De-novo design and characterization of peptides containing

conformationally constrained o,-dehydrophenylalanine residue

Thesis Submitted for the Award of the Degree of
Doctor of Philosophy
to
Jawaharlal Nehru University
New Delhi, India.

By

Aseem Mishra

Malaria Research Group
International Centre for Genetic Engineering and Biotechnology
New Delhi, India
2008



INTERNATIONAL CENTRE FOR GENETIC ENGINEERING AND BIOTECHNOLOGY

ICGEB Campus, P.O. Box : 10504, Aruna Asaf Ali Marg, Tel : 91-11-26742317
New Delhi - 110 067, India Fax:91-11-26742316
http.//www.icgeb.org E-mail : virander@icgeb.res.in

*Prof. Virander S. Chauhan
Director

Certificate

This is to certify that the research work described in this thesis entitled "De-novo design and
characterization of peptides containing conformationally constrained o.,3- dehydrophenylalanine
residue" has been carried out in the Malaria Research Group, International Centre for Genetic
Engineering and Biotechnology, New Delhi, India. This work is original and no part has been

submitted for the award of any other degree or diploma to any other university.

U D R

Prof. V. S. Chauhan Prof. V. S. Chauha
Guide and Head, Director,

Malaria Research Group, 1.C.G.E.B.
I.C.G.E.B. New Delhi -11006
New Delhi -110067 India.

India.




Declaration

I declare that the research work described in this thesis entitled "De-novo design and
characterization of peptides containing conformationally constrained o.3- dehydrophenylalanine
residue” has been carried out by me under the supervisio}l of Prof.V.S.Chauhan, Head, Malaria
Research Group, International Centre for Genetic Engineering and Biotechnology, New Delhi,
India. This work is original and no part has been submitted for the award of any other degree or

diploma to any other university.

et

Aseem Mishra

Graduate Student,

Malaria Research Group,
I.C.G.E.B., New Delhi -110067
India



Acknowledgement




Acknowledgement

It iy not customowy to- do- so; but I would stowt by thanking my
family for being the greatest support duwring my graduate study.
In particdar, & hay beenw due to- my elder brother (‘Bhaina as I
call him) that I could achieve thisy goal. My mother and father
howve alwayy been the guiding factors. The love and support of my
younger brother, Rajo, and my grandparents, ‘Ajv and ‘Aai’ was
o driving force. My sister, Palo; has been the most impovtant lady
v my life after my mother. She wag the support that kept me going
o evenw during the most difficudt time of my life.

I howe been fortunate to- hawe Prof. Virander Singh Chauvhanw ay
my mentor. He has not just been av supervisor to- my thesis but has
adso- taught me the essence of doing science. He has alwayy been
enthusiostic ond encowraging about science; despite his busy
administrative responsibilities. Words canw wnever describe my
gratitude for him I would just like to- sy that it’'s not every day
that yow meet someone like hinv inv your life.

Dr. Atanw Basw, National Institute of Virology, Pune, has been
equally important for me. He hay beenw a great teacher and o
friend. I cherish all the time I have spent in hiy lab doing
electvon microscopy. He iy knoww in the scientific circle to- be one
of the best electron microscopist of the country and, I hawe had the
privilege of being his student. Mrs. Shobha has also- beew of great
help dwring my work at NIV. She way always ready with reagenty
and coated grids whenever I needed them

I worvked fov o yeowr withv Dr. R.Natesiv leawrning protein structuwral
biology. Very frankly, I spent some of the best time of my caweer
wnder hiy mentorship. He iy o excellent teacher, patient with his
studenty and ever encouraging. I look forwawd to-be working withv
himv in future. :

I also wishv to- thank Dr. B.LV.Prasad;, National Chemical
Labovatory, Pune; for hisg support and guidance. He iy o very nice



man withe great knowledge and understanding. I also- wish to-
thank Dr. S.P.Lochal; Dr. Rawi Kumaw and Dr.Ambuj Tripathy,
Inter University Accelawator Centre, New Delhi for supporting me
to- wse facilitiey at IUAC. Special thanks to- Dr. Ambwy Tripathy for
all the AFM imaging I did inv his lab: I would also- like to- thank
Prof-H.B.Bohidhaw for his suggestionsy on light scattering studies.

I also- wish to- thank my teachers, Prof. G.B.N.Chainy and Prof
S.P.Adhikary for training me during my post-graduation studies.
And also- Lunaw mouny, Kajort mawm and Anitow mouny, who- have not
only beew good teachery but also- good friends. I cowv never forget
all the fun-time the studenty used to-hawve with thewu. It's very rarve
that o student and o teacher share such a relationship. My
sincere gratitude to Devaki mam and Benuwdhow siv for being
great teachers. I also-wish to-thank all my school teachers. I have
always strongly believed that good teachery shape a mowsy
character. And I feel myself privileged to- have always had best
people as my teachers.

I would also-thank Mr. Alok Shawma for being o great friend and
w guide. I owe my knowledge ovw HPLC and spectrophotometers to-
himi, He hay beenv instrumental inv reviving inv me the love for
machiney. Mr. Joby Johnw hay also- been of utmost help whew
machine would break doww ov we had to- repair small gadgety ivv
the lab-

I also- wish to-extend my gratitude to-Richa, Prasad, Madhuwrima,
Mayank, Pratibha, Rawat, and Murliji for helping me in various
ways. Richa hasy always pampered me like o little brother.
Madhurima has beevv anv excellent person; always jovial and, fun-
loving.

The entire credit goes to- Ajayji for my being able to- finishy my
thesis early. He was there always withy whatever help possible. Any
work given to- himv way always done before asking him the second
tume. I o not exaggerating, but he iy the only indispensible
persow in the lab: I can recall atleast 5 incidenty whenw hiy
technical expertise helped ug save o lot of money and time. He has



repaived things whew trained engineery failed. He has helped me
a Lot on botivthe fronty, professional as well as personal.

I have had two- very impovtant ladies whomw I want to- thank for
all their love and support. Madiwi ‘didié as I call her hay been the
one who- taught me everything I needed to-learn. Jyoti, the little
sister, who hay also- beew my junior since my M.Sc. days, has hads
the maximal contribution to-all the work I hawe done during my
thesis. She has advanced the research in the group to- levely none
of uy had imagined four yeary back. She hay beenw o meticulous
worker, an intelligent mind and above all good company. She

I amv blessed to- hawve Suwmonav ay av friend, batchmate and as my
soul mate. She was alwayy there for me; even during times whew I
behawed very rvationally. More importantly I wish to- thank her
fomily and my ‘wouldd be’ in-laws. ‘Mamoni and ‘Bauwdi have
alwayy beew very sweet and caring. ‘Dadamoni was aclwayy there
as aw elder brother. And ‘Ao for being a very good friend.
Didaw was too- very sweet and so- way everyone else inv her family.
They have been o Lot of support in difficult times and alwoys o
I hawve alwaysy treasured the company of Sarikaw and Aparna. They
have alwoys beew the ‘best of friendy’, that'y all that I caw say for
themu The company of Shaheena and Ashwani, brilliont studenty
of my junior butch; was alwayy enjoyable. Pavesh, Akash, Shivani
and Harshesh have also-been excellent company. Infact, I re~liveds
my graduation dayy with thewu Mavyamr hasy beenv o
‘Phenomemonw in the lab: And anw enjoyable company too:
Vaishnowi hay also-beenw av great junior and friend.

My seniovs, Kannan, Mridul, Nuwrul, Dhawrmendra, Kartik, Moin
and Dhiraj have beew great people. Though they were 4 yeawy
senior to- me and were on the verge of their thesis submission whew
I joined ICGEB, their company made me feel at home. They have
been very good friends and have alwayy helped me withv their




valuable suggestions. Pradipto- ‘dada’ and Shubhwa ‘baudi have

Srikvishna hay been my room-mate for the last one and half year.
Though I had rawely interacted withy him before that, he has since
then become av really great friend. He has takenw carve of me as aw
elder brother all thwoughi I wuust say, I have beew fortunate to-
have hiy company. Shrawan joined ICGEB eanly this yeoar has
somehow become awv integral part of my life. Inv v very shovt time;
he has become one of my best friends. The friendship of Srikvishwmow
ond, Shwrawouwv awe very deow to- me. The love and guidance of
Jibownw Dhaina’ iy also- greatly treasurved. He has been anw ideal for

me.

Jasmito has alwayy beew of great help withv all her computotional
expertise. Yogovel has helped me on many occasions with all the
diffraction e/)opcwwnantyomdxstructural/ computation studies. And
of course;, Dr. Amit Shawma for albwmg/matomaﬂ/hwfaowfwy
without any hicupps.

I wowld like to present ‘all wmy batchmates withv the biggest
bouquet of thanks for making this period of my life memorable. I
can never forget all the owlings, tea-time gossipy and get-
togethers that we had together. And not to-forget the ‘Feb- 14 cake-
cutting cevemonies, the fun-n-food village trip, and the movie
Kaal.

AW other people, Pinky, Asvaw, Krishna, Jagdish, Naveen, Ravi,
Nidhi, Harshal, Indresh, Priyank, Proveen, Aruny Mudasi,
Reshunay, Uirvashi; and all those who have helped me divectly or
indivectly during my journey. Among all, Praveenw alwayy made
the lab- feel alive withy hig energy and furwmy remorks. Avuny I oy
sure, would one day become o leading personality of the country.
He has a rowe miv of talent, intelligence, hard-work and most
importomntly huumility. I wishy himv all the luck for hiy futwre. My
friends, Shwetw, Khirvod, Anando, Bhumeshv siv, Prerna;, Pronjal;
Vikas also- deservey speciad thanks.




My friends from wmy graduation and post-graduation days,
Anweshv and his wife Rolly, Bighmeshwar (‘Anuw’ ay we used to- call
him), Saktt and hig fomily, my late friend Lt.Col. Sandeep
Pradhan, Madhw, Gitanjali (‘lee’), Priyanka, Abhishek,
Dhananjay, Umakent ond Binay (‘Binw bhai) deserve lot move
thanks. I o privileged to- still have my school-mates, Anubhuti,
Rakshan, Showrad, Vislwas and Aswri Krishma, asy wmy friends,
though many of usy hawven't seenv each other since the last 14 years.
I would also- like to- thank Manjit Mishva for helping me get vid of
the greatest humown phobicw - ‘stage fright’ and also- teaching me
to-work as v teanm.

I do not hawve o dedication page irnv my thesis for the reason that I
dedicate my thesiy and my success to-all these people.

Aseenmv Mishwa
25" Dec08

New Delhi




Table of Contents

Introduction and Objectives

1. Review of literature

2. Self-assembly of a,3-dehydrophenylalanine (APhe)
containing dipeptides into nanostructures.

3. Self-assembly of a,3-dehydrophenylalanine (APhe)
containing amphiphilic dipeptides into nanovesicles.

4. Self-assembling aromatic dipeptide Phe-APhe as an
amyloid mimick.

Conclusion
Publications

Bibliography

6-34

35-62

63-96

97-126

127-128
129-129
130-147



Introduction

& Objectives




Introduction and Objectives 1

Proteins (derived from the greek word ‘Proteios’, that means irst 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 infovrmation 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 molec.ular 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 advancés 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

vof peptide with the desired tertiary structures stabilized by hydrophobic, ionic and



introduction and Objectives 2

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 coyalently 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 secondary structures act as loci for
intermolecular, long range and 'non-covalent interactions to overcome the
unfavorable conformational entropy associated 'fdlding 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 (proline), disulfide bonds, etc. AIthoughithe 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 rearrangements. 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 pepfide: one thermodynamic and
one kinetic. The thermodynamic requirement is that the molecules should adopt a
unique folded conformation (the native state) WEich 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 cdvalently 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 o,B-
aehydrophenylalanine (APhe), a-aminoisobutyric acid (Aib), D-Pro, o,c-dialkylated
glycines Deg (diethyl glycine), Dpg (dipropyl glycine), Dbg (dibutylglycine) and a
variety of synthetically designed residues. Among éll, APhe has been subjected to an
extensive characterizafion due to its uniqgue 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 treméndous 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 o,B-dehydrophenylalanine (APhe)
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-APhe-OH, the
nature of the N-terminus residue (Xaa) affected the assembly behavior. For example,
dipeptides with Xaa having no or small side-chain Ilike 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 (Phe), 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 Gln (-CONH,) did not assemble. Of interest was the
observation that charged amphiphilic dipeptides with Xaa as Glu (-COOH) or Lys (-
NH;) 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 proposéd 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 desig'n rules that dictated the phenomenon of self-assembly in
dipeptides and the morphology of the resultant self-assembled structures could be

elucidated.

4

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 application"s.
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-APhe,
mimicked the amyloids. The kinetic studies suggested a primarily heterogenous
nucleation mediated fibrillization pathway. Thg effect of non-assembling dipeptides
on the fibrillization of Phe-APhe was also invéstigated. The results suggested that
soluble dipeptide Ser-APhe could exert potential anti-fibrillization activity against

Phe-APhe alongwith other peptide fragments derived from AB and hiAPP.

In brief, the thesis describes the self-assembly behavior of APhe 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
many disciplines albeit with a different ﬂavq; and emphasis in each. There have been
several reasdns for interest in self—assembiyi (.21 First, humans are attracted by the
appearance of order from dfsorder. Second, components of living cells self-assemble,
and thus, study of self-assembly would ehable 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 functional 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 [3].

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"*&l.

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 4.5,
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Figure 1-1: Various types of self-assembling peptide systems. (a) Amphiphilic
peptides in B-strand conformation self-assembling into twisted tapes. (b)
Helical dipolar peptides undergoing a conformational change between a-helix
and B-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, 6:865-871)

In static self-assembly, formation of the ordered structure 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 (6. 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 énd
their environment determine the resulting structures. Crystallization on surfaces that
determine the morphology of the crystal is one example 810 The other form is the
phenomeﬁon 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 propefties, charge, polarizability, magnetic
dipole and mass determine the interactions among 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 celis (and in many nonliving systems)
has been the impracticality of changing many of the param»eters that determine the
behavior of the sysfem. Therefore, it has been difficult to test hypotheses relating
structures and properties of these componenté 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 intobdefined geometrical structures ™ 2. 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 (13471 Byt there
has been a relatively recent fascination in on;ganic 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 de“very systems [18 and references therein]

. 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

[19-21]

prions . Though such assemblies exhibited disastrous consequences on normal

cellular physiology, they have been shown to have potential applications as novel
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(19-21

nano-materials !, This led to a focussed and concentrated effort on the study of

{25, 26]

self-assembling peptides[22'24] to generate pH responsive hydrogels , hanotubes

(30,31}
’

from cyclic and linear peptides [27-29] " fibres fron B-sheet forming peptides and

also biomimetic peptides that formed complexes with heme [32,33)

, metals and
semiconducting materials % 3, 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

4

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

t B 3638 \ith the }assembly driven by hydrophobic

tubules in aqueous environmen
effect that sequesters the nonpolar region of each polymer molecule away from
water and thus, towards one another. The dimension and shape of the
supramolecular structures formed from such assemblies depend on different factors,
such as the geometry of the polar head group aﬁd the shape of each molecule 3538,
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 formatians 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 (31,3639 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 VgD (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 ®” (Figure1-2). 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, 36 ' Hydrophilic peptides linked to long
alky! chains could also self-assemble into tubular structures "% *Y. The incorporation
of a phosphorylated serine in the said peptide sequénce facilitated bio-mineralization
of hydroxy-apatitite, and thus generating an environment conducive for growth of
osteoblasts. Subsequent functionalization of th“e peptide with cell adhesion motif
RGD resulted in enhanced cell growth 1 of osteoblast. In another interesting
design, a peptide with repeated segments of R-A-D-A (a positively charged
amphiphilic segment followed by .a negatively charged amphiphilic segment) and a
related variant were used for the fabrication of hydrogels 36!, 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 ¢

. Bovine chondrocytes have been; shown to express large amounts of
collagen and glycosaminoglycans during their growth and differentiation within the
peptide scaffold 42 Besides the applications ‘'of amphiphilic peptides in generation of
biocompatible materials, they have also served as scaffolds for metallization and
fabrication of nanoscale devices ** %, An ih'téresting 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 3D 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 “**°!

molecules onto the nanotube surfaces via
non-covalent bonding “®\. Functionalization with antibodies enabled the nanotubes
to smartly navigate to antigen-marked surfaces B9 The amenability to
functionalization also made the peptide nanotubes as templates for growing metals
and semiconductors in controlled morphologies F***. 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.

pros Ty
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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 10-20nm 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.
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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 ®> 3 8 Moreover, the precise mechanism of
nucleation and growth of the nano-structures from the free monomer is still unclear
[55-58]

, 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. However, 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, lle, 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 B9 |n a different design, the
peptide monomers contained ‘sticky-end’ residues (43,60, 631 that could selectively bind
to complementary residues based on their char‘ge,bolarity and hydrophobicity. The
position of the sticky ends in the linear péptide 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 controlied
peptide nanotubes assemblies. (a) The sequences of standard self-
assembling fibers. Block A complements block D, 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 a T-shaped peptide monomer, CDC (Figure 1-4d), was mixed with the
straight peptide monomer AB, they assembled into branched peptide nanotubes (60l
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 Y. in this case the designed polypeptide monomers bridged by Re ions
causing them to assemble into nanotubes. Th'is strategy offered a highly desirable
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) ¥ and DeSantis (1974) 7). 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 (Figurel-5).
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-o-amino acids, B-amino acids, alternating o,B-amino acids,
alternating o, y-amino acids, and oligoureas. Heterocyclic alterations between o and
€-amino aci_ds in a cyclic peptide was also demonstrated to form open ended, hollow
tubular structure 7%, 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-
™ 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 oufér 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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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-Ala)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

70 1o produce large diameter

13 A in diameter to maintain a stable cyclic structure
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

[66-71]

structures . Moreover, the optimization of experimental conditions to grow

nanotubes from cyclic peptide monomers has been more straight-forward than the

[27, 66-71])

methods for obtaining nanotubes from linear peptide monomers . However,

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

assemble them from linear peptide monomers 7.,

Dendritic peptide monomers have also been reported to form peptide nanotubes
[72,73] by self-assembly of the dendrons to form pseudo cyclic structures by hydrogen
bonding of the narrow ends of the peptides and tﬁe 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 r,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 [,

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 into distinct nanostructures in agueous medium [74-

1961 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 Il 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

[76, 77, 137-149]’ it has

formation of chemical and biochemical supra-molecular structures
been suggested that the interaction between the aromatic residues of the core
region play a crucial role in the process of molecular recognition and sélf—assembly
resulting in the formation of amyloid fibrils. In this context, the self-assembly
behavior of the diphenylalanine core motif of AB was investigated (76, 113, 1251 5 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 B-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 appllications ranging from drug-delivery to

material sciences *%

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 B4 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-D-1-napthylalanine and di-D-2-
napthylalanine also assembled into tubularf structures of 10nm and 50nm
respectively. Two fluorinated diphenylalanine peptides, di-para-fluoro-Phe and di-
pentafluoro-Phe, also assembled into tubular struk'_ctures with different diameters and
lengths. Substitution of fluorine with iodine in the halogenated dipeptide also
resulted in tubé formation. Interestingly, di-para-nitro-Phe and di-4-phenyl-Phe
dipeptides assembled into spherical and thin symmetrical square plates, respectively.
It was also observed that the aromatic dipeptide, diphenyiglycine, self-assembled

into well ordered closed-caged nanospheres 7,

There is very little information on the molecular structure of the dipeptides. Infra-red
and circular dichroism spectroscopy of the differe‘rlxt model dipeptides suggested that
self-assembly did not require a specific kind of molecular conformation. Infra-red
signatures of B-sheet, anti parallel B-sheet, a-helix and B-turns have been obtained
for the different dipeptides . Circular dichroism spectrum of the Phe-Phe dipeptide
exhibited a positive band at 197nm and another at 220nm ®7. 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 1073

. 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 ™!, 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 x6.0 A
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for Leu-Leu, Leu-Phe and lle-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 cyc.lic water pentamers
forming colums in the crystal %, Cocrystallized acetonitrile solvent molecules were
located inside channels in the crystal structure of L-leucyl-L-serine which could be
replaced by |, molecules with full retention of the peptide scaffold 131 The
monohydrates of the four polar dipeptides L-seryl-L-asparagine, L-seryl-L-tyrosine, L-
tryptophanyl-L-serine and L-tyrosyl-L-tryptophan were also dominated by extensive
hydrogen-bonding networks that include cocrysfallized solvent water %7, Template-
directed supramolecular assembly of a new type of nanoporous peptide-based
material has been observed in the crystal :structure of L-Leu-L-lle wherein the
presence of D-Leu in the crystallization mixture resulted in the dipeptide to assémble
with hydrophilic, water-filled channels with an irregular cross section of
approximately 5.5 x 3.5 A 108 Another interesting arrangement has been observed
in the crystal structure of L-Phenylalanyl:L-isoleucine wherein hydrophobic and
hydrophilic layers are formed with channels of water molecules at the layer interface
(1351 Thys, 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,3-dehydrophenylalanine (APhe), a-aminoisobutyric
acid (Aib), D-Pro, a,o-dialkylated glycines Deg (diethyl glycine), Dpg (dipropy!
glycine), Dbg (dibutylglycine) and a variety of synthetically designed residues [136-242]
Among all, APhe 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 o, B-dehydrophenylalanine (APhe)

o, B-unsaturated (or dehydro) amino acids have been frequently found in naturally

[143-146]

occurring peptides of microbial origin 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

[148]

peptide antibiotics, lantibiotics such as nisin, epidermin, subtilin, etc. ™. Nisin

and subtilin contain both dehydroalanine'(AAla) and dehydrobutyrine (AAbu). A
recent study suggested that nisin, well known as a food preservative, latched to a

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

[149]

punching a hole in the membrane Dehydroleucine (Aleu) and

[150}

dehydrophenylalanine (APhe) are present in albonoursin while dehydrovaline

(54 3nd cephalosporin 52, Dehydrotryptophan (ATrp) is

TH 16442

(Aval) is found in penicillin

\
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) [153]

contained in neochinulins (growth inhibitor and dehydrophenylalanine is found

in tentoxin (phytotoxic) ***l. in some cases, dehydroalanine residues form a part of
the active site in the protein and lack of these residues result in certain diseases (551
Peptides containing o, B-dehydroresidues are synthesized in the ribosome via a
precursor protein followed by enzymatic modifications "**. The presence of a,p-
dehydro residues in peptides confer altered bioactivity as well as increased
resistance to enzymatic degradation *®. Dehydroresidues 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 relatibnships in biologically active peptides [157- 164) o,f3-
dehydroamiho acid analogs of some peptide hormones, dehydroangiotensin 116> 166
dehydrobradkynin ' dehydrodermorphin 'Y dehydrosomatostatin 172,
dehydrosubstance P fragments (7 dehydroenkephalin 37164184 5u4

dehydrogramicidin S have been synthesized and their biological activity reported.

o, B-dehydroamino acids are represented by the symbol A and are characterized by a
double bond between Ca and C3 atoms. The presence of three functional groups at
position Co. 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 distribution (conjugation) caused by the o-f m-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 Co; and CB atoms. Although
conjugation prefers extended conformation of the dehydroresidues, the bulkiness of

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

o, B-dehydrophenylalnaine (APhe) (Figurel-6) is structural analog of the naturally

occurring amino acid phenylalanine, with a double bond between the Ca and CB
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atoms. There are two isomeric forms of APhe, the Z-isomer (AZPhe) and the E-isomer
(A%Phe) 4L, In the former the C=0 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 A’Phe because of all chemical synthesis procedures
result exclusively in the A’Phe. The values of average bond lengths and angles of

A’Phe residue calculated from crystal structures have been presented in Table 1-1.

The shortening of N-Co, Ca-C’, CB-Cy single bond lengths and elongation of C'=0
double bond in APhe occurs due to partial conjugation of Ca. = CB double bond and
the peptide bond. In the saturated Phe amino acid, the distances are, N-Co=1.45A,
Ca-C’= 1.53A, C’=0=1.20A ¥, The steric clash between C81H and NH of APhe
residue results .in opening up of the bond angles Ca-CB-Cy and N-Co-C which
assume values of ~130° and 125°, respectively, thus deviating from the ideal trigonal
value of 120° W17 From simple model building studies it has been observed
that the most favorable conformation of APhe residues were (¢,y) ~ (602, 3092), (-609,

-309), (-602, 1502) and (602, -1502).
1.8 Theoretical studies on conformational properties of APhe

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 y (7% 177 178 180, 181,
182, 183]
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CB

Double

Figure 1-6: Schematic representation of the molecular structure of «,p-

dehydrophenylalanine (APhe)

Table 1-1: Table of geometrical parameters for APhe

Bond lengths (A) Bond angles (°)
N,-C,® 1.425 C,'-N,C® 121.4
C;oC,' 1.504 N,-C,%-C,’ 116.5

c.*=C,F 1.329 N,-C,%-C,B 124.5
C.'=0; 1.237 C,P-c%C,’ 118.4
cB.cr 1.460 C,%-C,B-C,7 130.8
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Theoretical conformational energy calculations have shown that there were six
energy minima for APhe (791 hut all of them have not been observed experimentally.
In experimentally determined structures of small peptide units, APhe in the Yaa
position favored the Bl turn in agreement with the theoretical studies. Calculations
for AZPhe in the Xaa position showed I’ and B! turns were most stable and
energetically equivalent. In larger peptide sequences, AZPhe has been frequently
found as a part of 3,5 helices. Figurel-7 depicts the Ramachandran plot for For-
AZPhe-NH2 that was calculated using the modified CHARMm 23.1 force field. This
two-dimensional (¢,y) plot results from a three-dimensional conformational analysis
additionally considering the phenyl ring rotati;n angle, i.e. each (¢,y) grid point
corresponded to the optimum %2 torsion angle. There was a satisfactory agreement
between theoretical and experimental values, especially the region around ¢= -60°
and y=-30°, which was frequently foﬁnd in crystal structures of longer peptides with

AZPhe.

1.9 Crystal and molecular structural studies

1.9.1 Crystal structure of APhe containing small peptides

Approximately 49 crystal structures of peptides containing o, B-
dehydrophenylalanine have been repérted. The APhe residue adopted a
conformation corresponding to one of the three sets of ¢, y torsion angles: i.e. —-60°,
- 140°; 80°, 0°; -60°, -30° or their enantiomers (136, 137] They were accommodated at
both (i+1, i+2) positions of type | and type Il B-turns in small peptides and helical
conformation in larger peptides. In most small tripeptides, the APhe residue was
found to induce a B-turn structure, itself occupying the (i+2) position of the turn %
] 1 these structures, the ¢,y values of APhe were near 80° and 0°, respectively,
which were close to the values assigned to a type I B-turn ($i+1= -60°, yi+1= 120°,

¢i+2= 80°, yi+2 = 0°). The turn was usually stabilized by an intramolecular 1«4

hydrogen bond. In dipeptide derivatives containing a APhe residue where 1«4
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intramolecular hydrogen bond was not possible, the APhe assumed ¢,y angles in the

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

(i+1) position of type Il B-turn 190, 291}

-180
-180 -135 -90 45 0

Figure 1-7: Force field (modified CHARMm 23.1) Ramachandran plot for For-
A?Phe-NH, and conformers found at the molecular mechanics (black) and
HF/6-31G* (white) levels and (¢, y) torsion angles determined for A?Phe
residues in crystal structures (triangles).

The nature of the amino acid residues flanking a APhe residue in a peptide has been
observed to significantly influence its ¢, angles. A comparison of torsion angles

revealed that the bulky phenylalanine residue exerted the maximum steric effect

[185] [187]

, While glycine with no side chain imposed minimum constraints and
represents a structure closest to an ideal type Il B-turn. The branched B-carbon

residues such as Val and lle appeared to have strong conformational preferences.



Chapter 1 27

[186]

When these amino acids flanked a APhe residue, a distorted B-turn or an S-

192,193} [194}

shaped conformation [ or even unfolded conformations resulted.

in longer peptides (larger than tripeptides) containing APhe residues, 3 helical
conformations were stabilized. In peptides with a single APhe, Boc Leu-APhe-Ala-
Leu-OCH; 1**) and Boc Leu-Phe-Ala-APhe-Leu-OCH; ™, 3, -helices were favored. In
peptides containing two or more APhe residues separated by one or two saturated
amino acids, 3¢ helical structures were preferred, usually with an unwinding at the

[197, 198

C-terminus ! The helices were well formed and intramolecular hydrogen bonds

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

(199202 The structure of a

a 3j0-helix, have been referred in the literature
hexapeptide, Boc-Val-APhe-Leu-Ala-APhe-Ala-OCHj; 2031 and the helical hairpin [204)
solved in our laboratory further validated the proposition that two APhe residues
interspersed by two saturated residues favor the formation of a 3,p-helix. It seemed
from these studies that in peptides containing ~APhe-X-APhe- or -APhe-X-X-APhe-
motifs, there was a tendency to form 3,4 helical structure, irrespective of the nature
of residue X. A nonapeptide containing three APhe residues, Boc-Val-APhe-Phe-Ala-
Phe-APhe-Val-APhe—'GIy-OCH3 stabilized three full turns of a right-handed 3,4-helix in

the crystal structure (Figure1-8a) 2%,

When APhe residues wére placed consecutively at (i+1) and (i+2) positions in tri and
tetra peptides, they adopt positive and negativé torsion angles alternately, thereby
leading to an S-shaped structure. However, the torsion angle values of APhe residue
were centered around + 60°, + 30°, thus reducing the ¢, W space to a single region
(206, 2071 "1y the crystal structure of the peptide Boc-Ala-APhe-APhe-NHCH; %% two
independent molecules were found in the crystallographic unit, a right-handed and a
left-handed 3,4-helix. However, a heptapeptide containing three Val residues
interspersed by two consecutive APhe stabiliied a 3y¢-helix (201 tetrapeptide with
lle at the C-terminus, Boc Val-APhe-APhe-lle-OCH3 and a pentapeptide with Leu at

the N-terminus and Phe at C-terminus, Boc-Leu-APhe-APhe-Ala-Phe-NHCH; [210] gave
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rise to a right handed 3;p-helical conformation suggesting that consecutive APhe
containing peptides possessing bulky L-residues may favor formation of a right-

handed 310"he|iX.

Several interesting observations have been made with peptides containing three
consecutive APhe residues. Boc-Val-APhe-APhe-APhe-Val-OCH, 21 3nd Boc-Ala-
APhe-APhe-APhe-NHCH; 222l showed a left-handed 30-helical conformation. In both
cases however, the terminal L-amino acids were not a part of the helix and a type |l
B-bend is observed at the N-terminus. From model building studies, it can be seen
that if a type Il B-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-Ala- (APhe)s;-L-Ala- (APhe);-Gly-OCH, (2331 revealed the
presence of two conformers (i) a slightly distorted right-handed 3, helix, and (ii) a

left-handed 34, helix, per asymmetric unit.

The molecular structure of the pentapeptide Boc-Val-APhe-Ala-Leu-Gly-OCH;
exhibited a a-helical structure. This has been the only example of a APhe containing
peptide depicting a c-helix (Figurel-8c). Another pentapeptide, Boc-Pro-APhe-Ala-
APhe-Ala-OCH3 ¥ formed a flat B-bend ribbon conformation. The octapeptide Boc-
Val-APhe-Phe-Ala-Leu-Ala-APhe-Leu-OH #** was characterized by a right-handed 3;4-
helix at the N-terminus and a m-turn at the C-tefminus. The APhey residue.in the
sequence adopted a left-handed helical conformation and facilitated a 1«6
hydrogen bond (Figurel-8d). Another octapeptide Ac-APhe-Val-APhe-Phe-Ala-Val-
APhe-Gly-OMe ¥ folded into (i) an N-terminal right-handed 3;5-helical
pentapeptide segment, (ii) Valg assumed non-helical dihedral angles, ¢ = -123.81°, y
= 18.76° signaling helix termination and (iii) a C-terminal incipient left-handed 344-
helix comprising APhe7-Gly8-OCH3(Figure1-8¢). The structure also showed a water-

mediated m-turn 27,
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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-Ala-
(APhe),-Ala- (APhe);-Gly-OCH; 23] that crystallized with two conformers per
asymmetric unit - a right-handed 3i5-helix and a left-handed 3, helix, both
antiparallel to each other with a 15° angle between the two helical axes (Figure 1-
8b). A remarkable feature of the structufé’_ was that the two antiparallel

ambidextrous helices were held together by symmetrically placed aromatic backbone

C-H:--O interactions distributed all along the helical axis. The C-H (phenyl)---O
(carbonyl) hydrogen bonds were observed between C82(APhe?), C32(APhe®),
C52{APhe®) of one helix to 08’(Y), 05°(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, APhe with its planar aromatic
side chain stacked against another APhe from the adjacent shape- complement helix
leading to two ‘extended phenyl ;embrace’ arrangements at the helix-helix interior.
An ¢, B-dehydrophenylalanine containing 21-residue apolar peptide, Ac-Gly-APhe-D-
AIa-APhe-APhe-D-Ala-A_Phe-APhe-L-AIa-(Gly),,-APhg#L-Ala-L-Leu-APhe-L-AIa-L-Leu-

APhe -L-Ala-NHCH3 (204 was designed to mimic the helical hairpin motif by using a
simple geometric design strategy. The segment from APhe’ to APhe® was
characterized by left-handed 3j5-helix stabilized by appropriate intramolecular
NH---O hydrogen bonds. The segment APheg-L-Alag-GIyw-GIy11 caused chain reversal
by adopting a type | B-turn. The segment from Glyl_b2 to Ala*! folded into a right-
handed 34, helix, containing seven consecutive overlapping type Il B-bends stabilized
by appropriaté 14 intramolecular NH...O hydrogen bonds. The protuberant APhe
side chains from the shape-complement helices exhibit parallel stacking: APhe®

stacked against APhe® and APhe® against APhe®. This arrangement resulted in

interactions between the two conjugated m systems, supported by C-H---O

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-:-O, m-7 stacking,

NH---7) in the association of secondary structural elements.

Figure 1-8: (a) A nonapeptide containing three APhe residues, Boc-Val-APhe-
Phe-Ala-Phe-APhe-Val-APhe-Gly-OCH3 exhibiting a right-handed 3,,-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 APhe side chains. (c) The molecular structure of the
pentapeptide Boc-Val-APhe-Ala-Leu-Gly-OCH,; exhibiting a o-helical
structure. (d) The octapeptide Boc-Val-APhe-Phe-Ala-Leu-Ala-APhe-Leu-OH
[215] was characterized by a right-handed 310-helix at the N-terminus and a
n-turn at the C-terminus. The APhe7 residue in the sequence adopted a left-

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

1.10.1 Absorption spectra

The absorption spectrum of peptides containing APhe 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-
accep%ing carbonyl group. A weaker band occurs at 300 nm that corresponds to the
benzene moeity. The chromophoric system of the APhe residue is essentially the
cinnamic moiety CgHs-C=C-C=0. The molar extinction coefficient of the peptides
containing one APhe residue is ~19,000 mol*cm™ [206] i methanol. The peptides
containing two APhe residues show an ana!ogous band, centered on the same
wavelength, but the intensity of the band is abproximately twice that of the mono-

unsaturated ones.
1.10.2 Circular dichroism (CD) studies

The APhe containing peptides exhibit different CD profiles depending on the chain
length, position and number of dehydroresidues. CD spectra of a few tripeptides
containing APhe 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 B-bend 218 The varying inten‘sities of the CD bands were
indicative of fhe varying propensity of the peptide to form a f3-bend. The coexistence
of folded and disordered conformers in solution is confirmed by the solvent
dependence of the intensity of CD bands thé‘t generally decrease from apolar to
polar solvents. Peptides containing two or more APhe residues show a couplet of
intense bands with 6pposite 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 APhe chromophores and is a strong indication that the two APhe

residues were placed in a mutual fixed disposition within the molecule, generally a
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3,0 helix 298 219 220 The (-+) sign of the couplet corresponds to a 3, helix with a right
handed screw sense while (+-) couplet is assigned to the helix with aleft handed
screw sense. For a ‘perfect’ 310~helfx 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.

{221]

Such 3,4 helices have been reported in a number of crystal structures and also

evidenced theoretically.

CD has also been widely used to establish the screw sense of APhe containing
peptides in various solvents. For the decapeptide that assumed a 3, conformation,
CD studies exhibited a striking feature. A negative CD couplet, typical of a right-
handed 3., helix was observed in dichloromethane, hexafluoro-2-propanol and
chloroform (Figure1-9). 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: methénol), almost equal proportions of the two conformers were
present. Similar effects of solvent dependence on helix handedness have also been
reported by other workers 2?2, 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 23,

1.10.3. Conformation of APhe containing peptides by NMR

Extensive 1D and 2D NMR studies have been carried out on APhe containing

peptides to elucidate their conformation. The B-turn conformation with APhe as
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(i+2)™ residue of the turn in a number of tripeptides was initially derived from NMR
and IR studies ?2%?") studies were usually carried out in solvents like CDCl; and
(CD3),S0. The prese'nce 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 (CD5);SO solutions, solvation destabilized the B-turn conformation

resulting in partially extended conformations.

400 400
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Figure 1-9: CD of the decapeptide depicting chloroform-methanol titrations.

Ratios represent concentration of chloroform to methanol

1H and 13C NMR experiments have been carried out on some cyclic pentapeptides
(228 291 posults suggested that APhe could be accommodated at B and y-turn
positions in these cyclic pentapeptides. In the peptide cyclo (Gly-Pro-APhe-DAla-Pro),
GIy-Pro—APhé—DAIa exhibited a type Il B-turn with APhe at (i+2) position and the
fragment DAla-Pro-Gly forms a y-turn. In cyclo (APhe-Pro-Gly-DAla-Pro), the APhe
occupies the .ith position of a B-turn and also position i+2 of a y-turn. Yet another

peptide cyclo (Gly-Gly-APhe-DAla-Pro) contains only one proline and consequently

had more potential conformations. However in this peptide APhe was found to occur
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in the i+1 position of the y-turn. NMR studies on larger peptides containing APhe at
alternate positions revealed the presence of 34, helical structures 2%, For example,
Ac-APhe-Ala-APhe-NHCH; %% 21 Ac-APhe-Val-APhe-NHCH; *° and Boc-Gly-APhe-
Leu-APhe-Ala-NHCH; % adopted 34, helical structures in both solution and solid
states. NOE studies on another peptide containing -APhe-X-X-APhe- moiety, Boc-Phe-
APhe-Val-Phe-APhe-Val-OCH;  suggested , a  significant  solvent-dependent
conformational variability with a 3, helical conformation stabilized in CDCl;. In
(CD3),S0, the peptide favored an extended conformation. Another peptide of this
class Boc-Val-APhe-Leu-Ala-APhe-Ala-OCHs, forr‘ned a 350 helix in CDCl; but was
largely extended. in (CD3),SO ?*!. Detailed 2D NMR studies on the octapeptide Ac-
APhe-VaI-APhe-Phe-Ala-VaI-APhe-GIy-OCH3 [19?’ showed a 3,4 helical conformation at
the N-terminus tetrapeptide fragment Ac-APhe-Val-APhe-Phe-OH. However, the
NOEs at the C-terminal segment Ala-Val-APhe-Gly-OH suggested a turn
conformation. NMR data on a heptapeptide, Boc-Gly-APhe-Ala-Phe-Leu-APhe-Ala-
NHCH;3 31 and an octapeptide Boc-Val-APhe-Phe-Ala-Leu-Ala-APhe-Leu-OCH; [230]
containing three and four spacer residues between APhe, respectively, were found
compatible with a succession of i«i+4 hydrogén bond suggesting an o-helical
structure. These examples suggest that APhe 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 APhe and the recent focus on the
design of nano-particles from small peptide, the work in the thesis explored the
possibility of using APhe as a model conformation restricting amino acid for the

design of dipeptide based self-assembling nanostructures.
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Self-assembly of o,pB-
dehydrophenylalanine (APhe)
containing dipeptides into
nanostructures.
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2.1 Introduction

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 [233, 284]

. Characterization of supramolecular assemblies involving
small biomolecules has also generated a lot of interest for they offer a large variety

of variations through chemical modifications. Numerous reports of organic and

[237) [238, 239]’ and

inorganic tubular assemblies of carbon [235.236] horon nitrite 2*7), zeolites

2401 " have catapulted the research in this vast area of

carbohydrate based nanotubes
material science research. Of particular interest have been the peptide based
nanostructures beca‘use they offer easy but many opportunities for chemical
variations, and hence control, in designing mdlecular assemblies which have been
successfully demonstrated to be good models for ion channels and membrane pores
(241,242,243, 2441 Eyistence 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 [245-248, 111, 113,1 122, 125]

. Recent demonstration of well-ordered and discrete
peptide nanotubes by self-assembly of the diphenylalanine core recognition motif of
Alzheimer’s B-amyloid polypeptide has further highlighted the potential use of

peptide-based structures for design of folded and self-organized structures 176,87, 1111

In the following work, the self-assembly process in dipeptides incorporating a
noncoded, achiral amino acid i.e. o, 3-dehydrophenylalanine residue (APhe) has been
investigated. APhe is an analog of the naturally occurring phenylalanine amino acid,
but with a double bond between C*and C? atoms. Introduction of APhe 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 (156-161, 186, 187,192-226, 2301 Tha studies describe the
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synthesis, characterization and self-assembly of the dipeptide, Phe-APhe, 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 déciphering 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-APhe-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-methy! 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 DL-threo-f-phenylserine
(Sigma-Aldrich) (1g, 5.5mM) and sodium hydroxide (0.22g, 5.5mM) 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 (2x15ml), with saturated sodium chloride
(1x20ml), dried over énhydrous sodium sulfate and evaporated to yield
Boc-Phe-DL-threo-B-phenylserine as an oily compound (2.2g, ~100%). The
compound, Boc-Phe-DL-threo-B-phenyIserine, 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
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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% NaHCO;, cold water and dried under vacuum. The
resulting azalactone, Boc-Phe-APhe-Azl (1.7g, 4.8mM), 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 citrfc acid to pH 3.0 and extracted with
ethyl acetate (3x30ml), the combined ethyl acetate extract was washed
with water (2x20ml), dried over Q‘anhydrous sodium sulphate and

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

Deprotection at the o-amino group was achieved by treatment with 98%
formic | acid (30ml) for 3hrs or 50% Trifluoro-acetic acid (TFA):
Dichloromethane (DCM) for 1lhr 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 thé_ final compound H-Phe-APhe-OH
as white powder. Overall yield (1.2g, 82.6%); R = 0.18 (CHCl;-MeOH, 9:1).

The peptide was purified on a preparative reverse phase C;g column
(Deltapak, Cig, 154, 1.D. 300x19mm) usiné 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 C;g column (Phenomenex, C18, 51, 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-Gly-APhe-OH

The peptide was synthesized as described above starting with Boc-Gly-OH.
Overall yield (0.88g, 40%); R¢ = 0.1(CHCl;-MeOH, 9:1); The peptide was
purifiéd as described above. The purified peptide was reinjected into an
analytical reverse phase C,;3 column (Phenomenex, C18, 5u, ID.
250><4.6mm) 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 Da, Expected Mass-220 Da.

(c) H-Ala-APhe-OH

)

The peptide was synthesized as described above starting with Boc-Ala-OH.
Overall yi'eldv (1.35g, 58%); R;= 0.1{CHCl;-MeOH, 9:1); The peptide was
purified as described above. The puri%ied peptide was reinjected into an
analytical reverse phase Ciz3 column (Phenomenex, C18, 5u, 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- 11min; Observed Mass-

234.6 Da, Expected Mass-234 Da.
(d) H-Val-APhe-OH

The peptide was synthesized as described above starting with Boc-Val-OH.
Overall yield {1.51g, 58%); R; = 0.1{(CHCl;-MeOH, 9:1); The peptide was
purified as described above. The purified peptide was reinjected into an
analytical reverse phase C;3 column (Phenomenex, C18, 5u, 1.D.
250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile

(0.1%TFA)/water (0.1% TFA) at a flow rate of 1m!/min over 25min 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-APhe-bH

()

The peptide was synthesized as described above starting with Boc-Leu-OH.
Overall yield (1.07g, 39%); R; = 0.1(CHCls-MeOQOH, 9:1); The peptide was
purified as described above. The purified peptide was reinjected into an
analytical reverse phase C;z3 column (Phenomenex, C18, 5u, 1.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.
H-IIe-APhe-OH

The peptide was synthesized as described above starting with Boc-lle-OH.
Overall yield (1.1g, 42%); R;= 0.13(CHCl3-MeOH, 9:1); The peptide was
purified as described above. The purified peptide was reinjected into an
analytical reverse phase Cj3 column (Phenomenex, C18, Su., 1.D.
250x4.6mm) using a acetonitrile-water linear gradient 5-45% acetonitrile
(0.1%TFA)/water (0.1% TFA) at a flow rate of 1mi/min over 25min and
analyzed by mass spectroscopy. Retention Time- 14min; Observed Mass-

276.23 Da, Expected Mass-276 Da.

(2) H-Phe-Phe-OH

Boc-Phe-OH (Novabiochem) (1.32g, 5mM) was dissolved in dry
tetrahydrofuran (Sigma-Aldrich) anq the resulting solution stirred in an ice-
salt bath at -15°C. N-methyl morpholine (Sigma) (0.65mi, 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, 5.5mM) and sodium hydroxide (0.22g, 5.5mM) 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 (2x15ml), with saturated sodium chloride (1x20ml),
dried over anhydrous sodium sulfate and evaporated to yield Boc-Phe-Phe-
OH dipeptide (1.9g, ~95%). Deprotgttion at the o-amino group was
achieved by treatment with 98% formic acid (30ml) for 3hrs o;' 50%
Trifluoro-acetic acid (TFA): Dichloromethane (DCM) for 1hr at room
temperature. The reaction mixture was evaporated to dryness and the
residue was precipitatea 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 (1.38g,
89%); R¢ = 0.17 (CHCl;-MeOH, 9:1).

The peptide was purified on a preparative reverse phase Ci;3 column
(Deltapak, C,g, 15u, I.D. 300><19mm). 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 Cyg column (Phenomenex, C18, 5y, 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 Biosystzéms QStar (Q-TOF)) Observed Mass-
312.2 Da, Expected Mass- 312 Da.

(h) H-Cha-Phe-OH

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

(1.5g, 5mM) and coupling it to sodiated H-Phe-OH (0.9g, 5.5mM). Overall
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yield (1.1g, 35%); Ry= 0.17(CHCl3-MeOH, 9:1); The peptide was purified as
described above. The purified peptide was reinjected into an analytical
reverse phase C;g column (Phenomenex, C18, 5y, 1.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.

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%); R; = 0.19(CHCl;-MeOH, 9:1); The peptide was purified as
described above. The purified peptide was reinjected into an analytical
reverse phase C;3 column (Phenomenex, C18, 54, 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.

H-Phe-Cha-OH

The peptide was synthesized as described above starting with Boc-Phe-OH
(1.32g, SmM) and coupling it to sodiated H-Cha-OH (0.94g, 5.5mM).
Overall yield (1.3g, 42%); R¢= 0.17(CHCl;-MeOH, 9:1); The peptide was
purified as described above. The purified peptide was reinjected into an
analytical reverse phase Cjz column (Phenomenex, C18, 5u, 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 50ul 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 El‘ectron Microscopy: The peptidé stock solution was diluted to a final
concentration range of 0.5mg/ml in ddH,0 and'v"aged for one day. A 20ulL of the aged
sample was dried at room temperature on a miéroscopic 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 ddH,0. The grid was stained with 1% urany!
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 JASCO-810
polarimeter equipped with a Peltier type thermostat and purged continuously with
dry N, 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 €,,s = 5167 per peptide bond
[256)

2.2.6 Fourier Transform Infra Red Spectrometry: Spectra were collected on a Perkin
Elmer Spectrum BX-Il FTIR spectrometef. The assembled peptide samples. were
spotted on a CaF, window and air-dried at'99% relative humidity. The samples were
then rehydrated with D,0 for 30min before collecting the spectra. Each spectrum

‘was average of 1000 collections at a resolution of 4cm™ in the spectral range of



Chapter 2 ' 43

1400cm™ to 1900cm™. 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 exc.hange, the tubes were collected by centrifugation and washed
with water twice. After drying under vacuum, the tubes were rehydrated with D,0
and the spectra were collected at intervals of 1 min. Each spectrum was average of
10 collections at a resolution of 4cm™in the spectral range of 1400cm™ to 1900cm™.
The area under the Amide Il peak was plotted against time to observe the kinetics of

deuteration.

2.2.7 X-ray crystallography: The peptide, Phe-APhe, 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 (0=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 AB(1.4;). 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 deter"minant for fibrillogenesis. The fibril
formed by the peptide showed all characteristics features of amyloid fibrils formed
by AB(1.42). The peptide assembled into tubular structure with a B-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 fche dark center suggesting hollow
tubular structures filled with the negative stain, uényl 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 amylioid structures. FTIR studies suggested a B-sheet structure due
- to the appearance of 1630cm™ pea!<. However, the CD spectrum did not show any

existence of B-sheet (87,
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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 Science 25 April 2003: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 ™! The
molecular diameter of the channels was 24 A and the van der Waals’ diameter was
10 A. The monomers were stabilized by extensive m- 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 ™. This was an interesting
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observation as it was previously spéculated 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-APhe 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-APhe-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 Iéngth (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 brahching 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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morpholbgy 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-APhe (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 -APhe- 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 assembly. It may therefore be expected
that the introduction 6f 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 (0.1N HCI), neutral
and basic (0.1N 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 (1N and above), we observed
disruption of thé 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) differential interference contrast (DIC) and
(b) TEM images of self-assembled Phe-APhe 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-APhe nanotubes.
The images suggested that the tubular morphology was not an artifact of
sample preparation. The tube dimensions were comparable to those obtain
under TEM.

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-APhe 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 (0.1N HCI) (Scale Bar — 200nm), (b) alkaline
pH (0.1N NaOH) (Scale Bar — 100nm), proteinase K treatment in 50mM Tris-
HCIl pH 7.2. (Scale Bar - 100nm).
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2.3.2.3 Crystallization s;tudies

Extensive crystallization studies have been conducted on hydrophobic dipeptides in
order to investigate the conformational properties of the small peptides™® %, of
special interest have been the FF and VA class of dipeptides that crystallized with the
occurrence of tubular channels with trapped solvent molecules!*?% 125132 Therefore,
in order to investigate the molecular structure of the assembly, the dipeptide Phe-
APhe 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, IS¢, Bangalore.

In the crystal structure, Phe-APhe 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

125 \vith a diameter of

channels formed by the translation of six peptide molecules
24A. It was intereéting 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
8 = C,P-C,%C,%C,P 7. This angle defined the relative position of the two side
chains with respect to the peptide plane. It has been demonstrated that for
zwitterionic (-Xaa-(-Xaa dipeptides (Xaa is neifher Gly nor Pro), the side chains usually
pointed in almost opposite direction with (|8]) usually being > 135° 112 1%
According to this torsion ahgle description, Phe-Phe, occurred in an unusual

conformation with 0 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-APhe this torsion angle (|6|) 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 -APhe residue.

Figure 2-7: View of the crystal packing (left) reveals a tubular structure
formed by the assembly of four dipeptide molecules of Phe-APhe. Enlarged
view of the tubular structure (right) formed by the aggregation of four
dipeptide molecules of Phe-APhe 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-APhe 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)
glycyl-(R)-phenylglycine, where the dimensions gf the self-assembled structure was
shown to be modulated by the nature of tHe solvate. Interestingly, in these
structures, different solvate molecyles modulated the overall conformation of the

self-assembled structure 245248

. 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-APhe 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 (122,225
The stacked arohwatic rings in the dehydro-dipeptide were held by intermolecular C-
H--1 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 fundamental \req.uirements 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 ([6] ~ 8000; n-M* transition)
suggestive of a probable turn like structures in solution. The APhe ring contributed
the broad negative band with peak near 280nm ([0 ~ 4500) due to charge-transfer
transition. The FT-IR spectrum of the tubular assembly was characterized by strong

peaks at 1687cm™ and 1647cm™ (Fig 2-8b). The peak at 1647cm™ was assigned to
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aperiodic secondary structures involving type 1, I, Vla and VIl turns. The peak at
1686cm™ could be assigned as marker band for turn conformation adopted by the

[250'253]._ As discussed earlier, the conformation of dipeptides cannot be

“molecule
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 8,

To assess the solvent accessibility of the tubes as a probe for the holiow architecture
of the tubes, the technique of H-D exchange was utilized **2**]. The ratio of the area
under the peak in the amide | peak (1714cm™ to}1626cm’1) to the amide Il region
(1626cm™ to 1543cm™) 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 ;tructure) and thus allowed for the
rapid HD exchange. This observation was in contrast to the exchange rates observed
in case of B-sheet based 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-APhe 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-APhe
dipeptide exhibited spectroscopic features of turns.
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Figure 2-9: Figure showing the ratio of decrease in Amide | peak area with
-reference to Amide Il peak area as 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-APhe-OH motif, the self-assembly of the peptides with Xaa from the different
groups of the amino acids was investigated. g *‘

Electron micrographs of aged aqueous solutions of Gly-APhe and Ala-APhe showed
no self-assembly even at very high concentrations of the peptide (~10mg/ml). The
peptide Leu-APhe assembled into tightly packed crystalline tubular structures with
with tube diameter in the range of 100-150nm. Val-APhe, however, assembled into
thin flaky elongated structures (Figure 2-10). Similar two dimensional assemblies
have been formed by another dipeptide derivative 8. The peptide lle-APhe
assembled into long (over many microns) tubular structures with very large (500 nm)
diameter (Figure 2-10) that were heavily stainéd with uranyl acetate prébably
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 GIn-APhe 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-APhe-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 APhe containing
free dipeptides. Leu-APhe assembled into tightly packed crystalline tubular
structures whereas Val-APhe resulted in thin flaky elongated self-assembled
structures. The P"P"“de Te- APhe assembed tnto Lon% and wde (~200nm)

bubular structuves .
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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-APhe assembled into long (over many microns) tubular structures with
large (500 nm) diameter. This sugge:sted that a minimum level of bulk was necessary
to initiate the self-assembly behavior in the dipeptides scaffold H-Xaa-APhe-OH with

| Xaa belonging to the hydrophobic group of amingacids.

aromaticity in the self-assembly of dipeptides into nanotubes. The pi-stacking
interactions have been previously proposed to stabilize tubular architectures [74-78, 122,
231 10 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 1um (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



Chapter 2 59

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 fhe 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.uThis observation was in contrast
to the predominant belief that aromatic homo-dipeptides were the central motif for

the formation of ordered self-assembled structures &,

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 m-nt* transition band at 197-198nm and an n-it* transition
band between 203-215nm (Table 2-1). The position of n-t* transition band blue
shifted with decreasing aromaticity. The FTIR spectra of the dipeptide assemblies
were characterized by Vc.o (backbone; Amide 1) band at 1615cm™ (for Phe-Phe),
1667cm™ (for Cha-Phe), 1665cm™ (for Phe-Cha) and 1670cm™ (for Cha-Cha) (Table 2-
1). However, we did hot 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-assembilies %,

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 1um (*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 10-80nm. 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 : — —
’ T-1t* Transition n-1t* Transition ) 1
: Amide | (cm™)
(hm) (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 APhe 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 nature _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.



Self-assembly of o,B-
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dehydrophenylalanine (APhe)
containing amphiphilic dipeptides into

nanovesicles.
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3.1 Introduction

Self-assembly of soft materials into nanostructures offers exciting applications.

7-
"Peptosomes"[25 259)

, 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-compatibility[zsm. Encapsulation, controlled release and
biological stability of bioactive compounds are some of the potential application
areas of vesicular structures?®!. Specific biomedical applications involving actuator
functions for tehperature, 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’!?6*2%!

. 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
entropy?®+2%+%% Medium sized and short peptide sequences have been shown to
assemble into vesicles in agueous medium; however the recent and elegant
demonstration of a dipeptide assembling into stable nanovesicular stfuctures that

are stable in acidic and alkaline conditions is noteworthy®*®,

In the present work, we report the design, synthesis and characterization of two o,3-
dehydrophenylalaniné residue (APhe) containing amphiphilic dipeptides, H-Glu-
APhe-OH and H-Lys-APhe-OH (hereafter denoted as Glu-APhe and Lys-APhe
respectively) wHich self-assembled into anionic and cationic vesicular structures
respectively. The design was based on theobservations that (i) peptides with a
hydrophobic taivlland a charged amino-acid at one end self-assembled into vesicles
and tubes®® (i) aromatic residue containing peptides as small as dipeptides could

[258,266]

also self-assemble into nanotubes and nanovesicles and (iii) that incorporation

of APhe residue, the unsaturated analog 6f phenylalanine, with a double bond

I [156-161, 186, 187, 192-226, 230}

between C*and CP atoms provides structura and proteolytic

stability to the self-assembled structures™™ % ¥ 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 syhthesis: Dipeptides were synthesized as described below:
(a) H-Glu-APhe-OH

Boc-Glu(OtBu)-OH (Novabiochem) (1.52g, 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, SmM).
After 10min, a pre-cooled aqueous solution of DL-threo-B-phenylserine
(Sigma-Aldrich) (1g, 5.5mM) and sodium hydroxide (0.22g, 5.5mM) 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 (2x15ml), with saturated sodium chloride
(1x20ml), dried over anhydrous sodium sulfate and evaporated to yield
Boc-Glu(OtBu)-DL-threo-B-phenylserine as an oily compound (2.3g,
~100%). The compound, Boc-Glu(OtBu)-DL-threo-B3-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% NaHCO;, cold water and dried under vacuum. The

resulting azalactone, Boc—Glu(OtBu")—APhe-Azl, was dissolved in methanol,




Chapter 3

65

treated with 1.5 equivalents of 1IN NaOH solution and stirred at room
temperature for 3-4hrs. The mixture was fhen partially evaporated to
remO\)é 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
evaporatéd to yield Boc-Glu(OtBu)-APhe:OH as a white solid. Deprotection
at the ai-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 subseqdently lyophilized from 10% acetic
acid-water (20ml) to yield the final compound H-Glu-APhe-OH as white
powder. Overall yield (0.6g, 48%); Rs =0.13 (CHCI;-MeOH, 9:1).

The peptide was purified on a preparative reverse phase C;3 column
(Deltapak, Cjg, 15u, I.D. 300x19mm) using acetonitrile-water linear
gradient 5-45% acetonitrile (0.1%TFA)/water (0.1% TFA) at a flow rate of
4m|/m'in over 25min. The purified peptide was reinjected into an analytical
reverse phase Cy5 column (Phenomenex, C18, 54, 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 1mi/min over 25min and was found to be 98%
pure with retention time of 13min. The purified peptide was analyzed by
mass spectroscopy (Applied Biosystems QStar (Q-TOF)) Observed Mass-
293 Da, Expected Mass- 292.3 Da.

(b) NH,-Lys-APhe-COOH

The peptide was synthesized as described above starting with Boc-Lys
(Boc)-OH (5mM, 1.73g). Overall yield (0.57g, 39%); R¢= 0.12 (CHCl;-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, Expected Mass-291.38 Da.

3.2.2 Circular Dichroism (CD) Spectrometry: All spectra were recorded on a JASCO-
810 polarimeter equipped with a Peltier type thermostat and purged continuously
with dry N, 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 25nm/min and response time of 165e§. 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 €,45 = 5167 per peptide bond (2581 D 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 EImer Spectrum BX FTIR speétrometer. The assembled peptide samples were
spotted on a Cani window and air-dried at 99% relative humidity. The samples were

" then rehydrated - with D,0 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 [27°](ZD-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 ?°% 233,

3.2.4 Simulations: The optimized potential energy landscape and the molecular
geometry was calculated using PM5 method of MOPAC implemented in Scigress
software suite. Briefly, the molequle was built with the structure buildihg module of
Scigress using the reported parameters of APhe (136,215 The torsional angle between
N1-Cal-C1-N2 was defined as dihedral 1. Similarily, 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 9° followed by structure
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optimization using PM5 method including solvation effects of water simulated by

cosmo #7272,

| 3.2.5 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 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 Il (SIS, Germany) digital camera. Image analysis was

carried using Analysis I (Megaview, SIS, Germany) and Imagel

(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, 5u, |.D. 250x4.6mm) using a
acetonitrile-water linear gradient 5-45% acetonitrile (0.1%TFA)/water (0.1% TFA) at a
flow rate of iml/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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50uL 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 dipeptideé:

Self-assembly of the dipeptide nanostructures was initiated by dispersion of 10-20mg
of the peptide in a small volume (50ul) 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-APhe 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-APhe 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 (23]

. The vesicles formed by
Lys-APhe 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-APhe,
however, had lighter staining compared to the g'ri’d background (Figure 1f) 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.

Vesicles

& _§ § 5 % % ¥ ¥ ¥ ¥
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Figure 3-1: Electron micrographs of (a) Glu-APhe and (d) Lys-APhe, (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-APhe assembled into pleomorphic spherical structures in
wide size range of 50-200nm with a mean diameter of 110nm. The vesicles
formed by Lys-APhe 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-APhe vesicles had a mean square radius of gyration (z-
average) of 200nm whereas Lys-APhe formed larger vesicles with a z-average of 280
nm (Figure 3-2). Glu'-APhe vesicles showed a polydispersity index (fractional
dispersity) of 0.5 whereas the self-assembled vesicles of Lys-APhe 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-APhe vesicles
and a larger average size with a lower size rangé for the vesicles formed by Lys-APhe
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.

Size Distribution by Intensity

"‘nl_<..____Lys-APhe

Intensity (%)

- Figure 3-2: Comparison of size distribution profile of Glu-APhe and Lys-APhe
(20mg/ml) by DLS. The Glu-APhe vesicles had a mean square radius of
gyration (z-average) of 200nm whereas Lys-APhe formed larger vesicles with
a z-average of 280 nm. Glu-APhe vesicles showed a polydispersity index
(fractional dispersity) of 0.5 whereas the self-assembled vesicles of Lys-APhe
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 peptidesm’
32l have provided precise information regarding thé molecular arrangement of the
self-assembled structures. However, attempts to crystallize Lys-APhe and Giu-APhe
were mostly unsuccessful. Glu-APhe did not crystailize under any of the conditions
tested. While Lys-APhe did crystallize, the fragile and flaky crystals were not suitable
for diffraction studies. CD, 2D-COS FTIR and simulation studies were, thereforq, 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™ and 1690cm™ for Glu-APhe and Lys-APhe
respectively. The 2D-COS FTIR studies were carried out using hydrogen-deuterium
exchange and the synchronous correlation ‘maps exhibited auto peaks at 1690cm™
for Glu-APhe and at 1672cm™ for Lys-APhe (Figure 3-4). A lower absorption
frequency of the amide | band indicated a stronger hydrogen bonding [2°°%% 2% of
the peptide backbone in Lys-APhe. The asynchronous map of Glu-APhe exhibited a
positive cross peak at (1600cm'1, 1690cm'1) and a negative cross peak at (1695cm™,
1740cm™) (Figure 2B) whereas Lys-APhe showedb ‘negative cross peak at (1672cm™,
1683cm™) and a positive cross peak at (1647cm™, 1672cm™) (Figure 3-4) 250-23.270)
The differences ih 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

[250-253, 2701 ' The auto peaks at 1690cm™ for

classically defined secondary structures
Glu-APhe and at 1672cm™ for Lys-APhe corresponded to turn-like molecular
conformation adopted by the dipeptides. Further, ih the 2D-spectrum of Glu-APhe,
cross peaks at (1600cm™, 1690cm™) and (1695cm™, 1740cm™) probably suggested
intermolecular interaction between the monomers with 1740cm™  band

corresponding to free COOH group.
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Figure 3-3: Powder FTIR spectra of the peptides (top) Glu-APhe and (bottom) Lys-
APhe. The Amide | band carbonyl peaks at 1700 cm-1 and 1690 cm-1 for Glu-APhe
and Lys-APhe, 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) 2D-FTIR synchronous

map of Glu-APhe and Lys-APhe respectively,

(b) and (d) 2D-FTIR

asynchronous map of Glu-APhe and Lys-APhe respectively, (e) Far-UV (inset

shows 2™ derivative spectrum) and (f) near-UV CD spectrum of the dipeptide
nanovesicles formed by Glu-APhe (dark) and Lys-APhe (light) dipeptides.
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The 1600cm™ band could not be assigned. The cross peaks occurring in the 2D
spectrum of Lys-APhe appeared in the Amide | region and their origin was thus

. -253, 27
ambiguous [250-253, 270]

The CD spectrum of nanovesicles formed by Glu-APhe and Lys-APhe exhibited
positive bands at 217nm (n-1* transition) and at 197nm (r-m* 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-APhe is characterized by a band at 280nm (APh'é.absorption) and a band at
300nm that is assigned to APhe ring stacking interactions *%. In the near-UV CD
spectrum of Lys-APhe, the APhe 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 1%713% 24
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 APhe. The
probable molecular structure was then calculated using in-silico semi-emperical
quantum methods implemented in MOPAC %% The calculated potential energy
for the lowest energy conformer of Glu-APhe was —364.9 Kcal/mol whereas it was —
83.38 Kcal/mol for Lys-APhe. Interestingly, we did not observe any intra-mo[ecular
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
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in the backbone conformation and the APhe 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).

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-APhe was -364.9
Kcal/mol whereas it was -83.38 Kcal/mol for Lys-APhe. The superposition of
the lowest energy structures of the two dipeptides suggested that there was
little difference in the backbone conformation and the APhe 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 pept‘ides decreased with the intrease
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 %% %7 1%

I Therefore, the proteolytic stability of the
nanovesicles forrhed by the peptide Glu-APhe and Lys-APhe 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 res‘ullt's clearly indicated the proteolytic

stability of the APhe containing peptide nanovesicles.
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Figure 3-6: The concentration dependent assembly behavior of the peptides,
Glu-APhe (right) and Lys-APhe (left), probed by monitoring the decrease in

‘molar ellipticity at 197nm(I1-IT* transition) and 217nm (n-IT* transition).

The presence of monovalent and divalent ions have often be shown to alter the self-
assembly behavior either by stabilizing or destabilizing the self-assembled form ©*
773,274 The near-UV CD spectrum suggested that addition of physiologically relevant
concentrations of monovalent (Na+) and divalent (Mg*) 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 considered as excellent carrier systems
for delivery of various bioactive molecules into living systems due to their
unmatched biocompatibility and their tailorability for targeted delivery [257-266]

Several peptide based self-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

260 |n order to

techniques to study drug encapsulation in liposomal systems
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 anq then ultra-centrifuged to separate
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 B,, (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) (Fluka) was used as a model compound
for investigating the entrapment of porphyrin mOIe_culés 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.

encapsulation, encapsulation,
% (whw) Yo (W/w)
drug Lys-APhe Glu-APhe drug Lys-APhe Glu-APhe

vitamin B, 8 28 Pf MSP-3N 14 12
hemin ' 56 60 Pf HRP-II 5 24
insulin 61 5 BSA 11 15
synthetic 73 41 lysozyme 40 80

anhimicrobial

pephide
riboflavin 40 45 anti-mouse 20 80

IeG

Pf MSP-19 .20 20

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
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 (5.8kDa) was preferentially entrapped
in the cationic vesicles (Lys-APhe; 61% w/w) bth not in the anionic vesicles (Glu-
APhe; 5% w/w). On the other hand, a synthetic decapeptide (1.5kDa) 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-APhe and (c) Lys-APhe. 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 P H[

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- Il
appeared to be encapsulated within both the vesicles, whereas Pf MSP-1,,
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-1,9 (Pf MSP-14,, 11.2kDa)[276], merozoite surface protein-
3N (Pf MSP-3N, 25kDa)[unpublished work] and P. falciparum histidine rich protein-2
(Pf HRP-2, 32.9kDa)!¥’”, in addition to chicken egg lysozyme (16.2kDa), bovine serum
albumin (BSA, 66.4kDa) and anti-mouse goat IgG (~150kDa). Ultracentrifugation
followed by quantification of proteins by fluoresc'ence 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 IgG both showed higher affinity for Glu-APhe vesicles
than Lys-APhe vesicles. However, ultracentrifugation experiments were not able 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- Il was encapsulated within both the vesicles (Figure
3-9), whereas Pf MSP-1,4 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 IgG 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 PKH2'¥’®.. 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

t[279]

associated with severe cytotoxic effec . 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.
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Figure 3-10: Fluorescence and Optical images exhibiting the uptake of
fluorescent probe labeled peptide vesicles into HelLa cells after 6hrs. The
circled areas show the heavy uptake of the fluorescently labled nanoparticles

by the metabolically active cells.
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Figure 3-11: Optical micrographs of Vero cells (left) treated with Glu-APhe
(middle) and Lys-APhe (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 lonization dependent shape change of the vesicles

The effect of pH (and thus the role of ionization of specific functional groups) on the

morphology of the assembly of the two amphiphilic dipeptides was subsequently

[280-282]

investigated. The calculated titration curve for the dipeptide Glu-APhe
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suggested deprotonation of C-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-APHe, 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-APhe was studied at pH=1, 4, 7 .and 11 and at pH=1, 7, 9 and 11 for the cationic
dipeptide, Lys-APhe, té test if the self-assembléd structures could have potential use
in triggered drug release applications. The id}mization 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-APhe exhibited a positive
band at 285nm at pH=1. The position and intensity of the peak decreasedv only
'slightly (15%) at'bH=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 pleomdrphic larger structures with a size
range of 50-100nm. However, at pH=11 the near-UV CD spectrum was characterized
by a negative bavnd at 275 nm with a decrease in intensity compared to the specfrum
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, curvihg 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 ionizatioﬁ state of the C-terminal carboxyl group affected only the size

of the assembilies.
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Figure 3-12: Figure showing the morphology of the self-assembly and the
backbone conformation landscape of Glu-APhe. (a)(e) pH=1, (b)(f) pH=4,
(c)(g9) 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 (Kcal/mol)
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Figure 3-13: The morphology of the self-assembly and the backbone
conformation landscape of Lys-APhe. (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-APhe and
(c) Lys-APhe; Near-UVCD spectrum of the nan-assemblies of (a) Glu-APhe and
(c) Lys-APhe. The results were indicative of major reorganization of the
stacking interactions under different ionization 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-APhe 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=1, 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 a'é 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 st;\r 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-APhe, the ionization of the C-terminus of the dipeptide Lys-APhe 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 6bserved 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) #7¥#72] |nterestingly, we observed that there were no significant variations
in the potential énergy 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).

d

Figure 3-15: Figure showing the superimposition of the lowest energy
structures of (a-c) Glu-APhe, and (d-f) Lys-APhe. (a,d) Superposition of all
atoms (the surface of the APhe 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

(283, 284])

protein, both back-bone and side-chain contributed to'the enthalpic barrier
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 ihteractions (of the side-chains) on the packing of the peptide

molecules in the assemblies %),

Interestingly, molecular studies onithe dipéptide
lle-lle demonstrated that the ionization status of the molecule influenced the
“hydrogen-bonding capabilities, conformational properties and molecular packing
arrangement of the peptide in the Erystal (7, H‘c.)wever, the simulation studies on
Glu-APhe and Lys-APhe 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 C-
terminal APhe 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 asserhbly.
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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-APhe

Backbone Atoms Side-chain Atoms

(b) Lys-APhe

Backbone Atoms

3.3.12 Entrapment and pH mediated release of drugs from the nano-vesicles

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 fluorgscence shielding property of the

(288]  The results indicated that doxorubicin was

compound upon entrapment
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-APhe and Lys-APhe, 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-APhe and (b) Lys-APhe. 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 a‘mphiphilic 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
of self-assembly. The described peptide struc'éures were easy to synthesize, cost
effective and offer novel scaffolds for future design of nano-structures with potential

application.




Chapter 4

Self-assembling aromatic dipeptide Phe-
APhe as an amyloid mimick.
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4.1 Introduction

- Alzheimer disease is a progressive, neurodegenerative disorder characterized by

amyloid deposition in senile plaques in the cerebral parenchyma and vasculature [288,

271 These plaques are composed primarily of fibers of the amyloid B-protein
fragment AB(1-40)or AB (1-42). AB 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, 289] ABis a
normal constituent of human plasma and cerebrospinal fluid (290, 2541 3nd is secreted

. ‘ . . . . 2
by a variety of cultured cells, including primary neuronal and non-neuronal cells [292,

23] In vivo, senile plagues containing dense cores of fibrillar AR are intimately
associated with areas of neuronal loss, dystrophic neurites, and gliosis 286 ‘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,
298] X-ray diffraction studies have demonstrated that these fibers assembled in a
cross B-pleated sheet structure 2% 27!, Circular dichroism (CD) and Fourier-transform
IR spectroscopic analyses of these fibers have confirmed their B-sheet secondary

(298-300]

structures . Synthetic full [ength AB peptides form fibers ultrastructurally

indistinguishable from those isolated from the brain 2% 297

. However, numerous
studies have also demonstrated that short 5-8 residue fragments of AB 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 AB i.e. H-
KLVFFAE-OH (AB16.52) have indicated that this région was critical for fibrillization 2%
322:332) Moreover, theoretical studies on Ac-KLVFFAE-OH have simulated atomic level
intercations involved in AB- dimer formation therby providing a detailed picture of
forces that drive the interaction between the fragments 3%, 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. Phe®-Phe®
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 AB fibrillization 76] 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-

3
chains of Phe residues with the aromatic stacking interactions providing a favorable

{75 and references therein}

energetic contribution as well as directionality

Similar to the predominant role of the aromatic .}interaction in the fibrilllization of AB,
studies also have brought out the crucial role of the aromatic phenylalanine residue
in promoting fibrillization of the human islet émyloid polypeptide (hIAPP) (303, 321] .
hIAPP (or amylin) is 'a 37-residue ‘polypeptide hormone that is produced by
pancreatic B 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 B cells in culture. A six residue peptide fragment of hlIAPP i.e. NFGAIL, has
been demonstrated to form amyloid fibrils that are similar to those formed by full
length peptide [309]‘ 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 cvrucial role of Phe in fibrillization of the

peptide [309]

The ability of synthetic peptides to form amyloid fibrils in vitro have been utilized to
examine how a variety of parameters; - ihcluding temperature, pH, solvent
composition, peptide concentration, and peptide sequence influence the final fibril
state and also assay for inhibition potency of anti-fibrillization agents 301304 312, 315
3181 However, the most limiting factor for search of anti-amyloid compounas has

been the extremely difficult synthesis of model amyloid peptides and also the
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exorbitant price of commercially available AB peptide. Thus, small peptide based
fibrillizing systems exhibiting essential properties of AB 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-APhe-OH (Phe-APhe)
into amyloid like fibrils has been probed. The béptide, Phe-APhe, 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 B-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 AB 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, Thésé features made the Phe-APhe

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-APhe-OH

Boc-Phe-OH (Novabiochem) (1.52g, 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 chlioro-formate (Sigma) (0.7ml, 5mM). After
10min, a pre-cooled aqueous solution of DL-threo-B-phenylserine (Sigma-
Aldrich) (1g, 5.5mM) and sodium hydroxide (0.22g, 5.5mM) 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 (2x15ml), with saturated sodium chloride (1x20ml), dried over
anhydrous sodium sulfate and evaporated to yield Boc-Phe-DL-threo-B-
phenylserine as an oily compound (2.3g, ~100%). The compound, Boc-Phe-DL-
threo-B-phenylserine, was then mixed with anhydrous sodium acetate (0.53g,
6.5mM) in freshly distilled acetic anhydride (50mi) and stirred for 3éhrs 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, wash.ed with 5% NaHCO3, cold water and dried under
vacuum. The resulting azalactone, Boc-Phe-APhe-Azl, was dissolved in
methanol, treated with 1.5 equivalents of 1IN 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 to yield Boc-
Phe-APhe-OH as a white solid. Deprotection at the c-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
subseque'ntly lyophilized from 10% acetic acfd-water (20ml) to yield the final
compound H-Phe-APhe-OH as white powder. Overall yield (0.6g, 48%); R; =
0.15 (CHCl;-MeOH, 9:1).

The peptide was purified on a prepa.rétive reverse phase C;3 column
(Deltapak, Ciq, 15H, 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

Cis column (Phenomenex, C18, 51, I.D. 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
15min. The purified peptide was analyzed by mass spectroscopy (Applied
Biosystems QStar (Q-TOF)) Observed Mass- 310.8 Da, Expected Mass- 311 Da.

b) NH,-Lys-APhe-COOH

The peptide was synthesized as described above starting with Boc-Lys (Boc)-
OH (5mM, 1.73g). Overall yield (0.57g, 39%); R; = 0.1{(CHCl;-MeOH, 9:1); The
peptide was purified as described above and analyzed by mass spectroscopy.

Retention Time- 13min; Observed Mass- 292 Da, Expected Mass-291.38 Da.
c) NH,-Glu-APhe-COOH

The peptide was synthesized as described above starting with Boc-Glu (Otbu)-
OH (5mM, 1.5g). Overall yield (0.8g, 59%); Rf = 0.1(CHCl;-MeOH, 9:1); The
peptide was purified as described above and analyzed by mass spectroscopy.

Retention Time- 13min; Observed Mass- 292.6 Da, Expected Mass-293 Da.
d) NH,-Ser-APhe-COOH

The peptide was synthesized as described above starting with Boc-Ser(tbu)-
OH (5mM, 1.3g). Overall yield (0.57g, 39%); R; = 0.1(CHCl;-MeOQOH, 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) NH,-Gly-APhe-COOH

The peptide was synthesized as described above starting with Boc-Gly-
OH(5mM, 0.8g). Overall yield (0.57g, 39%); Rf = 0.1(CHCl3-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-APhe peptide powder in 50uL of acetic acid and subsequently

diluting it in 2000 plL of water to achieve the desired concentration.

4.2.3 Electron M_icroscopy: For transmission electron microscopy (TEM), the peptide
samples were prepared at a concentration of 1i10mg/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 Il (SIS, Germany) digital camera. Image analysis was

carried using Analysis Il (Megaview, SIS, Germany) and Imagel

(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 assembiy of Phe-APhe (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 humidity 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-APhe (1mg/ml) and
incubated for 30 mins thereafter. The excitation and the emission spectrum of the

amyl‘oid bound dye was characterized by a Perkin-Elmer LS50B spectrofluorimeter.

4.2.6 Fibre-XRD: Unoriented fibers of the Phé-APhe dipeptide were collected ina 0.1
mm quartz capillary and diffracted on a Cu Ko rotating anode. The data was collected

on a MAR-research 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 témperature and réexamined periodically during the next few
days. Experiments with soluble dipeptides (Gly-APhe, Ser-APhe, Lys-APhe and Glu-
APhe) were done in a similar fashion, except that Phe-APhe 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, thé average hydrodynamic radii (Ry) of
the scattering particles are presented in the experiments. The following
interpolation, appropriate for a cylinder of length L and diameter d (34), was used to

relate the experimentally measured R;, values to the fibril length:

R, = %(m/ln@)

d 0.37(L - d)
x = L[l + T ]

4.3 Results and Discussion
-4.3.1 Structure of dipeptide fibrils:

The Phe-Phe dipeptide motif of AR has been shown to self assemble into fibrilar
structures at a peptide concentration of 2-5mg/ml in aqueous solution 76771 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 100-150nm
and possessed length over microns 7% The fibrils exhibited a CD spectrum with a
positive band at 197nm and 210nm (turn-like) and an FTIR peak at 1620cm™ (B-

) [76

sheet) "®. 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 Il B-turn turn (124}

The dipeptide Phe-APhe fibrillized in a highly reproducible manner even at very low
concentrations (~0.1mg/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-APhe dipeptide were unbranched, straight,
or slightly curved and had a diameter of 15i2 nm with length over microns. Analysis
of peptide secondary structure by CD (Chapter 2) showed that the dipeptide fibrils
were not composed of B-sheet unlike in typical amyloids. FTIR spectra also confirmed
the absence of B-sheeted structure (Chapter 2). Thé \, ¢ dihedral angles obtained
‘from the crystal structures of the peptide Phe-APhe were 165°, 36° respectively.
Similar values of the dihedral angles are adopted by the second and third residues in
classical type 1 B turns, thus suggesting a turn like conformation 2% for Phe-APhe
peptide. But the éssential feature of AR amyloidosis, i.e. aromatic stacking mediated
self-assembly was retained in the fibril assembly of Phe-APhe dipeptide. Moreover,
introduction of B turn favoring residue at position 22 of AB(1.42) have been shown to

342 simulation studies have also

promote greater aggregation and cytotoxicity
pointed towards the presence of turn and bend structures rather that helices or
sheets in small fragments of AB [343, 333] Also, it was not unusual for turn assuming

dipeptide structures to cause fibril formation 1,

However, particularly interesting was the unoriented fiber diffraction spectrum
(Figure 4-1c) with bands at 5.8A4, 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 B-pleated structure
and 10A 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-APhe 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 APhé 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 ob‘served in amyloid fibrils, but their exact origin is unknown B38] The 13.6
A band correlated well with the distance between two APhe rings of the stacked
molecules. The 20A band, however, could not be ass_igned. 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 [336]

4.3.2 Congo red and Thioflavin T binding

Amyloids were historically identified in plaques in neuronal sections by congo red
staining. Congo red shows reasonably high degree of binding to amyloids 395 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-APhe stained with congo red and also exhibited 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.



Chapter 4 106

180 1 (l
Type Il Btumn
90 T Class1
9: ) . 0 .
£ -180 90 ( 90 180

o X
0 4
Class2b 9 Class 2a
Type | Bturn

-180 -
Psi (V)

Figure 4-1 : Transmission electron micrographs of the fibrils of Phe-APhe at
(a) low and (b) high magnification. The fibers appear unbranched, straight, or
slightly curved and had a diameter of 152 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-APhe showing similarity with turn

structures '?4,
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Enhancement of fluorescence emission of thioflavin T dye on binding to amyloids is
another featurebthat has been frequently used to monitor properties of amyloid
fibrils ®3%**1 Thioflavin T is believed to intercalate between the parallel and/or anti-
parallel B-sheets in a fibril that provide a non-polar environment and result in
increased fluorescence. The fibrils formed by Phe-APhe exhibited over 100 fold
increase in fluorescence of thioflavin T with an excitation and emission maximum at
435nm and 470nm. This suggested its ability to iptercalate 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-APhe fibrillogenesis, 5 different
initial peptide concentrations, Cy, 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, Ry, and in the intensity of the scattered light, I and an initial
nucleus size of roughly 45.8nm. The intensity grew proportionately with R,
consistent with a fibrillar structure of the assembly 314 There was an increase in the
observed hydrodynamic radius with time. The finalvasymptotic mean hydrodynamic
radius (Rp) of 115+28nm occurred after 1hr. Using the previously reported
interpolation, abpro'priate for a cylinder of length L and diameter d, to relate the
experimentally measured Ry, 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-APhe exhibited
over 100 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 0.2u 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.

2000
1800
1600
E 1400 /
c L 1+ I - &2
= 1200 ] Ry = 5-(\/5 - xz/ln — )
£ 1000
3
= 800 d[ 0.37(L —d)]
Q x==11 4+ —————l
i 600 L L
400
200
c = - i i 1
0 50 100 150 200
Rh (nm)

Figure 4-3 : Plot of observed hydrodynamic radius (R,) versus calculated fibril
length using rigid cylinder approximation appropriate for a cylinder of length
L and diameter d (=13nm), was used to relate the experimentally measured R,

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 0.2y 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 ovet" the entire range of
concentration tested. The initial rate of fibril growth (K,) increased linearly
with the initial concentration of the peptide (C,). The final fibril length (L)
exhibited an exponential dependence on C,, however, the average final fibril
length (L;) stood at 1000£160nm under the condition for fibrillization.
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The initial rate of fibril growth (K.) increased linearly with the initial concentration of
“the peptide (C;) (Figure 4-5a) with an average of3.3+0.8 nm/min. It was also seen
that the initial concentration (Cy) had no correlation with the time (T) required to
achieve the final fibril length. The final fibril length (L;) exhibited an exponential
dependence on Co, however, the average final fibril length (L) stood at 1000£160nm

under the condition used for fibrillization of the dipeptides.

Typically for amyloid fibrillogenesis, in the conce:’ntration domain Co>c*(where c* is
‘the cmc of thev'peptide under the solvent conditions used), 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 K.c*(where Ke .is the fibril
elongation rate). However at time (T), 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 (L) are independent of
the initial concentration (C,) in the described model. However, in the concentration
domain Cy<c*, the initial concentration of the monomer is essentially equal to the
concentration of the dissolved peptide. Thus, the number of growing fibers (N¢) are
equal the number of heterogenous nuclei presef;t in the sample. Due to the binding
of monomers to the growing fibril, C decreases exponentially with a rate KN
resulting in a gradual decrease in fibril growth. Direct quantitation of N¢ in a sample
has not been experimentally feasible, however felative quantitation of fibril

elongation rates under similar experimental conditions would be possible.

The kinetic behaviour of fibril growth exhibited by the dipeptide Phe-APhe 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 (327] 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
samples. Intra-sample variation in initial growth rate (KoN¢) and final fibril length (L¢)
was higher at lower C, probably due to greater predominance of heterogenous

nucleations at lower peptide concentrations as well 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-APhe. Interestingly, the initial rate of fibril growth
(K<Ns) did not show any variation with temperature énd exhibited an average value of
growth rate at 4nm/min with estimated activation energy (E,) roughly equal to zero
(Figure 4-6a) ®*. 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 (z22.8i1.1KcaI/moI for AB 1-40 in
0.1N HCI) B, The observation clearly suggested that unlike in AB 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 AB) that are
believed to undergo structural transition preg:eeding fibrillization. Moreover, it has
been demonstrated that the primary forces that stabilize the assembly were pi-
stacking and h-bonding interactions. It also appe!ared 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-APhe. Dynamic light
scattering experiments also suggested that the ensemble average size of the nucleus
was smaller (=46.8nm) at 37°C and larger (=73.6nm) at 20°C. The observations

suggested that temperature probably affected only the size and not the number (N¢)
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of the nucleus, and thus the fibril elongation rate (K.N¢} remained constant. As

expected, the number distribution analysis also suggested that the number of nuclei

(N¢) were nearly equal in both the cases 314
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Figure 4-6: Figure shows the dependence of (a) rate of fibril growth and (b)
final hydrodynémic radius with temperature. The initial peptide concentration
is 0.125mM. The initial rate of fibril growth (K.N,) did not show any variation
with temperature and exhibited an average value of growth rate at 4nm/min
‘with estimated activation energy (E,) 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-APhe 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 thermodymavnic 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-APhe

The ultra-structure studies of the amyloid fibrils have suggested that the amyloid
fibers are stabilized by numerous hydrogen bonaing interactions occurring between
the B-sheets in the cross B-pleated sheet structure. Most small molecule and
synthetic peptide based amyloid inhibitors are specifically designed to disrupt AB
fibrils by disruption of native hydrogen bonding. This strategy has been commonly
referred to as “B-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 nafive fragment and prevented
it from adopting the necessary B-sheet secondary structure causing disruption of
amyloids 3053081 The other effective strategy has been the disruption of the nucleus
by use of amphiphilic/detergent molecules and hence results in inhibition of
fibrillization ®** 3* However, such molecules exhibited ﬁoor biocompatibility and
hence could not be used as drugs. As pointed out earlier, the stacking of the
diphenylalanine moiety in the amyloid B-protein fr_agmént AB(1-40) or AB (1-42)
fragment has been implicated to be the major driving factor for amyloidogenesis (22,
75, 76, 78, 309 Therefore, inhibitors that could targef thé disruption of the aromatic
interaction face, and thus affect the nucleation and fibril growth, could prove to be
efficient anti-amyloids. Infact, many low molecular weight polyphenols have been

shown to disrupt amyloids by the aforesaid mechanism 3103113121

In the previous chapters it has been demonstrated that the peptides H-Gly-APhe-OH
(Gly-APhe), H-GIn-APhe-OH (GIn-APhe), and H-Ser-APhe-OH (Ser-APhe) did not
assemble in agueous medium even at high concentrations (Chapter 2). Also, the
ampiphillic dipepﬁdes H-Lys-APhe-OH (Lys-APhe), H-Glu-APhe-OH (Glu-APhe) 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 APhe
and the side-chain of the N-terminal residue being either charged (anionic as in Glu-
APhe; cationic as in Lys-APhe) or neutral (hydroxyl as in Ser-APhe; carbonyl as in GIn-
APhe) functional groups thus, sharing structural similarility with amphiphilic

-molecules. Therefore, the effect of these peptides on the fibrillization of amyloid
mimic, Phe-APhé, was investigated in terms of fibril length, rate of fibrillization (K.N¢)

and relative degree of fibrillization ().

The dipeptides were used at a concentration at which they did not assemble to
ensure that the change in fibril elongation rate (K.N¢) was solely due to the available
free monomers in the solution. Interéstingly, it waS observed that the dipeptide Glu-
APhe, GIn-APhe and the control dipeptide (Gly-APhe) did not exhibit any substantial
change in K.N¢ of the fibrils (Figure 4-7). The final fibril lengths were comparable to
that achieved by the Phe-APhe dipeptide alone. However, there was a decrease in
the mean scattering intensity (l;) 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 (318, 319] Interestingly, the
uncharged polar dipepﬁde, Ser-APhe, exhibited profound reduction in fibrillogenesis
even at equimolar concentration. The fibril elongafion rate decreased by an almost
17% of the untreated sample. The final fibril length achieved was about 1100nm
(Rh=126nm) compared to 1800nm (R,=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-APhe resulted in substantial inhibition of Phe-APhe fibrillogenesis.
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Figure 4-7: Figure showing the effect of dipeptides on the (a) rate of fibril
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fibrillization of Phe-APhe.
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4.3.7 Inhibition of model amyloids by Ser-APhe

Prompted by the inhibitory activity of Ser-APhe on Phe-APhe fibrillization, other
model amyloidogenic fragments of AB 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 AB1s.50) defined by the sequence H-KLVFF-OH was used
as a model fibrillizir‘wg system 52 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 Sér-APhe 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-APhe (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 a\}erage
value of 539 nm suggesting a 4-fold reduction in fibril length. The mean scattering
_intensity also decreased by a factor of 2 (50% inhibition of fibrillization). Interestingly,
at equimolar concentrations, the in.hibitor dipeptides Gly-APhe, Glu-APhe and GIn-
APhe resulted in only 8%, 17% and 12% inhibition respectively. The dipeptide Lys-
APhe 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 absencé of the inhibitor molecule. The
inhibitor Ser-APhe was mixed with the peptide KLVFF in the molar ratio of
0.5:1, 1:1, 2:1 and 3:1 (Ser-APhe:KLVFF) béfore initiating the process of
fibrillization.

Table 4-1: The inhibition of the rate of fibrillization (slope) upon addition of
the inhibitor Ser-APhe.

Statistical
values

Rate of fibril [252.0+. . /90 Lf2nasE el
growth (Slope) 66.97 1 830" 3540
Nucleus size 38.67+ 1829t 13.82¢
86.46 11.02 - 19.226 6.406
1/slope 0.003968 (0.011 0.03643 0.04946 0.04658
S o934 1 fo92s - {ns3a3 - 09
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This clearly suggested that results obtained for the fibrillization inhibition of Phe-
APhe 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-APhe needs to be tested against other domains of A

polypeptide as well as full length AB1.35), AB(1.40), and AB(1_42).

The anti-amyloid activity of Ser-APhe was also tested on the fibrillizing peptides H-
Ala-GIn-Phe-Leu-Val-OH (ANFLV), H-Ala-GIn-Phe-Leu-Val-His-Ser-Ser-OH (ANFLVHSS),
H—Ser-GIn-GIn-Phe-Gly-AIa—IIe-Leq-OH (SNNFGAIL) and H-GIn-Phe-Gly-Alva-He-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 (I} of the different domains of hIAPP by 30% or more with
respect to the untreated samples (Figure 4-9). The full length hIAPP, 35 peptide was
challenged with equimolar concentration of. Ser-APhe 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-APhe. The
above results demonstrated the potential anti-amyloid activity of the dipeptide Ser-
APhe 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-APhe on fibrillization of
model peptides derived from AB,,, and HIAPP. The fibrillization o"f model
amyloid systems tested were inhibitefi by Ser-APhe at equimolar

concentration.

(*Percentage inhibition calculated from decrease in mean scattering intensity
(I;) when fibrillization was initiated in presence of equimolar concentration of
Ser-APhe)

A survey of known polyphenolic amyloid inhibitors indicated that the dipeptide Ser-
APhe shared a few basic structural featuresAo'f many polyphenols. A polyphenol,
apomorphine, has been shown to inhibit a-synuclein and AB(1-40) in vitro. Screening
of several apomorphine derivatives has sugges‘ted tWo important structural features
necessary for anti-amyloid activity. Ffrstly, 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 AB 3331 'Water soluble tannic acid has also been shown to be an effective

fibrillization inhibitor of PrP* and AB. Tannic acid is composed of phenol-carboxylic
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and gallic acid groups ®3*. 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 AP 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

335 Furthermore, the structural similarity of curcumin and

characteristics
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 B-sheet bréaker,’ 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 B-amyloid

B35 Other polyphenols like myricetin, morin, quercetin, gossypetin,

oligomers
exifone, pentahydroxy benzophenone, baicalein, catechin, hypericin and epicatechin
gallate have also been demonstrated to have potent anti-amyloid activity %, All the
above mentioned molecules shared similarity in s;cructure in having one or multiple
hydroxyl groups over aromatic rings (Table- 4-2 and Table 4-3). However, Ser-APhe
possessed the hydroxyl group over’'a non-aromatic carbon i.e. C,Hs group. Thus, it
appeared that an amphiphilic dipeptide Ser-APhe having uncharged polar group
- could exhibit effective anti-amyloid activity. A few Qariants 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 th.e dipeptide Phe-APhe followed similar
profiles of in-vitro amyloid assembly. Moreover, Phe-APhe fibrillogenesis
represented the class of fibril formation based on heterogenous nucleation events
that represented near in-vivo conditions considering the interaction of AR 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-APhe can be effectively used to screen for potential low
molecular weight inhibitors for amyloids that could translate into effectivé anti-
fibrillization agents for larger amyloid systems. Based on the experiments, Ser-APhe
qualified as an effective anti-fibrillizing compound in vitro. The results did suggest
.that Ser-APhe could act as a minimal fragment 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, proteo{lytic 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.

Pobypheml Studiad protein Cs0 in vitrp, jou
NBGA B-Banyloidy. g 04 816
f-Amyioid g 0B .en
Cucumin frdamyloidy g 281
Rosmannic arkd frAmyioid e 0.29
f-Amyloity e it
Resveratrol B AU 3tk g Ve 2 nd. in vt
Cobutamitre a-Syruclain nd. in wirg
byricatin B-Banylatdyae 029 ge 02
BAmylait, e .40 B.38
Morin frAmyloidy g 024
F-Amyloid) e 867
OQuercatin [Fhaylnidy e 28
F-Amyioit e 872
Exifone famyloidy g 07
Tﬁﬂuﬂ 33
Kaempfeml B-Amyiitj e 1.7
Betanylity.g 3z
2.34.2° % -Pertahydroxybenzophenone F-Amylid oz 28
Tateie 24
Gossypetin F-lmyloity . 13
Touarz 20
Purpurogaliin BAmylid_g 05
Taugz 5.6
THEP 2,34 Trihydroxybenophenone) F-Amyloity e KA
Taugy 12.2
Baicalein a-Syruclein 40
Catechin FAmyloidy, g 29
famyioid, 5.3
Epicatechin fAmyiid, g 2B
FAmylaid, . 5.6
Ta:Umz >200
Fhemisutfonphthateine IAPP 10
Insulin 15
FrBarylid oz 17
Epicatechia galale Framybidi.qg 30
Tauzz 18
Epigaliocatechin gatlate FFAmMYIid .. @18
Insulin 7.0
Calkeivonin 49
Prion Pef™ nd. in vitro
Hypericin BAmylidy e 0e
Tavgs 2.8
Tannic acid Prion PiP™ 0.1
framyltidhwm 0,012

nd. nat detemnined,

(*Excerpted from Chem Biol 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.

Polyphenot {ref) 2D structunre
NDGA? (50, 51} M e
% Al -
=3 iy ORI O LRy 1 j
m’@' ]/ “ens
st an
Curcumin? {51, 52} , ) a o
: o ,«*a.,_,—ﬂ\‘,l\*{;\.. .
i T
W R 18
i g DM

Dobutamine® (44)

Rosmarinic acidP (S1)

Congo red?2 {1g, 20, 32}

RS-0406P 3,3"-bis(3-

hydroxyphenyl)pyridazine-3,.6- m.@mu
diamine (53) m__@ ) @_m
Resveratrol® (39, 46, 47, 68, 73, 74) 01
o iy i
[}
O

Myricetin® (B¢, 54)

Morin® {(50)

Quearcetin? (50)
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Gossypelin® (54) s
" i . N
I} i
L T -
o o b o
Kaempierol {50)

Apomorphine® {45}

e, x"—s\;, /
NTL\;,, .
»
B
Exifone (55) -
[y o
aar ] o
| omy
2.2'-Dihydroxybenzophenon® (54)
= o .
S N %
Lel 8 e »

2,3.4.2°, 4" Pentalwdroxyben-

zophenonel (54) mﬁ l@-

Baicalein® (57}

Apigenin® (54)

l’iﬂ (24

Catechin® (50, 54, 71)

Epicatechin® (50, 54, 71} , e
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Ph:e-noléuIphonphthal‘:einﬂ {56)

Epicatechin galliated (49, on
Levi, M. et al., unpublished data) A on
L D S E\;
'S Gt
OH ‘ Q,,%L\ e T
S *E
O
Epigaliocatechin gailate? (49, 61, ™
62, 64, 65) A _om

Hypericin® (54}

Tannic acid® (4:8, 49) o an m&

(*Excerpted from Chem Biol Drug Des 2006; 67: 27-37)
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Molecular seif-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 Iarge.r 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 application. 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 developed 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 APhe could show inhibition of

fibrillization in model amyloids.

'Future Directions

Insights into the sélf-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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