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Abstract

Over the last two decades, backbone homologated a-amino acids such as - and y-amino acids

have been extensively explored as building blocks to design various types of functional
foldamers. In contrast to the - and y-peptides, foldamers constituted with 6-amino acids have
been less explored. This is probably due to the difficulties in the synthesis of enantiopure o-
amino acids as well as issues related to the solubility of 6-peptide foldamers. Instructively, o-
amino acids can be used as mimics of a-dipeptides. In this context, we have designed new o-
amino acids encompassing “O” atom in the backbone, p(0)-8’-amino acids, and explored their
utility in the design of novel foldamers and biomaterials. In contrast to the d-peptides with
complete carbon backbone, 3-peptides with p(0)-8’-amino acids have showed better solubility in
organic solvents. We have utilized these d-amino acids to induce single residue B-turns. We have
examined solution and single crystal conformations of B-hairpin consisting of single residue o-
amino acid B-turns. Further, we have demonstrated the disruption of B-amyloid aggregation
through designed amphiphilic B-hairpin models. The AB-amyloid disruption was studied in
solution using various spectroscopic and microscopic techniques. Along with reverse turns, we
have also utilized the 6-amino acids to construct hybrid peptide helical foldamers. As the amino
acid is mimic of a-dipeptide, we further examined the proteolytic stability of peptides composed
these amino acids against various proteases. Furthermore, we have utilized these d-amino acids
to construct a new class of cyclic peptide macrocycles. Instructively, some of these macrocycles
self-assembled into polar tubular assembly in single crystals. We have examined the
transmembrane ion channel activity of these cyclic peptides using vesicle leakage assay and their
electrophysiological characterization in the transmembrane ion channels are under investigation.
Along with the utilization of these amino acids in the peptide design, we have also examined the
supramolecular gelation properties of short hybrid peptides composed of backbone modified o-
amino acids. Overall, the basic conformational properties of 6-amino acids presented in this
thesis can be further utilized to construct new functional foldamers as well as functional

biomaterials.
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Chapter 1

General Introduction of Peptide Foldamers

Composed of Unnatural Amino Acids



1.1. Introduction

Proteins are the most important bio-molecules in all living system.'With the help of the three
dimensional structure, proteins carry out all biologically important events in the living system.’
Using 20 ribosomal amino acids, nature has made the myriad of proteins with definite 3D
structures and functions. Protein structures are mainly described at four levels as shown in Figure
1.1. The primary structure represents the sequence of the amino acids. The primary structure then

folds into definite secondary structures. The secondary structures can be further

Quaternary Structure

Primary Structure Secondary Structure Tertiary Structure

Figure 1.1: Four levels of protein structure (tertiary structure PDB code 1OYH and quaternary structure

represents hemoglobin structure).

classified into B-sheets, helices, and turns. These protein secondary structures are further
connected by the loosely structured loops that leads to the super secondary structures such as -
hairpins (B-f motifs), coiled-coils, helix-turn-helix, B-a-f motifs, f-meanders, Greek key motifs
etc. Tertiary structure of protein explains the overall structure of single polypeptide chain
resulting from interactions of amino acid side chains and secondary structural elements. The
quaternary structure defines the spatial arrangement of two or more polypeptide chains in
specific oligomer complex which is accompanied by a variety of non-covalent interactions and
disulfide cross linkages. Protein secondary structures play a vital role in overall protein folding

and peptide based drug design.
1.2. Protein Secondary Structures

Protein secondary structures are classified mainly into helices, B-sheets and reverse turns. In their

pioneering work by Linus Pauling and colleagues first described the o-helix and -sheet

.
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Figure 1.2: (A) Different protein secondary structural elements shown in a protein by ribbon model (PDB
code: 1H75) (B) Torsional angles ¢ and y on peptide backbone composed of a-amino acids (C) Classical

Ramachandran plot and the allowed region for torsional angles of different secondary structures.

structures.” These secondary structures are characterized by the well-defined pattern of hydrogen
bond pseudocycles between the main chain NH and CO groups. The loop region which connects
two adjacent anti-parallel B-strands are called as reverse turns. In their seminal work, G. N.
Ramachandran and colleagues® described the sterically allowed stable conformations of
polypeptide secondary structures using two degrees of torsional freedom ¢ and y (Figure 1.2C).

Brief descriptions regarding secondary structures are given below.

Helices: Based on the involvement of H-bond pseudocycles and number of residues per turn,
helices are mainly classified into four distinct categories such as 2.27 (y-helix), 319, 3.6;3(a-helix)
and 4.4 (m)-helices. Among them, a-helix is most predominant in proteins. In 1951, Linus
Pauling proposed the a-helix structure, which consists of 3.6 residues per turn and 13-atoms are
involved in the H-bond pseudocycle. General nomenclature of the a-helix is 3.6,3-P-helix with
average torsion angles ¢=-60° and y=-45°. Unlike a-helix, 3;(-helix is rarely present in proteins.
It mainly exits at the terminal of the a-helix in the protein structures. The average ¢ and y values

of 3o-P-helix are -49° and -26° respectively. The 3;p-helix contains three residues per turn and
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10-atom H-bond pseudocycles. Similarly, n-helix is denoted by 4.4 4-P-helix (¢ =-55°, v =-70°)
and y-helix as 2.27 helix (¢ =-70°, y = 70°).

B-Sheets: B-Pleated sheets are the second major structural elements found in proteins. They are
generally 5 to 10 residues long with fully extended conformation. The torsion angles of ¢ andy
values are found to be within the broad structurally allowed region in the upper left quadrant of
Ramachandran Map.’The first B-sheet structure was proposed by William Astbury in 1930.*
However, in 1951, Linus Pauling and Robert Corey refined the B-sheet structure.” Depending
upon the directionality of the B-strands arranged in B-pleated sheets, they are classified into (i)
parallel B-sheets and (ii) anti-parallel B-sheets (Figure 1.3). B-Sheets usually exhibit a right-
handed twist, which is mainly favored by the intrastrand non-bonded interactions and interstrand
geometric constrain. But at the tertiary structure of proteins, the B-sheets are oriented ~30° angles

to each other in their B-sheet structure.
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Figure 1.3: H-bonding and directionality of B-sheets shown in (A) parallel B-sheets and (B) anti-parallel
B-sheets.

Reverse Turns: Reverse turns are also considered one of the important secondary structures of
proteins. Reverse turns are generally classified based on the number of amino acid residues
involved in inducing the reverse directionality of the polypeptide chain. They are classified as -
turn (6 amino acids), a-turn (5 amino acids), B-turn (4 amino acids), y-turn (3 amino acids), o0-
turn (2 amino acids). Among them, B-turns are predominantly occurring in the protein structures.
Depending on the dihedral angles ¢ and y of i+/ and i+2 residues, B-turns are further classified

into type I, IT and III as well as their mirror images type I, II" and III' turns respectively.’
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1.3. Mimicking of Protein Secondary Structures

The relationship between structure and function of proteins has attracted significant attraction
over the years to design protein mimetics using unnatural building blocks.' Great attention has
been paid over the past several decades to design folded architectures from sterically constrained
o-amino acids templates.’ These de novo design of protein secondary structural elements are not
only useful in our understanding of overall protein folding and their function, but also provides
an excellent opportunity to peptide based drug design. Besides the a-amino acid, a variety of
unnatural amino acids and organic templates have been explored as building blocks in the design
of protein secondary structures. In addition to the various unnatural amino acids and organic
templates, the backbone homologated - and y-amino acid have also been well explored in the

design of protein structure mimetics.”
1.4. B-Peptide Foldamers

The term “Foldamers” was coined by Prof. Samuel H. Gellman and he stated that ‘‘any oligomer

9982

which can adopt a rigid conformation in solution.”” Foldamers can adopt any specific
structure or geometry. In the literature various foldameric building blocks were used to design
protein secondary structure mimetics. Among them B-amino acids have been extensively utilized
for the construction of different protein secondary structure elements. Some of the - amino
acids utilized in the construction of protein secondary structure are shown in the Figure 1.4. In
their seminal work, Seebach’ and Gellman'® reported utilization of acyclic chiral and cyclic B-
amino acids, respectively in the construction of a variety of folded architectures. Gellman and
colleagues used cyclic framns-2-amino cyclopentanecarboxylic acid (ACPC) and trans-2-
aminocyclohexanecarboxylicacid (ACHC), respectively and reported oligomers of cyclic -
amino acids ACPC and ACHC are prompted to form 12- and 14-helical conformations,
respectively. In continuation, Sharma and co-workers reported the 10/12 or 12/10 mixed helical

structures from carbo-B-amino acid oligomers."' Further, Atkins “and Fulop" groups have used

various cyclic amino acids to construct B-peptide foldamers.
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Figure 1.4: Chemical structure of 3-amino acids utilized for foldamers design.

The definite folded architectures derived from the B-peptides suggested that folding is not unique
to proteins. The folding of B- and higher homologue peptides is not only helpful in
understanding the complex protein folding, but also serve as excellent candidates in medicinal
chemistry and drug discovery. Depending upon the substitution on the backbone f-amino acids
are classified mainly into two categories such as p*-and p*-amino acids. Another advantage of p-
amino acids over the a-amino acids is that as they are proteolytically stable against different
proteases and have been utilized for the intracellular drug delivery.'*Secondary structure formed
by the acyclic and cyclic B-amino acids are classified mainly as helices, sheet and turns. In
contrast to the a-peptides, P-peptide displayed helices with different hydrogen bonding
pseudocycles. Different types of helices observed in the B-peptide foldamers are shown in the

Figure 1.5. Among the various
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Figure 1.5: Possible H-bonding pattern in the oligomer of B-peptide by quantum mechanical calculation.

types of helices Cg, Cjo, Cin, Ci4 are well characterized from the B-peptide foldamers."” These
helices have different H-bonding polarity with respect to N and C-terminal. Both Cg and C;
helices showed hydrogen bond direction (C «—N) similar to a-helix, while C;y and C;4 helices
showed the opposite (N «C) hydrogen bonding direction. Apart from the helical structures
parallel and antiparallel sheets and B-hairpin structures have also been reported from the f-amino
acid oilgomers. In contrast to the 14-helical conformations of cyclic B-amino acids with six
membered ring constraint (frans-2-aminocyclohexane carboxylic acid) ' and acyclic B-amino
acids (B°- and p*-amino acids),”® the homooligomers of cyclic f-amino acids with four (trans-2-
aminocyclobutane carboxylic acid)'?, five (frans-2-aminocyclopentane carboxylic acid and its
derivatives)' 'membered ring constraint and bicycle [3.3.1] heptane skeleton'®displayed the stable
12-helical conformations. Further, Balaram and colleagues reported incorporation of synthetic 3-
amino acids for the construction of helices and B-hairpins.'® B-Hairpin '°* and three stranded'®® p-
sheets have been studied by incorporating B-Phe residues at opposite faces of anti-parallel [3-

strands using "Pro-Gly'**!*

at the turn position. The major difference in the B-sheets is the
directionality of hydrogen bonds. In case of a-peptides, they produce hydrogen bonds that are
alternate in direction which results in an apolar -sheet, whereas in the case of B-peptides they
produce polar sheet where the hydrogen bonds are in the same direction. Introduction of

additional methylene group in the backbone of B-amino acid residues



Figure 1.6: Crystal structure from of (A) trans-ACHA (Cy4-helix) (B) cyclobutane -amino acid (C,-
helix). B-hairpin conformation constructed from B-amino acids containing (C) a,B-disubstituted p-amino

acids and (D) p*-amino acids. (Magenta color represented the B-amino acids). Crystal structures were

generated from the ref no (A) 10a, (B) 12, (C) 19a and (D) 10d respectively.

leading the introduction of additional torsion angle freedom 6 (CB-C“) along with ¢ (N-CB) and y
(C"-CO). It is quite surprising to observe the formation of stable higher ordered structures from

B-peptides even after introducing additional backbone rotational freedom.

1.5. y-Peptide Foldamers

y-Amino acids are double homologated a-amino acids. It has two extra backbone torsion angles
0, (C*-C*) and 6, (C"-CP) along with ¢ (N-CP) and y(C*-CO) compared to o-amino acids. Due to
two additional backbone atoms, it is expected higher structural diversity from the y-peptides.
Seebach pointed out that “the structural diversity of y-amino acids and y-peptides havenot been
elucidated nearly as well as that of f-peptides: it is expected to be richer”. 2 The group of
Seebach?' and Hanessian® reported the stable right handed 14-helical conformations from the
oligomers of y-amino acids thorough NMR studies. In addition, Hoffman and colleagues
reported wide range of helical structures from y-peptides by ab initio theoretical calculations.”
They reported that among the all possible helices, Ci4- and Co- helices are most stable structures.
The predicted Co-helices structure was later experimentally proved by the group of Sharma and
co-workers from alternating C-linked carbo-y*-amino acid and y-aminobutyric acid (GABA).** In

their seminal work, Balaram and colleagues reported Cy

-8-



¢ 0,0, V

Aﬂ(\ﬁi o

ZI

O
§ g o R R w
OH : H /'\/N OH o OH
HzNW RN HZN/'\/YOH HoN hd HoN" \>§f
(o) o o (0] o
y*-amino acid y?34-amino acid a,B—unsaturated urea based a-aminoxy amino acid
y*-amino acid y-amino acid

0,
OH
H N H,N OH HZN/'W:HkOH
I HN"

X OCH; Y

1S.2R)-ACHCA cyclopropane based _ami ; thiazole based
(1S,2R) Ycag-amino acid
y-amino acid y-amino acid

Gabapentin

Figure 1.7: Chemical structure of y-amino acids utilized for foldamers design.

H’\/\W
r
G X G !
Cor

Figure 1.8: Possible H-bonding pattern in the oligomer of y-peptide foldamer.

helical conformations from the oligomers gabapentin (3, 3-dialkyl-y-amino acid) in single
crystals. The Co helical structure is stabilized by the H-bonds between the i and i + 2 residues.”
Apart from the gabapentin, Balaram and colleagues reported C4 helical conformation from the
oligomer of y4-amin0 acids having proteinogenic side chains (y4-Val, y4-Leu, y4-Ile) in single
crystals.”® Gellman and co-workers reported the stable Cj4 helices from the cyclic y-amino

acids.””*® Furthermore, Smith and colleagues reported synthesis and conformational analysis of
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cyclopropane based y-amino acids.”’ They showed that oligomer of this y-amino acids showed

parallel type B-sheet

(A) (D)

Figure 1.9: Crystal structure of (A) C,4-helix of y*-peptide oligomer (B) Co-helix of gabapentin oligomers
(C) Cy4 helical conformations of homooligomers of cyclic y-amino acid (D) artificial B-double helices
from homooligomer of (E)-a,B-unsaturated-y**-amino acids. (Green color represents y-amino acids).

Crystal structures were generated from the ref no (A) 26, (B) 25, (C) 27 and (D) 74 respectively.

structures and the structure stabilized by bifurcated hydrogen-bonds between the carbonyl
oxygen with the amide NH group and one CH of the cyclopropane ring in solid state. Further
they utilised this amino acids as non peptidic reverse turn for the design of B-hairpins.”’ In
addition, y**-trans-dioxolane-constrained homooligomers have been explored to design peptide
foldamers.>’ Apart from the cyclic y-amino acids, backbone containing oxygen and nitrogen atom
also have been explored to design various functional foldamers. Yang and colleagues reported
that Cs helical conformations from o-aminoxy peptides.’’ Further, Guichard and colleagues
utilised the oligourea based peptide foldamer by replacing y’-carbon in the y-peptide backbone
with NH.** In a recent study Millard and colleagues reported the formation of Cy helices from the

homooligomers of 4-amino-(methyl)-1,3-thiazole-5-carboxylic acids (ATCs).*”

1.6. Heterogeneous Foldamers Containing - and y-Amino Acids
In recent years, peptide foldamers with heterogeneous backbone gained much more momentum

over the homogeneous backbone counterparts. This is because various types of helices with
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different H-bonding pattern can be derived through proper mixing of different types of amino
acids. In their pioneering work, Balaram and co-workers reported hybrid peptides by inserting [3-
amino acids in the host o-peptides.** Hofmann and colleagues predicted various types helices
available to a,B-hybrid peptides by vigorous quantum mechanical calculation.>> They proposed
that the possible helices can be generated from o,pB-hybrid peptide are 9-, 11/9-, 9/11-, 11-,
12/13-, 15/14-, 16/18- and 18/16- helices., Sharma and co-workers reported 11/9-helical
conformation with alternating hydrogen bonding direction from a,B- sequence consisting of a-
and B-amino acids.”®’ In an unique study, the group of Gellman reported the conformation of
short a, B-hybrid peptides composed of backbone constrained trans-ACPC amino acids (trans-2-
aminocyclopentane carboxylic acid) and Aib residues through crystallography.®® They showed
the conversion of 11-helices into 14/15 helices by replacing terminal Aib residues with alanine,

which suggested that little energy difference between the two helix types. Furthermore

Figure 1.10: Crystal structure of (A) 14/15-helix from o,B-hybrid peptide BocNH-Ala-(ACPC-Aib);-
ACPC-OBn (B) Cj-helix from a,y*-hybrid peptide Ac-(Ala-y*Phe);-Ala-NH, (C) 12/10-helix from
BocNH-("Ala-APCH),-OBn (D) 12/15/17-helix from achiral a,y**-hybrid peptide BocNH-Aib-(Aic-
Aib);-OMe (E) Cp-helix from  o,y*-hybrid peptide BocNH-[Aib-(Z)-B,y-unsaturated y*Val],-Aib-
OBn.(Magenta color represented the B-amino acids and green color represents y-amino acids). Crystal

structures were generated from the ref no (A) 38a, (B) 43b, (C) 45c¢, (D) 48 and (E) 50 respectively.

Ciin12 and Cigyp111-helix formation in 1:2 and 2:1 from a,B-hybrid peptides were demonstrated
by Gellman and co-workers.” Fiilop and colleagues reported the effect of the stereochemical
patterns in the folding of a,B-hybrid peptides.*’In addition, Gellman and colleagues reported the

quaternary structure type helical bundles from the oligomers consisting of -B-p-a-p-p and a-o-o-
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B-a-0-P repeats.*' Along with mixed o-, B- hybrid peptides, the structural properties of a.,y-hybrid
peptides have also been examined in the literature. Hofmann and colleagues predicted the
possible helical conformation from the hybrid peptide composed of 1:1 alternating a- and y-
amino acids.* They proposed that 12-helix is the most stable helix followed by 12/10- or 18/20-
helices. Further, Balaram and co-workers reported formation of 12 helix from o,y-hybrid
consisting of 1:1 Aib and Gabapentin residue.*** Stable Cio-helix structure was also observed in
hybrid peptide with 1:1 of a-and y*-amino acids.”® The structure is stabilised by the
intramolecular hydrogen bonding between i and i+3 residues. Several 12/10-helices were also
studied from a,y-hybrid peptides composed of L-Ala and y-C,, (C-linked carbo-y-amino acid) by
Sharma and colleagues.** Gellman’s group further demonstrated the design, synthesis and
characterisation of different a/y-peptides containing sterically constrained cyclic y-amino acids.*’
Apart from the crystallographic characterisation, they also showed the stable 12-helix structures
in aqueous buffer by NMR study.46 In addition, Balaram and colleagues utilised o/y-peptide for
the stable reverse turn in B-hairpin conformation.®’ In recent study by Misra et al reported co-
existence of 12- and 15/17-helices from achiral a/y- hybrid peptide.”® But when the Aib residue
was replaced by the o-amino acids, the 12-helix is transformed intol12/10-mixed helical
structure.® Further, Veeresh et al showed the formation of stable C;, helix from a, y-hybrid
peptide from the unstructured peptide by base mediated a,—p,y double-bond migration.”® Apart
from the o, B- and «, y-hybrid peptides, only few reports are available in conformation
properties of P/y- peptides. The hydrogen bonding pattern in the B/y- peptides are shown in
Figure 1.11. Further Sharma and Kunwar reported mixed 11/13 helical conformation from the
B/y-peptides consisting of C-linked carbo-B- and y-amino acids in solution.”’ Furthermore,
Balaram and colleagues reported the 13-helix structure from a short B, y-hybrid peptide.
Gellman and colleagues demonstrated the 13-helix from B,y-hybrid peptides.”® The helical
parameters in 13-helix from are similar to helical parameters as that of a-helix. B,y-hybrid
peptide gives a great opportunity to mimic the helical parameters of the naturally occurring o-
helices. In addition, 9/8-ribbon structure from p,y-hybrid peptide with stereo chemically
constrained B-amino acids and 13-helix from the unconstrained y*-amino acids were studied by

Aitken and colleagues.™
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Figure 1.11: Possible H-bonding pattern in B, y-hybrid peptide by quantum mechanical calculations.

1.7. Biologically Active Peptide Foldamers Composed of B- and y- Amino Acids

Due to the their proteolytic stability and their readily folding ability into definite structures, B-,y-
and the af}-,ay-hybrid peptide foldamers have attracted considerable attention from the fields of
medicinal chemistry and chemical biology.”> Gellman and colleagues reported amphiphilic
cationic 14-helical peptide from B-amino acids and showed their potent activity and specificity
towards the bacteria.’® Apart from homooligomers from B-amino acids, they also demonstrated
amphiphilic a, B-hybrid peptides and showed potent antibacterial activity against various Gram-
negative and Gram-positive bacteria.”’ Further Schepartz and co-workers designed p53 mimetics
from the B -peptides and utilised them as inhibitors for p53-MDM2 interactions.’® They also
reported design and synthesis of inhibitors for HIV-1 gp41-mediated fusion.”® In addition, a, B-
hybrid peptides have also been explored for the design of inhibitors against the Bak/Bcl-xL
interactions.®® Foldamers derived from y-peptide and their analogous have showed several
potential biological application although it was not explored like B-peptide foldamers. Peptide

composed of different y-amino acids such as v*-, y’-, y*-, y***

- showed proteolytic stability
against 15 proteolytic enzymes and no degradation was observed after 48 1. Small y-peptides

show submicro molar affinity towards several different type of human somatostatin receptors.®!
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Apart from this, oligonucleotide analogues derived from y-peptides and 7y/e-peptides strongly
bind to the DNA or RNA.* Further, N-functionalized hexamers of cis-y-amino proline have also

63

been explored for their cellular uptake.” Potent antimicrobial properties short o,y-hybrid

peptides®*® have also been examined.
1.8. Supramolecular Assemblies from Peptides Composed of - and y- Amino Acids

Apart from the biologically active peptide composed B-, y- amino acids, these peptide have also
been explored to design different supramolecular assemblies. In their seminal work, Gellman and
co-workers demonstrated formation of tetrameric and hexameric helix bundles from 14-helical
B-peptide.®® In addition, they have also reported quaternary bundles from o, B-hybrid peptides in
solution as well as in crystalline state through hydrophobic and ion pair interactions.®” Ghadiri
and co-workers reported polar cyclic peptide nanotubes (CPNs) from B-peptides by extensive
intermolecular hydrogen bonding interactions.®® They further showed the channel forming ability
of these CPNs by liposome based proton transport assay and single channel conductance
measurement experiments. Fiilop and his colleagues reported formation of supramolecular
vesicles and ribbon like structures form P-hexapeptides with 10/12-helical structures.”” In a
recent studies by Lee and co-workers reported various supramolecular nano architectures form
B-peptides. In addition, the groups of Perlmutter and Ortuno reported the self-assembled fibers
and gelation from peptides compose of N-acetylated B-tri- and hexapeptides and cyclobutane 3-
amino acids respectively.”” Along with the B-peptides, y-peptides have also been well explored in
the literature to design different supramolecular assemblies. Jadhav et al reported hollow
nanotube formation from a.y*-hybrid peptide foldamers and further they utilized these nanotubes
for biomineralization of silver ions to silver nanowires.”' Granja and co-workers demonstrated
the utilization of cyclic peptide nanotubular structures from a,y-peptides for transmembrane ion
channels.”” Apart from nanotubularassemblies, self-assembled vesicular structures were also
derived from the y-peptide foldamers.”’In continuation, Jadhav et al reported the supramolecular
organogels from the oligomers of y**-amino acids,”* however the a,B-unsaturated y**-amino
acids adopts stable B-double helical structure both in solid and solution state.”’Furthermore, short

o, y*-hybrid peptides have been used as templates to construct metal-helix frameworks.”®
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1.9. Foldamers Containing 6- Amino Acids

Compared to - and y-amino acids, peptides composed of 6-amino acid are scarcely discussed in
the literature. Nevertheless, Hofmann and colleagues theoretically proposed the different types
helices available to the homooligomers of 6-amino acids. They proposed that 10-helix (10-
membered hydrogen bonding) is the most stable helix followed by 14, 16 and 8 membered
hydrogen bonded helices.”” Along with the helical structures, they also reported the possible B-
turn conformation from d-amino acid constituents. The groups of Chakraborty and Sharma

reported different hybrid helices from pyranose- or furanose-based carboamino and furan based
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Figure 1.12: Chemical structure of §-amino acids utilized for design of peptide foldamers.

d-amino acids. Chakraborty and co-workers used constrained furanoid sugar amino acids to
design different reverse turns in B-hairpins.”® Further, Sharma and co-workers showed the
formation of 11/13 mixed helices from the /0 hybrid peptides through NMR as well as
theoretical calculations.”’Apart from the pyranose and furanose based 8-amino acids, Huc and

co-workers showed the helical
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Figure 1.13: Possible H-bonding pattern in homo oligomers of d-peptide by quantum mechanical

calculations.

structures from the quinolone based 8-amino acids in single crystals.*® Furthermore polar cyclic
peptide nanotubes (CPNs) were also generated fromcyclic tripeptide of o,B-unsaturated 6-amino
acid residue with zrans geometry of the vinyl group. ®'In addition, Balaram and co-workers
showed the stability of the helices by replacing Gly-Gly residue with d-aminovaleric acid (-
Ava).** More importantly 3-amino acids serve as surrogates of o-dipeptides. This thesis is
mainly focusing on the synthesis and exploration of new B(O)- &’-amino acids (where the central
amide bond in o-dipeptide is replaced OP-C” bond) towards the design of different functional

foldamers and biomaterials.
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Chapter 2

Engineering 3-Hairpin with Flexible o-
Amino Acids for Disruption of 3-Amyloid
Aggregation

_23-



2.1. Introduction

Functions of protein are intrinsically linked to their specific three dimensional structures.’
Hypothetical dissection three dimensional structure of proteins leads to the three different types
of secondary structure elements, such as helices, B-sheet and reverse turn along with loosely
structure loops. Reverse turns changes the direction of the polypeptide chains. Among the
reverse turns, B-turns are most prevalent in the proteins. Compared to B-sheets and a-helices, it
is difficult to design reverse turns because of their non-periodic nature and structure
heterogeneity.” Besides the natural B-turn inducing motif, different groups have been extensively
utilized different amino acids and organic template based reverse turn to design variety of -
hairpin mimetics.” The B-hairpin structure motif constitutes of binding epitopes of various
proteins and play a significant role in molecular recognition. High resolution structures revealed
that turns are present in different antibody-peptide complexes.* This complex structure are
entirely consistent with the recognition motif which is derived from the structure activity

relationship of different peptide hormones such as bradykinin,sa’Sb 56,34

angiotensin I,
somatostatin,***" RGD (Arg-Gly—Asp)Sg’5h sequence etc. In addition, B-hairpin structural motifs
with different reverse turn motifs are part of a large family of cationic antimicrobial peptides
such as mammalian defensin, tachyplesins, protegrins etc (Figure 2.1E). These peptides show
broad spectrum antimicrobial activity against different Gram positive and Gram negative
bacteria.® Apart from the antimicrobial activity of the B-hairpin, different B-hairpins scaffolds
were also been explored to mimic the structurally similarity of epitope and cytokine receptor.’ In
this context, Robinson and colleagues reported B-hairpin peptidomimetics containing "Pro-"Pro
as reverse turn which binds with HDM2 protein and inhibits the interaction of p53-HDM?2
interactions (Figure 2.1B).7f Apart from the biological importance different B-hairpins are also
used as asymmetric catalyst for different organic transformation reactions because of its
properties in tunability and modality.8 The group of Miller and co-workers extensively utilized

varieties of B-turn mimetic catalysts to establish mechanism-based phosphorylation, conjugate

-4 -



A)

F___V.___V__RW1-NH; P~ 0" D
RCT 676 LV
C I S A R! F- 07 P
©) D) ® TRIECo
HO ~ NHA Gramicidin S
i 2 MeGH 2 Protegrin |
HO ~ MHAe A0 Bn Peptide (20 moi%) Hﬂiﬂ\_)J\m‘e .
e e T
e L ) © ) T eesc H o osa e uollly  slbadii
- PhMe, 25°C HO  MHAc ‘ﬁ G CTTRTG N_Fl
b h 86% Yield, 92%se Yol Nop Pl W g Q FF P
o] A =
[ H 3 |G Ko = 28 (58% Conversion) Peptide: o\ Tachyplesin | Tyrocidine A
Peptide: R ) N Oobic
0% 0 N Wi F. Y. K __R'8-NH; W Y. V%0
NH [ jo 6%, C7 R0 4 R KRR
g e ;T I‘I(/Y“‘é’v“R’F“é’w‘R’R R* K™ "R™ TP
=N Bod

Polyphemusin Il

Figure 2.1: (A) Schematic representation of B-hairpin and reverse turn. (B) Binding of designed B-hairpin
with HDM2 (PDB Code: 2AXI) (C) and (D) Asymmetric catalyst reactions by designed B-turn (E)

Naturally occurring antimicrobial B-hairpins. Figure 2.1B was reproduced with permission from ref 3a.

addition, asymmetric acylation, asymmetric C-C bond formation and site specific reaction
(Figure 2.1C).**® In addition different P-hairpins are also used for design self-assembled
materials such as hydrogels. These hydrogels are further used for the tissue culture, drug delivery
system and different biotechnological application.” Thus B-hairpin is one of the important
structural motif that displayed widespread applications in biology, medicinal chemistry as well
as in biotechnology. These widespread applications of B-hairpins has attracted synthetic chemists
and structural biologist to design stable B-turns and B-hairpins using different natural and non-

natural amino acids.
2.2. Design of B-Turns

In case of hairpin structure, two antiparallel B-strand are connected by a segment of reverse turn
residues. Depending upon the hydrogen bonding pattern these reverse turns can be classified into

different classes. The analysis of the various high resolution protein structures suggested that -
-25-



turns are the most predominant reverse turns. A B-turn consists of four residues and designated as
i, i+1,i+2, i+3 where the polypeptide chain changes its direction about 180°. Mainly, the B-turn
structures are further classified into various types such as type I, type IL, type I' type II' etc based
on the torsion angles of residues i+/ and i+2. The list torsion angles of different types of B-turns

are shown in Table 2.1.

Table 2.1: List of different B-turns and their torsion angles

Type D7 (%) Wiri(") D;2() Wir2()
I -60 -30 -90 0
II -60 120 80 0
I' 60 30 90 0
I 60 -120 -80 0

Among them type I B-turns are common in protein structures. These turns are play an important
role in various types of biological process including protein-protein, protein-peptide, protein-
DNA interaction, biomolecular recognition, phosphorylation, glycosylationand hydroxylation. '’
Extensive efforts have been made over the last few decades in the design of artificial B-turns.
These B-turns not only provides insight towards understanding the higher order bimolecular
structures but also they can be useful in designing drug like functional epitopes. In this context,
various types of B-turns such as Ppro-XX (where XX is Gly, Pro, Aib), Aib-PAla etc have been
developed to stabilize B-hairpin conformations.'' Besides designing Pro-XX (XX= Gly, Aib,
Pro, Ala etc.) as a B-turn segment, Balaram and co-workers further expanded the B-turn mimetics
using PPro-Xaa (Xaa= B-,y-, and 8- amino acid) dipeptide template. They have shown that
peptides with a,B- and a,y- residues at the turn can adopt B-hairpin structures in polar protic
solvent.'” Besides the peptides, different organic template and building blocks have also been
reported as B-turn mimetics. Kemp and colleagues demonstrated the 2,2'-substituted tolan as j3-
turn mimetic.” Further, Figel and Sogah studied the reverse turn inducing properties of 4-
phenoxathiin derivatives.'"* Kelly and co-workers have examined the ability of dibenzofuran-

based amino
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acids as reverse turns."> Further, Gellman and co-workers have showed utility of tetra substituted
alkenes in inducing PB-turns.'® Borggraeve and co-workers have  designed
amino(oxo)piperidinecarboxylate scaffolds as reverse turns.'’ Nowick and colleagues showed

urea derivatives and 5-amino-2-methoxybenzoic acids as B-turns.'®
2.3. Aim and Rationale of the Present Work

From the last few years, we have been interested in the utilization of various non natural amino
acids for the design of different functional peptide foldamers.'” Recently we showed the
utilization of a,B-unsaturated-y-amino acid in the design of B-hairpin and three stranded -
hairpin using "Pro-Gly as a p-turn-inducing segment.*’ Through extensive theoretical studies
Hoffman and co-workers proposed that 6-amino acids can be used as B-turn segment to design 3-
hairpins.?' The amide bond between i+/ and i+2 will be replaced by the CP-C” bond in 8-amino
acid mediated B-turns. Motivated by the theoretical predictions, we sought to investigate whether
or not P(O)-8’-amino acids can be used as single residue PB-turn to design B-hairpins.
Furthermore, we sought to investigate the disruption of AP (1-42) amyloid aggregation of

Alzheimer’s disease using designed B-hairpins.

Figure 2.2: Formation of B-hairpins composed of d-amino acids as single residue B-turn. Figure was

reproduced with permission from ref 21.
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2.4. Results and Discussion
2.4.1. Design and Synthesis

To understand whether or not d-amino acids can be used as B-turns, we have synthesized B(O)—
8°-PPro-OH starting from the N-Boc protected (D)-proline alcohol. Reaction between N-Boc
protected amino alcohol and tert-butyl bromo acetate in the presence of base leads to the
formation of rert-butyl ester of N-Boc protected f(O)-8°-"Pro-OH. The acid labile Boc-group
and tert-butyl esters were removed using TFA and the free amine was further protected with

either Fmoc- or Boc- groups.
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Scheme 2.1: Sequences of peptides under investigations.
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The Fmoc-p(0)-8"-"Pro-OH was used in the solid phase synthesis, while Boc-B(0)—5-"Pro was
used in the solution phase peptide synthesis. The synthesis of the B(0)-5-"Pro-OH is shown in
the experimental section. The single crystal conformation of Fmoc-B(0)—5’-"Pro-OH is shown in
the Figure 2.3. Using B(O)-8’-"Pro, we have designed and synthesized three peptides P1-P3.
The sequences of these peptidesare shown in the Scheme 2.1. Peptide P1 was synthesized by the
conventional solution phase condensation strategy using EDC.HCI/HOBt as a coupling reagent.
Peptides P2 and P3 were synthesized by conventional manual solid phase peptide synthesis on
Rinak Amide resin on 0.2 mmol scale. Fmoc- group was deprotected using 20% piperidine in
DMEF. All peptide couplings were carried out using HBTU/HOBt as coupling reagent, DIEA as
base in NMP solvent. For disulfide formation in peptide P3, the crude peptide P3 was dissolved
in NH4COj buffer (20 mM, pH 7.4, peptide concentration 2 mM) and stirred for about 24 h in an
open flask. Insoluble material was separated by centrifugation and the supernatant solution
lyophilized and purified on reverse phase HPLC using C18 column by ACN/H,O system. The
hydrophobic peptides P1 and P2 were purified on reverse phase HPLC using C18 column by
MeOH/H,0 system.

2.4.2. ORTEP Diagram of Compound 3 and Peptide P2

Compound 3 (FmocNH-B(0)-5°-"Pro-OH)

9

Figure 2.3: ORTEP diagram of compound 3.Ellipsoids are drawn at 50% probability. (CCDC No
1950179)
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Peptide P2:

Figure 2.4: ORTEP diagram of peptide P2. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability. (CCDC No 1950178)
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2.4.3. Conformational Analysis of Peptide P1

To know the conformational analysis of the peptides, peptide P1 was subjected for 2D NMR
analysis in CDCl; (3 mM). The 'H NMR of the peptide P1 revealed a well dispersed NH and
CH region suggesting a well-defined secondary structure in solution. Fully assigned "H NMR
spectrum of peptide P1 is shown in the Figure 2.5. The amino acid type and sequential
connectivity of the residues were established using ROESY and TOCSY spectra. The fully
assigned partial ROESY spectrum depicting NH—NH interactions and NH<—C“H interactions
are shown in the Figure 2.6 and Figure 2.7, respectively. The NMR analysis revealed the
medium NH(3)<>NH(5), weakNH(1)«>NH(7) and strong NH(2)<—~C"H(1), NH(3)<-C"H(2),
NH(6)«>C"H(5), NH(7)«>C"H(6), NH(5)—C"H(4), C*H(2)«>C"H(6) interactions. Key NOEs

72 70 68 66 64 62 60 58 56

L Al

T T T T T T T
9.5 9.0 85 8.0 75 7.0 6.5 6.0

5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

Figure 2.5: Full '"H NMR spectra of peptide P1 in CDCl; (3mM). NHs region is shown in insert.
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are tabulated in the Table 2.2. Further, we subjected peptide P1 for the temperature dependent
NMR to understand the involvement of amide NH groups in the H-bonding. Experimental results
suggested that the change in chemical shift of NH(5) is very negligible compared to other NHs.
(Figure 2.9 and 2.10), indicating that the turn is stabilized by the 10 membered H-bond between
CO(3)---NH(5). Further, the DMSO-d; titration in CDCljindicates NH(1), NH(3), NH(5) and
NH(7) are involved in the intramolecular H-bond and stabilized the overall hairpin structure (See
Figure 2.11). Using the distance restraints from ROESY, the solution conformation of P1 was
generated. The ensemble of NMR structures resulting from the restrained MD simulations on the
basis of the NOE and H-bond constrain is shown in Figure 2.12. The peptide adopted B-hairpin
conformation in solution. Overall, this structural analysis suggested that B(0)-8’-"Pro can
stabilized the B-hairpin conformation in peptides with 10 member hydrogen bond pseudocycle
similar to PPro-Gly dipeptide. The list of the average torsion angles of the newly designed
reverse turns are given in the Table 2.4. The torsion angles observed in are consisting with the

value reported by Hofmann and colleagues for unsubstituted J- amino acids.?'

2016-06-28-gopi.2.1.2rm
mr-hairpin  CDCI3 1
) "1
M +6.0
v
- 2 16!
)
'

Figure 2.6: Partial ROESY spectrum of peptide P1 (3mM) in CDCIl; showing NH—NH interactions.
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Figure 2.7: Partial '"H NMR of peptide P1 (C*H, C°H, C'H region).
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Figure 2.8: Partial ROESY spectrum of peptide P1 (3mM) in CDCl; showing NH—~C“H, NH—C"H,

NH—C®H interactions.
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Table 2.2: Key NOEs observed for peptide P1

Residue H-atom Residue H-atom NOE Observed
Val3 NH Val5 NH Medium
Vall NH Val7 NH Weak
Leu2 NH Vall C°H Strong
Val3 NH Leu2 C"H Strong
Leu6 NH Val5 C°H Strong
Val7 NH Leu6 C*H Strong
Vals NH 8Pro4 C°H Weak
Leu2 NH Leu2 C"H Medium
Val3 NH Val3 C"H Medium
Val5 NH Val5 C"H Medium
Leu6 NH Leu6 C"H Medium
Val7 NH Val7 C"H Medium
Leu6 CH Leu2 C*H Strong
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Figure 2.9: Temp dependent "HNMR spectra (NH region) of peptide P1 from 233 K to 313 K.
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Figure 2.10: Plot of Temp vs chemical shift (3,,,) for peptide P1 in CDCI;
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Table 2.3: Calculation of do/dT for peptide P1

Residue | 233K | 243K | 253K | 263K | 273K | 283K |[293K |303K |313K | do/dT(ppb)
Val3 9.13 9.07 9.02 8.97 8.91 8.85 8.80 8.74 8.68 5.6
Val7 8.81 8.76 8.70 8.64 8.58 8.51 8.44 8.37 8.29 6.5
Val5 7.75 7.76 7.77 7.78 7.78 7.78 7.78 7.78 7.78
Leu2 7.07 6.93 6.79 6.68 6.60 6.49 6.43 6.39 6.36 8.8
Leu6 6.76 6.70 6.64 6.58 6.55 6.47 6.39 6.31 6.25 6.3
Vall 6.17 6.11 6.05 6.00 5.93 5.86 5.81 5.75 5.69 6.0
9.0
8.5 - " - " N — |—=—Val3
’ s . . o o —e —4 |—e—Val7
- —a—Val5
A A " N —v— Leu2
7.5 A —4 | —¢— Leub
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§ ol
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Figure 2.11: Plot of chemical shift (5,,,,) vs vol. of DMSO-d;for peptide P1 in CDCl;.
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Figure 2.12: Superimposed NMR structures form peptide P1 in CDCl; solvent.

Table 2.4: Torsion angles for B(0)-5’-amino acid measured from the minimized conformation of

structure P1

StructureP1 d(deg) 0(deg) 0,(deg) 0;(deg) Y (deg)
1 50.61 -103.29 -175.30 -79.89 -25.64
2 51.35 -107.73 -175.83 -81.23 -24.21
3 52.37 -108.01 -176.17 -80.30 -23.55
4 46.62 -96.50 -171.19 -76.76 -25.35
5 57.69 -87.95 177.78 -124.88 -6.35
6 68.25 -126.64 176.34 -81.12 -15.28
7 51.58 -108.02 -177.17 -87.24 -20.60
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8 50.53 -109.79 -178.11 -89.40 -18.18

9 43.49 -92.71 -172.58 -72.21 -35.56

10 49.61 -109.38 -175.39 -82.44 -20.75
Range 43 to 69 -127 to -87 178 to -171 -125to -72 -36 to -6

Average 52.21 -105.00 -176.76 -85.55 -21.55

2.4.4. Conformational Analysis of Peptide P2

Recently, we demonstrated single crystal conformations of B-hairpins and three-stranded B-
sheets by incorporating B-sheet promoting a.,3-unsaturated y-amino acids.”* 2% Ag unsaturated
amino acids restrict the rotational freedom, which promote the molecules to take stable
conformations and eventually leads to help in getting the single crystals. Single crystal
conformation helps to understand the unambiguous conformations of peptides. As peptide P1 did
not give the single crystals even after several attempts, we designed peptide P2 by incorporating
o,3-unsaturated y-amino acids along the opposite face of B-strands. The sequence of the peptide
P2 is shown in the Scheme 2.1. The details synthetic procedure of E-vinylogous amino acids are
given in the experimental section. As anticipated, P2 gave X-ray quality single crystal from the
slow evaporation of aqueous methanol/IPA solution. The X-ray diffraction structure of P2 is
shown in Figure 2.13A. The peptide P2 adopts perfect B hairpin with 10-membered hydrogen
bond pseudo cycle in the turn segment. Instructively, the structure was stabilized by the four
intramolecular H-bonds between the anti-parallel B-strands. All the exposed NH (dyLeu2 NH
and dyVal6) and carbonyls are involved in the intermolecular H bonding with other parallelly
positioned B-hairpins in the crystal packing. The packing of the B-hairpin in the single crystals is
shown in Figure 2.14.The reported torsion angles for a B-II' turn are ¢;+,=60, ;1 ;= -120, ¢;+2= -
80 and vy;:,=0. However, as the amide bond between i+/ and i+2 was replaced by OP-C" in
peptide P2 in the turn segment. Peptide P2 displayed the torsion angles ¢ = 69, 6,= -129, 6, =

175, 03=-96
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PPro 61 -130
Gly -75 10

QPR

69 -129 175 -96 1.6

Figure 2.13: (A) X-ray structure of peptide P2 (B) Overlay of X-ray structure of peptide P2 with
B-hairpin having "Pro-Gly as reverse turn. (C) Backbone torsion angles of °Pro-Gly and p(0)-8°-

PPro B-turn in B-hairpin.

and y = 1.6. The torsion angles displayed by the peptide are consistent with the torsion angles of
B-II' turn. The superimposition of the backbone conformations of peptide P2 with the earlier
reported [3-hai1‘pin2()"1 with PPro-Gly in the turn segment is shown in Figure 13B. Instructively,
the backbone conformation of the B-turn of peptide P2 is well correlated with the B-II" turn
observed in the B-hairpin containing "Pro-Gly. The torsion angles of B-turn having "Pro-Gly and
B(0)-5>-"Pro are shown in Figure 2.13C. Full list of the all torsion angles and the H-bond
parameters are shown in Table 2.5 and 2.6 respectively. Further structural analysis of the peptide
P2 revealed that all the a-amino acids in the anti-parallel B-strand adopted extended
conformation. Both (£)-vinylogous amino acids dyLeu(2) (¢ =-116, 6,=120, 6,=-179 and y=172
) and dyVal(6) (¢ =-126, 0; =111, 8, =-172 and y = 176) were nicely accommodated into the j3-

. .. .. . 20
sheets with a very similar characteristic backbone conformations.”™
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Figure 2.14: Lateral assembly of peptide P2 through intermolecular H bonds.

Torsion Angles and H-Bond Parameters of Peptide P2
Table 2.5: Torsion angles parameters of P2:
Peptide P2 contains two molecules in the asymmetric unit.

Molecule A

Peptide P2 O(deg) 0, (deg) 0, (deg) 0; (deg)

¥ (deg)

Vall -101.3

112.0
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dyLeu2 -116.9 117.2 -178.6 164.9
Val 3 -157.0 136.5
B(0)-8’-"Pro 4 69.27 -129.4 174.7 -96.4 -0.65
Leu5 -77.1 125.1
dyVal6 -126.3 101.2 -170.3 177.1
Val7 -124.3 120.8
Molecule B
Peptide P2 d(deg) 0, (deg) 0, (deg) 0; (deg) ¥ (deg)
Vall -127.2 132.3
dyLeu2 -114.7 122.4 -179.8 179.6
Val 3 -157.9 131.9
B(0)-8’-"Pro 4 63.5 -127.1 174.7 -88.30 8.8
Leu5 -81.4 124.2
dyVal6 -126.1 120.5 -173.9 174.1
Val7 -130.1 123.8
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Table 2.6: Hydrogen bond parameters of P2:

Peptide P2 contains two molecules in the asymmetric unit.

Intramolecular H-bonds

Molecule A
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N9 018 2.89 2.07 160.6
N1l 016 3.04 2.26 150.2
N13 013 2.90 2.17 141.6
N15 Ol11 2.84 2.01 161.2
Molecule B
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N1 019 2.86 2.05 158.3
N4 03 2.97 2.17 154.1
N5 06 2.90 2.17 141.8
N6 08 2.85 2.00 169.6
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Intermolecular H-bonds

Molecule A
Donor(D) Acceptor(A) D....A(A) DH....A(Q) NH....O(deg)
N14 012 2.84 1.94 175.6
N10 017 2.83 2.26 155.3
N16 010 2.88 2.02 171.2
Molecule B
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N7 09 2.88 2.02 178.2
N2 02 2.87 2.05 161.3
NS5 07 2.94 2.11 166.9

2.4.5. Conformational Analysis of Peptide P3

Peptide P3 was designed to understand the whether or not P(O)-8°-"Pro can adopt B-turn
conformation in aqueous solution. Both P1 and P2 are hydrophobic peptides and their
conformation were determined in organic solvent and X-ray crystallography respectively.
Peptide P3 did not give well resolved "H NMR spectrum in water, however CD data suggested
that the peptide P3 adopted B-hairpin conformation in 1xPBS buffer at pH 7.4.(Figure 2.15). To
understand it’s molecular conformation in solution, we subjected peptide P3 for the 2D NMR
analysis in CD30H (3 mM). In contrast to water, the peptide gave well dispersed NHs and C*Hs
in '"H NMR spectrum in CD;OH, suggesting that peptide P3 adopted a well-defined
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conformation in protic solvent. The amino acid type and sequential connectivity of the residues

were established using

5x10° !
4x10° -
3x10°

2x10°
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1%x10° -

04 -

-1x10° -

Molar Ellip.(deg.cm®/dmol)

-2x10° 4

-3x10° - 223 nm

1 J I e I Y 1 N
200 220 240 260 280
Wavelength (nm)

Figure 2.15: CD Spectra of peptide P3 at conc. of Img/mL in 1xPBS buffer at pH 7.4.

ROESY and TOCSY spectrum. The analysis of the ROESY spectrum revealed the sequential
strong NH(i+1)«>C"H(i) interactions. To understand the intra and intermolecular interactions,
we subjected the peptide to temperature dependent NMR. The temperature dependent variations
in the chemical shifts of amide NH are shown in the Figure 2.19 and 2.20. Results suggested that
the change in the chemical shift of NHs (Val2, Leu4, Val6, Leu8, Vall0, Leul2) which are
involving in H-bonding with opposite strand are small compared to the NHs are involving in
intermolecular H-bonding. No cross-strand NH—NH NOEs were observed, however we have
observed cross-strand C*H (1)«>C*H (13) and characteristic C*H (6)«>C*H (7) NOEs at the
turn segment. The analysis of 2D NMR and the temperature dependent NMR supports the stable
B-hairpin formation. Based on NOEs observed in the ROESY spectrum the solution
conformation of P3 was generated. The ensemble of NMR structures resulting from the
restrained MD simulations on the basis of the NOE and H-bond data is shown in Figure 2.21.

The structural analysis indicates that B(0)-8°-"Pro stabilized the B-hairpin structure in the
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solution. The list of the average torsion angles of the newly designed reverse turns are given in
the Table 2.8. The torsion angles of the B(0)-8’-amino acids are consistent with the peptide P1.
Overall, we have demonstrated that $(0)-5"-"Pro can be used as a single residue p-turn. Results
suggested that we do not need a central amide bond to induce the B-turns. Irrespective of the
central amide bond, B(0)-8’-amino acid displayed very similar torsion values as that of the type
II’ B-turns. The studies can be further extended to replace other dipeptide B-turns by B(0)-5°-

amino acids.

2018-08-06-gopif12
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(30H
2018-08-07
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Figure 2.16: Full '"H NMR spectra of peptide P3in CD;OH (3mM). NHs region is shown in insert.
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Figure 2.17: Partial ROESY spectrum of peptide P3 (3mM) in CD;OH showing NH—C"H interaction.
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Figure 2.18: Partial ROESY spectrum of peptide P3 (3mM) in CD;OH showing C*H(1)«C"H (13),
C"H(7)«<>C"H(6) interaction.
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Figure 2.19: Temp dependent 'HNMR spectra (NH region) of peptide P3 from 263 K to 313 K.
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Figure 2.20: Plot of Temp. vs chemical shift (5,,,) for peptide P3 in CD;OH.
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Table 2.7: Key NOEs used for the structure calculation of peptide P3

Residue H-atom Residue H-atom NOE Observed
Cysl C'H Val2 NH Medium
Val2 C'H Lys3 NH Strong
Lys3 C'H Leud NH Strong
Leu4 C'H Lys5 NH Strong
Lys5 C'H Val6 NH Strong
Leu8 C'H Lys9 NH Strong
Lys9 C'H Vall0 NH Strong

Vall0 C'H Lysl11 NH Strong
Lys11 C'H Leul2 NH Strong
Leul2 CH Cysl3 NH Medium
Cysl3 CH Cysl13 NH(C-terminal) Strong
Val2 C"H Val2 NH Weak
Lys3 C'H Lys3 NH Medium
Cysl CH Cysl13 C'H Strong
Val6 C'H B(0)-8°-"Pro(7) C‘H Strong
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Figure 2.21: Superimposed NMR structures form peptide P3 in CD;0H solvent.

Table 2.8: Torsion angles for B(0)-8-amino acid measured from the minimized conformation of

structure P3

Structure P3 d(deg) 0, (deg) 0, (deg) 0; (deg) Y (deg)
1 68.66 -118.84 177.25 -80.78 -28.90
2 68.58 -113.12 179.86 -81.11 -21.07
3 44.95 -95.29 -171.90 -75.00 -27.89
4 52.65 -117.22 -176.83 -92.41 -5.59
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5 54.16 -108.33 179.25 -90.68 -23.25

6 51.94 -104.33 -177.54 -94.16 -18.40

7 51.67 -100.89 -175.26 -77.64 -29.25

8 66.74 -114.48 -178.20 -82.93 -20.15

9 66.92 -104.48 -177.99 -78.94 -26.14

10 70.21 -124.50 177.73 -83.60 -19.36
Range 44 t0 71 -125 to -95 177 to -171 -95 to -75 -30to -5
Average 59.65 -110.15 -178.36 -83.72 -22.00

2.4.6. Peptidomimetics as B-Amyloid Aggregation Disrupting Agent

Teplow and co-workers examined the ability of B-hairpin secondary structures derived from 6-
defensins as inhibitor of amyloid-B aggregation.”” Recently, Ongeri and co-workers studied the
ability of designed P-hairpin mimetics as amyloid-p inhibitors.” Recently we have also
demonstrated the inhibition of amyloid-f aggregation using designed P-hairpin consisting of
PPro-Gly in B-turn segment.** Alzheimer’s disease is the most commonly occurred
neurodegenerative disorder and it is a major global health concern.”> Deposition of insoluble
amyloid fibrils formed mainly by 42-residue containing protein amyloid-f (AB.42)in the extra
cellular portion of the cerebral causes Alzheimer diseases.’® The mechanism suggest that the
soluble AP peptide formed after proteolytic degradation of the amyloid precursor protein (APP)
self-aggregates into fibrils.”” The soluble oligomers of the AB peptide are found to be initially
toxic to the cells. B-sheet breaker peptide (BSBP) using peptides and small molecules were
extensively used to test for therapeutic value.**** As many B-hairpins have been shown to inhibit
the B-amyloid aggregation, we sought to examine the anti amyloidogenic properties our -

hairpin P3.
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Figure 2.22: Disruption of B-amyloid from (A) designed B-hairpin from #-defensin with "Pro-"Pro as p-
turn (B) helical peptidomimetics (C) PB-hairpins with piperidine-pyrrolidine scaffolds as B-turn (D)
disulphided bridged B-hairpins as "Pro-Gly as B-turn. Figure 2.22A, 2.22B, 2.22C and 2.22D was

reproduced with permission from references no. 22, 34, 23 and 24 respectively.
2.4.7. Thioflavin T (ThT) Fluorescence Assay

We examined the anti amyloidogenic property of the peptide P3 though fluorescence assay using
known marker ThioflavinT (ThT). The intensity of fluorescence emission was used to monitor
the process of the formation/inhibition of B-amyloid fibrils. We first studied the inhibition effect
of the peptide P3 on the soluble protofibril step of AP;.4, aggregation process. The soluble
protofibrillar aggregates of AB.4» was prepared by incubation of 100 uM protein at 37 °C for 24
h at pH 7.4. Due to the binding to B-sheet-rich region of AB,.4; amyloid aggregates, Thioflavine -
T displays dramatic enhancement in the fluorescence emission intensity at 480 nm. But when the
proto fibrillar aggregates of APj.4owas co incubated with peptide P3 at 1:10 ratio, a drastic

decrease in the fluorescence intensity of ThT was observed. No enhanced fluorescence emission
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intensity was observed when ThT was incubated with peptide P3 alone, indicating that peptides
P3 alone is not having aggregating properties as AB-amyloid peptides. These results are shown
in the Figure 2.23. The analysis of the results suggested that ~40% decrease in ThT fluorescence

emission intensity was observed at molar ratio of 1:10 of AB;_sand peptide P3, respectively.

Normalized tht fluorescence

Normalized tht fluorescence

&
IR
| | | I I T
0 6 12 18 24 0 30 60 90 120 150
Time (hr) Time (hr)

Figure 2.23: Thioflavin T (ThT) fluorescence assay of aggregation of AP, 4, upon treatment with different
concentration of peptide P3. Aggregation process of AP;4 was monitored in the absence and in the
presence of peptide P3 for (A) 24 h (B) 148 h. (i) 25 uM AP,.4, only (violet circles) (ii) 25uM ABi4 +
250 uM peptide P3 (black square), (iii) 25uM A4 + 250 uM disulphide reduced peptide P3 (green
triangle) (iv) 250 uM peptide P3 alone (red diamonds).

2. 4.8. Transmission Electron Microscopy (TEM) Studies

The morphology of the B-amyloid fibrils alone and co incubated with peptide P3 (1:10) was

analyzed by the transmission electron microscopy (TEM). The TEM images are shown
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Figure 2.24: Effect of peptide P3 on the morphology of AB;4, fibrils. (A) 25uM of AR, fibrils (B)
25uM of ABj.4 + 250 uM peptide P3 (C) 250uM of peptide P3 (D) 25uM of A4+ 250 uM disulphide
reduced peptide P3. Scale bar for the all images (A)-(D) is 100 nm.

in Figure 2.24.The formation of fibrils from the soluble A4, was confirmed by the presence of
twisted morphology and unbranched threadlike structures (Figure 2.24A). When the protofibrils
of ABi.4 were co incubated with peptide P3 (1:10) at 37 °C for about 96 h, no formation of
fibrils of AP,4, were observed (Figure 2.24B). In addition, no fribrilar morphology of peptide P3
alone was observed. These results indicate that peptide P3 inhibits the formation of ordered
aggregates from the soluble AP.4,. Further, we have examined role B-hairpin structure of P3 is
in the disruption of A4, fibrils. To understand the B-hairpin and its amyloid disrupting
activities, we break the disulfides using DTT and subjected acyclic peptide to inhibit the Ap-
amyloid aggregation under identical conditions. The TEM analysis suggested that acyclic peptide
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not effective in inhibiting the AB-amyloid aggregation. In addition, ThT assay also suggested the
lack of inhibitory activities of acyclic peptide. These results suggested that the structure of 3-

hairpin is important for the inhibition of AB-amyloid aggregation.
2.4.9. Cell Viability Studies sing MTT Assay

As the resulted soluble aggregates which are formed during the different pathways of amyloid
peptide, are toxic to the neuronal cells, we sought to investigate the effect of the peptide P3 on
the soluble aggregates of A4, towards the neuronal cells by the MTT assay using SH-SYS5Y
human neuroblastoma cell lines. The results are shown in Figure 2.25. The results revealed that
the due to the cytotoxicity of the soluble aggregates decrease the relative cell viability to around
~30%. However, when A4, was incubated with peptide P3 at 1:10 molar ratio, the relative cell
viability increases to ~80%. Whereas, loss of cell viability was observed in acyclic form of
peptide P3. But peptide P3 alone up to 250 uM was found to be not toxic to SH-SYSY cell lines.
These results suggested that peptide P3 can inhibit the aggregation of AB.4; in vitro.
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Figure 2.25: Effect of peptide P3 on SH-SY5Y human neuroblastoma cell lines. (A) Cell only (B) 250
uM of peptide P3 alone (C) 10 uM of A4, (D) 10 uM of AB;4,+ 100 uM peptide P3 (E) 10 uM of
ABi4 + 100 uM disulphide reduced peptide P3.
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2.4.10. Two Dimensional "N-"H HSQC NMR Studies of Amyloid Disruption by Peptide P3

As B-hairpin shown the excellent 3-amyloid inhibition activity, we sought examine whether any
changes in the structural properties of AB;.4>. To understand the structural reorganization AP;.4»
upon binding of peptide P3, we subjected P3 and soluble AP;.4 to two dimensional "N-'H
HSQC NMR. We used uniformly 5N labeled A4, for the studies. First SN-'H NMR spectrum
of ABi4 (40 uM) were recorded in 20 mM NaPi at pH 7.4. Fully assigned N-'"H NMR
spectrum of A.42is shown in the Figure 2.26. Then solution of peptide P3 was added to AB;.4»
at a ratio of 1:10 (AP;.4: P3) in NaPi and HSQC was recorded again. The 'H-""N HSQC NMR
of ABi.4xt+ peptide P3 (1:10) HSQC spectrum is shown in the Figure 2.27. All the contours of
both the spectra was assigned and change in the chemical shift for all the residues were
calculated. The overlay of AB;.4; HSQC spectrum over the mixture of P3 and A4, spectrum is
shown in the Figure 2.28. The analysis of the results of the HSQC experiments revealed that
changes in their chemical shift observed for residues Glu3 to Val24 (Figure 2.29).
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Figure 2.26:'H-""N HSQC NMR of 40 uM of A4, in 20mM NaPi buffer at pH 7.4.
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Figure 2.29: The changes in the chemical shift perturbation of AB;.4, induces by peptide P3. The dotted

line represents the minimum change in the chemical shift for AB_4,.

2.5. Conclusions

In summary, we describe the utilization of novel B(O)—8’-amino acid single residue B-turn
mimetics in the design of B-hairpin. Both NMR and single crystal structure shows that the B-turn
is stabilized by ten membered hydrogen bond pseudocycle. Further the single crystal analysis
also suggested that the p(O)—8"-amino acid adopted type II’ B-turn similar to the “Pro-Gly.
Further, we studied ability the amphiphilic B-hairpin as AP;.4,amyloid aggregation inhibitor.
Peptide P3 effectively inhibit AB;.4, amyloid aggregation in vitro. Further, the two dimensional
HSQC NMR studies suggested the conformational changes of residues from Glu3 to Ser24 of
APi.42 was observed upon binding with amphiphilic B-hairpin. In addition, we showed enhanced
cell viability of neuroblastoma cells by the designed B-hairpin. Overall, these studies reported
here can be opened up a new avenue for the design of B-turn and B-hairpin mimetics for different

therapeutic applications.
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2.6. Experimental Section
2.6.1. Materials and Methods

All the reagents including amino acids were purchased from the commercial sources. DCM and
MeOH were purchased from the commercial sources and distilled before to use. Column
chromatography was performed on silica gel (120-200 mesh). Final peptides were purified by
reverse phase HPLC. 'H (400 MHz) and "*C (100 MHz) NMR spectra were used to record the
NMR spectra on respectively using the residual solvent signal as internal standards (CDCls).
Chemical shifts (0) reported in parts per million (ppm) and coupling constants (J) reported in Hz.
Mass of pure peptides was confirmed by MALDI-TOF /TOF.

2.6.2. NMR Spectroscopy

All NMR studies were carried out by using either 400 or 600 MHz spectrometer. Resonance
assignments were obtained by TOCSY and ROESY analysis. All two-dimensional data were
collected in phase-sensitive mode by using the time-proportional phase incrimination (TPPI)
method. Sets of 1024 and 512 data points were used in the t2 and t1 dimensions respectively. For
TOCSY and ROESY analysis, 32 and 72 transients were collected, respectively. A spectral width
of 600MHz was used in both dimensions. A spin-lock time of 200 and 250 ms were used to
obtain ROESY spectra. Zero-filling was carried out to finally yield a data set of 2 K x 1 K. A
shifted square-sine-bell window was used before processing. All the HSQC NMR experiment
were carried out using 800MHz NMR instrument and the change in the chemical shift

perturbation value was calculated from the reported literature.**
2.6.3. Synthetic Procedures

2.6.3.1. Synthesis of N-Boc-p(0)-5>-"Pro-O'Bu

N-Boc-B(0)-8"-"Pro-O'Bu was synthesized by the reported protocol from N-Boc-amino
alcohol.'” Briefly, to the solution containing 10 mL of water and 10 mL of toluene, sodium
hydroxide (10g, 250 mmol) was dissolved in ice-cold condition. Thereafter, fert-butyl
bromoacetate (2.2 mL, 15 mmol) was added slowly to the biphasic reaction mixture at room

temperature. After that, the solution containing N-Boc-"Proline alanine alcohol (2.1 g, 10 mmol)
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in toluene (10 mL) was added slowly to the reaction mixture at 0 °C. Then the reaction mixture
was stirred for about 3 h and at room temperature. After completion of reaction (confirmed by
TLC), the organic layer was extracted with diethyl ether (30 mLx2). The combined organic layer
was washed with brine (30 mLx2) and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure to get white gummy product. The crude product of N-Boc-
B(0)-8’-"Pro-O'Bu was purified by column chromatography using EtOAc/hexane solvent

system.

tert-Butyl bromoacetate

G Toluene:Water (1.5:1) o
nBu,NHSO, G J<
., o - G H 0

N
Boc NaOH, 3 h Boc

1 0°C —rt 2

2.6.3.2. Synthesis of N-Fmoc-B(0)-6°-"Pro-OH

Compound 2 (3.15 g, 10 mmol) was dissolved in 15 mL of TFA/DCM (1:1) mixture at 0 °C. To
this solution 500uL of H,O was added. Then the reaction mixture was kept for about 2 h at RT.
After completion of the reaction (confirmed by TLC), the TFA was evaporated completely under

vacuum. Then the free amine was protected with Fmoc and used for the solid phase peptide

synthesis.
1. TFA, DCM o)
SIS LIRS
’ , (@)
v, _O J< ' N~ "wr~
N~ "~ \)I\o Fmoc OH
Boc 2 2.10% Na,CO3, THF 3
FmocOSu
12 h
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2.6.3.3. Synthesis of (E)-a,B-unsaturated-y4-Amino Acid

(E)-0,B-unsaturated-y*-amino acids were synthesized from the reported protocol.’” Briefly Boc-
amino aldehyde (5mmol) was dissolved in 30 mL of dry THF. Ethyl ester Wittig ylide (7.5
mmol) was to this solution at RT. After that the reaction mixture was stirred for about 5 h at RT.
Completion of reaction was confirmed by TLC. After completion, reaction mixture was
quenched with 50mL of 2N NH4Cl solution. The product was extracted with EtOAc (3 x 40
mL). Then the combined organic layer was washed with brine (3 x 30 mL) and dried over
anhydrous Na,SO,4.Then the combined organic layer was concentrated under reduced pressure to
give crude product, which was further purified on silica gel column chromatography using

EtOAc/Pet-ether to get pure ethyl ester of Boc-protected (E)-o,B-unsaturated-y*-amino acids.

Ph3;PCH,COOEt R

THF, RT,12h )\/\’(O
H > ~
BocHN BocHN

o]
4 O 5

2.6.3.4. Synthesis of Tripeptide BocNH-Val-Leu-Val-OH

BocNH-Val-OH (1.08 g, 5 mmol) was dissolved in 3 mL of DMF under N, atmosphere. To this
solution EDC.HCI (960 mg, 5 mmol), HOBt (675 mg, 5 mmol) and DIEA (1.74 mL, 10 mmol)
was added at 0 °C. Then the reaction mixture was stirred for about 15 min. After that CIH;N-
Leu-OMe (1.36g, 5.5 mmol) was added to the reaction mixture and stirred for about 12 h. After
completion of the reaction (confirmed by TLC), 15 mL of brine solution was added to the
reaction mixture and the compound was extracted with EtOAc (3 x 20 mL). The combined
organic layer was washed with 10% HCI (3 x 20 mL), 10% Na,CO;3 (3 x 20 mL) and brine (3 x

20 mL) respectively. Then the combined organic layer was dried over anhydrous Na,SO,4, After
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that the combined organic layer was evaporated under reduced pressure to get the dipeptide
BocNH-Val-Leu-OMe. After that the dipeptide was hydrolysed using 1N NaOH in MeOH. Then
the dipeptide acid BocNH-Val-Leu-OH (1.03 g, 3 mmol) was dissolved in 3 mL of DMF under
N, atmosphere. To this solution EDC.HCI (576 mg, 3 mmol), HOBt (405 mg, 3 mmol) and
DIEA (1mL, 6 mmol) was added at O °C. Then the reaction mixture was stirred for about 15 min.
After that CIH3N-Val-OMe (772 mg, 3.3 mmol) was added to the reaction mixture and stirred for
about 12 h. After completion of the reaction, 15 mL of brine solution was added to the reaction
mixture and the compound was extracted with EtOAc( 3% 20 mL). The combined organic layer
was washed with 10% HCI (3 x 20 mL), 10% NayCO; (3 x 20 mL) and brine (3 x 20 mL)
respectively. Then the combined organic layer was dried over anhydrous Na,SO,4. After that the
combined organic layer was evaporated under reduced pressure to get the Tripeptide BocNH-
Val-Leu-Val-OMe. The crude compound was purified by column chromatography using

EA/Hexane solvent system to get pure compound 7. Yield: 580.5 mg (50%).

After that the tripeptide BocNH-Val-Leu-Val-OMe (886 mg, 2 mmol) was dissolved in 10 mL of
MeOH. To this solution 5 mL of 1N NaOH was added. Then the reaction mixture was stirred for
1 h. After completion of the reaction (confirmed by TLC), MeOH was evaporated under vacuum.
Then the reaction mixture was acidified with 10% HCI and extracted with EtOAc (3 x 20 mL).
The combined organic layer was brine (3 x 20 mL). Then the combined organic layer was dried
over anhydrous Na,SO, After that the combined organic layer was evaporated under reduced
pressure to get the tripeptide BocNH-Val-Leu-Val-OH (Compound 8). The compound 8 was
used without further purifications. Crude yield: 560 mg (75%).
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2.6.3.5. Synthesis of Peptide P1

Tripeptide BocNH-Val-Leu-Val-OH (858 mg, 2 mmol) was dissolved in 4 mL DMF at 0 °C
under N, atmosphere. To this solution EDC.HCI (384 mg, 2mmol), HOBt (270 mg, 2 mmol) and
DIEA (697.2uL, 4mmol) was added at 0 °C. Then the reaction mixture was stirred for 15 min.
After that CIH;N-"Pro-OMe (363 mg, 0.5 mmol) was added to the reaction mixture and stirred
for about 12 h. After completion of the reaction, 15 mL of brine solution was added to the
reaction mixture and the compound was extracted with EtOAc (3 x 20 mL). The combined
organic layer was washed with 10% HCI (3 x 20 mL), 10% Na,CO3 (3 x 20 mL) and brine (3 x
20 mL) respectively. Then the combined organic layer was dried over anhydrous Na,SO,. After
that the combined organic layer was evaporated under reduced pressure to get the crude
compound. Then the tetra peptide BocNH-Val-Leu-Val-p(0)-8°-"Pro-OMe was hydrolysed
using 1N NaOH in MeOH. Then the tetra peptide BocNH-Val-Leu-Val-8°-"Pro-OH (570 mg, 1
mmol) was dissolved in 4 mL DMF at 0 °C under N, atmosphere. To this solution EDC.HCI
(192 mg, Immol) and HOBt (192 mg, 1mmol) and DIEA (348.6 uL, 2mmol) was added at 0 °C.
Then the reaction mixture was stirred for 15 min. After that CIH;N-Val-Leu-Val-OMe (417 mg,
1.1mmol) was added to the reaction mixture and stirred for about 12 h. After completion of the

reaction, 15 mL of brine solution was added to the reaction mixture and the compound was
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extracted with EtOAc (3 x 20 mL). The combined organic layer was washed with 10% HCI (3 x
20 mL), 10% NayCOs (3 x 20 mL) and brine (3 x 20 mL) respectively. Then the combined
organic layer was dried over anhydrous Na,SO,. After that the combined organic layer was
evaporated under reduced pressure to get the crude compound. The crude compound was
dissolved in HPLC grade MeOH and purified by reverse phase HPLC using C18 columm using
MeOH/Water gradient system. MALDI TOF/TOF m/z calculated for CgHgoN;9O14 [M+Na+]
1197.6536 and observed 1197.6510.
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2.6.3.6. Solid Phase Synthesis of Peptides P2 and P3

The N-acetylated peptides were synthesized using MBHA Knorr amide resin on a 0.2 mmol
scale using manual solid phase synthesis protocol. The synthesis was carried out in NMP solvent
by a standard Fmoc protocol using HBTU/HOBt as coupling reagent. Fmoc deprotection was
accomplished by a solution of 20% piperidine in DMF. N-acetylation of the peptides was carried
out using acetic anhydride/pyridine (1:9) mixture in DMF solvent. Acidic cleavage from the
resin was achieved by treatment of the resin with a mixture of trifluoroacetic acid (TFA)/
triisopropylsilane/water (90:5:5, 2 h). The resin was extracted with additional 5 mL of TFA and
the combined extracts were concentrated under vacuum. The crude peptide was then precipitated
in cold diethyl ether (30 mL) and isolated by centrifugation and decantation of the ether. The
precipitate was re-dissolved and lyophilized to get a fine white solid. Further the crude peptide
P2 were dissolved in MeOH and purified by RP-HPLC on C18 column using MeOH/H,0

system.

The peptide P3 was synthesized using above mentioned protocol. For disulfide formation, crude
peptide P3 was dissolved in NH4CO3 buffer (20 mM, pH 7.4, peptide concentration 2mM) and
stirred for 12 h in an open flask. Insoluble material was separated by centrifugation and the
supernatant solution lyophilized and purified by reverse phase HPLC on a C18 column using

ACN/H,0 (with 0.1% TFA) gradient system.
2.6.4. Crystallographic Information
Compound 3 (FmocNH-(0)-6°-"Pro-OH) (CCDC No 1950179)

Crystals of compound 3 were grown by slow evaporation from a solution of aqueous methanol.
A single crystal (0.1 % 0.05 x 0.03 mm) was mounted on loop with a small amount of the
paraffin oil. The X-ray data were collected at 100K temperature on a Bruker APEX(II) DUO
CCD diffractometer using Cu Ko radiation (A = 1.54178A), w-scans (20 = 72.59), for a total of
9464 independent reflections. Space group P2,2,2,, a= 5.6414(4), b= 14.5190(10), c=
22.8300(15), a=90, =90, y=90, V = 1869.95 A3,orthorombic, Z = 2 for chemical formula Cj,

Ha; N Os, with one molecules in asymmetric unit; pcaled = 1.355 gem™, p = 0.788 mm™, F(000)
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= 808.0. The structure was obtained by direct methods using SHELXS-97. The final R value was
0.0811 (wR2 =10.0925) 3634 observed reflections (FO > 4c (JF0|)) and 691 variables, S = 1.054.

Peptide P2 (CCDC No 1950178)

Crystals of peptide P2 were grown by slow evaporation from a solution of methanol/IPA. A
single crystal (0.15 x 0.02 x 0.05 mm) was mounted on loop with a small amount of the paraffin
oil. The X-ray data were collected at 100K temperature on a Bruker APEX(Il) DUO CCD
diffractometer using Mo Ka radiation (A = 0.71073 A), o-scans (20 = 56.77), for a total of 84907
independent reflections. Space group P2;, a= 9.615(2), b= 21.245(5), c= 26.618(6), a=90,
B=94.807, y=90, V = 5418.15A3, monoclinic, Z = 2 for chemical formula Co; H;¢3 Nig Oy, with
two molecules in asymmetric unit; pcaled = 1.129 gem™, p = 0.080 mm™', F(000) = 2002.0. The
structure was obtained by direct methods using SHELXS-97. The final R value was 0.1736 (wWR2
=0.4048) 26947 observed reflections (FO > 4c (JF0|)) and 1199 variables, S = 1.901.

2.6.5. Two dimensional NMR Analysis of Peptides P1 and P3
Hydrophilic peptide P3:

Solution state structure calculation of peptide P2 and P3:

Strong <2.5 A

Medium <3.5 A

Weak <5 A

Structure calculation was done using a simulated annealing protocol in vacuum using
DESMOND and OPLS 2005 force field with NOE and hydrogen bonding constraints. A peptide
molecule was kept in orthorhombic simulation cell. Upper limit for distance was kept at 2.5A,
3.5 A and 5 A for strong, medium and weak NOEs respectively. All the lower distance limits
were taken to be 1.8 A. A force constant of 1KCal/Mol was used for all the constraints. NOE
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potentials (appropriate for treating ambigious NOE assignments) used are having the following

form,

Enok = fc * (lower - d)z, if d <lower;

Enoe =0, if lower <= d <= upper;

Enok = fc * (upper - d), if upper <d <= upper + sigma;

Enor = fc * (a + beta * (d - upper) + ¢ / (d - upper)), if d >upper + sigma;
where d is the distance and fc is the force constant.

Values of sigma and beta used in the calculation are 0.5 and 1.5 respectively. The values a and ¢

are determined automatically such that potential is continuous and differential everywhere.

Before production run simulation, a default NVT relaxation was done as implemented in
DESMOND. NVT ensemble was used for the production run simulation. Nose-Hoover Chain
thermostat with a relaxation time of 1ps was used. A RESPA integrator was used in which a
time step of 1 fs was used for all the bonded interactions, near non-bonded interactions and far
non-bonded interaction. A cutoff of 9 A was used for short range electrostatic interactions. A
smooth particle mesh ewald method was used for treating long range electrostatic interactions.
Simulated annealing was done in 6 stages. First stage consist simulation for 10 ps at 10 K. In the
second stage, temperature was linearly increased to 3000 K till 3000 ps. In the third stage,
temperature was linearly decreased to 1500 K till 6000 ps. In the fourth stage, temperature was
linearly decreased to 1000 K till 8000 ps. In the fifth stage, temperature was linearly
decreasedto600 k till 11200 ps. In the sixth stage, temperature was linearly decreased to 300 K
till 16000 ps and maintained at 300 k till 17000 ps. Examination of the trajectory of simulation
shows the occurrence of 4 types of hairpin structures (Structure A, B, C and D) defined by the
main chain dihedral angles of the delta amino acid. The lowest energy structures were taken from
each type and minimized using a steepest descent method using a convergence gradient threshold

of 0.05 kcal/mol/A.
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2.6.6. p-Amyloid Disruption Study
2.6.6.1. Preparation of the Soluble Aggregates of A4

First commercially available AB;.4; peptides were dissolved at a concentration of 1mg/mL in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). After that HFIP solution containing AP.4> peptides
was kept overnight in laminar flow to evaporated HFIP. Final traces of HFIP was evaporated by
the lyophilization of the sample. After that the lyophilized sample of AP;.4> peptides were kept at
at —80 °C for further use. Final stock solution of monomeric AB;.4 were made at a concentration
of 2 mM by dissolving the lyophilized AB;.4; in dimethyl sulfoxide (DMSO). After that it was
sonicated in a bath sonicator for 1 min. Then the aggregates of AB;.4» were prepared by diluting
the stock solution to 100uM with 10 mM NaPi (Sodium Phosphate) buffer at pH 7.4 and then it
was incubated in a dry bath at 37 °C. These incubated aggregates of AB.4; treated with peptide
P3 were by diluting the mixture of AB;.4; and peptide P3 at ratio with 1:10 with 10 mM NaPi
buffer at pH 7.4.In this mixture the concentration of AP;.4» was kept at 25uM. This was further
incubated in a dry bath at 37 °C, and the final pH was maintained at 7.4.

2.6.6.2. Thioflavin T (ThT)-Fluorescence-Monitored Kinetics of Aggregation

Thioflavin T (ThT) fluorescence experiments were carried out as earlier reported protocol.> A
fresh stock solution containing 400 uM ThT in 10 mM NaPi buffer at pH 7.4 was prepared. An
aliquot of 25uL of AB;.4 was added to the 40 pL of the ThT assay solution in NaPi buffer at pH
7.4 in such way so that the final concentration of AB;.4; and ThT will be 25 uM and 20 uM,
respectively. For the inhibition of AB.4; oligomerisation assay, peptide P3 (127 uL) from their
stock solutions was added to the wells which containing 20uL of AB;.4; and 40uL of ThT. The
final concentration of peptide P3 was kept at 250 uM along with 25uM AB;.42 and 20 Mm ThT in
the wells. All the experiments were carried out at pH 7.4. The plate was incubated at 37 °C and
fluorescence readings were recorded over a time period of 144 h at 37 °C with gently shaking for
45 s prior to each reading to get more homogeneous results. All the measurements were carried
out as triplicate independents. Then all the obtained recorded values were averaged, and

background measurements for NaPi buffer containing only ThT were subtracted.
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2.6.6.3. Disruption of the Disulfide Linkage of the Peptide P3

The disulfide linkage of the peptideP3 was reduced using DTT by reported protocol.”” Disulfide-
reduced peptide P3 was obtained by incubating of peptide P3+ DTT solution at 37 °C for 12 h.
The final peptide P3 and DTT concentrations were kept at 250 uM and 0.5 mM respectively.
After this, the combine solution was used for co-incubation with 25uMAf.4; at 37 °C and the

aggregation kinetics for AB;.4» was monitored by the ThT assay as described earlier.
2.6.6.4. Transmission Electron Microscopy (TEM) Studies

First 25 uM of A;.42 was incubated (i) alone (ii) in the presence of 250 uM peptide P3, and (iii)
in the presence of 250uM disulfide-reduced peptide P3 in water (0.22 um filtered) for 96 h at 37
°C. Then aliquots of 1 uL. each sample was taken and diluted to 10-fold. After that smaple was
spotted on individual carbon-coated 200mesh copper grids and air-dried for 24 h.Then, all the
coated grids were stained with 2% uranium acetate in Milli-Q water and examined under an

electron microscope.
2.6.6.5. Cell Viability Assay

Cell viability assay was carried by reported protocol® using human neuroblastoma SH-SY5Y
cell lines. Briefly, the cells were seeded using 96- well plate at a density of 100 cells/plate in
DMEM/F12 medium which contains 10% (v/v) FBS and 100U/mL penicillin. Further the cells
were humidified by using 5% (v/v) COy/air at 37 °C for 24 h. After that, the medium was
replaced with the solution which contains 10 pM A4, aggregates. To study the cell viability
effect of peptide P3, cells were incubated with by combinedly with 10 uM A;.4» and 100 uM
peptide P3 aggregated at 37 °C for about 12 h. To study the effect of disulfide-reduced peptide
P3 on the toxicity of AP;.4» aggregates, cells were incubated with 10 uM A4, and 100 uM
disulfide-reduced peptide P3 aggregated solution for period of 12 h at 37 °C. For the study of
cell viability of peptide P3 alone, cells were incubated with 250 uM of peptide P3 for period at
37 °C for 12 h. The plates contain all the samples were incubated in humidified 5% (v/v) CO»/air
at 37 °C for 24 h. After that MTT, a final concentration of 0.5 mg/mL was added to the wells and
then again incubated for about 4 h at 37 °C in a CO; incubator. After that, the supernatant from

each well was removed, and 200uL of DMSO was added to the cells, which resulted in the
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formation of crystals. Then the crystal containing solution was incubated in a humidified CO,
incubator for about 20 mins and the absorbance was recorded at 570 nm using a microplate

reader. All the cell viability was compared to the control cells without any peptide P3 treatment.
2.6.6.6. Two Dimensional "H-">’N HSQC NMR study of Binding of Peptide P3 with AP ;.4

Two dimensional 'H-""’N' HSQC NMR study was carried out on 800 MHz NMR Bruker
instrument with cryoprobe by reported protocol®* and the uniformly labeled "N AB;_4> were
purchased from rPeptide (Bogart, GA). First, the labeled AP;4, was dissolved in HFIP and
allowed to evaporate. After complete evaporation of HFIP, AB.4» was lyophilized. Then labeled
APj.4 at concentration of 40 pM was dissolved in 20 mM NaPi buffer at pH 7.4 containing 10
uL of 1(N) NaOH and 10 pL of DMSO. Thereafter that HSQC NMR of uniformly labeled AP .4
was recorded at 7 °C. Binding studies of peptide P3 with AB;.4> was carried at the concentration
ratio of 1:10 (AB;.42:P3). The dilution effect was corrected at the time of calculation of '"H and
>N chemical shift. For two dimensional HSQC NMR experiments, data for the 'H and "°N
frequencies were acquired using 1024 and 512 points, respectively. Further Bruker Topspin
software was used for the process of NMR spectra and analyzing the data. Resonance
assignments (both 'H and ’N) of all of the residues were determined according to a previously
published method.*? The combined perturbation in the chemical shifts for both of the resonances

("H-""N) was determined using the following equation:

Appm = [(S*A'HY” + (APN)’]"
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2.7. Characterization Data of Synthesized Compounds and Peptides P1-P3

0]
Q"///o\)J\ok

Boc

'H NMR (400 MHz, Chloroform-d) & 3.96 (bs, 2H), 3.61 (bs, 1H), 3.33 (bs, H), 2.08 — 2.04 (m,
2H), 1.92 (bs, 2H), 1.83-1.77 (m, 1H), 1.63 (s, OH), 1.47 (s, 3H), 1.41 (d, J = 4.2 Hz, OH)."*C
NMR (100 MHz, Chloroform-d) & 169.59, 154.50, 81.46, 79.18, 72.27, 71.74, 69.03, 56.38,
28.56,28.15, 23.81, 22.90. HRMS m/z calculated value for C1sH20NOs is [M+Na'] 338.1943 and
observed 338.1942

0O
Q"'// o\)J\oH

Fmoc

'H NMR (400 MHz, Chloroform-d) ¢ 7.76 (d, J = 8 Hz, 2H), 7.59 (d, J = 8 Hz, 2H), 7.39 (t, J =
8 Hz, 2 H), 7.31 (t, J = 8 Hz, 2 H), 4.61 (bs, 1H), 4.38 — 4.42 (m, 2H), 4.22 (bs, 1H), 4.12 (bs,
2H), 3.32-3.3 (m, 2H), 1.91 (bs, 4H). °C NMR (100 MHz, Chloroform-d) & 173.35 , 144.12 ,
141.46 ,127.82,127.18 ,125.16 , 120.08 , 72.88 , 68.59 , 67.46 , 57.05 ,47.42 ,46.92 , 28.61 ,
28.00 , 23.96. MALDI/TOF-TOF m/z calculated value for C,,H»;NOs is [M+Na+] 404.14 and
observed 404.14

H o
BocHN N\)J\H BN
D
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"H NMR (400 MHz, Chloroform-d) § 6.72 (d, J= 8 Hz, 1H), 6.58 (d, J=8 Hz, 1H), 4.97 (d, J =
8 Hz, 1H), 4.44 — 4.53 (m, 2H), 4.08 — 4.14 (m, 1H), 3.72 (s, 3H), 2.10 — 2.19 (m, 1H), 1.59 —
1.70 (m, 4H), 1.42 (s, 9H), 0.87 — 0.92 (m, 18H). *C NMR (101 MHz, Chloroform-d) & 172.87,
172.21, 171.79, 155.8, 57.26, 52.24, 51.89, 41.03, 40.73, 31.30, 28.40, 24.83, 24.71, 23.03,
22.14,19.06, 17.85. MALDI/TOF-TOF m/z calculated value for C2,H4 N304 is [M+Na'] 466.28
and observed 466.30
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2.9. Appendix II: Characterization Data of Synthesized Compounds and Peptides P1-P3

2.9.1. "H and “C NMR Spectra
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2.9.2. MALDI-TOF/TOF Mass Spectra
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Chapter 3

Impact of H-Bonding in Helices Composed of
Flexible 0-Amino Acids
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3.1. Introduction

The conformation of any folded polypeptide chain consisting of o-amino acids is mainly
governed by the three torsion angles of ¢,y and ®.' Using this 3-Dimensional compact structure,
proteins carry out different diversified function in biological process.” The non-bonded
interactions have a great role for the determining the stereochemistry of the polypeptide along
with the torsion angles which lie within the allowed region of the Ramachandran Map.® The
peptide bond (®) is generally restricted to trans geometry (o= 180°). But in case of peptide
bonds preceding prolyl residue cis conformations (o= 0°) is observed with a higher propensity.*
The backbone hydrogen bonding interaction between CO and NH leads to the formation of the
different secondary structure like helices, sheet and turns. But due to the proteolytic degradation
of peptide composed of a-amino acids are suffered from the poor efficacy and short half-life.” To
overcome these limitations people come up with different type of modification such as
incorporation of non-natural amino acids, N-methylation, cyclization etc.’ In addition to the
modifications of a-amino acids, extensive efforts have also been made over the last two decades
in synthesize and utilization of various types of backbone homologated non-natural amino acids
such as f3, v, 0, € etc. and examined their folding properties. Surprisingly, the oligomers of these
B-,y- and higher homologue amino acids are spontaneously fold into definite structures similar to
protein structures termed as “Foldamers”.” Importantly, in addition to the homooligomers, the
mixed sequences containing o-amino acids and higher homologue - and y-amino acids also fold
into definite structures. This type of molecular chimera in peptide foldamers are great interest

due to the improved pharmacological properties and efficacy.”
3.2. Foldamers Containing Delta Amino Acids

Over the years homologated amino acids such as B, y, 9, € have been extensively explored to
mimic the protein secondary structures.” Among the secondary structures, the a-helix is one of
the most predominant protein secondary structure. In their pioneering work, the groups of

Seeebach’ and Gellman’®

showed the design of different types of helices from various types of
B-amino acids. The spontaneous folding of B-peptides in the helices, motivated to examine

folding properties of the homooligomers of y-, and higher homologue amino acids as well as
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other artificial building blocks.” In addition to the homooligomers, different types of hybrid
peptides composed of mixed sequences containing more than one type of amino acids are also
studied to broaden the peptide foldamer research. In this context, the folding properties of mixed
/B %10 oy, 08 Wand By 1™ sequences containing various backbone modified amino acids

have been studied

H,N OH
(0]
(0]
o 0 d i R 0
/\/\)l\ ° 5 %
H,N OH H,N OH Oxo HZNJ\/O\)LOH
Balaram et al Chakraborty et al Sharma et al Present Study

Figure 3.1: Chemical structure of different 6-amino acid available in the literature.

for mimicking of native protein structure. Though the folding properties of B- and y- and their
mixed have been extensively examined, however, peptides composed of 6-amino acid are
scarcely discussed in the literature. Nevertheless, Hofmann et al theoretically proposed the
ability of different helices from the homooligomers from -amino acids.'' Based on the
computational calculations, they proposed that helices having 10-membered hydrogen bonding
are most stable followed by 14, 16 and 8 membered hydrogen bonded oligomers. The groups of
Chakraborty and Sharma have reported different hybrid helices from pyranose- or furanose-
based carboamino and furan based 6-amino acids. Chakraborty and co-workers used constrained
furanoid sugar amino acids to design different reverse turns in [3-hairpins.12""12b Further they
examined the ability of cyclic oligomers from furan amino acids as antimicrobial candidates and

'2In a recent study by Sharma and colleagues reported the a/8 hybrid

also to G-quadruplex.
peptides composed of sugar amino acids. Through both solution and theoretical calculations,
they proved that /6 hybrid peptides composed of sugar amino acids prefer to adopt 11/13 mixed
helices.”” Apart from the pyranose and furanose based §-amino acids, Huc and co-workers
showed helical folding form quinolone based 8-amino acids in single crystals.'* In addition,
Balaram and co-workers examined the stability of the a-helices by replacing Gly-Gly residue of

bovine pancreatic trypsin inhibitor with 8-aminovaleric acid (8-Ava)."” Where the amide bond is
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replaced by the CP-C bond. The different types of 6-amino acids studied in the literature is

shown in the Figure 3.1.

(A) §
O

Figure 3.2: (A) Theoretical calculation for folding ability of oligomers from J-amino acids. (B)
Formation of mixed helices form o/dc., hybrid peptide. (C) and (D) X-ray crystal structure of helical
folding from quinolone based aromatic 6-amino acids and top-view respectively. Figure 3.2A and 3.2D
were reproduced with permission from ref 11 and 13 respectively. Crystal structure shown in (C) and (D)

was generated from the CIF available in ref no. 14.
3.3. Aim and Rationale of the Present Work

Foldamers consisting of proteogenic side chain containing §’-amino acids are not well explored
due to the difficulties in the synthesis of the 8°-amino acid. As we are interested in design of
different folded peptides from the non-ribosomal amino acids such as y-, a,B-unsaturated amino

16a-16
a-16d and structural

y-acids.'® Recently we showed stable C;, helices form a, y* hybrid peptide
dimorphism from achiral a, y* hybrid peptide in single crystals.'®” As the 8°-amino acids are
surrogates of a-dipeptide, we sought to investigate the folding of B(O)—8"-amino acid towards

different folded structure as a guest in host a-peptide and hybrid peptide sequences.
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3.4. Results and Discussion
3.4.1. Design and Synthesis

The sequences of peptides under investigations are shown in Scheme 3.1. The B(0)-5’-amino
acid was synthesized by the reported protocol form Boc protected amino alcohol.'” All peptides
were synthesized by the conventional solid phase peptide synthesis strategy on Rink Amide resin
on 0.2 mmol scale and purified by RP-HPLC using MeOH/H,0 system. Peptide P1 is a control
a-helical peptide. In peptide P2, we replaced Phe-Gly dipeptide by B(0)-8-Phe in the a-helix.
To understand whether o,0- hybrid peptides with 1:1 alternating a- and 6-amino acids can give
13-helix similar to the a-peptides, we designed peptide P3. Further, to understand the versatility
B(0)-8’-amino acid, we have designed peptide P4 by incorporating p(O)-8’-amino acid as a
guest in the sequences of o,y-hybrid peptide. The o,y* hybrid peptides are known to form stable
Co-helix.'%*1% A5 the B(0)-8-amino acids is mimic of a-dipeptide composed of a-amino acids,
we designed peptide PS and P6 consisting of Tryptophan and Dansyl group understand their

stability towards proteases.
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Scheme 3.1: Sequences of peptides under investigations.
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3.4.2. ORTEP Diagram of Peptides P1, P2 and P4

Peptide P1

Figure 3.3: ORTEP diagram of peptide P1. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Two molecules are found in the asymmetric unit. Ellipsoids are drawn at 50% probability (CCDC

No 1919640)
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Peptide P2:

- (O}

Figure 3.4: ORTEP diagram of peptide P2. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability (CCDC No 1919644)
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Peptide P4:

(]

=4
o

Figure 3.5: ORTEP diagram of peptide P4. H-bonds are shown in dotted lines. H-atoms are omitted for

clarity. Two molecules are found in the asymmetric unit. Ellipsoids are drawn at 50% probability (CCDC
No 1919641)
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3.4.3. Conformational Analysis of Peptides P1-P4

Peptide P1

The X-ray diffraction quality single crystals of the control a-helix P1 were grown from slow
evaporation of aqueous methanol solution and it’s single crystal structure is shown in the Figure
3.6A. The helical structure is stabilized by six hydrogen bonds. Except the terminal Aib all NHs
and carbonyls are involved in 13-membered H-bond form (i)«—(i+4). The average H----O
distance: 2+0.2 A, N----O distance: 2.9+0.1A. The average value of the torsion angles ¢=-50+20
and y = -50+20. Full set of torsion angle values and hydrogen bonding parameters are given in
Table 3.1 and 3.2. Like in many designed peptides containing Aib residues, the terminal residue
is not participated in the canonical helix.'® The peptide P1 adopted a-helix conformation in

single crystals.
Table 3.1: Torsion angles of peptide P1
Peptide P1 contains two molecules in the asymmetric unit.

Molecule A in the asymmetric unit

Peptide P1 d(deg) ¥ (deg)
Aib 1 -52.27 -50.04
Leu2 -70.47 -35.81
Ala3 -60.99 -48.43
Leud -67.03 -38.53
Phe5 -53.82 -48.39
Gly6 -65.69 -40.61
Leu7 -64.06 -33.23
Ala8 -70.49 -16.35
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Leu9

-97.91

-57.86

Aibl10

57.03

43.57

Molecule B in the asymmetric unit

Peptide P2 O(deg) ¥ (deg)
Aib 1 -53.89 -50.04
Leu2 -70.11 -36.11
Ala3 -60.99 -47.74
Leu4 -68.44 -38.18
Phe5 -55.65 -46.57
Gly6 -67.78 -39.03
Leu? -64.09 -34.56
Ala8 -68.72 -15.92
Leu9 -99.39 -58.14
Aibl10 56.79 -137.07

Table 3.2: H-bonding parameters of peptide P1

Molecule A in the asymmetric unit

Intermolecular H-bonding
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Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N4 o1 2.939 2.086 171.31
N5 02 2.815 1.980 163.57
N6 03 3.017 2.195 159.90
N7 04 3.034 2.194 165.22
N8 05 2.969 2.105 147.48
N10 07 2.969 2.155 156.03
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N1 09 2.824 1.973 160.90
N2 010 2.825 2.073 145.57
N1l 024 2.985 2.173 168.59
Molecule B in the asymmetric unit
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(A) DH....A(A) | NH....O(deg)
N15 012 2.943 2.093 169.64
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N16 013 2.818 1.982 163.82
N17 014 3.003 2.189 158.05
N18 O15 3.032 2.195 165.11
N19 0Ol16 2.965 2.077 151.87
N21 018 2.965 2.141 160.54
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(A) DH....A() NH....O(deg)
NI12 020 2.823 1.976 165.03
N13 021 2.987 2.098 145.16

Peptide P2

To understand the effect of the incorporation of the B(0)-8°-amino acids on the structures of the
a-helices, we have synthesized peptide P2 where the central dipeptide Phe-Gly was replaced by
the B(0)-8"-Phe.The conformation of B(0)-8’-amino acid can be represented by the backbone
torsion angles ¢(N-C®), 0,(C°-C"), 02(C7-OP), 05(OP-C*) and y(C*-C=0) (Scheme 3.1). The X-ray
diffraction quality single crystals of peptide P2 were obtained from the slow evaporation of
aqueous methanol and gave a helical structure as shown in the Figure 3.6B. The peptide adopted
an uncommon 10/13/16-helix (Figure 3.6B). The helical structure was stabilized by seven
intramolecular hydrogen bonds. Interestingly, the first three hydrogen bonds are 10-membered
pseudocycles between the residues i and i+3 residues. The residues Ac(1)CO <«HNAib(3),
Aib(1)CO«NHLeu(4) and Leu(2)CO(i)«—NH&’-Phe(5) (i+3) are involved in the 10 membered
H-bonds. The next two H-bonds are involving 13-membered pseudocycles. The residues

Ala(3)CO (i)«—HNLeu(6)(i+3) and Leu(4)CO(i)«—NHAla(7) (i+3). The last three hydrogen
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bonds are two 10 membered & Phe(5)CO(i))—HNLeu(8)(i+3) and  between
Leu(6)CO(i)«—NHAi1b(9)(i+3). The terminal amide NH are involved 16 membered hydrogen
bond between Leu(6)CO (i)«—CONH,. It is interesting to note

(A) (B)

Pl P2 Overlay of
P1 and P2

Figure 3.6: X-ray structure of peptide (A) P1 and (B) P2. B(0)-3°-Phe are shown in green colour (C) The
overlay structure of P1 and P2 were shown (magenta and green colour represents peptide P1 and P2

respectively).

that except the terminal H-bond, both 10 and 13-membered H-bonds in the peptide P2 are
stabilized by the residues between i«<— i+3. The torsion angles of amino acid residues in P2 are
tabulated and given in Table 3.3. The torsion angles of the B(0)-8°-Phe were found to be ¢= -
92.56, 6,=52.95, 0,= 79.20, 0;=-158.37 and y = 7.12. The torsion angles of other residues were
found to be very similar to that of the residues P1. In comparison to the P1, incorporation of the
B(0)-5-amino acid leads to disruption in the H-boning pattern in P2. The first three residues in
P2 adopted 3;p-helical conformation, while in P1 they adopted a-helix conformation. These
results also suggested the small energy difference between the two helix types. Probably, the lack
of the one H-bond indeed disturbed the H-bonding pattern throughout the helix in P1. The
overlay structure of peptides P1 and P2 was shown in Figure 3.6C. It is evident from the Figure
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3.6C that the helical pore of peptide P2 was little narrow compared to peptide P1 due to
incorporation of P(0)-8°-Phe amino acid in place of Phe-Gly dipeptide residue.

Figure 3.7: H-bonding pattern in peptide P1 and P2

Table 3.3: Torsion angles of peptide P2

Peptide P1 O(deg) 0, (deg) 0, (deg) 0; (deg) ¥ (deg)
Aib 1 -49.43 -47.43
Leu2 -66.23 -22.02
Ala3 -62.08 -24.78
Leu4 -74.69 -17.30
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B(0)-5-Phe 5 -92.56 52.95 79.20 -159.37 7.12
Leu6 -64.25 -21.70
Ala7 -60.35 -20.47
Leu8 -120.78 34.73
Aib9 66.68 19.37

Table 4: H-bonding parameters of peptide P2
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(Q) DH....A(A) NH....O(deg)
N3 Ol 2.945 2.203 144.46
N4 02 3.024 2.293 151.70
N5 03 3.017 2.329 137.19
N6 04 2.938 2.160 159.96
N7 05 2.986 2.143 166.22
N8 07 2.948 2.148 154.52
N9 08 3.017 2.198 159.03
N10 07 2.957 2.154 155.29
Intermolecular H-Bonding
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
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N1 014 3.032 2.294 143.88

N2 010 3.005 2.293 163.80

Peptide P3

Recently, Gellman and colleagues demonstrated the 13-membered H-bonds stabilized B,y-hybrid
helices.'”™'®™ Hofmann and colleagues have theoretically predicted the formation of 13-helix
from the B,y-hybrid peptides.' In addition to the p,y-hybrid helices, a,8-hybrid peptides are also
expected to adopt 13-helix conformation. As the length of By- and ad-hybrid peptides are similar
it is expected o,0-hybrid peptides can also form 13-helix. The structural details of a-peptides,
B,y- and a,0-hybrid peptides are shown in Scheme 2. In order to understand 1:1 alternating o.,5-
hybrid The 13/11- hydrogen bonding pattern of a,0- hybrid peptides also more stable compared
to the other hybrid peptide mixed helices."” It is also known in the literature that the energy
difference between 13/11-helices and 13-helices with all hydrogen bonds in the backward

direction is small."

Whether o/6- hybrid peptides can adopt 13-helix conformation similar to a-
helix, peptide P3 was designed and synthesized. The peptide P3 did not give X-ray quality single

crystal. Therefore, the

H
N - a—Peptide

0
A

ZT

0
A

T=
o=(
T=
o-{ |

o
g

H
H /\/\[f N - B/y—Peptide
O

(0]
A~y

H
\/\/\ﬂ/ N - a./6—Peptide
O]

Scheme 3.2: Schematic representation of structural analogy of a-, B/y- and o/6- peptides
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conformation of the peptide P3 was analyzed by the 2D NMR analysis. The 'H NMR of the
peptide P3 in CDCIl; (3 mM) revealed the well dispersed NH and C°H suggesting a well-defined
secondary structure in solution. The amino acid types and sequential connectivity of the residues
P3 were established using TOCSY and ROESY spectra. The analysis of ROESY spectrum
revealed the sequential NOEs between the NH(i) «<» NH(i+/). Among them medium NH(3) <
NH(4), NH(5)«> NH(6) and weak NH(1) «» NH(2), NH(2) <> NH(3) were observed. In addition
to the NH-NH NOEs, NH(3) <> C°H(2) and NH(7) <« C°H(6) were also observed. Further,
DMSO-d; titration in CDCl; indicates that only NH of Aibl is solvent exposed. Using the
distance restraints from ROESY, the solution conformation of P3 was generated. The ensemble
of NMR structures resulting from the restrained MD simulations on the basis of the NOE data
and H-bond constraints is shown in Figure 3.12. In contrast to the excepted 13-helix, peptide P3

adopted 13/11-helix conformation in solution. The structure is stabilized by

Aib7 Aib3 Aibl
Val4 Leu6
Leu2 ‘

Figure 3.8: Partial 'H NMR of peptide P3 (NH region)
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*AilﬂH

Alb7NH
conp ® ValANH LewSNH |euzNH  AlBINH L

f (ppm)

8.1 80 7.9 78 77 76 75 74 7.3 72 7.1 7.0 69 68 67 6.(';2(65 6}4 6.3 62 6.1 60 59 58 57 56 55 54 53 52 51 50 49
PP,

Figure 3.9: Partial ROESY spectrum of peptide P3 (3mM) in CDCl; showing NH<NH interaction.

Aib7ZNH AibSNH

Aib3NH ValaNH
CONH2 K

LeubNH

765 760 755 750 745 740 735 730 725 720 715 710 705 .00 655 6590 685 680 675
f2 (ppm)

Figure 3.10: Partial ROESY spectrum of peptide P3 (3mM) in CDCl; showing NH«NH interaction.
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Figure 3.11: Partial ROESY spectrum of peptide P3 (3mM) in CDCl; showing NH—C"H, NH—~C"H,

NH<CH interaction.

Table 3.5: NOEs used for the structure calculation of peptide P3

Residue Atom Residue Atom NOE
Aibl NH B(0)-5’Leu2 NH Weak
B(0)-5’Leu2 NH Aib3 NH Weak
Aib3 NH B(0)-5°Vald NH Medium
Aib5 NH B(0)-5’Leu6 NH Medium
B(0)-8’Leu2 C°H Aib3 NH Weak

- 105 -



B(0)-8’Leub C°H Aib7 NH Weak

Table 3.6: Calculation of do/dT of peptide P3

NH 263K 273K 283K 293K 303K 313K do/dT
Residue

(ppb)

CONH, 8.0 7.86 7.71 7.57 7.43 7.36 12.8

Aib7 7.75 7.69 7.60 7.51 7.43 7.36 7.8

Aib5 7.72 7.65 7.57 7.49 7.43 7.32 8

Aib3 7.69 7.59 7.50 7.44 7.38 7.32 7.4

B(O)- 7.71 7.15 7.05 6.98 6.94 6.91 16
§’Vald

B(O)- 7.15 7.07 6.99 6.93 6.89 6.85 6
5’Leu6

B(O)- 6.60 6.58 6.59 6.62 6.65 6.68 1.6
5’Leu2

Aibl 6.80 6.62 6.44 6.32 6.23 6.16 12.8
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Figure 3.12: (A) Plot of J,,, Vs Temp (K) of peptide P3 in CDCl; (B) DMSO-dj titration of peptide P3
in CDC13

Figure 3.12: (A) Solution conformation of peptide P3 (B) Top view of peptide P3 (C) H-boning pattern

in peptide P3 in solution.
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Table 3.7: Torsion angles (in degree) measured from the minimized lowest energy conformation

of peptide P3 from simulation:

Peptide P3 O(deg) 0, (deg) 0, (deg) 0; (deg) ¥ (deg)
Aib 1 -59.60 104.16
B(0)-8’Leu2 60.92 42.49 99.90 -82.42 -57.53
Aib3 -66.16 113.80
B(0)-8°Val4 62.80 47.16 96.20 -88.33 -56.26
Aib5 -67.28 108.65
B(0)-8’Leut 57.33 39.17 100.88 -73.85 -63.55
Aib7 -71.38 70.10

alternating intramolecular i—i+3 and i—i-/ mixed H-bonds. Surprisingly, the H-bonds observed
in the peptide P3 displayed opposite directionality. The 13-membered H-bonds are realized
between i—i+3, while 11-membered H-bonds are realized between i—i-/ residues. Similar type
of mixed helices are also observed in thea.B- and o,y-hybrid peptides,”’ however we have not

observed this type of mixed H-bonding directionality in case of peptide P2.

Peptide P4

To know whether same effect can be also possible in hybrid helices, we incorporate B(0)-8°-
amino acid in known stable C1,-0, y*-hybrid helix."%'%¢ The X-ray diffraction quality crystals of
peptide P4 are obtained from the aqueous methanol solution. The crystal structure revealed that
B(O)-SS-amino acid is well accommodated in the helical structure. The helical structure is
stabilized by six intramolecular hydrogen bonds. Among them the y-residue are involved in 12
membered hydrogen bonding between (i)«—(i+3). The average H----O distance: 2.1£0.1 A, N----

O distance: 3+0.1 A. The average torsion angle value of the y residue is ¢= -130+20, 0;(N-C"—
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CP—C%=55+1, 0,(C"—-CP—C"~C)=58+1 and y = -120+10.The stereochemical analysis of y*-Phe
residues peptide indicates that they adopted gauche+, gauche+ (g+, g+, 0, = 6, = 60°) local
conformations about the C*~C” and C*~C" bonds which areconcurrent with the reported value.'**
1 But the P(0)-5>-Phe is involved in the 13 membered hydrogen bond with (i)«—(i+3). The
peptide displayed the H-bonding pattern of 12 and 13-memebred H-bonds. The torsion angles of
the P(0)-6>-Phe are ¢= -107.17, 0,=61.88, 0,= 79.95, 0;=-154.25 and y = 1.88. The
stereochemical analysis shows that the backbone torsions are gauche+, gauche+ and extended.
(The full set of torsion angle values are given in Table 8) Which are concurrent with the
backbone torsion value of B(0)-8’-amino acid residue in peptide P2. The backbone torsion

angles for 6-amino acid in the peptide P2, P3 and P4 are given in the Table 3.10.

Figure 3.13: (A) X-ray crystal structure of peptide P4. (B) Top view of crystal structure of peptide P4.
(C) H-bonding pattern observed in peptide P4. y*- and B(0)-8’-Amino acids are represented by golden

yellow and green colour respectively.
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Table 3.8: Torsion angles of peptide P3

Peptide P4 contains two molecules in the asymmetric unit.

Molecule A in the asymmetric unit

Peptide P4 O(deg) 0, (deg) 0, (deg) 0; (deg) Y (deg)
Aib 1 -64.56 -35.45
yPhe2 -124.29 49.81 64.31 -122.03
Aib3 -56.95 -47.07
B(0)-8’-Phe 4 -102.27 62.44 86.63 -148.13 -0.73
Aib5 -54.31 -47.13
vPhe6 -148.86 53.20 63.18 -113.78
Aib7 -54.54 -49.30

Molecule B in the asymmetric unit

Peptide P4 O(deg) 0, (deg) 0, (deg) 0; (deg) ¥ (deg)
Aib 1 -64.33 -29.90

vPhe2 -123.69 56.29 57.94 -125.34
Aib3 -50.50 -52.72
B(0)-8’-Phe 4 -107.17 61.88 79.95 -154.26 1.88
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Aib5 -59.69 -39.61
vPhe6 -143.85 54.19 58.74 -112.13
Aib7 -53.66 -53.02
Table 3.9: H-bonding parameters in peptide P4
Peptide P4 contains two molecules in the asymmetric unit.
Molecule A in the asymmetric unit
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N4 02 2.826 2.015 156.98
N5 03 2971 2.197 149.68
N6 06 2.905 2.059 167.49
N7 04 3.043 2.232 157.05
N8 07 2.985 2.159 161.12
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(A) DH....A(Q) NH....O(deg)
N2 09 2.932 2.159 149.32
N1 08 2.902 2.056 167.50
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Molecule B in the asymmetric unit

Intermolecular H-bonding

Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N12 O11 2.891 2.080 157.02
N14 014 2.837 2.012 160.44
N33 012 2.935 2.099 163.68
N13 030 3.095 2.257 164.61
Nl11 010 2.909 2.059 169.74
Intermolecular H-bonding
Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N10 o17 2.855 2.087 148.16
N9 0O16 2.940 2.108 163.36
Table 3.10: Backbone torsion angles for 6-amino acids
d(deg) 0,(deg) 0,(deg) 0;(deg) ‘¥(deg)
Theoretical -98+1 62.5+1 68.4+0.4 -168.7+2 85.2+2
Calculation for
d-oligomer
HlOa
Sharma /&’ 138+4 -7243 73+1 56+1 -135+4
Hybrid"
Balaram 6- -67 -64 176 -59 -45
Ava’
P2° -92.5 53 79 -158 7.12
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P4° -107 61 80 -154 1.8

o/8> from NMR 6043 4545 9645 -80+10 60+5
calculation®

“Theoretical calculation by Hofmann et al.[J. Org. Chem, 2004, 69, 6214.] ®Sharma ef al.
[Chem. Eur. J.2009, 15, 5552.] Balaram et al. Biopolymers1996, 39, 769.] “Present Study.

3.4.5. Proteolytic Stability Studies of the Delta Amino Acids

The proteolytic stability of peptides composed of B- and y- amino acidstowards different
proteases are well studies in the literature.”’ But the proteolytic stability of peptide composed of
d-amino acids are not documented. As the d-amino acids resemble the dipeptides in the o-

peptides, it is worth examining the proteolytic stability of the peptides containing 6-amino acids.

FRET
Peptide 1
Trp Dansyl
Excitation at 280 Emission at 550
nm nm

Scheme 3.3: Schematic representation of Trp-Dansyl FRET pair.

As the amide bond of dipeptide consisting of a-amino acid is replaced by OP-C?bond in p(0)-8°-
amino acid, so it can be proteolytically stable amino acid. In order to understand the preoteolytic
stability of B(0)-8’-amino acid in peptides, we have synthesised peptide P5 and P6. In peptide
P6, Lys-Gly was replaced by B(0)-8°-Lys. The C-terminal amino acid of the peptide was kept

tryptophan as donar and N-terminal was coupled with DANSYL as acceptor and Fluorescence
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Figure 3.14: Time dependent fluorescence spectra of peptide (A) PS5 and (B) P6 upon trypsin digestion.
(C) Schematic representation of cleavage of peptide P5 and P6 by trypsin.

Resonance Energy Transfer (FRET) technique was used to study the proteolytic stability.
Trypsin was used to study the cleavage process as it cleaved the C-terminal of Lys residue.
Results of the peptides digestion with 0.2% Trypsin EDTA solution is shown in Figure 3.14.
Results revealed that in case of peptide PS5, with increase the time the fluorescence emission of
DANSYL group is decreasing and emission intensity of tryptophan increases by excitation at
280 nm, indicating that the trypsin able to cleave the C-terminal of Lys residue and hence the

FRET efficiency decreases with time. On the other hand, due to the insertion of the p(0)-8°-Lys
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residue, the fluorescence intensity of both tryptophan and DANSYL group remained same at

excitation of 280 nm up to 15 min, revealing that the peptide P6 is stable towards trypsin.
3.5. Conclusions

We have demonstrated the utilization of new B(0)-8-amino acid for the construction of helices,
where the amide bond in the dipeptide composed of a-amino acid is replaced by the OP-C" bond.
The X-ray structure revealed that the replacement of the dipeptide in the a-helix by B(O)-8°-
amino acid residue are able to accommodate in helical structure however with fluctuations in the
H-bonding pattern. Further, the replacement of y* residue by B(0)-8-amino acid in oy’ hybrid
helices reveal that peptides is well accommodated 6-amino acid in the hybrid helices without
change in the hydrogen bonding pattern. This result further support the structural plasticity of the
o,y-hybrid peptides. Furthermore, the two dimensional NMR studies of 1:1 hybrid peptide
showed formation of 13/11 mixed helices in solution. This is quite surprising because 0/6 -hybrid
peptides adopt 13-helix conformation. In contrast, a/6-hybrid peptide sequences adopted mixed
13/11-helix conformations. Finally, we have proved that the peptide composed of B(0)-8-amino
acids stable towards the proteases. This results reported in this chapter open new possibility for

the design of proteolytically stable functional foldamers.
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3.6. Experimental Section
3.6.1. Materials and Methods

All the reagents including amino acids were purchased from the commercial sources. DCM and
MeOH were purchased from the commercial sources and distilled before to use. Column
chromatography was performed on silica gel (120-200 mesh). Final peptides were purified by
reverse phase HPLC. 'H (400 MHz) and "*C (100 MHz) NMR spectra were used to record the
NMR spectra on respectively using the residual solvent signal as internal standards (CDCls).
Chemical shifts (0) reported in parts per million (ppm) and coupling constants (J) reported in Hz.
Mass of pure peptides was confirmed by MALDI-TOF /TOF.

3.6.2. NMR Spectroscopy

All NMR studies were carried out by using either 400 or 600 MHz spectrometer. Resonance
assignments were obtained by TOCSY and ROESY analysis. All two-dimensional data were
collected in phase-sensitive mode by using the time-proportional phase incrimination (TPPI)
method. Sets of 1024 and 512 data points were used in the t2 and t1 dimensions respectively. For
TOCSY and ROESY analysis, 32 and 72 transients were collected, respectively. A spectral width
of 600MHz was used in both dimensions. A spin-lock time of 200 and 250 ms were used to
obtain ROESY spectra. Zero-filling was carried out to finally yield a data set of 2 K x 1 K. A

shifted square-sine-bell window was used before processing.
3.6.3. Synthetic Procedures
3.6.3.1. Synthesis of N-Boc-B(0)-6°Phe-O'Bu

N-Boc-B(0)-8-Phe-O'Bu was synthesized by the reported protocol from N-Boc-amino alcohol.'’
Briefly, to the solution containing 10 mL of water and 10 mL of toluene, sodium hydroxide (10g,
250 mmol) was dissolved in ice-cold condition. Thereafter, fert-butyl bromoacetate (2.2 mL, 15
mmol) was added slowly to the biphasic reaction mixture at room temperature. After that, the
solution containing N-Boc-Phenyl alanine alcohol (2.5 g, 10 mmol) in toluene (10 mL) was
added slowly to the reaction mixture at 0 °C. The reaction mixture was stirred for about 3 h and

allowed to come to room temperature. After completion of reaction (confirmed by TLC), the
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organic layer was extracted with diethyl ether (30 mLx2). The combined organic layer was
washed with brine (30 mLx2) and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure to get white gummy product. The crude product of N-Boc-

B(0)-5°-Phe-O'Bu was purified by column chromatography using EtOAc/hexane solvent system.

tert-Butyl bromoacetate
Toluene:Water (1.5:1)

(o)
nBu,NHSO, J<
BocHN OH P BocHN 0\)1\0
1 NaOH, 3 h 2
0°C ——rt

3.6.3.2. Synthesis of N-Fmoc-(0)-6"Phe-OH

Compound 2 (3.65 g, 10 mmol) was dissolved in 15 mL of TFA/DCM (1:1) mixture at 0 °C. To
this solution, 500puL of H,O was added. Then the reaction mixture was kept for about 2 h at RT.
After completion of the reaction (confirmed by TLC), the TFA was evaporated completely under

vacuum. Then the free amine was protected with Fmoc and used for the solid phase peptide

synthesis.
1. TFA, DCM
Q J< 2h,0°C Q
BocHN 0\)1\0 » EmocHN o\)I\OH
2 2.10% Na,COj3, THF 3
FmocOSu
12h
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Same synthetic procedure was followed for the synthesis of the following compounds

NHCbz
0 \/(/ 0 0
FmocHN 0\)LOH FmocHN o\)I\OH FmocHN o\)LOH
4 5 6

3.6.3.3. Solid Phase Synthesis of Peptides P1-P6

The N-acetylated peptides were synthesized using RINK amide resin on a 0.2 mmol scale on
manual solid phase synthesis protocol. The synthesis was carried out in NMP by a standard
Fmoc protocol using HBTU/HOBE as coupling reagent. Fmoc deprotection was accomplished by
a solution of 20% piperidine in DMF. N-acetylation of the peptides was carried out using acetic
anhydride/pyridine (3:7) mixture in DMF solvent. Acidic cleavage from the resin was achieved
by treatment of the resin with a mixture of trifluoroacetic acid (TFA)/ triisopropylsilane/water
(90:5:5, 2 h). The resin was extracted with additional 5 mL of TFA and the combined extracts
were concentrated under vacuum. The crude peptide was then precipitated in cold diethyl ether
(30 mL) and isolated by centrifugation and decantation of the ether. The precipitate was re-
dissolved and lyophilized to get a fine white solid. Further the crude peptides were dissolved in
MeOH (for peptides P1-P4) or ACN (for peptides P5-P6) and purified by RP-HPLC on CI18
column using MeOH/H,O (for peptides P1-P4) or ACN/H,O (for peptides P5-P6).
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3.6.4. Crystallographic Information of Peptide P1, P2 and P4
Peptide P1 (CCDC No 1919640):

Crystals of peptide P1 were grown by slow evaporation of methanol/ water solution. A single
crystal (0.22x0.17x0.13) was mounted on loop with a small amount of the paraffin oil. The X-
ray data were collected at 100 K temperature on a Bruker AXS SMART APEX CCD
diffractometer using Mo Ka radiation (A = 0.71073 A), o-scans (20 = 56.66), for a total of 75166
independent reflections. Space group P1, a=10.2137, b=16.143, ¢ =18.663 A; 0.= 90, =90, y =
102; V = 3008.64A3; Triclinic, Z = 1 for chemical formula Cios Hj77 N2,024; pcaled = 1.170
gem™, p = 0.084 mm™', F(000) = 1147. The structure was obtained by direct methods using
SHELXS-97.1. The final R value was 0.1105 (wR2 = 0.2662) 26099 observed reflections (FO >
4o ( |[FO]) and 1385 variables, S = 1.145.

Peptide P2 (CCDC No 1919644):

Crystals of peptide P2 were grown by slow evaporation of methanol/ water solution.A single
crystal (0.2x0.19x0.13) was mounted on loop with a small amount of the paraffin oil. The X-ray
data were collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer
using Mo Ka radiation (A = 0.71073 A), w-scans (20 = 56.89), for a total of 117916 independent
reflections. Space group P2;, a=10.419, b=30.242, c=10.627 A; a. = 90, p= 113.583, y=90; V =
3068.821&3, Monoclinic, Z = 2 for chemical formula Cs; Hgg Nj¢O14, pcaled = 1.151 gcm'3, =
0.084 mm™, F(000) = 1148. The structure was obtained by direct methods using SHELXS-97.1.
The final R value was 0.0811 (wR2 = 0.2107) 15326 observed reflections (FO > 4o( |FO| )) and
691 variables, S = 0.999.

Peptide P4 (CCDC No 1919641):

Crystals of peptide P4 were grown by slow evaporation of methanol/ water solution.A single
crystal (0.23x0.15x0.11) was mounted on loop with a small amount of the paraffin oil The X-ray
data were collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer
using Mo Ko radiation (A = 0.71073 A), o-scans (20 = 43.20), for a total of 6348 independent
reflections. Space group P 2, a=16.198, b=17.843, ¢c=19.642 A; o. = 90, p= 106.055, y=90; V =
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5455.53 A3, Monoclinic, Z = 2 for chemical formula C4 Hjsy N16O;1, pcaled = 1.194 gcm'3, =
0.084 mm™, F(000) = 2112. The structure was obtained by direct methods using SHELXS-97.1.
The final R value was 0.0678 (wWR2 = 0.1878) 25616 observed reflections (FO > 4o(|F0| )) and
1292 variables, S = 0.920.

3.6.5. Two Dimensional NMR Analysis of Peptide P3

Hydrogen bond constraints used for the structure calculation for peptide P3
NH(3)—CO(Acetyl)

NH(2)—CO(3)

NH(5)—CO(2)

NH(4)—CO(5)

NH(7)—CO(4)

NH(6)—CO(7)

Medium < 4 A

Weak <5 A

Structure calculation was done using a simulated annealing protocol in vacuum using
DESMOND and OPLS 2005 force field with NOE and hydrogen bonding constraints. A
completely exiended peptide molecule was kept in cubic simulation cell with an edge length of
46.55 A. Upper limit for distance was kept at 4 A and 5 A for medium and weak NOEs
respectively. All the lower distance limits were taken to be 1.8 A. For Hydrogen bonding
constraints, an upper bound of 2.5 A and lower bound of 1.8 A was used. A force constant of 1
Kcal/Mol and 2 Kcal/Mol were used for NOE and hydrogen bond constraints respectively.
Potentials (appropriate for treating ambigious NOE assignments) used are having the following

form,
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Enok = fc * (lower - d)z, if d <lower;

Enoe =0, if lower <= d <= upper;

Enok = fc * (upper - d)%, if upper <d <= upper + sigma;

Enog = fc * (a + beta * (d - upper) + ¢/ (d - upper)), if d >upper + sigma;
where d is the distance and fc is the force constant.

Values of sigma and beta used in the calculation are 0.5 and 1.5 respectively. The values a and ¢

are determined automatically such that potential is continuous and differential everywhere.

Before production run simulation, a default NVT relaxation was done as implemented in
DESMOND. NVT ensemble was used for the production run simulation. Nose-Hoover Chain
thermostat with a relaxation time of 1 ps was used. A RESPA integrator was used in which for
all the bonded, near nonbonded and far nonbonded interaction a time step of 1 fs was used. A
cutoff of 9 A was used for short range electrostatic interactions. A smooth particle mesh ewald
method was used for treating long range electrostatic interactions. Simulated annealing was done
in 6 stages. First stage consist simulation for 30 ps at 10 K. In the second stage, temperature was
linearly increased to 100 K till 100 ps. In the third stage, temperature was linearly increased to
300 K till 200 ps. In the fourth stage, temperature was linearly increased to 400 K till 300 ps. In
the fifth stage, temperature was maintained at 400 k till 500 ps. In the sixth stage, temperature
was linearly decreased to 300 K till 1000 ps and maintained at 300 k till 1200 ps. 10 minimum

energy structures were taken from the trajectory between 1000 ps and 1200 ps.

3.6.6. Proteolytic Stability Studies of Peptides PS and P6

Proteolytic stability was carried out by FRET pair technique by reported protocol.”** Stock
solution of peptide PS and P6 was made in 50 mM Tris-buffer (pH 8.2) at a conc. of ImM. In a

clean quartz cuvette, 2 nL commercially available 0.05% trypsin EDTA solution was added to
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400 uL of 1mM peptide solution. Then time dependent fluorescence emission was monitored by

excitation wavelength of A= 280 nm.

3. 7. Characterization of Compounds

BocHN f o\)cj)\oJ<

"H NMR (400 MHz, Chloroform-d) & 7.30 — 7.18 (m, 5H), 5.17 (d, J = 8 Hz, 1H), 3.96 — 3.89
(m, 3H), 3.45 — 3.44 (m, 2H), 2.95 (dd, J = 6.8 Hz, OH), 2.86 (dd, J= 12 Hz, 4 Hz, 1H), 2.86 (dd,
J =12 Hz, 8 Hz, 1H), 1.48 (s, 9H), 1.42 (s, 9H). *C NMR (100 MHz, Chloroform-d) & 169.73,
155.58, 138.40, 129.60, 128.49, 126.40, 81.96, 79.28, 71.70, 69.07, 51.96, 37.81, 28.51, 28.24.
HRMS m/z calculated value for CooH31NOs is [M+Na+] 388.2100 and observed 388.2100.

0
BocHN O\)J\OJ<

"H NMR (400 MHz, Chloroform-d) & 4.85 (d, J = 8 Hz, 1H), 3.92 (s, 2H), 3.74 (bs, 1H), 3.52-
3.43 (m, 2H), 2.01 (bs, 1H), 1.64-1.59 (m, 2H), 1.44 (s, 9H), 1.40 (s, 9H), 0.88 (m, 6H)."*C
NMR (100 MHz, Chloroform-d) & 169.74, 155.69, 81.75, 79.05, 73.94, 69.14, 48.60, 41.10,
28.49, 28.19, 24.89, 23.0.HRMSm/z calculated value for C;7H»3NOs5 is [M+Na+] 354.2256 and
observed 354.2244.
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e oAk

"H NMR (400 MHz, Chloroform-d) & 4.92 (d, J = 8 Hz, 1H), 4.02 (s, 2H), 3.61-3.57 (m, 1H),
3.41 — 3.38 (m, 2H), 2.23 (bs, 1H), 1.40 (s, 9H), 1.36 (s, 9H), 0.86 (dd,/=8 Hz, 4Hz, 7H)."*C
NMR (100 MHz, Chloroform-d) 6 169.65, 155.97, 81.79, 78.89, 71.82, 69.00, 55.55, 29.51,
28.40, 28.09, 19.47. HRMS m/z calculated value for C;¢H3NOs is [M+Na'] 340.2100 and
observed 340.2085.

NHCbz

BocHN/(ﬁo\)?\OJ<

"H NMR (400 MHz, Chloroform-d) & 7.35 — 7.30 (m, 5H), 5.08 (s, OH), 5.01 (d, J=8 Hz, 2H),
3.94 (s, 2H), 3.67 (bs, 1H), 3.56 (dd, J =4, J = 4 Hz, 1H), 3.48-3.45 (m, 1H), 3.22- 3.17 (m, 2H),
1.62 — 1.51 (m, 6H), 1.47 (s, 9H), 1.43 (s, 9H).*C NMR (100 MHz, Chloroform-d) & 169.76,
156.59, 155.87, 136.81, 128.56, 128.20, 128.10, 81.90, 79.25, 73.32, 68.95, 66.61, 50.22, 40.82,
31.63, 29.59, 28.50, 28.21, 23.06. HRMS m/z calculated value for CasHsoN,O; is [M+Na']
503.2733 and observed 503.2716.
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3.9.3. MALDI-TOF/TOF Spectra of the Peptides P1-P6
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4. 1. Introduction

The fundamental theme in the fields of nanoscience and nanotechnology is the formation of
highly ordered self-assembled materials.' The fascinating properties showed by the
nanostructures have attracted significant attention due to their widespread applications in energy
technologies, biomedical, chemical biology and catalysis.”> Along with the numerous types of
nano-assemblies derived from the small organic molecules, the biomacromolecules such as
lipids, proteins, carbohydrates and nucleic acids, often self-assembled into highly ordered
supramolecular architectures.’ The hierarchical supramolecular structures of biomacromolecules
are stabilized by various types of non-covalent interactions such as H-bonding, salt bridge
interactions, van der Waals interactions and aromatic pi-stacking.® Along with the
biomacromolecules, short peptides have displayed a rich supramolecular diversity and have been
serving as excellent tools to design various types of self-assembled biomaterials.’ The finding of
peptide nanotube from a Phe-Phe dipeptide by the Gazit and colleagues has opened new avenues
in the generation of soft materials from the short peptides.® The dipeptide nanotubes have been
explored as templates to cast silver nanowires, as drug delivery agents, light harvesting systems,
energy storage materials and antimicrobial candidates etc.” In addition, the self-assembling
properties of peptides have been finding applications in the fields of tissue engineering as well as
nanoelectronics.®  Thus the short peptide based self-assembled materials have attracted

considerable attention in recent years.

4.2. Short Peptide Based Self Assembly

The main advantages of peptide based soft materials are their chemical and structural diversity.
This includes not only the 20 coded amino acids but different variations of non-coded and
synthetic amino acids.” More over the peptide or protein based self-assembled materials are
biocompatible and degradable.'® Another advantage of these peptide based materials is that they
can spontaneously self-assembled by their inherent non-covalent interactions. In their pioneering
work, Ghadiri and co-worker discovered hollow nanotubular structure of alternating D- and L-
amino acids self-assembled through intermolecular H-bonds between the cyclic peptides.'’

Further they utilized these nanotubular assembly for the transmembrane ion channels and anti-
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microbial candidates.'? In later on Zhang and co-workers utilized liner, surfactant like charge
complementary peptide building blocks for the construction of different self-assembled
nanostructures.”> The group of Matsui and co-workers utilized amphiphilic bolaamphiphile
peptides for the design of different functional nanotubes.'* In addition, several amphiphilic
peptides were developed by Stupp and colleagues by attaching a long hydrophobic fatty tail with

hydrophilic peptides.'>*">

4.3. Diphenyl Alanine Based Peptide Self Assembly

The work by Gazit and colleagues on Phe-Phe dipeptide derived from the core region of the
Alzheimer’s disease f-amyloid peptide has opened new avenues in the generation and design of
soft materials and finding applications in various filelds.'"® The group of Chen Beum Park
reported light harvesting peptide nanotube system using Phe-Phe dipeptide motif.'”® They
showed Pt nanoparticle coated FF/THPP hybrid material exhibit same structure and
electrochemical properties which is similar to the photo system I. Furthermore, they have also
shown the formation of the semiconducting nanowire from the photo luminescent crystalline

Phe-Phe in the vapor

&

-
& =
/1/ -r\.\

“ 7

Nanofibres

L =

Microcrystals \ ] Nanoarray
|
\___—
= o
Nanotube —=
/ Nanoplate
M l
Microtube f ~
Nanovesicle

Nanotapes

Figure 4.1: Different self -assembled nanoarchitechture from Phe-Phe dipeptide.
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In addition Phe-Phe have been also used as ferroelectric materials. The alignment of the
dipoles due to the directional H-bonding and aromatic interactions help the Phe-Phe dipeptide as
ferroelectric materials.'® The group of J. Shen showed the light induced ferroelctricity form the
Phe-Phe dipeptide nanotube.' Gazit and co-worker further reported the electrochemical
biosensing approach from the diphenylalanine based peptide nanotube.?* Furthermore recently it
has been shown the strong piezoelectric effect from Phe-Phe nanotube. The effective
piezoelectric coefficient value was 60 pmV™' which is comparable to the lithium niobate
(LiNbO3).?! Apart from the formation of nanotubular assembly, Phe-Phe motif showed different
self-assembled nano architectures such as vesicles, ribbons, spares, tapes, fibrous hydrogel etc. 2
The list of different morphology of the modified phe-phe dipeptides are shown in the Table 4.1.
Among the different self-assembled nanostructure, Phe-Phe dipeptide having hydrogelation
properties show various application ranging from tissue culture, drug delivery and biomaterials.?
Ulijn and colleagues have shown remarkable hydrogelation properties from the Fmoc-Phe-Phe-
OH. Furthermore, theyutilized these hydrogels to grow the cells.”* Banerjee and co-workers
showed the utilization of fatty acid coupled dipeptide for the formation of different hydrogels.”’
They further utilized these hydrogels as antimicrobial agents and drug delivery platform.”
Further, the diphenylalanine based hydrogels have also been used in different optoelectronics
applications such as immobilization of QDs into the peptide hydrogel scaffold, conductive

organogels.”’

Table 4.1: List of the different nano-architectures from the self-assembled diphenylalanine

peptide:

Peptide Sequence Assembled Structure Ref

H-Phe-Phe-OH Nanotubes Science 2003, 300, 625
H-Phe-Phe-NH, Nanotubes Angew. Chem. Int. Ed. 2007, 46, 2431
Ac-Phe-Phe-NH, Nanotubes Isr. J. Chem. 20085, 45, 363
H-Cys-Phe-Phe-OH Nanospheres Nano Lett. 2004, 4, 581
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Boc-Phe-Phe-OH Sphere, Tube Angew. Chem. Int. Ed. 2010, 49, 9939
Cbz-Phe-Phe-OH Amyloid like fibril Isr. J. Chem. 2005, 45, 363
Fmoc-Phe-Phe-OH Fibrous Hydrogel Adv. Mater. 2006, 18, 611
Fmoc-Phe-Gly-OH/Fmoc- Fibrous Hydrogel Langmuir 2012, 28, 2015
Gly-Phe-OH
Fmoc-Phe-Pro-OH Sphere Langmuir 2012, 28, 2015
H-Phe-Phe-OFm Amyloid like fibril Langmuir 2018, 34, 15551
Cyclo-Phe-Phe Nanotube Nat. Nanotechnol. 2009, 4, 849
H-Phe-Phe-Phe-OH Nanoplates Biophys. J. 2009, 96, 5020
BocNH-fPhe-BPhe-OH Fibrous organogel Langmuir 2017, 33, 7762
BocNH-yPhe-yPhe-OH Fibrous organo and | Langmuir 2017, 33, 7762
hydrogel
BocNH-B(O)-SSPhe-B(O)- Fibrous Hydrogel in | Present Study
3°Phe-OH 1x PBS

4.4. Short Peptide Based Assembly Composed of Different Non Canonical Amino Acids

Along with the a-peptides, efforts have also been made in the literature to understand the
molecular self-assemblies from the other non-canonical amino acids. Among them of - and y-
peptides are well studied for the formation of different self-assembled nanostructures.”® The
advantage of B- and y—peptides over the a-peptides is that they are proteolytically stable and
required short sequences to attain folded structures.”” A variety of supramolecular architectures
such as tapes, fibers, ribbons, polyhedrons, nanotubes and vesicles have also been derived from
the supramolecular assemblies of B- and y-peptides.’® Bing Xu and colleagues showed the
formation of stable hydrogels from the B-dipeptide coupled with N-terminal napthyl group.®' The
group of Hamley and co-workers showed the effect of self-assembling properties of core
sequence of amyloid beta AB(16-20) containing y- amino acids at the N-terminus.> Recently,
Malhotra et al. demonstrated the antimicrobial properties of self-assembled a,y-hybrid
peptides.®® The group of Bianco and co-workers showed the self-assembly of the backbone
homologated y-dipeptide in combination with functionalized carbon naotube.** Apart from the
self-assembly of the backbone homologated peptides, APhe—APhe peptide by Chauhan and
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coworkers®® and side-chain homologated Phe—Phe dipeptides by Gazit and co-workers®> have
also been investigated. In addition, p-Cyclobutane®® and Oxatene®’ based amino acids have also

been explored to design different self-assembled materials.

4.5. Aim and Rationale of the Present Work

We have been interested in understating the conformational and self-assembling properties of
peptides composed of various types of non-natural - and y-amino acids.* In comparison to p-
and y-amino acids, structural and self-assembling properties of peptides composed of higher

3949 are scarcely examined in the literature.

homologous amino acids such as 6-amino acids
Recently, we have shown the spontaneous supramolecular gelation properties from y*Phe-y*Phe
dipeptide over the B’Phe-p’Phe and Phe-Phe dipeptides.*' As y*Phe-y*Phe showed excellent
gelation over the B- and a-dipeptide counterparts, we have hypothesized that §°Phe-8 Phe
dipeptide motifs can be served as better hydrogelators than the y-dipeptide counterpart. More
importantly, as the length of the §°-amino acids is equal to the length of an a-dipeptide, they can
be used as surrogates of a-dipeptides to overcome the proteolytic cleavage. In this chapter, we

have synthesized various peptides composed of &-amino acids and examined their gelation

properties and their applications in oil spill recovery and 2D cell culture.
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4. 6. Results and Discussion

4.6.1. Design and Synthesis of Peptide P1-P5

As a part of our investigation and to test our hypothesis, we have synthesized peptide P1-P5. The

sequences of 8- and hybrid 8-peptides are given in the Scheme 4.1. The B°’- and y*-Phe were

synthesized as reported carlier.*”** The 5°-Phe was synthesized starting from the Boc-B3-Phe as

shown in the Scheme 2. The new B(0)-5°-Phe was synthesized starting from B-amino alcohol as

shown in the Scheme 3.

o
3 O
S g o

P5O =\©O

Scheme 4.1: Sequences of the dipeptide under investigations.

1. NHHCI
HOBt DIEA
12 h, rt

2, LAHIdryTHF
1h,0°C

3. Ph;PCHCO,Et
THF, 4 h, rt

BocHN BocHN

Scheme 4.2: Synthesis of N-Boc-8’-Phe-OEt from N-Boc-B°Phe-OH
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Scheme 4.3: Synthesis of N-Boc-B(0)-3’-Phe-O'Bu from N-Boc amino alcohol.

4.6.2. Gelation Study of Peptides P1, P2 and P4

To understand their ordered self-aggregation properties, the purified peptide P1 was subjected to
the gelation studies in 1x phosphate buffer saline (1xPBS) at pH=7.4 as well as in aromatic
organic solvents. Peptide P1 failed to give hydrogels in aqueous buffer however it gelates
various aromatic organic solvents. The organogels of P1 in various aromatic solvents are shown
in the Figure 4.3. In contrast, peptide P2 gave stable gels in 1x PBS at pH 7.4 at the
concentration of 10 mg/mL dissolved upon gently heating and standing for about 12 h. Inspired
by the spontaneous hydrogelation of P2, we have systematically probed the gelation properties of
hybrid dipeptides consisting Xxx-B(0)-8’-Phe sequences (P3-P5, Scheme 4.1). Among the all
hybrid peptides, P4 has shown excellent gelation property in avariety of aromatic solvents such
as toluene, benzene, xylene and mesitylene at the concentration of 10 mg/mL. Other peptides (P3
and P5) were found to be either insoluble or not inducing the gelation in aromatic organic
solvents. All hybrid peptides (P3, P4 and P5) were found to be insoluble in 1x PBS and failed to
give hydrogels. The gels derived from the peptides P1, P2 and P4 were found to be external
stimuli responsive. The transition of gel to sol can be achieved by either mechanical forces or by
increasing the temperature. In contrast to P3 and P5, the hybrid peptide P4 consisting of - and
B(0)-5"-Phe may be reached the threshold of hydrophobicity and hydrophilicity which probably
responsible for the gelation of aromatic organic solvents.”' Being side-chains were constant
among all the peptides, the backbone conformational flexibility is probably responsible for the

gelation properties of the peptides.*'
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Table 4.2: Details of the gelation property of peptides P1-PS

Solvent P1 P2 P3 P4 Ps
1x PBS at pH | Not dissolved” | Transparent Sol Not dissolved” | Not dissolved”
7.4 Gel"
Toluene Transparent Sol Sol Transparent Sol*
Gel Gel

Benzene Transparent Sol Sol Transparent Sol*
Gel Gel

Xylene Transparent Sol Sol Transparent Sol*
Gel Gel

Mesitylene | Transparent Sol Sol Transparent Sol*
Gel Gel

Gelation Time ~5 min ~12h - ~5 min -

# Difficult to dissolve completely. * Aggregating nature after 36 h. ¥ keeping for longer time

gel becomes opaque.

4.6.3. Morphology Study

To understand supramolecular assembly formed by the peptides P1, P2 and P4, the FE-SEM was

carried out. As both P3 and PS5 did not show any gelation properties, we have not subjected them

for the morphology studies. Though the peptides P1, P2 and P4 displayed the fibrillar

morphology however they are different from one another. Peptide P1 and P4 displayed densely

packed fibrillar network compared to peptide P2.
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Figure 4.2: Examination for the formation of gel in (A) Peptide P1 (conc. 10 mg/mL) in toluene (B)
Peptide P2 (conc. 10 mg/mL) in 1x PBS at pH 7.4. (C) Peptide P3 (conc. 10 mg/mL) in toluene. (D)
Peptide P4 (conc. 10 mg/mL) in toluene. (E) Peptide PS (conc. 10 mg/mL) in toluene. (F) FE-SEM
images of the organogel of peptide P4 in toluene. (G) FE-SEM images of the hydrogel of peptide P2 in
1x PBS.

Figure 4.3: (I) Solubility of peptide P1 (10 mg/mL) in 1x PBS. Formation of organogel (10 mg/mL) of
peptide P1 in different aromatic solvent (II) Benzene (III) Toluene (IV) Xylene (V) Mesitylene.
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Figure 4.4: Formation of organogel (10 mg/mL) from peptide P4 in different aromatic solvent (I)
Toluene (IT) Benzene (I1I) Xylene (IV) Mesitylene.

4.6.4. Viscoelastic Property

To gain insight into the viscoelasticity and self-healing properties of organogels of P1 and P4
and hydrogels of P2, we carried out the rheological measurements. These results are shown in
Figure 4.5. The larger value of the storage modulus (G') compared to the loss modulus (G") in
the strain sweep experimentat constant angular frequency, signifying the elastic nature of both
organogels (P1 and P4) and hydrogels (P2). The constant values of G' and G" in a frequency

sweep experiments further support the stable organic and hydrogels from these peptides.
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Figure 4.5: (A) Strain sweep rheological analysis of Plorganogel in toluene (10 mg/mL) at constant

angular frequency (1 rad/sec). (B) Strain sweep rheological analysis of the P2hydrogel in 1 xPBS (10

mg/mL) at constant angular frequency (1 rad/Sec). (C) Strain sweep rheological analysis of P4 organogel

in toluene (10 mg/mL) at constant angular frequency (1 rad/Sec). (D) Step-strain rheology experiment of

peptide P2 hydrogel (10 mg/mL) at constant frequency (1rad/Sec).

4.6.5. FT-IR Spectroscopy Study

Further, FT-IR spectroscopy was used to study the conformation of peptide P1, P2 and P4 in the

xerogel state. The C=0 stretching (amide I) and NH bending (amide II) frequencies around

~1650 cm™ and ~1700 cm'respectively suggest the p-sheet character of peptides in the gel state.
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Figure 4.6: FT-IR spectra of the cryo dried gels from peptide P1, P2 and P4 at concentration of 10
mg/mL.

4.6.7. Contact Angle Measurement

To gain more details in the hydrophobicity and hydrophilicity of the peptides P1-P4, we carried
out the contact angle measurement experiment. Contact angle was measured by drop casting one
drop of water on the surface of the solid samples. Image J software was used to calculate the
contact angles. Results are shown in the Table 4.3. These results suggested that the peptide P2
which has “O” atom in the backbone shows hydrophilic surface having contact angle value
45.17°. Other peptides show contact angle value more than 90° indicating the hydrophobic

surface.
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115.18°

Figure 4.7: Contact angle measurement of the peptide (A) P1, (B) P2, (C) P3, (D) P4.

Table 4.3: Nature of the peptides P1-P4:**

Peptide Contact Angle Nature

P1 115.18° Hydrophobic

P2 45.17° Hydrophilic

P3 99.3° Hydrophobic
P4 113.03° Hydrophobic
P5 Not Determined Not Determined
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4.6.8. Stimuli Responsive Properties of Organo and Hydrogels

We further noticed that the organo gels of the peptides P1 and P4 and hydrogel of peptide P2
were found to be external stimuli responsive. The transition from gel to sol can be achieved
using either heat or mechanical shaking. Upon cooling and resting, the sol state slowly
transformed into the gel state. By applying the mechanical strain, the hydrogel was transformed
to sol and after removing the strain the sol slowly transformed again into the gel state. This
thixotropic nature of the gels was further supported by the rheology experiments (Figure 8D). As
these types of injectable hydrogels have been finding applications in the drug delivery, we have
examined the potential of P2 hydrogel as a drug delivery system. We encapsulated 500uL of
ImM proflavine solution in the gel matrix and 500 puL of 1x PBS was added on the top of the
hydrogel matrix. Gradual increase in the intensity of the colour indicate the slow release of the

dye from gel matrix to the solution.

Figure 4.8: Stimuli responsive nature of the (A) organogel of peptide P4 and (B) hydrogel of peptide P2.
(C) Injectable nature of the hydrogel from peptide P2. (D) Slow release of the dye from hydrogel matrix
to the 1x PBS over about 18 h.
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4.6.9. Oil Spill Recovery by Organogel from Peptide P4

Inspired by the gelation of peptide P4 in various aromatic solvents, we sought to investigate
whether it can be used to selectively gelate the crude oil from the oil-water mixture. The large
scale separation of oil from oil-water mixture has been one of the big challenges in worldwide
due to the increasing release of oil contaminated waste water and marine oil spills to the seas
which severely damage the marine eco-system.* There are numerous methods available for the
oil-spill recovery, however peptide based amphiphiles attracted considerable attention in recent

years in oil spill recovery.*® Recently Basak ef al. have demonstrated the oil spill recovery using

/
]’ |
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3mL of Toluene
was added to
- > oil/water mix-
Phase selective organo ge- 30 mL of saturated NaCl ture

Scooped out the gels
from the oil/water
mixture

lation (PSOG) of peptide solution
P4 in oil/water mixture,.

Vacumm
distilation

Recoverd oil from the oil/ Remaining gelator com-
water mixture pound after vacumm disti-
lation

Figure 4.9: Phase selective gelation in oil/water mixture and oil spill recovery.

ethanolic solution of small peptides composed of aromatic amino acids.*” The schematic process
of oil spill recovery by the peptide P4 is shown in the Figure 4.9. To understand the selective
gelation of crude oil, the solution of peptide P4 (30 mg in 3 mL) in toluene was added to the oil-
water mixture composed of 10 mL of oil and 30 Ml of saturated NaCl solution. Instructively,

upon treatment of the peptide solution, the oil transformed into gel in less than 5 min. The
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peptide-oil gel was scooped out from the oil/water mixture and subjected for vacuum distillation.
Through this process we have successfully recovered the oil from the oil-salt water mixture.
Overall, the self-assembling nature of the dipeptide P4 was found to be an excellent alternative

for recovering the oil in oil spills.
4.6.10. Biocompatibility Studies of the Peptide P2 Hydrogel

As many thixotropic peptides based hydrogels have been using as a cell culture matrix, we
sought to examine the biocompatibility of the peptide P2 hydrogel and its utility as matrix in the
2D cell culture. To understand the biocompatibility, peptide gel was mixed with DMEM media
at a ratio of 1:10 and the cells were grown over the gel matrix. We have examined
biocompatibility of the P2 hydrogel using both cancer cell line LN229 and normal cell line
HEK293T. After 18h, the live cells were stained with calcein AM and imaged using fluorescence
microscope. The difference in the growth of the cells over the gel matrix compared to the
control experiment without peptide gel are shown in the Figure 4.10. These results suggest that
hydrogel from &-peptideis biocompatible and this type of peptides can be used as matrix along
with the culture media. As the 8-amino acid can serve as a dipeptide mimetic, we have examined
the proteolytic stability of peptide P2 along with the control a-dipeptide Boc-Phe-Phe-OH using
the protease chymotrypsin. These results are shown in Figure 12. In contrast to a-dipeptide, the

HPLC analysis suggests that peptide P2 was found to be stable to chymotrypsin.
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Figure 4.10: Effect of hydrogel from peptide P2 on cell viability on cell lines LN229 and HEK293T.
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Figure 4.11: Growth of the cells over gel matrix after 18 h. (A) and (C) are the growth of the cells over
gel matrix. (B) and (D) are the control experiment without any hydrogel. The viable cells are stained with

calcein AM stain. (Scale bar for all images are 400 um)
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Figure 4.12: HPLC analysis depicting the stability of peptides (A) P2 and (B) control peptide Boc-Phe-
Phe-OH against the protease chymotrypsin.
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4.7. Conclusions

In conclusion, in this chapter, we have demonstrated the formation of self-assembled divergent
gels from a new class of short peptides consisting of 8-Phe. These d-amino acids may serve as
surrogates of a-dipeptide. The dipeptide (P1) composed of backbone homologated &°-Phe was
found to be insoluble in aqueous buffers, however gave stable gels in aromatic organic solvents.
In contrast, the dipeptide composed P(O)-5°-Phe showed remarkable, transparent, thixotropic
hydrogels from the phosphate saline. Replacing backbone —CH,- with “O” atom showed
phenomenal change in their supramolecular gelation properties. The subtle change in the
backbone leads to a drastic change in the molecular behavior of these peptides. Among the
hybrid dipeptides P3, P4 and P5, surprisingly only peptide P4 (B*/B(0)-8°) gave organogels in
aromatic solvents. Further, we have demonstrated the utility of B*/B(0)-8°-hybrid peptide P4 in
the oil spill recovery through a phase selective gelation process. In addition, we have shown the
potential applications of the dipeptide P2 hydrogel as drug delivery system as well as matrix to
grow the cells. Both P2 and P4 were found to be sensitive to the external heat as well as
mechanical shaking. The biocompatibility, proteolytic stability and thixotropic nature of the new
d-peptide may serve as potential alternatives to the existing peptide gels and it can be used as
injectable and drug delivery agents. Overall, the study reported here can open new avenues for

the design of biomaterials, injectable gels and drug delivery agents.

4.8. Experimental Section
4.8.1. Materials and Methods

All chemical and reagents including amino acids were purchased from commercial sources.
Solvents ethyl acetate and petroleum ether (60—80 °C) were distilled before to use. Solvent
tetrahydrofuran (THF) was dried byreflexingon sodium metal wire and distilled before to use.
Silica gel 120—200 mesh was used to purify the protected amino acids and peptides in column
chromatography. The '"H NMR spectra of protected amino acids and peptides were recorded on
400 MHz (or °C on 100 MHz) in the solvent deuterated chloroform (CDCls). The acid labile

Boc and alkyl esters (ethyl or methyl esters) were used for the N- and C-terminus protections,
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respectively. The Boc-(S)-B°-Phe was synthesized starting from Boc-Phe by the reported
protocol.* The Boc-(R)-y*-Phe was synthesized starting from Boc-(S)-Phe aldehyde through
Witting reaction followed by the reduction of double bonds using H,, Pd/C (10%). Finally, ethyl
ester of Boc-y*-Phe was subjected to saponification as reported earlier.*®* The B(0)-8°-Phe was
synthesized starting from Boc-protected amino alcohol using reported protocol.*’ The carbon
analogous of B(0)-8°-Phewas synthesized from Boc-(S)-p>-Phe. All peptide couplings reactions
were achieved using the coupling reagent N-ethyl-N'-(3-(dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI) and 1-hydroxybenzotriazole (HOBt) and N,N-
diisopropylethylamine(DIEA). Finally, the pure peptides were characterized by 'H and *C NMR
spectroscopy and authenticated by high resolution mass spectroscopy (HRMS).

4.8.2. General Procedures for the Solution Phase Peptides (P1-PS) Synthesis
4.8.2.1. Synthesis of N-Boc-5"-Phe-OH

N-Boc-8°-Phe-OH was synthesized starting from N-Boc-(S)-p*-Phe-OH. Briefly, N-Boc-(S)-B°-
Phe-Weinreb amide (1.6 gram, 5 mmol) was converted to aldehyde through the reduction of
Weinreb amide using LAH (228 mg, 6 mmol) and subjected Wittig reaction to get N-Boc-a,3-
unsaturated-5°-Phe-OEt. The Wittig product was purified using column chromatography by
EtOAc/hexane solvent system. After that, the N-Boc-o,f-unsaturated-8°-Phe-OEt was reduced
using H,/Pd-C to getN-Boc-5>-Phe-OEt. Further, the N-Boc-3°-Phe-OEt was subjected
saponification using 1NNaOH in EtOH to obtain N-Boc-5"Phe-OH and directly used for the

peptides synthesis without purification.
4.8.2.2. Synthesis of N-Boc-B(O)-SS-Phe-OtBu

The N-Boc-p(0)-8-Phe was synthesized as reported earlier.” Briefly, fetra-
butylammoniumhydrogensulfate (340 mg, 1 mmol) was dissolved in solution of sodium
hydroxide (10 gram, 250 mmol in 10 mL of water and 15 mL of toluene). To this biphasic
reaction mixture, tert-butylbromoacetate (2.2 mL, 15 mmol) was added slowly at room
temperature. The reaction mixture was cooled to 0 °C, followed by slow addition of N-Boc-

phenyl alanine alcohol (2.5 g, 10 mmol) in toluene (15 mL). The reaction was allowed to come
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to room temperature and the stirring was continued for about 3 h. The organic phase was
separated and aqueous phase. The aqueous solution was extracted with diethyl ether (30 mL x2).
The combined organic layer was washed with saturated sodium chloride solution (30 mLx 2),
dried over anhydrous sodium sulfate and evaporated under reduced pressure. The crude product
of N-Boc-B(0)-8°-Phe-O'Bu was purified by column chromatography using EtOAc/hexane

solvent system.
4.8.2.3. Synthesis of Peptides P1-P5

All peptide (P1-P5) were synthesized through solution phase peptide chemistry as reported in the
previous chapters.*' In brief, 1 mmol of N-Boc-protected-amino acid was dissolved in 5 mL of
DMF and the solution was to cooled to 0 °C. Subsequently, Immol of IEDC-HCI and 1mmol of
HOBt and 2 mmol of DIEA were added reaction at 0 °C. Immediately, 1.1 mmol of methyl ester
of amino acid to the reaction mixture and reaction was allowed to come to the room temperature.
The reaction mixture was stirred for about 12 h. The reaction progress was monitored using
TLC. After completion, 50 mL of ethyl acetate was added to the reaction mixture followed by 50
mL of saturated sodium chloride solution. The ethyl acetate layer was separated and the aqueous
layer was extracted again with ethyl acetate (50mL x3). The combined ethyl acetate layer was
washed with 10% Na,CO; (20 mLx 3), 5% HCI (20 mLx 3 ), water (20 mLx 3), finally with
saturated sodium chloride solution (30 mLx 2). The solution was dried over anhydrous sodium
sulfate and evaporated under vacuumto obtain crude peptides. These crude peptides were
purified using column chromatography with EtOAc/hexane solvent system. Finally, peptides
were subjected to saponification in methanol solution using 1N¥NaOH. The peptide acids

obtained after saponification were directly used gelation studies.
4.8.3. Gelation Study of Peptides P1, P2 and P4

Peptides P1 and P4 (10 mg each) were placed in the separate sample vials. To each vial of
peptides, 1 mL of toluene was added. The peptide solution in toluene was heated on a hot air gun
to dissolve the peptides. The clear solution of peptides in toluene was cooled to room
temperature and sonicated for about 10 min. The organo gelation property of peptide P1 and P4
was confirmed by the inverted sample vial experiment. For the hydrogelation, 10 mg of peptide
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P2 was dissolved in 1 mL of 1x PBS buffer at pH 7.4 and gently heated on a hot air gun to make
it a clear solution and cooled to room temperature. Upon standing for about 12 h, the solution
slowly transforms to gel state and the gelation property was further confirmed by the inverted

sample vial experiment.
4.8.4. Morphology Study of Peptide P1, P2 and P4

FE-SEM experiment was carried out by drop casting Sul. of gel on SiO,/Si substrate. The
samples were dried at room temperature under vacuum and the samples on SiO,/Si substrate
were again coated with gold. The images were taken using scanning electron microscope using

tungsten filament as electron source operated at 10 kV.
4.8.5. Rheology Experiment

The rheology experiments were carried out on preformed gel samples of organogel (in toluene)
and hydrogel (in 1x PBS) at a concentration of 10 mg/mLusing rheometer. All experiments were

carried out single time.
4.8.6. Oil Spill Recovery Experiment

Peptide P4 shows phase selective gelation in hydrocarbon solvent. In a typical experiment the
solution of peptide P4 (30 mg in 3 mL) in toluene was added to the oil-water mixture composed
of 10 mL of oil and 30 mL of saturated NaCl solution. To mimic the sea water saturated NaCl
solution was used. Instructively, upon treatment of the peptide solution the oil transformed into
gels in less than 5 min. The peptide-oil gel was scooped out from the oil/water mixture and

subjected tovacuum distillation and the oil was recovered from the oil water mixture.
4.8.7. Proteolytic Stability of Peptide P2

Proteolytic stability of peptide P2 was carried out using reported protocol.” The peptide P2 (1
mM) was dissolved in 1 mL of HEPES buffer (pH 7.4) containing 5% DMSO. Then, 10puL of
5uM chymotrypsin enzyme was added to the peptide solution and incubated at 37 “C for about
24 h. After that, 50 pL from the above mentioned stock solution was injected in RP-HPLC. The
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HPLC was carried out using ACN/H,0O at flow rate of 1 mL/min. Same procedure was followed

to understand the proteolytic stability of peptide Boc-Phe-Phe-OH.
4.8.8. Effect of Hydrogel from Peptide P2 on Cell Viability

Cells were cultured in complete growth media (DMEM/F12) with 10% (v/v) (fetal bovine
serum) FBS and 100 U/mL penicillin in humidified 5% (v/v) CO, at 37 °C. Gel was prepared by
diluting peptideP2 dissolved in PBS to 10-fold using DMEM cell culture medium. This was
coated on the 96-well cell culture plate and incubated further for about 3 h. Cells suspension in
complete growth medium was pipetted into each well (pre-coated with gel) at a count of 10,000
cells/well. The plate was further incubated for 18 h at 37 °C under 5% of CO,. After 18 h of
incubation complete growth media was removed and cells were washed with PBS. Cell viability
assay was carried out after 18 h using calcein staining. Calcein AM stain at 2 uM final
concentration was added to each cells and incubated for 45 min and then images were taken at
10x  with fluorescence microscope. Experiments were performed as four independent
replicates. The data represented in bar graph are further analyzed. Significance values indicated
by * for p < 0.05, ns ~ non-significant for p > 0.05; in comparison to the respective control cell

samples.

4.9.Characterization of Amino Acids and Peptides P1-P5

N-Boc-B(0)-6°-Phe-O'Bu (fert-butyl(S)-2-(2-((tert-butoxycarbonyl)amino)-3

>LOJ°LH(;JLOJ<

'H NMR (400 MHz, Chloroform-d) & 7.30 — 7.18 (m, SH), 5.17 (d, J = 8 Hz, 1H), 3.96 — 3.89
(m, 3H), 3.45 — 3.44 (m, 2H), 2.95 (dd, J = 6.8 Hz, 0H), 2.86 (dd, J = 12 Hz, 4 Hz, 1H), 2.86 (dd,

phenylpropoxy)acetate)
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J=12 Hz, 8 Hz, 1H), 1.48 (s, 9H), 1.42 (s, 9H). BCc NMR (100 MHz, Chloroform-d) 6 169.73,
155.58, 138.40, 129.60, 128.49, 126.40, 81.96, 79.28, 71.70, 69.07, 51.96, 37.81, 28.51, 28.24.
HRMS m/z calculated value for C,oH31NOs 1s [M+Na+] 388.2100 and observed 388.2100.

N-Boc-5°-Phe-OEt (Ethyl (R)-5-((tert-butoxycarbonyl)amino)-6-phenylhexanoate

ﬂ\ (0] (0]
OJ\H o

"HNMR (400 MHz, Chloroform-d) & 7.30 — 7.26 (m, 3H), 7.22 — 7.16 (m, 2H), 4.35 (d, J = 8
Hz, 1H), 4.10 (q, J = 8 Hz, 2H), 3.82 (bs, 1H), 2.83-2.70 (m, J = 14.7, 6.4 Hz, 1H), 2.33 —2.23
(m, 2H), 1.68 — 1.49 (m, 4H), 1.40 (s, 9H), 1.23 (t, J = 8 Hz, 3H). "CNMR (100 MHz,
Chloroform-d) 6 173.59, 155.61, 138.22, 129.60, 128.46, 126.44, 79.25, 60.41, 51.46, 41.53,
34.06, 33.60, 28.51, 21.58, 14.36. HRMS m/z calculated value for C;9HxNO, is [M+Na']
358.1994 and observed 358.1988.

Peptide P1 (((R)-5-((R)-5-((tert-butoxycarbonyl)amino)-6-phenylhexanamido)-6-

0] 0] 0]
ik&&

"H NMR (400 MHz, DMSO-d) 6 11.96 (bs, 1H), 7.58 (d, J = 8 Hz, 1H), 7.26 — 7.22 (m, 5H),

7.17 — 7.14 (m, 5H), 6.62 (d, J = 8 Hz, 1H), 3.91 — 3.84 (m, 1H), 3.56 — 3.50 (m, 1H), 2.64-2.57

(m, 4H), 2.15 (q, J = 8 Hz, 2H), 1.95 (t, J = 8 Hz, 2H), 1.54 — 1.38 (m, 8H), 1.31 (s, 9H). *C
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NMR (100 MHz, DMSO-dg) 6 174.32, 171.40, 155.21, 139.32, 139.07, 129.09, 127.99, 125.85,
125.76, 77.19, 51.45, 49.31, 40.81, 40.54, 35.41, 33.77, 33.48, 33.42, 28.26, 22.15, 21.14.
HRMS m/zcalculated value for C,9H4oN>Os 18 [M+Na+] 519.2835 and observed 519.2822.

Peptide P2 ((65,125)-6,12-dibenzyl-2,2-dimethyl-4,10-dioxo-3,8,14-trioxa-5,11-

diazahexadecan-16-oic acid)

(o] (o] (o]
>LOJLH£Eo¢L”(Eo¢L0H

"H NMR (400 MHz, DMSO-ds) 8 7.58 (d, J = 8 Hz, 1H), 7.24 — 7.12 (m, 10 H), 6.82 (d, J =8
Hz, 1H), 4.14 — 4.06 (m, 1H), 3.99 (s, 2H), 3.78 — 3.64 (m, 4H), 3.43 (d, J = 8 Hz, 2H), 2.86 (dd,
J =12 Hz, 4Hz, 2H), 2.76 — 2. 69 (m, 2H), 2.63 — 2.58 (m, 1H), 1.29 (s, 9H). *C NMR (100
MHz, DMSO-ds) & 171.75, 168.61, 155.14, 138.85, 138.63, 129.15, 128.12, 126.10, 125.98,
77.73,72.32, 71.95, 70.00, 67.60, 51.33, 49.66, 36.94, 36.65, 28.25. HRMS m/z calculated value
for C,7H36N,07 18 [M+H+] 501.2601 and observed 501.2603.

Peptide P3 ((65,95)-6,9-dibenzyl-2,2-dimethyl-4,7-dioxo0-3,11-dioxa-5,8-diazatridecan-13-

oic acid)

O
>|\ Jj\ n\/\ OH
W °/\g/
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"H NMR (400 MHz, DMSO-dy) 6 7.85 (d, J = 8 Hz, 1H), 7.28 — 7.15 (m, 10H), 6.79 (d, J = 8
Hz, 1H), 4.11 — 4.08 (m, 1H), 4.00 (bs, 3H), 3.39-3.34 (m, 4H), 2.88-2.82 (m, 2H), 1.30 (s, 9H).
BC NMR (100 MHz, DMSO-ds) & 171.62, 171.17, 155.01, 138.58, 138.06, 129.18, 128.11,
127.95, 126.11, 126.02, 77.96, 71.75, 67.70, 55.79, 49.96, 37.73, 36.60, 28.12. HRMS m/z
calculated value for C,5sH3,N»Og is [M+H+] 457.2338 and observed 457.2346.

Peptide P4 ((65,105)-6,10-dibenzyl-2,2-dimethyl-4,8-dioxo-3,12-dioxa-5,9-diazatetradecan-

14-oic acid)
OJLH \ o,

"H NMR (400 MHz, DMSO-d5) 6 7.86 (d, J = 8 Hz, 1H), 7.25 — 7.06 (m, 10H), 6.59 (d, J =8
Hz, 1H), 4.14 — 4.09 (m, 1H), 4.02 (s, 2H), 3.88 — 3.83 (m, 1H), 3.45 — 3.35 (m, 4H), 2.85 (dd, J
=16 Hz, 8 Hz, 1H), 2.64 (dd, J = 8 Hz, 4 Hz, 1H), 2.22 - 2.09 (m, 2H), 1.30 (s, 9H). *C NMR
(100 MHz, DMSO-ds) 6 171.69, 169.62, 154.69, 138.92, 138.76, 129.16, 129.04, 128.04, 127.93,
125.95, 125.81, 77.42, 72.17, 67.76, 49.75, 49.22, 40.54, 36.74, 28.20. HRMS m/z calculated
value for CrcH34N,»Og 1S [M+H+] 471.2495 and observed 471.2501.

Peptide PS5 ((6R,115)-6,11-dibenzyl-2,2-dimethyl-4,9-dioxo-3,13-dioxa-5,10-

diazapentadecan-15-oic acid)

Iz
o
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"H NMR (400 MHz, DMSO-ds) 6 12.66 (bs, 1H), 7.76 (d, J = 8 Hz, 1H), 7.28 — 7.13 (m, 10H),
6.66 (d, J = 8 Hz, 1H), 4.00 (bs, 3H), 3.55-3.50 (m, 1H), 3.42 — 3.26 (m, 1H), 2.82 (dd, /=16
Hz, 4 Hz, 1H), 2.66 (bs, 1H), 2.08 — 1.95 (m, 2H), 1.59-1.40 (m, 2H), 1.32 (s, 9H). *C NMR
(100 MHz, DMSO-de) 6 171.68, 171.54, 155.22, 139.13, 138.81, 129.11, 129.06, 128.06, 128.01,
125.96, 125.83, 77.33, 72.08, 67.67, 51.49, 49.87, 40.59, 36.75, 32.45, 30.21, 28.25. HRMS m/z
calculated value for C,7H36N,0Og¢ is [M+H+] 485.2651 and observed 485.2660.
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4.11.1. 'H and “C NMR Spectra
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4.11.2. HRMS Spectra of Amino Acids and Peptides P1-P5
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Chapter 5

Design and Synthesis of Novel Parallel o-
Peptide Macrocylces for Transmembrane Ion

Channels
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5.1. Introduction

The central theme concern with the nanotechnology is mainly preparation and characterisation of
structures at nanoscale level and utilisation of these nanoscale materials for the design of
functional molecules and devices.! Among the different nanostructure, nanotubes are one of the
promising candidate because of its diversity applications such as transport, molecular separation,
catalysis, optics, electronics, antimicrobial candidate, drug delivery agent etc.” In this regards,
different nanotubular structures have been designed from the graphite, inorganic complexes,
cyclodextrin and lipids.® From the last few decades, great advances were made in the field of the

covalently

(A) ©) (D) (E)

N
—
Namare®

gt

Figure 5.1: Different peptide base self assembled structure (A) coiling of helical structure (B) assembly
of sector molecule (C) nanotubular structure (D) nanotubular structure derived from stacking of

macrocycles (E) self-assembled peptide based nanotube formation from D,L-a-peptide.

bonded nanostructure. Recently, this field moves toward the nanostructure derived from the
non-covalent interactions.! Several non-covalent approaches were investigated to derive self-
assembled nanostructures such as, hollow rodlike structures, stacked rings, helically
juxtapositionedtruncated wedges etc. Among the various structures, the stacked rings are
particularly more attractive due to the control over the nanotube diameter which can be made by
different size of the building blocks. In addition to the various nanotubular structures, cyclic
peptides attracted considerable attention due to their spontaneous self-assembling ability. The
cyclic peptides can be self-assembled into nanotubes (SPNs) through the stacking and the
hydrogen bonding interactions.” To adopt a nanotubular architecture, the cyclic peptides must
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adopt a flat conformation with all the side chains of the amino acids are projected outwards from
ring and the amide backbone oriented perpendicular to the ring.” The diameter of the cyclic
peptide and subsequent nanotubes can be easily controlled by the number of the amino acids
involved in the cyclization process. Thus, cyclic peptides have attracted considerable attention in

the construction of different nanotubes for specific functions.’
5.2. Design of the Cyclic Peptide Nanotubes (CPNs) form a-Amino Acids

In 1974, De Santis et al proposed through theoretical calculation that peptides composed of an
even number of alternating conformationally equivalent B-type dihedral angles of D- and L-
amino acid residues would be able to form closed a cyclic structure through backbone—backbone
hydrogen bonding interactions.’ Due to the poor solubility of these peptides, the experimental
evidences were inconclusive.” After 20 years, in 1993 the group of Ghadiri and co-workers took
the advantage of this theoretical proposal and showed the formation of the nanotubular structure
by pH variation.® The first well documented and characterized CPNs were derived from the
octapeptide cyclo-[(L-GIn-D-Ala-L-Glu-D-Ala),].The expected cyclic peptide nanotubular
(CPNs) structure was further characterised by electron microscopy, FT-IR spectroscopy, electron
diffraction and crystal structure modelling.® The self-assembling cyclic peptides (CPs) are
arranged in an anti parallel B-sheet type arrangement. This is due to the flat conformation of the
cyclic peptide rings. The internal diameters of the hollow nanotubular assembles are 7.5 A and
distance between each CPs are approximate of 4.73 A. In this conformation, all the amino acid
side chains are projected outwards from the nanotubular structure. In this nanotubular structure
the pore diameter and surface properties can be easily adjusted by the correct sequence of the
CPs. Furthermore, this type of CPs can be easily synthesized by using solid phase peptide
synthesis strategies. In continuation, Lambert and co-workers utilised pH controlled self-
assembled nanotubular structure from cyclic D-,L-a-octa peptide containing two aspartic units.’
In addition, Ghadiri’s group also improved the design of the nanotubular assemblies using
uncharged D,L-a-cyclic octapeptide and explored the effect of hydrophobicity on the
crystallisation.'® In recent studies, Unden’s group showed the formation of heteromeric nanotube
formation from the enantiomeric pairs of CPs. In this study, the presence of bulky amino acid

tert-leucine (TLe) prevents one isomer to form self-assembled nanotube due to the steric effect,
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whereas the another isomer readily formed self-assembling nanotubular structure.'' Further,
Ghadiri and co-workers showed the expansion of internal pore diameter of 13 A using the
dodecapeptide cyclo-[(L-Gln-D-Ala-L-Glu-D-Ala);] CPNs."*This finding suggest that just
varying the number of the amino acids in the CPs, it is possible to control the internal diameter

of the self-assembled cyclic peptide nanotubes (CPNs).
5.3. Design of Cyclic Peptide Nanotubes (CPNs) from Non-Canonical Amino Acids

Apart from the D-,L-a-peptide, cyclic peptide nanotubes (CPNs) were also developed from the
oligomer and the hybrid peptide form the B-,y-,5- and e- amino acids."> The cyclic peptide
nanotubes (CPNs) derived from the non-canonical amino acids can be utilized for finding
application in different fields due to their backbone flexibility. The first nanotube formation of

the cyclic peptide composed of B-amino acids was developed by Seebach and co-workers.'*

(o] NH Urea
F‘"ﬁ Do oy © Based
Peptide HN H
HN o \
N.
03&) D.' N
N0

?lHO
R2

H %
o- H
S lr\iro
o

Figure 5.2: (A) Sequences of CPs derived frorm non canonical amino acids. Single crystal structure of

the CPs from (B) D,L-a-peptide (CCDC No 1520675 ) (C) dé-peptide (CCDC No 164581) (D) a, &-
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peptide(E) o, y- peptide(F) Aza-B’-peptide. Crystal structure of (D), (E) and (F) were generated from the
CIFs in the ref no. 21, 17b and 14b respectively.

From the molecular modelling and X-ray structure analysis they showed that in solid state, cyclic
peptide composed of chiral p*-amino acid residues can stack each other to form self-assembled
nanotubes similar to the earlier reported D,L-a-cyclic peptide.® The CPs are stacked over each
other by the four unidirectional polar hydrogen bonding. Extensive studies suggested that cyclo-
[(B’-HAla)4] adopts a flat conformation and each cyclic peptide stack over each other by four
hydrogen bonding interactions.'* The resulted pore diameter of the CPNs was approximate of 2.6
A. Furthermore Kimura and co-workers reported formation of CPNs from the novel class of CPs
constituted from sugar $-amino acids."® In addition Ghadiri and co-workers reported efficient ion
channels formation from the CPNs form the B*-amino acids.'® Apart from the CPNs formation
from the B-amino acids, new class of self-assembling nanotubular structure was reported by the
Granja and co-workers.!” The structure was mainly based on the a- and cyclic y- amino acids.
Furthermore, the Granja and co-workers further modified the inner surface of the cavity for the
construction of different supramolecular capsules.18 Efforts have been also made for the
construction of CPNs from different novel amino acids. In this regards, Dory and colleagues
reported cyclic tripeptide from the o,B-unsaturated 6-amino acid residue with trans geometry of
the vinyl group.'” Due to the presence of the even number of atoms in the peptide backbone, all
the NHs and carbonyl groups are projected in the same direction. In recent studies by Granja and
co-workerss reported self-assembled nanotubular structure with large cavity from a, hybrid
peptide and these large cavity was further used for encapsulation of Cgo.’ Apart from the
nanotubes constructed from the cyclic and acyclic amino acids, Ghadiri’s group reported design
and synthesis and characterisation of novel class of peptide macrocycles form 1, 2, 3-triazole as

g-amino acids.”!
5. 4. Application of Self-Assembled Cyclic Peptide Nanotubes (CPNs)

The nanotube resulted from the self-assembling cyclic peptide have been utilising as a promising
candidate in the fields of nanotechnology and material sciences due to ease in control in the pore
diameter and outer surface functionalization. The self-assembled cyclic peptide nanotube which

are internally hydrophilic and external surface with appropriate characteristics can certainly
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mimic the transmembrane ion channels. In 1994, the first cyclic peptide cyclo-[L-GIn-(D-Leu-L-

Trp)s;-D-Leu]which can self-assembled in the lipid bilayer was reported by Ghadiri and

2
e e oo
' 0 OSelf-Assembly ©O— —o
N o—i o
/@ (7 o s
O < O— —O
& oO— O

Indiviual Cyclic Peptides :
Figure 5.3: Application of the self-assembled cyclic peptide nanotubes (CPNs)

colleages.”> This cyclic peptide nanotube displayed transport activities for K and Na'.
Furthermore, they reported transport of glucose and glutamic acid from the decapeptide cyclo [L-
GlIn-(D-Leu-L-Trp)4-D-Leu]. In addition, like D,L-a-counterparts, cyclic peptide from B-amino
acids such as cyclo-[(Trp)s4] and cyclo-[(B*-Trp-B-Leu-),] were also explored for transmembrane
ion channel activity.”’Apart from the ion channel activity, amphipathic D, L-o-CPs have been
explored as antimicrobial candidates.* Ghadiri and co-workers showed that the CPs are
assembled like nanotubular structure on the bacterial membrane at an angle of 20°. In this
assembled structure all the hydrophobic side chains are projected into the lipid part of the cell
membrane and hydrophilic side chains are projected in the hydrophilic part of the cell
membrane. Thus the CPNs showed significant broad spectrum antimicrobial activity which also
included methicillin-resistant Staphylococcus aureus (MRSA) by carpet type mechanism. These
CPNs also have been finding promising candidate in various applications in material sciences.
Guldi and colleagues reported artificial photosystem mimic form the Me-blocked heterodimeric
nanotube form o,y- hybrid peptide through exTTF as donar and Cg acceptor molecule.”

Recently the group of Granja and co-workers reported biosensors from the novel multi
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components network of pyrene and dapoxyl-derivatized a,y-CPs.”® Further the self-assembled
CPNs were also explored for the finding application in nanoelectronics.”” In this regards,
Ashkenasy et al reported electronically delocalized peptide nanotube from eight residue D, L-a-
CPs which contain redox active 1,4,5,8-naphthalenetetracarboxylic diimide (NDI) as in the side
chain of the amino acid residues.” In recent studies, Kimuras laboratory reported the formation
of CPNs and metal complexation from novel cyclic tri B-peptide containing terpyridine ligands.*’
Such assembles show both high conductivity and large dipole and finding promising application

in the field of organic electronics.
5.5. Aim and Rationale of the Present Work

Most of the reported CPNs from the non-canonical amino acids are anti parallel B-sheet type
structure.”” These CPNs are non-polar in nature because of their projection of the hydrogen
bonds between the stacks. But polar CPNs are not well explored in the literature. The polar CPNs
are finding great applications in the organic nano-electronics, however it is difficult to access the
polar nanotubes except through cyclic B-peptides.”’ The CPNs derived from homooligomers of
- amino acids are not well explored in the literature may be due to the solubility of the cyclic B-
peptides. As d-amino acids are higher homologues of B-amino acids and also contains even
number of backbone atoms, it is expected that cyclic peptides composed of d-amino acids may

adopt polar

y % H 9
wHN/ﬁOrN\)Lu/\(f)rN\)LNHM
a-Peptide

o} o} e}
wHN’\)LN’\)Ln’\)LNHM Polar Cyclic Peptide
H H

B-Peptide

(o}
H
WHN/\/\(IJrN\/\)LE/\/\g,NHM

v-Peptide

o} 0 o}
PR eI I Polar Cyclic Peptide
wHN H H NHa~ )

5-Peptide

Scheme 5.1: H-bond projection of oligomers from a—9 amino acids.
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cyclic peptide nanotubes by projecting amide NH groups at face of the cyclic peptide and
carbonyl groups on the other side. However, CPNs containing o- amino acidsare not well
explored due to the difficulties in the synthesis of - amino acids. Schematic representation of
the alternating projection of amide bonds in a- and y-peptides and same side projection of the all
carbonyl groups and amide NH groups in the peptides containing 3-and 6-amino acids are shown
in the Scheme 5.1. Nevertheless, Chakraborty and co-workers reported of the design and
synthesis of cyclic peptide from the furan based d-amino acids. Further they utilized these CPs to
target G-Quadruplex.® In the previous chapter, we have demonstrated the various gelation
properties of the B(0)-5’-amino acids, in this chapter we sought to investigate, whether p(0)-5°-
amino acids can be used to design self-assembling cyclic peptides. It is also interesting to note
that cyclic peptides of P(O)-6’-amino acids are the hybrids of crown ether and regular cyclic

peptides.
5.6. Results and Discussion
5.6.1. Design and Synthesis

In order to understand whether or not the cyclic peptides composed of B(0)-8’-amino acids can

polar self-assembled tubular structures, we have designed three different cyclic peptides. The

Pofyoud j\cb ] 892031
0
H EN H H H
o

2

polll
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o

o/\( O _NH HN Os_ _NH HN
OsNH HN T

T JO

$y Y “
o] o] o
CP1 CP2 CP3

Scheme 5.2: Sequences of cyclic peptides under investigations.
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sequences of CPs are shown in Scheme 5.2. The schematic representation of the synthesis of

B(0)-8’-amino acid is shown in the Scheme 5.3. As mentioned in the previous chapters B(0)-8’-

amino
—0
1.7 0
NHHCI
/
HOBt, DIEA
R o 12hrt R ° Hy, Pd-C R o
2. LAH / dry THF J N MeOH I~ N
BocHN/'\/u\OH v BocHN N TN BocHN o™
1h,0°C r,4h
3. PhyPCHCO,Et
THF, 4 h, rt

Scheme 5.3: Synthesis of ethyl ester of N-Boc-8’-Amino Acid from N-Boc-B°-Amino acid.

tert-Butyl bromoacetate o o
0 Toluene:Water (1.5:1) >|\ J<
>|\OJ\N OH > o)LN O\)Lo
H NaOH, 3 h H
I'IBU4HSO4

0°C — rt
Scheme 5.4: Synthesis of N-Boc-B(0)-5’-Phe-O'Bu from N-Boc amino alcohol.

acids were synthesized starting from Boc protected amino alcohol.?’ The carbon analogous of
B(O)-8’-amino acids were synthesized from the corresponding Boc-B*-amino acids.’"® The
Schematic representation of the synthesis of the §°-amino acids is shown in the Scheme 5.3.
First, all the linear peptides were synthesized by the conventional solution phasecondensation
strategy and macrocyclisation was carried out by using high dilution methodology.The schematic
representation of the macrocyclization is shown in the experimental section. The crude peptide
macrocycles were purified by RP-HPLC using MeOH/H,0O gradient system. Along with cyclic
peptides CP1and CP2 composed of B-0-5>-amino acids, cyclic peptide composed of &°-amino
acids with complete carbon backbone CP3 was also synthesized to understand their relative
properties. We studied the self-assembly properties of theses CPs in solid state as well as
solution state. Along with structural properties we have also studied transmembrane activity of

CP1 and CP2through vesicle leakage assay.
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5. 6.2. ORTEP Diagram of BocNH-B(O)-SS-Val--B(O)-65-Leu-OH and Peptide CP1

Figure 5.4: ORTEP diagram of peptide BocNH-B(0)-8’-Val--B(0)-5°-Leu-OH. H-bonds are shown in
dotted lines. H-atoms are omitted for clarity. Ellipsoids are drawn at 50% probability. (CCDC No.
1950175)
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Figure 5.5: ORTEP diagram of peptide CP1. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability. (CCDC No 1950174)
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5.6.3. Conformational Analysis of Peptides CP1-CP3

As single crystal structures provide unambiguous structural information, we subjected all cyclic
peptides for crystallization in various solvent combinations. Among the three cyclic peptides,
CP1 gave X-ray quality single crystals from slow evaporation of peptide solution in
toluene/CHCIl;. Even after several attempts, CP2 did not give the X-diffraction quality single
crystals and CP3 was found to be insoluble in organic solvent solvents. The X-ray diffraction
structure CP1 is shown in the Figure 5.6A. Four molecules of CP1 were found in the asymmetric
unit. The crystal structure analysis revealed that the cyclic peptide CP1 adopts a C; symmetric
molecule and average pore diameter of ~5.25 A.Instructively, the CPs is a hybrid of both the
crown ether and peptide macrocycles. More importantly, the CPs are assembled into tubular

assembly through the

(A)

Figure 5.6: (A) Top view of the self-assembled nanotubular structure form CP1 (B) Parallel B-sheet type
hydrogen bonding of the self-assembled CP1 (C) Overall packing and top view of the self-assembled
nanotubes from peptide CP1.

intermolecular hydrogen bonding in a parallel B-sheet type of assembly. As anticipated, the
direction of the hydrogen bonding is along one direction in the tubular structure, representing the
polar tubular assembly of CP1. The tubular assembly of cyclic peptide CP1 is shown Figure
5.6B. The conformation of P(0)-8’-amino acid in the cyclic peptide can be representedby the
backbone torsion angles ¢(N-C®), 8;(C°-C7), 0,(CT-OP), 85(0P-C*) and w(C*-C=0) (Scheme 5.2).
The torsion angle parameters of cyclic B(O)-8’-peptide CP1 are tabulated in the Table 5.1. The
intermolecular H-bond parameters are tabulated in the Table 5.2. The average inter distance of

the each stacked cyclic peptides is around 5.16 A. Furthermore, each CPs are also stabilized
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through the CH----O interaction between OP with C*H of another molecule of CP by laterally.
The overall crystal packing of the CP1 was shown in Figure 5.6C. As CP2 didnot give X-ray
quality single crystals, we studied it’s conformation in the solution using NMR spectroscopy.
The 'H NMR of the peptide CP2 in CDCl; (3 mM) revealed the well dispersed NH and C°H in
solution. The two dimensional ROESY spectrum of CP2 is shown in Figure 5.7A and 5.7B. The
amino acid type and sequential connectivity of the residues were established using ROESY and

TOCSY spectra. The observed key NOEs are shown in Figure 5.7C. The assigned

Table 5.1: Backbone torsion angle parameters of peptide CP1:

Peptide CP1 d(deg) 0, (deg) 0, (deg) 0; (deg) Y (deg)
Molecule A

B(0)-5-Phe 1 -128.32 42.86 64.47 -161.47 -17.44

B(0)-5’-Phe 2 -91.86 170.74 90.35 -79.42 -16.71

B(0)-5-Phe 3 -120.43 49.38 64.12 161.85 -12.66
Molecule B

B(0)-5-Phe 1 -129.20 42.93 60.91 -160.95 -16.33

B(0)-&-Phe 2 -92.08 173.48 -89.46 -80.85 -13.68

B(0)-5’-Phe 3 -119.63 46.73 65.33 162.78 -13.53
Molecule C

B(0)-5-Phe 1 -132.50 44.87 64.64 -162.20 -14.60

B(0)-&-Phe 2 -91.97 173.12 93.19 -76.64 -18.10

B(0)-5’-Phe 3 -120.07 47.25 67.18 160.77 -11.78
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Molecule D
B(0)-5-Phe 1 -129.84 41.37 62.96 -161.42 -15.04
B(0)-&-Phe 2 -95.15 172.33 -91.07 -78.18 -16.91
B(0)-5>-Phe 3 -118.85 45.32 68.31 160.51 -31.21

Table 5.2: Hydrogen bonding parameters of peptide CP1

Intermolecular H-Bond Parameters

Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)

Molecule A

N1 02 2916 2.160 146.75

N2 04 2.925 2.142 150.85

N3 05 2.924 2.173 145.49
Molecule B

N4 010 2.952 2.166 151.52

N5 011 2915 2.168 144.99

N6 08 2.893 2.150 144.62
Molecule C

N7 015 2.902 2.159 14431

N8 013 2.960 2.189 148.61

N9 017 2.946 2.163 151.09
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Molecule D
N10 021 2.928 2.156 149.36
N11 020 2.938 2.155 151.41
N12 023 2.882 2.141 143.97
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Figure 5.7: NMR characterization of peptide CP1.2D ROESY spectra showing (A) NH« C'H (B) NH
— C"H interaction. (C) Key NOEs observed in peptide CP1 (D) Temperature dependent 'H NMR of
peptide CP1 in CDCls.
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spectra suggested that the strong NOEs was observed between NH(i) «» C"H(i) and weak NOEs
observed between NH(i) «> C"H(i) residue. Further the temp dependent NMR (Figure 5.7D)
suggested that there is no significantchange of the chemical shift value (oppm) of NHs. Which
indicate that the peptide CP2 was also retaining its conformation with increase in the
temperature. As CP3 did not soluble in any of the polar protic or aprotic solvent we did not
further pursue with CP3. These results suggested huge influence of backbone *“O’’ towards the
increased solubility of the macrocycles compared to the §°-amino acids with complete carbon

backbone.

5.6.4. Vesicle Leakage Assay for the Study of Transmembrane Activity of the Peptides CP1
and CP2

As many cyclic peptides showed transmembrane ion channel activity,” we sought to investigate
ion channel activity of these polar cyclic peptides CP1 and CP2. The activity was carried out by
the vesicle leakage assay using pH sensitive HPTS (8-Hydroxypyrene-1,3,6-Trisulfonic Acid)
dye. The schematic representation of the vesical leakage assay is shown in the Figure 5.8. The
large unilamellar vesicles (LUVs) formed from the EYPC lipid was loaded with HTPS dye. A
pH gradient, (pHqy = 7.8 and pHj, = 7.0) across the bilayer of large unilamellar vesicles (LUVs)

was

(B)

|

Fluorescence
Intensity

Time (Sec) =———————>

Figure 5.8: Schematic representation of (A) vesicle leakage assay (B) HPTS dye based fluorescence

assay.
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created by the addition of NaOH. After that upon the addition of a cyclic peptide CP1 and CP2
in DMSO, an increase in the internal pH of the vesicles due to the the pH gradientcollapse.This

progress of the vesicle leakage was monitored by a change in

(A) ' (B)
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Figure 5.9: Increase in the fluorescence intensityof HPTS dye over the timein the vesicle leakage

experiment by different concentration of peptide (A) CP1 and (B) CP2.

the fluorescence intensity of HPTS with time. Complete collapse of the LUVs was achieved by
addition of 10% Triton X-100 to the solution containing LUVs. The change of HPTS emission at
A =510 nm was monitored with excitation at 450 nm (A = 450 nm) with time and normalized
with the DMSO solvent without any cyclic peptides. The results are shown in Figure 5.9. These
results suggested that with increase in the conc. of the cyclic peptides CP1 and CP2, there is an
increase in the normalized fluorescence intensity, indicating that the cyclic peptides CP1 and
CP2 are self-assembled into a tubular fashion in the lipid bilayer and act as a synthetic

transmembrane ion channels.
5.7. Conclusions

In conclusion, we are first time reporting the cyclic peptide from the P(0)-8’-amino acid

mimicking as hybrid of crown ether and peptide macrocycles. Results showed that the cyclic

tripeptide from the oligomer of B(0)-5’-amino acid was self-assembled to form the hallow

tubular structure with pore diameter of ~5.25 A. These tubular structures are stabilized

intermolecular H-bonds. In contrast to the cyclic peptides from a-amino acids, the cyclic

peptides from B(0)-8-amino acid are stabilized by the unidirectional H-bonds. Further NMR
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analysis suggested existence of tubular assembly of peptides in solution. Further, the cyclic
peptide composed of carbon analogous of B(0)-8°-amino acid was found to be insoluble in most
of the organic solvent. The insertion of “O”atom in backbone has a huge influence on the
solubility of the cyclic peptide derived from the d-amino acids. From the vesicle leakage assay, it
is evident that these cyclic peptides further assembled into tubular structure in the lipid bilayer
and act as synthetic transmembrane ion channels. The electrophysiological studies of these CPs
are under progress. Thus the newly designed polar crown ether peptide macrocycles can open up
new directions in the design of cyclic peptide based biomaterials and transmembrane ion

channels.
5.8. Experimental Section
5.8.1. Materials and Methods

All the reagents including amino acids were purchased from the commercial sources. DCM and
MeOH were purchased from the commercial sources and distilled before to use. Column
chromatography was performed on silica gel (120-200 mesh). Final peptides were purified by
reverse phase HPLC. 'H (400 MHz) and "*C (100 MHz) NMR spectra were used to record the
NMR spectra on respectively using the residual solvent signal as internal standards (CDClI3).
Chemical shifts (0) reported in parts per million (ppm) and coupling constants (J) reported in Hz.
Mass of pure peptides was confirmed by MALDI-TOF /TOF.

5.8.2. NMR Spectroscopy

All NMR studies were carried out by using either 400 or 600 MHz spectrometer. Resonance
assignments were obtained by TOCSY and ROESY analysis. All two-dimensional data were
collected in phase-sensitive mode by using the time-proportional phase incrimination (TPPI)
method. Sets of 1024 and 512 data points were used in the t2 and t1 dimensions respectively. For
TOCSY and ROESY analysis, 32 and 72 transients were collected, respectively. A spectral width
of 600MHz was used in both dimensions. A spin-lock time of 200 and 250 ms were used to
obtain ROESY spectra. Zero-filling was carried out to finally yield a data set of 2 K x 1 K. A

shifted square-sine-bell window was used before processing.
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5.8.3. General Procedure for the Solution Phase Peptides (CP1-CP3) Synthesis
5.8.3.1. Synthesis of N-Boc-8°-Leu-OH

N-Boc-8°-Leu-OH was synthesized starting from N-Boc-(S)-B’-Leu-OH by reported protocol. 31b
Briefly, N-Boc-(S)-B*-Leu-Weinreb amide (1.4 g, 5 mmol) was converted to aldehyde through
the reduction of the corresponding Weinreb amide using LAH (228 mg, 6 mmol). After that the
aldehyde was subjected for Wittig reaction to get N-Boc-o,f-unsaturated-&°-Leu-OEt. Then, the
crude Wittig product was purified using column chromatography by EtOAc/hexane solvent
system. After that, the N-Boc-a,B-unsaturated-5°-Leu-OEt was reduced using Ha/Pd-C to getN-
Boc-8’-Leu-OEt. Further, the N-Boc-8’-Leu-OEt was subjected for ester hydrolysis using
INNaOH in EtOH to obtain N-Boc-8’Leu-OH and directly used for the peptides synthesis

without purification. Same procedure was followed for the synthesis of N-Boc-8°Val-OH.
5.8.3.2. Synthesis of N-Boc-B(O)-SS-Phe-OtBu

The N-Boc-B(0)-8>-Phe was synthesized as reported previous chapters.’’ N-Boc-B(0)-8°-Phe-
O'Bu was synthesized by the reported protocol from N-Boc-amino alcohol.'’Briefly, to the
solution containing 10 mL of water and 10 mL of toluene, sodium hydroxide (10g, 250 mmol)
was dissolved in ice-cold condition. Thereafter, tert-butyl bromoacetate (2.2 mL, 15 mmol) was
added slowly to the biphasic reaction mixture at room temperature. After that, the solution
containing N-Boc-Phenyl alanine alcohol (2.5 g, 10 mmol) in toluene (10 mL) was added slowly
to the reaction mixture at 0 °C. The reaction mixture was stirred for about 3 h and allowed to
come to room temperature. After completion of reaction (confirmed by TLC), the organic layer
was extracted with diethyl ether (30 mLx2). The combined organic layer was washed with brine
(30 mLx2) and dried over anhydrous sodium sulfate. The solvent was evaporated under reduced
pressure to get white gummy product. The crude product of N-Boc-B(0)-8-Phe-O'Bu was
purified by column chromatography using EtOAc/hexane solvent system. Same procedure was

followed for the synthesis of N-Boc-B(0)-8°-Leu and N-Boc-B(0)-8°-Val.
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5.8.3.3. Synthesis of Cyclic Peptides CP1-CP3
Synthesis of CP1

N-Boc-B(0)-8°-Phe-OH (1.54 g, 5 mmol) was dissolved in 3 mL of DMF under N, atmosphere.
To this solution EDC.HCI (960 mg, 5 mmol), HOBt (675 mg, 5 mmol) and DIEA (1.74 mL, 10
mmol) was added at 0 °C. Then the reaction mixture was stirred for about 15 min. After that
CIH;N-B(0)-5’-Phe-OMe (1.42 g, 5.5 mmol) was added to the reaction mixture and stirred for
about 12 h. After completion of the reaction (confirmed by TLC), 15 mL of brine solution was
added to the reaction mixture and the compound was extracted with EtOAc (3 % 20 mL). The
combined organic layer was washed with 10% HCI (3 x 20 mL), 10% Na,CO;3 (3 x 20 mL) and
brine (3 x 20 mL) respectively. Then the combined organic layer was dried over anhydrous
Na,SOg4, After that the combined organic layer was evaporated under reduced pressure to get the
dipeptide BocNH-B(0)-8"-Phe- (0)-5-Phe-OMe. After that the dipeptide was hydrolysed using
IN NaOH in MeOH. Then the dipeptide acid BocNH-B(0)-8°-Phe-B(0)-6°-Phe-OH (1.5 g, 3
mmol) was dissolved in 3 mL of DMF under N, atmosphere. To this solution EDC.HCI (576 mg,
3 mmol), HOBt (405 mg, 3 mmol) and DIEA (ImL, 6 mmol) was added at 0 °C. Then the
reaction mixture was stirred for about 15 min. After that CIH;N-B(0)-8’-Phe-OMe (854 mg, 3.3
mmol) was added to the reaction mixture and stirred for about 12 h. After completion of the
reaction, 15 mL of brine solution was added to the reaction mixture and the compound was
extracted with EtOAc ( 3x 20 mL). The combined organic layer was washed with 10% HCI (3 x
20 mL), 10% NayCOs (3 x 20 mL) and brine (3 x 20 mL) respectively. Then the combined
organic layer was dried over anhydrous Na,SO,4 After that the combined organic layer was
evaporated under reduced pressure to get the Tripeptide BocNH-B(0)-3-Phe-B(0)-5"-Phe- B(O)-
8°-Phe-OMe.After that the tripeptide BocNH-B(0)-5’-Phe-B(0)-3°-Phe- B(0)-8°-Phe-OMe. (700
mg, 1 mmol) was dissolved in 10 mL of MeOH. To this solution 5 mL of 1N NaOH was added.
Then the reaction mixture was stirred for 1 h. After completion of the reaction (confirmed by
TLC), MeOH was evaporated under vacuum. Then it was acidified with 10% HCI and extracted
extracted with EtOAc (3 x 20 mL). The combined organic layer was brine (3 x 20 mL). Then the
combined organic layer was dried over anhydrous Na,SO, After that the combined organic layer
was evaporated under reduced pressure to get the tripeptide BocNH-B(0)-8°-Phe-B(0)-8°-Phe-

B(0)-5°-Phe-OH. After that the Boc group was deprotected using TFA/DCM mixture. After
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completion of the reaction, the TFA was evaporated under reduced pressure to get HoN-B(0)-8°-
Phe-B(0)-8°-Phe- B(0)-5’-Phe-OH and subjected for the macrocyclisation. The macrocyclisation
of the liner peptide was carried out using high dilution technique. The both side deprotected
peptide at Img/10mL concentration was dissolved in dry DCM under N, atmosphere and cooled
to 0 °C. To the reaction mixture, HBTU (3 equivalent) and DIEA (10 equivalent) was added at 0
°C. The reaction mixture was stirred for about 12 h. After completion of the reaction, DCM was
evaporated under reduced pressure. Then the compound was extracted with EtOAc ( 3x 20 mL).
The combined organic layer was washed with 10% HCI (3 X 20 mL), 10% Na,COs (3 x 20 mL)
and brine (3 x 20 mL) respectively. Then the combined organic layer was dried over anhydrous
Na,SOg4, After that the combined organic layer was evaporated under reduced pressure to get the
crude cyclic peptide CP1. Then the crude peptide CP1 was dissolved in MeOH and purified by
RP-HPLC on C18 column using MeOH/H,0O gradient solvent system. Same procedure was
followed for the synthesis of CP2 and CP3.
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5. 8.4. Crystallographic Information
BocNH-B(O)-65-Val--[3(O)-65-Leu-OMe (CCDC No 1950175)

Crystals of compound BocNH-B(0)-8°-Val--B(0)-8°-Leu-OMe were grown by slow evaporation
of methanol/ water solution. A single crystal (0.2x0.17x0.11) was mounted on loop with a small
amount of the paraffin oil. The X-ray data were collected at 100 K temperature on a Bruker AXS
SMART APEX CCD diffractometer using Mo Ko radiation (A = 0.71073 A), w-scans (20 =
56.74), for a total of 5846 independent reflections. Space group P2, a= 5.1479, b= 16.817, c=
13.622 A; o = 90,p=91.546, y=90; V = 1178.86A°, Monoclinic, Z = 2 for chemical formula C
Hig N> O, pealed = 1.179 gem™, p = 0.088 mm™', F(000) = 456. The structure was obtained by
direct methods using SHELXS-97.1. The final R value was 0.0614 (wR2 = 0.1751) 5846
observed reflections (FO > 4o( [FO| )) and 270 variables, S = 0.839.

Peptide CP1 (CCDC No 1950174)

Crystals of compound CP1 were grown by slow evaporation of CHCls/ Toluene solution. A
single crystal (0.15x0.16x0.13) was mounted on loop with a small amount of the paraffin oil.
The X-ray data were collected at 100 K temperature on a Bruker AXS SMART APEX CCD
diffractometer using Mo Ka radiation (A = 0.71073 A), o-scans (20 = 56.73), for a total of 14483
independent reflections. Space group P1, a=5.1638, b=17.305,c=33.407 A; a = 89.858,p=
89.994, y=89.989; V = 2985.23A3, Triclinic, Z = 2 for chemical formula Cs3 H39 N3 Og, pcalcd =
1.276 gem™, p = 0.088 mm™', F(000) = 1224.0. The structure was obtained by direct methods
using SHELXS-97.1. The final R value was 0.1052 (wR2 = 0.2469) 14483 observed reflections
(FO > 40( |[FO| )) and 1513 variables, S = 0.946.

5.8.5. Preparation of Large Unilamellar Vesicles (LUVs)

Large unilammelar vesicle was prepared by the reported protocol.’” Briefly, 25 mg Egg yolk
phosphatidylcholine (EYPC) was dissolved in 1 mL of CHClI;. Then the transparent thin layer of
lipid was formed by purging of nitrogen and continuous rotation in a clean and dry small round

bottomed flask. After that the all trace of CHCl; was removed by applying vacuum for 8 h. Then
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films were hydrated with 1 mL buffer (1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH = 7.0)
for 1 h with 4-5 times vortexing occasionally and it was subjected to freeze-thaw cycle (> 19
times). Extrusions were done by a Mini-extruder with a polycarbonate membrane pore size 100
nm Extravesicular dyes were removed by gel filtration (Sephadex G-25) with buffer (10 mM
HEPES, pH = 7.0) and diluted to 6 mL to get the liposome having EYPC ~ 5.0 mM EYPC,
inside: 1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH = 7.0, outside: 10 mM HEPES, pH =
7.0.

5.8.6. Procedure for the Vesicle Leakage Assay

1.2 Briefly, To a clean and dry

Vesicle leakage assay was carried out by the reported protoco
fluorescence cuvette 1975 pL of HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0 was
added followed by addition of 25 pL HTPS dye encapsulated liposome . Then the cuvette was
kept in slowly stirring condition in fluorescence instrument (at ¢ = 0). The time course of HPTS
fluorescence emission intensity, Ft was observed at A= 510 nm upon excitation at 450 nm (A=
450 nm). 20 uL of 0.5 M NaOH was added to the cuvette at ¢ = 20 s to make the pH gradient
between the intra and extra vesicular system. Channel forming peptide were added at t = 100 s
and at ¢ = 400 s, of 10% Triton X-100 (25 pL) was added to lyse vesicles for complete

destruction of pH gradient.For the data analysis Y axis (fluorescence intensity) was normalised

with the blank fluorescence coming from only the solution.
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5.9. Characterization of Synthesized Amino Acids and Peptides CP1-CP3

BocHN { O\)(LOJ<

"H NMR (400 MHz, Chloroform-d) & 7.30 — 7.18 (m, 5H), 5.17 (d, J = 8 Hz, 1H), 3.96 — 3.89
(m, 3H), 3.45 — 3.44 (m, 2H), 2.95 (dd, /= 6.8 Hz, OH), 2.86 (dd, J= 12 Hz, 4 Hz, 1H), 2.86 (dd,
J=12 Hz, 8 Hz, 1H), 1.48 (s, 9H), 1.42 (s, 9H). *C NMR (100 MHz, Chloroform-d) & 169.73,
155.58, 138.40, 129.60, 128.49, 126.40, 81.96, 79.28, 71.70, 69.07, 51.96, 37.81, 28.51, 28.24.
HRMS m/z calculated value for C,oH3;NOs 1s [M+Na+] 388.2100 and observed 388.2100.

0
BocHN o\)LoJ<

"H NMR (400 MHz, Chloroform-d) & 4.85 (d, J = 8 Hz, 1H), 3.92 (s, 2H), 3.74 (bs, 1H), 3.52-
3.43 (m, 2H), 2.01 (bs, 1H), 1.64-1.59 (m, 2H), 1.44 (s, 9H), 1.40 (s, 9H), 0.88 (m, 6H)."*C
NMR (100 MHz, Chloroform-d) & 169.74, 155.69, 81.75, 79.05, 73.94, 69.14, 48.60, 41.10,
28.49, 28.19, 24.89, 23.0.HRMS m/z calculated value for C;7H»3NOs is [M+Na+] 354.2256 and
observed 354.2244.

e o Sk

'H NMR (400 MHz, Chloroform-d) & 4.92 (d, J = 8 Hz, 1H), 4.02 (s, 2H), 3.61-3.57 (m, 1H),
3.41 — 3.38 (m, 2H), 2.23 (bs, 1H), 1.40 (s, 9H), 1.36 (s, 9H), 0.86 (dd,/=8 Hz, 4Hz, 7H).*C
NMR(100 MHz, Chloroform-d) & 169.65, 155.97, 81.79, 78.89, 71.82, 69.00, 55.55, 29.51,
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28.40, 28.09, 19.47. HRMS m/z calculated value for C;sH31NOs is [M+Na+] 340.2100 and
observed 340.2085.

o)
BocHN o

"H NMR (400 MHz, Chloroform-d) & 4.55 (d, J = 8Hz, 1H), 4.12 (q, J = 8Hz, 2H), 3.69-3.58
(m, 1H), 2.38 - 2.25 (m, 3H), 1.72 — 1.59 (m, 4H), 2.14 (bs, 2H), 1.43 (s, 9H), 1.25 (t, J = 8Hz,
3H), 0.92- 0.89 (m, 6H). *C NMR (100 MHz, Chloroform-d) & 173.38, 155.56, 78.49, 60.00,
48.19, 44.74, 35.30, 33.90, 28.26, 24.73, 22.98, 22.09, 21.07, 14.08. HRMS m/z calculated value
for C1¢H31NOy is [M+Na+] 324.2151 and observed 324.2145.

I/\/IOL
BocHN o

'H NMR (400 MHz, Chloroform-d) & 4.56 (d, J = 12 Hz, 1H), 4.12 (q, J = 8Hz, 2H), 3.47 — 3.39
(m, 1H), 2.37 — 2.25 (m, 3H), 1.76 — 1.59 (m, 4H), 1.44 (s, 9H), 1.25 (t, J = 8Hz, 3H), 0.91 —
0.86 (m, 6H). *C NMR (100 MHz, Chloroform-d) & 173.33, 155.92, 78.51, 59.99, 55.07, 33.85,
32.05, 31.61, 28.25, 21.55, 18.96, 17.57, 14.07. HRMS m/z calculated value for C;sH,oNOy is
[M+Na'] 310.1994 and observed 310.2001
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'H NMR (400 MHz, Chloroform-d) & 7.35 — 7.18 (m, 15H), 6.69 (d, J = 8 Hz, 3H), 4.48 — 4.42
(m, 3H), 3.94 (s, 2H), 3.60 (dd, J = 8 Hz, 4Hz, 3H), 3.40 (dd, J = 8, 4 Hz, 3H), 3.0 (dd, J = 8 Hz,
4Hz, 3H), 2.90 (dd, J = 8 Hz, 4Hz, 3H). MALDI-TOF/TOFm/z calculated value for

C33H39N304 is [M+Na+] 596.27 and observed 596.23.

HN

Rae
vl

"H NMR (400 MHz, Chloroform-d)  6.61 (d, J= 12 Hz, 1H), 6.55 (d, J= 12 Hz, 1H), 6.39 (d, J
=8 Hz, 1H), 4.29 — 4.23 (m, 1H), 3.99 — 3.92 (m, 8H), 3.70 (dd, J = 8 Hz, 4 Hz, 3H), 3.61 (dd, J
=8 Hz, 4 Hz, 2H), 3.47 (dd, J = 8 Hz, 4 Hz, 1H), 1.98 — 1.87 (m, 4H), 1.47 — 1.38 (m, 3H), 1.02
— 0.94 (m, 18H).MALDI-TOF/TOF m/z calculated value for C,,H41N3Og is [M+Na+] 466.28

and observed 466.52.
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5.11.2. HRMS and MALDI-TOF/TOF Spectra of Amino Acids and Peptides CP1-CP3
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