembly of 

dipeptides into nanotubes was also investigated by the selective substitution of 

phenylalanine residue by a structurally analogous residue, cyclohexylalanine, that 

lacked aromaticity. The studies helped in deciphering few rules governing the 

rational design of dipeptide based nanostuctures. 

2.2 Materials and Methods 

2.2.1 Peptide synthesis: Dipeptides were synthesized as described below: 

(a) H-Phe-L\Phe-OH 

Boc-Phe-OH (Novabiochem) (1.32g, SmM) was dissolved in dry 

tetrahydrofuran (Sigma-Aldrich) and the resulting solution stirred in an ice­

salt bath at -l5°C. N-methyl morpholine (Sigma) (0.65ml, SmM) was added 

to the solution followed by isobutyl chloro-formate (Sigma) (0.7ml, SmM). 

After lOmin, a pre-cooled aqueous solution of DL-threo-~-phenylserine 

(Sigma-Aldrich) (lg, S.SmM) and sodium hydroxide (0.22g, S.SmM) was 

added and mixture stirred overnight at room temperature. The reaction 

mixture was concentrated in vacuo, acidified with citric acid to pH 3.0 and 

extracted with ethyl acetate (Spectr.ochem) (3x20ml). The ethyl acetate 

layer was washed with water (2x1Sml), with saturated sodium chloride 

(1x20ml), dried over anhydrous sodium sulfate and evaporated to yield 

Boc-Phe-DL-threo-~-phenylserine :as an oily compound (2.2g, "'100%}. The 

compound, Boc-Phe-DL-threo-~-phenylserine, was then mixed with 

anhydrous sodium acetate (0.53g, 6.5mM) in freshly distilled acetic 

anhydride (SOml) and stirred for 36hrs at room temperature. The thick 
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slurry obtained was poured over crushed ice and stirred till the oily 

suspension gave rise to a yellow colored solid. The precipitate was filtered, 

washed with 5% NaHCd3, cold water and dried under vacuum. The 

resulting azalactone, Boc-Phe-~Phe-Azl (1.7g, 4.8mML was dissolved in 

methanol, treated with 1.5 equivalents of 1N NaOH solution and stirred at 

room temperature for 3-4hrs. The mixture was then partially evaporated 

to remove methanol, acidified with citr{c acid to pH 3.0 and extracted with 

ethyl acetate (3x30m1L the combined ethyl acetate extract was washed 

with water (2x20m1L dried over ,, anhydrous sodium sulphate and 

evaporated to yield Boc-Phe-~Phe-QH (1.8g, 4.5mM) as a white solid. 

Deprotection at the a-amino group was achieved by treatment with 98% 

formic acid {30ml) for 3hrs or 50% Trifluoro-acetic acid (TFA): 

Dichloromethane (DCM) for 1hr at room temperature. The reaction 

mixture was evaporated to dryness and the residue was precipitated with 

anhydrous diethyl ether {50ml). The resulting precipitate was filtered, 

washed several times with dry ether and subsequently lyophilized from 

10% acetic acid-water {20ml) to yield the final compound H-Phe-~Phe-OH 

as white powder. Overall yield {1.2g, 82.6%); Rt = 0.18 {CHCirMeOH, 9:1). 

The peptide was purified on a preparative reverse phase C18 column 

{Deltapak, C18, 15~-t, I.D. 300xl9mm) using acetonitrile-water linear 

gradient 5-45% acetonitrile {0.1%TFA)/water {0.1% TFA) at a flow rate of 

4ml/min over 25min. The purified peptide was reinjected into an analytical 

reverse phase C18 column {Phenomenex, C18, 5~-t, I.D. 250x4.6mm) using a 

acetonitrile-water linear gradient 5-45% acetonitrile {0.1%TFA)/water 

{0.1% TFA) at a flow rate of 1ml/min over 25min and was found to be 98% 

pure with retention time of 15min. The purified peptide was analyzed by 

mass spectroscopy (Applied Biosystems QStar (Q-TOF)) Observed Mass-

310.32 Da, Expected Mass- 310 Da. 
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(b) H-Giy-dPhe-OH 

The peptide was synthesized as described above starting with Boc-Giy-OH. 

Overall yield (0.88g, 4,0%); Rt = 0.1(CHClrMeOH, 9:1); The peptide was 

purified as described above. The purified peptide was reinjected into an 

analytical reverse phase C18 column (Phenomenex, C18, 5~, 1.0. 

250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile 

(0.1%TFA)/water (0.1% TFA) at a flow rate of 1ml/min over 25min and 

analyzed by mass spectroscopy. Retention Time- 9min; Observed Mass-

220.3 Oa, Expected Mass-220 Oa. 

(c) H-Aia-dPhe-OH 

The peptide was synthesized as described above starting with Boc-Aia-OH. 

Overall yield (1.35g, 58%); Rt = 0.1(CHCirMeOH, 9:1); The peptide was 

purified as described above. The purified peptide was reinjected into an 

analytical reverse phase C18 column (Phenomenex, C18, 5~, 1.0. 

250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile 

(0.1%TFA)/water (0.1% TFA) at a flow rate of 1ml/min over 25min and 

analyzed by mass spectroscopy. Retention Time- 11min; Observed Mass-

234.6 Oa, Expected Mass-234 Oa. 

(d) H-Val-dPhe-OH 

The peptide was synthesized as described above starting with Boc-Vai-OH. 

Overall yield (1.51g, 58%); Rt = 0.1(CHCirMeOH, 9:1); The peptide was 

purified as described above. The purified peptide was reinjected into an 

analytical reverse phase C18 column (Phenomenex, C18, 5~, 1.0. 

250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile 

(0.1%TFA)/water (0.1% TFA) at a flow· rate of 1ml/min over 25m in and 
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analyzed by mass spectroscopy. Retention Time- 12.5min; Observed Mass-

262.4 Da, Expected Mass-262 Da. 

(e) H-Leu-dPhe-OH 

The peptide was synthesized as described above starting with Boc-Leu-OH. 

Overall yield {1.07g, 39%}; Rt = 0.1(CHCh-MeOH, 9:1}; The peptide was 

purified as described above. The purified peptide was reinjected into an 

analytical reverse phase C18 column (Phenomenex, C18, 5)1, I.D. 

250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile 

(0.1%TFA)/water (0.1% TFA) at a flow rate of 1ml/min over 25min and 

analyzed by mass spectroscopy. Retention Time- 14min; Observed Mass-

276.23 Da, Expected Mass-276 Da. 

(f) H-lle-dPhe-OH 

The peptide was synthesized as described above starting with Boc-lle-OH. 

Overall yield (1.1g, 42%); Rt = 0.13(CHCI3-MeOH, 9:1); The peptide was 

purified as described above. The purified peptide was reinjected into an 

analytical reverse phase C18 column (Phenomenex, C18, 5)1, I.D. 

250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile 

(0.1%TFA)/water (0.1% TFA) at a flow rate of 1ml/min over 25min and 

analyzed by mass spectroscopy. Retention Time- 14min; Observed Mass-

276.23 Da, Expected Mass-276 Da. 

(g) H-Phe~Phe-OH 

Boc-Phe-OH (Novabiochem) {1.32g, 5mM) was dissolved in dry 

tetrahydrofuran (Sigma-Aldrich) and the resulting solution stirred in an ice­

salt bath at -15°C. N-methyl morpholine (Sigma) (0.65ml, 5mM) was added 

to the solution followed by isobutyl chloro-formate (Sigma) (0.7ml, 5mM}. 

After 10min, a pre-cooled aqueous solution of H-Phe-OH (Sigma-Aldrich} 
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(0.9g 1 S.SmM) and sodium hydroxide (0.22g1 S.SmM) was added and 

mixture stirred overnight at room temperature. The reaction mixture was 

concentrated in vacuo/ acidified with citric acid to pH 3.0 and extracted 

with ethyl acetate (Spectrochem) (3x20ml). The ethyl acetate layer was 

washed with water (2x15m1L with saturated sodium chloride (1x20m1L 

dried over anhydrous sodium sulfate and evaporated to yield Boc-Phe-Phe­

OH dipeptide (1.9g1 "'95%). Deprotection at the a-amino group was 

achieved by treatment with 98% forrhic acid {30ml) for 3hrs or 50% 

Trifluoro-acetic acid (TFA): Dichloromethane (DCM) for 1hr at room 

temperature. The reaction mixture was evaporated to dryness and the 

residue was precipitated with anhydrous diethyl ether (SOml). The 

resulting precipitate was filtered/ wash~d several times with dry ether and 

subsequently lyophilized from 10% acetic acid-water (20ml) to yield the 

final compound H-Phe-Phe-OH as white powder. Overall yield (1.38gl 

89%); Rt = 0.17 (CHCirMeOHI 9:1). 

The peptide was purified on a preparative reverse phase C18 column 

(Deltapakl C181 15f.l1 I.D. 300x19mm) using acetonitrile-water linear 

gradient 5-45% acetonitrile {0.1%TFA)/water {0.1% TFA) at a flow rate of 

4ml/min over 25min. The purified peptide was reinjected into an analytical 

reverse phase C18 column (Phenomenexl C181 5f.l1 I.D. 250x4.6mm) using a 

acetonitrile-water linear gradient 5-45% acetonitrile (0.1%TFA)/water 

(0.1%TFA) at a flow rate of 1ml/min over 25min and was found to be 98% 

pure with retention time of 15min. The purified peptide was analyzed by 
I 

mass spectroscopy (Applied Biosystems QStar (Q-TOF)) Observed Mass-

312.2 Da 1 Expected Mass- 312 Da. 

(h) H-Cha-Phe-OH 

The peptide was synthesized as described above starting with Boc-Cha-OH 

(1.5g1 SmM) and coupling it to sodiated H-Phe-OH (0.9g1 S.SmM). Overall 
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yield (1.1g, 35%); Rt= 0.17(CHCirMeOH, 9:1); The peptide was purified as 

described above. The purified peptide was reinjected into an analytical 

reverse phase C18 column (Phenomenex, C18, 5~, I.D. 250x4.6mm) using a 

acetonitrile-water linear gradient 5-45% acetonitrile (0.1%TFA)/water 

(0.1% TFA) at a flow rate of 1ml/min over 25min and analyzed by mass 

spectroscopy. Retention Time- 19min; Observed Mass- 318.23 Da, 

Expected Mass-318 Da. 

(i) H-Cha-Cha-OH 

The peptide was synthesized as described above by Boc-Cha-OH (1.5g, 

5mM) and coupling it to sodiated H-Cha-OH (0.94g, 5.5mM). Overall yield 

(1.2g, · 39%); Rt = 0.19(CHCI3-MeOH, 9:1); The peptide was purified as 

described above. The purified peptide was reinjected into an analytical 

reverse phase C18 column (Phenomenex, C18, 5~, I.D. 250x4.6mm) using a 

acetonitrile-water linear gradient 5-45% acetonitrile (0.1%TFA)/water 

(0.1% TFA) at a flow rate of 1ml/min over 25min and analyzed by mass 

spectroscopy. Retention Time- 25min; Observed Mass- 324.8 Da, Expected 

Mass-324 Da. 

(j) H-Phe-Cha-OH 

The peptide was synthesized as described above starting with Boc-Phe-OH 

(1.32g, 5mM) and coupling it to sodiated H-Cha-OH (0.94g, 5.5mM). 

Overall yield (1.3g, 42%); Rt = 0.17(CHCirMeOH, 9:1); The peptide was 

purified as described above. The purified peptide was reinjected into an 

analytical reverse phase C18 column (Phenomenex, C18, 5~, I.D. 

250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile 

(0.1%TFA)/water (0.1% TFA) at a flow rate of 1ml/min over 25min and 

analyzed by mass spectroscopy. Retention Time- 19min; Observed Mass-

318.23 Da, Expected Mass- 318 Da. 
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2.2.2 Assembly of dipeptides: A stock solution of the dipeptides was prepared by 

dissolving 1 mg of the peptides in 50!-ll of 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP). 

In some cases mild sonication or heating was necessary to dissolve the peptides. 

Assembly was initiated by addition of double distilled water (1ml) to the stock 

solution. The samples were aged 24-48 hrs before experiments. 

2.2.3 Scanning Electron Microscopy: The peptide stock solution was diluted to a final 

concentration range of O.Smg/ml in ddH 20 and aged for one day. A 20!-LL of the aged 

sample was dried at room temperature on a microscopic glass cover slip followed by 

' gold coating in a gold chamber for a minute. The images were taken using a JSM JEOL 

6300 SEM. 

2.2.4 Transmission Electron microscopy: The peptides stock solutions were diluted 

to final concentration of 1 mg/ml in ddH20. The grid was stained with 1% uranyl 

acetate in water. Samples were viewed with a Phillips Technai 120KV low dose 

electron microscope. 

2.2.5 Circular Dichroism Spectrometry: All spectra were recorded on a JASC0-810 

polarimeter equipped with a Peltier type thermostat and purged continuously with 

dry N2 gas at 10 LPM during data acquisition. Data was collected in a quartz cuvette 

with path length of 1cm between 190nm to 300nm at scan speed of 25nm/min and 

response time of 16sec. The average of 50 scans was used for analysis of the 

spectrum. The CD spectra were converted to molar ellipticity. The concentration of 

the peptide was estimated by UV spectrometry with E205 = 5167 per peptide bond 

[256] 

2.2.6 Fourier Transform Infra Red Spectrometry: Spectra were collected on a Perkin 

Elmer Spectrum BX-11 FTIR spectrometer. The assembled peptide samples. were 

spotted on a CaF2 window and air-dried at 99% relative humidity. The samples were 

then rehydrated with 020 for 30min before collecting the spectra. Each spectrum 

was average of 1000 collections at a resolution of 4cm-1 in the spectral range of 
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1400cm-1 to 1900cm-1
. The FTIR spectra were smoothed with smoothing length of 20. 

Subsequently, the second order derivative spectra were calculated with 13 data 

points. The spectral processing was done with Spectrum™ supplied by Perkin Elmer. 

To monitor the HD exchange, the tubes were collected by centrifugation and washed 

with water twice. After drying under vacuum, the tubes were rehydrated with 0 20 

and the spectra were collected at intervals of 1 min. Each spectrum was average of 

10 collections at a resolution of 4cm-1 in the spe'ctral range of 1400cm-1 to 1900cm-1
. 

The area under the Amide II peak was plotted against time to observe the kinetics of 

deuteration. 

2.2.7 X-ray crystallography: The peptide, Phe-l\Phe, was crystallized by controlled 

slow evaporation of peptide in acetic acid-water mixture. Plate like crystals, suitable 

for x-ray diffraction, appeared within 3-4 days. X-ray diffraction data was collected 

on a Bruker AXS SMART APEX CCD diffractometer with MoKa radiation (a=0.71073A). 

The structure solution was obtained using direct methods employed in SHELXS. The 

structure was refined to an R-factor of 3.74%. Acetic acid molecules were located in 

the electron density map. (CCDC 298818). 

2.3 Results and Discussion 

2.3.1 Self-assembly of diphenylalanine dipeptide 

Alzheimer's disease has been characterized by heavy deposition of insoluble plaques 

composed primarily of Al3(1_42l. Fragmentation based approach to delineation of the 

core sequence responsible for aggregation resulted in the identification of a hepta 

peptide sequence, KLVFFAE, as the core determinant for fibrillogenesis. The fibril 

formed by the peptide showed all characteristics features of amyloid fibrils formed 

by Al3(1_42l. The peptide assembled into tubular structure with a 13-sheet signature as 

evidenced from TEM and FTIR studies. 

Interestingly, the central portion of this sequence, i.e. the diphenylalanine motif was 

observed to be sufficient for assembly into nanotubular structures as in amyloids 
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(Figure 2-1). This resulted in the first report of dipeptide based self assembled 

nanotubes. TEM images revealed a light shell and the dark center suggesting hollow 

tubular structures filled with the negative stain, uranyl acetate. Energy-dispersive x­

ray analysis (EDX) indicated the presence of uranium within the assembled 

structures. The nano-tubular structures had average diameter between 100-150nm 

with length over microns (Figure 2-2). The nanotubes were highly ordered and 

without the usual branching and curving typical of amyloid fibrils. The tubular 

structures formed by the dipeptides also showed green-gold birefringence upon 

staining with Congo red dye, which was consistent with an organization that may be 

similar to that of amyloid structures. FTIR studies suggested a ~-sheet structure due 

to the appearance of 1630cm-1 peak. However, the CD spectrum did not show any 

existence of ~-sheet [871
• 
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Figure 2-1: Self-assembly of well-ordered ,and elongated peptide nanotubes 
by a molecular recognition motif derived from the B-amyloid polypeptide. (A) 
The central aromatic core of the B-amyloid polypeptide is involved in the 
molecular recognition process that leads to the formation of amyloid fibrils. 
Various fragments of the core form amyloid fibrils or inhibit their formation. 
(B) TEM images of the negatively stained nanotubes formed by the 
diphenylalanine peptide. (C) HR-TEM images of negatively stained peptide 
nanotubes, visualized by field emission gun microscope. 

(*Excerpted from Science 25 April 2003:Vol. 300. no. 5619, pp. 625- 627) 
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Figure 2-2: Structural analysis of the tubular nanoparticles. (A) Low­
magnification SEM images of a field of discrete nanotubes that are present as 
individual entities. (B) High-magnification SEM image of an individual 
nanotube. (C) A statistical distribution of nanotube diameters 

(*Excerpted from Science25 Aprii2003:Vol. 300. no. 5619, pp. 625- 627) 

Deeper insight into the mode of assembly of the diphenylalanine monomers 

occurring in the assembly has been obtained from the crystal structures of the 

dipeptide obtained by evaporation of an aqueous solution of Phe-Phe at 80°C. The 

crystal structure of the diphenylalanine dipeptide exhibited the occurence of nearly 

circular channels formed by the translation of six peptide molecules 11251• The 

molecular diameter of the channels was 24 A and the van der Waals' diameter was 

10 A. The monomers were stabilized by extensive n- stacking interaction between 

the phenyl rings. An extensive network of intermolecular hydrogen bonding between 

the N- and C-terminus as well as between the amide bond provided additional 

stability to the structure. Subsequent fibre diffraction studies of the dipeptide in the 

crystalline and in the nanotubular assembly showed that the molecular arrangement 

of the monomers was similar in both the cases 11111 . This was an interesting 
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' 
observation as it was previously speculated that the dipeptide molecules arranged 

themselves with different packing arrangements in the crystals and the self­

assembled nanotubes. Further, due to the hollow nature of the nanotubes formed by 

the diphenylalanine dipeptide, the assembled structures were used as casts for 

generating metallic nanowires. The organic cast was subsequently proteolytically 

digested to yield the free nanowires. The studies brought out the ability of short 

aromatic peptides to self-assemble into distinct nanostructures with potential 

applications. However, the tunability of the assembling behavior, morphology of the 

final assembly and the stability of the resultant structures to various conditions are 

believed to be important determinant for their biomedical applications. 

2.3.2 Self assembly of designed dipeptide Phe-~Phe into nanotubes. 

In this study, the role of conformational constraint .in the monomeric dipeptide and 

its influence on the assembly behavior was investigated as a novel strategy for the 

generation of peptide based self-assembling systems with greater structural stability 

as well as resistance to proteolytic degradation. Based on the observation that 

diphenylalanine dipeptide assembled into nanotubes, we synthesized and 

characterized the self-assembly of the dipeptide H-Phe-8Phe-OH. 

2.3.2.1 Microscopic investigation 

Optical micrographs of the aggregates were recorded using Differential Interference 

Contrast microscope, which revealed the presence of distinct tube like assemblies of 

over a micrometer in length (Figure 2-3a). The TEM analysis with negative staining of 

the dipeptide showed ordered and tubular assemblies with length in the micrometer 

range (Figure 2-3b). The width of the independent tubes ranged between 25-30 nm 

(Figure 2-4). No branching or curving of the tubes was observed in any of the field 

scans. It was interesting to note the absence of any amorphous aggregates. The 

process of assembly was kinetically fast, as micrographs taken after a few minutes 

and after 24 hrs of incubation did not reveal any significant difference in the 
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morphology of the tubes. The morphology of the tubular structures was also 

analyzed by Scanning Electron Microscopy (SEM) and Environment Scanning Electron 

Microscopy (E-SEM) (Figure 2-5), which further suggested that the tubular 

morphology was not an artifact of sample preparation. The occurrence of relatively 

uniform and thin size of the tubes formed by Phe-~Phe (Figure 2-4) was in contrast 

to the wider and more dispersed size of tubes formed by the dipeptide, Phe-Phe, the 

saturated analogue of the dehydro-dipeptide. This suggested the impact of 

conformational constraint induced by the -~Phe- residue leading to the observed 

difference. It was quite likely that conformational restrictions both in the dipeptide 

backbone and the side chain of the C-terminal Phe limited the range in size 

distribution and also led to a more compact asser:nbly. It may therefore be expected 

that the introduction of conformational constraint could be used as a tool to fine­

tune the nature of the existing assemblies particularly where it may be possible to 

introduce such changes with ease. 

2.3.2.2 Stability under different conditions 

We next investigated the stability of the nanotubes under acidic (O.lN HCI), neutral 

and basic (O.lN NaOH) conditions by varying the pH of the medium after tube 

formation. Interestingly, the morphology of the fundamental tubular unit remained 

unchanged (27-30 nm,) over the range of pH used though there were changes in the 

staining features (Figure 2-6) and the average number of tubes in a field. However, 

at very high concentrations of the acid or alkali (lN and above), we observed 

disruption of the assembled structure. Thus, it was clear that at physiologically 

relevant conditions, the tubes would be stable and could be used for potential 

biomedical applications. 
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Figure 2-3: Figure showing the (a) different ial interference contrast (DIC) and 
(b) TEM images of self-assembled Phe-~Phe showing the occurrence of 
ordered and tubular assemblies with length in the micrometer range. 
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Figure 2-4: The size distribution profile of the nanotubes calculated from the 
TEM images. The average width of the independent tubes ranged between 
25-30 nm. The tube dimensions were smaller to those obtained by the self­
assembly of Phe-Phe dipeptide. 
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Figure 2-5: (a) Scanning electron microscopy (SEM) and (b) Environment 
scanning electron microscopy (E-SEM) images of the Phe-~Phe nanotubes. 
The images suggested that the tubular morphology was not an artifact of 
sample preparation. The tube dimensions were comparable to those obtain 
underTEM. 

Susceptibility to proteolysis has been a major drawback of peptides and peptide­

based assemblies especially for in vivo delivery applications. However, the 

introduction of modified or non-protein amino acid could confer a high degree of 

resistance to enzymatic degradation to the building blocks of the assembling 

systems. We found that the tubular structures formed by Phe-llPhe were intact 

without any change in morphology when the peptide was left for incubation with 

proteinase K for more than 36 hours (Figure 2-6). The tubes were also found to be 

stable to treatment of trypsin, chymotrypsin and cell culture supernatants. 

The high stability of the self-assembled tubes over a broad range of pH conditions 

and to a highly non-specific proteolytic enzyme like Proteinase K could make these 

tubes interesting candidates for future applications. 
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Figure 2-6: TEM images demonstrating the stability of the tubes under 
different pH conditions (a) acidic (0.1 N HCI) (Scale Bar- 200nm), (b) alkaline 
pH (0.1 N NaOH) (Scale Bar - 1 OOnm), proteinase K treatment in 50mM Tris­
HCI pH 7.2. (Scale Bar-100nm). 
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2.3.2.3 Crystallization studies 

Extensive crystallization studies have been conducted on hydrophobic dipeptides in 

order to investigate the conformational properties of the small peptides[107
-
1351

• Of 

special interest have been the FF and VA class of dipeptides that crystallized with the 

occurrence of tubular channels with trapped solvent molecules[122
' 

125
' 

1321
• Therefore, 

in order to investigate the molecular structure of the assembly, the dipeptide Phe­

~Phe was crystallized by controlled slow evaporation of the peptide in acetic acid­

water mixture. The crystal structure was solved ,by our collaborators at Department 

of Physics, liSe, Bangalore. 

In the crystal structure, Phe-~Phe existed as a monomer in the crystal asymmetric 

unit. The tubular structure was formed by four dipeptide molecules (Figure 2-7) 

resulting in a rectangular channel having Vander Waals dimension of 6.0x4.5A. As 

discussed earlier, the saturated analogue, Phe-Phe, had exhibited nearly circular 

channels formed by the translation of six peptide molecules [1251
, with a diameter of 

24A. It was interesting to note that by the introduction of a conformational 

constraint in the molecule, the channel shape' and surface area could be modulated 

to some extent. 

According to Gorbitz, as dipeptides contain only one peptide bond and the dihedral 

angles cannot be defined by classical secondary structural elements, a simplified 

description of a dipeptide conformation could be made by calculating a torsion angle 

e = C1p-C1a .... C2a-C2p [17J. This angle defined the relative position of the two side 

chains with respect to the peptide plane. It has been demonstrated that for 

zwitterionic L-Xaa-L-Xaa dipeptides (Xaa is neither Gly nor Pro), the side chains usually 

pointed in almost opposite direction with ( 1 e 1) usually being > 135° r122
• 

125
1 

According to this torsion angle description, Phe-Phe, occurred in an unusual 

conformation with e being 40.2°. The side chains were thus located on the same side 

of the peptide bond plane and appeared to emanate out from the channel core. 
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However, for Phe-~Phe this torsion angle (I e I) had a value of 149.70°. This implied 

that the side chains were present on both side of the peptide bond plane like the 

other members of the FF class of saturated dipeptides. It might have probably 

occurred due to the existence of conformational constraint in the molecule induced 

by the -~Phe residue. 

Figure 2-7: View of the crystal packing (left) reveals a tubular structure 
formed by the assembly of four dipeptide molecules of Phe-~Phe. Enlarged 
view of the tubular structure (right) formed by the aggregation of four 
dipeptide molecules of Phe-~Phe with the acetic acid molecule being trapped 
inside the tube. The figure also shows the head-to-tail hydrogen bonding seen 
in the dipeptide molecule. *(The side chains not involved in the channel core 
formation has been omitted for clarity.) 
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The crystal structure of Phe-~Phe exhibited molecules of acetic acid trapped in the 

rectangular channels. The acetic acid molecules 'were found to be hydrogen bonded 

to the scaffold suggesting the important role of the solvent molecules in stabilizing 

the scaffold structure. Similar features had been previously reported in the self­

assembly of the dipeptide (R)-Phenylglycine-(R);,Phenylglycine and (R)-(1-Naphthyl) 

glycyi-(R)-phenylglycine, where the dimensions of the self-assembled structure was 
\ 

shown to be modulated by the nature of the solvate. Interestingly, in these 

structures, different solvate molecl.lles modulated the overall conformation of the 

self-assembled structure [245
-
2481

• Though, the crystal structure of the Phe-Phe 

dipeptide also exhibited the occurrence channels filled with the solvent water 

molecules, the solvent molecules did not hydrogen bond with the scaffold. The 

crystal structure of the Phe-~Phe dipeptide exhibited a C(8) pattern of head-to-tail 

hydrogen bonding. Similar pattern of hydrogen bonding have been previously 

reported in the crystal structure of other hydrophobic saturated dipeptides [122
' 

1251
• 

The stacked aromatic rings in the dehydro-dipeptide were held by intermolecular C­

H .. ·n interactions, giving rise to overall stability to the assembled structure. 

Stabilization of assemblies by multitude of such weak interactions has been very well 

known in literature and one of the fundament·al requirements in the design of self­

assembled nanoparticles. 

2.3.2.4 Spectroscopic studies 

The molecular structure of the aggregates was also investigated by circular dichroism 

(CD) and FT-IR spectroscopy. The CD signature of the dipeptide nanotube (Figure 2-

8a) was characterized by a strong positive band at 197nm ([8] "' 10000; n-n* 

transition), a second positive band near 220nm ([8] "' 8000; n-n* transition) 

suggestive of a probable turn like structures in solution. The ~Phe ring contributed 

the broad negative band with peak near 280nm ([8 "' 4500) due to charge-transfer 

transition. The FT-IR spectrum of the tubular assembly was characterized by strong 

peaks at 1687cm-1 and 1647cm-1 (Fig 2-8b). The peak at 1647cm-1 was assigned to 
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aperiodic secondary structures involving type I, II, VIa and VIII turns. The peak at 

1686cm-1 could be assigned as marker band for turn conformation adopted by the 

molecule [250
-
2531

. As discussed earlier, the conformation of dipeptides cannot be 

defined in terms of classical secondary structure elements. However, the FTIR and CD 

spectrum of many homo-aromatic self-assembling dipeptides exhibited 

spectroscopic features of helices, sheets and turns. Though the exact origin of the 

spectral features are intriguing, occurrence of such bands do suggest that there 

might exist similarity, between the structural organization of the dipeptides and the 

classically defined secondary structures [881
• 

To assess the solvent accessibility of the tubes as a probe for the hollow architecture 

of the tubes, the technique of H-D exchange was utilized [254
' 

2551
• The ratio of the area 

under the peak in the amide I peak (1714cm-1 to, 1626cm-1
) to the amide II region 

(1626cm-1 to 1543cm-1
) was plotted against time to characterize the exchange 

kinetics. The results indicated that (Figure 2-9} the ratio decreased with time and 

saturation was reached within 6 minutes. This suggested that the monomers in the 

self-assembled structures were highly solvent accessible probably due to the hollow 

nature of the tube (also suggested by the crystal structure) and thus allowed for the 

rapid HD exchange. This observation was in contrast to the exchange rates observed 

in case of ~-sheet bas'ed fibrillar assemblies that exhibited slower exchange rates. 

However, it did suggest that the tubes were porous and could thus be used to entrap 

low molecular weight molecules for potential biomedical applications. 

It was thus evident that the incorporation of conformational constraint altered the 

assembly behavior and the properties of the nanotubes in multiple ways. 
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Figure 2-8: (a) Circular dichroism and (b) fourier transform infra red spectrum 
of the Phe-L1Phe nanotubes assemblies. Though, the conformation of 
dipeptides cannot be defined in terms of classical secondary structure 
elements, the FTIR and CD spectrum of the self-assembling Phe-L1Phe 
dipeptide exhibited spectroscopic features of turns . 
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Figure 2-9: Figure showing the ratio of decrease in Amide I peak area with 
reference to Amide II peak area ~s an index of hydrogen deuterium exchange. 
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2.3.3 Role of N-terminal side chain on the self-assembly of nanotubes 

In order to probe the role of the side chain of the N-terminal amino acid in the H­

Xaa-~Phe-OH motif, the self-assembly of the peptides with Xaa from the different 
.~1 

groups of the amino acids was investigated. !' 

Electron micrographs of aged aqueous solutions of Gly-~Phe and Ala-~Phe showed 
l 

no self-assembly even at very high concentrations of the peptide ("'10mg/ml). The 

peptide Leu-~Phe assembled into tightly packed crystalline tubular structures with 

with tube diameter in the range of 100-150nm. Vai-~Phe, however, assembled into 

thin flaky elongated structures (Figure 2-10). Similar two dimensional assemblies 

have been formed by another dipeptide derivative [881
• The peptide lle-~Phe 

assembled into long (over many microns) tubular structures with very large (500 nm) 

diameter (Figure 2-10) that were heavily stai11ed with uranyl acetate pr~bably 

suggesting a hollow architecture. With Xaa as Glu or Lys, the dipeptides assembled 

into distinct vesicular structures in aqueous medium. The self-assembly behavior of 

this class of structures has been discussed in detail in Chapter 4. Dipeptide containing 

hydroxyl groups like Ser at Xaa position did not form assemblies under the conditions 

tested. Also amide group containing dipeptide like Gln-~Phe did not assemble into 

nanostructures under conditions tested. 

The observations indicate that a minimum level of bulk was necessary to initiate the 

self-assembly behavior in the dipeptides scaffold with Xaa belonging to the 

hydrophobic group of amino acids. Moreover, the nature of the functional group at 

the N-terminus influenced the propensity as well as the nature of the self-assembly 

in the H-Xaa-~Phe-OH dipeptide motif. These results could be utilized for the rational 

design of dipeptide based nanostructures. 
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Figure 2-10: Transmission electron micrographs (TEM) of ~Phe containing 

free dipeptides. Leu-~Phe assembled into tightly packed crystalline tubular 

structures whereas Vai-~Phe resulted in thin flaky elongated self-assembled 

structures. The pe.pt\de. I.\a.- 6?he. asse.m b\.td Loto Lo, o.nd wicie. 0 2.0onrn) 

-bub..Jlqy -=-truchrra.s • 
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2.3.4 Role of aromaticity in the self-assembly of nanotubes 

Having established that conformational constraint could be used as a potential 

strategy to modulate features of self-assembled structures, we investigated the role 

of peptide lle-~Phe assembled into long (over many microns) tubular structures with 

large (500 nm) diameter. This suggested that a minimum level of bulk was necessary 

to initiate the self-assembly behavior in the dip.eptides scaffold H-Xaa-6Phe-OH with 

Xaa belonging to the hydrophobic group of amino. acids. 
'·. 

aromaticity in the self-assembly of dipeptides into nanotubes. The pi-stacking 

interactions have been previously proposed to stabilize tubular architectures [74
-
78

' 
122

' 

1251
. To probe the necessity of pi-stacking interactions for structures to assemble into 

tubular architectures, we designed, synthesized and studied for their self-assembling 

behavior of H-Phe-Phe-OH (Phe-Phe), H-Cha-Phe-OH (Cha-Phe), H- Phe-Cha-OH (Phe­

Cha) and H-Cha-Cha-OH (Cha-Cha) where, Cha stands for Cyclohexylalanine, a 

modified amino acid similar to phenylalanine but with an aliphatic ring. 

2.3.4.1 Microscopic Investigations 

The electron micrograph of the dipeptide Phe-Phe exhibited large tubular structures 

with a diameter of 200-400nm and length over 111m (Figure 2-11). The Cha-Phe 

dipeptide was characterized by thin fibrils along with a large number of vesicular 

structures (Figure 2-11). The fibrils were roughly 20nm in diameter and exhibited 

twisting and curving along their length. The vesicles exhibited an average diameter of 

50nm with a tendency to fuse with each other. This suggested that the vesicles were 

probably the structural precursors of the fibrils. Moroever, on longer incubation ("'15 

days), the field scans did not show any vesicles suggesting that they were the 

kinetically trapped intermediates in the pathway of the assembly of the dipeptide 

fibrils. The electron micrographs of Phe-Cha peptide showed a large number of 

pleomorphic vesicular structures in a large size range of 10-80nm (Figure 2-11) 

indicating that the position of the aromatic residue in the dipeptide also affected the 

, I 
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morphology of the assembly. The peptide Cha-Cha also assembled into vesicular 

structures with an average diameter of 20nm and low poly-dispersity (Figure 2-11). 

The above observations clearly highlighted the crucial role of aromatic stacking 

interactions in the self-assembly of nanotubes. It was interesting to note that not 
'· 

only the presence of aromatic residues dictated the assembly but also its position in 

the dipeptide. However, it appeared that it :was not always necessary to have 

aromatic residues to initiate self-assembly. Thus, appropriately chosen aliphatic ring 

structures could also act as motifs for self-assembly. This observation was in contrast 

to the predominant belief that aromatic homo-dipeptides were the central motif for 

the formation of ordered self-assembled structures !881
• 

2.3.4.2 Spectroscopic Studies 

To delineate the role of molecular conformation on the assembly behaviour of the 

dipeptide we compared their CD and FTIR spectra. The CD spectra of the assemblies 

was characterized by the n-n* transition band at 197-198nm and an n-n* transition 

band between 203-215nm (Table 2-1). The position of n-n* transition band blue 

shifted with decreasing aromaticity. The FTIR spectra of the dipeptide assemblies 

were characterized by Vc=o (backbone; Amide I) band at 1615cm-1 (for Phe-Phe), 

1667cm-1 (for Cha-Phe), 166Scm-1 (for Phe-Cha) and 1670cm-1 (for Cha-Cha) (Table 2-

1). However, we did not observe any correlation between the nature of assembly 

and its molecular conformation. This was not surprising as self-assembled dipeptides 

have been shown exhibit FTIR spectra corresponding to all major classes of 

secondary structure and there have been no correlations between the morphology 

and molecular conformations of the peptide based nano-assemblies [881
• 

The above spectroscopic evidences along with the electron micrographs clearly 

suggested that appropriately placed aromatic moeities were very crucial in the 

design of dipeptide based nanotubes. Moroever, aromaticity was not the core driving 

factor for self-assembly in dipeptides and amino acids containing aliphatic ring side­

chains could also be used. 
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Figure 2-11: TEM images of the nano-structures formed by (a) Phe-Phe, (b) 
Cha-Phe, (c) Phe-Cha and (d) Cha-Cha. The electron micrograph of the 
dipeptide Phe-Phe exhibited large tubular structures with a diameter of 200-
400nm and length over 1 ~m (*Excerpted from Science 25 April 2003:Vol. 300. 
no. 5619, pp. 625- 627). The Cha-Phe dipeptide was characterized by thin 
fibrils along with a large number of vesicular structures. The fibrils were 
roughly 20nm in diameter and exhibited twisting and curving along their 
length. The vesicles exhibited an average diameter of 50nm with a tendency 
to fuse with each other. The Phe-Cha peptide showed a large number of 
pleomorphic vesicular structures in a large size range of 1 0-80nm. The 
peptide Cha-Cha also assembled into vesicular structures with an average 
diameter of 20nm and low poly-dispersity. 
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Table 2-1: FTIR peaks and CD spectra of the nano-structures formed by (a) 

Phe-Phe, (b) Cha-Phe, (c) Phe-Cha and (d) Cha-Cha. 

CD FTIR 
Peptide 

1t-1t* Transition n-n* Transition 
Amide I (cm-1

) 
(nm) (nm) 

Phe-Phe 197 215 1615 

Cha-Phe 197 211 1667 

Phe-Cha 197 213 1665 

Cha-Cha 198 203 1670 

2.5 Conclusion 

Although biological scaffolds, including short peptides, offer a myriad of potential 

applications to nanotechnology, their relative instability may be a major concern in 

realizing their potential application. The main aim of the present work was to explore 

the possibility of using non-protein amino acids, capable of providing well-defined 

conformational characteristics and higher stability, particularly to enzymatic 

degradation. The introduction of ~Phe in the dipeptide affected the pattern of 

peptide assembly resulting in longer and thinner nano-tubes than previously 

reported peptide based tubular structures. Also, their stability to different pH 

conditions and proteases could make them potentially useful for various 

applications. However, the studies also brought out the crucial role of aromatic 

moieties in the design of dipeptide based self-assembling nanotubes. It was evident 

that the riature of the side-chain and their position in the dipeptide scaffold also 

dictated the nature of assembly. Moroever, aromaticity was not the core driving 

factor for self-assembly in dipeptides; peptide based nanostructures could also be 
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designed with amino acids containing aliphatic ring side-chains. Thus, it was evident 

that dipeptides could be rationally designed with chosen kind of functional groups at 

appropriate position to generate nano-particles with desired properties. 
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3.llntroduction 

Self-assembly of soft materials into nanostructures offers exciting applications. 

"Peptosomes"1257
-
2591

, vesicles formed by the self-assembly of peptides, offer superior 

stability in addition to tailorability of physical, chemical and biological properties 

along with unmatched bio-compatibilityl2601
. Encapsulation, controlled release and 

biological stability of bioactive compounds are some of the potential application 

areas of vesicular structures12611
• Specific biomedical applications involving actuator 

functions for temperature, pH, salt triggered release as well as incorporation of 

adhesion and recognition sites in the assembled structures can be better met with 

potent designs of 'peptosomes' 1261
-
2631

. Recent studies have demonstrated that 

spontaneous assembly of peptide molecules into vesicles not only form at an 

appropriate concentration of the amphiphilic molecule, but can also be induced by 

incorporation of conformational rigidity resulting in restricted conformational 

entropy1261
'
264

-
2691

. Medium sized and short peptide sequences have been shown to 

assemble into vesicles in aqueous medium; however the recent and elegant 

demonstration of a dipeptide assembling into stable nanovesicular structures that 

are stable in acidic and alkaline conditions is noteworthy12581
. 

In the present work, we report the design, synthesis and characterization of two a,~­

dehydrophenylalanine residue (.1Phe) containing amphiphilic dipeptides, H-Giu­

.1Phe-OH and H-lys-.1Phe-OH (hereafter denoted as Glu-.1Phe and Lys-.1Phe 

respectively) which self-assembled into anionic and cationic vesicular structures 

respectively. The design was based on theobservations that (i) peptides with a 

hydrophobic tail and a charged amino-acid at one end self-assembled into vesicles 

and tubes12601
, (ii) aromatic residue containing peptides as small as dipeptides could 

also self-assemble1258
'
2661 into nanotubes and nanovesicles and (iii) that incorporation 

of .1Phe residue, the unsaturated analog of phenylalanine, with a double bond 

between ca and c~ atoms provides structural 1156
-
161

' 
186

' 
187

' 
192

-
226

' 
2301 and proteolytic 

stability to the self-assembled structures1151
' 

156
' 

1571
• It was found that the vesicles 
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formed by the amphiphilic dipeptides exhibited stability to non-specific protease 

treatment, were able to encapsulate bioactive molecules, were not cytotoxic, and 

were easily taken up by cells in culture. The novel self-assembled nanostructures 

could thus have potential applications as vehicles for delivery of biologically relevant 

molecules. 

3.2 Materials and methods 

3.2.1 Peptide synthesis: Dipeptides were synthesized as described below: 

(a) H-Giu-~Phe-OH 

Boc-Giu(OtBu)-OH (Novabiochem) (1.52g, SmM) was dissolved in dry 

tetrahydrofuran (Sigma-Aldrich) and the resulting solution stirred in an ice­

salt bath at ~l5°C. N-methyl morpholine (Sigma) {0.65ml, SmM) was added 

to the solution followed by isobutyl chloro-formate (Sigma) (0.7ml, SmM). 

After lOmin, a pre-cooled aqueous solution of DL-threo-~-phenylserine 

(Sigma-Aldrich) (lg, S.SmM) and sodium hydroxide (0.22g, S.SmM) was 

added and ~ixture stirred overnight at room temperature. The reaction 

mixture was concentrated in vacuo, acidified with citric acid to pH 3.0 and 

extracted with ethyl acetate (Spectrochem) (3x20ml). The ethyl acetate 

layer was washed with water (2x1Sml), with saturated sodium chloride 

(lx20ml), dried over anhydrous sodium sulfate and evaporated to yield 

Boc-Giu(OtBu)-DL-threo-~-phenylserine as an oily compound (2.3g, 

-100%). The compound, Boc-Giu(OtBu)-DL-threo-~-phenylserine, was then 

mixed with anhydrous sodium acetate (0.53g, 6.SmM) in freshly distilled 

acetic anhydride (SOml) and stirred for 36hrs at room temperature. The 

thick slurry obtained was poured over crushed ice and stirred till the oily 

suspension gave rise to a yellow colored solid. The precipitate was filtered, 

washed with 5% NaHC03, cold water and dried under vacuum. The 

resulting azalactone, Boc-Giu(OtBuh~Phe-Azl, was dissolved in methanol, 
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treated with 1.5 equivalents of 1N NaOH solution and stirred at room 

temperature for 3-4hrs. The mixture was then partially evaporated to 

remove methanol, acidified with citric acid to pH 3.0 and extracted with 

ethyl acetate (3x30ml), the combined ethyl acetate extract was washed 

with water (2x20ml), dried over anhydrous sodium sulphate and 

evaporated t.o yield Boc-Giu(OtBu)-~PhelOH as a white solid. Oeprotection 

at the a-amino group and side chain protection was achieved by treatment 

with 98% formic acid {30ml) for 3hrs at room temperature. The reaction 

mixture was evaporated to dryness and the residue was precipitated with 

anhydrous diethyl ether. The resulting precipitate was filtered, washed 

several times with dry ether and subsequently lyophilized from 10% acetic 

acid-water (20ml) to yield the final compound H-Giu-~Phe-OH as white 

powder. Overall yield (0.6g, 48%); Rt =, 0.13 (CHCirMeOH, 9:1). 

The peptide was purified on a preparative reverse phase C18 column 

(Deltapak, C18, 15~, I.D. 300x19mm) using acetonitrile-water linear 

gradient 5-45% acetonitrile (0.1%TFA)/water (0.1% TFA) at a flow rate of 

4ml/min over 25min. The purified peptide was reinjected into an analytical 

reverse phase C18 column (Phenomenex, C18, 5~, 1.0. 250x4.6mm) using a 

acetonitrile-water linear gradient 5-45% acetonitrile (0.1%TFA)/water 

(0.1% TFA) at a flow rate of 1ml/min over 25min and was found to be 98% 

pure with retention time of 13min. ifhe purified peptide was analyzed by 

mass spectroscopy (Applied Biosystems QStar (Q-TOF)) Observed Mass-

293 Oa, Expected Mass- 292.3 Da. 

(b) NHz-Lys-~Phe-COOH 

The peptide was synthesized as described above starting with Boc-Lys 

(Boc)-OH (5mM, 1.73g). Overall yield (0.57g, 39%); Rt= 0.12 (CHCI3-MeOH, 

9:1); The peptide was purified as described in the previous section and 
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analyzed by mass spectroscopy. Retention Time- 13min; Observed Mass-

292 Da 1 Expected Mass-291.38 Da. 

3.2.2 Circular Dichroism (CD) Spectrometry: All spectra were recorded on a JASC0-

810 polarimeter equipped with a Peltier type thermostat and purged continuously 

with dry N2 gas at 10 lit/min (LPM) during data acquisition. Data was collected in a 

quartz cuvette with path-length of 0.1cm or 1cm between 190nm to 360nm at scan 

speed of 2Snm/min and response time of 16sec. The average of 50 scans was used 
' 

for analysis of the spectrum. The titration studies were carried out at peptide 

concentration between 1-10mM. The concentration of the peptide was estimated by 

UV spectrometry with E205 = 5167 per peptide bond [2561
. CD studies were also carried 

out at different temperatures and in presence of monovalent and divalent cations. 

3.2.3 Fourier Transform Infra Red (FTIR) Spectrometry: Spectra were collected on a 

Perkin Elmer Spectrum BX FTIR spectrometer. The assembled peptide samples were 

spotted on a CaF2 window and air-dried at 99% relative humidity. The samples were 

· then rehydrated with D20 and Hydrogen-Deuterium exchange was monitored every 

minute for 10min in the spectral range of 1400-1900cm-1
. The FTIR spectra were 

smoothed with smoothing length of 20 units. Two-dimensional correlation 

spectroscopy [2701 (2D-COS) maps were generated from the stack of spectra using the 

freely available software package 2D-Shige. All spectral assignments were done 

according to published reports [250
-

253
1. 

3.2.4 Simulations: The optimized potential energy landscape and the molecular 

geometry was calculated using PMS method of MOPAC implemented in Scigress 

software suite. Briefly~ the molecule was built with the structure building module of 

Scigress using the reported parameters of 6Phe [BG, 
2151

. The torsional angle between 

N1-Ca1-C1-N2 was defined as dihedrall. Similarily1 the angle between C1-N2-Ca2-C2 

was defined as dihedral 2. The potential energy was calculated by varying dihedral 1 

versus dihedral 2 from -180° to +180° in steps of go followed by structure 
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optimization using PM5 method including solvation effects of water simulated by 

COSMO !271
' 

2721
. 

3.2.5 Electron Microscopy: For tran'smission electron microscopy (TEML the peptide 

samples were prepared at a concentration of 1-,lOmg/ml in double distilled water 

and incubated for 24hrs to make sure that the process of assembly was complete. 

The sample was adsorbed on a 400 mesh copper grid with carbon coated formvar 

support and stained with 1% uranyl acetate and viewed under a 120kV mode of a 

TEM (Tecnai 12 BioTWIN, FEI Netherlands). Photomicrographs were digitally 

recorded using a Megaview II (SIS, Germany) digital camera. Image analysis was 

carried using Analysis II (Megaview, SIS, Germany) and lmageJ 

(http://rsb.info.nih.gov/ij!) software packages. 

3.2.6 Proteolytic stability assays: The proteolytic stability of the peptide vesicles was 

assayed using reverse phase HPLC. The peptide vesicles were incubated with a non­

specific protease, Proteinase K, for 24hrs. The samples were then injected into a 

reverse phase C18 coulmn (Phenomenex, C18, 5J..L, I.D. 250x4.6mm) using a 

acetonitrile-water linear gradient 5-45% acetonitrile (0.1%TFA)/water (0.1% TFA) at a 

flow rate of 1ml/min over 25min. Decrease in peak area of the native peptide was 

used as an indicator of proteolytic degradation. 

3.2.7 Encapsulation Studies: The relevant bioactive molecules were mixed with 

preformed vesicles in equal weight ratio and subjected to sonication (Branson 200, 

19W) for 2-5min or aspirated through a pipette. The sample was then 

ultracentrifuged at 120000rpm for 5hrs at 10°C in a Beckman Coulter OptiMax MLA-

130 rotor. A small volume was removed from the supernatant and the concentration 

of the free test molecules was estimated spectrophotometrically. The percentage 

encapsulation was calculated using the following formula; %Encapsualtion = (Abs of 

bound molecules/absorbance of total molecules)x100. To visualize protein 

encapsulation in the nanovesicles, the proteins were tagged to 20nm gold particles 

(Ted Pella, USA) by adsorption. After overnight incubation of 1mg/ml protein with 
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50lJ,L of nano-gold, the gold nanoparticles with adsorbed proteins were washed 

thrice with buffer/water with repeated centrifugation. The conjugates were then 

mixed with the nanovesicles in a manner similar for encapsulation of small molecules 

(described above). The samples were then imaged under a Phillips technai 120KV. 

3.3 Results and discussion 

3.3.1 Self-assembly of the amphiphilic dipeptides: 

Self-assembly of the dipeptide nanostructures was initiated by dispersion of 10-20mg 

of the peptide in a small volume (50~1) of 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) 

and subsequent addition of 1ml of water at near neutral pH. The two peptides 

formed visibly clear solutions. Also, there was no observable difference in the 

assembly behavior when the peptides were directly dissolved in water with vigorous 

stirring and heating. 

3.3.2 Electron Microscopy Studies 

The morphology of the structures was ascertained using TEM with uranyl acetate 

staining (Figure 3-1). Glu-~Phe assembled into pleomorphic spherical structures 

(Figure 3-1) in size range of 50-200nm with a mean diameter of 110nm. The grayscale 

contrast between the vesicle surface and the grid background suggested that a high 

density of negative charge (anionic) occurred over the surface of Glu-6Phe vesicles 

(Figure 3-1c). The grayscale contrast distribution profile within the imaged spherical 

structures suggested a flattening effect, most likely due to surface tension of drying 

during sample preparation. Such an effect is observed in structures that are hollow 

from within (vesicular) and not rigid spherical structure 1231 . The vesicles formed by 

Lys-~Phe appeared mostly spherical (Figure 3-1d) with a mean diameter of 370 nm 

and a relatively narrow size range (250-450nm). The vesicle surface of Lys-6Phe, 

however, had lighter staining compared to the grid background (Figure lf) suggesting 

that the structures had a high density of positive charge (cationic) on their surface. A 
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flattening effect observed over the imaged spherical structures suggested a vesicular 

assembly. 
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Figure 3-1: Electron micrographs of (a) Glu-~Phe and (d) lys-~Phe, (b) and (e) 

show the enlarged images of the marked areas in (a) and (d) respectively, (c) 

and (f) show the intensity distribution along the marked lines in (b) and (e) 

respectively. Glu-~Phe assembled into pleomorphic spherical structures in 

wide size range of 50-200nm with a mean diameter of 11 Onm. The vesicles 

formed by lys-~Phe appeared mostly spherical with a mean diameter of 370 

nm and a relatively narrow size range (250-450nm). 

3.3.3 Dynamic light Scattering Studies 

To ascertain the stability of the peptide vesicles in solution, dynamic light scattering 

(DLS) experiments were performed at a peptide concentration of 30mg/ml. It was 
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observed that the Glu-LlPhe vesicles had a mean square radius of gyration (z­

average} of 200nm whereas Lys-LlPhe formed larger vesicles with a z-average of 280 

nm (Figure 3-2). Glu-LlPhe vesicles showed a polydispersity index (fractional 

dispersity) of 0.5 whereas the self-assembled vesicles of Lys-LlPhe had a lower 

polydispersity of 0.34. The DLS results correlated well with the electron micrographs 

which also showed a smaller mean size and a higher size range for Glu-LlPhe vesicles 

and a larger average size with a lower size range for the vesicles formed by Lys-LlPhe 

peptide. The DLS studies along with the electron micrographs clearly suggested the 

self-assembly of the two amphiphilic dipeptides into well defined vesicular structures 

in aqueous medium. 
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Figure 3-2: Comparison of size d.istribution profile of Glu-~Phe and Lys-~Phe 

(20mg/ml) by DLS. The Glu-dPhe vesicles had a mean square radius of 
gyration (z-average) of 200nm whereas Lys-dPhe formed larger vesicles with 
a z-average of 280 nm. Glu-dPhe vesicles showed a polydispersity index 
(fractional dispersity) of 0.5 whereas the self-assembled vesicles of Lys-dPhe 
had a lower polydispersity of 0.34. The DLS results correlated well with the 
dimensions obtained through electron microscopy. 
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3.3.4 Spectroscopic investigation of molecular structure 

Crystal structures of several, mostly hydrophobic, small self-assembling peptides[27
-

321 have provided precise information regarding the molecular arrangement of the 

self-assembled structures. However, attempts to crystallize Lys-~Phe and Glu-~Phe 

were mostly unsuccessful. Glu-~Phe did not crystallize under any of the conditions 

tested. While Lys-~Phe did crystallize, the fragile and flaky crystals were not suitable 

for diffraction studies. CD, 20-COS FTIR and simulation studies were, therefore, used 

to characterize the molecular conformation of the peptides in the nanovesicles. 

The FTIR spectra of the two peptides (Figure 3-3) in solid state showed characteristic 

amide carbonyl peaks at 1700cm·-l and 1690cm-1 for Glu-~Phe and Lys-~Phe 

respectively. The 20-COS FTIR studies were carried out using hydrogen-deuterium 

exchange and the synchronous correlation maps exhibited auto peaks at 1690cm-1 

for Glu-~Phe and at 1672cm-1 for Lys-~Phe (Figure 3-4). A lower absorption 

frequency of the amide I band indicated a stronger hydrogen bonding [250
-
253

• 
270

1 of 

the peptide backbone in Lys-~Phe. The asynchronous map of Glu-~Phe exhibited a 

positive cross peak at (1600cm-I, 1690cm-1
) and a negative cross peak at (1695cm-1

, 

1740cm-1
) (Figure 2B) whereas Lys-~Phe showed negative cross peak at (1672cm-I, 

1683cm-1
) and a positive cross peak at (1647cm-I, 1672cm-1

) (Figure 3-4) [250
-
253

• 
270

1. 

The differences in the FTIR spectra correspond to subtle differences in the molecular 

conformation acquired by the amphiphilic dipeptides. Though the exact.origin of the 

FTIR bands could not be deciphered, they occurred in the regions corresponding to 

classically defined secondary structures[250
-
253

' 
2701

.' The auto peaks at 1690cm-1 for 

Glu-~Phe and at 1672cm-1 for Lys-~Phe corresponded to turn-like molecular 

conformation adopted by the dipeptides. Further, in the 20-spectrum of Glu-~Phe, 

cross peaks at (1600cm-I, 1690cm-1
) and (1695cm-1

, 1740cm-1
) probably suggested 

intermolecular interaction between the monomers with 1740cm-1 band 

corresponding to free COOH group. 
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Figure 3-3: Powder FTIR spectra of the peptides (top) Glu-~Phe and (bottom) Lys­

~Phe. The Amide I band carbonyl peaks at 1700 cm-1 and 1690 cm-1 for Glu-L\Phe 

and Lys-L1Phe, respectively. In solution the peak positions shifted to lower frequency 

suggesting hydrogen bonding with the solvent. 
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Figure 3-4: Spectroscopic characterization of the molecular structure of 

nanovesicle forming amphiphilic dipeptides. (a) and (c) 20-FTIR synchronous 

map of Glu-flPhe and Lys-flPhe respectively, (b) and (d) 20-FTIR 

asynchronous map of Glu-flPhe and Lys-flPhe respectively, (e) Far-UV (inset 

shows 2"d derivative spectrum) and (f) near-UV CD spectrum of the dipeptide 

nanovesicles formed by Glu-flPhe (dark) and Lys-flPhe (light) dipeptides. 
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The 1600cm-1 band could not be assigned. The cross peaks occurring in the 2D 

spectrum of Lys-L\Phe appeared in the Amide I region and their origin was thus 

ambiguous [250-253, 270J. 

The CD spectrum of nanovesicles formed by Glu-L\Phe and Lys-L\Phe exhibited 

positive bands at 217nm (n-n* transition) and at 197nm (n-n* transition) in the far­

UV region (Figure 3-4) suggesting a similar backbone conformation for both the 

amphiphilic dipeptides. However, the deconvoluted near-UV CD spectrum (Figure 3-

4) of Glu-4Phe is characterized by a band at 280nm (L\Phe absorption) and a band at 

300nm that is assigned to L\Phe ring stacking interactions 1341
. In the near-UV CD 

spectrum of Lys-L\Phe, the L\Phe absorption band position is blue shifted to 267nm 

and the ring stacking band is red shifted to 305nm pointing out differences in the 

molecular conformations acquired by the peptides in the vesicular assembly. The 

observed differences in the molecular conformation of the two dipeptides was not 

entirely unexpected considering that even small changes at the N-terminus of the 

dipeptides have been reported to result in different packing arrangements 1107
-
135

• 
245

-

248] 

In view of the lack of crystal structure data and the ambiguous indications to the 

conformation of the amphiphilic dipeptides, ab-initio simulation studies were 

conducted to obtain the probable molecular structures of the investigated 

dipeptides. The structures were drawn with the biopolymer module of Scigress 

explorer based on the available information of structural parameters of L\Phe. The 

probable molecular structure was then calculated using in-silica semi-emperical 

quantum methods implemented in MOPAC 1271
' 

2721
. The calculated potential energy 

for the lowest energy conformer of Glu-L\Phe was -364.9 Kcal/mol whereas it was-

83.38 Kcal/mol for Lys-L\Phe. Interestingly, we did not observe any intra-molecular 

interactions in the resulting structures indicating that inter-molecular interactions 

stabilized the self-assembled structures. The superposition of the lowest energy 

structures of the two dipeptides (Figure 3-5) revealed that there was little difference 
0 
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in the backbone conformation and the ~Phe ring orientation between the two 

dipeptides. However, the position of the side chain with respected to the backbone 

varied greatly between the two dipeptides. Also, the overall topology of the two 

molecules was different and so was the charge distribution over their vander-wals 

surface (by virtue of the functional groups present). 

a b 

Figure 3-5: The simulated lowest energy structure of the two dipeptides 

superimposed over each other; (a) whole molecule and (b) backbone only. 

The probable molecular structure was calculated using in-silico semi­

emperical quantum methods implemented in MOPAC. The calculated 

potential energy for the lowest energy conformer of Glu-~Phe was -364.9 

Kcal/mol whereas it was -83.38 Kcal/mol for Lys-~Phe. The superposition of 

the lowest energy structures of the two dipeptides suggested that th ere was 

little difference in the backbone conformation and the ~Phe ring orientation 

between the two dipeptides. However, the position of the side chain with 

respected to the backbone varied greatly between the two dipeptides. No 

intra-molecular hydrogen bonds were observed. 
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The above experimental observations and simulation studies tend to suggest that the 

morphology of the assembled structure depended greatly on the overall molecular 

structure of the constituent monomer. However, the backbone conformation 

appeared not to vary greatly in the two amphiphilic dipeptides suggesting that the 

differences in the morphology of the assembly was probably driven by the altered 
' 

packing arrangement of the monomers, the side .. chain conformation and the charge 

distribution over the molecule. However, extensive structural characterization would 

be necessary to discern the molecular mechanism and pattern of assembly. 

3.3.5 Stability of nano-assemblies 

Surfactant molecules often show self-assembly at critical micellar concentration that 

is highly dependent on the solvent and temperature conditions. Among the various 

ways of determining self-aasembly, a change in the molar ellipticity of peptides has 

often been used as a signature of self-association. We also monitored the change in 

molar ellipticity of the peptide at 197nm and 217nm as a function of the peptide 

concentration. The molar ellipticity of the two peptides decreased with the increase 

in peptide concentration (Figure 3-6) indicative of a concentration dependent 

assembly. 

Resistance to proteolytic degradation is a desirable property in nanoparticles that 

could have potential biomedical applications. Of many strategies, the introduction of 

non protein amino acids in peptide sequences provides enhanced stability to 

proteolytic degradation [152
' 

157
' 

1591
• Therefore, the proteolytic stability of the 

nanovesicles formed by the peptide Glu-ilPhe and Lys-ilPhe was also investigated. 

Preformed vesicles were incubated with a highly non-specific proteolytic enzyme, 

Proteinase K, for 24 hrs at room temperature. The reaction mixtures were subjected 

to RP-HPLC. We observed that there were no changes in the peak position or the 

peak area of the peptides. As expected, the results clearly indicated the proteolytic 

stability of the ilPhe containing peptide nanovesicles. 
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Figure 3-6: The concentration dependent assembly behavior of the peptides, 

Glu-~Phe (right) and Lys-~Phe (left), probed by monitoring the decrease in 

molar ellipticity at 197nm(TI-TI* transition) and 217nm (n-TI* transition). 

The presence of monovalent and divalent ions hav~ often be shown to alter the self­

assembly behavior either by stabilizing or destabilizing the self-assembled form [61
' 

273
• 

2741
• The near-UV CD spectrum suggested that addition of physiologically relevant 

concentrations of monovalent (Na+) and divalent (Mg2+) to preformed vesicles did 

not result in any observable destabilization of the assembled structures. The results 

suggested that the small concentrations of ions were unable to affect the 

stabilization of the nanostructures resulting from the electrostatic interaction 

between the monomers. 

3.3.6 Encapsulation Studies: 

Biomolecule based nanostructures have been con.sidered as excellent carrier systems 

for delivery of various bioactive molecules into living systems due to their 

unmatched biocompatibility and their tailorability for targeted delivery !257
-
2661

• 

Several peptide based ~elf-assembled structures have been described but the ability 
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of small peptide based vesicles to encapsulate bioactive molecules has remained 

relatively unexplored. Centrifugation and subsequent quantification of the bioactive 

molecules spectrophotometrically or by activity assays are the commonly employed 

techniques to study drug encapsulation in liposomal systems [2601
• In order to 

investigate if the amphiphilic dipeptide based nanovesicles would entrap 

biomolecules of different sizes, the relevant bioactive molecules were mixed with 

pre-formed vesicles in an equal weight ratio and then ultra-centrifuged to separate 
I 

the entrapped molecules from. the free molecules. Concentrations of the free 

molecules were subsequently quantified in .. the supernatant by UV-Visible 

spectroscopy and the results were expressed as % encapsulation (Table 3-1). Small 

commercially available drug molecules were 'first tested for encapsulation. The 

results indicated that riboflavin (clogP = -1.9) was effectively encapsulated in both 

the vesicles (45% w/w in anionic and 40% w/w in cationic vesicles). On the other 

hand, Vitamin 812 (clogP = 5) was encapsulated preferentially in the anionic vesicles 

(28% w/w in anionic and 8% w/w in cationic vesicles). However, other drug 

molecules like amodiaquin (antimalarial) (clogP = 3.7), ampicillin (antibiotic) (clogP = 
0.4) and mitoxantron (anticancer) {clogP = -3.1) were not encapsulated in either of 

the vesicle. 

Many porphyrin molecules and their derivatives are being used as drugs of 

photodynamic therapy (PDT). Hemin {651 Da) (Fiuka) was used as a model compound 

for investigating the entrapment of porphyrin molecules within the self-assembled 

vesicles. Ultracentrifugation and electron micrographs (Figure 3-8) showed that 

hemin was entrapped almost equally in both the vesicles {56% w/w in cationic and 

60% w/w in anionic). However, from the limited examples no correlation could be 

established between the biophysical characters (viz: size, charge or hydrophobicity) 

of the biomolecules and their entrapment in the peptide vesicles. 
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Table 3-1: Percentage encapsulation of different proteins in the self­
assembled vesicles. 

encapsulatioo, encapsuiatil(}n, 
%(wlw) %(w/w) 

dmg Lys-APhe Glu-APhe drug Lys-~he Gtu-APhe 

vitamin Bn 8 28 FfMSP-3N 14 12 
hemin 56 60 FfHRP-ll 5 24 
insuliu '61 5 BSA 11 15 
synthetic 73 41 lysozyme 40 80 

antimicrobialt 
peptide 

riboflavin 40 45 anti-mouse 20 80 
IgG 

PfMSP-lr9 20 20 

79 

Development of bioactive peptides and proteins as potential drugs has met with 

limited success mainly due to their short in vivo half-life [275 and references therein]. 

Encapsulation of peptides in delivery vehicles is one way to overcome, atleast 

partially, this hurdle. We therefore investigated if bioactive peptide and proteins 

could be encapsulated in the self-assembled vesicles (Figure 3-8). The peptides and 
I 

proteins under investigation were tagged with FITC prior to mixing them with the 

preformed vesicles and ultracentrifugation. The degree of encapsulation was 

estimated by quantifying the concentration of the free molecules by measurement of 

fluorescence intensity. We found that insulin (S.8kDa) was preferentially entrapped 

in the cationic vesicles (Lys-~Phe; 61% w/w) but not in the anionic vesicles (Giu­

~Phe; 5% w/w). On the other hand, a synthetic decapeptide (l.SkDa) with strong 

anti-bacterial activity synthesized in' our laboratory was encapsulated appreciably in 

both vesicles (73% w/w and 41% w/w in cationic and anionic vesicles respectively). 
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Figure 3-7: The encapsulation of (a) Hemin in the self-assembled vesicles of 

(b) Glu-llPhe and (c) Lys-llPhe. Hemin was used as a model porphyrin 

molecule to test whether porphyrin derivative that are used for photodynamic 

therapy could be entrapped within the self-assembled vesicles. 
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Control PfMSP-1 PfHRP-11 

Figure 3-8: Figure showing the encapsulation of two P.falciparum proteins 

into self-assembled nanovesicles. The target proteins were conjugated to 

20nm gold particles, mixed with preformed vesicles and then spotted on a 

TEM grid, stained with uranyl acetate and imaged .The protein Pf HRP- II 

appeared to be encapsulated within both the vesicles, whereas Pf MSP-1 19 

appeared to localize preferentially on the surface of both the kinds of 

vesicles. As control, non-conjugated gold nano-particles showed no 

entrapment by the vesicles. 
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The ability of the vesicles to entrap proteins of various sizes was also investigated. To 

do this well characterized protein molecules of different sizes were used, including 

recombinant malaria vaccine candidates developed in our laboratory, namely 

merozoite surface protein-119 (Pf MSP-119, 11.2kDa)12761, merozoite surface protein-

3N (Pf MSP-3N, 2SkDa)[unpublished work] and P. falciparum histidine rich protein-2 

(Pf HRP-2, 32.9kDa) 12771, in addition to chicken egg lysozyme (16.2kDa), bovine serum 

albumin (BSA, 66.4kDa) and anti-mouse goat lgG ("'150kDa). Ultracentrifugation 

followed by quantification of proteins by fluorescence spectroscopy showed that all 

proteins interacted with the nanovesicles to varying degrees (Table 3-1). 

There were differences in the interactions of protein molecules with the two vesicles. 

For example, lysozyme and lgG both showed higher affinity for Glu-~Phe vesicles 

than Lys-~Phe vesicles. However, ultracentrifugation experiments were not crble to 

reveal whether the vesicle structures were stable upon interaction with the proteins. 

To investigate if the proteins were indeed encapsulated in the vesicles, the target 

proteins were conjugated to 20nm gold particles, mixed with preformed vesicles and 

then spotted on a TEM grid, stained with uranyl acetate and imaged. We first 

showed that non-conjugated gold nano-particles were not entrapped by the vesicles 

(Figure 3-9). The protein Pf HRP- II was encapsulated within both the vesicles (Figure 

3-9), whereas Pf MSP-119 appeared to localize preferentially on the surface of both 

the kinds of vesicles (Figure 3-9). However, TEM studies seemed to suggest that 

other proteins like BSA, lysozyme, Pf MSP-3N and lgG destabilized the structural 

integrity of the self-assembled nano-vesicles (Figure 3-10). Results of the above 

studies suggested that while protein molecules interacted with the peptide vesicles, 

in most cases the structural integrity of the vesicles was compromised. It also 

appeared that encapsulation of bioactive molecules in the peptide vesicles cannot be 

predicted and would need to be determined case by case. 
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Figure 3-9: Figure showing the encapsulation of few proteins that disrupt the 

vesicular architecture. 

3.3.9 Cellular uptake and cytotoxicity of nanovesicles: 

Cellular uptake of nanovesicles into cells has been of primary importance for their 

development as delivery vehicles. In order to investigate if nanovesicles could be 

taken up by metabolically active cells, Hela cells were incubated for 4-24 hrs with the 

nanovesicles loaded with the fluorescent dye PKH212781
• Fluorescence microscopy of 

the cells revealed that the nanovesicles could be internalized by the cells in culture 

(Figure 3-10). The control cells where an equal amount of dye was added directly to 

the growing culture did not show any fluorescence. Nanoparticles have often been 

associated with severe cytotoxic effect12791
• Vero cells were incubated with the 

peptide vesicles, followed by washing and staining with imido black dye. The relative 

concentration of the adherent cells was assayed spectrophotometrically. There was 
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no observable difference in morphology and count of the treated cells compared to 

cells in the control set (Figure 3-11). The results suggested that described peptide 

vesicles could have potential applications as delivery systems. 

PKH2Dye A 

I . Fluorophore I (Gree n ) 

Hydrophobic 
tail 

Nano,e~sido 

bi la't">r 
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H e l a cell s 
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SOO~g Lys-~he (PKH 2 ) 

Figure 3-10: Fluorescence and Optical images exhibiting the uptake of 

fluorescent probe labeled peptide vesicles into Hela cells after 6hrs. The 

circled areas show the heavy uptake of the fluorescently lab led nanoparticles 

by the metabolically active cells. 
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Figure 3-11: Optical micrographs of Vero cells (left) treated with Glu-~Phe 

(middle) and Lys-~Phe (right). The images suggested no apparent cytopathic 

effect of the vesicle forming peptides. The morphology as well as the number 

of cells in a field scan appeared to be comparable to the control. 

3.3.10 Ionization dependent shape change of the vesicles 

The effect of pH (and thus the role of ionizat ion of specific functional groups) on the 

morphology of the assembly of the two amphiphilic dipeptides was subsequently 

investigated. The calculated titration [280
-
2821 curve for the dipeptide Glu-~Phe 
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suggested deprotonation of (-terminus carboxyl group at pH=3.8, side-chain carboxyl 

group at pH=4.2 and N-terminus at pH=8.1. However, for the dipeptide Lys-~Phe, the 

deprotonation of C-terminus was expected to occur at pH=3.6, side-chain at pH=10.4 

and terminal amine group at pH=7.3. The assembly behavior of the anionic dipeptide 

Glu-~Phe was studied at pH=1, 4, 7 and 11 and at pH=1, 7, 9 and 11 for the cationic 

dipeptide, Lys-~Phe, to test if the self-assembled structures could have potential use 

in triggered drug release applications. The ionization dependent effects on self­

assembly was probed by CD, TEM and simulation studies (Figure 3-12, 3-13, 3-14). 

The near-UV CD spectrum of the assemblies formed by Glu-~Phe exhibited a positive 

band at 285nm at pH=1. The position and intensity of the peak decreased only 

slightly (15%) at pH=4 suggesting only minor changes in the packing of the aromatic 

moiety in the assembly. This feature was markedly different from the spectrum at 

pH=7 suggesting a major reorganization in the packing arrangement of the 

monomers in the assembly that would reflect on the morphology of the 

nanovesicles. Interestingly, the electron micrographs of the peptide at pH=1 showed 

clusters of small vesicular structures with a mean diameter of 20nm. The vesicles did 

not appear as discrete particles and exhibited a propensity to fuse with each other 

unlike the vesicles formed at neutral pH. At pH=4, the smaller vesicles appeared to 

fuse with each other resulting in highly pleomorphic larger structures with a size 

range of 50-100nm. However, at pH=11 the near-UV CD spectrum was characterized 

by a negative band at 275 nm with a decrease in intensity compared to the spectrum 

at pH=7. At alkaline pH, the peptide resulted in clusters of fibrillar assemblies of non­

homogenous diameter ranging between 10-30nm. The fibrils had length over 

microns and exhibit characteristic twisting, curving and branching. Thus, it appeared 

that the ionization status of the N-terminus amine group and the side-chain carboxyl 

group had a major influence on the assembly pattern of the anionic dipeptide. 

However, the ionization state of the C-terminal carboxyl group affected only the size 

of the assemblies. 
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Figure 3-12: Figure showing the morphology of the self-assembly and the 

backbone conformation landscape of Glu-~Phe. (a)( e) pH=1, (b)(f) pH=4, 

(c)(g) pH=7, (d)(h) pH=11. It was evident that there was no apparent change 

in the backbone conformation at different ionization states of the molecule. 

*The x-axis and y-axis of the conformational map represents Dihedral angle 1 

(degree) and Dihedral angle 2 (degree). The z-axis represents Potential 

energy (Kcallmol) 
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Figure 3-13: The morphology of the self-assembly and the backbone 

conformation landscape of lys-~Phe. (a)( e) pH=1, (b)(f) pH=7, (c)(g) pH=9, 

( d)(h) pH=11. It was evident that there was no apparent change in the 

backbone conformation at different ionization states of the molecule. 

*The x-axis and y-axis of the conformational map represents Dihedral angle 1 

(degree) and Dihedral angle 2 (degree). The z-axis represents Potential 

energy (Kcal/mol) 
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Figure 3-14: Absorption spectrum of the nano-assemblies of (a) Glu-~Phe and 

(c) Lys-~Phe; Near-UVCD spectrum of the nan-assemblies of (a) Glu-~Phe and 

(c) Lys-~Phe. The results were indicative of major reorganization of the 

stacking interactions under different ionizat ion states of the two amphiphilic 

dipeptides. 

(*The concentration of the peptide in each case is constant) 
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In a similar fashion, the assemblies formed by Lys-~Phe also exhibited changes in the 

near-UV CD spectrum at different pH (Figure 3-14) clearly suggesting that the 

ionization status of the molecule affects the nature of the assembly. At pH=l, the 

spectrum was characterized by a positive band at 280nm. At this pH, the electron 

micrographs suggested that the peptide assembled into vesicular structures with a 

size range of 50-300nm and an average diameter of 200nm. As described earlier, the 

peptide assembled as vesicles with a mean diameter of 400nm and exhibited a CD 

spectrum with peaks at 275nm and 310nm at neutral pH. At higher pH (=9} a very 

low intensity positive band with peak at 280nm was observed in the near-UV CD 

spectrum and electron micrographs showed star shaped fractaline assemblies 

associated with apparently amorphous structures suggesting the important 

involvement of the N-terminus in stabilizing the vesicular assemblies probably 

through intermolecular electrostatic interactions. Interestingly, at still higher pH 

(=11) where even the side-chain amine group was deprotonated, the CD spectrum 

showed a weak negative band at 270nm and clusters 'of 2-8nm sized assemblies. This 

suggested the crucial role of the ionization status of amine groups in dictating the 

transformation of the assembly from one form to another. As in the assemblies of 

Glu-~Phe, the ionization of the (-terminus of the dipeptide Lys-~Phe affected only 

the size of the vesicles. 

3.3.11 Simulation studies to probe the role of ionization status on molecular 

structure 

In order to understand the molecular basis of the observed pH dependent shape­

shifting in the dipeptide vesicles, we performed simulated the probable 

conformation of the peptides in water using semi-emperical quantum calculations 

(MOPAC} [271
'
272l. Interestingly, we observed that there were no significant variations 

in the potential energy surfaces of the peptides at the different ionization states (at 

different pH} (Figure 3-12, 3-13). Also, the superposition of the backbone atoms of 
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the simulated lowest energy structures of the dipeptides at the different ionization 

states showed insignificant differences between them (Figure 3-15, Table 3-2). 

a 

b 

H = 11 
c f 
pH= p::H:=7 

Figure 3-15: Figure showing the superimposition of the lowest energy 
structures of (a-c) Glu-~Phe, and (d-f) Lys-~Phe. {a,d) Superposition of all 
atoms (the surface of the ~Phe ringhas been colored); {b,e) Superposition of 
only backbone atoms; (c,f) superposition of only side chain atom. (* H-atoms 
have not been shown for clarity) 
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This suggested that the backbone conformation of the dipeptides was not affected 

by the ionization status of the molecule and hence had no important role in the pH 

mediated shape changes of the nanostructures. However, it was interesting to 

observe that the positions of the side-chain groups with respect to the backbone 

varied significantly (Figure 3-15) at different pH for both the dipeptides with 

relatively high RMSD values (Table 3-2). Such differences in the molecular structure 

would in the overall topology of the molecule. Thus, the differences in molecular 

topology coupled to the changes in the charge, based inter-molecular interactions 

appeared to be the guiding forces for the observed shape changes of the assemblies 

formed by the two dipeptides. 

The results were interesting from the molecular structure point of view. It has been 

widely believed that back-bone interactions dominate the structural preference in a 

sequence and side-chains orientations influence only local packing of the structure. 

However, studies suggested that in a peptide fragment derived from yeast Sup35 

protein, both back-bone and side-chain contributed to the enthalpic barrier 1283
• 

2841
• 

Though the back-bone hydrogen bonds favored an anti-parallel arrangement, the 

interactions between the side-chains favored a parallel aggregate by -6.5 kcal/mol. 

Other studies provide evidence for the influence of a small number of site-specific 

hydrophobic interactions (of the side-chains) on the packing of the peptide 

molecules in the assemblies 12851
• Interestingly, molecular studies on the dip~ptide 

i 

lie-lie demonstrated that the ionization status of the molecule influenced the 

hydrogen-bonding capabilities, conformational properties and molecular packing 

arrangement of the peptide in the 'crystal 11171
• However, the simulation studies on 

Glu-6Phe and Lys-6Phe pointed towards a relatively stable back-bone conformation 

in the different ionization states of the molecule. This could be attributed to the 

conformation restriction at the side-chain and the back-bone introduced by the (­

terminal 6Phe residue. This also suggested the crucial role of the side-chain 

interaction and thus, indirectly the important role of the ionization state of the 

molecule in dictating the structure of the assembly. 
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Table 3-2: Tabulated results of RMSD for the lowest energy structure of the 

peptide under different ionization states. 

a) Glu-~Phe 
Side-chain Atoms 

Side-chain Atoms 

3.3.12 Entrapment and pH mediated release of drugs from the nano-vesicles 

93 

Having established the crucial role of the ionization status of the molecule, at the 

different pH, on the nature of the self-assembly, the release of encapsulated drugs 

from the vesicles under pH trigger was investigated. For this the model anti-cancer 

compound doxorubicin was entrapped in the vesicles at neutral pH. The choice of 

doxorubicin was driven by the unique fluorescence shielding property of the 
' 

compound upon entrapment [2861
• The results indicated that doxorubicin was 

entrapped into nanostructures formed by the amphiphilic dipeptides maximally at 

pH=7 (Figure 3-16). However upon changing the pH, the drug was released from the 

vesicles to varying degrees (Figure 3-17). We made no systematic investigation to 
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probe the exact factors governing entrapment and release of the drug from the 

nanostructures. However, molecular interactions between the drug and the peptide 

molecules, as well as the size and shape of the nanostructures were expected to be 

the prevailing factors for the entrapment and release. Subsequent experiments are 

being conducted in the lab to discern the molecular basis of the phenomenon. 
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Figure 3-16: (a) and (b) Fluorescence spectrum of entrapped doxorubicin in 

the self-assemblies of Glu-~Phe and Lys-~Phe, respectively. (c) and (d) 

Percentage of doxorubicin entrapment calculated from fluorescence 

shielding in (a) and (b). Maximum entrapment of doxorubicin in the nano­

vesicles occured at pH=7. 
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Figure 3-17: Figure showing the percentage release of doxorubicin at 

different pH from nanovesicles of (a) Glu-~Phe and (b) Lys-~Phe. The results 

suggested that entrapped drugs could be released from the vesicles under 

pH stimulus. 

3.4 Conclusion 

The bottom-up approach to nano-fabrication of higher order structures is being 

widely acknowledged as a potent method for developing novel bio-inspired 

materials. Small peptides offer a myriad of potential applications to nanotechnology 

but their relative instability to proteolysis is a major concern in realizing their 

potential application in biomedical sciences. The main aim of the present work was 

to explore the possibility of using non-protein amino acids, capable of providing well-
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defined conformational characteristics and higher stability, particularly to enzymatic 

degradation, in design of supra-molecular assemblies. The studies showed the ability 

of very small amphiphilic peptides to spontaneously self-assemble into vesicular 

structures that are resistant to proteolytic degradation. In addition the peptide 

vesicles could entrap small drug molecules and a few polypeptides and release them 

under suitable pH stimulus. They were not toxic to cultured cells and were easily 

taken up by Hela cells. The designed peptides were small and simple examples of 

amphiphilic structures that can be good model systems for the basic understanding 
I 

of self-assembly. The described peptide structures were easy to synthesize, cost 

effective and offer novel scaffolds for future desig'n of nano-structures with potential 

application. 
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4.llntroduction 

Alzheimer disease is a progressive, neurodegenerative disorder characterized by 

amyloid deposition in senile plaques in the cerebral parenchyma and vasculature [286
• 

2871
• These plaques are composed primarily of fibers of the amyloid ~-protein 

fragment A~(1-40)or A~ (1-42). A~ is derived by proteolytic processing of the 110-to 

' 
130-kDa amyloid precursor protein (APP) within the acidic intracellular 

compartments such as the early endosomes or distal Golgi complex [288
• 

2891
• A~ is a 

normal constituent of human plasma and cerebrospinal fluid [290
' 

2911 and is secreted 

by a variety of cultured cells, including primary neuronal and non-neuronal cells [292
' 

2931
. In vivo, senile plaques containing dense cores of fibrillar A~ are intimately 

associated with areas of neuronal loss, dystrophic neurites, and gliosis [2861
• A number 

of studies have provided information on the structure of fibrils and on factors 

affecting fibril formation. Electron microscopy (EM) of amyloid plaques has revealed 

straight or slightly curved fibers 6-10nm in diameter and of indeterminate length [294
' 

2951
. X-ray diffraction studies have demonstrated that these fibers assembled in a 

cross ~-pleated sheet structure [296
' 

2971
• Circular dichroism (CD) and Fourier-transform 

IR spectroscopic analyses of these fibers have confirmed their ~-sheet secondary 

structures [298
-
3001

. Synthetic full length A~ peptides form fibers ultrastructurally 

indistinguishable from those isolated from the brain [296
' 

2971
• However, numerous 

studies have also demonstrated that short S-8 residue fragments of A~ could also 

assemble in vitro into fibers albeit the dimensions of those varied slightly from the 

natural occurring fibers. 

Biochemical and mutational studies on the central hepta-peptide region of A~ i.e. H­

KLVFFAE-OH (A~ 16_22 ) have indicated that this region was critical for fibrillization [320
' 

322
-
3321

. Moreover, theoretical studies on Ac-KLVFFAE-OH have simulated atomic level 

intercations involved in A~- dimer formation therby providing a detailed picture of 

forces that drive the interaction between the fragments [3321
. The studies suggested 

that at physiologically relevant temperature (310 K) an anti-parallel dimer was 
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favored. The backbone contact of the central region of the sequence i.e. Phe19-Phe20 

between two molecules of the peptide drove the dimer formation. The results were 

highly consistent with the proposition that the diphenylalanine motif formed the 

core region responsible for A~ fibrillization 1761
• Further, the residue level contact map 

for backbone-backbone and side chain- side chain interactions in the anti-parallel 

strand orientation revealed a strong hydrophobic interaction between the side-
I 

chains of Phe residues with the aromatic stacking interactions providing a favorable 

energetic contribution as well as directionality 175 and references therein). 

\ 

Similar to the predominant role of the aromatic ·interaction in the fibrillization of A~, 

studies also have brought out the crucial role of the aromatic phenylalanine residue 

in promoting fibrillization of the human islet amyloid polypeptide (hiAPP) 1309
• 

3211
. 

hiAPP (or amylin) is a 37-residue polypeptide hormone that is produced by 

pancreatic ~ cells and play a central role in glucose homeostatis. The peptide has 

been shown to form amyloid fibrils in vitro and to exert a cytotoxic effect to 

pancreatic~ cells in culture. A six residue peptide fragment of hiAPP i.e. NFGAIL, has 

been demonstrated to form amyloid fibrils that are similar to those formed by full 

length peptide 13091 thus qualifying the hexa-peptide fragment as the basic 

amyloidogenic unit. However, the penta peptide fragment FGAIL, also assembled 

into fibrils with morphology different from those formed by the full length peptide. 

Mutation studies with substitution of phenylalanine with other amino acids 

ameliorated fibril formation highlighting the crucial role of Phe in fibrillization of the 

peptide 13091
• 

The ability of synthetic peptides to form amyloid fibrils in vitro have been utilized to 

examine how a variety of parameters; · including temperature, pH, solvent 

composition, peptide concentration, and peptide sequence influence the final fibril 

state and also assay for inhibition potency of anti-fibrillization agents 1301
-
304

• 
312

• 
315

• 

3161
• However, the most limiting factor for search of anti-amyloid compounds has 

been the extremely difficult synthesis of model amyloid peptides and also the 
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exorbitant price of commercially available A~ peptide. Thus, small peptide based 

fibrillizing systems exhibiting essential properties of A~ could be very useful for 

development of cost-effective high throughput assays for discovering novel anti­

amyloids. 

In the present work, the self-assembly of the peptide H-Phe-ilPhe-OH (Phe-~Phe) 

into amyloid like fibrils has been probed. The peptide, Phe-~Phe, fibrillized at very 

low concentrations (""0.1mg/ml) into structure closely resembling native amyloid 

fibrils. Though, the CD and FTIR spectroscopy did not exhibit a ~-sheeted secondary 

structure, fibre-XRD and the dimensions of the fibrils resembled closely to that of 

amyloids. The dynamics and kinetics of fibril assembly was also very similar to the 

native A~ with the kinetics of fibril growth strongly dependent on peptide 

concentration. The rate of fibril growth was also highly stochastic. The fibrils 

exhibited congo-red binding with associated birefringes and also resulted in 

fluorescence enhancement of Thioflavin T. These features made the Phe-~Phe 

dipeptide fibres as potential mimic of model amyloids. 

4.2 Materials and methods 

4.2.1 Synthesis of dipeptides: The synthesis of the dipeptides were carried out as 

follows-

a) H-Phe-L\Phe-OH 

Boc-Phe-OH (Novabiochem) (1.52g, SmM) was dissolved in dry 

tetrahydrofuran (Sigma-Aldrich) and the resulting solution stirred in an ice-salt 

bath at -15°C. N-methyl morpholine (Sigma) (0.6Sml, SmM) was added to the 

solution followed by isobutyl chloro-formate (Sigma) (0.7ml, SmM). After 

10min, a pre-cooled aqueous solution of DL-threo-~-phenylserine (Sigma­

Aldrich) (1g, S.SmM) and sodium hydroxide (0.22g, S.SmM) was added and 

mixture stirred overnight at room temperature. The reaction mixture was 

concentrated in vacuo, acidified with citric acid to pH 3.0 and extracted with 
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ethyl acetate (Spectrochem) (3x20ml). The ethyl acetate layer was washed 

with water (2x15m1L with saturated sodium chloride (1x20m1L dried over 

anhydrous sodium sulfate and evaporated to yield Boc-Phe-OL-threo-~­

phenylserine as an oily compound (2.3g, "'100%). The compound, Boc-Phe-OL­

threo-~-phenylserine, was then mixed with anhydrous sodium acetate (0.53g, 

6.5mM) in freshly distilled acetic anhydride (50ml) and stirred for 36hrs at 

room temperature. The thick slurry obtained was poured over crushed ice and 

stirred till the oily suspension gave rise to a yellow colored solid. The 

precipitate was filtered, washed with 5% NaHC03, cold water and dried under 

vacuum. The resulting azalactone, Boc-Phe-.l\Phe-Azl, was dissolved in 

methanol, treated with 1.5 equivalents of 1N NaOH solution and stirred at 

room temperature for 3-4hrs. The mixture was then partially evaporated to 

remove methanol, acidified with citric acid to pH 3.0 and extracted with ethyl 

acetate (3x30m1L the combined ethyl acetate extract was washed with water 

(2x20m1L dried over anhydrous sodium sulphate and evaporated to yield Boc­

Phe-L:lPhe-OH as a white solid. Oeprotection at the a-amino group and side 

chain protection was achieved by treatment with 98% formic acid {30ml) for 

3hrs at room temperature. The reaction mixture was evaporated to dryness 

and the residue was precipitated with anhydrous diethyl ether. The resulting 

precipitate was filtered; washed several times with dry ether and 

subsequently lyophilized from 10% acetic acid-water {20ml) to yield the final 

compound H-Phe-L:lPhe-OH as white powder. Overall yield (0.6g, 48%); Rt = 

0.15 (CHCI3-MeOH, 9:1). 

The peptide was purified on a preparative reverse phase C18 column 

(Oeltapak, C18, l5Jl, 1.0. 300x19mm) using acetonitrile-water linear gradient 5-

45% acetonitrile {0.1%TFA)/water (0.1% TFA) at a flow rate of 4ml/min over 

25min. The purified peptide was reinjected into an analytical reverse phase 

C1s column (Phenomenex, C18, 5Jl, 1.0. 250x4.6mm) using a acetonitrile-water 
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linear gradient 5-45% acetonitrile (0.1%TFA)/water (0.1% TFA) at a flow rate 

of 1ml/min over 25min and was found to be 98% pure with retention time of 

1Smin. The purified peptide was analyzed by mass spectroscopy (Applied 

Biosystems QStar (Q-TOF)) Observed Mass- 310.8 Da, Expected Mass- 311 Da. 

b) NH2-Lys-~Phe-COOH 

The peptide was synthesized as described above starting with Boc-Lys (Boc)­

OH (SmM, 1.73g). Overall yield (0.57g, 39%); Rt = 0.1(CHCirMeOH, 9:1); The 

peptide was purified as described above and analyzed by mass spectroscopy. 

Retention Time- 13m in; Observed Mass- 292 Da, Expected Mass-291.38 Da. 

The peptide was synthesized as described above starting with Boc-Giu (Otbu)­

OH (SmM, 1.Sg). Overall yield (0.8g, 59%); Rt = 0.1(CHCirMeOH, 9:1); The 

peptide was purified as described above and analyzed by mass spectroscopy. 

Retention Time- 13m in; Observed Mass- 292.6 Da, Expected Mass-293 Da. 

d) NH2-Ser-LlPhe-COOH 

The peptide was synthesized as described above starting with Boc-Ser(tbu)­

OH (SmM, 1.3g). Overall yield (0.57g, 39%}; Rt = 0.1(CHCirMeOH, 9:1); The 

peptide was purified as described above and analyzed by mass spectroscopy. 

Retention Time- 9min; Observed Mass- 235.76 Da, Expected Mass-236 Da. 

b) NHrGiy-LlPhe-COOH 

The peptide was synthesized as described above starting with Boc-Giy­

OH(SmM, 0.8g). Overall yield (O.S7g, 39%); Rt = 0.1(CHCI3-MeOH, 9:1); The 

peptide was purified as described above and analyzed by mass spectroscopy. 

Retention Time- 9min; Observed Mass- 219.2 Da, Expected Mass-220 Da. 
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4.2.2 Assembly of fibrils: The fibrils were assembled in water at neutral pH by 

dissolving the Phe-LlPhe peptide powder in SO!J.l of acetic acid and subsequently 

diluting it in 2000 Ill of water to achieve the desired concentration. 

4.2.3 Electron Microscopy: For transmission electron microscopy (TEM), the peptide 

samples were prepared at a concentration of 1-10mg/ml in double distilled water 

and incubated for 24hrs to make sure that the process of assembly was complete. 

The sample was adsorbed on a 400 mesh copper grid with carbon coated formvar 

support and stained w,ith 1% uranyl acetate and viewed under a 120kV mode of a 

TEM (Tecnai 12 BioTWIN, FEI Netherlands). Photomicrographs were digitally 

recorded using a Megaview II (SIS, Germany) digital camera. Image analysis was 

carried using Analysis II (Megaview, SIS, Germany) and lmageJ 

(http://rsb.info.nih.gov/ij/) software packages. 

4.2.4 Congo red binding: 10ul of an aqueous solution of Congo red (6mg/ml) was 

added to the fibrils during the process of assembly of Phe-~Phe (1mg/ml) and 

incubated for 30 mins thereafter. A small quantity of the stained sample was spotted 

on a glass slide, dried to a relative h .. umidity of 99%, and imaged under a microscope 

under cross polarization mode. 

4.2.5 Thioflavin T binding: 10ul of an aqueous solution of thioflavin T (6mg/ml) was 

added to the fibrils during the process of assembly of Phe-~Phe (1mg/ml) and 

incubated for 30 mins thereafter. The excitation and the emission spectrum of the 

amyloid bound dye was characterized by a Perkin-Elmer LSSOB spectrofluorimeter. 

4.2.6 Fibre-XRD: Unoriented fibers of the Phe-~Phe dipeptide were collected iA a 0.1 

mm quartz capillary and diffracted on a Cu Ka rotating anode. The data was collected 

on a MAR-rese.arch image plate (MAR research, Hamburg,Germany) for a 20 min 

exposure. 

4.2.7 Dynamic light scattering: DLS Measurements were performed at 25°C with a 

288-channel Photocor-FC correlator and a JDS uniphase He-Ne laser (632 nm). The 
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scattering angle was 90°. The peptide was made to assemble and the intensity and 

the autocorrelation function of the scattered light were automatically measured for 

periods of 5-60 min. By 60 mins, fibril growth was typically finished. Some samples 

were kept at room temperature and reexamined periodically during the next few 

days. Experiments with soluble dipeptides (Giy-ilPhe, Ser-ilPhe, Lys-ilPhe and Glu­

ilPhe) were done in a similar fashion, except that Phe-ilPhe was dissolved in acetic 

acid already containing the appropriate concentration of the soluble peptide. The 

size distribution of fibrils in solution was determined by a discrete component 

analysis using regularization package Dynals. The observed distribution of diffusion 

coefficients was relatively narrow; therefore, the ~verage hydrodynamic radii (Rh) of 

the scattering particles are presented in the experiments. The following 

interpolation, appropriate for a cylinder of length Land diameter d (34), was used to 

relate the experimentally measured Rh values to the fibril length: 

L( /I+J}=7) Rh = 2 • ~J - r In ;t , 

d [ 0.37(L - d)] 
.r=rl+ L · 

4.3 Results and Discussion 

4.3.1 Structure of dipeptide fibrils: 

The Phe-Phe dipeptide motif of A~ has been shown· to self assemble into fibrilar 

structures at a peptide concentration of 2-Smg/ml in aqueous solution 176' 771 • The 

fibril of Phe-Phe dipeptide exhibited many properties of amyloid fibrils including 

congo red staining and thioflavin T binding. The fibrils had a diameter of 100-lSOnm 

and possessed length over microns 1761 . The fibrils exhibited a CD spectrum with a 

positive band at 197nm and 210nm (turn-like) and an FTIR peak at 1620cm·1 (~­

sheet) 1761
. However, values of dihedral angles obtained from crystal structure of the 
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peptide corresponded to the dihedral angles of the second and third residues in a 

typical type II ~-turn turn [1241
. 

The dipeptide Phe-b.Phe fibrillized in a highly reproducible manner even at very low 

concentrations ("'O.lmg/ml). Importantly, the morphology of the fibers produced 

under these conditions was highly' similar to that observed in Alzheimer plaque 

amyloid (Fig. 4-1). The fibers were of Phe-b.Phe dipeptide were unbranched, straight, 

or slightly curved and had a diameter of 15±2 nm with length over microns. Analysis 

of peptide secondary structure by CD (Chapter 2) showed that the dipeptide fibrils 

were not composed of ~-sheet unlike in typical amyloids. FTIR spectra also confirmed 

the absence of ~-sheeted structure (Chapter 2). The \jl, <p dihedral angles obtained 

from the crystal structures of the peptide Phe-b.Phe were 165°, 36° respectively. 

Similar values of the dihedral angles are adopted by the second and third residues in 

classical type 1 ~ turns, thus suggesting a turn like conformation [1241 for Phe-b.Phe 

peptide. But the essential feature of A~ amyloidosis, i.e. aromatic stacking mediated 

self-assembly was retained in the fibril assembly of Phe-b.Phe dipeptide. Moreover, 

introduction of~ turn favoring residue at position 22 of A~(1_42 l have been shown to 

promote greater aggregation and cytotoxicity [3421
• Simulation studies have also 

pointed towards the presence of turn and bend structures rather that helices or 

sheets in small fragments of A~ [343
' 

3331
• Also, it was not unusual for turn assuming 

dipeptide structures to cause fibril formation [881
• 

However, particularly interesting was the unoriented fiber diffraction spectrum 

(Figure 4-lc) with bands at 5.8A, 7.2A, 8.95A, 13.6 A and 20 A. The fiber diffraction 

patterns of many amyloids typically exhibit a meridional reflection at 4.75A 

corresponding to the backbone separation of main chains in a ~-pleated structure 

and lOA reflection corresponding to the spacing between the sheets making up the 

fiber. However, the positions of the diffraction bands seemed to vary in different 
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comparison with the crystal structure of Phe-6Phe crystallized in acetic-acid water 

solution, the 5.8 A band was attributed to the spacing between the backbone atoms 

and was somewhat larger than that typically found in amyloids. The larger distance 

might be a result of weakly held dipeptide molecules due to the absence of the 

stabilizing backbone H-bonds. The pair of reflections at 7.2A and 8.95A probably 

corresponded to the distance between the N-terminal Phe ring of one molecule and 

C-terminal 6Phe ring of another molecule in an edge-to-face stacking between the 

two layers of monomers in the tube. Diffraction bands in this region have been 

frequently observed in amyloid fibrils, but their exact origin is unknown 13361
• The 13.6 

A band correlated well with the distance between two 6Phe rings of the stacked 

molecules. The 20A band, however, could not be assigned. Moroever, the crystal 

structure of the peptide also showed the occurrence of channels along the crystal 

with a diameter of roughly 0.6nm (Chapter 3) which correlated well with the size of 

the channels occurring in amyloid fibrils 13361
• 

4.3.2 Congo red and Thioflavin T binding 

Amyloids were historically identified in plaques i.n neuronal sections by congo red 

staining. Congo red shows reasonably high degree of binding to amyloids 1337
-
3391

• The 

stained amyloid fibres appear red under normal unpolarized light. However, the high 

degree of anisotropy in the fibril architecture results in the appearance of strong 

green-gold birefringes under cross-polarized light. Interestingly, fibrils formed by 

Phe-6Phe stained with congo red and also exhibiteq birefringes under cross polarized 

light (Figure 4-2a). The absorbtion spectrum of congo red also exhibited a shoulder at 

540nm suggesting its binding to amyloid fibrils. 
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Figure 4-1 : Transmission electron micrographs of the fibrils of Phe-~Phe at 

(a) low and (b) high magnification. The fibers appear unbranched, straight, or 

slightly curved and had a diameter of 15±2 nm and length over microns. (c) 

unoriented fiber diffraction of the fibrils with bands at 5.8A, 7.2A, 8.95A, 13.6 

A and 20 A. (d) torsion angle of Phe-~Phe showing similarity with turn 

structures [1241
• 
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Enhancement of fluorescence emission of thioflavin T dye on binding to amyloids is 

another feature that has been frequently used to monitor properties of amyloid 

fibrils [339
-
3411

• Thioflavin Tis believed to intercalate between the parallel and/or anti­

parallel ~-sheets in a fibril that provide a non-polar environment and result in 

increased fluorescenc~. The fibrils formed by Phe-~Phe exhibited over 100 fold 

increase in fluor'escence of thioflavin T with an excitation and emission maximum at 

435nm and 470nm. This suggested its ability to ir;~tercalate between the aromatic 
. \,', 

rings that stabilize the fibrillar assembly (Figure 4-2b). These features suggested that 

the dipeptide fibrils shared similarity in essential structural architecture associated 

with typical amyloids. 

4.3.4 Kinetics of fibril growth 

To examine the concentration dependence of Phe-~Phe fibrillogenesis, 5 different 

initial peptide concentrations, C0, in the range of 0.125mM to 1.25mM were studied. 

In each case, fibril formation manifested itself as a temporal increase in observed 

hydrodynamic radius, Rh, and in the intensity of the scattered light, 15, and an initial 

nucleus size of roughly 45.8nm. The intensity grew proportionately with Rh, 

consistent with a fibrillar structure of the assembly [3141
. There was an increase in the 

observed hydrodynamic radius with time. The final asymptotic mean hydrodynamic 

radius (Rh) of 115±28nm occurred after lhr. Using the previously reported 

interpolation, appropriate for a cylinder of length L and diameter d, to relate the 

experimentally measured Rh value of fibril length, the final length of fibrils obtained 
! 

were approximately 1000±160nm (Figure 4-3). This value correlated well with fibril 

dimensions observed in the electron' micrographs. 
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Figure 4-2: (a) Bifrefringes observed in fibrils after Congo-red staining, a 

typical characteristic of amyloid fibrils . (b) Excitation and emmision spectrum 

of thioflavin T on binding to fibrils. The fibrils formed by Phe-~Phe exhibited 

over 1 00 fold increase in fluorescence of thioflavin T with an excitation and 

emission maximum at 435nm and 470nm. These features suggested that the 

dipeptide fibrils shared similarity in essential structural architecture 

associated with typical amyloids. 

As described earlier, a structure with an ensemble average Rh ::::<50 nm was observed 

immediately after initiation of fibrillogenesis in light scattering experiments 

suggesting the existence of a nucleated polymerization. Electron micrographs of the 

filtrate after the filtration of the matured fibrils through a 0.211 membrane, also, 

exhibited spherical assemblies with a size average of 40 ± 25nm. The dimensions 

obtained from the DLS experiments correlated well with the electron micrographs 

indicating that the observed spherical assemblies might represent the nucleus of the 

fibrils. It was further observed that addition of peptide stock solution to the filtered 

nucleus preparation resulted in fibril formation (Figure 4-4a). 
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Interestingly, a similar size of nucleus was obtained after boiling the fibrils at 100°C 

for 15mins and then allowing it to cool. At room temperature, the spherical nucleus 

was observed to transform into mature fibrils with time (Figure 4-4b). These 

observations clearly suggested the existence of a nucleus in the dynamic pathway in 

the formation of fibrils. Albeit, the size of the nucleus was not very well defined and 

thus would have greater probability to promote heterogenous nucleation events 

during fibril formation. 
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Figure 4-3 : Plot of observed hydrodynamic radius (Rh) versus calculated fibril 

length using rigid cylinder approximation appropriate for a cylinder of length 

Land diameter d (=13nm), was used to relate the experimentally measured Rh 

values to the fibril length. 
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Figure 4-4: Electron micrographs of the spherical nucleus in the dynamic 

pathway of fibrillogenesis in (a) filtrate after the filtration of the matured fibrils 

through a 0.21J membrane and exhibiting spherical assemblies with a size 

average of 40 ± 25nm and (b) after heating and cooling the spherical nucleus 

was observed to transform into mature fibrils with time 
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Figure 4-5: Figure shows the dependence of (a) rate of fibril growth and (b) 

final hydrodynamic radius with initial peptide concentration indicating a 

heterogenous nucleation pathway mediated fibrillogenesis. The average 

initial rate of fibril growth rate was 3.3±0.8 nm/min over the entire range of 

concentration tested. The initial rate of fibril growth (Ke) increased linearly 

with the initial concentration of the peptide (C0). The final fibril length (lt) 

exhibited an exponential dependence on C0 , however, the average final fibril 

length (lt) stood at 1 000±160nm under the condition for fibrillization. 
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The initial rate of fibril growth (Ke) increased linearly with the initial concentration of 

the peptide (C0) (Figure 4-Sa) with ~n average of3.3±0.8 nm/min. It was also seen 

that the initial concentration (C0) had no correlation with the time (T) required to 

achieve the final fibril length. The final fibril length (Lt) exhibited an exponential 

dependence on C0, however, the average final fibril length (Lt) stood at 1000±160nm 

under the condition used for fibrillization of the dipeptides. 

Typically for amyloid fibrillogenesis, in the concentration domain C0>c*(where c* is 

the cmc of the peptide under the solvent conditions usedL a defined nucleus is 

formed and thus there exists a nucleus-monomer equilibrium. This would maintain 

an almost constant monomer concentration in the solution that is available for fibril 

growth. The initial rate of growth is thus constant and independent of the initial 

concentration with a value approximately equal to Kec*(where Ke is the fibril 

elongation rate). However at time (TL the pool of nucleus is depleted resulting in an 

exponential decrease of the free monomer concentration (C) and thus the fibril 

elongation rate. Interestingly, T and also the final fibril length (Lt) are independent of 

the initial concentration (C0) in the described model. However, in the concentration 

domain C0<c*, the initial concentration of the monomer is essentially equal to the 

concentration of the dissolved peptide. Thus, the number of growing fibers (Nt) are 

equal the number of heterogenous nuclei present in the sample. Due to the binding 

of monomers to the growing fibril, C decreases exponentially with a rate KeNt 

resulting in a gradual decrease in fibril growth. Direct quantitation of Nt in a sample 

has not been experimentally feasible, however relative quantitation of fibril 

elongation rates under similar experimental conditions would be possible. 

The kinetic behaviour of fibril growth exhibited by the dipeptide Phe-LlPhe suggested 

that fibril growth occurred primarily via heterogenous nucleation pathway. The 

fibrillization appeared to be governed primarily by the heterogenous size and the 

number of the nucleus (also observed under TEM) formed by the same peptide. 
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It was also interesting to observe that there was a high degree of intra-sample 

variation resulting in a high standard deviation in the values obtained. It was not 

surprising as previous work [3171 has suggested that the nucleation was under 

influence of a stochastic factor that could manifest itself in profound macroscopic 

differences in the aggregation kinetics of otherwise indistinguishable amyloid 
I 

samples. Intra-sample variation in initial growth rate (KeNt) and final fibril length (Lt) 

was higher at lower C0 probably due to greater predominance of heterogenous 

nucleations at lower peptide concentrations as wen as influence of other factors. 

4.3.5 Effect of temperature on fibrillization 

We also investigated the effect of temperature in the range of 20 to 37°C on the 

kinetics of fibrillization of Phe-L\Phe. Interestingly, the initial rate of fibril growth 

(KeNt) did not show any variation with temperature and exhibited an average value of 

growth rate at 4nm/min with estimated activation energy (EA) roughly equal to zero 

(Figure 4-6a) [3141
. This was in marked contrast to the fibril growth kinetics of 

amyloids wherein the fibril growth rate decreases dramatically with decrease in 

temperature with an associated activation energy (z22.8±1.1Kcal/mol for A~ 1-40 in 

O.lN HCI) [3141
• The observation clearly suggested that unlike in A~ and other related 

amyloids, no discernable activation event (structural transition) occurred in the 

dipeptide during fibril growth. This was not surprising given the small and rigid 

molecular conformation of the dipeptide unlike larger peptides (like A~) that are 

believed to undergo structural transition preceeding fibrillization. Moreover, it has 

been demonstrated that the primary forces that stabilize the assembly were pi-
! 

stacking and h-bonding interactions. It also appeared that the final fibril length had 

no correlation with temperature (Figure 4-6b} further suggesting that there was 

probably no thermodynamic contribution to fibrillization of Phe-L\Phe. Dynamic light 

scattering experiments also suggested that the ensemble average size of the nucleus 

was smaller (z46.8nm) at 37°C and larger (z73.6nm) at 20°C. The observations 

suggested that temperature probably affected only the size and not the number (Nt) 
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of the nucleus, and thus the fibril elongation rate (KeNt) remained constant. As 

expected, the number distribution analysis also suggested that the number of nuclei 

(Nt) were nearly equal in both the cases [3141
• 
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Figure 4-6: Figure shows the dependence of (a) rate of fibril growth and (b) 

final hydrodynamic radius with temperature. The initial peptide concentration 

is 0.125mM. The initial rate of fibril growth (KeNt) did not show any variation 

with temperature and exhibited an average value of growth rate at 4nm/min 

with estimated activation energy (EA) roughly equal to zero. The final 

hydrodynamic radius (the final fibril length decreased at higher 

temperatures. 

From the above results it was evident that the dipeptide Phe-~Phe exhibited many 

properties of amyloids including congo-red and thioflavin T binding, hollow tubular 

morphology stabilized by ring stacking and hydrogen bonding interactions, and 

exhibited fibril formation by heterogenous nucleation pathway. Moreover, there was 

no observable thermodymanic contribution to the kinetics of the assembly within 
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physiologically relevant temperature range. Also, the kinetics of the assembly could 

be quantified in terms of fibril elongation rates, final fibril length and relative amount 

of fibrils. These features help make use of this peptide as a mimick of amyloids. 

4.3.6 Effect of non-assembling dipeptides on the fibrillization of Phe-~Phe 

The ultra-structure studies of the amyloid fibrils have suggested that the amyloid 

fibers are stabilized by numerous hydrogen bonding interactions occurring between 

the ~-sheets in t,he cross ~-pleated sheet structure. Most small molecule and 

synthetic peptide based amyloid inhibitors are specifically designed to disrupt A~ 

fibrils by disruption of native hydrogen bonding. This strategy has been commonly 

referred to as "~-breaker strategy" and relied on the ability of synthetic peptides that 

share sequence similarity with the native amyloid fragment yet do not adopt a ~­

sheeted structure. Such inhibitors interacted with the native fragment and prevented 

it from adopting the necessary ~-sheet secondary structure causing disruption of 

amyloids [305
-
3081

• The other effective strategy has been the disruption of the nucleus 

by use of amphiphilic/detergent molecules and hence results in inhibition of 

fibrillization [312
' 

3141
. However, such molecules exhibited poor biocompatibility and 

hence could not be used as drugs. As pointed out earlier, the stacking of the 

diphenylalanine moiety in the amyloid ~-protein fragment A~(l-40) or A~ (1-42) 

fragment has been implicated to be the major driving factor for amyloidogenesis [22
' 

75
' 

76
' 

78
' 

3091
. Therefore, inhibitors that could target the disruption of the aromatic 

interaction face, and thus affect the nucleation and fibril growth, could prove to be 

efficient anti-amyloids. lnfact, many low molecular weight polyphenols have been 

shown to disrupt amyloids by the aforesaid mechanism [310
• 

311
• 

312
1. 

In the previous chapters it has been demonstrated that the peptides H-Giy-L.\Phe-OH 

(Giy-L.\Phe), H-Gin-L.\Phe-OH (Gin-L.\PheL and H-Ser-L.\Phe-OH (Ser-L.\Phe) did not 

assemble in aqueous medium even at high concentrations (Chapter 2). Also, the 

ampiphillic dipeptides H-Lys-L.\Phe-OH (Lys-L.\PheL H-Giu-L.\Phe-OH (Giu-L.\Phe) do not 

assemble at low peptide concentrations (Chapter 3). The dipeptides were 
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characterized by a free N- and C-terminus, a rigid and planar aromatic ring of LlPhe 

and the side-chain of the N-terminal residue being either charged (anionic as in Glu-

8Phe; cationic as in Lys-6Phe} or neutral (hydroxyl as in Ser-6Phe; carbonyl as in Gln­

LlPhe) functional groups thus, sharing structural similarility with amphiphilic 

molecules. Therefore, the effect of these peptides on the fibrillization of amyloid 

mimic, Phe-6Phe, was investigated in terms of fibdllength, rate of fibrillization (KeNt) 

and relative degree of fibrillization (Is). 

The dipeptides were used at a concentration at which they did not assemble to 

ensure that the change in fibril elongation rate (KeNt) was solely due to the available 

free monomers in the solution. Interestingly, it was observed that the dipeptide Glu-

8Phe, Gln-LlPhe and the control dipeptide (Giy-6Phe} did not exhibit any substantial 

change in KeNt of the fibrils (Figure 4-7}. The final fibril lengths were comparable to 

that achieved by the Phe-6Phe dipeptide alone. However, there was a decrease in 

the mean scattering intensity (Is) in the treated samples suggesting that the inhibitors 

could probably disrupt only a few growing fibrils resulting in only a minor overall 

decrease of fibrillization. The cationic dipeptide, however, enhanced the process of 

fibrillogenesis by increasing the rate of fibril elongation by a factor of 2 and also 

resulted in the longer fibril lengths (Figure 4-7}. Previous reports have also suggested 

that a lysines containing amyloid inhibitor peptide resulted in enhancement of 

amyloid fibrillogenesis by enhanced protofibril association 1318
' 

3191
. Interestingly, the 

uncharged polar dipeptide, Ser-LlPhe, exhibited profound reduction in fibrillogenesis 

even at equimolar concentration. The fibril elongation rate decreased by an almost 

17% of the untreated sample. The final fibril length achieved was about llOOnm 

(Rh=126nm) compared to 1800nm (Rh=186nm) for untreated fibrils implying an 

almost 40% reduction in the length of fibrils. The mean scattering intensity 

decreased by a factor of 5 (Figure 4-7). The above observations clearly suggested that 

Ser-LlPhe resulted in substantial inhibition of Phe-6Phe fibrillogenesis. 
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Figure 4-7: Figure showing the effect of dipeptides on the (a) rate of fibril 

. I 

growth, (b) final hydrodynamic radius and (c) mean scattering intensity on the 

fibrillization of Phe-ilPhe. 
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4.3.7 Inhibition of model amyloids by Ser-~Phe 

Prompted by the inhibitory activity of Ser-8Phe on Phe-8Phe fibrillization, other 

model amyloidogenic fragments of A~ and hiAPP were challenged with the dipeptide 

in order to investigate its potential anti-amyloid activity on fibrillizing system 

primarily driven by aromatic interactions. 

To begin with a fragment of A~(16_20l defined by· the sequence H-KLVFF-OH was used 
' 

as a model fibrillizing system [3231
. Similar to the 'studies on a related sequence Ac-

KLVFFAE-OH, the chosen peptide could self-assemble to form amyloid like fibrils. The 

inhibition was investigated in terms of reduction of fibril elongation rates, average 

hydrodynamic radius after a definite time period and well as reduction in mean 

scattering intensity. The results suggested that Ser-8Phe inhibited the fibril formation 

of KLVFF in a dose dependent manner. A saturation of inhibitory activity was reached 

at 1:1 molar ratio between the fibrillizing peptide and Ser-8Phe (Figure 4-8). There 

was reduction in the fibril elongation rate by a factor of 10 in comparison to the 

native fibrils of KLVFF (Table. 4-1). The final hydrodynamic radius of the final fibrils 

was also very low (Av. = 139 nm) compared with the native fibrils having an average 

value of 539 nm suggesting a 4-fold reduction in fibril length. The mean scattering 

intensity also decreased by a factor of 2 (SO% inhibition of fibrillization). Interestingly, 

at equimolar concentrations, the inhibitor dipeptides Gly-~Phe, Glu-~Phe and Gln­

~Phe resulted in only 8%, 17% and 12% inhibition respectively. The dipeptide Lys­

~Phe promoted fibrillization of KLVFF. 
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Figure 4-8: The kinetic curves for the temporal increase of hydrodynamic 

radius during fibrillization of KLVFF. The native represents the fibrillization 

kinetics of only KLVFF peptide in the absence of the inhibitor molecule. The 

inhibitor Ser-~Phe was mixed with the peptide KLVFF in the molar ratio of 
' 

0.5:1, 1:1, 2:1 and 3:1 (Ser-~Phe:KLVFF) before initiating the process of 

fibrillization. 

Table 4-1: The inhibition of the rate of fibrillization (slope) upon addition of 

the inhibitor Ser-~Phe. 

Rate offibril 252:0± ... • ··•· go.9o{ · .:;: Wi4s± 
growth (Slope) 66.97 : 1B30 , ·· · · 3.640 

;, - ·::. >. '. ':··. 

I 
. 38.67± 22.90± 18.29± 

Nuc eus stze 
86

.
46 34.24 11.02 

. .. ·~· 2&22±~: - 21.~47± . 
.. · ~:.P~.~l·\: ,, · ~.116 · ; '· 

13.82± 
9.226 

12.10± 
6.406 

1/slope 0.003968 0.011 0.03643 0.04946 0.04658 
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This clearly suggested that results obtained for the fibrillization inhibition of Phe­

.1Phe also applied to larger peptide models. However, more studies need to be done 

to firmly establish the reliability of the described assay system. Further, the potential 

anti-amyloid activity of Ser-.1Phe needs to be tested against other domains of A~ 

polypeptide as well as full length A~!l-391, A~(l-40l, a'nd A~(l-42)· 

The anti-amyloid activity of Ser-.1Phe was also tested on the fibrillizing peptides H­

Aia-Gin-Phe-Leu-Vai-OH (ANFLVL H-Aia-Gin-Phe-Leu-Vai-His-Ser-Ser-OH (ANFLVHSSL 

H-Ser-Gin-Gin-Phe-Giy-Aia-lle-Leu-OH (SNNFGAIL) and H-Gin-Phe-Giy-Aia-lle-Leu-OH 

(NFGAIL) derived from the two domains of humain islet amyloid precursor protein 

(hiAPP). Interestingly, we observed that the dipeptide resulted in decrease in the 

mean scattering intensity (1 5) of the different domains of hiAPP by 30% or more with 

respect to the untreated samples (Figure 4-9). The full length hiAPP,1_371 peptide was 

challenged with equimolar concentration of. Ser-LlPhe and inhibition of fibril 

formation of the native peptide was observed. Light .scattering studies indicated that 

the fibrillization of the full length native peptide decreased by 60% (st.dev. 7.2%) 

when treated with equimolar concentration of the inhibitor dipeptide Ser-LlPhe. The 

above results demonstrated the potential anti-amyloid activity of the dipeptide Ser­

LlPhe against two different fibrillizing systems. However, the exact mechanism of 

action has not been probed at the molecular levels. 
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Figure 4-9: Figure showing the effect of dipeptide Ser-~Phe on fibrillization of 
l, ' 

model peptides derived from A~<140> and hiAPP. The fibrillization of model 

amyloid systems tested were inhibite~ by Ser-~Phe at equimolar 

concentration. 

(*Percentage inhibition calculated from decrease in mean scattering intensity 

(1 5 ) when fibrillization was initiated in presence of equimolar concentration of 

Ser-~Phe) 

A survey of known polyphenolic amyloid inhibitors indicated that the dipeptide Ser-

8Phe shared a few basic structural features of many polyphenols. A polyphenol, 

apomorphine, has been shown to inhibit a-synuclein and A~(l-40) in vitro. Screening 

of several apomorphine derivatives has suggested two important structural features 

necessary for anti-amyloid activity. Firstly, it was required to have two hydroxyl 

groups on the D-aromatic ring for its inhibitory effectiveness. Secondly, an additional 

ring structure that made it more hydrophobic caused increase in its affinity for 

binding to A~ [3331
• Water soluble tannic acid has also been shown to be an effective 

fibrillization inhibitor of PrPsc and A~. Tanni~ acid is composed of phenol-carboxylic 
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and gallic acid groups [3341
• Curcumin and rosmarinic acids have also shown effective 

amyloid inhibition in vitro. It has been proposed that their compact and symmetric 

structure might bind to free monomers and inhibit the polymerization of fibrils. 

Curcumin has been shown to inhibit the formation of A~ oligomers and fibrils, bound 

plaques, and reduced amyloid in vivo. In this study, the structural similarity of 

curcumin to Congo red was suggested as a possible factor for its inhibition 

characteristics [3351
. Furthermore, the structural similarity of curcumin and 

chrysamine G, a brain permeable compound, was considered as a possible factor for 

blood-brain barrier permeability. It was also shown that curcumin had structural 

similarity to a ~-sheet breaker, N,N'- bis(3-hydroxyphenyl)pyridazine-3,6-diamine 

(named RS-0406). Enzyme-linked immunosorbent assay (ELISA) and TEM studies 

showed that curcumin effectively blocked the formation of soluble ~-amyloid 

oligomers [3351
• Other polyphenols like myricetin, marin, quercetin, gossypetin, 

exifone, pentahydroxy benzophenone, baicalein, catechin, hypericin and epicatechin 

gallate have also been demonstrated to have potent anti-amyloid activity [3111
• All the 

above mentioned molecules shared similarity in structure in having one or multiple 

hydroxyl groups over aromatic rings (Table- 4-2 and Table 4-3). However, Ser-6Phe 

possessed the hydroxyl group over 'a non-aromatic carbon i.e. CaH 3 group. Thus, it 

appeared that an amphiphilic dipeptide Ser-6Phe having uncharged polar group 

could exhibit effective anti-amyloid activity. A few variants of the molecule are being 

presently synthesized in the laboratory to investigate the structural basis of the anti­

fibrillizing activity. 

4.4 Conclusion 

Thus, we observed that the fibrillogenesis of the dipeptide Phe-LlPhe followed similar 
' 

profiles of in-vitro amyloid assembly. Moreover, Phe-LlPhe fibrillogenesis 

represented the class of fibril formation based on heterogenous nucleation events 

that represented near in-vivo conditions considering the interaction of A~ peptide 

with numerous proteins in the cellular mileu. This is unlike most of the larger peptide 
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models used for investigation of amyloidogenesis. Added to them are the low cost of 

synthesis, the stability of the peptide and its amenability to crystallization. Moroever, 

the fibrillogenesis of Phe-ilPhe can be effectively used to screen for potential low 

molecular weight inhibitors for amyloids that could translate into effective anti­

fibrillization agents for larger amyloid systems. Based on the experiments, Ser-8Phe 

qualified as an effective anti-fibrillizing compound in vitro. The results did suggest 

that Ser-8Phe could act as a minimal fragmert exerting an effective anti-amyloid 

activity even at low molar ratio of the inhibitor. More potent inhibitors could be 

rationally designed based on this design scaffold. Moroever, the low molecular 

weight, ease of synthesis and purification, proteolytic stability and its cross reactivity 

with other fibrillizing systems makes the dipeptide inhibitor useful for development 

of peptide based anti-amyloid agents. 
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·Table 4-2: List of reported polyphenol based amyloid inhibitors. 

NOGA. 

Cureumin 

ReSll'eratrol 
Oobu~amme 
Myricetin 

Morin 

Ouermtin 

Kaempfeml 

Gossypetin 

8aj:alein 
·Catechn 

Pherr)lsulfonphlhalsine 

Hypericin 

lanoic add 

P..Amyloid,.~ 
P.Amyloi:th~ 
P·Am'flctid,--41 
/J..Amylold,-'2 
fl-Amyloid 1..t.a 

p.Amyloid,--tl;i1 
P.Amyla·id~"l!i.~-'CJ.1-C2 
a:~ynucleirt 

P·Amylaid,-ctl 
P·Amyloid,..a 
p.Amybid 1-c~ 
P.Amyloidi-c;ll 
P.Amyloid1-«~ 
P.Amyoid,...g 
P.Amyloid 1 -tt~ 
Ta:ulftz 
(l:-Am'{ll:lid,-ca 
P·Amylttid1-E 

P-Amyloid 1-4rll 

Ta:o.ctt 
JJ-Amylaiih-c~ 
Tat1«12 
fl-Amyloid,...Qll 
Ta:u~12 
P.Amylbiid,-cO 
Tau"~:z 
a;.;Synuele ih 
fl-Amybid,...t£1 
{J-Amybld1-4il 

P.Amyla:i'd,-ca 
fi-Amyl0id1-a 
Tau~12 
lAW 
lnsu6n 
p.Amy1bid 1-41 

p.Amylald,-41 
Tau~,, 
P.Amybidt-«J 
l:rt$UII1l 
Cal:itooin 
PrinnPtF 
P.Amylbid J-cQ 

Ta.u~,!2 
Prion Prr 
1}-.Amylbid,-ca 
{J-Amyltrid,-Q 

I~ in vitm, 14M 

0.14 ,Gc16 
0.86 . 0.74 
0.61 
0.63 
G.29 

1.1 
rut in vitro 
rHl. in rtirtc 

13;29 0.9 02 
0.4() ll.:W 
ll24 
0.67 
Oc24 
0.72 

0•.7 
3.3 
1.7 
3.2 
2.8 
2.4 
1.3 
2.0 
0•,5 
5.6 
3.1 

12.2 
4.0 
2.9 
5.3 
2.8 
5.6 

>200 
1.0 
1.5 
17 

3.0 
1.8 

tl18 
17.0 
4.9 
rut in vitt'o 
0.9 

al.B 
0.1 

0\012 
0r.Q22 

(*Excerpted from Chern Bioi Drug Des 2006; 67: 27-37) 
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Table 4-3: The chemical structure of the reported polyphenol based amyloid 

inhibitors listed in table 4-2. 

P·oJyphenoE ()ref) 2D~·eture 

NDGA3 (50, 51} --~ff·l _.,....., cn,...,.,.·-o•-o~z~:;t 
- """-Dl'.lt C~l -· ..,, 

Curcumin8 (51:, 52) 0 0 

j·~----r---...___.ll._~(~ 
..... y 0111 ...... "'""' 

Oobutamineb (44) c ., .. 
·::o~---~-~~------ :::r """" .... I 

Rosmarinic acfld~ (51) <101 

0 ,.,., ... 6·"''" "' , ·I . 0 . .--..;;;_Jl.(ll . .l.~-

----1 .... 
Cong.o r-eda (1·9, 20, 32) 

f;Q-rOt 
,! ~ iNJI. 
l • 

RS-0406b ~3-':-bis{3-
hyd roxyphenyB)pyridazine-3,&- 1-Q,.-li 
dfarnine (53)> ....-Q ().--~ 

ResveratroJa (39. 46. 47, 68, 73, 74) 
~0.1 

-~c:; 
..,. 

Myr;icetiin8 {50, 54) 

ao~~ y ·, ' 
,OH o om. ·.u 

Morin8 (50) 
~em .... ' 

I .... <0 

' 
Quercetfna (50) 

011 ~ ..& . 
~· 011 
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~ 
Gossypetinb (54-) ... 

-' 
4111 C) ~ 

'"~ 
Kaernpfemte (SO} 

~ l . I · l .~ ~ ' . ]" .. .,.. 
010 

Apomorphine& •(45) mo& ••o.~~~-. ,., 
l_p~ ' ... ... ~ .... 

E.xifoneb (56} 

:::x?-r-,yc 
'"'' ... 

2,2·'- I D"hydroxybenzophenonb (54) 

lC:L~'-:0 --r .., I_.; 
011 lfJilJ' 

-
2,3 •. 4,.2'.4" ....JPentahydroxyben- my_a:JC?-~ ., I zophenoneb (54) 

. ~ ·Ciii Dtl ~ .... 
-

Baica:leina (57) 

=~ OH <> 

-Apigeninb (54) 

~ .... ~~ 
on ta 

Catect:Jrinb (50. 54. 71) ·-u:;:o:.O::: 
I(Qt 

-Epicattechiflill (50, 64 .• 71 } 

·~~:?--
,., 
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Phenolsulplhlonphthal1eilflB (56) 

Epicatechin gallateb (49. 
Levi, M. et aiL, unpubffshed data) 

EpigaJ!Jiocateclhriin gal'liateb (49:. EH , 
62, 64, 65) 

Hyper'icins (54) 

Tannic acidb {48, 49) 
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(*Excerpted from Chern Bioi Drug Des 2006; 67: 27-37) 
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Molecular self-assembly as a phenomenon has been observed ubiquitously in 

chemistry, materials science, and biology as well. In recent years, self-assembly has 

emerged as a discrete field of study and as a synthetic strategy. The formation of 

molecular crystals, colloids, lipid bilayers, phase-separated polymers, and self­

assembled monolayers are all considered to be examples of molecular self-assembly, 

as are the folding of polypeptide chains into proteins and the folding of nucleic acids 

into their functional forms. Even the association of a ligand with a receptor is also 

termed as self-assembly; the semantic boundaries between self-assembly, molecular 

recognition, complexation, and other processes that form more ordered from less 

ordered assemblies of molecules expand or contract at the whim of those using 

them. Interest in self-assembly as a route to aggregation of components larger than 

molecules has grown because new types of aggregates can be generated with 

potential for application in microelectronics, photonics, near-field optics, and the 

emerging field of nanoscience that have become increasingly important . 
technologically. There are many opportunities for fabrication of useful structures of 

nano- and macroscale components using self-assembly of molecular components. 

The focus on self-assembly of biomolecular components into distinct geometrical 

shapes has grown recently due to the simple reason that such structures could have 

interesting in-vivo applicatio~. Of special interest have been peptide based nano-

. structures due to the relative ease of design, synthesis and bio-compatibility. 

However, the costs of synthesis and immune reactions to large peptides have limited 

their potential application. The results in the thesis bring out the potential use of 

dipeptides containing conformation constraining residues in design of stable 

nanostructures. 

In summary, 

Dipeptides can self-assemble into nano-structures in aqueous medium and the 

nature of the constituent amino-acids dictates the morphology and properties of the 

assembly. Also, conformation constraining residues can be effectively used to 
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generate stable self-assembled nano-structures that may have potential bio-medical 

applications as drug encapsulation and delivery agents. 

Fibrillizing dipeptides can be develbped as a mimick of amyloid with quantifiable 

properties of fibrillogenesis. Also, soluble dipeptides with N-terminal hydroxyl group 

side-chain containing amino acids and C-terminal ilPhe could show inhibition of 

fibrillization in model amyloids. 

Future Directions 

Insights into the self-assembly behavior of dipeptides, gained from the work in the 

thesis, can be successfully extended to the design of new generation stimuli 

responsive biocompatible nanoparticles for drug delivery and triggered release 

applications. 
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