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Abstract

The double helix is the most common and very important structural motif in nucleic acids. In
comparison, double helix motifs are rare in proteins and other biomolecules. Nevertheless,
gramicidins A-D and feglymicin, linear natural polypeptides with alternating amino acid
configuration, produced by Bacillus brevis have been shown to adopt double helix
conformation. In addition, synthetic peptides with alternating . and ap amino acids have also
been shown to adopt double helix structures. These double helical structures of aL, op -peptides
are of particular interest because of their ability to form transmembrane channels. Extensive
efforts have been made over the decades to design B-double helix structures from different building
blocks. Besides the alternating ar and ap peptides, aromatic oligoamides and the aromatic
building blocks capable of metal coordination have been used to construct double helices.
Recently, we demonstrated the double helical structures from the homooligomers of achiral (E)-
a,B-unsaturated 4, 4-dialkyl substituted y-amino acids. In continuation, we sought to investigate
the design of chiral double helices, the ability of the double helices to accommodate other than the
(E)-a,p-unsaturated 4, 4-dialkyl substituted y-amino acids, their supramolecular assemblies, and
their transmembrane channel properties. In this work, we are demonstrating the construction of
chiral double helices with opposite handedness from the oligomers of alternating (E)-a,p-
unsaturated 4, 4-dialkyl substituted y-amino acids (E)-a,p-unsaturated y*-amino acids and the
utilization of chiral double helices as transmembrane channels. Further, we investigated the
conformational flexibility of the double helix to accommodate saturated y-amino acids and the
transformation of B-double helices into Cis-helices by varying y-amino acid content. Using
fluorescent reporter groups, we demonstrated the formation of double helices from the linear
peptides in solution. Additionally, these double helices are self-assembled into a remarkable
porous framework through H-bond networks in the solid state. In continuation, we further designed
double helices appended with electron-donating and electron-deficient systems and studied their
conformations and their molecular assembly. Overall, we designed and studied new double helices
from gamma-peptide foldamers. The new beta-double helices described here may serve as

transmembrane channel-forming candidates, light harvesting, and conducting materials.
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Chapter 1

A Brief Introduction of Peptide Foldamers Composed

of Unnatural Amino Acids



1.1. Introduction

The exploration of proteins has long been a cornerstone in the field of biology, holding
unparalleled significance in the intricate tapestry of life.! These remarkable macromolecules stand
as the fundamental building blocks of living organisms, orchestrating a myriad of cellular
processes crucial for life, growth, and development.? The intricate and precisely arranged folds
enable proteins to interact with other molecules, facilitating their specific functions within the
cellular environment. Precise protein folding is essential for ensuring the integrity and
functionality of these molecular machines. Conversely, protein misfolding or denaturation can lead
to a loss of function and, in certain instances, has been implicated in various pathological
conditions. Diseases such as Alzheimer's, cystic fibrosis, Parkinson's, and diabetes have been
linked to aberrant protein folding. Understanding the intricate relationship between protein
structure and function is crucial for unraveling the molecular basis of diseases and developing
potential therapies. This dynamic field of research contributes significantly to our understanding
of the molecular foundations of life, providing opportunities for advancements in medicine and

biotechnology.

1.2. Protein Structures

The 20 ribosomal amino acids are the building blocks from which nature has created a wide variety
of proteins with distinct 3D structures and functions. According to Figure 1, there are four main
levels at which protein architectures are described.

Primary
Structure

Secondary Tertiary Quaternary
Rl Structure Structure Structure

Val

Figure 1: Schematic representation of protein structures (tertiary structure PDB code 1H75 and quaternary

structure represents hemoglobin quaternary structure PDB code 1MKO).
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Primary structure: The primary structure of a protein is determined by the linear arrangement of
amino acids connected by peptide bonds. This sequence serves as the fundamental building block
of a protein and is intricately linked to the genetic material of an organism, typically encoded in
DNA. The precise order of amino acids in the primary structure holds paramount importance as it
defines the overall identity of the protein. The functionality, stability, and interactions of a protein
with other molecules are profoundly influenced by its specific amino acid sequence. Each amino
acid brings unique properties to the protein chain, including its size, charge, and chemical
characteristics. These attributes, in turn, dictate the protein's three-dimensional structure and its

ability to perform specific biological functions.

Secondary structures: The secondary structure of a protein pertains to the local folding patterns
occurring within specific segments of the polypeptide chain. The -helix and B-sheet structures were
first described by Linus Pauling and colleagues in their groundbreaking work.? The distinct pattern
of hydrogen bond pseudo cycles between the main chain NH and CO groups characterizes these
secondary structures. Reverse turns are the loop regions that connect two neighboring anti-parallel
B-strands. In their seminal work, G. N. Ramachandran and colleagues® used the two degrees of
torsional freedom ¢ and y to characterize the sterically permitted stable conformations of

polypeptide secondary structures (Figure 2C).

(A)

R4
(B) )OL oY mn ¢ ‘4’0 ®
NNy
o H

R
(© The Ramachandran Plot
Loops 180°

B- Hairpins

Left-handed
a- helix

(

Reverse turn

N

0°

B- Sheets \
oHelix D)

Right-handed |
a- helix

-180° (D
-180° 180°

Figure 2: (A) The ribbon model of a protein visually represents various secondary structural elements,
showcasing distinctive folds and patterns within the protein structure. (PDB code: 1H75) (B) Torsional
angles variables ¢ and y on peptide backbone of a-amino acids (C) Classical Ramachandran plot and the

allowed region for the torsional angles of different secondary structures.
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Helices: Helices, a fundamental element of protein structures, are classified into four distinct
categories based on the involvement of hydrogen-bond pseudocycles and the number of residues
per turn: 2.27 (y-helix), 3.010, 3.613 (a-helix), and 4.416 (n-helix). Among these, the a-helix is the
most prevalent in proteins. In 1951, Linus Pauling introduced the a-helix structure, characterized
by 3.6 residues per turn and a hydrogen-bond pseudocycle involving 13 atoms. The general
nomenclature for the a-helix is 3.613-P-helix, with average torsion angles ¢ at -60° and y at -45°.
In contrast, the 3.010-helix is less commonly found in proteins and typically occurs at the terminus
of the a-helix in protein structures. The average torsion angles for the 3.010-P-helix are ¢ at -49°
and y at -26°, with three residues per turn and 10-atom hydrogen-bond pseudo cycles. The n-helix
is denoted as 4.416-P-helix (¢ = -55°, y = -70°), while the y-helix is described as the 2.27 helix (¢
=-70°, v = 70°). Each of these helical structures contributes to the structural diversity of proteins,
with the o-helix being the most prevalent and historically significant. Various helical

configurations with different forms of H-bonding are depicted schematically in Figure 3.

fe—is(r-Helix) (o Helix)

i «— i+2 (y- Helix)

i <= j+3 (310- Helix)

Figure 3: Representation of H-bonding pattern in different helices.

B-Sheets: B-sheets, also known as beta strands or beta pleated sheets, are the second major
secondary structure motif in proteins. William Astbury* proposed the first -sheet structure in 1930.
But Linus Pauling and Robert Corey® modified the B -sheet structure in 1951. - sheets consist of
multiple beta strands, which are extended segments of the polypeptide chain that run side by side
and form hydrogen bonds between neighboring strands. The upper left quadrant of the
Ramachandran Map (Figure 2C) shows that the torsion angles of the ¢ and y values are within the
large structurally permissible region. Based upon the B-strands arranging directionality in -
pleated sheets, they are classified into (i) parallel 3-sheets and (ii) anti-parallel B-sheets (Figure 4).
In general, B-sheets commonly display a right-handed twist, primarily driven by intrastrand non-

bonded interactions and interstrand geometric constraints. However, in the tertiary structure of



proteins, these B-sheets are positioned at approximately 30° angles relative to each other within

their $-sheet configuration.

C
— Ay Ay
PN\ OF N
19 {9
— H/\TJN\)L”/\Q/N\ \HJ\/N\Q/\HJ\/N\Q/ -
(A) (B)

Figure 4: Depiction of the hydrogen bonding pattern and the directional arrangement of polypeptide chains

within B-sheet structures. (a) Parallel B-sheets (b) Anti-parallel B-sheets.

Reverse-turns: Reverse turns, a crucial aspect of protein secondary structures, play a significant
role in shaping the three-dimensional conformation of proteins. The categorization of reverse turns
is primarily based on the number of amino acid residues responsible for inducing a change in the
directionality of the polypeptide chain. These turns are distinguished as follows: n-turn (involving
6 amino acids), o-turn (involving 5 amino acids), B-turn (involving 4 amino acids), y-turn
(involving 3 amino acids), and &-turn (involving 2 amino acids). Notably, B-turns are prevalent in
protein structures. The classification of B-turns goes further, considering the dihedral angles ¢ and
v of residues i+1 and i+2. This leads to subcategories such as type I, Il, and Ill, along with their
mirror image counterparts, known as type I’, II’, and III” turns. B-turns, particularly type 1, Il, and

111, contribute significantly to the structural diversity observed in proteins.®

Tertiary structures: The overall 3D configuration of the complete polypeptide chain is
represented by a protein's tertiary structure. The interactions between the R groups on the side
chains of the amino acids that extend from the backbone control it. Hydrogen bonds, hydrophobic
contacts, ionic bonds, and disulfide bridges are a few of these interactions. The protein's particular

form and function are dictated by the tertiary structure.

Quaternary structure: A functional protein complex is made up of a variety of polypeptide
chains, or subunits, that make up some proteins. The quaternary structure is made up of how these
subunits are arranged and how they interact. The quaternary arrangement is crucial for proteins
that have numerous subunits to function properly, such as hemoglobin (which transports oxygen
in the blood) and DNA polymerase (which replicates DNA), to function effectively.



1.3. Mimicking of Protein Secondary Structures

The exploration of proteins' structural and functional properties has motivated chemists to devise
protein structure mimetics using non-natural amino acid building blocks. In the past few decades,
substantial efforts have been invested in creating folded architectures from a-amino acid units.’
The de novo design and emulation of protein secondary structures have proven valuable in the
development of diverse functional biomaterials and biologically impactful peptide-based drug
molecules. However, owing to the limitations inherent in naturally occurring amino acid-based
peptides or proteins, including issues such as proteolysis, protein-protein interactions, and activity,
researchers have turned to a range of non-natural amino acid building blocks and organic
templates. These unconventional elements have been employed to construct various protein
secondary structures, with a focus on studying their functions. Additionally, beyond non-natural
amino acids and organic templates, oligomers of - and y-amino acids have been extensively
investigated for designing protein secondary structure mimetics, and their structural properties
have been thoroughly examined.® These non-natural B- and y-amino acid-based foldamers offer a
unique avenue for designing and constructing protein structure mimetics with mixed sequences,
such as a,p-, a,y-, and P,y-sequences. This expands the possibilities for creating diverse protein-

like structures tailored for specific functions.
1.4. Peptide Foldamers of p-Amino Acids

The term "Foldamers” was introduced by Prof. Samuel H. Gellman, defined as "any oligomer
capable of adopting a rigid conformation in solution."8 Various foldameric building blocks have
been employed in the design of protein secondary structure mimetics, with a particular emphasis
on the extensive use of f-amino acids. Figure 4 illustrates some of the -amino acids employed in
constructing protein secondary structures. Seminal work by Seebach® and Gellman'® involved the
utilization of acyclic chiral and cyclic f-amino acids, such as cyclic trans-2-amino cyclopentane
carboxylic acid (ACPC) and trans-2-amino cyclohexane carboxylic acid (ACHC), which prompted
the formation of 12- and 14-helical conformations, respectively. Continuing this line of research,
Sharma!! and colleagues reported mixed 10/12 or 12/10 helical structures from carbo-p-amino acid
oligomers, while Atkins'? and Fulop®® groups utilized various cyclic amino acids to construct -

peptide foldamers.



The established folded structures originating from B-peptides indicate that the process of folding
is not exclusive to proteins. Exploring the folding patterns of - and their higher homologue
peptides not only aids in comprehending the intricate nature of protein folding but also positions
them as promising candidates in the fields of medicinal chemistry and drug discovery. The

classification of B-amino acids into - and B3-amino acids is based on substitutions in the

backbone.
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Figure 5: Various -amino acids utilized for foldamers design.

An additional advantage of f-amino acids over their o counterparts is their resistance to proteolysis
by various proteases, making them valuable for applications in intracellular drug delivery.'* The
secondary structures arising from both acyclic and cyclic f-amino acids primarily fall into
categories such as helices, sheets, and turns. Unlike a-peptides, B-peptides exhibit helical
structures with distinct hydrogen bonding pseudocycles. Figure 5 illustrates various types of
helices observed in B-peptide foldamers. The B-peptide foldamers have been well-documented to
exhibit distinct helical forms, including Cg, Cio, C12, and C14 helices.'® These helices demonstrate

varying hydrogen-bonding polarities concerning the N and C-terminal ends. Specifically, both Cg



and C12 helices display a hydrogen bond direction (C < N) akin to the a-helix, whereas C1o and

C14 helices present the opposite hydrogen bonding direction (N «— C).
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Figure 7: Crystal structure from (A) trans-ACHA (Cis-helix) (B12-helix formed derived from trans-ACPC
B-amino acid (C) 12-helix constructed from cyclobutane B-amino acid. (D) Structure of a decapeptide -

hairpin with two facing 3-phenylalanine residues.

Besides the helical structures, B-amino acid oligomers have also been documented to exhibit
parallel and antiparallel sheets, as well as B-hairpin structures. In contrast to the 14-helical
conformations observed in cyclic B-amino acids with a six-membered ring constraint, such as
trans-2-amino cyclohexane carboxylic acid, and acyclic B-amino acids like B3- and B%-amino
acids,®® homooligomers of cyclic B-amino acids with four (trans-2-aminocyclobutane carboxylic
acid),*? five (trans-2-aminocyclopentane carboxylic acid and its derivatives),'” and bicycle [3.3.1]
heptane skeleton'® displayed stable 12-helical conformations. In continuation, Balaram and
colleagues documented the use of synthetic B-amino acids in the creation of helices and f-
hairpins'®® and the three-stranded B-sheets.!® Three stranded B-sheets were investigated by



introducing B-Phe residues on opposite faces of anti-parallel f-strands, employing °Pro-Gly%1%
at the turn. The primary distinction in B-sheets lies in the directional orientation of hydrogen bonds.
In a-peptides, these bonds alternate in direction, resulting in an apolar B-sheet. Conversely, p-
peptides form polar sheets where hydrogen bonds align in the same direction. The introduction of
an additional methylene group in the backbone of f-amino acid residues introduces extra torsion
angle freedom, encompassing 6 (CP-C%), along with ¢ (N-CP) and y (C*-CO). It is noteworthy and
somewhat surprising to observe the formation of stable higher-ordered structures from B-peptides

despite the introduction of this additional freedom in backbone rotation.

1.5. Peptide Foldamers of y-Amino Acids

Gamma (y)-amino acids, as double-homologated o-amino acids, feature two -CH.- groups
positioned between the C“ carbon and the C=0 carbon. The introduction of these two methylene
groups gives rise to two additional torsional variables, 61 and 62, in addition to the standard ¢ and
y angles. In contrast to B-amino acids, y-amino acids have received limited exploration, likely
attributed to challenges associated with synthesizing and isolating stereochemically pure forms of
y-amino acids. Nevertheless, in their preliminary investigations, Seebach?and coworkers, as well
as Hanessian et al.,?! recognized the emergence of 14-helical conformations in the oligomers of

y*-amino acids and 2, 3, 4-substituted y-amino acids.
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Figure 8: Chemical structure of y-amino acids utilized for foldamers design



Furthermore, Hofmann and colleagues made predictions regarding a diverse array of helical
arrangements arising from the oligomers of unsubstituted y-amino acids and hybrid peptides that
consisted of a 1:1 alternation of a- and y-amino acids, utilizing ab initio theoretical calculations.?®
They indicated that among all conceivable helices, C14- and Co-helices stand out as the most stable
structures. The forecasted Co-helix structure was subsequently experimentally validated by
Sharma and colleagues, who utilized alternating C-linked carbo-y*-amino acid and y-aminobutyric
acid (GABA).?* In a groundbreaking study, Balaram and collaborators reported Co helical
conformations from gabapentin (3,3-dialkyl-y-amino acid) oligomers in single crystals. The
stability of the Co helical structure is attributed to hydrogen bonds between the (i) and (i + 2)
residues.?® Beyond gabapentin, Balaram and colleagues also identified C14 helical conformations
in the oligomers of y*-amino acids with proteinogenic side chains (y*-Val, y*-Leu, y*-lle) in single
crystals.?® Gellman and co-workers documented the presence of stable Ci4 helices in cyclic y-

amino acids.?"%
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Figure 9: Possible H-bonding pattern in the oligomer of y-peptide foldamer.
Additionally, Smith and colleagues reported the synthesis and conformational analysis of
cyclopropane-based y-amino acids.? They demonstrated that the oligomer of these y-amino acids
exhibited parallel-type p-sheet structures, and the stability of the structure was ensured by
bifurcated hydrogen bonds involving the carbonyl oxygen with the amide NH group and one CH
of the cyclopropane ring in the solid state. Furthermore, they employed these amino acids as non-
peptidic reverse turns in the design of p-hairpins.?® Additionally, homo-oligomers constrained by
y?3-trans-dioxolane have been investigated for the design of peptide foldamers.*® In addition to
cyclic y-amino acids, backbones containing oxygen and nitrogen atoms have also been explored

for the design of various functional foldamers.
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(A)

Figure 10: (a) Ci4-helix of y*-peptide b) Co helix of gabapentin oligomer (c) Ci4helix of the y?34-oligomer
peptide

Yang and co-authors documented the occurrence of Cg helical conformations in a-aminoxy
peptides.®* Additionally, Guichard and collaborators employed oligourea-based peptide foldamers
by substituting the y>-carbon in the y-peptide backbone with NH.32 In a recent investigation,
Millard and colleagues reported the generation of Cg helices from homo-oligomers of 4-amino-
(methyl)-1,3-thiazole-5-carboxylic acids (ATCs).*

1.6. Heterogeneous Foldamers Containing - and y-Amino Acids

Recently, there has been a growing interest in peptide foldamers with heterogeneous backbones
compared to their homogeneous counterparts. This is attributed to the fact that a diverse array of
helices with distinct hydrogen-bonding patterns can be achieved through the strategic combination
of different types of amino acids. In a pioneering study, Balaram and colleagues introduced hybrid
peptides by incorporating B-amino acids into host a-peptides.® By employing quantum mechanical
calculations, Hofmann and team postulated that a,-hybrid peptides have the potential to generate
helical structures, including 9-, 11/9-, 9/11-, 11-, 12/13-, 15/14-, 16/18-, and 18/16-helices.*®
Sharma and colleagues described an 11/9-helical conformation featuring alternating hydrogen
bonding directions within an a,B-sequence composed of both a- and B*-amino acids.>®*” Gellman
and co-workers documented peptide sequences of a, B-hybrid peptides incorporating constrained

trans-ACPC amino acids and Aib residues, which demonstrate the capability to adopt both 11-
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helical and 14/15-helical structures.®® Along with this, Gellman and colleagues showcased the
formation of Ciy/1112 and Cion1/11-helices in ratios of 1:2 and 2:1, respectively, from a,B-hybrid
peptides.®® Fulop and collaborators investigated the impact of stereochemical patterns on the
folding of a,-hybrid peptides.*° Furthermore, Gellman and co-workers documented the formation
of quaternary structure helical bundles from oligomers featuring -B-p-a-p-p and a-o-a-B-o-o-f3

repeats.** The representative crystal structures are given below in Figure 11.

(€) (D) (E)

(B)

Figure 11: (A) Cu helix from a,B-hybrid peptide of Aib and ACPC residues (B) 11/9 helix from a,f-hybrid
peptide of Leu and 1-(aminomethyl)cyclohexane-1-carboxylic acid (C) 14/15-helical structure from a,f3-
hybrid peptide of Ala, ACPC, and Aib residues (D) 10/11/11-helical structure of 2:1 a,B-hybrid peptide (E)
12/11/11-helical structure of 1:2 a,B-hybrid peptide.

In addition to mixed a, B-hybrid peptides, the structural characteristics of a, y-hybrid peptides have
also been explored in the literature. Hofmann and colleagues conducted predictions on the possible
helical conformations of hybrid peptides composed of a 1:1 alternation of a- and y-amino acids.
They proposed that the 12-helix is the most stable, followed by 12/10- or 18/20-helices.*?
Furthermore, Balaram and co-workers reported the formation of a 12-helix from an o, y-hybrid
consisting of a 1:1 ratio of Aib and Gabapentin residues.*3 A stable Ci2-helix structure was also
observed in a hybrid peptide with a 1:1 ratio of a- and y*-amino acids.*® This structure is stabilized
by intramolecular hydrogen bonding between (i) and (i+3) residues. Various studies have explored
the structural properties of a,y-hybrid peptides. Sharma and colleagues investigated several 12/10-
helices in o,y-hybrid peptides composed of L-Ala and y-Caa (C-linked carbo-y-amino acid).*
Gellman's group demonstrated the design, synthesis, and characterization of different a/y-peptides

containing sterically constrained cyclic y-amino acids.*
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Figure 12: (A) 12-helix of a,y-hybrid peptide foldamer composed of Boc-Aib-Gpn-Aib-Gpn-NHMe (B)
12-helix of o, y-hybrid peptide foldamer composed of leu and y-Val residues (C) 12/10-helix of a,y-hybrid
peptide foldamer composed of Val and EtACHA residues (d) 10/12-helix of aya with Leu, Gpn, and Aib
residues.

They characterized these structures through crystallographically and confirmed the stability of 12-
helix structures in an aqueous buffer through NMR studies.*® Balaram and colleagues utilized o/y-
peptides to create stable reverse turns in -hairpin conformations.*’A recent study by Misra et al.
reported the co-existence of 12- and 15/17-helices in an achiral a/y-hybrid peptide. However, when
the Aib residue was replaced by a-amino acids, the 12-helix transformed into a 12/10-mixed helical
structure.*® VVeeresh et al. showed the formation of a stable C1, helix in an a,y-hybrid peptide from

an initially unstructured peptide through base-mediated o, — P,y double-bond migration.>°

In contrast to the extensive exploration of a,f- and a,y-hybrid peptides, there are relatively fewer
reports on the conformational properties of B/y-peptides. The hydrogen bonding pattern in B/y-
peptides is depicted in Figure 11. Sharma and Kunwar reported a mixed 11/13 helical conformation
in p/y-peptides consisting of C-linked carbo-B- and y-amino acids in solution.>! Additionally,
Balaram and colleagues reported the 13-helix structure from a short B,y-hybrid peptide.5? Gellman
and colleagues demonstrated the 13-helix formation in PB,y-hybrid peptides.>® The helical
parameters in the 13-helix from B,y-hybrid peptides resemble those of the a-helix, providing an
opportunity to mimic the helical parameters of naturally occurring a-helices. Moreover, Aitken
and colleagues studied a 9/8-ribbon structure in B,y-hybrid peptides with stereochemically

constrained B-amino acids, and a 13-helix in unconstrained y*-amino acids.>*
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Figure 13: Instances of hybrid peptide helices that combine both - and y- amino acids. (a) lllustration of
the hydrogen-bonding arrangement in 11 and 13 helices. b) Presentation of the hydrogen-bonding

configuration observed in mixed helices, such as the 11/13 helix or the 20/22 helix.
1.7. a, p-Unsaturated y-Amino Acids Based Peptide Foldamers

Vinylogous y-amino acids, also known as o,f-unsaturated y-amino acids, are amino acids

characterized by the presence of a -CH=CH- group between the C* and C=0 in their chemical

structure.
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Figure 14. Different types of a,B-unsaturated y-amino acids and their nomenclature

These a,B-unsaturated y-amino acids have found utility as starting materials for the synthesis of y-

amino acids.® Additionally, they serve as substrates in various organic reactions, including 1,4-
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conjugate addition,®® epoxidation,® and the Diels-Alder reaction,*® leading to the generation of
diverse functional derivatives of y-amino acids. The vinylogous y-amino acids can be classified as
E- and Z-isomers based on the configuration of the double bond. However, heteroaromatic y-amino
acids always have a default Z-configuration, as illustrated in Figure 14. Despite their potential,
exploration of foldamers based on vinylogous y-amino acids is limited due to the inherent
challenges associated with obtaining stereochemically pure forms of these amino acids and their

analogs.

(E)-0, B-unsaturated y-amino acids are a type of non-ribosomal amino acid commonly present in
diverse natural products like Gallinamide A, Cyclotheonamides (A, B, C, D, E), Luminmycin (A,
B, C), and Miraziridine A (Figure 15).
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Figure 15: (A) Chemical configurations of cyclic and linear peptides containing naturally existing a,[3-

unsaturated y-amino acids are depicted through molecular structures.

A comprehensive mechanistic investigation by Schreiber and colleagues unveiled the potent
inhibitory role of Cyclotheonamides against serine protease and bovine B-trypsin.®® These
compounds exhibit noteworthy biological activities, with Gallinamide A demonstrating significant
anti-malarial effects.®® Miraziridine A, a natural cyclic peptide, serves as an inhibitor for various
proteases, including trypsin-like protease, papain-like cysteine protease, and pepsin-like aspartyl
protease.®’ The remarkable biological activities and natural presence of vinylogous amino acid
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residues have spurred synthetic chemists to devise peptide inhibitors targeting serine and cysteine

proteases.®?(Figure 16)
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Figure 16: (A) Artificial peptides incorporating a, B-unsaturated y-amino acids are employed as inhibitors
for diverse proteases.

The combination of both biological and chemical properties inherent in (E)-vinylogous residues
has sparked considerable interest among chemists. This interest is particularly evident in
investigations into the conformational behavior of (E)-vinylogous amino acids, both as individual
monomers and within the context of peptides. Understanding the conformational preferences of
these amino acids is crucial for designing and optimizing the synthesis of peptides or small
molecules with desired biological activities. The exploration of conformational behavior involves
studying how (E)-vinylogous amino acids adopt specific shapes or spatial arrangements. Such
studies contribute to the knowledge of how these amino acids interact with other molecules,
whether in isolation or within larger peptide structures. The conformational analysis of (E)-
vinylogous residues aids in elucidating the structural features that influence their biological
activities and can guide the design of novel compounds with tailored properties.

Schreiber and collaborators illustrated the creation of [-sheet structures in dipeptides and
unconventional helical formations in hybrid tetrapeptides.® Chakraborty and co-authors
highlighted the application of (E)-vinylogous amino acids in prompting reverse turns within -
hairpins.®* In a subsequent investigation, Hoffmann and colleagues documented diverse helical
arrangements featuring larger H-bond pseudo cycles in homo-oligomers of both (E)- and (2)-

vinylogous amino acids, employing systematic theoretical calculations with ab initio MO theory
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(Figure 17). Additionally, there is a proposal for constructing single-walled nanotubes from (E)-
vinylogous amino acid homo-oligomers, which can serve as ion channels.®® Furthermore, peptides
composed of (Z)-vinylogous amino acid oligomers tend to adopt helices with smaller H-bonded

pseudocycles, including 9 and 12-helices.
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Figure 17: (A) vinylogous y-amino acids (E)- and (Z). Molecular simulated structures of (B) Caxo-helices
(C) Cyur-helices composed of homo-oligomers of (E)-vinylogous y-amino acids (D) Ciz-helices (E) C--

helices composed of homo-oligomers of (Z)-vinylogous y-amino acids.

Previously, our group demonstrated the use of (E)-vinylogous y-amino acids in crafting stable [3-
hairpin structures,®® miniature B-meanders,®” and multiple p-sheet structures.®® Additionally, our
research group has engineered and explored the conformations of a,y-hybrid peptide foldamers
containing (Z)-vinylogous y-amino acids.®® Recently, we presented the conversion of an
unstructured peptide containing (E)-vinylogous y-amino acids into an a,y-short hybrid tripeptide
with a 12-helical structure through base-mediated double bond migration. This study highlights
the conversion of (E)-vinylogous y-amino acid units into (Z)-vinylogous y-amino acids and the

integration of carbon-carbon cis double bonds into the 12-helix.”® We have also constructed a
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parallel extended sheet structure from oligomers of (E)-vinylogous y-amino Leu.”* The structures

are shown in Figure 18.

Figure 18: Peptide foldamers based on vinylogous y-amino acids (A) Extended sheet structure of (E)-
vinylogous y-Phe dipeptide (B) f-meanders structures of aay-hybrid peptide of (E)-vinylogous y-Phe, Aib
and Leu (C) Conformational change (E)-vinylogous y-amino acid unit into (Z)-vinylogous y-amino acid
unit in 12-helical a,y-short hybrid tripeptide (D) Three stranded [-sheets constructed by incorporation of
(E)-vinylogous amino acids (E) Ciz-helical structure constructed from a,y- hybrid peptides containing (Z)-

vinylogous y*-amino acids (F) Extended sheet of (E)-vinylogous y-Leu tripeptide.
1.8. Double Helical Foldamers

The design of peptide-based foldamers has evolved beyond reliance on a-amino acids; over time,
foldamer chemists have incorporated f, y, 3-amino acids, or various combinations thereof, creating
a versatile library of structures. This expanded toolkit provides pathways to engineer novel
peptide-based foldamers with applications spanning drug discovery to the design of biomaterials.
While previous discussions on oligomer systems predominantly centered on folding reactions
within a single chain, it's crucial to recognize that foldamers extend beyond this singular context.

These entities extend beyond individual chains, forming multistrand assemblies where oligomer
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chains unite and fold through noncovalent intermolecular interactions. In the intricate tapestry of
biological systems, multi-stranded helical structures play indispensable roles. Unveiled by the
groundbreaking work of James Watson and Francis Crick in 1953, the DNA double helix stands
as one of the most iconic and fundamental structures in molecular biology. This helical structure
is constituted by two complementary polynucleotide strands intricately linked through numerous
hydrogen bonds. The stability of this helical arrangement is further fortified by n—= stacking
interactions, which involve the noncovalent association of nucleobase pairs covalently attached to
the strands.”> The DNA double helix is not merely a structural marvel; its profound functional roles
elevate its significance in the realm of molecular biology. One of its primary functions is to serve
as a repository for genetic information. The sequence of nucleotides along the strands encodes the
genetic instructions that govern the development, functioning, and regulation of living
organisms.”® Additionally, the DNA double helix facilitates the transfer of this genetic information
during processes such as DNA replication and transcription. The construction of artificial double
helices has emerged as a challenging and immensely intriguing area of scientific exploration.
Researchers seek to replicate the structural and functional aspects of the natural DNA double helix,
aiming to harness its unique properties for various applications. The challenges in constructing
artificial double helices lie in achieving the precision and stability inherent in natural DNA.
Researchers must carefully design molecules that can effectively form complementary pairs
through hydrogen bonding and exhibit the stacking interactions crucial for stability. Furthermore,
these artificial helices hold promise for applications in areas such as nanotechnology, materials
science, and medicine. Double-helical structures are uncommon in many natural biopolymers;
however, the peptide antibiotic gramicidin A, produced by Bacillus brevis, exhibits a double-
helical conformation. A notable feature of gramicidin A is its composition of alternating L- and
D-amino acids, all of which are fully hydrophobic.” Structural studies have revealed that the
conformation of gramicidin A is environment-dependent. In organic solvents, it adopts both left-
handed antiparallel p-double helix and right-handed parallel p-double helix conformations.”? In
the presence of Cs* ions in a methanol-chloroform solvent mixture, it forms a right-handed anti-
parallel double helix with ions bound.”® No definite structure was observed in 1:1 DMSO-acetone
solvents.”® In ethanol, four different structures were identified, including parallel f>° double
helices with differing hydrogen bond registries, a right-handed parallel p>° double helix, and a left-

handed anti-parallel p>® double helix. In benzene-ethanol solvent combinations and X-ray
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diffracted single crystal structures, single anti-parallel double-helical structures were
identified.”®¢ Additionally, along with B-double helical conformations, gramicidin A adopts a
single-stranded beta-helix structure in the lipid bilayer.”>" Due to its alternating L- and D-amino
acids, the peptide lacks a net dipole. The single-strand B-helix of gramicidin A is stabilized by
intramolecular hydrogen bonds, and two single B-helices form head-to-head and tail-to-tail dimers
in lipids.”®® These dimer structures act as membrane channels for ion transport. Beyond
experimental findings, theoretical studies have also indicated that gramicidin A possesses wide-
bore helical structures wound around a helical axis.”™" Apart from gramicidin A, another naturally
occurring peptide antibiotic, feglymycin, derived from Streptomyces sp., comprises unnatural
amino acids arranged in alternating L- and D-configurations, adopting a [-double helical
conformation.”® This structure is akin to the beta-double helix seen in gramicidin A, with
intermolecular hydrogen bonds intertwining the two strands. Unlike gramicidin A, however,
feglymycin serves as an ion transporter rather than a membrane channel.”® Feglymycin
demonstrates limited antibacterial activity against Gram-positive bacteria, but it exhibits robust

inhibitory effects on HIV syncytia formation in vitro.’¢

(A) (B) ©

DNA GRAMICIDN A Feglymycin

Figure 19: (A) Double helical structure of DNA. (B) Double helical structure of Gramicidin A (C) Double

helical structure of Feglymycin.
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Despite the notable achievements in creating artificial single helices, the realm of synthetic double
helices are currently in its infancy, with the associated chemistry still in early developmental
stages. The design of synthetic double helices has been explored to a limited extent, with only a
few structural motifs documented in the existing literature. Drawing inspiration from structural
insights gained from molecules like gramicidin A and feglymycin, researchers have embarked on
endeavors to fashion double-helical structures using peptide sequences that incorporate alternating
L- and D-amino acids. A noteworthy contribution in this domain comes from the work of Benedetti
and colleagues, who presented a pioneering crystal structure of a -double helix. This unique
structure was derived from a synthetic peptide featuring a sequence of alternating L- and D-amino
acids.”” The alternating arrangement of these amino acids in the peptide sequence contributes to
the formation of a stable double-helical structure. The successful design of a B-double helix from
a peptide with alternating L- and D-amino acids represents a notable step forward, laying the

foundation for further exploration and innovation in the evolving field of synthetic double helices.

Boc-(L-Phe-D-Phe),-OEt
Boc-(L-Val-D-Val),-OEt

Figure 20: Alternating L-/D- valine based double helix
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Constructing artificial double helices involves strategically utilizing noncovalent weak
interactions such as metal coordination, aromatic interactions, hydrogen bonding, and solvophobic
effect to intertwine molecular strands.”® These noncovalent interactions play a pivotal role in
stabilizing the structure and guiding the assembly of the helices. The effective combination of
these noncovalent interactions allows for the design and construction of diverse artificial double
helices with tailored properties and functions. The subsequent classification succinctly categorizes

double helices according to diverse non-covalent interactions.
Metal Coordination

In 1987, a landmark paper by Lehn et al. marked the inception of intelligent self-assembly by
introducing the term "helicate” to describe helical metal complexes with intertwining organic
strands around metal centers.”® This pioneering work focused on double-stranded helicates, where
Lehn and colleagues observed the spontaneous self-assembly of ether-linked 6,6’-methyl-2,2'-
bipyridine oligomers forming helical metal complexes with Cu(l) ions (Figure 21). Since this
seminal discovery, the field of helicates has experienced significant advancements, primarily

driven by the predictability of the helical structure during the molecular design phase.®

Figure 21: (A) Representation of Cu(l) helicates through structural formulae (B) The energy-minimized
structure of la (C) lllustration of heterotopic helicates 3 (D) 4, formed by molecular strands with

complementary sequences. (Reproduced with permission from ref 78; Copyright 2009 Wiley-VCH)
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The geometric preferences exhibited by metal centers when coordinating with organic ligand
strands are pivotal in influencing the helical structures of helicates. This understanding enables the
intentional design of double helical configurations. In line with this concept, diverse functional
groups have been integrated into helicates. The research team further expanded their investigation
by developing ligands substituted with thymidine. Upon complexation with Cu(l) ions, these
ligands led to the creation of deoxyribo-nucleohelicates (2b).8! This configuration shares
similarities with DNA, albeit with the unique characteristic of thymidine residues affixed to the
external surface of the double helix.

To incorporate sequence information analogous to the genetic code of DNA into molecular strands
of helicates, scientists utilized ligands featuring two distinct binding sites. This approach entailed
employing two molecular strands with complementary sequences of bipyridine and terpyridine
units. Upon interaction with Cu(ll) ions, this strategy resulted in the selective and exclusive
formation of the corresponding heteroleptic double-stranded helicates (3 and 4). The use of distinct
binding sites on the ligands allows for the controlled assembly of these helicates, mimicking the
sequence specificity observed in DNA. This selectivity arises from the Cu(ll) ion's preference for
a penta- or hexacoordinate geometry, unlike the Cu(l) ion's tendency toward tetracoordination.®2
The effective utilization of metal ion complexation played a pivotal role in enabling the reading
and processing of sequence information within the molecular strands. Subsequently, researchers
achieved sequence-specific sorting through the formation of complementary double helices for
these molecular strands.®® The success of this approach opens up avenues for the controlled
manipulation of molecular information at the supramolecular level. It not only demonstrates the
versatility of metal ion complexation in guiding the assembly of molecular structures but also
mimics the sequence-specific interactions found in biological systems, providing a valuable tool

for the design and engineering of functional supramolecular architectures.
Aromatic Interaction

In 2000, Lehn and Huc introduced a captivating category of metal-free double-stranded helices
comprising aromatic oligoamides. These oligoamides are composed of alternating 2,6-
aminopyridine and 2,6-pyridine dicarboxylic acids (Figure 22).2* Interestingly, the oligoamide
strands exhibit a unique helical configuration, facilitated by intramolecular hydrogen-bonding
interactions involving the NH protons of amide groups and the nitrogen atoms of pyridine rings.
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This specific conformation results in the creation of a robust double helix in solution,
predominantly propelled by aromatic interactions among the pyridine rings, which are stacked one
on top of the other. The evident dynamic exchange equilibrium between singular and double
helices manifests in distinct signals within the *H NMR spectrum. This equilibrium exhibits a slow
pace on the 'H NMR timescale, and studies conducted at variable temperatures unveiled a
temperature-dependent inclination towards double helices at lower temperatures, transitioning to
the dissociation into single strands at elevated temperatures. Both single and double helical
structures were thoroughly characterized through X-ray crystallography and NMR. Notably, the
hybridization of aromatic oligoamide strands demonstrates a fascinating dependence on chain
length. The fluctuation in the stability of double helices can be ascribed to the interaction of two
opposing factors: the enthalpic gain from dimerization decreases as the strand length increases,

concurrently with a reduction in entropic loss.
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5a:n =2, R‘ = R2 OC10H21, R C9H19
b:n=2 R'=R2=H, R®=0!C/H,
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Figure 22: (A) Structural formulae depiction of the oligopyridine carboxamides. (B) The X-ray diffracted

heating

cooling

:
iy

\/

single crystal structure of 5b. (C) A diagram illustrating the transformation of dissymmetrical double helices
through a sliding motion, succeeded by their separation into two individual single helices. (Reproduced
with permission from ref 78; Copyright 2009 Wiley-VCH)
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The stability of the double helices is markedly affected by interactions among the side chains of
the strands. This finding was corroborated through a detailed analysis of the solid and solution
structures of oligoamide double helices featuring various side chains.®> Along with the above
aromatic double helices, various other double helical structures have been developed by Huc and
colleagues using different oligoamide residues.®® Gabriel and Iverson strategically utilized
aromatic interactions, employing alternating stacking of electron-rich and electron-poor aromatic
systems to enhance double-stranded structure stability. The choice of oligomers, including the
electron-poor 1,4,5,8-naphthalene-tetracarboxylic diimide (NDI) and the electron-rich 1,5-
dialkoxy-naphthalene (DAN), facilitated intermolecular stacking. Remarkably, even in aqueous
solutions, this interaction resulted in a stable double-stranded structure, showcasing the

effectiveness of their approach in providing stability to such molecular arrangements.®’
Hydrogen Bonding

The utilization of hydrogen bonding in supramolecular chemistry has garnered increasing interest,
resulting in the creation of various supramolecular assemblies and molecular architectures.
However, designing hydrogen bond-mediated double helices with predictable formation has
remained a challenging task, primarily due to the tendency of most duplexes assembled by H-
bonding interactions to adopt zipper or ladder structures.®® A recent breakthrough in this regard
involves the rational design and synthesis of complementary double helices by leveraging specific

amidinium—carboxylate salt bridges (5-6) (Figure 23).%°

m-Terphenyl

Figure 23: The (R)-5-6 complex creates a complementary double-stranded helix, with the crystal structure
revealing specific molecular interactions between the amidinium and carboxylate components.

(Reproduced with permission from ref 78; Copyright 2009 Wiley-VCH)
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The amidinium—carboxylate salt bridge is identified by its dual hydrogen bonding and precise
geometry, displaying a partially charged structure with notable association constants, even in polar
environments. This unique property makes it a versatile component for constructing diverse
supramolecular assemblies. Along with this, another crucial element contributing to the success of
this approach is the utilization of rigid n-conjugated backbones constructed from m-terphenyl
moieties. These backbones play a pivotal role in ensuring that the duplexes predominantly adopt
the conformation of double helices, preventing the formation of other conformations. Experimental
techniques, including 'H NMR and ESI-MS, have demonstrated that the bisamidine and
dicarboxylic acid strands (5-6) readily form a double helix (5-6) in chloroform. The application of
X-ray crystallography has provided unambiguous evidence of the right-handed double helical
structure of 5-6. This double helix signifies an innovative category of synthetic compounds,
comprised of two complementary molecular strands intertwined through hydrogen-bonding
interactions, resembling the structure of DNA. The use of the salt-bridge-type hydrogen bonding
interactions has led to the discovery of various other duplex structures, as reported in the literature.
This methodology, combining the specific characteristics of the amidinium—carboxylate salt
bridge and rigid m-conjugated backbones, showcases a versatile and robust strategy for
constructing synthetic double helices with well-defined structures, holding promise for

applications in diverse areas of supramolecular chemistry.®°
Solvophobic Effects

The fascination with water-soluble helical polymers and oligomers has surged, driven by the
prevalence of crucial biological processes occurring in agueous environments. Although numerous
synthetic polymers and oligomers capable of folding into double helices in organic solvents have
been developed, their water-soluble counterparts are comparatively limited. Despite notable
advancements in supramolecular chemistry, achieving water-soluble double helical structures
remains a synthetically intriguing and challenging goal. The development of water-soluble helical
polymers and oligomers not only contributes to our understanding of molecular self-assembly in
aqueous environments but also opens avenues for applications in drug delivery, biomimetic

materials, and other biomedical fields.

Oligoresorcinols featuring oligo(m-phenylene) backbones, initially intended for a singular 5/1-

helix with dynamic properties,®* unexpectedly undergo self-assembly, forming well-defined
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double-helical structures in water.®? The establishment of these structures is substantiated by the
hyperchromic effect evident in absorption spectroscopy, upfield shifts in *H NMR spectra, and
assessments conducted through vapor pressure osmometry (VPO). In water, X-ray crystallography
has disclosed the presence of both single and double helical structures in specific oligoresorcinols.
The stabilization of double helices in water involves various interactions, including n—m and CH-
n interactions. These helices coexist in equimolar mixtures of left- and right-handed
conformations. The introduction of optically active groups at both ends induces a twist sense bias,

resulting in a distinctive Cotton effect.

-1 -15 n=8,11

Random Coil Double Helix =

2’22 %Z

Ollgosacchandy \

Heter-DoubIe Helix [3]Pseudorotaxane

Figure 24: (A) Depictions of the structural arrangements of oligoresorcinols. (B) The creation of a double
helix using oligoresorcinols, and the unwinding of this double helix led to the formation of [3]-
pseudorotaxane with cyclodextrins, and the development of a heterodouble helix with linear
oligosaccharides. Also provided are energy-minimized structures of the hetero double helix and the [3]-

pseudorotaxane. (Reproduced with permission from ref 78; Copyright 2009 Wiley-VCH)
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In contrast, in methanol, oligoresorcinols exhibit an anticipated random-coil conformation. The
formation of double-stranded helices in oligoresorcinols is notably pH-dependent, attributed to the
presence of two acidic hydroxyl groups on each benzene ring. Examinations utilizing 1H NMR,
absorption, and CD spectroscopy demonstrate that in alkaline water, both optically active and
inactive oligoresorcinols experience dissociation of their double helices into individual strands.
This dissociation is prompted by electrostatic repulsion arising from the deprotonation of hydroxyl
groups, leading to negatively charged strands. The resultant single strand subsequently adopts a
single helix conformation with the aid of intramolecular hydrogen bonds in a water environment.
Furthermore, when achiral oligo resorcinol (n = 9) is placed in alkaline water, it demonstrates a
helix-sense bias in the presence of water-soluble chiral compounds like ammonium salts, amines,
and alcohols. This characteristic makes oligoresorcinols highly promising candidates for water-
soluble chirality sensors.® In the presence of B- or y-cyclodextrin (CyD), the helical structure 18
forms [3]pseudorotaxanes with a twist-sense bias induced by the chirality of CyD. Reversion to
the double helix occurs with B-CyD upon the addition of an adamantane derivative, forming an
inclusion complex. In an aqueous environment, 18 and linear oligosaccharides undergo shuffling
to create hetero double helices with a twist-sense bias, demonstrating high stereoselectivity
dependent on chain lengths and glycosidic linkage patterns. This innovative approach unveils a

novel method for saccharide recognition in water.%

In our lab, we are actively engaged in the exploration of various non-natural amino acid building
blocks for the design and construction of diverse peptidic foldamers and peptidomimetic
structures, with applications across different domains. As previously mentioned, the endeavor to
design and engineer peptide-based double helices using unnatural amino acids represents an
intriguing frontier in biomolecular chemistry. The introduction of chemical diversity has spurred
efforts to create unique and well-defined secondary structures, with a specific emphasis on double
helices. Such structures hold implications ranging from mimicking natural biomolecules to serving

as platforms for applications in materials science and biotechnology.

Motivated by the structural intricacies observed in natural peptides such as gramicidin A and
feglymycin, our laboratory has undertaken the challenge of designing artificial peptide double
helices. In pursuit of this goal, we recently reported on the B-double-helical structures derived from

95a

the homo-oligomers of 4,4-gem-dimethyl a,B-unsaturated y-amino acids™ and a,B-unsaturated y-
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amino AcsC-amino acids.®® These y-peptides exhibit a parallel duplex structure in both solid and
solution states, stabilized by interstrand hydrogen bonding. The depicted double helical structures

are illustrated in Figure 25.

Figure 25: Crystal structure of o,B-unsaturated y-Aic amino acids based double helices (A) tetrapeptide

ester (B) pentapeptide ester (C) o,B-unsaturated y-amino AcsC-amino acid based double helix.

Upon an in-depth examination of the existing literature, it is well-established that conventional
double helices, formed through the alternation of L and D amino acids, inherently lack chirality.
This characteristic holds true for the recently developed double helices in our research, where the
monomers composing these sequences also lack inherent chirality. Given that chirality is a
fundamental aspect with far-reaching implications across scientific disciplines—impacting
molecular interactions, material properties, drug design, and sensory experiences—we are
motivated to unravel and harness chirality in the context of peptide-based chiral double helices. In
the current study, our focus revolves around exploring innovative strategies for designing and
synthesizing peptide-based chiral double helices. We delve into the structural diversity achieved
through a spectrum of synthetic methodologies, carefully dissecting the influence of
stereochemistry and electronic properties on the resulting chiral structures. The insights gleaned

from this investigation not only contribute to a foundational understanding of y-peptide-based
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chiral double helices and their assembly but also lay the groundwork for the development of

pioneering materials and bioactive compounds characterized by distinct chiral signatures.
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Chapter 2

Design of Chiral -Double Helices from y-Peptide
Foldamers
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2.1. Introduction

Chirality, the property of asymmetry in molecules, is widespread in nature, playing a crucial role
in the structure and function of biomolecules. Homochirality, the prevalence of a single chirality
in a given biological system, is a remarkable feature observed in many biomolecules. The concept
of helicity, or the inherent property of a molecule to exhibit a helical structure, is widespread across
various classes of biomolecules, with proteins, nucleic acids, and polysaccharides being prominent
examples. The helical structures observed in these molecules play fundamental roles in their
biological functions. In the context of nucleic acids, DNA, for instance, showcases the remarkable
ability to adopt both right-handed (B-DNA) and left-handed (Z-DNA) double helix
conformations.! The right-handed B-DNA is the more prevalent and biologically relevant form,
with its specific pairing of nucleotide bases (adenine with thymine and guanine with cytosine)
through hydrogen bonding. This complementary base pairing results in the formation of a stable
right-handed double helix, known as B-DNA, which is essential for processes such as DNA
replication and transcription. On the other hand, Z-DNA, the left-handed counterpart, is less
common and typically induced by specific sequences, high salt concentrations, or binding proteins.
This left-handed conformation is associated with dynamic processes, including gene expression
regulation.? Similarly, in proteins, the right-handed a-helix is a prevalent structural motif. No
double helix structures have been observed in proteins and peptides with the exception of a fifteen-
residue natural peptide antibiotic gramicidin A% and a recently discovered thirteen residue peptide,
feglymycin.* Both of these natural peptides adopted double helix conformations. The common
feature between gramicidin A and feglymycin is that both peptides consist of alternating L- and
D-amino acids. It has been established that gramicidin A adopts a f-double helix conformation in
organic solvents and a B-helix conformation in lipids.> The structure and functions of gramicidin
A and other natural peptides have attracted considerable attention from chemists aiming to design
gramicidin mimetics. Drawing inspiration from natural sequences, synthetic double helices have
been reported using sequences consisting of L- and D-amino acids.® No reports have emerged
regarding B-double helix structures from peptides other than those composed of L- and D-amino
acids. No peptide double helices with a single amino acid chirality have been reported. However,
in their pioneering work, Lehn, Huc, and others have reported double helices formed from
quinolone-based oligomers.” Additionally, a range of non-peptidic oligomers have been explored
to design double-helical structures in both the absence and presence of metal ions.® Recently, we
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demonstrated double helical structures designed from the oligomers of achiral (E)-a., B-unsaturated

4, 4-dimethyl y-amino acids (dyAic).°
2.2. Objective of the Present Work

In continuation of our efforts to comprehend the structure and functions of natural systems, we
sought to investigate whether it is possible to design chiral B-double helices and study their
structure and functions. In addition, we also sought to investigate whether the p-sheet promoting
(E)-a, B-unsaturated y-amino acids can be accommodated into the B-double helix structure. In this
report, we detail the design, single crystal conformations, and solution structural analysis,
structural analogy with other a-peptide B-double helices, their ion transport activity. This marks

the first report demonstrating the design of chiral peptide double helices.
2.3. Results and Discussions

To investigate the potential formation of chiral-double helices, we designed four peptides, P1 to
P4. The sequences of these peptides are shown in Scheme 1.

oAF D02 v n RR' = -H, -Me, -CH(CHy),,
N ﬁr ~ -CH,CH(CH),
H (o]

Scheme 1: Sequences of the chiral y-peptides P1-P4

Chiral o,B-unsaturated y-amino acids were incorporated with a 1:1 alternating arrangement
alongside achiral 4,4-dimethyl a,3-unsaturated y- amino acids. The oligomer of achiral 4,4-dialkyl
o,B-unsaturated y-amino acids are known to adopt -double helix structure. Peptides P1 and P3
consist of chiral a,B-unsaturated y-amino acids derived from L-amino acids, while peptides P2

and P4 consist of chiral o,3-unsaturated y-amino acids derived from D-amino acids, respectively.
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All peptides were synthesized utilizing solution-based methods and all o,-unsaturated y-amino

acids were prepared in accordance with previously reported procedures.®
2.3.1. Crystal Structure Analysis of P1

To obtain unequivocal conformations of the designed peptides, we subjected them to
crystallization using various solvent combinations. Single crystals of P1 were successfully
obtained from the peptide solution in chloroform and toluene, and the X-ray diffracted structure is

depicted in Figure 1A.

(C) H-bonding pattern: i(CO)<—i+2(NH)
i+2

i O Strand 1

|
T)L

o Strand 2

o | o [ o v

Strand 1

dy Aib 1 -70.71 -6.91 -171.33 173.71
dy Val(L) 1 -97.25 -5.36 179.31 -174.54

dy Aib 2 -61.97 -21.34 | -171.38 172.85
dy Val(L) 2 -96.07 1.84 174.41 -176.36

Strand 2

dyAib 1 -72.25 -12.69 | -173.46 | -177.44
dy Val(L) 1 -82.40 -13.11 -179.68 164.28

dy Aib 2 -76.84 -10.25 | -172.88 177.90
dy Val(L) 2 -86.53 -2.74 177.10 175.78

Figure 1: (A) The X-ray diffracted single crystal structure of P1. An imaginary rod is introduced along the
central axis to facilitate the observation of the parallel B-double helices. Two strands are shown in two
different colors. (B) Top view of P1 double helix. (C) Interstrand H-bonding observed between amide
carbonyl (CO) of residue (i) in strand 1 and amide NH residue (i+2) in strand 2. (D) Torsion angle

parameters of strand 1 and strand 2 of P1.

The peptide adopted a B-double helix conformation in the single crystals, wherein two individual

peptides intertwined through intermolecular hydrogen bonds. This double helix structure was
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stabilized by eight intermolecular hydrogen bonds between the amide carbonyl (CO) of residue (i)
in strand 1 and amide NH residue (i+2) in strand 2. The hydrogen bond parameters observed in
the double helix are within standard limits and are tabulated in Table 1. The two strands in the
double helix structure adopted right-handed helical conformation without any intramolecular
P1 exhibited a remarkable right-handed (P)-B-double helix

conformation in single crystals.

hydrogen bonds. Overall,

Table 1: Interstrand H-bond parameters of P1

Donor Acceptor D.....A DH....A | #NH....O

(D) (A) (R) (R) ©)

N7 02 2.964 2,172 153.19
N8 03 2.843 1.996 171.31
N9 04 2.826 1.969 174.12
N10 05 2.820 1.990 161.69
N2 08 2.843 2.036 155.85
N3 09 2.846 2.000 167.25
N4 010 3.007 2.185 159.87
N5 0o11 2.792 1.942 168.93

Furthermore, we measured the torsion angles of a, B-unsaturated y-amino acids using the torsion
variables as depicted in Scheme 1. The torsion angle analysis revealed that achiral a,p-unsaturated
4,4-dimethyl y-amino acids displayed average ¢, 01, 62 and y angles of -70.51°+9°, -12.80°+9°,
+172°4£2° and +175.47°+5°, respectively. The torsion angle 61 displayed a value close to 0°
whereas, 02 and  displayed values close to 180°. The first three torsion variables displayed
negative signs, whereas y displayed a positive sign, with the exception of the terminal residue in
one of the strands. The values displayed by the achiral residues are consistent with previously
observed B-double helix structures. The average torsion angles of the chiral amino acids ¢, 61, 6
and y were found to be -90.56°+8°, -5.76°£8°, £176.94°+5° and £172.74°, respectively. The sign
is consistent in the torsion variables ¢ and 01, but not consistent in the fully extended 6. and . In
order to investigate whether D-amino acids can be used to design a -double helix with opposite

chirality, we synthesized peptide P2. However, we did not obtain good-quality crystals of P2.
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2.3.2. Crystal Structures Analysis of P3 and P4

To explore whether other chiral o,-unsaturated y-amino acids can be employed in the design of
chiral B-double helices, we synthesized peptides P3 and P4. The chiral unsaturated amino acids in
P3 and P4 were derived from L- and D-leucine, respectively. Both peptides were subjected to
crystallization in various solvent combinations to understand their solid-state conformations. The
single crystal of P3 was obtained from its solution in chloroform and xylene and the structure is

shown in Figure 2A.

(C) H-bonding pattern: i(CO)<—i+2(NH)

o Strand1

.-H 0 Strand 2
" - J I
,’/v/\gNNh,
’ \YH

(D) Torsion angles parameters:

o | o | 6 | w

Strand 1

dy Aib 1 -73.51 | -10.02 | -171.80 | -178.53

dyLeu(L) 1 | -92.65 | -11.58 | -178.41 | 175.15

dy Aib 2 -68.92 | -11.02 | -174.52 | 175.6

dy Leu(L) 2 | -87.19 | -11.12 | -177.18 | 172.30

Figure 2: (A) Single crystal structure of P3. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P3. (C) Hydrogen bonding pattern observed in
P3. (D) Torsion angle parameters of P3.

One molecule of P3 was found in the asymmetric unit along with three water molecules. The
peptide adopted a right-handed helix-type conformation without any intramolecular hydrogen
bonds. All amide NH and carbonyl groups were exposed for intermolecular hydrogen bonds. In
sharp contrast to -sheet structures, the peptide self-assembled with another molecule by involving

all amide NH groups and CO groups for intermolecular hydrogen bonds, except Boc-NH and C-
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terminal CO groups. Two molecules of P3 intertwined through hydrogen bonds between amide
NH (i+2) groups in one strand and the CO (i) of the other strand, adopting a right-handed -double
helix structure. The double helix structure was stabilized by eight intermolecular hydrogen bonds.
The N-terminal two Boc amide NH groups were involved in the intermolecular hydrogen bonds
with the exposed C-terminal amide CO groups of the other double helix, leading to a continuous
assembly of double helices. The hydrogen bonding parameters observed in P3 are tabulated in
Table 2.

Table 2: Interstrand H-bond parameters of P3

Donor Acceptor D..;..A DH;...A ANH....O

(D) (A) (A) (A) (deg)
N2 (strand 1) | O2 (strand 2) | 2.840 | 2.053 | 148.43
N3 (strand 1) | O3 (strand 2) | 2.810 | 1.943 | 168.42
N4 (strand 1) | O4 (strand 2) | 2.838 | 1.998 | 159.55
N5 (strand 1) | O5 (strand 2) | 2.884 | 2.032 | 163.12
N2 (strand 2) | O2 (strand 1) | 2.840 | 2.053 | 148.43
N3 (strand 2) | O3 (strand 1) | 2.810 | 1.943 | 168.42
N4 (strand 2) | 04 (strand 1) | 2.838 | 1.998 | 159.55
N5 (strand 2) | O5 (strand 1) | 2.884 | 2.032 | 163.12

The torsion angle analysis revealed that the peptide displayed similar torsion angles as observed
in P1. The average torsion angles ¢, 01, 02 and y of achiral residues were found to be -71.21°+3°,
-10.5°£1°, -173.16°+2° and +£177.06°+1°, respectively. For the chiral amino acids, the average
torsion angles were found to be -89.92°+3°, -11.35°+0.4°, -177.79°t1° and +173.72°+2°,
respectively. P3 adopted parallel double helix conformations in single crystals.

The single crystals of P4 were obtained from its solution in DCM and xylene. The X-ray diffracted
single crystal structure of the peptide is shown in Figure 3A. In the asymmetric unit, one molecule
of P4 and a water molecule were found. The peptide adopted a left-handed helical conformation
without any intramolecular hydrogen bonds.
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(C) H-bonding pattern: i(CO)<«—i+2(NH)

Strand 1

dy Aib 1 71.38 12.33 | 170.60 | 176.42

dyLeu(D) 1| 9213 | 7.99 |-179.40 | -173.94

dy Aib 2 71.01 11.89 | 174.77 | -178.94

dy Leu(D) 2 | 84.73 19.95 | 174.18 | -170.51

Figure 3: (A) Single crystal structure of P4. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P4. (C) Hydrogen bonding pattern observed in

P4. (D) Torsion angle parameters of P4.

All amide (NH) and carbonyl (CO) groups of P4 were exposed for intermolecular hydrogen bonds.
Two molecules of P4 intertwined to form a left-handed parallel B-double helix structure. This
entwined structure was stabilized by eight intermolecular hydrogen bonds between the CO (i) in
one strand and NH of (i+2) residue in the other strand, except for the N-terminal Boc-NH and the
C-terminal amide CO group. The two exposed Boc-NH groups in the double helix interacted with
the C-terminal carbonyl groups of the other double helix structures, facilitating the self-assembly
of B-double helical structures in single crystals. The hydrogen bonding parameters observed in P4
are tabulated in Table 3. As a left-handed B-double helix, P4 exhibited the opposite sign in ¢ and
01 torsion angles. The average torsion angles for achiral residues were found to be +71.2°+£0.2°,
+12.06°£0.17°, £172.68°+2° and +177.68°£1°. For the chiral amino acids, the average torsion
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angles were found to be +88.43°+4°, +13.97°+6°, £172.68°+1° and £176.72°+£2°, respectively, for
¢, 01, 62 and .

Table 3: Interstrand H-bond parameters of P4

Donor Acceptor D..;..A DH;...A 4NH....O

(D) (A) (A) (A) (deg)
N1 (strand 1) | O2 (strand 2) 2.846 1.979 168.49
N2 (strand 1) | O3 (strand 2) 2.833 1.982 162.11
N3 (strand 1) | O4 (strand 2) 2.799 1.920 175.87
N4 (strand 1) | O5 (strand 2) 2.853 2.043 152.77
N1 (strand 2) | O2 (strand 1) 2.846 1.979 168.49
N2 (strand 2) | O3 (strand 1) 2.833 1.982 162.11
N3 (strand 2) | O4 (strand 1) 2.799 1.920 175.87
N4 (strand 2) | O5 (strand 1) 2.853 2.043 152.77

Both achiral amino acids also adopted left-handed conformations similar to unsaturated amino
acids derived from D-Leu. The achiral amino acid can adopt a right-handed or left-handed

conformation depending on the nature of the chiral amino acids.

An In Depth Comparison of the Crystal Structures of Chiral g-Double Helices

In the previous analysis, it was observed that peptides P1, P3, and P4 adopt a B-double helical
conformation in the solid state. In the asymmetric unit, two molecules of P1 intertwine with each
other, while P3 and P4 exhibit a single-strand arrangement. Overall, these peptides form a f3-
double helix stabilized by eight interstrand hydrogen bonds between the amide carbonyl (CO) of
residue (i) in strand 1 and the amide NH residue (i+2) in strand 2. Notably, the Boc-amide NH and
C-terminal CO groups do not participate in hydrogen bonding; instead, they form hydrogen bonds

with other double helices, contributing to a continuous hydrogen-bonded assembly.

Torsion angle analysis revealed specific patterns for achiral a,B-unsaturated 4,4-dimethyl y-amino

acids and chiral amino acids in P1, P3, and P4. The torsion angle analysis revealed that achiral

a,B-unsaturated 4,4-dimethyl y-amino acids displayed average ¢, 61, 62 and y angles of -70.51°+9°,

-12.80°+9°, £172°+2° and £175.47°+5°, respectively for P1, -71.21°+3°, -10.5°+1°, -173.16°+2°
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and £177.06°+1°, respectively for P3, and +71.2°+0.2°, +12.06°+0.17°, £172.68°+2° and
+177.68°+1° respectively for P4. . The average torsion angles of the chiral amino acids ¢, 61, 62
and y were found to be -90.56°£8°, -5.76°+8°, £176.94°+5° and +172.74°, respectively for P1, -
89.92°+3°, -11.35°+0.4°, -177.79°+1° and +173.72°+2°, respectively for P3, and +71.2°+0.2°,
+12.06°£0.17°, £172.68°+2° and £177.68°+1° respectively for P4.

In our study, the torsion angles ¢ and 0 emerge as pivotal factors influencing double helix
formation. We prioritize examining the sign and magnitude of these angles. Analysis of the
average torsion angle data indicates that ¢ tends to be negative for L-isomers and positive for D-
isomers. While achiral a,B-unsaturated 4,4-dimethyl y-amino acids can exhibit both positive and
negative torsional angles, the presence of chiral amino acids results in a specific torsion angle sign

for these compounds. Across all cases, 0 values tend to hover near zero.

Peptide P1 o 0, 0, W Peptide P4 ¢ 0, 02 W
Strand 1 Strand 1

dyAib 1 -70.71 -6.91 -171.33 173.71 dy Aib 1 7138 12.23 170.60 176.42
dyVal1(L) | -97.25 5.36 179.31 17454 | o Tout (D) %13 799 ~79q0 | 7303
dy Aib 2 61.97 21.34 171.38 172.85 AE3 o - —— s
dyval2(L) | -96.07 1.84 174.41 -176.36 Al : : 7e
Strand 2 dy Leu2 (D) 84.73 19.95 174.18 170,51
dyAib 1 7225 12.69 17349 | 177.44

dyVal1(L) | -82.40 3.1 179.68 164.28 150 AR

dy Aib 2 76.84 10.25 172.88 177.90 g i g Leuval
dyval2(L) | -86.53 274 177.10 175.78 ‘2. 3 100+ R

eft-handed ( )-
Peptide P3 ) ) 6, v % g 50+ B-double el
*
Strand 1 g-f L T <=
dy Aib 1 7351 ~10.02 47180 | -178.53 T =] -50 ] Right-handed (P)-
° D- B-double helix

dyLeul (L) | 9265 1158 178.41 175.15 -+ 3 1004

dyAib 2 68.92 11.02 174.52 175.6 g 501
dyLeuz(L) | 87.19 1112 7718 172.30 P R T A

]
In summary, L-isomers adopt a right-handed (P)-B-double helix conformation in single crystals,
while D-isomers form a left-handed (M)-p-double helix conformation. A Ramachandran plot was
constructed using ¢ vs 01 values, where the right-handed (P)-B-double helix and left-handed (M)-

[-double helix occupied mirror-image positions.
2.3.3. Circular Dichroism Analysis of the Peptides P1-P4

Circular dichroism (CD) is an indispensable tool for comprehending the conformation of

polypeptides.’* To understand the solution conformations of peptides, we subjected them to CD
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analysis in chloroform, 1,1,2,2-tetrachloroethane, and methanol. Since circular dichroism employs
both left- and right-circularly polarized light, we examined both left-handed and right-handed -
double helices to grasp their structural characteristics in chloroform. All four peptides exhibited
distinct CD signatures. Peptide P1 and P3 displayed a small CD minimum at 226 nm and a large
CD maximum at 242 nm, whereas P2 and P4 exhibited precisely the opposite spectrum, featuring
a small CD maximum at 226 nm and a large CD minimum at 242 nm. Figure 4A illustrates the CD

spectra of P1 and P2. Similar spectra were observed for P3 and P4 in chloroform (Figure 4B).
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Figure 4: (A) CD spectra of P1 and P2 in chloroform. (B) CD spectra of P3 and P4 in chloroform. (C) CD
spectra of P1 and P2 in methanol. (D) CD spectra of P3 and P4 in methanol

Interestingly, both P1 and P2 displayed different CD spectra in methanol compared to chloroform.
The mirror-image spectra observed in methanol are shown in Figure 4C. P1 exhibited a CD
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maximum at 205 nm and a minimum at 238 nm, whereas P2 displayed a CD minimum at 205 nm
and a maximum at 238 nm. Similar spectra were observed for P3 and P4 in methanol (Figure 4D).
Interestingly, we observed temperature-dependent changes in the intensities of CD maxima and
minima for P1 and P2, with no alterations observed in the CD spectra of P1 and P2 in methanol

across different temperatures (see Figure 5).
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Figure 5: Temperature-dependent CD spectra for peptides P1 and P2 in methanol.

We further recorded the CD spectra of P1-P4 in 1,1,2,2-tetrachloroethane to elucidate their
structural properties. All peptides displayed similar spectra to those observed in chloroform.
Additionally, all peptides exhibited temperature-dependent CD spectra. The temperature-
dependent CD spectra of P1 and P2 are depicted in Figure 6A.
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Figure 6: (A) Temperature-dependent CD spectra of P1 and P2 in 1,1,22-tetrachloroethane. (B)
Temperature-dependent CD spectra of P3 and P4 in 1,1,2,2-tetrachloroethane.
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The intensity of CD maxima for P1 decreased with increasing temperature from 298 K to 378 K
and similarly, the intensity of CD minima for P2 decreased with higher temperatures. The
temperature-dependent CD analysis suggested that peptides partly adopted double helix
conformations even at 378 K. The temperature-dependent CD spectra of P3 and P4 also showed
similar observations and are depicted in Figure 6B. The melting temperatures were found to be
73+1.6°C, 71+1.47 °C, 70+1.98 °C, and 68+1.95 °C, respectively, for P1, P2, P3, and P4. All
four peptides showed similar melting temperatures. The melting temperature plot is shown in
Figures 7A, 7B, 7C and 7D for P1, P2, P3 and P4 respectively.
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Figure 7: The melting temperature (Tm) plots for the peptides. (A) P1. (B) P2. (C) P3. (D) P4. The

ellipticity values at 242 nm with different temperatures were normalized and plotted against the respective

temperatures. The points are fitted using the sigmoidal-Boltzmann fit.
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2.3.4. Temperature-Dependent *H Experiments of P1-P4

Motivated by the distinctive circular dichroism (CD) signatures observed in aprotic solvents for
the peptides, we conducted NMR analysis to gain a more in-depth understanding of their solution
conformations. Each of the four peptides displayed well-dispersed *H NMR spectra in solution.
Temperature-dependent *H NMR analysis of P1 in C2D.Cls revealed a gradual upfield shift in
chemical shifts for all amide NH groups with increasing temperature from 298 K to 378 K, except
for the Boc amide NH, which showed minimal change in chemical shift values. Similar trends
were observed for the other peptides, suggesting that all amide NH groups are involved in
intermolecular, possibly inter-strand hydrogen bonds. The reverse trend was observed when
decreasing the temperature from 378 K to 298 K, with a downfield shift of amide NH chemical
shifts. The chemical shift values of each temperature vs temperature plot for both increasing and
decreasing temperature are given in Figures 8A and 8B for P1 and Figures 10A and 10B for P3.
The plot shows that while increasing or decreasing the temperature the chemical shift values at a
particular temperature attain almost similar values. This in way also describes the reversibility of
our double-helices with respect to temperature. We observed similar phenomena in the case of
Peptide P2 and P4. Consistent with observations in single crystals, the Boc-NH was not involved
in inter-strand intermolecular hydrogen bonds. All the Temperature-dependent NMR spectra for

peptides P1-P4 are given below.
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Figure 8: Partial *H NMR spectra of peptide P1 in C,D,Cl, at different (A) increasing temperatures and

(B) decreasing temperatures.
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Figure 9: Partial *H NMR spectra of peptide P2 in C,D,Cl, at different (A) increasing temperatures and
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Figure 10: Partial '"H NMR spectra of peptide P3 in C,D.Cl, at different (A) increasing temperatures and
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Figure 11: Partial *H NMR spectra of peptide P4 in C,D,Cl, at different (A) increasing temperatures and

(B) decreasing temperature
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Figure 12: chemical shifts of NHs vs temperature with increasing and decreasing temperature plotted
together for (A) P1 and (B) P3.

Table 4: Chemical shifts (in ppm) of amide NHs of peptide P1

Temp. (K) NH 4 NH 5 NH 3 NH2 Boc-NH
298 8.713 8.499 8.221 7.683 4.792
308 8.687 8.476 8.212 7.639 4.793
318 8.652 8.45 8.201 7.591 4.797
328 8.612 8.42 8.183 7.54 4.8
338 8.54 8.376 8.149 7.456 4.803
348 8.455 8.335 8.114 7.28 4.805
358 8.368 8.283 8.072 7.204 4.806
368 8.277 8.219 8.01 7.204 4.805
378 8.139 8.139 7.929 7.119 4.805

d&/dT -7 -6.1 -4.51 7.2 0.18
(ppb KY) (£0.6) (£0.46) (0.09) (£0.04) (£0.27)

Table 5: Chemical shifts (in ppm) of amide NHs of peptide P3

Temp. (K) NH 4 NH 5 NH 3 NH2 Boc-NH
298 8.79 8.658 8.196 7.691 4.814
308 8.749 8.621 8.189 7.618 4.826
318 8.716 8.598 8.174 7.559 4.833
328 8.668 8.548 8.151 7.472 4.842
338 8.574 8.485 8.115 7.391 4.853
348 8.452 8.422 8.068 7.285 4.857
358 8.346 8.285 8.005 7.199 4.859
368 8.233 8.134 7.916 7.106 4.86
378 8.111 7.952 7.793 6.981 4.861

dé/dT -8.7 -8.39 -5.12 -8.81 0.59
(ppb KY) (+0.69) (+0.46) (+0.66) (+0.28) (+0.07)
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2.3.5. DMSO-ds Titration of Peptides P1, P2, P3 & P4

To confirm whether all NH groups were involved in inter-strand hydrogen bonds, we conducted
DMSO-dg titration experiments. The titration experiments indicated that, with the exception of the
N-terminal Boc amide NH, negligible changes in the chemical shift positions were observed for
the other amide NH protons in peptides P1-P4 as the concentration of DMSO-ds increased. These
findings strongly suggest the involvement of backbone amide NH and CO groups in intermolecular
hydrogen bonding between peptide strands within the double helix. However, a notable downfield
shift was observed for Boc-NH as the concentration of DMSO-des increased, indicating the
exposure of N-terminal NH protons in all peptides to the solvent for hydrogen bonding. The
DMSO-de titration results for all peptides are provided in below Figure 13 and Figure 14.
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Figure 13: Solvent dependence of NH chemical shifts of the peptides (A) P1 and (B) P2 at varying
concentrations of DMSO-ds
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Figure 14: Solvent dependence of NH chemical shifts of the peptides (A) P3 and (B) P4 at varying
concentrations of DMSO-ds
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2.3.6. 2D-NMR Analysis of Peptide P4

Given that all peptides yielded similar results in temperature-dependent NMR and DMSO-ds
titration experiments, we selected peptide P4 for 2D NMR analysis in CDCl3 to delve deeper into
its solution conformation. The positions of all amino acids in the sequence were confirmed by
TOCSY and ROSEY spectroscopy. Figure 15 shows the partial ROSEY spectra of peptide P4. We
observed very strong NOEs between Boc CHs and 1NH, medium NOEs between residues, 1CPH
and 2C*H, 2C"H and 3NH, 1CPH and 3NH, 1C*H and 2C*H, 2CPH and 4NH, and 3CPH and NH
benzylamine. Additionally, we noted weak NOEs between 1CPH and 2NH, and 2CPH and 3NH.

In addition to these crucial NOEs, we observed various other intermolecular and intramolecular

NOEs, all of which are tabulated in Tables 6 and 7.
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Figure 15: Partial ROSEY spectra of P4

Table 6: Intra-molecular NOEs used in structure calculation and their classification

HY/HP (2/2), H/NH (2/3), H'HP (4/4), NH/CHs(pro-R) (1/1), NH/CH
(pro-R) (3/3), H/H(pro-R) (4/4), HY/NH (1/2), CHs(pro-S)/HP (1/1),
He/NH (3/4)

Very Strong

H3(pro-R)/HP (4/4), NH/HY (4/4), H¥(pro-R)/HP (2/2), CH3 (pro-S)/H*
(3/3), NH/H3(pro-S) (2/2), NH/H®* (2/2), H'/H3(pro-S) (4/4), CHs (pro-
R)/HP (3/3), CHs (pro-S)/HP (3/3), CHa(pro-R)/H¢ (1/1), NH/H¥(pro-S)
(414), HE/HP (4/4), CHs(pro-R)/HP (1/1)

Strong

CHs (pro-R)/H® (3/3), NH/HT (2/2), H'/H* (4/4), NH/H® (1/1), NH/CH;
(pro-S) (3/3), H¥(pro-S)/HP (2/2), HY/He (2/2), H3(pro-S)/H® (4/4), HiIHe
(2/2), NH/H(0) (5/5), NH/HE (2/2), H3(pro-S)/HP (4/4), H'/Ha (4/4), NH/H®
(414)

Medium

HY/H® (1/2), H¥(pro-R)/H® (4/4), H/H* (4/4), HE/HP (2/2), NH/H®(pro-R)

Weak

(4/4), NH/H3(pro-R) (2/2), NH/HP (1/1), CHa(pro-S)/H¢ (1/1), HY/HY (1/2)
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Table 7: Inter-molecular NOEs used in structure calculation and their classification

Boc/NH (0/1), Boc/H* (0/1) Very Strong
HPF/H* (1/2), HP/NH (2/4), H'INH (2/3), HF/NH (1/3), HY/H* (1/2), H¥/NH | Medium
(3/5)
HY/H(0) (4/5), H/NH (1/2), H/H(0) (4/5), HP/NH (2/3), H(pro-R)/H(0) | Weak
(4/5), CH3 (pro-S)/H(m) (3/5), CHs (pro-R)/H(m) (3/5), CHs (pro-
S)/H(0) (3/5)

We used all the NOEs to construct the solution conformation of peptide P4 using the Desmond

software, as reported earlier.!?> The twenty lowest energy conformations of P4 are depicted in
Figure 16A. The peptide adopted a 3-double helix conformation in solution, similar to the structure
observed in the single crystals. The overlay of the solution structure and the crystal structure is
shown in Figure 16B. We did not observe any intermolecular NOEs in the CD3OH solution,
suggesting that the peptide did not adopt a B-double helix structure in protic solvents. These results

are consistent with the achiral f-double helices reported earlier.

Figure 16: (A) Twenty low-energy structures of P4 derived from 2D-NMR structure calculations. (B)

Superposition of crystal structure and solution structure of P4.

2.3.7. Structural Analogy with Other Synthetic and Natural Peptide B-Double Helices

As peptides P1-P4 displayed remarkable chiral B-double helical structures, we aimed to examine

their structural similarities with other synthetic and naturally occurring peptide f-double helices.
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Recently, we demonstrated that the presence of 4,4-dialkyl substitution in o,3-unsaturated y-amino
acids is crucial for adopting B-double helix conformations. Without this substitution, the oligomers
tend to adopt a B-sheet conformation.'® In the B-double helices derived from the o,B-unsaturated
y-amino acids, both the torsion variables 02 and y showed values close to £180° due to the presence
of the C=C bond and the s-cis conformation of the C-CO bond, respectively. The two torsion
variables, ¢ and 01, play a crucial role in determining the B-double helix conformation. To
understand the similarities between different types of peptide B-double helices, we examined their
torsion variables using the reported crystal structures of synthetic double helices, gramicidin A,
and feglymycin, along with the y-peptide B-double helices. The ¢ and /61 values are depicted in
Figure 17. Since 0. and y consistently adopted extended conformations for the y-peptide f-double
helices, we treated them as constants. A clear distinction was observed in the 3-double helices
derived from alternating L- and D-a-peptides and o, 3-unsaturated y-peptides. The ¢ and v angles
in the a-peptide B-double helices fall within the left- and right-handed B-sheet regions, whereas ¢
and 01 for y-peptide B-double helices fall within the left- and right-handed helical regions. The
studies reported here, suggest that f-double helices derived from the y-peptides are distinct from

those derived from alternating L- and D-a-peptides.
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Figure 17: Two-dimensional ¢ and y/6; plot of Gramicidin A/D, Feglymycin, L-/D-double helix, and y-

amino acid-based double helices. The plot shows two distinct regions of the double helices.
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2.3.8. Transmembrane lon Channel Activity

Gramicidin A has been extensively utilized as a transmembrane ion channel and its mechanism of
ion transportation has been thoroughly investigated.!* Although peptides P1-P4 are relatively
short, we aimed to determine whether they can facilitate ion transport across the membrane. To
address this, we created liposomes encapsulating 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS),
following previously established procedures,'® in a HEPES buffer for the membrane transport
assay. The pH gradient was maintained using 0.5 N NaOH, and increasing concentrations of
individual peptides P1 and P3 were introduced to the solution, with fluorescence monitored over
time. As peptide concentration increased, a corresponding rise in fluorescence emission was
observed (Figure 18). Finally, liposomes were lysed using Triton X-100. Based on the
concentration-dependent fluorescence emission, the ECso values were calculated using the Hill
equation, yielding values of 0.4 uM and 1.6 uM for P1 and P3, respectively. To investigate whether
these peptides act as membrane-disrupting agents instead of ion transporters, we conducted a
calcein leakage assay (see in experimental section Figure 23). Interestingly, we observed no
fluorescence emission even at high peptide concentrations, strongly suggesting that these peptides
function as ion transporters. Given their concise length, it is plausible that these peptides operate

primarily as ion transporters rather than membrane channels.

0—-1.0uM

0 50 100 150 200
t(s) t(s)
Figure 18. (A) Schematic representation of ion-transport activity of peptides P1 and P3. The
Concentration-dependent ion transport activity of (B) Peptide P1 and (C) Peptide P3.
59



2.4. Conclusion

In summary, we have successfully engineered chiral-double helices, elucidating their
conformations in both crystal and solution states. Our findings demonstrate the accommodation of
amino acids with proteinogenic side chains alongside 4,4-dialkyl substituted y-amino acids within
the B-double helical structure. We have established the feasibility of designing both left-handed
and right-handed double helices. Notably, achiral amino acids exhibited distinct torsion angles
contingent upon the chiral nature of the B-double helix. A profound structural disparity was
unveiled between PB-double helices derived from a,B-unsaturated y-amino acids and those
composed of L- and D-peptides. The torsion angles exhibited by these peptides closely align with
helical torsion angles rather than B-sheet structures. Circular dichroism analysis underscored that
these short peptides retained their double helical conformations even at elevated temperatures in
aprotic solvents. Intriguingly, these peptides, despite their brevity, also functioned as ion
transporters within synthetic liposomes. The results presented in this study hold promise for the
development of transmembrane ion channels and the creation of self-assembled biomaterials using

chiral 3-double helices.

2.5. Experimental Section

2.5.1. Materials and Methods

All reagents and solvents were used without further purification. Column chromatography was
performed over silica gel. Final peptides were purified through reverse phase HPLC (C1g column,
MeOH/H-0 95:5 as a gradient with flow rate 2.00 mL/min). All the reactions were monitored by
analytical thin-layered chromatography. The TLC visualization was done through UV light,
KMNO; stain, and ninhydrin stain. *"H NMR and 3C NMR were performed through deuterated
solvent on 400 MHz and 101 MHz respectively. We used a Matrix Assisted LASER Desorption
lonization mass spectrometer (MALDI-TOF/TOF) to calculate the accurate mass of our peptides.
Fluorescence data was measured through the Spectrofluorometer instrument. X-ray crystal
structures were determined through APEX(III) DUO X-ray diffractometer using Mo-Ka
(A=0.71073 A) graphite monochromatic radiation.
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2.5.2. Synthesis of Peptide P1
Ethyl Ester Deprotection of Boc-dyAic-OEt

,~‘$ NaOH ,~‘$
0. OH
BocHN>\/\[( ~ > BocHNM]/
EtOH, H,0

o (o]

Boc-dyAic-OEt (6.5 mmol, 1.49 g) was dissolved in 50 ml ethanol and 20 mL 1N NaOH was
added to the solution dropwise over 3 minutes. The reaction mixture was then allowed to stir for
30 minutes till the completion of hydrolysis. The reaction mixture is then acidified with 1N
aqueous HCI solution and then extracted with ethyl acetate. The organic layer was washed with
brine solution (3 x 100 mL) and dried over anhydrous Sodium sulfate (Na2SQO4). The combined

organic layer was concentrated under the vacuum and further utilized for coupling.

Boc deprotection of BocHN-(S, E) d?3yVal(L)-OEt

TFA:DCM=1:1
.
o ) 0
BocHN” NF ~ 30 min TFA.H,N Z <~
0

o

BocHN-(S, E) d?3yVal(L)-OEt was treated with a 1:1(v/v) mixture of TFA and DCM. The reaction
mixture was then stirred for about 30 minutes at room temperature. After completion of the
reaction (monitored by TLC) solution was evaporated under a vacuum and the excess TFA was
removed by co-evaporation with DCM thrice under a vacuum. The gummy product H2N-(S, E)

d23yVal(L)-OEt was further used for coupling.

Synthesis of BocHN-dyAic-dyVal(L)-OEt (Pal)

EDC.HCI,HOBt

& (o] (o]
DIPEA, DMF ; H
¢ OH o : > >L {
BocHNW + TFA.HZN\/(%\K ~ oJ\N Z N\;/VLO/\
H 0 _AL

0 o) 0°Ctort
Pa1

For coupling reaction typically, Boc-dyAic-OH (6.5 mmol, 1.49 g) and TFA-H2N-(S, E)
d?3yVal(L)-OEt (6.5 mmol, 1.11 g) were dissolved together in DMF (6 mL), followed by
EDC.HCI (7.205 mmol, 1.38 g) and HOBt (6.5 mmol, 880 mg) were added. The reaction mixture
was allowed to cool at 0 °C for 5 min. Then DIPEA (19.65 mmol, 3.52 ml) was added to the
reaction mixture in stirring condition and the reaction mixture was allowed to come to room
temperature. The progress of the reaction was monitored by TLC. After completion of the reaction
(roughly 16 hrs), the reaction mixture was diluted with 250 mL of ethyl acetate and washed with
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5% HCI (5 % by vol. in water, 3 x 100 mL), 10 % sodium carbonate solution in water (3 x 100
mL) and followed by brine (3 x 100 mL). The organic layer was dried over Na.SO4and evaporated
under reduced pressure. The crude product was purified on silica gel column chromatography
using an EtOAc/Hexane solvent system. Overall yield 72% (4.68 mmol, 1.79 g).

Synthesis of BocHN-dyAic-dyVal(L)-NHBn (Pb1)

LA AT e SLANXA A,

pat © AN oA
Hydrolysis of Pal was carried out following the previously mentioned procedure above.
EDC.HCI, HOBt

0 - H o)
>L0JLN>’\¢\WNN0H + — DIPEA,DMF >L0JLN>\/\IT \/\)L
LN

HoN 0°C tor.t pp10 AL

The peptide BocHN-dyAic-dyVal(L)-OH (4 mmol, 1.42 g), EDC.HCI (4.4mmol, 843 mg) and
HOBt (4 mmol, 540 mg) were dissolved together in DMF (6 mL). To this solution (12 mmol, 1.5
ml) DIPEA was added. After stirring the reaction mixture for about 5 minutes at ice-cold
conditions, benzylamine (9 mmol, 1.0 mL) was added. The reaction mixture was stirred overnight
at room temperature. After completion of the reaction (monitored by TLC), the compound was
extracted with ethyl acetate followed by successive washings with 10% HCI (3 x 40 mL), 10%
(3% 40 mL) and brine solution (3 x 40 mL). The combined organic layer was dried over anhydrous
Na>SO4 and concentrated under reduced pressure. The crude product was purified on silica gel
column chromatography using an EtOAc/Hexane solvent system Overall yield was 68% (2.72

mmol, 1.21 g).

Boc deprotection of peptide Pb1

o
TFA:DCM=1:1
>L0JLN>\/\W \‘/\)Lu/\ —————— TFAH, N>\/W \/\)L

0 AL 30 min

BocHN-dyAic-dyVal(L)-NHBn (Pbl) was treated with 1:1(v/v) mixture of Trifluroacetic acid
DCM. The reaction mixture was then stirred for about 30 minutes at room temperature. After
completion of the reaction (monitored by TLC) solution was evaporated under vacuum and the
excess trifluoroacetic acid was removed by co-evaporation with DCM thrice under vacuum. The

gummy product TFA.H2N dyAic-dyVal(L)-NHBn was further used for coupling.
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Synthesis of P1

(o] ;_. H o
>|\OJLN>\%\H/N\._/\)LOH + TFAH,N M{ \/\)L
RS S

EDC.HCI, HOBt
DIPEA,DMF

0°Ctort
16 hr

>|/ \n/ NN Z NN Z ~
o /> H o 7 H )
P1

The peptide Boc-dyAic-dyVal(L)-dyAic-dyVal(L)-NHBn (P1) was prepared by [2+3]
condensation involving N-terminal dipeptide acid Boc-dyAic-dyVal(L)-OH. For the coupling
reaction, BocHN-dyAic-dyVal(L)-OH (1.0 mmol, 0.35 gm), EDC.HCI (1.1 mmol, 211 mg) and
HOBt (1 mmol, 135 mg) were dissolved together in DMF (4 mL). To this solution (4 mmol, 0.7
ml) DIPEA was added. After stirring the reaction mixture for about 5 min at ice-cold conditions,
TFA.H2N dyAic-dyVal(L)-NHBn was added. The reaction mixture was stirred overnight at room
temperature. After completion of the reaction (monitored by TLC), the compound was extracted
with ethyl acetate followed by successive washings with 10% HCI (3 x 40mL), 10% Na2COs (3 x
40 mL) and brine solution (3 x 40 mL). The combined organic layer was dried over anhydrous
Na>SO4 and concentrated under reduced pressure. Final peptide P1 was purified through reverse
phase HPLC (C1g column, MeOH/H20 95:5 as gradient with flow rate 2.00 mL/min).

2.5.3. Synthesis of Peptides P2, P3 and P4

Following the same synthetic protocol for P1, we have synthesized Pa2, Pa3, and Pa4. The

synthetic scheme is given below.

o

s ~ EDC.HCI, HOBt ﬂ\ JL
{ . _OH : DIPEA,DMF AN
BocHN i P o) 0°Ctort
TFAH'N/\/\[]/ ~ pa2 O

(o} 14 hr, 73%
o

EDC.HCI, HOBt

N (o]
S DIPEA,DMF
{ _~_OH >|\ JL
—»
BOCHNM]/ +TFAH-N P O\/ >\/Y \_/\)l\o/\
(o]

0°Ctort

o 14 hr, 72% paz © \(
)\ EDC.HCI, HOBt o
DIPEA,DMF >L JL
BocHN o
* TFAR- N/\/\n/ ot
Pa4 O

14h 74%
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Dipeptide acids of Pa2, Pa3, and Pa4 were prepared by following the method described in 5.1.1

The schematic representation is as follows

(o]
[o] s (o]
S A NaOH j\ S H
0 — $
I G
Pa2 H o

>ULX/\W
ﬁxJLX/\N\/\iO/\%, >L)L>\/\rr\/\)\

pa3 © Y
ixxw,\U\Em%>Xqum?A

Pa4 O

Synthesis of dipeptide benzyl amines Pb2, Pb3, and Pb4 was also achieved following the same

strategy as described in 5.1.4. The schematic representation of the peptide is given below

EDC.HCI, HOBt
DIPEA,DMF
0 °Cto rt,
ixxw R NN O DY
0
EDC.HCI, HOBt Pb2

DIPEA,DMF
>|\ i $ H o g Ctort, o] o
; 14 hrs, 70% E H
; N , K
OJLHX/\'I/ \E/\)Lon —_ j\OJ\N NS A
o X — H o i H
Y HoN Y
EDC.HCI, HOBt Pb3
o]

DIPEA,DMF
0 °Cto rt,
14 hrs, 67% >L JOL H
; N
o N Z N H/\

***/ﬁr(;* X

Boc deprotection of Pb2, Pb3, and Pb4 was carried out by method using peptide Pbl. The

schematic representation is given below.
0 | H 0 . 0
N X%\[rN - TFA:DCM=1:1 s H
>L° N NN g TRAHNTYY N)iVLN’\
fo) 30 min o H
0 (s H 0 s 0
A V\ITN - TFA:DCM=1:1 s H
0 -\r 30 min o =\r H
>|\ JOL V\[rn g 1 TFA:DCM=1:1 H Q
AXACI T gt
0 30 min o H
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Finally, peptides P2, P3, and P4 were synthesized by following the method for synthesis of P1.

s H 9
3 N
ﬂ\on\ X/\g/ \/\)l\o TFAHzN&\I" : 2 ﬁ.-"'\.\
O‘ =
EDC.HCI, HOBt <N
DIPEA,DMF
0%% tort
16 hr

P2

<

* TFAHZNX/\I" ;

EDC.HCI, HOBt
DIPEA DMF

7(\)L
x»ovw

N O P LA
NTNANA NS H o+ TRAHNT N NN
H o o H
EDC.HCI, HOBt
DIPEA,DMF

)\ 16 hr

2.6. lon Transport Experiments

""%

Study of lon Transport across EYPC-LUVsoHPTS: _Preparation of HEPES buffer and stock
solutions: The HEPES buffer (pH = 7.0) was prepared by dissolving solid HEPES (10 mM) and
NaCl (100 mM) in autoclaved Milli-Q water, followed by adjustment of pH to 7.0 by addition of
aliquots of 0.5 M NaOH solution. Stock solutions of all transporter molecules were prepared in

HPLC grade DMSO.
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Preparation of EYPC-LUVsoHPTS in NaCl: In a clean, dry 10 mL round-bottom flask, 1 mL
of egg yolk phosphatidylcholine (EYPC, 25 mg/mL in CHCI3) was evaporated to form a thin,
transparent film by purging nitrogen gas while continuously rotating. The resulting transparent
film underwent high vacuum treatment for 4-5 hours to eliminate all traces of CHCla.
Subsequently, the film was hydrated with 1 mL of HEPES buffer (1 mM HPTS, 10 mM HEPES,
100 mM NaCl, pH = 7.0) through vortexing at 10-minute intervals over a total duration of 1 hour.
This hydrated suspension was then subjected to at least 9 cycles of freeze-thaw (liquid N2, 55 °C).
Extrusions were carried out using a Mini-extruder through a polycarbonate membrane (Avanti)
with a pore size of 100 nm, repeated 25 times (an odd number). Unentrapped HPTS dye was
removed through size exclusion chromatography using Sephadex G-50 (Sigma-Aldrich) with
HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0). The collected vesicles were
subsequently diluted to 6 mL to obtain EYPC-LUVsoHPTS. The final conditions comprised
approximately 5 mM EYPC, with the internal environment containing 1 mM HPTS, 10 mM
HEPES, 100 mM NaCl at pH = 7.0, and the external environment composed of 10 mM HEPES,
100 mM NaCl at pH = 7.0.

lon transport Activity by HPTS Assay: In a clean and dry fluorescence cuvette, 1975 uL of
HEPES buffer (10 mM HEPES, 100 mM NacCl, pH = 7.0) was introduced, followed by the addition
of 25 pL of EYPC-LUVsSoHPTS. The cuvette was then positioned in the fluorescence instrument
with gentle stirring facilitated by a magnetic stirrer integrated into the instrument (t = 0 s). The
fluorescence emission intensity of HPTS was continuously monitored at Aem = 510 nm (hex = 450
nm). To establish a pH gradient (ApH = 0.8) across the intra- and extra-vesicular system, 20 pL of
0.5 M NaOH was introduced at t = 20 s. Att =100 s, the required concentrations of transporter
molecules were added, and ultimately, the vesicles were disrupted by the addition of 25 pL of 10%
Triton X-100 at t = 300 s to eliminate the pH gradient. The collected data was then normalized to

the percentage change in fluorescence intensity with respect to time using the equation 1:
Ie=[(I¢-10)/(1,-10)] % 100 Eqg. 1

Where g is the initial intensity (just before transporter addition), I; is the intensity at time t and I,

the final intensity after the addition of Triton X-100.
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Figure 19: (a) Schematic of fluorescence-based assay of ion transport activity using EYPC-

LUVsoHPTS, and (b) Diagram of ion transport kinetics depicting the normalization window.

Dose-Response Activity: The ion transport activities of all the peptides were assessed at various
concentrations. The ion transport activity of P1 and P3 at different concentrations is presented
below. The concentration profile data were analyzed at t = 290 s to determine the effective
concentration, ECsp (i.e., the concentration of transporter required to achieve 50% ion efflux

activity) by utilizing the Hill equation (Eq. 2).
Y =Y.+ (Yo—Y.) /[1+ (c/ECs0) "] Eq. S2

where, Y, = Fluorescence intensity just before the addition of channel-forming molecule (att=05), Y=
Fluorescence intensity with excess compound concentration, ¢ = concentration of a channel-
forming molecule, and n = Hill coefficient (i.e., The number of molecules required for the

transportation of a single ion).

o H o] B H o
>L0JLN/< \"r”\/ N>‘\ \[rNs.:/ JLN
H o = H o :\I/ H
(a) 1.0 (b)
%7 Ec,, = 0.411£0.02 pM
0.8 871 r2=0.962 .
1 n=3.655

0.24

IF

o

IS
0.1to1luM
]

o o
PR

0.0
0 5'0 160 1!"'0 260 0?1 log[C] 1‘
t(s)
Figure 20: (a) Concentration-dependent ion transport activity of Peptide P1 (0.1-1 uM) with NaCl salt
across EYPC-LUVs>HPTS, and (b) corresponding Hill plot of P1 att =290 s
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Figure 21: (a) Concentration-dependent ion transport activity of Peptide P3 (0.5-4 uM) with NaCl salt
across EYPC-LUVsoHPTS, and (b) corresponding Hill plot of P3 att =290 s.

2.7. Calcein Leakage Assay

Preparation of Buffer Solutions: The Calcein-HEPES buffer was prepared by combining solid
calcein at a concentration of 50 mM with a solution containing 10 mM NaCl and 10 mM HEPES.
The mixture was dissolved by adding aliquots of concentrated NaOH, and the pH was subsequently
adjusted to 7.0. For the extravesicular buffer, NaCl (100 mM) and HEPES (10 mM) were dissolved
in MilliQ water, and the pH was set to 7.0 using 0.5 M NaOH.

Preparation of EYPC-LUVs>calcein: A thin lipid film was produced by evaporating a solution
comprising 25 mg of EYPC in 1 ml of CHCI3 under vacuum conditions for 4 hours. Subsequently,
the lipid film underwent hydration with 0.5 mL of a buffer solution (10 mM HEPES, 10 mM NaCl,
50 mM calcein, pH 7.0) for 1 hour, with intermittent vortexing (4-5 times), followed by a freeze-
thaw cycle (> 20 times) using liquid nitrogen and a temperature of 55 °C. The resulting vesicle
solution was then extruded through a polycarbonate membrane (Avanti) featuring 100 nm pores,
repeated 19 times (must be an odd number), resulting in vesicles with an average diameter of
approximately 100 nm. To eliminate the extracellular dye, size exclusion chromatography
(Sephadex G-50) was employed with a 10 mM HEPES buffer (100 mM NaCl, pH 7.0). The
collected vesicles were subsequently diluted to 3 mL, yielding EYPC-LUVsocalcein. The final
composition included approximately 5.0 mM EYPC lipid, with an intravesicular solution
containing 10 mM HEPES, 10 mM NaCl, 50 mM calcein at pH 7.0, and an extravesicular solution
comprising 10 mM HEPES, 100 mM NaCl at pH 7.0.
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Determination of lon Leakage by Calcein Assay: In a clean and dry fluorescence cuvette, 1980
pL of HEPES buffer (containing 10 mM HEPES, 100 mM NacCl, and pH 7.0) was taken, followed
by the addition of 20 pL of EYPC-LUVs>Calcein. The cuvette was placed in the fluorescence
instrument equipped with a magnetic stirrer for gentle agitation starting at t = 0 s. The fluorescence
emission intensity of calcein was continuously measured at Aem = 515 nm (Aex =495 nm). Att=
50 s, the required concentrations of peptides were introduced, and at t = 300 s, 25 pL of 10% Triton
X-100 was added to disrupt the pH gradient and lyse the vesicles.Subsequently, the acquired data

was normalized to express the percentage change in fluorescence intensity over time using Eq. S1.

Details of the assay:
In: 50 mM calcein
10 mM HEPES,
10 mM NaCl,pH=7.0
Out: 10 mM HEPES,
100 mM NaCl,pH=7.0

‘ = Transporter/peptides

2 = Pore/ruptured membrane

* = Calcein inside the vesicle
%‘k = Calcein outside the vesicle

Figure 22: Schematic of calcein leakage in EYPC-LUVsocalcein in the presence of ion transporter vs pore

or membrane disrupting agent.
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Figure 23: Activity of P1 and P3 across EYPC-LUVs>calcein. No increase in fluorescence signal was
observed even for compound treatment at 5 UM, corresponding to negligible calcein leakage, indicating P1

and P3 do not compromise membrane integrity even at high concentrations.
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2.8. Characterization of Monomers and Peptides

Characterization of BocNH-dyAic-dyLeu(L)-OEt (Pa3)

¢

'H NMR (400 MHz, CDCl3) 5 6.88 — 6.84 (m, 1H), 6.84 — 6.80 (m, 1H), 5.92 (dd, J = 15.7, 1.6
Hz, 1H), 5.83 (d, J = 15.5 Hz, 1H), 5.72 (d, J = 7.8 Hz, 1H), 4.81 — 4.73 (m, 1H), 4.71 (s, 1H),
4.18 (g, J = 7.1 Hz, 2H), 1.66 (dq, J = 13.4, 6.7 Hz, 1H), 1.46 (d, J = 7.3 Hz, 2H), 1.43 (s, 9H),
1.41 (d, 3 = 2.0 Hz, 6H), 1.28 (t, J = 7.1 Hz, 3H), 0.94 (s, 3H), 0.93 (s, 3H). 3C NMR (101 MHz,
CDCI3) 6 166.18, 165.02, 147.84, 120.68, 120.22, 79.26, 60.26, 52.62, 48.20, 43.29, 28.20, 27.21,
24.56, 22.51, 21.99, 14.02. MALDI TOF/TOF m/z calculated value for C21H3sN2Os [M+K]" =
435.26 and observed [M+K]" = 435.38

Characterization of BocNH-dyAic-dyLeu(L)-OEt (Pa4)

>|\ o s H o
o)L”M(N\QE)‘\o/\
o

'H NMR (400 MHz, CDCls) 6 6.87 —6.82 (m, 1H), 6.82 — 6.77 (m, 1H), 5.89 (dd, J = 15.7, 1.6
Hz, 1H), 5.82 (d, J = 15.5 Hz, 1H), 5.72 (s, 1H), 4.74 (dt, J = 15.2, 7.1 Hz, 2H), 4.16 (9, J = 7.1
Hz, 2H), 1.65 (dp, J = 13.5, 6.8 Hz, 1H), 1.43 (s, 2H), 1.40 (d, J = 1.2 Hz, 9H), 1.39 (s, 6H), 1.26
(t, J = 7.1 Hz, 3H), 0.91 (dt, J = 6.6, 1.3 Hz, 6H). 13C NMR (101 MHz, CDCI3) § 166.51,
165.37, 148.20, 120.95, 120.56, 79.55, 60.56, 52.92, 48.50, 43.56, 28.50, 27.50, 24.86, 22.82,
22.28, 14.32. MALDI TOF/TOF m/z calculated value for C21H3sN20s [M+K]" = 435.26 and
observed [M+K]* = 435.58

Characterization of BocNH-dyAic-dyVal(L)-OEt (Pal)

o

(o] s
H
>|\0)]\ u>\/\rr N \/Vj\o/\

0 _AL

IH NMR (400 MHz, CDCls) 5 6.89 — 6.86 (m, 1H), 6.85 — 6.82 (m, 1H), 5.91 (dd, J = 15.6, 1.7
Hz, 1H), 5.84 (d, J = 15.6 Hz, 1H), 5.55 (s, 1H), 4.63 (d, J = 7.7 Hz, 1H), 4.59 (ddd, J = 8.9, 5.5,

1.7 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 1.97 — 1.87 (m, 1H), 1.42 (s, 9H), 1.42 (s, 6H), 1.28 (t, J =
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7.1 Hz, 3H), 0.95 (d, J = 2.7 Hz, 3H), 0.94 (d, J = 2.8 Hz, 3H). 13C NMR (101 MHz, CDCI3) 5
166.33, 165.53, 146.48, 122.20, 120.62, 105.45, 83.60, 60.63, 55.42, 52.97, 32.21, 28.54, 27.55,
19.01, 18.41, 14.37. MALDI TOF/TOF m/z calculated value for C2oH3zsN2Os [M+Na]* = 405.25
and observed [M+Na]* = 405.63

Characterization of BocNH-dyAic-dyVal(D)-OEt (Pa2)

ﬂ\ (0] s H (o]
Q N
OJLHW I\AOA
o

IH NMR (400 MHz, CDCl3) & 6.89 — 6.86 (m, 1H), 6.85 — 6.82 (m, 1H), 5.91 (dd, J = 15.7, 1.6
Hz, 1H), 5.84 (d, J = 15.5 Hz, 1H), 5.56 (d, J = 9.0 Hz, 1H), 4.64 (s, 1H), 4.63 — 4.56 (m, 1H),
4.18 (q, J = 7.1 Hz, 2H), 1.97 — 1.87 (m, 1H), 1.42 (s, 9H), 1.41 (s, 6H), 1.28 (t, J = 7.1 Hz, 4H),
0.95 (dd, J = 6.8, 2.7 Hz, 7TH). ). 13C NMR (101 MHz, CDCI3) § 166.33, 165.53, 146.48, 122.20,
120.62, 60.63, 55.42, 52.97, 32.21, 28.54, 27.55, 19.01, 18.41, 14.37 MALDI TOF/TOF m/z
calculated value for C2oHzsN20s [M+Na]* = 405.25 and observed [M+Na]* = 405.62
Characterization of BocNH-dyAic-dyVal(L)-CH2-Ph (Pbl)

) N )
ﬂ\OJ\H)\/\n/“\/\)LN/\

H
0 N

IH NMR (400 MHz, CDCl3) 6 7.37 — 7.33 (m, 1H), 7.33 — 7.27 (m, 4H), 7.26 — 7.21 (m, 1H), 6.84
—6.67 (M, 2H), 6.18 (d, J = 9.3 Hz, 1H), 5.84 (d, J = 15.4 Hz, 1H), 5.77 (d, J = 14.9 Hz, 1H), 4.92
(d, J = 25.6 Hz, 1H), 4.59 — 4.47 (m, 2H), 4.43 (dd, J = 14.6, 5.7 Hz, 1H), 1.87 — 1.76 (m, 1H),
1.40 (d, J = 6.0 Hz, 3H), 1.39 (s, 9H), 1.34 (d, J = 8.2 Hz, 3H), 0.90 (td, J = 6.9, 3.2 Hz, 6H). 13C
NMR (101 MHz, CDCI3) 6 165.56, 150.02, 142.60, 138.85, 128.79, 128.72, 128.28, 127.97,
127.47, 124.24, 120.60, 55.27, 53.02, 43.68, 32.53, 28.56, 27.90, 19.13, 18.48. MALDI
TOF/TOF m/z calculated value for CasH3s7N3O4 [M+Na]* = 466.28 and observed [M+Na]* =
466.46

Characterization of BocNH-dyAic-dyVal(L)-NHBn (Pb2)
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IH NMR (400 MHz, CDCl3) § 7.34 (d, J = 2.0 Hz, 1H), 7.33 — 7.27 (m, 4H), 7.26 — 7.21 (m, 1H),
6.83—6.70 (m, 2H), 6.18 (d, J = 9.3 Hz, 1H), 5.84 (d, J = 15.4 Hz, 1H), 5.77 (d, J = 14.9 Hz, 1H),
4.92 (d, J = 25.6 Hz, 1H), 4.59 — 4.48 (m, 2H), 4.43 (dd, J = 14.6, 5.7 Hz, 1H), 1.87 — 1.77 (m,
1H), 1.40 (d, J = 6.0 Hz, 3H), 1.39 (s, 9H), 1.34 (d, J = 8.2 Hz, 3H), 0.91 (dd, J = 7.0, 3.1 Hz, 3H),
0.88 (d, J = 3.4 Hz, 3H). 13C NMR (101 MHz, CDCI3) § 165.72, 165.55, 150.04, 142.59, 128.78,
128.72, 128.29, 128.25, 127.47, 124.28, 120.60, 55.29, 53.01, 43.68, 32.51, 28.56, 27.91, 19.13,
18.50. MALDI TOF/TOF m/z calculated value for C2sHa7N3O4 [M+Na]* = 466.28 and observed
[M+Na]* = 466.51

Characterization of BocNH-dyAic-dyLeu(L)-NHBn (Pb3)

0 . 0
>|\0)LH>,\/\W“\/VL”/\
Y

IH NMR (400 MHz, CDCl3) & 7.56 (s, 1H), 7.34 — 7.27 (m, 5H), 7.25 — 7.19 (m, 1H), 6.72 (d, J
=13.4 Hz, 1H), 6.70 — 6.64 (m, 1H), 6.49 (s, 1H), 5.83 (d, J = 15.4 Hz, 1H), 5.71 (d, J = 15.3 Hz,
1H), 4.82 (s, 1H), 4.63 (s, 1H), 4.50 (qd, J = 14.6, 6.0 Hz, 2H), 1.40 (s, 9H), 1.39 — 1.35 (m, 2H),
1.34 (s, 3H), 1.32 (s, 3H), 0.88 (d, J = 3.4 Hz, 3H), 0.87 (d, J = 3.2 Hz, 3H). 3C NMR (101 MHz,
CDCI3) 6 165.69, 165.60, 149.75, 143.95, 139.08, 128.94, 128.62, 128.22, 127.96, 127.26, 122.56,
120.27, 79.94, 53.32, 48.58, 43.78, 43.57, 28.58, 27.94, 27.30, 24.88, 23.00, 22.09. MALDI
TOF/TOF m/z calculated value for C2sH3oN3O4 [M+Na]® = 496.29 and observed [M+Na]" =
496.64

Characterization of BocNH-dyAic-dyLeu(D)-NHBn (Pb4)

0 B " o
>|\0JI\N>'\/\H/N\(;)LN/\
H 1 H

IH NMR (400 MHz, CDCls) § 7.45 (s, 1H), 7.31 (d, J = 6.1 Hz, 4H), 7.25 — 7.20 (m, 1H), 6.73 (d,
J=12.8 Hz, 1H), 6.70 — 6.66 (m, 1H), 6.40 (s, 1H), 5.82 (d, J = 15.4 Hz, 1H), 5.73 (d, J = 15.3
Hz, 1H), 4.80 (s, 1H), 4.64 (s, 1H), 4.50 (qd, J = 14.7, 5.9 Hz, 2H), 1.40 (s, 9H), 1.37 (dd, J = 4.0,
1.9 Hz, 2H), 1.35 (s, 3H), 1.33 (s, 3H), 0.89 (d, J = 3.2 Hz, 3H), 0.87 (d, J = 3.1 Hz, 3H). 13C
NMR (101 MHz, CDCI3) § 165.65, 143.95, 128.96, 128.66, 128.22, 127.33, 122.72, 120.33,
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79.76, 53.28, 48.60, 43.80, 43.63, 28.59, 27.86, 24.88, 22.98, 22.30, 22.15. MALDI TOF/TOF
m/z calculated value for Co6H3gN304 [M+Na]* = 496.29 and observed [M+Na]* = 496.54
Characterization of BocNH-dyAic-dyVal(L)- dyAic-dyVal(L)-NHBn (P1)

H

NSO S S P
AR PSR AR SO N

1H NMR (400 MHz, CDCl3) & 8.53 (d, J = 14.0 Hz, 2H), 8.09 (s, 1H), 7.57 (s, 1H), 7.39 (d, J =
7.0 Hz, 2H), 7.34 — 7.27 (m, 2H), 7.23 - 7.18 (m, 1H), 6.86 (d, J = 15.2 Hz, 1H), 6.82 — 6.73 (m,
2H), 6.61 (d, J = 15.3 Hz, 1H), 6.09 (d, J = 15.3 Hz, 1H), 5.65 (d, J = 15.2 Hz, 1H), 5.58 (dd, J =
15.4, 2.1 Hz, 1H), 5.50 (d, J = 15.3 Hz, 1H), 4.76 (s, 1H), 4.58 (dd, J = 14.6, 5.8 Hz, 1H), 4.48
(dd, J = 14.6, 6.0 Hz, 1H), 4.42 — 4.30 (m, 2H), 1.86 — 1.74 (m, 2H), 1.47 (s, 3H), 1.45 (s, 9H),
1.36 (s, 3H), 1.34 (s, 3H), 1.29 (s, 3H), 0.98 (d, J = 6.7 Hz, 3H), 0.96 (d, J = 6.7 Hz, 3H), 0.93 (d,
J=2.7Hz,3H),0.91(d, J=2.6 Hz, 3H). 3 C NMR (101 MHz, CDCI3) 4 167.08, 166.62, 165.88,
164.23, 155.30, 150.32, 148.97, 143.24, 143.03, 139.68, 128.42, 128.34, 126.84, 122.65, 122.46,
119.57, 119.12, 80.39, 57.32, 55.59, 54.53, 53.98, 43.31, 32.68, 32.59, 30.42, 30.18, 28.72, 28.50,
26.77,25.64, 19.75, 19.66, 19.46, 18.70. MALDI TOF/TOF m/z calculated value for C3gHs7N5O6
[M+Na]" = 702.43 and observed [M+Na]* = 703.00

Characterization of BocNH-dyAic-dyVal(D)- dyAic-dyVal(D)-NHBn (P2)

P S v A Yo

IH NMR (400 MHz, CDCl3) § 8.52 (t, J = 5.9 Hz, 2H), 8.10 (s, 1H), 7.57 (s, 1H), 7.38 (d, J = 6.9
Hz, 2H), 7.32 — 7.27 (m, 3H), 7.23 — 7.18 (m, 1H), 6.86 (d, J = 15.2 Hz, 1H), 6.77 (ddd, J = 15.7,
12.6, 3.7 Hz, 2H), 6.61 (d, J = 15.3 Hz, 1H), 6.09 (d, J = 15.2 Hz, 1H), 5.65 (d, J = 15.3 Hz, 1H),
5.58 (dd, J = 15.4, 2.1 Hz, 1H), 5.50 (d, J = 15.3 Hz, 1H), 4.78 (s, 1H), 4.57 (dd, J = 14.7, 5.8 Hz,
1H), 4.50 (d, J = 6.0 Hz, 1H), 4.41 — 4.29 (m, 2H), 1.83 — 1.77 (m, 2H), 1.47 (s, 3H), 1.45 (s, 9H),
1.36 (s, 3H), 1.34 (s, 3H), 1.29 (s, 4H), 0.98 (d, J = 6.6 Hz, 3H), 0.96 (d, J = 6.7 Hz, 3H), 0.93 (d,
J=2.9Hz, 3H),0.91 (d, J = 2.8 Hz, 3H). 13C NMR (101 MHz, CDCI3) 5 166.48, 166.33, 165.94,
164.50, 155.17, 150.28, 149.00, 144.80, 144.15, 139.67, 128.42, 128.24, 126.76, 121.54, 121.27,
119.50, 119.29, 80.39, 54.60, 54.00, 49.49, 48.78, 43.74, 43.47, 43.36, 30.54, 30.13, 28.72, 26.67,
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25.69, 25.16, 25.00, 23.01, 22.83, 22.42, 21.83.MALDI TOF/TOF m/z calculated value for
CssHs7N506 [M+Na]™ = 702.43 and observed [M+Na]* = 702.64
Characterization of BocNH-dyAic-dyLeu(L)- dyAic-dyLeu(L)-NHBnN (P3)

o . (o} s (o}
AL WVY AN WVY S0
IH NMR (400 MHz, CDClz) § 8.51 (d, J = 7.8 Hz, 1H), 8.45 (s, 1H), 8.16 (s, 1H), 7.67 (d, J = 7.1
Hz, 1H), 7.37 — 7.27 (m, 4H), 7.19 (t, J = 7.3 Hz, 1H), 6.84 (d, J = 15.2 Hz, 1H), 6.68 (ddd, J =
15.3,10.0, 3.9 Hz, 2H), 6.62 (d, J = 15.1 Hz, 1H), 6.05 (d, J = 15.2 Hz, 1H), 5.53 (ddd, J = 15.2,
10.2, 2.2 Hz, 3H), 4.78 (s, 1H), 4.66 — 4.37 (m, 4H), 1.48 (s, 3H), 1.45 (s, 9H), 1.44 (s, 3H), 1.42
—1.37 (m, 2H), 1.34 (s, 3H), 1.31 (s, 3H), 0.88 — 0.82 (m, 12H). 3C NMR (101 MHz, CDCI3) &
166.47, 166.33, 165.94, 164.50, 155.17, 150.28, 149.00, 144.79, 144.15, 139.68, 128.43, 128.25,
126.77, 121.55, 121.28, 119.51, 119.30, 80.39, 54.61, 54.01, 49.50, 48.78, 43.75, 43.48, 43.37,
30.54, 30.13, 28.72, 26.67, 25.70, 25.16, 25.00, 23.01, 22.83, 22.42, 21.83. MALDI TOF/TOF
m/z calculated value for C40Hs1N5O06 [M+Na]* = 730.46 and observed [M+Na]* = 730.97
Characterization of BocNH-dyAic-dyLeu(D)- dyAic-dyLeu(D)-NHBnN (P4)

A WTY»LX IHTYJ’LHAQ

'H NMR (400 MHz, CDCls) § 8.51 (d, J = 7.9 Hz, 1H), 8.46 (t, J = 5.9 Hz, 1H), 8.16 (s, 1H), 7.66
(d,J=7.1Hz, 1H), 7.38 — 7.34 (m, 2H), 7.31 (d, J = 7.4 Hz, 2H), 7.22 — 7.17 (m, 1H), 6.84 (d, J
=15.2 Hz, 1H), 6.68 (ddd, J = 15.3, 8.2, 3.8 Hz, 2H), 6.62 (d, J = 15.2 Hz, 1H), 6.05 (d, J = 15.2
Hz, 1H), 5.57 (d, J = 1.6 Hz, 1H), 5.55 — 5.49 (m, 2H), 4.77 (s, 1H), 4.61 (s, 1H), 4.55 — 4.50 (m,
2H), 4.43 (s, 1H), 1.75 (d, J = 12.9 Hz, 2H), 1.72 — 1.68 (m, 2H), 1.48 (s, 3H), 1.45 (s, 9H), 1.44
(s, 3H), 1.42 (s, 1H), 1.39 (s, 1H), 1.35 (s, 3H), 1.31 (s, 3H), 0.87 (d, J = 1.8 Hz, 6H), 0.85 - 0.82
(m, 6H). 3C NMR (101 MHz, CDCI3) § 166.47, 166.33, 165.94, 164.50, 155.17, 150.28, 149.00,
144.79, 144.15, 139.68, 128.43, 128.25, 126.77, 121.55, 121.28, 119.51, 119.30, 80.39, 54.61,
54.01, 49.50, 48.78, 43.75, 43.48, 43.37, 30.54, 30.13, 28.72, 26.67, 25.70, 25.16, 25.00, 23.01,
22.83, 22.42, 21.83.MALDI TOF/TOF m/z calculated value for C40He1NsOs[M+Na]*™ = 730.46
and observed [M+Na]* = 730.98
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2.9. Appendix

2.9.1. ORTEP Diagrams of P1, P3 and P4
2.9.1.1. ORTEP diagram of peptide P1

Figure 24: ORTEP diagram of peptide P1. H-bonds are shown in dotted lines. Ellipsoids are
drawn at 50% probability. CCDC no. 2284152
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2.9.1.2. ORTEP Diagram of Peptide P3

Figure 25: ORTEP diagram of peptide P3. H-bonds are shown in dotted lines. Ellipsoids are drawn
at 50% probability. CCDC no 2289536
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2.9.1.3. ORTEP Diagram of Peptide P4

Figure 26: ORTEP diagram of peptide P4. H-bonds are shown in dotted lines. Ellipsoids are
drawn at 50% probability. CCDC no 22895
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2.10. Crystal Structure Information:

Crystal structure analysis of P1: Crystals were grown from chloroform/toluene solution by
slow evaporation. A single crystal (0.4 x 0.28 x 0.12 mm) was mounted on a loop with a small amount of
the paraffin oil. The X-ray data were collected at 296 K temperature using Cu K, radiation (A = 1.541781&),
w-scans (20 = 68.625), for a total of 17289 independent reflections. Space group P 21/c, a = 18.5058(8), b
=21.8417(9), ¢ = 24.6835(11), o = 90, f = 108.127, y =90 V = 9481.9(7) A3 triclinic, Z = 4 for chemical
formula C97 H138 N10 012, with two molecules in asymmetric unit; pcalcd = 1.146 gcm, x = 0.599
mm*, F (000) = 3544.0, The structure was obtained by direct methods using SHELXS- 97.1 The final R
value was 0.1137 (WR2 = 0.4248) 5536 observed reflections (Fo > 40 (|Fo[))and 1087 variables, S =
0.728.The largest difference in peak and hole were 0.99 and -0.53¢A3 respectively.

Crystal structure analysis of P3: Crystals were grown from chloroform/toluene solution by slow
evaporation. A single crystal (0.28 x 0.09 x 0.15 mm) was mounted on a loop with a small amount of the
paraffin oil. The X-ray data were collected at 100 K temperature using Mo K, radiation (A = 0.710731&),
and w-scans (26 = 50.038), for a total of 8271 independent reflections. Space group 'C 2 2 21', a =
12.386(3), b = 36.126(3), ¢ = 20.992(3), =90, £ =90, y=90 V = 9393(4)1&3, orthorhombic, Z = 8 for
chemical formula Cso Her Ns Os, 20 with one molecule in asymmetric unit; pcalcd = 1.046 gem™®, u =
0.073mm’%, F (000) = 3200, The structure was obtained by direct methods using SHELXS- 97.1 The final
R value was 0.1112 (wR2 = 0.3399) 5954 observed reflections (Fo > 40 (JFo|))and 491 variables, S = 1.056.

The largest difference in peak and hole were 1.03 and -0.61eA3 respectively.

Crystal structure analysis of P4: Crystals were grown from dichloromethane/xylene solution
by slow evaporation. A single crystal (0.3 x 0.02 x 0.09 mm) was mounted on a loop with a small amount
of the paraffin oil. The X-ray data were collected at 150 K temperature using Mo K, radiation (A =
0.71073,&), w-scans (26 = 52.072), for a total of 116575 independent reflections. Space group 'C2221', a
=12.638(19), b = 35.27(6), c = 21.44(3), « =90, £ =90,y =90 V = 9557(25)1&3, orthorhombic, Z = 4 for
chemical formula 2(C40 H60 N5 O6), O with one molecule in asymmetric unit; pcalcd = 0.994 gecm™®, 1 =
0.068 mm*, F (000) = 3096, The structure was obtained by direct methods using SHELXS- 97.1 The final
R value was 0.1215 (wR2 = 0.3715) 3431 observed reflections (Fo > 40 (|Fo|))and 446 variables, S = 1.014.

The largest difference in peak and hole were 0.48 and -0.31 eAs respectively.
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2.12. H, 13C NMR, and Mass spectra of Peptides P1-P4
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Chapter 3

Modulating B-Sheet Mimetics: Influence of Substituents on
the Transformation of (E)-Vinylogous y-Amino Acid

Oligomers into B-Double Helix and Cis-Helix
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3.1. Introduction

One of the most common secondary structural motif of proteins is B-sheet and it plays a
fundamental role on the stability of the three dimensional structure of proteins.! p-sheets are
characterized by the alignment of multiple peptide strands, which can be either parallel or
antiparallel to each other, stabilized inter-strand hydrogen bonds between the amide functionalities
of peptide backbone. The similar kind of inter-strand hydrogen bonding is observed in the double
helical structure of DNA where two antiparallel strands intertwined through the hydrogen bonding
between the conjugate base pairs.? It is evident that the formation of duplex structures is not
confined to the exact molecular composition present in DNA and RNA. Various analogs of nucleic
acids have been synthesized in which modifications have been made to the phosphate diester,® the
bases,* and the sugar components,® and all of these oligomers establish enduring duplex structures.
Motivated by the structural and functional significance of nucleic acids, researchers have
endeavored to engineer duplex structures using various building blocks. This has been achieved
through supramolecular assembly facilitated by hydrogen bonds,® metal ion coordination,’ ionic
interactions,® aromatic m—m stacking,® or a combination of these forces.’® Nevertheless, the
presence of a double helical structure is not commonly observed in proteins and peptides, with
only two notable examples found in natural antibiotics: gramicidin A'! and feglymycin.*? These
double helical structures are built by alternating a,- and op- amino acids, forming a double helical
arrangement in organic solvents. However, in the lipid bilayer environment, they adopt a p-helical
structure.'® Inspired by the duplex structures of gramicidin A, efforts have been made to mimic
this double helical structure and functions from the synthetic peptides composed of alternating L-
and D- amino acids.'* In comparison to the double helical structures, the p-pleated structure is also
generally constructed from predominately B-branched residues.’® B-sheets can be assembled from
oligomers of either L- or D-amino acids® (with D-amino acids being used in synthetic peptides),
and Pauling's insights further proposed that more effective -sheet structures could be achieved by
combining racemic L- and D-polypeptide p-strands.!’” Even though the double helical structures
and B-sheet structures have resembles in intermolecular hydrogen bonding, the conformational

difference between these two structures is rarely studied in literature.
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3.2. Object of the Present Work

We have been working on the design of foldamers constructed from (E)-o,B-unsaturated y-amino
acids. The first systematic study exploring the preferred conformation of (E)-vinylogous y-amino
acids was carried out in the early 1990s by Schreiber and colleagues, revealing that dipeptides
constructed from (E)-vinylogous y-amino acids adopt a B-sheet structure.!® Over the years from
our labs, we have developed various secondary and super secondary structures such as p-hairpin®®,
B-meander,®planar structure,?* 3-stranded hairpin motif? from (E)-vinylogous y-amino acids. The

crystal structures of all sheet-type foldamer are shown in Figure 1.

Figure 1: (A) Dipeptide-based B-sheet structure. (B) Planar structure. (C) p-meander structure. (D) B-

hairpin structure. (E) 3-stranded B-hairpin structure. (F) p-sheet structure from oligomer of dyLeu residues

In all these structures, (E)-vinylogous y-amino acids attain similar torsion angle values about ¢ =
120°, 8:=120°, 62 =180° and y=180. Because of the 1,3-allylic strain, the y-H atom resides within
the plane of the enamide, leading to a preference for the s-cis conformation along the C® Due to
this s-cis conformation, the 62 and - values are fixed, however, the ¢ and 6:-values can differ
depending on the substituents on the C¥-position. Keeping this in mind, we have recently

developed B-double helical structures from the monomers of 4,4-gem-dialkyl substituted-(E)-

102



vinylogous y-amino acids.?® The substitution of the C*-H with a methyl group in an (E)-vinylogous
y-alanine residue largely impacted the torsion angles ¢ and 61 which leads to the double helical
structure. A comprehensive study of this work has been recently reported by our group. In Chapter
2, we demonstrated the designing of chiral B-double helices where we incorporated consecutively
(E)-vinylogous yAic amino acids and chiral (E)-vinylogous y-Leu/Val amino acids. We have
shown that, the double helical structures can be constructed by incorporating chiral (E)-vinylogous
y-amino acids, which are accommodated into a B-double helical structure by changing its torsion
angles at ¢ and 01 to the values similar to that of the values adopted by gem-dialkyl residues.? In
our current study we further explored the possibility of transforming a sheet structure into a -
double helical structure by sandwiching the sheet structures in between two gem-dialkyl groups.
We further explored the formation of the B-double helical structure by removing the double bond
constraints of the (E)-vinylogous y-amino acids in a consecutive manner. Along with this, we
further incorporated the saturated y-amino acids in between the two gem-dialkyl (E)-vinylogous

y-amino acids and carried out their structural analysis.
3.3. Results and Discussion

To explore the impact of substituents on the conformations of (E)-vinylogous y-amino acid homo-
oligomers, we synthesized peptides P1-P7. Sequences of the peptides are shown in Scheme 1.
Peptides P1, P2, and P3 are the sequences of B-sheet type structures where the y*-position is
substituted by a single-side chain leucine group. In peptides P4 and P5, we have incorporated P1
and P3 i.e. singly substituted a,B-unsaturated-y* residues in between two doubly substituted o,p-
unsaturated-y*#-residues. In peptide P6, we have incorporated saturated y-Leu amino acids in
between two doubly substituted a,B-unsaturated-y**dimethyl amino acids (dyAic). Finally, in P7
we have incorporated consecutive saturated y* residues in between the o,p-unsaturated-y**
dimethyl amino acids. We utilized solution-phase peptide synthesis methods to synthesize all
peptides and the a,B-unsaturated y-amino acids were prepared using previously established

procedures.®
3.3.1 Crystal Structure Analysis of P4

To gain insights into the conformational characteristics of the peptides, we subjected them to
crystallization using different solvent combinations. Crystals of P4 were successfully obtained in

a solvent mixture of CHCI3/ toluene, and the X-ray diffraction structure is illustrated in Figure 2.
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Local torsional variables of (E)-o,p—unsaturated-y-amino acids

Scheme 1: Sequences of the peptides composed of (E)-vinylogous y-amino acids

Despite the presence of a dipeptide residue favoring p-sheet formation, the peptide, within the
single crystals, adopted a B-double helix structure. This conformation was characterized by the
intertwining of two individual peptides through the formation of intermolecular hydrogen bonds.
The stability of this double helix structure was maintained through the presence of eight
intermolecular hydrogen bonds, which formed between the amide carbonyl (CO) of the (i) residue

in strand 1 and the amide NH of the (i+2) residue in strand 2.
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(C) Hbondmgpattern i(CO) «—i+2(NH)

Strand1 S\ JLIWE\/\)L / \<\)L /\©

H

strand2 YooAl, >\/\n/ \/\)L f:ﬁ( \<\)j\h/\©

(D) Torsion angles parameters:

Peptide P4 @ | 0, | 0, | p
Strand 1

dg Aib (1) -77.31 -16.93 -16840 | -178.22
dg Leu (1) -82.33 1.06 176.68 -177.42
dg Leu (2) 92.92 1046 | -179.55 | -179.79
dg Aib (2) -60.96 -31.67 179.96 179.75
Strand 2

dg Aib (1) -79.41 1699 | -168.74 | -175.48
dg Leu (1) -82.35 -0.29 176.03 -176.39
dg Leu (2) -93.94 -9.91 17926 | -179.95
dg Aib (2) -64.68 -25.64 179.06 -179.26

Figure 2: (A) Single crystal structure of P4. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P4. (C) Hydrogen bonding pattern observed in
P4. (D) Torsion angle parameters of strand 1 and strand 2 of P4.

The amide NH groups of the N-terminal, protected with Boc groups, participated in intermolecular
hydrogen bonds with the exposed amide CO groups at the C-terminal end of the other double helix,
resulting in a continuous assembly of double helices. The hydrogen bonding pattern observed in
P4 is shown in Figure 2C. Each strand of the peptide P4 adopted a right-handed helical shape
without forming any hydrogen bonds wherein these two strands intertwined through H-bonding to
form the right-handed (P)-p-double helix conformation in the single crystals. The H-bond
parameters of P4 are tabulated in Table 1. The H-bonds parameters are within the standard limits
observed earlier report.?® Using the torsion variables depicted in Scheme 1, we measured the
torsion angles of a, and B-unsaturated amino acids. The torsion angle analysis revealed that a,-

unsaturated 4,4-dimethyl y-amino acids displayed average ¢, 61, 62, and y angles of -70.59°+8°, -
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22.80°£6°, £174°+5°, and £178.17°+1.65°, respectively. The torsion angles 01 displayed a value

near zero whereas 02, and y displayed a value close to 180°.

Table 1: The H-bond parameters of P4 double helix.

Donor | Acceptor D..;. A DH'J" A | ANH....O
(D) (A) (A) (A) ()
N2 08 2.866 2.022 160.52
N3 09 2.809 1.979 156.60
N4 010 2.819 1.97 161.49
N5 011 2.871 2.001 169.74
N7 02 2.822 1.97 162.73
N8 03 2.803 1.971 157.35
N9 04 2.835 1.991 160.04
N10 05 2.929 2.070 165.46

The values exhibited by the o,B-unsaturated 4,4-dimethyl y-amino acid residues align with the
characteristics seen in previously observed B-double helix structures. As the middle two dyLeu
residues are the fragments of 3-sheet residue, so they generally tend to attain the ¢ and 6, value of
120° same as observed in the case of sheet structure. But, to accommodate into a double helical
structure the ¢ and 01 value attains almost the same as observed in the case of dyAic units. The
average value of ¢ and 01 for dyLeu units are -87.88°+£5° and -4.89°£5° respectively. The average
values of 62 and y also attain extended conformation with average values £177.88°+1.54°, and
+178.38°+1.52°, respectively.

To compare with our previously reported®tetrapeptide structure comprised of oligomers of o, -
unsaturated leucine amino acids, in the present study we have seen that by incorporating a,f-
unsaturated 4,4-dimethyl y-amino acid residues at both N and C terminal interconvert the $-sheet
structure into the 3-double helical structure. In general, the torsion parameters ¢ and 61 play a key
role in shaping the B-sheet and B-double helix structures in (E)-vinylogous y-amino acid homo-

oligomers. The presence of y-disubstitution restricts the rotational freedom of ¢ and 0: of the sheet
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promoting residues and thus compelling the peptides to take on the B-double helix conformation.
To gain more insights into our sheet to double helical transition, we have synthesized peptide P5
where we incorporated three of a,p-unsaturated leucine amino acids keeping p-unsaturated 4,4-
dimethyl y-amino acid at N and C terminal. However, we did not obtain good-quality crystals of
P5.

3.3.2. Conformational Analysis of Peptides P4 and P5 in Solution State

To get a deeper understanding of the conformation of P4 and P5 in solution, we subjected both
peptides to the solution NMR analysis. The *H-NMR analysis revealed that P4 and P5 in CDCls
gave well-resolved spectra conforming to one set of protons. To investigate the double helix
structure in P4 and P5 in solution, temperature-dependent *H-NMR and DMSO-ds titration
experiments were carried out.

3.3.3. DMSO-ds Titration Experiment for P4 and P5

The titration experiments using DMSO-ds indicated that, except for the N-terminal Boc amide NH,
negligible changes in the chemical shift positions were observed for the other amide NH protons
in peptides P4 and P5 as the concentration of DMSO-ds increased. Figures 3 and 4 depict the
results of the DMSO-d titration for P4 and P5, respectively.

35puLDMso-ds 4 te R -8
|
I | 1 ]
30 uLDMSO-d6 1/t 1 -7
o 1
25uLDMSO-d6 | 1 \
L 1
20 uL DMSO-d6 : : I || i
1
] | 1 1
15 puL DMSO-d6 : !
I

i

10 pL DMSO-d6 -
5uLDMSO-d6 | i ' -

. I
0 uL DMSO-d6 h U I i

8.6 82 78 74 7.0 6.6 6.2 58 54 50 4.6 4.2
f1 (ppm)

N

Figure 3: DMSO-ds *H-NMR titration plot for P4 in CDCl;
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Figure 4: DMSO-ds *H-NMR titration plot for P5 in CDCl;

These findings strongly suggest the involvement of backbone amide NH and CO groups in
intermolecular hydrogen bonding between peptide strands within the double helix. However, a
notable downfield shift was observed for Boc-NH protons as the concentration of DMSO-ds
increased, indicating the exposure of N-terminal NH protons in both P4 and P5 to the solvent for
hydrogen bonding. This indirect evidence supports the conclusion that both peptides adopt double

helical conformations in solution.
3.3.4. Temperature-Dependent *H Experiments of P4 and P5

The analysis of temperature dependence in P4 and P5 indicated a progressive up-field shift in
chemical shifts for all amide NH groups as the temperature increased from 298 K to 378 K,
excluding the Boc amide NH, which exhibited minimal alterations in chemical shift values. The
gradual shifting of chemical shift in the amide NH-regions for peptides P4 and P5 are shown in
Figures 5 and 6 respectively. The gradual up-field shift of the amide NH-protons except for Boc-
NH, suggests possible breaking of H-bonding leads to the dissociation of the intertwined double

helical strands into a single strand.
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Figure 6: Temperature-dependent *H-NMR of P5 in C,D,Cl, with increasing temperature

These results indirectly suggest that along with P4, peptide P5 also assumes a 3-double helical

conformation in solution.
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3.3.5 Circular Dichroism Analysis

Circular dichroism is an important tool for comprehending the secondary structure of polypeptides
in solution. To understand the solution conformation of these peptides we subjected them for CD
analysis in chloroform, tetrachloroethane, THF, and 1,4-dioxane solvents. All the peptides give
distinct CD signals. CD analysis of peptides P4 and P5 in chloroform shows a CD maximum at
242 nm which is similar to our previous chapter double helices. This in turn also proves that they
form a double helical structure in solution as well. However, the peptides P1, P2, and P3 show a

large CD minimum at 242 nm. All the CD spectra for peptides P1 to P5 are shown in Figure 7.
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Figure 7: (A) CD spectra of P4 in CHCIs. (B) CD spectra of P5 in CHCIs. (C) CD spectra of P1 in CHCls.
(D) CD spectra of P2 in CHCls. (E) CD spectra of P3 in CHCIs. In all the cases we have used 0.25 mM

concentration of peptides.

The temperature-dependent CD spectra recorded in 1,1,2,2-tetrachloroethane solvent for peptides
P4 and P5 show a gradual decrease of CD maximum intensity with increasing temperature. The
possible breaking of interstrand hydrogen bonds between the two strands of the double helices

gave rise to the decrease of CD maximum intensity. However, even at elevated temperature

110



peptides still retain their double helical characteristic. The temperature-dependent CD spectra for

P4 and P5 are shown in Figures 8A and 8C respectively. We further carry out the melting

temperature (Tm) of the double helices by normalizing the ellipticity at 242 nm and plotting against
temperature. For P4 and P5, we got the melting temperature 67.56 + 1.99 °C and 69.37+ 2.07 °C

respectively.

5

L 3x10 (A) 383 K
g ~ —_—373 K
o ‘ 363 K
B 2x10°- — 33K
] 343 K
o —333 K
- 323K
= 1x10°-

Z

02

=

2

°©

)

=

[=]

=

T v T ¥ T
200 250 300
Wavelength (nm)

3x10°

2x10°4

1x10°

Molar ellipticity [0] deg.c:mz.dmt.'al"|

i v T v i
200 250 300
Wavelength (nm)

Normalized Molar ellipticity (a.u.)

Normalized Molar ellipticity (a.u.)

1.04
0.8-|
0.6+
0.4+
0.2+

0.04

s P4

= Boltzmann fit line

RZ=0.9708
T, = 67.56 +1.99 «C

(B)

0

20 40 60

80 100 120

Temperature (°C)

0.8+
0.6:
0.4-‘
0.2+

0.0+

—— Boltzmann fit line

RZ = 0.9677
Ty =69.37 £2.08 -C

s P5

(D)

o

" 20 40 60

Temperature (°C)

Figure 8: (A) Temperature-dependent CD spectra for peptide P4. (B) Melting temperature (Tm) calculation
plot for P4. (C) Temperature-dependent CD spectra for peptide P5. (B) Melting temperature (Tm)

calculation plot for P5. In all cases concentration of peptides was 0.25 mM.

However, the temperature-dependent CD spectra for B-sheet peptides P1, P2, and P3 in 1,1,2,2-

tetrachloroethane show no significant change in their Amin Values with increasing temperature. The

temperature-dependent plots for peptides P1, P2, and P3 are shown in Figure 9. This observation

signifies their sheet structure in solution.
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Figure 9: (A) Temperature-dependent CD spectra for peptide P1. (B) Temperature-dependent CD spectra
for peptide P2. (C) Temperature-dependent CD spectra for peptide P3. In all cases concentration of peptides
was 0.25 mM.

From the above plot, we have seen that CD signals of B-double helical peptides P4 and P5 are
different from those of the B-sheet promoting peptides P1, P2, and P3. To explore the influence of
solvents on the stability of the double helices, additional CD spectra were recorded in both THF
and 1,4-dioxane solvents. The B-sheet peptides P1, P2, and P3 show a CD minimum at 230 nm in
THF. The CD spectra of P1-P3 are shown in Figure 10.
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Figure 10: (A) CD spectra of peptide P1 in THF. (B) CD spectra of peptide P2 in THF. (C) CD spectra of

peptide P3 in THF. In all cases concentration of peptides was 0.25 mM.

In contrast to the 3-sheet peptides, peptide P4, which forms a -double helical structure exhibits a
completely different CD signal. P4 shows a large CD maximum at 240 nm and a small minimum
at 222 nm. The peptide P5 also exhibited a similar CD signal as we observed in P4. The CD spectra
of P4 and P5 in THF are depicted in Figure 11.
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Figure 11: (A) CD spectra of peptide P4 in THF. (B) CD spectra of peptide P5 in THF. In all cases

concentration of peptides was 0.25 mM.

We further recorded the temperature-dependent CD spectra were recorded in the 1,4-dioxane
solvent. The CD spectra of all these peptides in 1,4-dioxane resemble the CD spectra recorded in
the THF solution. The temperature-dependent CD spectra of peptides P1, P2, and P3 show that
there is no significant change in the CD spectra of the peptides as observed in 1,1,2,2-

tetrachloroethane. (see Figure 12).
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Figure 12: Temperature-dependent CD spectra of peptides in 1,4-dioxane (A) P1 (B) P2 (C) P3. In all

cases concentration of peptides was 0.25 mM.

However, we observed significant changes in the CD spectra of the double-helical peptides P4 and
P5. The 240 nm maximum gradually decreases with increasing temperature. This indicates that
peptides P4 and P5 form a distinct double helical structure. As the temperature rises, the
intermolecular hydrogen bonds between them weaken, leading to the destabilization of the double

helical structure. The temperature-dependent CD spectra for P4 and P5 are depicted in Figure 13.
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However, the fall of the CD maximum intensity is much faster in 1,4-dioxane rather in 1,1,2,2-
tetrachloroethane for both P4 and P5. We proceeded to determine the melting temperature (Trm) of
the double helices. The ellipticity values at 242 nm with different temperatures were normalized
and plotted against the respective temperatures. The obtained melting temperatures for P4 and P5
were found to be 53.71 £ 0.79 °C and 58.27 + 3.74 °C, respectively. The reduced melting
temperature implies that the double helices may experience less stabilization in THF or 1,4-

dioxane compared to chloroform.
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Figure 13: (A) Temperature-dependent CD spectra for peptide P4. (B) Melting temperature (Tm)
calculation plot for P4. (C) Temperature-dependent CD spectra for peptide P5. (D) Melting temperature

(Tm) calculation plot for P5. In all cases concentration of peptides was 0.25 mM.

The combined CD plot in Figure 14 representing sheet-promoting peptides P1-P3 and double-
helical peptides P4 and P5 reveals two discernible CD signals. The study thus indicates that the
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CD signals in solution can be effectively employed to differentiate between B-sheet and B-double
helical structures. The similar spectra of P4 and P5 suggest that the sheet structure of P2 and P3
can be converted to double helical structure by incorporating sterically hindered o,B-unsaturated

4,4-dimethyl y-amino acid residue at the two terminals.
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Figure 14: (A) Combined spectra of B-sheet peptides P1, P2 and P3 in THF. (B) Combined spectra of -
double helix peptides P4 and P5 in THF. (C) Combined spectra of P3 and P4 show the difference in CD

signals for sheet and double helical peptides.

Based on the current findings, it is evident that the presence of a gem-dialkyl group plays a
significant role in shaping the B-sheet or -double helical structure. Now our current understanding
is the importance of double bonds in the formation of B-double helical structures. In this
connection, we have synthesized peptide P6, where we incorporated 1:1 alternating 4,4-dialkyl y-

amino acids (dyAic) and saturated y-amino acids (yLeu).
3.3.6. Crystal Structure Analysis of P6

We got the single crystals of P6 in a chloroform/acetonitrile solvent mixture by slow evaporation.
The X-ray diffracted single crystal structure of peptide P6 is shown in Figure 15. It is fascinating
to see that peptide P6 accommodated into a B-double helical structure as observed in the crystal
structure. Even though the double bond has been removed, the yLeu residues are nicely
accommodated into the double helical structure. Peptide strands 1 and 2 are interwoven through
hydrogen bonds between them, and the stability of the B-double helix structure is maintained by a
total of eight inter-strand hydrogen bonds. In strand 2, the amide CO group of residue i forms a

hydrogen bond with the amide NH group of residue i+2 in strand 1 (i— i+2).
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(C) H-bonding pattern: i(CO)<—i+2(NH)

i+2
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) Peptide P6 @ | 0, I 0, | v

Strand 1

dy Aic (1) 71.65 -11.91 -172.69 175.64
yLeu (1) -86.94 -50.49 -169.42 -155.78
dyAic (2) -71.01 -6.01 -177.51 173.98
yLeu (2) -112.81 63.52 173.72 104.09
Strand 2

dy Aic (1) -70.82 -18.55 -171.01 179.62
yLeu (1) -81.54 -66.12 -174.97 -138.77
dy Aic (2) -75.57 547 -173.91 177.79
yLeu (2) -120.06 64.45 175.92 105.81

Figure 15: (A) Single crystal structure of P6. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P6. (C) Hydrogen bonding pattern observed in

P6. (D) Torsion angle parameters of strand 1 and strand 2 of P6.

Similarly, within strand 1, the amide CO group of residue i establishes hydrogen bonding with the
amide NH group of residue i+2 in strand 2 (i— i+2). The NH groups of the N-terminal Boc-amide
and the CO groups of the C-terminal benzylamine do not participate in inter-strand hydrogen
bonding interactions within their B-double helix structure. However, they do engage in
intermolecular hydrogen bonding with other B-double helices. A diagram illustrating the inter-
strand hydrogen bonds identified in P3 is depicted in Figure 15C. The H-bond characteristics of
the P3 double helix are summarized in Table 2. The properties of the observed hydrogen bonds
fall within the standard range of H-bond parameters. A thorough structural examination of P6
uncovered a noteworthy pattern in its torsion angle parameters. The dyAic residues exhibited
torsion angle parameters that closely resembled those observed in the crystal structure of P4. The
average torsion angle parameters of dyAic are ¢ = -72.26°+2°, 01= -10.49°£5° 0,= -173.77°£2,°

and y = +176.75°+2°. In contrast to the dyAic residues, the yLeu residues exhibited distinct torsion
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angle parameters. On average, these parameters were as follows: ¢ = -100.33°£16°, 0; =
+61.14°+6°, 6, = +£173.5°+3°, and y = +126°+22°,

Table 2: The H-bond parameters of P6 double helix

Donor | Acceptor D..;. A DH.;.. A | ANH...O
(D) (A) (A) (A) ()
N2 08 2.933 2.149 151.11
N3 09 2.889 2.044 167.59
N4 010 2.821 1.986 163.21
N5 011 2.780 1.948 162.44
N7 02 2.947 2.148 154.61
N8 03 2.940 2.096 166.63
N9 o4 2.737 1.956 150.55
N10 05 2.749 1.909 165.01

It is interesting to see that the torsion angles and y displayed are -100° and +126°, respectively
which are completely different from the dyAic residues. Notably, 01 typically hovers around 0°,
but in the case of yLeu, it assumes a value of +61.14°+6° and adopts the gauche conformation
along the N-CY-CB-C® bond. The torsion angles are given in Figure 15D. In summary, these
findings indicate that yLeu residues can fit well within the double helix structure with minimal

deviation from the overall double helix conformation.
3.3.7. Conformational Analysis of Peptides P6 in Solution State

To get a deeper understanding of the conformation of P6 in solution, we subjected peptide P6 to
the solution NMR analysis. The *H-NMR analysis revealed that P6 in CDCl; gave well-resolved
spectra conforming to one set of protons. To investigate the double helix structure in P6 in solution,
temperature-dependent *H-NMR and DMSO-ds titration experiments were carried out.
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3.3.7.1. DMSO-ds Titration Experiment for P6

The titration experiments using DMSO-ds indicated that, except for the N-terminal Boc amide NH,
negligible changes in the chemical shift positions were observed for the other amide NH protons

in peptides P6 as the concentration of DMSO-dg increased. Figure 16 depicts the results of the

DMSO-dgs titration for P6.
" }‘

20 yL DMSO-d; s

35 uL DMSO-d,

30 uL DMSO-d,

25 pL. DMSO-dg /\ M

15 uL DMSO-d; | .

10 yL DMSO-d; ;

5 L DMSO-d; | :
0 L DMSO-d; :
9‘.0 8‘.5 8‘.0 7‘.5 7I.0 GI.5 5‘.0 5‘.5 5‘.0 4‘.5

f1 (ppm)

Figure 16: DMSO-ds *H-NMR titration plot for P6 in CDCls

These findings strongly suggest the involvement of backbone amide NH and CO groups in
intermolecular hydrogen bonding between peptide strands within the double helix. However, a
notable downfield shift was observed for Boc-NH protons as the concentration of DMSO-ds
increased, indicating the exposure of N-terminal NH protons in P6 to the solvent for hydrogen
bonding. This indirect evidence supports the conclusion that P6 adopts double helical

conformations in solution.
3.3.7.2. Temperature-dependent experiments of P6

The temperature-dependent analysis of P6 demonstrated a gradual up-field shift in chemical shifts
for all amide NH groups as the temperature increased from 298 K to 378 K, except for the Boc
amide NH, which exhibited minimal changes in chemical shift values. The gradual shift of
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chemical shift in the amide NH-regions for peptide P6 is shown in Figure 17. The gradual upfield
shift of the amide NH-protons except for Boc-NH, suggests possible breaking of H-bonding leads

to the dissociation of the intertwined double helical strands into a single strand.

378 K

368 K

358 K

348K

338K
328 K

318 K
308 K

1.08.88.68.48.28.07.87.67.47.27.06.86.66.46.26.05.85.65.45.25.04.8 4.6 4.4
f1 (ppm)

Figure 17: Temperature-dependent *H-NMR of P6 in C,D.Cl4 with increasing temperature

Overall, the temperature-dependent study indicates, that P6 forms a double helical structure in
solution as well. An intriguing observation is that the NH chemical shift in peptide P6 experiences
a more rapid up-field shift compared to the cases of peptides P4 and P5. This investigation implies

that while P6 forms a double-helical conformation, the stability of these double helices is lower

than those constructed from all unsaturated y-amino acids in peptides P4 and P5.

3.3.8. Circular Dichroism Analysis of P6

To comprehend the solution conformation of peptide P6, we conducted CD analysis in chloroform,
tetrachloroethane, THF, and 1,4-dioxane solvents. All peptides exhibited distinct CD signals.
Notably, the CD analysis of peptide P6 in chloroform revealed a CD maximum at 242 nm, akin to
our earlier observed double helices. This further substantiates that P6 indeed adopts a double
helical structure in solution. The CD spectra for peptide P6 in chloroform are depicted in Figure

18A. Further temperature-dependent CD spectra in 1,1,2,2-tetrachloroethane were also recorded
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for peptide P6 which is depicted in Figure 18B. The temperature-dependent CD spectra revealed
a gradual decrease in the CD maximum at 242 nm with increasing temperature. This phenomenon
can be attributed to the weakening of interstrand hydrogen bonds as the temperature rises, leading
to the reduction of the CD maximum. Similar to temperature-dependent *H-NMR experiments, we
observed that in CD analysis, the gradual decrease of the maximum in peptide P6 occurs at a faster
rate compared to the double helices of P4 and P5. The lower melting temperature (57.56+ 1.45
°C) further indicates the lower stability of the double helices formed by P6 compared to those

constructed from all unsaturated y-amino acids (Figure 18C).

The CD spectra recorded in THF show a CD maximum at 242 nm along with a CD minimum at
225 nm, which is similar to peptides P4 and P5 (Figure 18D). The temperature-dependent CD
analysis in 1,4-dioxane also followed a similar trend as discussed above (Figure 18E). The melting
temperature calculated for peptide P6 in 1,4-dioxane solvent was found to be 50.91+ 1.22 °C,
which is lower than that of peptides P4 and P5 (Figure 18F).
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Figure 18: (A) CD spectra of P6 in chloroform. (B) Temperature-dependent CD spectra for peptide P6 in
1,1,2,2-tetrachloroethane. (C) Melting temperature (Tm) calculation plot for P6. (D) CD spectra of P6 in
THF. (E) Temperature-dependent CD spectra for peptide P6 in 1,4-dioxane. (F) Melting temperature (Tm)

calculation plot for P6. In all cases concentration of peptides was 0.25 mM.
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The above investigations clearly demonstrate that peptides constructed from the conjugation of
a,B-unsaturated 4,4-dialkyl y-amino acids with saturated y-amino acids have the potential to form
double helices. However, it is noteworthy that the stability of these double helices in solution is

diminished compared to peptides constructed from exclusively unsaturated y-amino acids.

In the previous section, we observed that introducing consecutive o,f3-unsaturated monosubstituted
y-amino acids between the o,B-unsaturated disubstituted y-amino acids results in the formation of
a B-double helical structure. We also observed that peptides consisting of a 1:1 ratio of dyAic and
yLeu amino acids can promote the B-double helical structure. Therefore, our current investigation
aims to determine whether the inclusion of consecutive yLeu units between dyAic units can also
induce the formation of a double helical structure or not. In this context, we have designed peptide
P7, wherein we maintained dyAic residues at both the N-terminal and C-terminal positions while

introducing three yLeu residues in between.
3.3.9. Crystal Structure Analysis of P7

As a single crystal structure gives unequivocal information regarding the conformation of the
peptide, we subjected P7 for crystallization in different solvent mixtures. We got the single crystal
of P7 from the slow evaporation of its solution from the methanol/water system. The x-ray
diffracted single crystal of P7 is shown in Figure 19. Interestingly P7 didn’t form a double helical
structure instead it adopted a Cis-helical conformation. Structural analysis reveals that it formed a
right-handed helical conformation. The carbonyl group of i -residue hydrogen bonded with the NH
of (i+3) residue. The Cus-helix is stabilized by three independent hydrogen bonds. The hydrogen
bonding parameters are shown in Table 3. The hydrogen bonding pattern is schematically shown
in Figure 19B. The Boc-NH, NH(i+1), and NH(i+2) didn’t participate in hydrogen bonding in the
formation of 14-membered hydrogen bonding pseudo cycles. Instead, they form intermolecular
hydrogen bonding to the other helix. Similarly, the carbonyl carbon of the Boc group, CO(i),
CO(i+4) also does not participate in intramolecular hydrogen bonding, but rather forms
intermolecular hydrogen bonding. The local conformation of all residues is characterized by the
backbone torsion angles ¢(N-C), 01(C-CP), 0,(CP-C%), and y(C*-C=0). An analysis of the torsion
values observed in the peptide P7 indicates that the presence of gauche-gauche conformations
around the central C-C bonds (C'-CP and CP-C?) in the gamma (y) residues (i+1, i+2, i+3) is a
defining feature of a consistent C14 helical structure.
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(D) Torsion angles parameters:

(C) H-bonding pattern: i(CO)<«—i+3(NH)

Peptide P7 @ 0, 0, ¥
dyAic (1) 4714 | 15056 | -17534 | -177.58
yLeu (1) 12619 | 5639 | 6439 | -164.81
yLeu (2) 11644 | 62.96 7319 | -147.88
yLeu (3) 13621 | 5524 | 6196 | -150.65
dyAic (2) -81.26 105 | -176.65 | 172.84

Figure 19: (A) Single crystal structure of P7. (B) Top view of the P7. (C) Hydrogen bonding pattern

observed in P7. (D) Torsion angle parameters of P7.

Table 3: H-bond Parameters of P7

Donor Acceptor D.....A DH.....A ANH....O
(D) (A) (A) (A) ©)
N4 03 2.954 2.088 167.69
N5 04 2.926 2.079 161.32
N6 05 2.803 1.929 172.27

However, the penultimate dyAic residue has taken an eclipsed conformation along the C?-CP bond
with torsion angle 01 = 1.05° and trans conformation along the CP-C* bond with torsion angle 6, =
-176.65°. The average backbone torsion angles calculated for the C14 helical structures originating
from the central part of the helices are as follows: ¢ = -126.28° + 8°, 6; = 58.19° + 3.4°, 0, =
66.51° + 4.82°, and y = -154.44° + 7.4°. It's quite intriguing to observe that even when the C-
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terminal dyAic residue possesses a trans double bond geometry, it can still fit within the helical
conformation. Overall these results suggested that the incorporation of consecutive y-amino acids
in between the 4,4-dialkyl a,B-unsaturated y-amino acids may not form a double helical structure
but lead to a Ci4-helical structure.

3.4. Conclusion

In conclusion, our investigation has demonstrated the remarkable ability to convert a -sheet
structure into a P-double helical configuration through the strategic incorporation of (E)-a.p-
unsaturated 4,4-dialkyl y-amino acid residues at both the N and C termini of the peptides. The
presence of y**-dialkyl-substituted (E)-vinylogous y-amino acids effectively compels the
accommodation of these residues into a B-double helical structure. This structural transition is
distinctly reflected in the circular dichroism spectra, offering clear differentiation between the
solution-state conformations of B-sheet and B-double helical peptides. Moreover, our structural
analysis indicates that y-amino acids can be intricately positioned within the B-double helix
through various torsion angles. However, it is noteworthy that the consecutive integration of y-
amino acids does not yield a double helical structure; instead, it gives rise to a Cis-helical
conformation. In summary, our findings underscore the critical role played by (E)-o,3-unsaturated
4,4-dialkyl y-amino acid residues in facilitating the formation of a double helical structure in y-
peptide foldamers. Additionally, this study underscores the significance of the double bond in
driving the generation of the double helical structure. Overall, this research elucidates the

indispensable conditions for the formation of a double helix from y-peptide foldamers.

3.5. Experimental Section

3.5.1 Materials and Methods

All reagents and solvents were used without further purification. Column chromatography was
performed over silica gel. Final peptides were purified through reverse phase HPLC (C1g column,
MeOH/H>0 95:5 as a gradient with flow rate 2.00 mL/min). All the reactions were monitored by
analytical thin-layered chromatography. The TLC visualization was done through UV light,
KMNOs; stain, and ninhydrin stain. *H NMR and 3C NMR were performed through deuterated
solvent on 400 MHz and 101 MHz respectively. We used a Matrix Assisted LASER Desorption
lonization mass spectrometer (MALDI-TOF/TOF) to calculate the accurate mass of our peptides.

Fluorescence data was measured through the Spectrofluorometer instrument. X-ray crystal
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structures were determined through APEX(III) DUO X-ray diffractometer using Mo-Ka
(A=0.71073 A) graphite monochromatic radiation.

3.5.2 Synthetic Procedures for Peptides

BocNH-dyAic-OEt, BocHN-dyLeu(L)-OEt, BocNH-yLeu-OEt, Boc-NH-dyAic-OH, BocNH-
dyLeu(L)-OH and BocNH-yLeu(L)-OH were synthesized using previously reported
procedures.??* The conventional solution phase method, employing the fragment condensation

technique, was employed for peptide synthesis.

3.5.3. Synthesis of Peptide P1, P2 and P3

o}
1) TFA/DCM(1:1) N NaOHI EtOH H
AN
_~_ _OEt 1h BocHN Y OH
Bocilj\/\'( 2) BocHN \/\)L N> 0 =
o o 2b Y
1a \r

~_OH P1
BocHN” > 1) 1a 2) EDC.HCI/ HOBt
0 2) 2b DIPEA, DMF
EDC.HCI/ HOBt 1) TFAIDCM(1:1)|  EDC.HCI/ HOBt TFA’DCM“ D oec tort 12
DIPEA, DMF 1h DIPEA, DMF

0°Ctort,12h 0°Ctort,12h
BocHN \/\)L
Boci‘lj\/\n/ \/\)j\ /d:\n/ \/\)j\

Y p3
Scheme 2: Synthesis of peptides P1, P2 and P3
3.5.3.1. Synthesis of Peptide P1

The Boc group of 1a (8 mmol 2.28 g) was deprotected by using 8 mL 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate
any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
(TFA) salt of the amine of 1a and to this 2 mL of DMF and 2 mL, of DIPEA were added to make
it free amine. BocNH-dyLeu(L)-OH (1b) (2.04 g, 8 mmol) was dissolved in 7 mL of DMF and
cooled to 0 °C under a nitrogen atmosphere. Following this, EDC.HCI (1.7 g, 8.8 mmol), HOBt
(2.08 g, 8 mmol), and DIPEA (4.18 mL, 24 mmol) were added to the reaction mixture, and the
stirring continued for 10 minutes. Subsequently, compound TFA.NH2-dyLeu(L)-OEt was added,
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and the reaction proceeded overnight, with TLC used to monitor the progress of the reaction. After
the reaction reached completion, the mixture was diluted with 300 mL of ethyl acetate and
subjected to washing with 10% HCI (150 mL x 2), 10% Na>COz solution (150 mL x 2), and brine
solution (150 mL x 2). The organic layer was dried using anhydrous sodium sulfate (Na.SO4) and
concentrated under reduced pressure, resulting in a crude powder. The crude material was then
purified through column chromatography, yielding the white crystalline dipeptide, P1, with a 72%
yield.

3.5.3.2. Synthesis of Peptide P2

P1 (6 mmol, 2.54 g) was dissolved in 30 mL of ethanol, and 20 mL of 1N NaOH was added
dropwise to the solution over 3 minutes. The reaction mixture was stirred for 30 minutes until the
hydrolysis was complete. Afterward, the reaction mixture was acidified with 1N aqueous HCI
solution and then extracted with ethyl acetate. The organic layer underwent washing with brine
solution (3 x 100 mL) and was subsequently dried over anhydrous sodium sulfate (Na2SO4). The
combined organic layer containing 2b was concentrated under vacuum and was further employed
for the subsequent coupling reaction. BocNH-dyLeu(L)-dyLeu(L)-OH (2b) (1.584 g, 4 mmol) was
dissolved in DMF (5 mL) and cooled to 0 °C under a nitrogen atmosphere. Following this,
EDC.HCI (0.85 g, 4.4 mmol), HOBLt (0.5 g, 4 mmol), and DIPEA (2 mL, 12 mmol) were added to
this solution. This reaction mixture was stirred for 5 min and subsequently, compound TFA.NH2-
dyLeu(L)-OEt (1.2 g, 4 mmol) was added, and the reaction proceeded overnight, with TLC used
to monitor the progress of the reaction. After the reaction reached completion, the reaction mixture
was diluted with 180 mL of ethyl acetate and subjected to washing with 10% HCI (125 mL x 2),
10% Na2COs solution (125 mL x 2), and brine solution (125 mL x 2). The organic layer was dried
using anhydrous Na>SO4 and concentrated under reduced pressure, resulting in a crude powder.
The crude material was then purified through column chromatography, yielding the white

crystalline product, P2, with a 70% yield.
3.5.3.3. Synthesis of Peptide P3

The Boc group of P1 (2 mmol 0.84 g) was deprotected by using 2 mL 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate

any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
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(TFA) salt of the amine of P1 and to this 1.5 mL of DMF and 0.7 mL, of DIPEA were added to
make it free amine. BocNH-dyLeu(L)-dyLeu(L)-OH (2b) (0.798 g, 1 mmol) was dissolved in DMF
(3 mL) and cooled to 0 °C under a nitrogen atmosphere. Following this, EDC.HCI (0.4 g, 2.2
mmol), HOBt (0.25 g, 2 mmol), and DIPEA (1.4 mL, 8 mmol) were added to this solution. This
reaction mixture was stirred for 5 min and subsequently, compound TFA.NH2-dyLeu(L)-
dyLeu(L)-OEt was added, and the reaction proceeded overnight, with TLC used to monitor the
progress of the reaction. After the reaction reached completion, the mixture was diluted with 100
mL of ethyl acetate and subjected to washing with 10% HCI (75 mL x 2), 10% Na>COz solution
(75 mL x 2), and brine solution (75 mL x 2). The organic layer was dried using anhydrous Na;SO4
and concentrated under reduced pressure, resulting in a crude powder. The crude material was then
purified through column chromatography, yielding the white crystalline product, P3, with a 60%
yield.

3.5.4. Synthesis of Peptide P4
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Scheme 3: Synthesis of peptide P4.

Boc-dyAic-OH (6.5 mmol, 1.49 g) was dissolved in 7 mL of DMF and cooled to 0 °C under a
nitrogen atmosphere. Following this, EDC.HCI (7.205 mmol, 1.38 g) HOBt (6.5 mmol, 880 mg),

126



and DIPEA (19.65 mmol, 3.52 mL) were added to the reaction mixture, and the stirring continued
for 10 minutes. Subsequently, compound TFA.NH2-dyLeu(L)-OEt was added, and the reaction
proceeded overnight, with TLC used to monitor the progress of the reaction. After the reaction
reached completion, the mixture was diluted with 300 mL of ethyl acetate and subjected to washing
with 10% HCI (150 mL x 2), 10% Na>COz solution (150 mL x 2), and brine solution (150 mL x
2). The organic layer was dried using anhydrous sodium sulfate (Na2SOa) and concentrated under
reduced pressure, resulting in a crude powder. The crude material was then purified through
column chromatography, yielding the white crystalline dipeptide, 3a, with a 72% yield. The
hydrolysis of 3a was carried out by using 1 N NaOH solution following the previously mentioned

procedure 3.5.3.2 and hydrolysis product 3b was generated.

Following the above-mentioned procedure, dipeptide 4a was also synthesized. The hydrolysis of
4a to generate hydrolysis product 4b was also carried out by the previously mentioned procedure
in 3.5.3.2. The peptide BocHN-dyLeu-dyAic-OH (4b) (2 mmol, 0.736 g), EDC.HCI (2.2 mmol,
422 mg) and HOBt (2 mmol, 270 mg) were dissolved together in DMF (5 mL). To this solution (6
mmol, 1.0 mL) DIPEA was added. After stirring the reaction mixture for about 10 minutes at ice-
cold conditions, benzylamine (5 mmol, 0.54 mL) was added and the reaction mixture was left for
stirring overnight at room temperature. Upon finishing the reaction (verified by TLC), the
compound underwent extraction with ethyl acetate, followed by sequential washes with 10% HCI
(3 x 40 mL), 10% Na2COgz (3x 40 mL), and brine solution (3 x 40 mL). The organic layer was
dried by using anhydrous Na>SO4 and then condensed under reduced pressure. The crude product
4c underwent purification through silica gel column chromatography employing an

EtOAc/Hexane solvent system. The overall yield amounted to 68% (1.36 mmol, 0.62 g).

The Boc-deprotection of 4c was further carried out by using TFA: DCM in a 1:1 ratio by following
the previously mentioned procedure in 3.5.3.1. The synthesis of peptide Boc-dyAic-dyLeu(L)-
dyLeu(L)-dyAic-NHBn (P4) involved a [2+3] condensation. For the coupling reaction, Boc-dyAic-
dyLeu-OH (3b) (1.3 mmol, 0.48 g), EDC.HCI (1.43 mmol, 275 mg), and HOBt (6.5 mmol, 175
mg) were combined in DMF (3 mL). To this mixture, DIPEA (3.9 mmol, 0.9 mL) was added. After
stirring the reaction mixture for approximately 5 minutes under ice-cold conditions, TFA.H2N-
dyLeu(L)-dyAic-NHBn (4d) (1.3 mmol, 0.59 mg) was introduced. The reaction mixture was stirred

overnight at room temperature. Upon completion of the reaction (monitored by TLC), the
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compound underwent extraction with ethyl acetate, followed by successive washings with 10%
HCI (3 x 40 mL), 10% Na>COs (3 x 40 mL), and brine solution (3 x 40 mL). The combined organic
layer was then dried over anhydrous Na.SO4 and concentrated under reduced pressure. The final
peptide P4 was purified through reverse-phase HPLC using a C1g column with MeOH/H20 (95:5)

as the gradient and a flow rate of 2.00 mL/min.

3.5.5. Synthesis of Peptide P5
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Scheme 4: Synthesis of peptide P5

The deprotection of the Boc group of the dipeptide 4a was carried out by following the previously
mentioned procedure in 3.5.3.1. In a typical coupling reaction, Boc-dyLeu(L)-OH (3 mmol, 0.768
g) and TFA-dyLeu(L)-dyAic-OEt (5d) (3 mmol, 1.1 g) were dissolved in 4 mL of DMF. EDC.HCI
(3.3 mmol, 0.63 g) and HOBt (3 mmol, 405 mg) were added, and the mixture was cooled at 0 °C
for 10 minutes. Subsequently, DIPEA (12 mmol, 2 mL) was introduced, and the reaction was
allowed to reach room temperature. TLC was employed to monitor the reaction progress, which
took approximately 24 hours. After completion, the mixture was diluted with 250 mL of ethyl
acetate and subjected to washes with 5% HCI (3 x 80 mL), 10% sodium carbonate solution (3 x
80 mL), and brine (3 x 100 mL). The organic layer was dried with Na.SOa, evaporated under
reduced pressure, and the crude product was purified through silica gel column chromatography
using an EtOAc/Hexane solvent system. The overall yield of the product 5e was 72% (2.16 mmol,
1.2 9).
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Boc deprotection of tripeptide 5e was carried out by following the procedure in 3.5.3.1. The
peptide Boc-dyAic-dyLeu-dyLeu-dyLeu-dyAic-OEt (P5) was synthesized via a [2+3]
condensation. In the coupling reaction, BocHN-dyAic-dyLeu(L)-OH (1.5 mmol, 0.55 g), EDC.HCI
(1.65 mmol, 316 mg), and HOBt (1.5 mmol, 203 mg) were dissolved in 3 mL of DMF. DIPEA (6
mmol, 1 mL) was added to this solution, and after stirring for approximately 10 minutes under ice-
cold conditions, TFA.H2N-dyLeu(L)-dyLeu(L)-dyAic-OEt was introduced. The reaction mixture
was stirred overnight at room temperature, and its completion was verified by TLC. The compound
was then extracted with ethyl acetate and washed successively with 10% HCI (3 x 40 mL), 10%
Na2COs (3 x 40 mL), and brine solution (3 x 40 mL). The combined organic layer was dried with
anhydrous Na>SO4 and concentrated under reduced pressure. The final peptide P5 was purified
using reverse phase HPLC (Cig column, MeOH/H20 95:5 as a gradient, with a flow rate of 2.00

mL/min).

3.5.6. Synthesis of Peptide P6

1. EDC.HCI, HOBt
s oy DIPEADMF s H NaOH, EtOH,
Q / ° S
BocHN>\/\n/ 0°Ctort. BocHNV\rrN o/\ H20, 1h BocHNX/\[(
0 2 o}
6a
H,N.TFA O

o EDC.HCI, HOBt
DIPEA,DMF H,
0°Ctor.t.

TFAHZN’é\,( 7/\)L /\@ TFA:DCM (1:1) ! 0
BocHN” 7 7/\)LN
o Z H
6¢c

EDC.HCI, HOBt

DIPEA,DMF
6b+6g 0°Ctort. 0°Ctor.t. BocHNM{ \/\)L 7/\)L /\@

Scheme 5: Synthesis of peptide P6

For the coupling reaction, Boc-dyAic-OH (6.5 mmol, 1.49 g) and TFA-H2N-yLeu(L)-OEt (6.5
mmol, 1.12 g) were dissolved in DMF (6 mL). EDC.HCI (7.205 mmol, 1.38 g) and HOBt (6.5
mmol, 880 mg) were added to the solution, and the reaction mixture was cooled at 0 °C for 5
minutes. Subsequently, DIPEA (19.65 mmol, 3.52 mL) was introduced, and the reaction mixture
was allowed to reach room temperature with stirring. The progress of the reaction was monitored

by TLC. After approximately 24 hours, the reaction mixture was diluted with 250 mL of ethyl
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acetate and washed with 10% HCI ( 3 x 80 mL), 10% sodium carbonate solution (3 x 80 mL),
followed by brine (3 x 100 mL). The organic layer was dried over Na,SO4 and evaporated under
reduced pressure. The crude product underwent purification on a silica gel column
chromatography using an EtOAc/Hexane solvent system. The overall yield of the dipeptide 6a was
72% (4.68 mmol, 1.79 g).

Hydrolysis of BocHN-dy-Aic-yLeu(L)-OEt was performed following the previously mentioned
procedure (3.5.3.2.). The peptide BocHN-dyAic-yLeu(L)-OH (4 mmol, 1.062 g), EDC.HCI (4.4
mmol, 843 mg) and HOBt (4 mmol, 540 mg) were dissolved together in DMF (6 mL). To this
solution (12 mmol, 1.5 mL) DIPEA was added. After stirring the reaction mixture for about 10
minutes at ice-cold conditions, benzylamine (9 mmol, 1.0 mL) was added. The reaction mixture
was stirred overnight at room temperature. After completion of the reaction (monitored by TLC),
the compound was extracted with ethyl acetate followed by successive washings with 10% HCI (3
x 40), 10% Na2COs (3x 40 mL) and brine solution (3x 40 mL). The combined organic layer was
dried over anhydrous Na>2SO4 and concentrated under reduced pressure. The crude product 6¢ was
purified on silica gel column chromatography using an EtOAc/Hexane solvent system Overall
yield was 68% (2.72 mmol, 1.21 g).

Boc deprotection of BocHN-dyAic-yLeu(L)-NHBnN (6¢) was carried out following the previously
mentioned procedure (3.5.3.1.). The peptide Boc-dyAic-yLeu(L)-dyAic-yLeu(L)-NHBn (P6) was
prepared by [2+3] condensation. For the coupling reaction, BocHN-dyAic-yLeu(L)-OH (1.5 mmol,
0.55 g), EDC.HCI (1.65 mmol, 316 mg), and HOBt (1.5 mmol, 203 mg) were dissolved together
in DMF (6 mL). To this solution, DIPEA (6 mmol, 4 mL) was added. After stirring the reaction
mixture for approximately 10 minutes under ice-cold conditions, TFA.H2N-y Leu(L)-OEt was
introduced. The reaction mixture was stirred overnight at room temperature. Upon completion of
the reaction (monitored by TLC), the compound was extracted with ethyl acetate, followed by
successive washings with 10% HCI (3 x 40 mL), 10% Na>COgz (3% 40 mL), and brine solution (3
x 40 mL). The combined organic layer was then dried over anhydrous Na>SO4 and concentrated
under reduced pressure. The final peptide P6 underwent purification through reverse-phase HPLC

using a C1g column with MeOH/H»0 (95:5) as the gradient and a flow rate of 2.00 mL/min.
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3.5.7. Synthesis of Peptide P7

EDC.HCL, HOBt
DIPEA, DMF

o o
& H & H Q
o 0°Ctort S
0 Y B 0 = ) 0
\( \r 7a
NaOH, EtOH,
1. EDC.HCI, HOBt H,0, 1h
on DIPEADMF H o
BocHN 0°Ctort. S0\ 7
0Ctort., BocHN Z O ¢
0 2= g VAl

o
. & H
NN} NH2 A N~ /6:\'(0"'
HzN-TFA>\/\ff ~" EDC.HCL, HOBt BocHN N
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7b
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0°Ctort
TFA'HZN\_/\)LNMN 4_(u)_ BOCHN\/\)LNM(N
z H o H H lo}
T hE?
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Scheme 6: Synthesis of peptide P7
For the coupling reaction, BocNH-dyAic-yLeu(L)-OH (6a) (3 mmol, 1.1 g) and TFA-H2N-
yLeu(L)-OEt (3 mmol, 0.89 g) were dissolved in 4 mL of DMF. Subsequently, EDC.HCI (3.3
mmol, 630 mg) and HOBt (3 mmol, 405 mg) were added to the mixture. The reaction mixture was
allowed to cool at 0°C for 10 minutes. Following this, DIPEA (12 mmol, 2 mL) was introduced to
the reaction mixture under stirring conditions, and the reaction mixture was allowed to return to
room temperature. The monitoring of the reaction's progress was carried out by TLC. After the
completion of the reaction (approximately 24 hrs), the reaction mixture was diluted with 250 mL
of ethyl acetate and subjected to washing with 10% HCI (3 x 80 mL), 10% Na>COs3 solution in
water (3 x 80 mL), followed by brine (3 x 100 mL). The organic layer was then dried over
anhydrous sodium sulfate and concentrated under reduced pressure. The crude product 7a was
purified on a silica gel column chromatography using an EtOAc/Hexane solvent system. The

overall yield of product 7a was found to be 72% (2.16 mmol, 1.79 g).

The synthesis of peptide 7c was carried out by following the above-mentioned coupling reaction
procedure. The hydrolysis of 7c was performed by following the procedure mentioned in 3.5.3.2.
The peptide BocHN-yLeu(L)-dyAic-OH (7c) (4 mmol, 1.062 g), along with EDC.HCI (4.4 mmol,
843 mg) and HOBt (4 mmol, 540 mg), were dissolved in 6 mL of DMF. To this solution, DIPEA
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(12 mmol, 1.5 mL) was added. After stirring the reaction mixture for approximately 5 minutes
under ice-cold conditions, benzylamine (9 mmol, 1.0 mL) was introduced. The reaction mixture
was stirred overnight at room temperature. Upon completion of the reaction (monitored by TLC),
the compound was extracted with ethyl acetate, followed by successive washings with 10% HCI
(3 x 40 mL), 10% Na>COs (3% 40 mL), and brine solution (3 x 40 mL). The combined organic
layer was dried over anhydrous Na,SO4 and concentrated under reduced pressure. The crude
product 7d was purified on a silica gel column chromatography using an EtOAc/Hexane solvent
system. The overall yield was 68%.

The Boc group deprotection of BocHN-yLeu(L)-dyAic-NHBnN (7d) was carried out as previously.
The resulting gummy product, TFA.H2N-yLeu(L)-dyAic-NHBnN (7€) was subsequently utilized for
coupling. The hydrolysis of BocHN-dy-Aic-yLeu(L)-yLeu(L)-OEt (7a) was carried out following

the previously mentioned procedure (5.2.1.1).

The peptide BocHN-dy-Aic-yLeu(L)-yLeu(L)-yLeu(L)-dyAic-NHBn (P7) was synthesized
through a [3+3] condensation. For the coupling reaction, Boc-dyAic-yLeu(L)-yLeu(L)-OH (1
mmol, 0.51 gm), along with EDC.HCI (1.1 mmol, 211 mg) and HOBt (1.0 mmol, 135 mg), were
dissolved in 3 mL of DMF. To this solution, DIPEA (5 mmol, 1 ml) was added. After stirring the
reaction mixture for about 10 minutes under ice-cold conditions, TFA.H2N-yLeu(L)-dyAic-NHBn
(7e) was added. The reaction mixture was stirred overnight at room temperature. Upon completion
of the reaction (monitored by TLC), the compound was extracted with ethyl acetate, followed by
successive washings with 10% HCI (3 x 40 mL), 10% Na>COgz (3% 40 mL), and brine solution (3
x 40 mL). The combined organic layer was dried over anhydrous Na>SO4 and concentrated under
reduced pressure. The final peptide was purified through reverse-phase HPLC (Cis column,
MeOH/H-0 95:5 as a gradient with a flow rate of 2.00 mL/min.

3.6. Characterization of Monomer and Peptides
BocNH-dyAic-dyLeu-OEt (3a):

IH NMR (400 MHz, CDCls) § 6.88 — 6.84 (m, 1H), 6.84 — 6.80 (m, 1H), 5.92 (dd, J = 15.7, 1.6
Hz, 1H), 5.83 (d, J = 15.5 Hz, 1H), 5.72 (d, J = 7.8 Hz, 1H), 4.81 — 4.73 (m, 1H), 4.71 (s, 1H),
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4.18 (g, J = 7.1 Hz, 2H), 1.66 (dg, J = 13.4, 6.7 Hz, 1H), 1.46 (d, J = 7.3 Hz, 2H), 1.43 (s, 9H),
1.41 (d, J = 2.2 Hz, 6H), 1.28 (t, J = 7.1 Hz, 3H), 0.94 (s, 3H), 0.93 (s, 3H). 3C NMR (101 MHz,
CDCl3) 6 166.51, 165.37, 154.50, 149.83, 148.20, 120.95, 120.56, 79.55, 60.56, 52.92, 48.50,
43.56, 28.50, 27.50, 24.86, 22.82, 22.28, 14.32. MALDI TOF/TOF m/z calculated value for
C21H36N205 [M+K]* = 435.26 and observed [M+K]* = 435.38

BocNH- dyLeu -dyAic-OEt (4a):

ﬂ\ (o] H (o]
OJLN P N No/\
H o o

IH NMR (400 MHz, CDCl3) & 7.03 (dd, J = 15.9, 1.1 Hz, 1H), 6.61 (dd, J = 15.3, 6.2 Hz, 1H),
5.84 (ddd, J = 15.8, 4.2, 1.5 Hz, 2H), 5.64 (s, 1H), 4.49 (s, 1H), 4.26 (d, J = 8.0 Hz, 1H), 4.17 (qd,
J=7.2,1.9 Hz, 2H), 1.48 (d, J = 1.7 Hz, 6H), 1.43 (d, J = 1.9 Hz, 9H), 1.36 (t, J = 7.4 Hz, 2H),
1.27 (td, J = 7.1, 1.8 Hz, 3H), 0.92 (dd, J = 6.6, 2.0 Hz, 6H). 3C NMR (101 MHz, CDCls) &
166.69, 164.60, 155.18, 152.54, 152.50, 144.64, 123.39, 118.82, 79.63, 77.35, 77.04, 76.72, 60.45,
53.80, 49.87, 44.02, 28.41, 27.15, 27.11, 24.65, 22.59, 22.31, 14.24. MALDI TOF/TOF m/z
calculated value for Co1HzsN20s [M+K]" = 435.26 and observed [M+K]* = 435.22

BocNH-dyAic-yLeu-OEt (6a):

(0] . (o]
S H
j\OJLHX/\ﬂ/N\E/\)LO/\
Y

1H NMR (400 MHz, CDCI3)  6.77 (d, J = 15.5 Hz, 1H), 5.74 (d, J = 15.5 Hz, 1H), 5.59 (d, J =
9.3 Hz, 1H), 4.71 (s, 1H), 4.07 (q, J = 7.2 Hz, 3H), 2.32 (ddd, J = 8.2, 6.9, 3.2 Hz, 2H), 1.89 — 1.79
(m, 1H), 1.67 - 1.52 (m, 2H), 1.36 (s, 6H), 1.33 - 1.29 (m, 1H), 1.25 (dt, J = 6.9, 5.2 Hz, 2H), 1.20
(t, J=7.1Hz, 3H), 0.87 (dd, J = 6.6, 3.4 Hz, 6H). *°C NMR (101 MHz, CDCl3) § 174.26, 165.95,
154.69, 149.31, 121.28, 79.72,77.80, 77.48, 77.16, 60.84, 53.20, 47.61, 45.22, 31.45, 31.12, 28.77,
27.78, 27.77, 25.29, 23.42, 22.65, 14.58. MALDI TOF/TOF m/z calculated value for C21H3sN20s
[M+K]*" = 437.28 and observed [M+K]* = 437.26
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BocNH- dyLeu -dyAic-NHBnN (4c):

ﬂ\ (o] H o]
BSOS BN
H 0 N

IH NMR (400 MHz, CDCl3) § 7.63 (s, 1H), 7.29 (t, J = 2.0 Hz, 4H), 7.19 (td, J = 6.3, 2.9 Hz, 1H),
6.89 (s, 1H), 6.73 (d, J = 15.4 Hz, 1H), 6.63 (dd, J = 15.2, 4.4 Hz, 1H), 5.77 (dd, J = 15.4, 1.8 Hz,
1H), 5.63 (d, J = 15.4 Hz, 1H), 4.56 (d, J = 8.1 Hz, 1H), 4.44 (d, J = 5.4 Hz, 2H), 4.25 (s, 1H),
1.95-1.82 (m, 2H), 1.64 (h, J = 7.7 Hz, 1H), 1.45 (d, J = 12.6 Hz, 9H), 1.39 — 1.32 (m, 6H), 0.89
(dd, J = 9.3, 6.5 Hz, 6H). 3C NMR (101 MHz, CDCl3) & 165.68, 164.33, 156.06, 147.05, 144.86,
138.68, 128.72, 128.42, 128.12, 127.87, 127.54, 126.93, 122.27, 120.74, 80.36, 54.24, 50.23,
44.07, 43.76, 43.67, 38.62, 29.10, 28.51, 27.19, 26.46, 24.92, 23.27, 22.77, 21.73. MALDI
TOF/TOF m/z calculated value for CsH3gN3O4 [M+K]" = 496.29 and observed [M+K]* =
496.282.

BocNH-dyLeu-dyLeu-OEt (P2):

T

IH NMR (400 MHz, CDCls) & 6.82 (dd, J = 15.7, 5.7 Hz, 1H), 6.69 (d, J = 15.0 Hz, 1H), 5.89
(ddd, J = 15.3, 4.5, 1.5 Hz, 2H), 5.50 (s, 1H), 4.75 (p, J = 7.1 Hz, 1H), 4.38 (d, J = 74.3 Hz, 2H),
417 (qd, J = 7.1, 1.6 Hz, 2H), 1.67 — 1.64 (m, 4H), 1.44 (d, J = 1.2 Hz, 9H), 1.38 (t, J = 7.4 Hz,
2H), 0.93 (dd, J = 6.7, 2.2 Hz, 12H). 13C NMR (101 MHz, CDCI3) & 166.33, 164.87, 147.83,
120.97, 77.35, 77.23, 77.03, 76.71, 60.50, 48.44, 44.03, 43.54, 28.40, 28.17, 24.79, 24.66, 22.72,
22.66, 22.19, 14.23. MALDI TOF/TOF m/z calculated value for C23H4oN20s5 [M+K]* = 463.29
and observed [M+K]" = 463.297.

BocNH- dyLeu - dyLeu- dyLeu-OEt (P2):

T

IH NMR (400 MHz, CDCls) § 7.19 (s, 1H), 6.87 (dd, J = 15.8, 5.5 Hz, 1H), 6.82 — 6.78 (m, 1H),
6.78 — 6.68 (M, 2H), 5.94 — 5.85 (m, 2H), 5.64 (d, J = 15.2 Hz, 1H), 4.78 — 4.56 (m, 3H), 4.27 (d,
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J=6.8 Hz, 1H), 4.17 (q, J = 7.1 Hz, 2H), 1.70 (dt, J = 14.0, 6.9 Hz, 3H), 1.49 (d, J = 5.2 Hz, 9H),
1.47 - 1.37 (m, 6H), 1.28 (t, J = 7.1 Hz, 3H), 0.95 — 0.89 (m, 18H). *C NMR (101 MHz, CDCls)
0 166.39, 164.98, 155.62, 148.35, 144.93, 143.84, 122.22, 121.98, 120.29, 79.60, 60.10, 49.79,
48.41, 48.18, 43.61, 43.26, 43.17, 40.48, 40.27, 40.06, 39.85, 39.65, 39.44, 28.30, 24.59, 24.40,
22.72, 22.65, 22.57, 22.01, 21.78, 21.58, 21.39, 14.09. MALDI TOF/TOF m/z calculated value
for C31H3sN30s [M+K]* = 602.39 and observed [M+K]* = 602.399

BocNH- dyLeu - dyLeu- dyLeu- dyLeu -OEt (P3):

>Loiu/¢\y(n\é/§)iu/¢\mn\§/\jj\o/\
T T

IH NMR (400 MHz, CDCI3) § 8.10 (d, ] = 8.2 Hz, 2H), 7.80 (s, 1H), 7.00 — 6.76 (m, 4H), 6.04 —
5.91 (m, 2H), 5.49 (t, J = 13.7 Hz, 2H), 4.78 (d, J = 7.5 Hz, 2H), 4.50 (s, 2H), 4.17 (q, J = 7.1 Hz,
2H), 1.73 (dt, J = 13.6, 6.9 Hz, 4H), 1.51 (d, J = 6.5 Hz, 9H), 1.49 — 1.35 (m, 8H), 1.30 — 1.26 (m,
3H), 0.96 — 0.90 (m, 24H). 13C NMR (151 MHz, C2D>Cls) & 166.72, 165.15, 165.00, 164.90,
156.40, 148.60, 146.05, 145.53, 144.59, 123.41, 120.77, 120.32, 80.82, 74.04, 73.96, 73.78, 73.60,
60.25, 50.32, 49.53, 48.23, 43.49, 43.31, 42.71, 28.35, 25.13, 24.78, 24.75, 23.05, 22.93, 22.70,
22.52, 22.35, 21.99, 21.48, 14.29. MALDI TOF/TOF m/z calculated value for CzsHesN4O7
[M+K]" = 741.49 and observed [M+K]* = 741.509

BocNH- yLeu -dyAic-NHBnN (7d):

(o] H (o]
S, N/\
H o = H

'H NMR (400 MHz, CDCl3) 8 7.31 (s, 1H), 7.27 (s, 3H), 7.26 — 7.16 (m, 2H), 6.82 (d, J = 15.5
Hz, 1H), 6.55 (s, 1H), 5.98 (d, J = 15.5 Hz, 1H), 4.58 (d, J = 9.7 Hz, 1H), 4.51 — 4.38 (m, 2H),
3.62 (h, J = 4.0 Hz, 1H), 2.22 — 2.09 (m, 2H), 1.89 — 1.76 (m, 1H), 1.66 — 1.55 (m, 1H), 1.47 (s,
4H), 1.36 (s, 3H), 1.35 (s, 9H), 1.29 — 1.15 (m, 3H), 0.85 (dd, J = 6.7, 4.8 Hz, 6H). *C NMR (101
MHz, CDClz) & 171.86, 171.20, 166.23, 156.38, 147.75, 138.56, 128.53, 128.44, 127.85, 127.10,
120.94, 79.17, 53.91, 47.98, 45.57, 45.50, 43.43, 32.99, 31.69, 28.35, 28.13, 26.88, 24.88, 22.98,
22.62, 22.37,22.17. MALDI TOF/TOF m/z calculated value for C26H41N304 [M+K]" = 482.31
and observed [M+K]" = 482.32
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BocNH- dyAic -yLeu- yLeu-OEt (7a):

(0] s (o)
& H
>LOJLM>\¢\WNY\)LH¢\KO\/
o '\r

o

IH NMR (400 MHz, CDCl3) § 7.17 — 6.97 (m, 1H), 6.76 (d, J = 15.5 Hz, 1H), 6.33 (s, 1H), 5.82
(d, J = 15.5 Hz, 1H), 4.90 (s, 1H), 4.07 (dd, J = 7.1, 3.0 Hz, 2H), 3.97 (ddp, J = 17.9, 8.9, 4.1 Hz,
2H), 2.31 (ddd, J = 8.7, 6.7, 1.9 Hz, 2H), 2.10 (dddd, J = 13.7, 10.0, 7.2, 4.0 Hz, 2H), 1.89 — 1.75
(m, 2H), 1.70 — 1.42 (m, 6H), 1.38 (s, 9H), 1.37 (s, 6H), 1.29 — 1.24 (m, 2H), 1.19 (d, J = 7.1 Hz,
3H), 0.86 — 0.83 (m, 12H). *C NMR (101 MHz, CDCI3) & 173.92, 173.85, 173.81, 173.65,
172.94, 172.85, 170.02, 166.20, 120.84, 79.54, 77.40, 77.08, 76.77, 60.35, 52.96, 47.43, 46.89,
44.97, 44.24, 31.16, 30.90, 29.65, 29.61, 28.39, 27.53, 27.37, 24.98, 24.91, 24.86, 23.05, 23.03,
23.00, 22.29, 22.22, 22.14, 22.05, 14.19. MALDI TOF/TOF m/z calculated value for C29Hs3N30s
[M+K]+ = 578.39 and observed [M+K]+ = 578.39

BocNH- dyLeu - dyLeu- dyAic-OEt (5e):

(o] H (o)
\(Y\)LN 4 NNO/\
NHBoc M 0 -

H NMR (400 MHz, CDCI3) 8 7.20 (s, 1H), 7.08 (d, J = 15.9 Hz, 1H), 7.04 (s, 1H), 6.79 (dd, J =
15.1, 3.6 Hz, 1H), 6.73 (dd, J = 15.1, 4.0 Hz, 1H), 5.90 (dd, J = 15.2, 2.0 Hz, 1H), 5.83 (d, J = 16.0
Hz, 1H), 5.52 (d, J = 15.0 Hz, 1H), 4.57 (d,J = 8.7 Hz, 2H), 4.27 (s, 1H), 4.18 — 4.12 (m, 2H), 1.72
(qt, J =13.1, 6.6 Hz, 3H), 1.63 — 1.58 (m, 3H), 1.42 (s, 6H), 1.29 — 1.25 (m, 3H), 0.95 — 0.90 (m,
12H). 3C NMR (101 MHz, CDCI3) § 167.08, 165.10, 164.46, 156.24, 154.04, 146.00, 143.69,
122.13,121.06, 118.05, 80.49, 77.34, 77.23,77.03, 76.71, 60.25, 53.64, 50.31, 49.16, 43.60, 43.14,
28.49, 27.60, 26.11, 24.99, 24.84, 22.93, 22.89, 21.70, 21.47, 14.28.

BocNH- dyAic-dyLeu- dyLeu- dyAic-NHBnN (P4):
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'H NMR (400 MHz, CDCl3) 6 8.26 (t, J = 5.7 Hz, 1H), 8.23 — 8.06 (m, 2H), 8.01 (s, 1H), 7.40 —
7.32 (m, 2H), 7.29 (d, J = 7.5 Hz, 2H), 7.21 — 7.12 (m, 1H), 6.95 (dd, J = 15.1, 3.5 Hz, 1H), 6.81
— 6.62 (m, 3H), 6.02 (d, J = 15.1 Hz, 1H), 5.67 — 5.51 (m, 2H), 5.40 (dd, J = 15.2, 1.8 Hz, 1H),
4.71 (s, 1H), 4.54 (d, J = 9.7 Hz, 2H), 4.49 — 4.23 (m, 2H), 1.90 — 1.74 (m, 2H), 1.63 — 1.53 (m,
2H), 1.50 (s, 9H), 1.46 (s, 3H), 1.45 - 1.37 (m, 6H), 1.34 (d, J = 4.4 Hz, 6H), 1.30 — 1.22 (m, 4H),
0.92 — 0.84 (m, 12H). °C NMR (151 MHz, C2D2Cls) & 171.19, 165.85, 165.68, 164.66, 154.61,
149.13, 147.85, 146.33, 145.40, 138.95, 128.66, 128.58, 128.22, 128.00, 127.58, 127.49, 126.67,
120.71, 120.42, 119.51, 118.67, 80.18, 60.39, 53.86, 53.65, 49.60, 48.90, 43.54, 43.37, 42.95,
42.20, 34.34, 31.10, 30.18, 28.40, 25.98, 25.35, 25.22, 24.67, 24.10, 23.22, 23.10, 22.86, 22.40,
22.04, 21.11, 14.17. MALDI TOF/TOF m/z calculated value for C40Hs1N5O6 [M+K]* = 746.46
and observed [M+K]" = 746.47

BocNH- dyAic-dyLeu- yAic- yLeu-NHBN:

IH NMR (400 MHz, CDCls) & 8.49 (s, 1H), 7.95 (s, 1H), 7.39 — 7.27 (m, 4H), 7.22 — 7.17 (m,
1H), 6.76 (d, J = 15.3 Hz, 1H), 6.55 (d, J = 15.2 Hz, 1H), 5.89 (d, J = 15.3 Hz, 1H), 5.52 (s, 1H),
4.78 (s, 1H), 4.44 (ddd, J = 48.3, 14.8, 5.9 Hz, 2H), 4.03 (s, 1H), 3.96 (s, 1H), 2.27 — 1.83 (m, 8H),
1.64 — 1.56 (m, 2H), 1.47 (s, 3H), 1.45 (s, 9H), 1.43 (d, J = 2.3 Hz, 4H), 1.42 (s, 3H), 1.39 (s, 2H),
1.36 (d, J =8.5 Hz, 6H), 1.30 — 1.16 (m, 4H), 0.86 — 0.81 (m, 12H). *C NMR (101 MHz, CDCl5)
0 173.22, 172.20, 166.14, 154.79, 148.27, 139.56, 128.35, 128.00, 126.77, 120.40, 80.06, 77.35,
77.23, 77.03, 76.71, 54.22, 53.57, 47.91, 47.90, 44.86, 43.18, 32.99, 31.27, 30.26, 28.56, 28.51,
24.89, 24.75, 23.00, 22.77, 22.55, 22.25. MALDI TOF/TOF m/z calculated value for C40HesN5sOe
[M+Na]* = 734.49 and observed [M+Na]* = 734.50

BocNH- dyAic-yLeu-yLeu- yLeu-dyAic-NHBn (P7):

>|/ \n/ NN/ N \n, NN
o i H 0o H 0o ke H

IH NMR (400 MHz, CDCl3) § 7.62 (s, 1H), 7.36 (s, 1H), 7.34 — 7.26 (m, 4H), 7.20 (t, J = 7.0 Hz,
1H), 7.06 (s, 1H), 6.77 (dd, J = 15.5, 4.4 Hz, 2H), 6.39 (s, 1H), 5.95 (d, J = 15.4 Hz, 1H), 5.83 (dd,
J=15.4,1.4 Hz, 1H), 4.73 (s, 1H), 4.59 — 4.38 (m, 2H), 4.19 — 3.81 (M, 3H), 2.18 — 1.96 (m, 6H),

137



1.59 (dg, J = 20.8, 6.7 Hz, 3H), 1.42 (d, J = 2.6 Hz, 9H), 1.38 (s, 6H), 1.33 (s, 6H), 1.29 — 1.11 (m,
4H), 1.06 —0.74 (m, 18H).13C NMR (101 MHz, CDCls) § 172.81, 172.31, 172.12, 166.31, 166.08,
147.55, 138.94, 128.37, 127.93, 126.92, 120.88, 120.61, 54.07, 46.57, 45.05, 43.38, 32.79, 32.34,
30.94, 28.56, 28.43, 25.04, 25.00, 23.16, 23.08, 22.95, 22.59, 22.48, 22.16. MALDI TOF/TOF
m/z calculated value for C4gHgoNsO7[M+Na]™ = 891.61 and observed [M+Na]* = 891.75
BocNH- dyAic-dyLeu-dyLeu- dyLeu-dyAic-OEt (P5):

(o} o o
H H H
XOTNNH/CWNNH/&%(NNO/\
o - o Y o *

IH NMR (400 MHz, CDCI3) 6 8.22 (dd, J = 13.1, 6.6 Hz, 2H), 7.99 (s, 1H), 7.81 (s, 1H), 7.15 (d,

J =15.9 Hz, 1H), 6.93 (dd, J = 6.3, 3.5 Hz, 1H), 6.91 — 6.81 (m, 2H), 6.72 (d, J = 15.1 Hz, 1H),
6.05 (d, J = 15.1 Hz, 1H), 5.84 (d, J = 15.9 Hz, 1H), 5.64 (dd, J = 15.1, 1.9 Hz, 1H), 5.51 (dd, J =
15.2, 1.9 Hz, 1H), 5.41 (dd, J = 15.2, 1.9 Hz, 1H), 4.74 (s, 1H), 4.62 — 4.45 (m, 3H), 4.15(q, J =
7.1 Hz, 2H), 1.87 (dg, J = 21.2, 9.7 Hz, 3H), 1.62 (qd, J = 8.3, 3.8 Hz, 4H), 1.51 (s, 9H), 1.49 (d,
J=1.4Hz, 6H), 1.48 — 1.38 (m, 6H), 1.30 — 1.24 (m, 6H), 1.01 — 0.87 (m, 18H). *C NMR (101
MHz, CDCI3) 6 167.27, 165.96, 165.69, 164.63, 154.98, 154.86, 149.47, 146.09, 143.88, 141.98,
137.18, 130.29, 121.51, 119.82, 119.03, 117.63, 80.30, 60.07, 54.09, 53.36, 49.71, 49.17, 42.96,
42.81, 42.70, 40.26, 40.05, 39.84, 28.58, 27.54, 25.79, 25.67, 25.37, 25.06, 24.87, 22.95, 22.66,
22.37, 22.08, 21.54, 14.28, MALDI TOF/TOF m/z calculated value for C43H71NsOs[M+Na]* =
824.53 and observed [M+K]* = 824.55
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3.7. Appendix

3.7.1. ORTEP Diagrams
3.7.1.1. ORTEP Diagram of Peptide P4

Figure 20: ORTEP diagram of peptide P4. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability. CCDC no 2295105
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3.7.1.2. ORTEP Diagram of Peptide P6

Figure 21: ORTEP diagram of peptide P6. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability. CCDC no 2295105
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3.7.1.3. ORTEP Diagram of Peptide P7

Figure 22: ORTEP diagram of peptide P7. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability. CCDC no 2295107
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3.8. Crystal Structure Information of the Peptides

Crystal structure analysis of P4: Crystals were grown from chloroform/toluene solution by
slow evaporation. A single crystal (0.28 x 0.09 x 0.15 mm) was mounted on a loop with a small
amount of the paraffin oil. The X-ray data were collected at 150 K temperature using Mo K,
radiation (A = 1.54178 f&), w-scans (20 = 130.216), for a total of 8544 independent reflections.
Space group ‘P 21212°,a=21.8730(19), b =34.755(3), c=11.9812(11), @ =90, =90, y = 90
V= 9108.1(14)}'\3, orthorhombic, Z = 4 for chemical formula Cs He1 Ns Os, with two molecules
in asymmetric unit; pcalcd = 1.027 gcm=®, 4 = 0.555mm?, F (000) = 3044, The structure was
obtained by direct methods using SHELXS- 97.1 The final R value was 0.0624 (WR2 = 0.1700)
14849 observed reflections (Fo > 40 (JFo|))and 951 variables, S = 1.009.

Crystal structure analysis of P6: Crystals were grown from chloroform/Ethyl acetate solution
by slow evaporation. A single crystal (0.28 x 0.1 x 0.2 mm) was mounted on a loop with a small
amount of the paraffin oil. The X-ray data were collected at 150 K temperature using Mo K,
radiation (A=0.71073 A), w-scans (260 = 49.992), for a total of 8383 independent reflections. Space
group ‘P 61°, a=17.70(7), b= 17.07(7), ¢ = 53.93), & = 90, # = 90, y = 120 V = 14624(142)A?%,
hexagonal, Z = 6 for chemical formula Cso Hi24 N1o O12, with two molecules in asymmetric unit;
pcalcd = 0.966 gcm=, 1 = 0.065 mm™, F (000) = 4620, The structure was obtained by direct
methods using SHELXS- 97.11 The final R value was 0.1445 (WR2 = 0.4418) 17160 observed
reflections (Fo > 40 (|Fo|))and 987 variables, S = 1.380.

Crystal structure analysis of P7: Crystals were grown from chloroform/Ethyl acetate solution
by slow evaporation. A single crystal (0.2 x 0.75 x 0.2 mm) was mounted on a loop with a small
amount of the paraffin oil. The X-ray data were collected at 150 K temperature using Mo K,
radiation (A =0.71073 2\), w-scans (20 = 49.65), for a total of 7737 independent reflections. Space
group ‘P 21 21 21°,a=11.761(2), b = 17.751(4), ¢ = 24.416(5), o = 90, =90, y =90 V =
5097.3(18)2\3, orthorhombic, Z = 4 for chemical formula Css Hso Ns O7, with one molecule in
asymmetric unit; pcaled = 1.112 gcm3, 1= 0.074 mm™, F (000) = 1864, The structure was obtained
by direct methods using SHELXS- 97.[Y The final R value was 0.053 (WR2 = 0.1379) 8740
observed reflections (Fo > 40 (|Fo|))and 563 variables, S = 1.034.
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3.10. H, 3C NMR and Mass Spectra of Peptides P1-P7
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Chapter 4

Porous Frameworks of Double Helical Peptide
Foldamers
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4.1. Introduction

The concept of drawing inspiration from the self-organization of biomolecules, such as proteins
and peptides, to create innovative supramolecular structures with unique functionalities is a
fascinating and promising area of research.* Despite the intricate nature of modern proteins, there
is growing evidence to suggest that they originated from the spontaneous supramolecular self-
assembly of much shorter and simpler peptides, typically consisting of fewer than 40-50 amino
acids.>9 This theory presents an intriguing design principle for developing advanced and versatile
materials that can be applied in various fields, including catalysis, separations, and drug delivery.*-
15 This approach aims to bridge the gap between small-molecule compounds and large protein
assemblies. The significance of this concept lies in its potential to unlock new possibilities in the
field of materials science and molecular engineering. Over the last decade, there has been a
significant upsurge in enthusiasm for achieving higher-level self-assembly of synthetic peptide-
based porous framework structures, to emulate the remarkable functions observed in biological
systems. This emerging field represents a cutting-edge intersection of materials science and
bioinspired molecular design. Peptides, as well as peptidomimetic building blocks, offer an
extensive range of structural possibilities.'® Their intrinsic chirality (handedness) and flexibility
make them exceptionally well-suited for creating advanced porous-peptide frameworks. These
frameworks have exhibited remarkable versatility and have found applications in several diverse
areas such as gas storage, catalysis, sensing, bio-imaging, specific organelle-based drug delivery,
chiral separation, chiral recognition, etc.}’-32 From the pioneering work from Rosseinsky and Fujita
group, the field of designing metal-peptide frameworks (MPFs) has made considerable strides
albeit it continues to grapple with a persistent challenge: the construction of extended peptide-
based porous networks that are assembled primarily through supramolecular interactions like
hydrogen bonding, halogen bonding, r-interactions, and host-guest interactions. Acknowledging
the vast uncharted potential in this research area, our goal is to harness peptides with well-defined
secondary structures to strategically design and employ these peptides for creating supramolecular

peptide frameworks (SPFs) primarily based on non-covalent interactions.
4.2. Object of the Present Work
Among various secondary structures of proteins (such as helix, sheet, and turn) DNA possesses a

unique double helical structure composed of two complementary polynucleotide strands linked by
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numerous hydrogen bonds. Additional stability is provided by n—= stacking interactions between
the covalently attached nucleobase pairs on the strands. Double-helical structures are uncommon
in many natural biopolymers; however, Gramicidin A-D and feglymicin, linear natural
polypeptides with alternating amino acid configuration, produced by Bacillus brevis have been
shown to adopt double helix conformation.®*3° In addition, synthetic peptides with alternating o
and op amino acids have also been shown to adopt double helix structures.**-4* Extensive efforts
have been made over the decades to design double helical structures from different building
blocks.*® Recently, we have demonstrated the design of B-double helices, from the (E)-a, B-
unsaturated 4, 4-dialkyl substituted y-amino acids.*® We also developed the strategy to create chiral
double helices by incorporating (E)-o, B-unsaturated y-amino acids in combination with the (E)-a,
B-unsaturated 4, 4-dialkyl substituted y-amino acids.*” These double helices show remarkable
conformational stability both in solid and solution states. This work focused on investigating the
conformation of double helical motifs in solution by incorporating a fluorescence-active group,
pyrene methyl amine, at the C-terminal. Additionally, we explored the self-assembly of these
motifs in the solid state. Our report describes the construction of pyrene-appended double helical
peptides and their self-assembly into a luminescent hydrogen-bonded framework governed by
aromatic stacking and hydrogen bonding. These porous frameworks, being chiral and featuring a
luminescent group, exhibit circularly polarized luminescence (CPL) properties.*® This research
holds promise for the development of peptide-based functional materials in optoelectronics and
photonics.

4.3. Results and Discussions

The sequences of our peptides P1, P2, and P3 are given in scheme 1. Peptide P1 is the combination
of achiral 4,4-gem-dimethyl a,B-unsaturated y-amino acid (NHz-dyAic-OH) and chiral (S, E)-o.,-
unsaturated y-Leu(L) amino acid (NHz-dyLeu(L)-OH) and P2 is the enantiomer of P1 where we
used (R, E)-a,B- unsaturated y-Leu(D) amino acid (NH2-dyLeu(D)-OH). In peptide P3 where in
place of trans-a, f-unsaturated y-Leu, we used saturated yLeu(D) amino acid. The synthesis of all
the saturated and unsaturated y-amino acids was accomplished by initiating the Wittig reaction
from the N-Boc-Aib aldehyde, N-Boc-Leu (L/or D) aldehyde following a previously documented
procedure.*® The three peptides were synthesized in solution through conventional Boc-chemistry,

employing EDC-HCI and HOBLt as coupling agents and purified through RP-HPLC. As crystal
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structures give unambiguous information about the solid-state conformation of the peptides, we

subjected all three peptides for crystallization in different solvent combination mixtures.

Scheme 1: Sequences of pyrene appended peptides P1, P2, and P3
4.3.1. Crystal Structure Analysis of Peptide P1

We got diffraction quality crystals for P1 from slow evaporation of chloroform/toluene mixture
and solved in a tetragonal crystal system with space group 14. In the asymmetric unit, two
molecules of P1 were identified, each independently adopting a right-handed helical conformation
without forming intramolecular hydrogen bonds. All amide NH and carbonyl groups were exposed
for intermolecular hydrogen bonding. The peptide engaged in self-assembly with another
molecule, by involving all amide NH groups and CO groups for intermolecular hydrogen bonds,
except the first NH and penultimate C-terminal CO group. The double helical structure of P1 is
shown in Figure 1A. The stability of this double helix structure was maintained through the
presence of eight intermolecular hydrogen bonds, which formed between the amide carbonyl (CO)
of the (i) residue in strand 1 and the amide NH of the (i+2) residue in strand 2. The hydrogen
bonding pattern observed in P1 is shown in Figure 1C. Overall, peptide P1 adopted a right-handed
(P)-B-double helix conformation in single crystals. The hydrogen bond distances fall within the
span of 1.94-2.15 A (with an average N-O distance of 2.77-3.07 A) resulting in an average value
of £N-H-O, 170°. The H-bond parameters of P1 are tabulated in Table 1. The analysis of torsion
angles indicated that achiral o,B-unsaturated 4,4-dimethyl y-amino acids(dyAic) exhibited mean
angles of approximately —75.46°+4° for ¢, -8.9°+1° for 01, about -173° + 2° for 6., and
approximately +174.57°+3° for .
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Strand 1

dg Aib 1 -71.22 -6.48 -170.87 | -177.97
dg Leu(L) 1 -90.33 -9.74 179.72 -176.96

dg Aib 2 -79.58 -9.68 -176.52 171.48
dg Leu(L) 2 -114.17 11.80 -177.88 | -172.49

Strand 2

dg Aib 1 -71.69 -8.25 -171.30 | -177.20
dg Leu(L) 1 -89.12 -13.19 | -179.27 | -176.16

dg Aib 2 -79.36 -9.83 -176.77 171.65
dg Leu(L) 2 -114.55 13.33 -177.36 | -173.68

Figure 1: (A) Single crystal structure of P1. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P1. (C) Hydrogen bonding pattern observed in
P1. (D) Torsion angle parameters of strand 1 and strand 2 of P1.

Table 1: The H-bond parameters of the P1 double helix.

Donor Acceptor D..;. A DH';" A ANH....0O
(D) (A) (A) (A) (°)
N2 08 2.866 2.022 160.52
N3 09 2.809 1.979 156.60
N4 010 2.819 1.97 161.49
N5 011 2.871 2.001 169.74
N7 02 2.822 1.97 162.73
N8 03 2.803 1.971 157.35
N9 o4 2.835 1.991 160.04
N10 05 2.929 2.070 165.46
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The average torsional angles of 01 are close to 0, and 02 and y attain an angle close to 180°. The
initial three torsion variables exhibited negative values, while y showed a negative value for the
first dyAic residue and the second dyAic attained a positive value. The average torsion angles of
the dyLeu acids ¢, 01, 62, and y were found to be -102.04°+12°, +0.55°+12°, +178.55°+1°, and
+174.82°+2°, respectively. The sign remains uniform for the torsion variables ¢ and 61, but it varies
in the case of fully extended 62 and y. All torsions variables are tabulated and shown in Figure 1D.
Overall, P1 adopted a right-handed double helical structure. Even though we got the crystals of
peptide P2, but quality of the crystals was not good for diffraction.

4.3.2. Crystal Structure Analysis of P3

However, we got diffraction quality crystals for P3 from slow evaporation of chloroform/xylene
mixture and solved in orthorhombic crystal system with space group 1222 and the X-ray diffracted

structure is illustrated in Figure 2.

H o )\ H o )\ H
>r°~g"ﬁ'~**u/'\ \g"f )LH"\ \g"\/ (C) H-bonding pattern: i(CO)<«—i+2(NH)
j+
(A) J)C(t:z:zform/ i 2 )J\ )\ ~
Strand 1>|’OTN7/ )LN/\ \n’ 7/ /”\N/\ \er\/
¥ o,_)\ /k >
Strand 2>|/°er7/ 7/‘ )LN/\ N\/
(D) Torsion angles parameters
o [ 6 [ o v
Strand 1
dy Aic 1 73.58 4.14 171.67 -178.44
yLeu() 1 107.72 -47.89 -161.66 -136.74
dy Aic 2 70.65 10.14 174.86 -170.81
yLeu(D) 2 125.92 -71.58 175.95 -136.75
Strand 2
dy Aic 1 75.91 5.37 172.58 178.54
yLeu() 1 70.06 61.23 -173.46 134.74
dy Aic 2 71.22 -149.59 | -168.05 -8.42
yLeu(D) 2 113.02 -66.03 179.71 -125.30

Figure 2: (A) Single crystal structure of P3. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P3. (C) Hydrogen bonding pattern observed in
P3. (D) Torsion angle parameters of strand 1 and strand 2 of P3.
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It is fascinating to see that peptide P3 accommodated into a B-double helical structure as observed
in the crystal structure. Even though the double bond has been removed, the yLeu residues are
nicely accommodated into the double helical structure. Peptide strands 1 and 2 are interwoven
through hydrogen bonds between them, and the stability of the PB-double helix structure is
maintained by a total of eight inter-strand hydrogen bonds. In strand 2, the amide CO group of
residue i forms a hydrogen bond with the amide NH group of residue i+2 in strand 1 (i— i+2).
Similarly, within strand 1, the amide CO group of residue i establishes hydrogen bonding with the
amide NH group of residue i+2 in strand 2 (i— i+2). The NH groups of the N-terminal Boc-amide
and the CO groups of the C-terminal pyrenyl amine NH do not participate in inter-strand hydrogen
bonding interactions within their B-double helix structure. However, they do engage in
intermolecular hydrogen bonding with other B-double helices. A diagram illustrating the inter-
strand hydrogen bonds identified in P3 is depicted in Figure 2C. The H-bond characteristics of the
P3 double helix are summarized in Table 2. The properties of the observed hydrogen bonds fall
within the standard range of H-bond parameters. Due to the presence of yLeu amino residues in
between the o,-unsaturated 4,4-dimethyl gamma-amino acids, the torsional angles are not quite
similar to our previous structure P1. The average torsional angles ¢ for dyAic and yLeu are
72.84° + 2° and 104.96+20° respectively, which is well in accord with structure P1. But the

differences arise in 01, and y values.

Table 2: The H-bond parameters of the P3 double helix.

Donor Acceptor D..;. A DH'.,"' A ANH....0O
(D) (A) (A) (A) ()
N2 08 2.906 2.074 157.13
N3 09 2.780 1.902 176.66
N4 010 2.818 1.982 158.86
N5 011 2.771 1.884 172.68
N7 02 2.808 1.968 157.32
N8 03 2.818 1.952 168.11
N9 04 2.809 1.990 154.23
N10 05 2.824 1.973 162.31
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The 01 torsion values are nearly zero for achiral dyAic units same as P1, except the 2" dyAic
residue of strand B with a value of -149.59°. But in the case of yLeu residues, the average torsion
angle 01 deviates from the previous structure and attains a value of +60.18° + 11°. The average
torsion angle 0, for dyAic and yLeu is £171.79° + 2° and +£172.69° + 7° respectively, which is
almost the same as P1, forming an extended conformation. In the case of the torsional angle v, the
values are also same as dyAic units of P1 except the 2" dyAic residue of strand 2 with a value of
-8.42, which is quite unusual compared to our previously reported double helices. There is also a
difference in torsion angles y for the yLeu units in both strands with an average torsion value of
+133.38° + 5°, which is quite a deviation from P1. Even though there is quite a difference in
torsion values of peptides P1 and P2, but still both peptides form a double helical structure. Peptide
P2 rearranges its torsion angles to accommodate the y-residues in the backbone. This proves the

plasticity of our double helical structures.

4.3.3. Self-Assembly of Peptides P1 and P3

After characterizing the peptides’ double-helical conformation, our subsequent objective is to delve
into their self-assembly within the solid state, with a specific focus on crystal packing analysis.
Notably, in our crystal structure examination, we observed that the NH groups of the N-terminal
Boc-amide and the CO groups of the C-terminal pyrenyl amine do not engage in inter-strand
hydrogen bonding interactions within their f-double helix structure. Instead, these groups remain
exposed for potential hydrogen bonding with other double helices in the crystal lattice. Upon
scrutiny of the crystal packing, a significant finding emerges: the Boc-NH groups of a double helix
actively participate in intermolecular hydrogen bonding with the C-terminus C=0O groups of
another double helical moiety. This intermolecular hydrogen bonding interaction between two

distinct double helices is visually depicted in Figure 3B.

The head-to-tail concomitant hydrogen bonding observed among the double helices extends its
influence within the a-b plane. As illustrated in Figure 3C, the self-assembly process involves the
coordination and alignment of four double helical entities through hydrogen bonding interactions.
This molecular arrangement leads to the creation of a distinctive supramolecular macrocycle
structure, resembling a tetrameric rosette. In this assembly, the hydrogen bonding interactions play
a crucial role in stabilizing the connections between the double helical entities.
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Figure 3: (A) Double helical structure of peptide P1. (B) Intermolecular hydrogen bonding between two
double helices through Boc-NH of one double helix with the carbonyl group of another double helix at (i +
5) position. (C) Formation of supramolecular macrocycles by self-assembly of four double helices. (D) The

two-dimensional network of supramolecular macrocycles shows a large and small macrocycle.

This leads to the creation of a larger, cyclic structure. The tetrameric rosette configuration
highlights the organized and cooperative nature of the hydrogen bonding interactions, which
contribute to the overall stability and integrity of the supramolecular macrocycle. The four double
helices are positioned relative to each other with their double helical axes oriented at a 90° angle.

This macrocycle, in turn, engages in further self-assembly with additional double helical moieties
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through hydrogen bonding interactions. The assembly is shown in Figure 3D. The careful analysis
shows the formation of two different kinds of macrocycles. The large macrocycles have a diameter
of approximately 9.923 A, while the small supramolecular macrocycles have a diameter of
approximately 6.94 A.

The supramolecular self-assembly further results in a two-dimensional intricate network of

supramolecular macrocycles that spans the a-b crystal plane, as depicted in Figure 4.

Figure 4: (A) The supramolecular two-dimensional self-assembly of macrocycles in a-b plane. (B) The
side view of the assembly.
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As the supramolecular two-dimensional assembly in the a-b plane is solely facilitated by the
intermolecular hydrogen bonding interactions between the double helical moieties, we further
sought to investigate the role of pyrene moieties in the self-assembly process in different
directions. Due to the substantial m-aromatic surface of pyrene moieties, pyrene moieties
additionally contribute to n-x stacking interactions. The tetrameric rosette kind of supramolecular
macrocyclic structures are further self-assembled through n-m interaction between the pyrene

moieties along the c-direction.

Figure 5: (A) A single tetrameric double helix-based macrocycle shown along the c-axis (B) Top view of
the macrocyclic structure. (C) Two macrocycle rings self-assembled through 7n-7 stacking interaction
between the pyrene moieties. (D) Top view of the self-assembled structure. (E) Three macrocycle rings
self-assembled through n-r stacking and CHn-CHm interaction between the pyrene moieties. (F) Top view
of the self-assembled structures. (G) Four macrocycle rings self-assembled through 7-7 stacking and CHzn-

CHr interaction between the pyrene moieties. (H) Top view of the self-assembled structures.
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In Figure 5A, the side view of the tetrameric structure reveals the formation of a macrocyclic ring-
like architecture. This macrocyclic ring, oriented along the crystal c-axis, undergoes further self-
assembly with another macrocyclic ring through n-n interactions involving the green-colored
pyrene moieties. The self-assembly process extends along the c-direction, where the third
macrocyclic ring engages in self-assembly with the second ring through CH-n and CH-xn
interactions, as illustrated by the yellow-colored pyrene moieties. A similar pattern continues, with
yet another macrocyclic ring aligning below the third ring and self-assembling through n-n
interactions among the pyrene moieties. This self-propagating process along the c-axis
demonstrates the successive assembly of each macrocyclic ring structure. The interactions
involved include both m-m interactions and CH-m interactions between the pyrene moieties.
Through this orchestrated combination of forces, a supramolecular 1D-channel-like structure
emerges. The resulting architecture is characterized by a continuous arrangement of these
macrocyclic rings, with each ring contributing to the overall formation of the channel-like structure

through the specific interactions between their pyrene moieties.

In the self-assembly process, a higher level of complexity was achieved as the supramolecular
channel architecture interconnects along the c-axis in the a-b plane through intermolecular H-
bonding interactions. This extended self-assembly culminates in the formation of a precisely

defined 3D-porous network structure, as depicted in Figure 6.

Figure 6: (A) The 3D crystal packing of P1 observed along the ¢ axis (B) The space-fill framework packing
structure of P1
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The solvent-accessible void volume, calculated to be approximately 2997 A3, indicates the

presence of empty spaces within the porous network.

Having this exciting assembly in mind, we also want to investigate how peptide P3 is self-
assembled in the solid state. Excitingly, we have seen that P3 also forms a macrocycle similar to
what we observed in P1 along the b-c crystal plane (Figure 7A). Likewise, extended 2D self-
assembly of macrocycles is happening for P3 with a large supramolecular macrocycle having a
diameter of 10.128 A and a small supramolecular macrocycle with a diameter of 7.23 A (Figure
7B). Through self-assembly of these supramolecular macrocycles along the a-axis gives a channel-

like supramolecular architecture through n-n interactions and CH-m interactions (Figure 7C).
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Figure 7: (A) supramolecular macrocycle formation by P3 four double helical units. (B) self-
assembly between the tetrameric core. (C) Side view of the large channel formed through n-n
stacking and CHzn- CHn interactions among each macrocyclic subunit. (D) Top view of the
channel.
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Similar to P1, a supramolecular porous framework was generated for P3 by self-assembly of these
supramolecular channels through inter-double helix hydrogen bonding and pi-pi stacking between
the pyrene units. The porous structure is shown in Figure 8. The solvent accessible void volume in
in case of P3 is 2867 A%

Figure 8: (A) The 3D crystal packing of P3 observed along the ¢ axis (B) The space-fill framework packing

structure of P3

The success of these intermolecular forces in guiding the formation of the 3D-porous network
structure attests to their cooperative and synergistic action. The controlled interplay between
hydrogen bonding and ©-n stacking interactions enables the stepwise progression from the initial
double helical entities to the more complex supramolecular channels and, ultimately, to the
intricate 3D-porous network. This success is indicative of the delicate balance achieved in
harnessing these forces to create a precisely defined and organized architecture, showcasing the
potential for tailored design and applications in diverse fields such as materials science and

nanotechnology.

To further confirm how the sequences of the peptides impact the abovementioned self-assembly,
we have synthesized peptides P4 and P5. In peptide P4, we interchanged the dyAic and dyLeu
residues at the very end and kept the dyAic unit at the C-terminal of the peptide P4. In peptide P5,

we have synthesized the peptide having all the dyAic amino acids in the peptide backbone.
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Scheme 2: Sequences of the peptide P4 and P5

All these two peptides were synthesized through solution phase peptide synthesis by using
conventional Boc-chemistry. As crystal structures give unambiguous conformational information
about their solid-state structure, we subjected all these two peptides to crystallization in different

solvent mixtures.
4.3.4. Crystal Structure of Peptide P4

We got diffraction quality crystals for P4 from slow evaporation of chloroform/toluene mixture
and solved in a tetragonal crystal system with space group P212121. The single crystal structure of
P4 is shown in Figure 9A. In the asymmetric unit, two molecules of P4 molecules were identified,
each independently assuming a right-handed helical conformation without forming intramolecular
hydrogen bonds. All amide NH and carbonyl groups were accessible for intermolecular hydrogen
bonding. The peptide engaged in self-assembly with another molecule, utilizing all amide NH
groups and CO groups for intermolecular hydrogen bonds, excluding the first NH and the
penultimate C-terminal CO group. The stability of this double helix structure was maintained
through the presence of eight intermolecular hydrogen bonds, which formed between the amide
carbonyl (CO) of the (i) residue in strand 1 and the amide NH of the (i+2) residue in strand 2. The
hydrogen bonding pattern observed in P4 is shown in Figure 9C. Overall, peptide P4 adopted a
right-handed (P)-p-double helix conformation in the single crystals. The hydrogen bond distances
fall within standard limits as observed in our previous structures. The H-bond parameters of P4
are tabulated in Table 3. The analysis of torsion angles indicated that achiral o,3-unsaturated 4,4-
dimethyl y-amino acids(dyAic) exhibited mean angles of approximately —67.07°+4° for ¢, -
16.31°+7° for 01, about +175.24+4.5° for 02, and approximately £176.59°+2° for y.
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Strand 1

dy Aic 1 -66.92 -1212 | -170.87 173.00
dyLeu (1) -79.66 -9.75 -176.38 | -179.23
dyLeu (2) -105.93 -1.03 177.55 -178.68
dy Aic 2 -63.22 -24.47 179.58 -179.38
Strand 2

dy Aic 1 -72.54 -6.93 -170.54 | -178.56
dyLeu (1) -80.30 -14.70 | -179.13 | -175.36
dyLeu (2) -75.16 2498 | -173.01 174.50
dy Aic 2 -65.63 -21.73 | -180.00 | -175.44

Figure 9: (A) Single crystal structure of P4. An imaginary rod is inserted along the crystal axis for a better

view of the double-helical structure. (B) Top view of the P4. (C) Hydrogen bonding pattern observed in

P4. (D) Torsion angle parameters of strand 1 and strand 2 of P4.

Table 3: The H-bond parameters of P4 double helix.

Donor | Acceptor D..;. A DH'.,'" A ANH.... O

(D) (A) (A) (A) (°)

N2 08 2.938 2.081 175.27
N3 09 2.857 2.060 153.68
N4 010 2.901 2.042 177.12
N5 011 2.867 2.017 169.93
N7 02 2.878 2.039 164.82
N8 03 2.951 2.152 154.34
N9 04 2.931 2.134 153.85
N10 o5 2.884 2.030 171.59
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The average torsional angles of 01 are close to 0, and 02 and y attain an angle close to 180°. The
average torsion angles of the dyLeu acids ¢, 01, 62, and y were found to be -85.26°+12°,
+12.61°£8°, £176.51°+£2.24°, and +1746.94°+2°, respectively. The sign remains uniform for the
torsion variables ¢ and 01, but it varies in the case of the fully extended 02 and y. All the torsions

variables are tabulated in Figure 9D. Overall, P4 adopted a right-handed double helical structure.

The peptide proceeded to self-assemble by utilizing the exposed Boc-amide NH and the CO groups
attached to the C-terminal pyrene. Within a single double helical unit, the two Boc-amide NHs
established hydrogen bonds with the penultimate CO group of two other double helices, resulting
in the formation of a continuous assembly of a double helical structure. The self-assembly is

schematically depicted below.

Figure 10: The continuous self-assembly of peptide P4
4.3.5. Crystal Structure of Peptide P5

We got diffraction quality crystals for P5 from the slow evaporation of chloroform/toluene mixture
and solved them in a triclinic crystal system with space group P-1. The X-ray structure is depicted
in Figure 11A and peptide P5 adopted a parallel B-double helical structure. Here, we have seen
that one y-peptide strand lags behind the other, and the spatially proximate pyrenyl moieties at the
C-terminus of the double helix are stabilized by n— interactions. Due to this the hydrogen bonding
pattern also differs from what we observed in our earlier structure. The structure is stabilized by
eight independent interstrand H-bonds. Specifically, the amide CO group in residue i of strand 1
participates in a hydrogen bond with the amide NH group of residue i+1 in strand 2 (i—i+1).
Additionally, the amide CO group of residue i in strand 2 engages in a hydrogen bond with the

amide NH group of residue i+3 in strand 1.
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Strand 1

dy Aic 1 -72.01 -16.08 | -170.52 162.82
dy Aic 2 -77.08 -8.88 -172.86 170.90
dy Aic 3 -72.07 -14.84 | -174.45 167.55
dy Aic 4 -69.31 -25.42 178.31 -169.71
Strand 2

dy Aic 1 -72.39 -30.02 | -170.17 173.67
dy Aic 2 -71.39 -23.08 | -168.59 166.11
dy Aic 3 -66.36 -14.11 178.01 178.89
dy Aic 4 -58.05 178.56 173.82 -17.96

Figure 11: (A) Single crystal structure of P5. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P5. (C) Hydrogen bonding pattern observed in
P5. (D) Torsion angle parameters of strand 1 and strand 2 of P5.

This arrangement results in a distinctive pattern of hydrogen bonds within the structure. Notably,
two N-terminal amide NH groups of strand 1 and two C-terminal CO groups of strand 2 do not
participate in interstrand hydrogen bonds. The configuration of intermolecular hydrogen bonds
between strand 1 and strand 2 is illustrated in Figure 11C. The hydrogen bond parameters of the
P5 double helix are given in Table 4, and these observed parameters fall within the standard limits

reported in the literature for hydrogen bonds.

The analysis of torsion angles indicated that achiral o,B-unsaturated 4,4-dimethyl y-amino
acids(dyAic) in strand 1 exhibited mean angles of approximately —72.61°+3° for ¢, -16.84°+7°
for 01, about +174° + 3° for 0., and approximately +167.74°+3.56° for y. The average torsional

angles of 01 are close to 0, and 02 and vy attain an angle close to 180°. The average torsion angles
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of the dyAic residues in strand 2 were found to be -67.04°£6.55°, £22.4°+8°, £172.64°+4.2°, and
+172.89°+6.42°, respectively for ¢, 61, 62, and y. Nevertheless, in order to facilitate the positioning
of the pyrene moieties atop each other through a sliding movement of one strand over the other
along the double helical axis, the torsion angle 0: of the penultimate dyAic residue deviates from
the typical value of almost 0°, instead taking a value of 178.56°. Similarly, for the same residue,
the y value assumes an unusual value of almost 0° instead of the typical 180°. All the torsions
variables are tabulated in Figure 11D. Overall, P5 adopted a right-handed B-double helical

structure.

Table 4: The H-bond parameters of the P5 double helix.

Donor Acceptor D..;. A DH.;.. A ANH.... O
(D) (A) (A) (A) (°)
N3 08 2.826 1.983 166.73
N4 09 2.809 2.006 162.61
N5 010 2.937 2.097 165.53
N6 02 2.918 2.002 160.62
N7 03 2.833 1.978 172.69
N8 o4 2.808 1.956 171.27
N9 05 2.871 2.033 164.88
N10 06 2.974 2.130 167.48

As above we mentioned that the two N-terminal amide NH protons of strand 1 and two C-terminal
CO groups of strand 2 do not participate in interstrand hydrogen bonds. However, they are
involved in head-to-tail intermolecular hydrogen bonding with other B-double helices. This results
in a linear self-assembly of the double helices along the c-axis. Additionally, the self-assembly
progresses in parallel through CHn...CHn interactions. A visual representation of the self-

assembly is provided in Figure 12.
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Figure 12: (A) Linear self-assembly of the double helix of P5. (B) The lateral self-assembly of the double
helices of P5.

The cases of P4 and P5, compared to P1 and P3 demonstrate that different amino acid sequences
lead to distinct supramolecular structures. Even though all peptides exhibit a double helical
conformation, the specific arrangement of amino acids within that double helix influences the
overall structure and assembly. In summary, the sequence of amino acids here serves as a critical
determinant in the formation of supramolecular porous network structure. Changes in this
sequence lead to variations in the overall structure and properties of the self-assembled system,
highlighting the intricate relationship between molecular structure and function in the realm of

supramolecular chemistry.

4.3.6. Thermal Properties of Peptide P1 and P3

In addition to their structural attributes, these highly ordered porous peptide frameworks (PPFs)
exhibited good thermal resilience, maintaining their stability even under heating conditions of up
to 200 °C as demonstrated by thermogravimetric analysis (TGA). The respective TGA plots are
shown in Figure 13. The remarkable thermal durability observed in these Highly Ordered Aromatic
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Frameworks (HOAFs) can be attributed to robust intralayer n-m interactions and the presence of

numerous interlayer hydrogen bonds.
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Figure 13: TGA plot for the peptide (A) P1 (B) P2 and (C) P3
4.3.7. Optical Properties of P1

The optical characteristics of P1 were further assessed through UV-Vis absorption spectra,
luminescence spectroscopy, and time-resolved luminescence lifetime in both solid and solution
states. In a chloroform solution with varying concentrations, the UV-Vis spectra displayed a peak
with the maximum wavelength at approximately 346 nm (as depicted in Figure 14A). The
fluorescence emission of P1 was recorded at different concentrations (as shown in Figure 14B).
Just as observed in the crystal structure, where we observed pyrene-pyrene aromatic stacking, we
also detected excimer fluorescence in the solution. This excimer fluorescence peak was centered
around ~460 nm and coexisted with monomeric emission falling in the range of 350-400 nm.
Notably, the excimer peak remained detectable even at very low concentrations, as low as 1 pM.
This persistence suggests the structural integrity of the double helix in the solution. Furthermore,
the solvent-dependent fluorescence spectra revealed that there was no shift in the maximum
emission wavelength. This indirectly supports the formation of excimer complexes in the solution.
The formation of excimers in the solution is significantly influenced by the polarity of the
environment. The absence of an excimer peak in polar protic solvents such as MeOH and DMF
indicates a potential disruption in the structural integrity of the double-helical framework.
Conversely, an increase in the excimer intensity is observed in aromatic solvents, suggesting
enhanced stabilization of excimer formation in these environments. Furthermore, we conducted
temperature-dependent fluorescence spectra in tetrachloroethane solvent, and the results are

presented in Figure 14D. As the temperature is raised from 283 K to 393 K, there is a gradual
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reduction in excimer intensity. This decrease implies that the double helical assembly becomes

less stable with increasing temperature.
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Figure 14: (A) The concentration-dependent UV-Vis spectra of P1. (B) The concentration-dependent
fluorescence spectra. (C) Fluorescence spectra of P1 in various solvents. (D) Fluorescence spectra of P1

with variable temperature. The excitation wavelength is 345 nm.

In the solid-state photoluminescence (PL) emission, only the excimer peak is observed, leading to
the solid emitting a cyan color, as depicted in Figure 15C. Additionally, the emission color in the
solution is concentration-dependent. With increasing concentration, the faint blue color transitions
to cyan, which further indicates excimer formation at higher concentrations. The peptide P1 shows
a relatively high absolute quantum yield of 24%. The fluorescence lifetime plot for the monomeric
emission at 397 nm in chloroform displayed a triexponential decay with an average lifetime of
18.52 ns and that for excimer emission at 453 nm displayed also a triexponential decay with an

average lifetime of 22.53 ns. The solid-state decay profile at 453 nm also follows a triexponential
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decay with an average lifetime of 44.74 ns suggested in solid state due to proper framework

structure the n-n stacking maximizes to give excimer emission.
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Figure 15: (A) Color of P1 powder (B) Variable concentration color of P1 under UV light. (C) Solid state
PL spectra (D) Lifetime decay profile in solution for monomer collected at 397 nm. (E) Lifetime decay
profile collected in solution at 455 nm. (F) Solid state lifetime decay profile of the excimer collected at

variable excimer wavelengths.
4.3.8. Chiroptical Properties of Peptides P1 and P2

Since the peptides are inherently chiral, the chiroptical properties were further explored. The
ground state chirality of the peptides P1 and P2 is analyzed using CD spectroscopy. The CD
spectra in chloroform show a positive cotton effect for P1 at Amax ~242 nm and P2 which is the

enantiomer of P1 shows the opposite signal with a negative cotton effect at Amin ~242 nm. The CD
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spectra resemble our previous double helical CD spectra. As our peptides were CD active and there
was a luminescent chromophore present, so we further looked for their excited state chiral
properties through CPL spectroscopy. Interestingly clear mirror image CPL signal with a positive
sign for P1 and a negative sign for P2 is observed upon excitation at 350 nm. The broad CPL
signal arises at 478 nm which resembles the fluorescence emission of the pyrene excimer. Through
the CPL study, it is evident that the chirality of the backbone transferred through pyrene
chromophore due to excimer formation from pyrene-pyrene stacking interaction. The extent of
chiral dissymmetry is quantified through the anisotropic factor (gium) which is given by gium = 2(IL
— Ir)/ (I + Ir), where I and Ir are the left and right circularly polarized light intensities

respectively.
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Figure 16: (A) CD spectra of P1(blue traces) and P2 (red traces) and (B) CPL Spectra of Peptide of P1(blue

traces) and P2 (red traces)

The gium values for P1 and P2 are +8.0 x 10%and -8.3 x 10 at 478 nm which is well within the

range of what has been reported for organic molecules.

4.4. Conclusion

In summary, the pyrene-appended peptides exhibit a sophisticated structural organization
characterized by a B-double helical arrangement capable of accommodating substantial pyrenyl
moieties. This structural motif undergoes hierarchical self-assembly, where the double helical units

come together through a combination of hydrogen bonding, m-n stacking, and CHn-CHn
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interactions. This multi-step self-assembly process results in the formation of a two-dimensional
assembly of supramolecular macrocycles, primarily driven by hydrogen bonding, and a
supramolecular channel-like architecture, predominantly influenced by n-n stacking and CHn-
CHn interactions. The two-dimensional assembly of supramolecular macrocycles represents a
significant structural feature arising from the hydrogen bonding interactions, contributing to the
overall stability and organization of the system. Simultaneously, the supramolecular channels,
formed through n-r stacking and CHn-CHr interactions, provide an additional layer of complexity
by creating a framework with distinct nanoscale architectures. These supramolecular channels
further self-assemble through hydrogen bonding interactions, culminating in the development of a
crystalline porous framework. The porous nature of this framework holds considerable promise
for various applications due to its ability to facilitate molecular interactions and selective binding.
This aspect makes the structure well-suited for applications in chiral separation, catalysis, and
sensing. The absence of additional covalent or noncovalent associations highlights the robustness
of the & structure, underscoring the crucial role played by n-m stacking interactions in fortifying
peptide-based porous supramolecular frameworks. This observation serves as compelling evidence
of the significance of n-x stacking in providing structural integrity and stability to such systems.
Furthermore, the framework exhibits a remarkable circularly polarized luminescence property with
a chiroptical switch. This unique optical characteristic adds an extra dimension to the potential
applications of the structure, making it particularly intriguing for advanced optical and sensing
applications. In conclusion, the described pyrene-appended peptide framework, with its intricate
hierarchical self-assembly and diverse supramolecular interactions, holds great promise for

applications ranging from molecular separations to advanced optical technologies.

4.5. Experimental Section

4.5.1 Materials and Methods

All reagents and solvents were used without further purification. Column chromatography was
performed over silica gel. Final peptides were purified through reverse phase HPLC (C1g column,
MeOH/H,0 95:5 as a gradient with flow rate 2.00 mL/min). All the reactions were monitored by
analytical thin-layered chromatography. The TLC visualization was done through UV light,
KMNO; stain, and ninhydrin stain. *tH NMR and *C NMR were performed through deuterated
solvent on 400 MHz and 101 MHz respectively. We used a Matrix Assisted LASER Desorption
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lonization mass spectrometer (MALDI-TOF/TOF) to calculate the accurate mass of our peptides.
Fluorescence data was measured through the Spectrofluorometer instrument. X-ray crystal
structures were determined through APEX(IlIl) DUO X-ray diffractometer using Mo-Ka
(A=0.71073 A) graphite monochromatic radiation.

4.5.2 Synthesis Procedures for the Peptides

4.5.2.1. Synthesis of the Peptide P1

The schematic illustration depicting the synthesis process of peptide P1 is presented below:
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Scheme 3: Synthesis of peptide P1

Boc-dyAic-OEt and Boc-dyLeu(L)-OEt were synthesized following the protocol reported earlier.
1A and 1B were synthesized following the procedure described in Chapter 2. Boc-dyAic-dyLeu-
OH (1B) weighing 846.4 mg (2.3 mmol) was dissolved in 5 mL of DMF and cooled to 0 °C under
a nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg, 2.3 mmol), and DIPEA
(1.6 mL, 9.2 mmol) were then added to the reaction mixture, which was stirred for 10 minutes.
Following this, pyrene-1-methyl amine (615 mg, 2.3 mmol) was introduced and the reaction was

stirred overnight. TLC was employed to monitor the reaction progress. Upon completion, the
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reaction mixture was diluted with 150 mL of ethyl acetate and subjected to washing with 10% HCI
(75 mL x 2), 10% sodium carbonate solution (75 mL x 2), and brine solution (75 mL x 2). The
organic layer was dried using anhydrous sodium sulfate (Na.SO4) and concentrated under reduced
pressure, resulting in a crude powder. This material was then purified by column chromatography,

yielding a white crystalline product, 1C, with a yield of 82%.

The Boc group of 1C (1.2 mmol 0.7 g) was deprotected by using 1.5 mL 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate
any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
(TFA) salt of the amine of 1C and to this 0.5 mL of DMF and 0.5 ml, of DIPEA were added to
make it free amine 1D. The compound 1B (0.44 g, 1.2 mmol) was dissolved in 3 mL of DMF and
cooled to 0 °C under a nitrogen atmosphere. Following this, EDC.HCI (253 mg, 1.32 mmol), HOBt
(162 mg, 1.2 mmol), and DIPEA (0.625 mL, 3.6 mmol) were added to the reaction mixture, and
the stirring continued for 10 minutes. Subsequently, compound 1D was added, and the reaction
proceeded overnight, with TLC used to monitor the progress. After the reaction reached
completion, the mixture was diluted with 125 mL of ethyl acetate and subjected to washing with
10% HCI (75 mL x 2), 10% Na2COs solution (75 mL x 2), and brine solution (75 mL x 2). The
organic layer was dried using anhydrous Na.SO4 and concentrated under reduced pressure,
resulting in a crude powder. The crude material was then purified through column

chromatography, yielding the white crystalline product, P1, with a 59% yield.
4.5.2.2. Synthesis of the Peptide P2

Boc-dyAic-OEt and Boc-dyLeu(D)-OEt were synthesized following the protocol reported earlier.
2A and 2B were synthesized following the procedure described in Chapter 2. Boc-dyAic-
dyLeu(D)-OH (2B) weighing 846.4 mg (2.3 mmol) was dissolved in 5 mL of DMF and cooled to
0 °C under a nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg, 2.3 mmol),
and DIPEA (1.6 mL, 9.2 mmol) were then added to the reaction mixture, which was stirred for 10
minutes. Following this, pyrene-1-methyl amine (615 mg, 2.3 mmol) was introduced and the
reaction was stirred overnight. TLC was employed to monitor the reaction progress. Upon
completion, the reaction mixture was diluted with 150 mL of ethyl acetate and subjected to
washing with 10% HCI (75 mL x 2), 10% sodium carbonate solution (75 mL x 2), and brine
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solution (75 mL x 2). The organic layer was dried using anhydrous sodium sulfate (Na2SOs) and
concentrated under reduced pressure, resulting in a crude powder. This material was then purified

by column chromatography, yielding a white crystalline product, 2C, with a yield of 82%.

The schematic illustration depicting the synthesis process of peptide P2 is presented below:
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Scheme 4: Synthesis of peptide P2

The Boc group of 2C (1.2 mmol 0.7 g) was deprotected by using 1.5 mL 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate
any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
(TFA) salt of the amine of 2C and to this 0.5 mL of DMF and 0.5 mL, of DIPEA were added to
make it free amine 2D. The compound 2B (0.44 g, 1.2 mmol) was dissolved in 3 mL of DMF and
cooled to 0 °C under a nitrogen atmosphere. Following this, EDC.HCI (253 mg, 1.32 mmol), HOBt
(162 mg, 1.2 mmol), and DIPEA (0.625 mL, 3.6 mmol) were added to the reaction mixture, and

the stirring continued for 10 minutes. Subsequently, compound 2D was added, and the reaction
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proceeded overnight, with TLC used to monitor the progress. After the reaction reached
completion, the mixture was diluted with 125 mL of ethyl acetate and subjected to washing with
10% HCI (75 mL x 2), 10% Na2COs3 solution (75 mL x 2), and brine solution (75 mL x 2). The
organic layer was dried using anhydrous Na.SO4 and concentrated under reduced pressure,
resulting in a crude powder. The crude material was then purified through column

chromatography, yielding the white crystalline product, P2, with a 59% yield.
4.5.2.3. Synthesis of the Peptide P3

Boc-dyAic-OEt and Boc-yLeu(D)-OEt were prepared using the previously documented procedure.
The synthesis of 3A and 3B adhered to the methodology outlined in Chapter 3. Boc-dyAic-
yLeu(D)-OH (3B) weighing 846 mg (2.3 mmol) was dissolved in 5 mL of DMF and cooled to
0 °C under a nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg, 2.3 mmol),
and DIPEA (1.6 mL, 9.2 mmol) were then added to the reaction mixture, which was stirred for 10
minutes. Following this, pyrene-1-methyl amine (615 mg, 2.3 mmol) was introduced and the
reaction was stirred overnight. TLC was employed to monitor the reaction progress. Upon
completion, the reaction mixture was diluted with 150 mL of ethyl acetate and subjected to
washing with 10% HCI (75 mL x 2), 10% sodium carbonate solution (75 mL x 2), and brine
solution (75 mL x 2). The organic layer was dried using anhydrous sodium sulfate (Na2SOs) and
concentrated under reduced pressure, resulting in a crude powder. This material was then purified

by column chromatography, yielding a white crystalline product, 3C, with a yield of 80%.

The Boc group of 3C (1.25 mmol, 0.7 g) was deprotected by using 1.5 mL 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate
any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
(TFA) salt of the amine of 3C and to this 0.5 mL of DMF and 0.5 mL, of DIPEA were added to
make it free amine 3D. The compound 3B (0.44 g, 1.2 mmol) was dissolved in 3 mL of DMF and
cooled to 0 °C under a nitrogen atmosphere. Following this, EDC.HCI (253 mg, 1.32 mmol), HOBt
(162 mg, 1.2 mmol), and DIPEA (0.625 mL, 3.6 mmol) were added to the reaction mixture, and
the stirring continued for 10 minutes. Subsequently, compound 3D was added, and the reaction
proceeded overnight, with TLC used to monitor the progress. After the reaction reached

completion, the mixture was diluted with 125 mL of ethyl acetate and subjected to washing with
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Scheme 5: Synthesis of peptide P3

10% HCI (75 mL x 2), 10% NaCOs solution (75 mL x 2), and brine solution (75 mL x 2). The
organic layer was dried using anhydrous Na>SO4 and concentrated under reduced pressure,
resulting in a crude powder. The crude material was then purified through column
chromatography, yielding the white crystalline product, P3, with a 65% yield.

4.5.2.4. Synthesis of the Peptide P4

Boc-dyAic-OEt and Boc-dyLeu(L)-OEt were synthesized following the protocol reported earlier.
4A, 4B, 4C, and 4D were synthesized following the procedure described in Chapter 2 and Chapter
3. Boc-dyAic-dyLeu(D)-OH (4B) weighing 846 mg (2.3 mmol) was dissolved in 5 mL of DMF
and cooled to 0 °C under a nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg,
2.3 mmol), and DIPEA (1.6 mL, 9.2 mmol) were then added to the reaction mixture, which was
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stirred for 10 minutes. Following this, pyrene-1-methyl amine (615 mg, 2.3 mmol) was introduced

and the reaction was stirred overnight.

The schematic illustration depicting the synthesis process of peptide P4 is presented below:
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Scheme 6: Synthesis of peptide P4

TLC was employed to monitor the reaction progress. Upon completion, the reaction mixture was
diluted with 150 mL of ethyl acetate and subjected to washing with 10% HCI (75 mL x 2), 10%
sodium carbonate solution (75 mL x 2), and brine solution (75 mL x 2). The organic layer was
dried using anhydrous sodium sulfate (Na2SO4) and concentrated under reduced pressure, resulting

in a crude powder. This material was then purified by column chromatography, yielding a white
crystalline product, 4E, with a yield of 79%.
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The Boc group of 4E (1.25 mmol, 0.7 g) was deprotected by using 1.5 mL 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate
any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
(TFA) salt of the amine of 4E. To this 0.5 mL of DMF and 0.5 mL, of DIPEA were added to make
it free of amine 4F. The compound 4D (0.44 g, 1.2 mmol) was dissolved in 3 mL of DMF and
cooled to 0 °C under a nitrogen atmosphere. Following this, EDC.HCI (253 mg, 1.32 mmol), HOBt
(162 mg, 1.2 mmol), and DIPEA (0.625 mL, 3.6 mmol) were added to the reaction mixture, and
the stirring continued for 10 minutes. Subsequently, compound 4F was added, and the reaction
proceeded overnight, with TLC used to monitor the progress. After the reaction reached
completion, the mixture was diluted with 125 mL of ethyl acetate and subjected to washing with
10% HCI (75 mL x 2), 10% Na.COs solution (75 mL x 2), and brine solution (75 mL x 2). The
organic layer was dried using anhydrous Na>SO4 and concentrated under reduced pressure,
resulting in a crude powder. The crude material was then purified through column

chromatography, yielding the white crystalline product, P4, with a 62% yield.
4.5.2.5. Synthesis of the Peptide P5

Boc-dyAic-OEt was synthesized following the protocol reported earlier. For the coupling reaction,
Boc-dyAic-OH (6.5 mmol, 1.49 g) and TFA-H2N-dyAic-OEt (6.5 mmol, 1.05 g) were combined
in DMF (6 mL). EDC.HCI (7.205 mmol, 1.38 g) and HOBt (6.5 mmol, 880 mg) were added to the
solution. The reaction mixture was allowed to cool at 0 °C for 5 minutes, and then DIPEA (19.65
mmol, 3.52 mL) was introduced while stirring. The reaction proceeded at room temperature, and
TLC was employed to monitor its progress. After completion of the reaction (approximately 24
hours), the mixture was diluted with 250 mL of ethyl acetate and subjected to washing with 10%
HCI (3 x 80 mL), 10% Na>COz solution in water (3 x 80 mL), and brine (3 x 100 mL). The organic
layer was dried over Na>SO4 and evaporated under reduced pressure. The crude product underwent
purification via silica gel column chromatography using an Ethyl acetate/Hexane solvent system.
The overall yield of 5A was 72% (4.68 mmol, 1.72 g).

An amount of 1.1 g 5A (3 mmol) was dissolved in 30 mL of ethanol, and a 10 mL portion of 1N
NaOH was gradually added dropwise to the solution over a period of 3 minutes. The reaction

mixture was then stirred for 30 minutes until the hydrolysis process reached completion.
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The schematic illustration depicting the synthesis process of peptide P5 is presented below:
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Scheme 7: Synthesis of peptide P5

Subsequently, the reaction mixture was acidified using 1N aqueous HCI solution and then
subjected to extraction with ethyl acetate. The organic layer underwent washing with a brine
solution (3 x 100 mL) and was dehydrated using anhydrous sodium sulfate (Na>SQO4). The
combined organic layer, containing the hydrolyzed product 5B, was concentrated under vacuum

and further employed for coupling.

Boc-dyAic-dyAic-OH (3B) weighing 782 mg (2.3 mmol) was dissolved in 5 mL of DMF, which
was then cooled to 0 °C under a nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310
mg, 2.3 mmol), and DIPEA (1.6 mL, 9.2 mmol) were subsequently added, and the reaction mixture
was stirred for 10 minutes. Following this, pyrene-1-methyl amine (615 mg, 2.3 mmol) was
introduced and left to stir overnight. The progression of the reaction was monitored through TLC.
Upon completion, the reaction mixture was diluted with 180 mL of ethyl acetate and subjected to
washing with 10% HCI (75 mL x 2), 10% Na>COs solution (75 mL x 2), and finally brine solution
(75 mL x 2). The organic layer was then dried and dehydrated using anhydrous Na.SOs and
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concentrated under reduced pressure, resulting in a crude powder. Subsequently, the crude product
underwent purification through column chromatography, yielding a white crystalline product, 5C,
with a notable yield of 82%.

The deprotection of 5C (1.25 mmol, 0.94 g) involved the use of a mixture of 1.5 mL each of TFA
and DCM (1:1) for a duration of 1 hour. Subsequently, the solvent DCM and TFA were evaporated,
and the residue was treated with DCM multiple times to eliminate any remaining traces of TFA.
The resulting crude material constituted the TFA-salt of the amine derived from 5C. To convert it
into the free amine, 0.5 mL each of DMF and DIPEA were added to the TFA-salt.

In parallel, the compound 5B (0.77 g, 1.2 mmol) was dissolved in 3 mL of DMF and cooled to 0
°C under a nitrogen atmosphere. EDC.HCI (253 mg, 1.32 mmol), HOBt (162 mg, 1.2 mmol), and
DIPEA (0.625 mL, 3.6 mmol) were introduced, and the reaction mixture was stirred for 10
minutes. Subsequently, compound 3D was added, and the reaction continued overnight with TLC
monitoring. Upon completion, the reaction mixture was diluted with 125 mL of ethyl acetate and
subjected to washing with 10% HCI (75 mL x 2), 10% Na>COs solution (75 mL x 2), and brine
solution (75 mL x 2). The organic layer was dried with anhydrous Na,SO4 and concentrated under
reduced pressure, resulting in a crude powder. This material underwent purification through
column chromatography, yielding the white crystalline product P5 with a yield of 63%.

4.6. Characterization of Peptides P1-P5

ioiuwn\/\)?\u/\
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'H NMR (400 MHz, Chloroform-d) & 8.52 — 8.35 (m, 1H), 8.30 (d, J = 9.3 Hz, 1H), 8.14 (d, J =
7.6 Hz, 1H), 8.09 (dd, J = 7.7, 2.5 Hz, 2H), 8.07 — 8.01 (m, 2H), 7.98 (d, J = 17.2 Hz, 3H), 6.66
(ddd, J=16.2,9.9, 4.6 Hz, 1H), 6.54 (dd, J = 40.1, 10.2 Hz, 1H), 6.17 (d, J =8.1 Hz, 1H), 5.72 -
5.56 (m, 1H), 5.37 (dd, J = 14.5, 6.5 Hz, 1H), 5.04 (d, J = 14.6 Hz, 1H), 4.83 (s, 1H), 4.49 (s, 1H),
1.41 (dt, J = 13.7, 6.8 Hz, 1H), 1.30 (d, J = 11.0 Hz, 9H), 1.19 (dd, J = 9.1, 5.8 Hz, 2H), 1.13 (d,
J=17.8 Hz, 3H), 0.85 (d, J = 19.8 Hz, 3H), 0.71 (td, J = 19.7, 19.0, 6.5 Hz, 6H). 1*C NMR (101
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MHz, Chloroform-d) 6 165.37, 165.09, 149.54, 144.13, 132.26, 131.23, 130.97, 130.64, 128.91,
127.86, 127.75, 127.43, 127.20, 125.90, 125.14, 125.05, 124.93, 124.86, 124.71, 123.64, 122.38,
52.63, 48.02, 43.76, 41.69, 28.35, 27.55, 25.80, 24.56, 22.68, 21.73. MALDI TOF/TOF m/z
calculated value for C3sHa3sN3Os[M+Na]"™ = 604.33 and observed [M+Na]* = 604.48

j\ (o] S H (o]
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IH NMR (400 MHz, Chloroform-d) & 8.52 — 8.35 (m, 1H), 8.30 (d, J = 9.3 Hz, 1H), 8.15 — 7.87
(m, 9H), 6.66 (ddd, J = 16.2, 9.9, 4.6 Hz, 1H), 6.54 (dd, J = 40.1, 10.2 Hz, 1H), 6.17 (d, J = 8.1
Hz, 1H), 5.69 (dd, J = 15.3, 2.0 Hz, 1H), 5.37 (dd, J = 14.5, 6.5 Hz, 1H), 5.04 (d, J = 14.6 Hz, 1H),
4.83 (s, 1H), 4.49 (s, 1H), 1.41 (dt, J = 13.7, 6.8 Hz, 1H), 1.30 (d, J = 11.0 Hz, 9H), 1.19 (dd, J =
9.1, 5.8 Hz, 2H), 1.13 (d, J = 17.8 Hz, 3H), 0.85 (d, J = 19.8 Hz, 3H), 0.71 (td, J = 19.7, 19.0, 6.5
Hz, 6H). *C NMR (101 MHz, Chloroform-d) & 165.37, 165.09, 149.54, 144.13, 132.26, 131.23,
130.97, 130.64, 128.91, 127.86, 127.75, 127.43, 127.20, 125.90, 125.14, 125.05, 124.93, 124.86,
124.71, 123.64, 122.38, 52.63, 48.02, 43.76, 41.69, 28.35, 27.55, 25.80, 24.56, 22.68, 21.73.
MALDI TOF/TOF m/z calculated value for CzsHa3N3Os [M+Na]* = 604.33 and observed
[M+Na]* = 604.48
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IH NMR (400 MHz, Chloroform-d) & 8.39 — 7.90 (m, 9H), 7.75 (s, 1H), 6.83 (dd, J = 15.4, 8.9
Hz, 1H), 6.65 (s, 1H), 6.49 (dd, J = 15.2, 4.6 Hz, 1H), 5.88 — 5.60 (m, 2H), 5.32 — 4.99 (M, 2H),
4.53 —4.37 (m, 1H), 4.11 (h, J = 7.2 Hz, 1H), 1.50 — 1.42 (m, 1H), 1.37 (d, J = 11.2 Hz, 9H), 1.29
(d, J =7.6 Hz, 3H), 1.25 (d, J = 5.2 Hz, 3H), 1.18 — 1.09 (m, 2H), 0.76 (td, J = 13.0, 12.1, 6.8 Hz,
6H). 13C NMR (101 MHz, Chloroform-d) 3 165.61, 164.16, 155.88, 147.31, 144.69, 132.05,
131.20, 130.81, 128.95, 127.65, 127.57, 127.45, 126.94, 125.67, 124.92, 124.80, 124.75, 123.52,
122.24, 120.83, 80.20, 54.14, 50.07, 43.89, 41.73, 29.71, 28.43, 26.44, 24.73, 22.54, 21.64.
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MALDI TOF/TOF m/z calculated value for CzsHssN3Os[M+Na]® = 604.33 and observed
[M+Na]* = 604.49

'H NMR (400 MHz, Chloroform-d) & 8.39 — 8.07 (m, 5H), 8.04 — 7.95 (m, 4H), 7.55 — 7.28 (m,
1H), 6.72 — 6.52 (m, 1H), 5.88 — 5.74 (m, 1H), 5.70 (d, J = 15.4 Hz, 1H), 5.14 (qd, J = 14.6, 5.6
Hz, 2H), 4.57 (s, 1H), 3.99 (tq, J = 12.5, 4.5 Hz, 1H), 2.29 — 2.16 (m, 2H), 2.10 — 1.84 (m, 2H),
1.64 — 1.47 (m, 2H), 1.42 (d, J = 6.0 Hz, 2H), 1.35 (s, 9H), 1.31 (t, J = 4.9 Hz, 2H), 1.26 (s, 6H),
1.21 — 1.20 (m, 1H), 0.77 (d, J = 6.6 Hz, 3H), 0.68 (d, J = 6.5 Hz, 3H). 3C NMR (101 MHz,
Chloroform-d) 6 172.82, 166.05, 139.29, 131.23, 130.92, 130.80, 128.88, 127.89, 127.38, 127.21,
127.18, 125.88, 125.10, 124.95, 124.78, 124.76, 123.25, 120.59, 114.08, 52.88, 47.51, 44.95,
41.64, 33.43, 32.35, 31.94, 30.32, 28.36, 24.83, 22.96, 22.71, 21.90. MALDI TOF/TOF m/z
calculated value for C3sHasN3O4 [M+Na]* = 606.76 and observed [M+Na]" = 606.49

IH NMR (400 MHz, Chloroform-d) & 8.24 (d, J = 9.2 Hz, 1H), 8.14 (d, J = 7.6 Hz, 2H), 8.11 —
8.06 (M, 2H), 8.01 — 7.93 (m, 4H), 6.88 (d, J = 15.5 Hz, 1H), 6.68 (d, J = 15.5 Hz, 1H), 6.60 (s,
1H), 5.83 (d, J = 15.5 Hz, 2H), 5.73 (d, J = 15.5 Hz, 1H), 5.14 (d, J = 5.4 Hz, 2H), 4.60 (s, 1H),
1.43 (s, 6H), 1.30 (d, J = 2.5 Hz, 9H). 3C NMR (101 MHz, Chloroform-d) § 165.70, 164.98,
147.99, 131.19, 131.08, 130.73, 128.98, 128.08, 127.36, 127.33, 125.91, 125.18, 124.91, 124.76,
124.67, 123.04, 121.10, 53.96, 52.77, 41.93, 28.31, 27.33. MALDI TOF/TOF m/z calculated
value for C3sHasN3Os [M+Na]* = 576.29 and observed [M+Na]" = 576.41
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IH NMR (400 MHz, Chloroform-d) & 8.40 (d, J = 103.3 Hz, 4H), 7.94 (d, J = 60.8 Hz, 9H), 6.93
(d, J = 15.5 Hz, 1H), 6.60 (dd, J = 41.6, 15.1 Hz, 3H), 5.89 (dd, J = 23.6, 15.3 Hz, 2H), 5.61 (dd,
J=33.4,15.2 Hz, 2H), 5.50 — 4.82 (m, 2H), 4.54 (d, J = 187.9 Hz, 1H), 1.64 — 0.96 (m, 33H). 13C
NMR (101 MHz, Chloroform-d) & 166.43, 165.03, 164.99, 164.85, 154.76, 147.94, 130.45,
130.45, 128.87, 127.45, 127.28, 126.47, 125.27, 124.73, 124.59, 124.58, 124.36, 123.79, 121.49,
121.07,121.01, 120.74, 80.06, 54.38, 54.35, 53.98, 53.74,53.58, 41.52, 30.53, 29.71, 28.96, 28.65,
26.20. MALDI TOF/TOF m/z calculated value for C4sHs7NsOs [M+Na]* = 798.43 and observed
[M+Na]* = 798.66
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IH NMR (400 MHz, Chloroform-d) & 8.75 (s, 1H), 8.54 —7.86 (m, 9H), 7.64 (s, 1H), 7.05 (s, 1H),
6.66 (dd, J = 23.6, 15.2 Hz, 1H), 6.26 (d, J = 79.8 Hz, 1H), 5.79 (dd, J = 15.2, 9.8 Hz, 1H), 5.30
(s, 2H), 5.18 — 4.98 (m, 1H), 4.95 (s, 1H), 4.72 (s, 1H), 3.90 (s, 2H), 2.14 — 1.76 (m, 8H), 1.52 (it,
J=12.8, 6.0 Hz, 3H), 1.41 (s, 9H), 1.37 (d, J = 13.9 Hz, 3H), 1.33 — 1.24 (m, 6H), 1.21 — 0.90 (m,
6H), 0.87 — 0.72 (m, 12H).3C NMR (151 MHz, Chloroform-d) § 172.99, 171.76, 165.84, 131.25,
130.89, 130.68, 128.88, 127.76, 127.59, 127.45, 127.08, 126.92, 125.79, 125.67, 124.91, 124.80,
79.97, 62.03, 54.07, 53.26, 47.69, 44.93, 41.23, 33.38, 33.10, 32.86, 29.69, 28.51, 28.45, 24.88,
24.81, 24.69, 23.00, 22.93, 22.74, 22.33, 22.17, 22.00. MALDI TOF/TOF m/z calculated value
for CasHs7NsOs[ M+Na] ™ = 858.33 and observed [M+Na]* = 858.704

>r LA H o ™ H o

IH NMR (400 MHz, Chloroform-d) & 8.85 (t, J = 5.6 Hz, 1H), 8.49 (d, J = 9.3 Hz, 1H), 8.29 (d, J
= 7.9 Hz, 1H), 8.23 — 7.83 (m, 9H), 7.57 (d, J = 6.9 Hz, 1H), 6.71 (d, J = 15.2 Hz, 1H), 6.65 (dd,
J=153, 3.4 Hz, 1H), 6.54 (dd, J = 15.2, 3.9 Hz, 1H), 6.24 (d, J = 15.3 Hz, 1H), 5.96 (d, J = 15.2
Hz, 1H), 5.57 (dd, J = 15.4, 1.9 Hz, 1H), 5.42 — 5.34 (m, 2H), 5.33 (d, J = 8.3 Hz, 1H), 5.20 (dd,
J=14.8,5.2 Hz, 1H), 4.69 (s, 1H), 4.46 (s, 1H), 4.24 (s, 1H), 1.76 — 1.61 (m, 2H), 1.57 — 1.47 (m,
2H), 1.41 (s, 12H), 1.33 (d, J = 4.6 Hz, 1H), 1.27 (d, J = 10.2 Hz, 6H), 1.13 (d, J = 6.8 Hz, 1H),
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1.09 (s, 3H), 0.79 (dd, J = 6.6, 3.7 Hz, 6H), 0.71 (d, J = 6.6 Hz, 3H), 0.57 (d, J = 6.5 Hz, 3H).13C
NMR (151 MHz, Chloroform-d) & 174.72, 166.41, 166.21, 164.50, 155.29, 150.28, 148.97,
144.82, 144.62, 133.36, 131.64, 130.97, 129.25, 127.96, 127.86, 127.10, 125.95, 125.26, 125.20,
125.01, 124.26, 121.55, 119.60, 119.23, 80.56, 70.64, 65.54, 63.69, 54.57, 54.19, 49.61, 48.70,
43.94, 43.57, 41.82, 34.52, 32.29, 31.80, 30.41, 30.06, 30.01, 29.96, 29.81, 29.73, 29.61, 29.49,
28.90, 26.73, 25.47, 25.28, 25.21, 25.14, 23.10, 23.06, 22.29, 21.96, 14.49. MALDI TOF/TOF
m/z calculated value for CsoHesNsOs [M+Na]* = 854.49 and observed [M+Na]* = 854.64

'H NMR (400 MHz, Chloroform-d) & 8.59 (s, 2H), 8.20 (s, 1H), 8.18 — 7.95 (m, 9H), 6.90 (s, 1H),
6.85 (d, J = 7.6 Hz, 1H), 6.68 — 6.63 (m, 1H), 6.63 — 6.57 (m, 1H), 5.97 (d, J = 15.1 Hz, 1H), 5.64
(d, J = 15.2 Hz, 1H), 5.55 (d, J = 15.3 Hz, 2H), 5.34 — 5.20 (m, 1H), 4.98 (s, 1H), 4.67 (s, 1H),
4.48 (s, 2H), 1.79 (s, 1H), 1.42 (s, 3H), 1.37 (dd, J = 10.1, 3.9 Hz, 2H), 1.31 (s, 3H), 1.27 (d, J =
8.6 Hz, 2H), 1.22 (s, 3H), 0.85 (d, J = 6.5 Hz, 6H), 0.79 (d, J = 6.6 Hz, 6H).13C NMR (151 MHz,
Chloroform-d) & 166.22, 164.69, 155.10, 145.41, 133.40, 131.63, 131.36, 130.87, 129.45, 128.16,
127.98, 127.57, 126.91, 125.78, 125.26, 125.16, 125.04, 124.84, 121.29, 121.07, 119.86, 119.30,
80.66, 54.45, 54.10, 50.12, 49.35, 43.24, 42.00, 30.64, 28.90, 26.28, 25.82, 25.59, 25.19, 23.52,
23.06, 22.35, 21.63. MALDI TOF/TOF m/z calculated value for CsoHesNsOs [M+Na]* = 854.49
and observed [M+Na]" = 854.67
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'H NMR (400 MHz, Chloroform-d) & 8.86 (t, J = 5.5 Hz, 1H), 8.49 (d, J = 9.3 Hz, 1H), 8.29 (d, J
= 8.0 Hz, 1H), 8.20 — 7.86 (m, 9H), 7.57 (d, J = 7.1 Hz, 1H), 6.74 — 6.62 (m, 2H), 6.54 (dd, J =
15.2, 3.9 Hz, 1H), 6.24 (d, J = 15.2 Hz, 1H), 5.96 (d, J = 15.2 Hz, 1H), 5.57 (dd, J = 15.3, 1.9 Hz,
1H), 5.42 — 5.34 (m, 2H), 5.33 (d, J = 8.7 Hz, 1H), 5.20 (dd, J = 14.8, 5.2 Hz, 1H), 4.70 (s, 1H),
4.46 (s, 1H), 4.25 (s, 1H), 1.68 (dt, J = 12.7, 7.2 Hz, 1H), 1.57 — 1.47 (m, 1H), 1.41 (s, 12H), 1.35
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—1.26 (M, 6H), 1.25 — 1.10 (m, 2H), 1.09 (s, 3H), 0.94 — 0.81 (m, 2H), 0.80 (dd, J = 7.1, 3.4 Hz,
6H), 0.71 (d, J = 6.6 Hz, 3H), 0.57 (d, J = 6.5 Hz, 3H). 3C NMR (151 MHz, Chloroform-d) &
174.72, 166.41, 166.21, 164.50, 155.29, 150.28, 148.97, 144.82, 144.62, 133.36, 131.64, 130.97,
129.25, 127.96, 127.86, 127.10, 125.95, 125.26, 125.20, 125.01, 124.26, 121.55, 119.60, 119.23,
80.56, 70.64, 65.54, 63.69, 54.57, 54.19, 49.61, 48.70, 43.94, 43.57, 41.82, 34.52, 32.29, 31.80,
30.41, 30.06, 30.01, 29.96, 29.81, 29.73, 29.61, 29.49, 28.90, 26.73, 25.47, 25.28, 25.21, 25.14,
23.10, 23.06, 22.29, 21.96, 14.49. MALDI TOF/TOF m/z calculated value for CsoHesN5Os
[M+Na]* = 854.49 and observed [M+Na]* = 854.64
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4.7. Appendix
4.7.1. ORTEP Diagrams

4.7.1.1. ORTEP Diagram of Peptide P1

Figure 17: ORTEP diagram of peptide P1. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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4.7.1.2. ORTEP Diagram of Peptide P3

Figure 18: ORTEP diagram of peptide P3. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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4.7.1.3. ORTEP Diagram of peptide P4

Figure 19: ORTEP diagram of peptide P4. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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4.7.1.4 ORTEP Diagram of Peptide P5

Figure 20: ORTEP diagram of peptide P5. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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4.8. Crystal Structure Information

Crystal structure identification table for P1

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.000°
Absorption correction

Max. and min. Data/restraints5 and 0.987
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

P1

'C50 H65 N5 O6 [+ solvent]'

832.07

150(2) K
0.71073 A
Tetragonal

14
a=32.880(3) A
b =32.880(3) A
c =24.805(4) A
26816(7) A3

16

0.824 Mg/m3
0.054 mm-1
7168

o= 90°.
B=90°.
v =90°.

0.300 x 0.200 x 0.200 mm3

1.959 to 24.812°.

-38<=h<=38, -38<=k<=37, -29<=I<=29

288261

14233 [R(int) = 0.0732]

99.9 %

Semi-empirical from equivalents

Full-matrix least-squares on F2

23025/226 /1121

1.04

R1=0.0732, wR2 = 0.1847
R1=0.1310, wR2 = 0.2156

0.1(2)
n/a

0.383 and -0.218 e.A-3
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Crystal structure identification table for P3

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.000°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

P3
'Cso Heo Ns Og [+ solvent]'

836.10

150(2) K

0.71073 A

Orthorhombic

1222

a=24.73(5) A o= 90°.
b =32.10(6) A B=90°.
c=33.24(5 A v =90°.
26390(83) A3

16

0.842 Mg/m3

0.055 mm-1

7232

0.30 x 0.200 x 0.100 mm3

2.39 to 13.75°.

-29<=h<=29, -38<=k<=38, -39<=[<=39

327092

9813 [R(int) = 0.0865]

99.9 %

Semi-empirical from equivalents
0.995 and 0.987

Full-matrix least-squares on F2
23322 /12671121

1.002

R1 =0.0865, wR2 = 0.2247
R1=10.2303, wR2 = 0.3061
0.6(7)

n/a

0.376 and -0.266 e.A-3

212



Crystal Structure ldentification table for P4

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.000°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

P4

C131 H168 N10 012

2074.75

150(2) K

0.71073 A

Orthorhombic

P212121

a=13.254(2) A o= 90°.
b=26.712(5) A B=90°.
c=34.729(5) A v =90°.
12296(4) A3

4

1.121 Mg/m3

0.071 mm-1

4480

0.125 x 0.200 x 0.225 mm3

2.39 to 13.75°.

-16<=h<=16, -33<=k<=33, -43<=I<=43

334254

14045 [R(int) = 0.0865]

99.9 %

Semi-empirical from equivalents
0.995 and 0.987

Full-matrix least-squares on F2
25370/918 /1371

1.017

R1=0.0831, wR2 = 0.2071
R1=0.1681, wR2 = 0.2602
-0.3(5)

n/a

1.605 and -0.391 e.A-3
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Crystal structure identification table for P5

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.000°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

P5
‘C92 H113 N10 012 [+ solvent]’
1550.92

150(2) K

0.71073 A

triclinic

P-1

a=15.179(16) A o= 106.317°.
b=18.39(2) A B=97.232°.
c=19.40(2) A y = 102.430°.
4974(9) A3

2

01.036 Mg/m3

0.069 mm-1

1662

0.25 x 0.200 x 0.300 mm3
2.31021.31°.

-29<=h<=29, -38<=k<=38, -39<=I<=39
114944

17391 [R(int) = 0.0865]

99.9 %

Semi-empirical from equivalents

0.410 and 0.745

Full-matrix least-squares on F2
17391/ 684 / 1036

0.989

R1=0.1882, wR2 = 0.4076
R1=0.5737, wR2 = 0.5889

0.6(7)

n/a

1.018 and -0.334 e.A-3
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Chapter 5

Supramolecular Assemblies and Optoelectronic
Properties of g-Double Helices Appended with Donor-
Acceptor Groups
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5.1. Introduction

The potential of molecular self-assembly to influence research at the convergence of biology,
chemistry, and material science is vast, given its capability to effortlessly create a variety of
nanostructures.!® Among the various biocompatible and biodegradable constituents, the self-
assembly of peptides and proteins stands out due to its significant capacity to adjust functions
depending on the characteristics of their assembly patterns.”*® From the nano-scale creation of
collagen proteins to the macro-scale development of cytoskeletons, a broad spectrum of natural
structural variations has been witnessed through the self-assembly of proteins. Due to the
prevalence of protein self-assembly in the natural world, there is considerable enthusiasm within
the fields of materials science and biomedicine for the molecular self-assembly of oligopeptides,
a keen interest that has persisted since the initial demonstration of short self-assembled peptides.*
15 Furthermore, considering that the polypeptide serves as a biologically active substance engaged
in diverse cellular functions within living organisms, it exhibits favorable biocompatibility, non-
toxicity, high abundance, self-healing properties, antimicrobial properties, and controllable
degradation when compared to the majority of organic polymers. Consequently, the molecular
self-assembly of oligopeptides holds significant potential for a wide array of applications in
biomedicine!®*® and biochemical materials?®-?*, surpassing many other self-assembled systems in
terms of their advantages. Moreover, factors like pH, temperature, light, ionic strength, solvent
interactions, and salt concentration are recognized for their significant influence on the aggregation
pathways, mechanisms, and morphologies of peptide assemblies.?5-%° Crucially, the self-assembly
of peptides is primarily governed by the nuanced interplay among various attractive non-covalent
interactions (such as aromatic, van der Waals, hydrogen bonding, and electrostatic interactions)
and repulsive interactions (like electrostatic repulsions between similar charges and steric
effects).3-%2 In the realm of non-covalent interactions, aromatic interactions play a significant role
in influencing the self-assembly processes of peptides and simultaneously contribute to balancing
the hydrophobicity of the systems.®33® The deliberate choice of amino acid sequences, diverse
protein secondary structures such as 310- and o-helices, B-strands®®, B-hairpin motifs and super-
secondary structures, such as two-helix motifs,3"3 helix-hairpin motifs,3 multi-stranded beta-
sheets,**** and beta -meander structure*? have been documented. The aromatic group-assisted self-
assembly of peptide secondary structures refers to a process where the presence of aromatic groups
plays a crucial role in facilitating the spontaneous organization of peptide molecules into defined
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structural patterns. Lately, there has been substantial interest in the utilization of peptide
amphiphiles incorporating chromophores like pyrene,** naphthalene,***° anthracene,*® perylene
diimide,*” and naphthalene diimide*® for the stepwise creation of adjustable luminescent
nanomaterials. However, understanding the relationship between aromatic interactions and
mechanistic pathways of peptide self-assembly remains elusive.*® The aromatic groups not only
enhance the self-assembly process but also impart unique properties to the resulting structures,
making them of interest in various applications, including materials science, nanotechnology, and
biomedicine. This approach leverages the specific characteristics of aromatic interactions, such as
n-n stacking and other non-covalent forces, to drive the ordered assembly of peptides into

functional and potentially tunable structures with diverse applications.
5.2. Objective of the Present Work

Among various secondary structures in protein, the double helical structures are very rare and have
only been seen in the case of synthetic peptides with alternating o and o amino acids.>>! Recently
we have demonstrated the formation of double helical foldamers from oligomers of (E)-a, B-
unsaturated y-amino acids. We also further demonstrated that the pyrene appended double helical
moiety can be self-assembled into a porous 3D structure through m-n stacking interactions and
hydrogen bonding. To get further insights into the self-assembly of the double-helical motifs, we
rationalized that a double helix attached both C and N terminals with electron donor pyrene and
electron acceptor NMI dyads (Scheme 1). Pyrene's aromatic nature facilitates pi-pi stacking
interactions, contributing to the stabilization and self-assembly of the peptide chains.>?
Simultaneously, NMI imparts unique electronic properties, potentially influencing charge transfer
processes within the molecular system.>® The combination of pyrene and NMI in double-helical
peptides holds promise for applications in various domains, including materials science,
nanotechnology, and optoelectronics. The distinct attributes of pyrene and NMI integrated double
helical peptides create a self-assembled molecular architecture that can further show various
optoelectronic properties.

5.3. Results and Discussions

To understand the molecular conformation and self-assembly of the PY-NMI attached peptides,
we have synthesized the following peptides P1, P2, and P3. The peptide sequences are illustrated

in Scheme 1. Peptide P1 is composed of two pyrene groups attached to both the C- and N-terminal
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of the peptides while in the case of P2, we have attached a C-terminal carboxyl group with the
NMI unit with an ethylene diamine spacer and N-terminal is appended with pyrene acetic acid.
Peptide P2 is a unique construction as here electron-rich pyrene and electron-deficient NMI
consists of a single peptide.

'K )Lﬁ Y *J\* Y

P1

/\gN% )L”ﬁ\\[(g/”?/ )Lﬂﬁ\\g/N\/\N
P2 °
P3 °

Scheme 1: Sequences of peptides under investigation.

To get further insights into their conformational identity and supramolecular assembly, we
designed peptide P3, where we have interchanged the pyrene and NMI position from N- to C-
terminal and vice versa. All peptides were synthesized through solution phase peptide synthesis
and purified through revere phase HPLC and authenticated by MALDI-TOF analysis. The pyrene
acetic acid and pyrene methyl amine were directly used from commercial sources. The N-mono
Boc-protected ethylene diamine and glycine were coupled to the 1,8-Naphthalic anhydride to get
NMI-based linkers. As crystal structures often give explicit information about the molecular

structure, all peptides were subjected to crystallization with various solvent mixtures.
5.3.1. Crystal Structure Analysis of P1

We got diffraction quality crystals for P1 from slow evaporation from chloroform/toluene mixture
and solved in an orthorhombic crystal system with space group P2:2:2. In the asymmetric unit, a
single molecule of P1 was identified, accompanied by four chloroform and two water molecules.
The peptide exhibited a right-handed helical conformation, devoid of any intramolecular hydrogen
bonds. All amide NH and carbonyl groups were exposed, facilitating intermolecular hydrogen
bonds. The peptide engaged in self-assembly with another molecule, utilizing all amide NH groups

and CO groups for intermolecular hydrogen bonding, except for the initial NH and penultimate C-
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terminal CO group. The double helical structure of P1 is shown in Figure 1A. The stability of this
double helix structure was maintained through the presence of eight intermolecular hydrogen

bonds, which formed between the amide carbonyl (CO) of the (i) residue in strand 1 and the amide

NH of the (i+2) residue in strand 2. The hydrogen bonding pattern observed in P1 is shown in
Figure 1C.

(A) o (k 0 Jik
H H H
/\gNK )LH \IOTN7/ )Lu \gN\/

Chloroform/
xylene

(C) H-bonding pattern: i(CO)<—i+2(NH)
l+2,
)L )L N\/
o,7/ 7/

/\n/ 7/ )LN/\ \lf 7/ )LN/\ \n«N\/

(D) Torsion angles parameters:

Peptide P1 @ 0, 0, v
dy Aic (1) 6338 | -150 |-17322 | 173.77
dyLeu (1) 89.07 | 2256 | -173.76 | 17531
dy Aic (2) 68.17 | -1406 | -177.79 | -180.00
dyLeu (2) 9005 | -858 |-17841 | 173.27

Figure 1: (A) Single crystal structure of P1. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P1. (C) Hydrogen bonding pattern observed in

P1. (D) Torsion angle parameters of strand 1 and strand 2 of P1.

Overall, peptide P1 adopted a right-handed (P)-p-double helix conformation in the single crystals.
The H-bond parameters of P1 are tabulated in Table 1.

The torsion angle analysis revealed that o,p-unsaturated 4,4-dimethyl y-amino acids displayed
averaged, 01, 02, and y angles of -65.77°+2.38°, -14.58°+0.52°, +175.5°+2.2°, and
+178.17°+1.65°, respectively. The torsion angles 01 displayed a value near to zero whereas 6., and
v displayed a value close to 180°. The first three torsion variables displayed negative signs,
whereas y displayed a positive sign, with the exception of the second residue. The values displayed
by the achiral residues are consistent with previously observed B-double helix structures. The

average torsion angles of the dyLeu amino acids ¢, 61, 62, and y were found to be -89.56°+0.49°,
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-15.57°+7°, -176.08°+2.3°, and +174.29°+1°, respectively. The observed sign here for ¢, 61, 62,

and v is respectively (-, -, -, +).

Table 1: The H-bond parameters of P1 double helix

Donor Acceptor D..;..A DH;...A ANH....O
(D) (A) (A) (A) (°)
N2 (strand 1) [ O1 (strand 2) 2.869 2.014 172.13
N3 (strand 1) [ O2 (strand 2) 2.900 2.06 160.53
N4 (strand 1) [ O3 (strand 2) 2.854 2.045 156.44
N5 (strand 1) | O4 (strand 2) 2.845 1.963 171.18
N2 (strand 2) | O1 (strand 1) 2.869 2.014 172.13
N3 (strand 2) [ O2 (strand 1) 2.900 2.06 160.53
N4 (strand 2) [ O3 (strand 1) 2.854 2.045 156.44
N5 (strand 2) | O4 (strand 1) 2.845 1.963 171.18

5.3.2 Self-Assembly of P1

Developing supramolecular helical structures to mimic natural helices, such as the DNA double
helix and protein o-helix, is a valuable strategy for uncovering the fundamental principles
underlying the construction and interactions of these helical forms. This approach holds the
potential to pave the way for creating innovative artificial supramolecular helices with a diverse
range of structures and functions. In the case of helicity, the DNA double helix achieves its overall
helical structure through the stacking of base pairs in a columnar fashion. This serves as a source
of inspiration for designing supramolecular helical assemblies by organizing planar n-conjugated
building blocks in a columnar, helical fashion. Examples of such building blocks encompass
trialkylbenzene-1,3,5-tricarboxamide ~ discotics,>* porphyrins,® perylene bisimides,*® and
merocyanine dyes.®” This concept offers a novel perspective for creating robust supramolecular
helical structures by utilizing helical building blocks assembled into supramolecular helices

through head-to-tail intermolecular interactions.
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Figure 2: The formation of a supramolecular helix involves helical building blocks linked by head-to-tail

intermolecular interactions. This arrangement may result in the creation of a helical channel.

A variety of helical building components, including helical aromatic foldamers and short peptides
with helical structures, have proven effective in constructing supramolecular helices through
intermolecular interactions such as n—x stacking, hydrogen bonding, and metal coordination. This
versatile approach opens avenues for creating diverse and functional supramolecular helices,
contributing to the broader understanding of helical structures and their potential applications in

various fields.

With this concept in mind, we thought of analyzing the self-assembly characteristic of our pyrene-
attached double helical peptide P1. This is because the peptide P1 fulfills all the criteria such as
having a double helical structure and appended with large aromatic pyrene moieties to self-
assemble into higher order structure. Notably, in our current investigation, we observed that the
pyrene units are oriented nearly perpendicular, approximately 90 degrees, to the double helical
axis (Figure 1). This is in contrast to our earlier study, where the pyrene units, attached solely at
the C-terminal of the peptides, exhibited an angle of approximately 45 degrees. A detailed analysis
of the crystal structure uncovered intriguing features. Specifically, the first amide NH of the N-
terminus and the CO group at the C-terminus of P1 were observed not to form hydrogen bonds
with the intertwined strands. Instead, they engaged in intermolecular hydrogen bonding with
another double helix along the helix axis, fostering a continuous columnar assembly of the double
helices. The primary driving force behind this columnar supramolecular assembly was identified
as m—m stacking between the pyrene units at both ends of the double-helical moieties. The head-to-

tail self-assembly of the double helices is illustrated in Figure 3A, with the average intermolecular
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pyrene-pyrene distance calculated at 3.75 A. Moreover, the top view of the columnar assembly

reveals a channel-like structure, as depicted in Figure 3B.

»
(A) {’ %:ZJ’ ;‘/T,
iy i

\. v""r’ / 5 ‘ \'

H-bonding between two n-ni-stacking betv.veen
different double helices the pyrene units

Figure 3: (A) columnar packing of the double helices P1. (B) Top view of the columnar packing.

This assembly, formed through the head-to-tail self-assembly of the double helices, showcases a
well-defined channel, suggesting potential applications in molecular recognition or encapsulation
processes. Overall, the intricate interplay of hydrogen bonding and m—m stacking drives the
formation of this columnar supramolecular assembly, providing valuable insights into the unique
self-assembly characteristics of the pyrene-attached double helical peptide P1.

In the vertical direction along the b-axis, the n-r interactions play a crucial role in stabilizing the
tubular assembly. This involves the stacking of pyrene moieties, creating a cohesive structure
along this crystallographic axis. Simultaneously, the horizontal assembly involves CH-n

interactions between adjacent pyrene units, enhancing the lateral connectivity and stability of the
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tubular structures. Figure 4 illustrates these interactions, showcasing the interplay of n-m and CH-

7 interactions responsible for the tubular assembly in the crystal lattice.

Figure 4: (A) The columnar packing along the c-axis of P1. The black dotted lines indicate n-x interactions
and the red lines indicate CH-n..CH-x interactions. (B) The top view of the columnar packing shows a

channel-type architecture.

This comprehensive view reveals the spatial arrangement of the tubular structures in the crystal
lattice, providing insights into the overall architecture of the three-dimensional supramolecular
assembly. The combination of 7-n and CH-n interactions in different directions contributes to the
formation of a complex, yet well-defined, crystal structure, demonstrating the versatility and
specificity of intermolecular forces in guiding the assembly of the pyrene-attached double helical

peptide P1.

The overall crystal packing along the a-axis and c-axis is shown in below in Figure 5.
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Figure 5: (A) Crystal packing of P1 along a-axis. (B) Crystal packing of P1 along the c-axis
5.3.3. Crystal Structure Analysis of P2

The single crystals obtained for peptide P2 from slow evaporation from ethyl acetate/methanol
solvent mixture and solved in a tetragonal crystal system with space group P41212. The structure
of P2 is shown in Figure 6. The structure of P2 also adopts a double helical structure carrying a
pyrene unit at the N-terminal and an NMI unit at the C-terminal of the double helix sequences. In
the asymmetric unit, a single P2 molecule coexisted with four ethyl acetate molecules. The peptide
adopted a right-handed helical conformation, lacking intramolecular hydrogen bonds. All amide
NH and carbonyl groups were exposed, facilitating intermolecular hydrogen bonds. The peptide
engaged in self-assembly with another molecule, utilizing all amide NH groups and CO groups for
intermolecular hydrogen bonding, excluding the Boc NH and C-terminal CO groups. The stability
of this double helix structure was upheld through the presence of eight intermolecular hydrogen
bonds. These bonds were formed between the amide carbonyl (CO) of the (i) residue in strand 1
and the amide NH of the (i+2) residue in strand 2. The hydrogen bonding pattern observed in P2
is shown in Figure 6C. Overall, peptide P2 adopted a right-handed (P)-p-double helix
conformation in the single crystals. The NMI units are stayed perpendicular to the helix axis
whereas pyrene units are parallel to the double helical peptide axis. The H-bond parameters of P2

are tabulated in Table 2.
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S 5 (C) H-bonding pattern: i(CO)<+—i+2(NH)

)L e )t(k ~\/\N

(D) Torsion angles parameters:

Ethyl acetate/
Methanol

Strand 1

ZI

Strand 2

Peptide P1 [ 6, 0, v

dy Aic (1) 61.64 | -13538 | -17255 | 177.37
dyLeu (1) -92.18 -10.23 -175.08 179.54
dy Aic (2) -66.42 -13.19 | -174.53 169.70
dyLeu (2) -111.07 -0.56 -172.72 -179.33

Figure 6: (A) Single crystal structure of P2. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P2. (C) Hydrogen bonding pattern observed in
P2. (D) Torsion angle parameters of strand 1 and strand 2 of P2.

Table 2: The H-bond parameters of P2 double helix

Donor Acceptor D..;..A DH;...A ANH....0
(D) (A) (A) (A) (°)
N2 (strand 1) 01 (strand 2) 2.821 1.871 173.83
N3 (strand 1) 02 (strand 2) 2.815 1.880 178.77
N4 (strand 1) 03 (strand 2) 2.813 1.879 174.24
N5 (strand 1) 04 (strand 2) 2.806 1.934 157.83
N2 (strand 2) 01 (strand 1) 2.821 1.871 173.83
N3 (strand 2) 02 (strand 1) 2.815 1.880 178.77
N4 (strand 2) 03 (strand 1) 2.813 1.879 174.24
N5 (strand 2) 04 (strand 1) 2.806 1.934 157.83

The torsion angle analysis revealed that the first dyAic residue took quite a different torsion value

for and 61. The value in this case is 61.64° with a positive sign and instead of taking observed
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torsion angles 0°, 61 has taken a value -135.38°. This could be attributed to the need to align the
pyrene components in the same direction as the double helix's axis to fit them properly. The
alteration in the torsion angles is ascribed to the flexible nature of y-peptide strands, enabling them
to adapt to the presence of bulky pyrenyl moieties along the double helix. The ¢, 61, 62, and v
values for second dyAic residue are -66.42°,-13.19°,-174.53°, and +169.70° respectively. The
average values of torsion angles ¢, 01, 62, and y for dyLeu residues were found to be -101.62°£9°,
-5.39°1£4.43°,-173.9°£1.18°, and +179.43°, respectively. The observed sign here for ¢, 01, 62, and

v is respectively (-, -, -, ).
5.3.4. Self-Assembly of P2

In the end-group attached donor-acceptor-based peptide assembly, scientists create synthetic
peptides by adding electron-rich (donor) and electron-poor (acceptor) parts at the ends of the
peptide molecules. These chosen end groups strategically foster non-covalent interactions, driving
the peptides to self-assemble into specific, well-defined structures or supramolecular
architectures.>® These donor and acceptor groups enable non-covalent interactions like hydrogen
bonding, n-r stacking, or electrostatic forces. Incorporating them at the peptide ends allows precise
control over folding and assembly. These assemblies can possess unique traits like increased
stability, responsiveness to external factors, or selective molecule binding. End-group attached
donor-acceptor-based peptide assemblies represent a vibrant research field at the crossroads of

chemistry, materials science, and nanotechnology, with wide-ranging potential applications.

Akin to the concept mentioned above, our design of peptide P2 follows a similar principle as
donor-acceptor-based peptide foldamers. In this design, we incorporate an NMI unit as the
acceptor molecule, and pyrene serves as the donor molecule. This setup is reminiscent of the
donor-acceptor concept, where NMI acts as the electron-poor (acceptor) component, and pyrene
serves as the electron-rich (donor) component. The inclusion of NMI and pyrene at the C-terminus
and N-terminus in peptide P2 is strategically chosen to facilitate non-covalent interactions between
them, such as n-w stacking or other intermolecular forces. These interactions drive the folding and
self-assembly of the peptide into well-defined structures or supramolecular architectures. The NMI
unit's electron-poor nature complements the electron-rich properties of pyrene, allowing for
effective donor-acceptor interactions, akin to those found in donor-acceptor-based peptide

foldamers.
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Analyzing the supramolecular assembly process of P2, we have seen that there is indeed a donor-
acceptor interaction is happening between the pyrene and NMI units. Each double helical unit
bears two pyrene units at the N-terminus and two NMI units at the C-terminus, which are further
interconnected to another four double helical moieties through donor-acceptor-based =n-n

interaction along crystallographic plane b-c. The representative supramolecular assembly is shown

in Figure 7.
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Figure 7: (A) The supramolecular assembly of the double helical structures. The central double helix
(depicted in yellow) is linked to four additional double helices through stacking interactions involving
pyrene and NMI groups. (B) The n-m and CH-n...O=C interactions were observed between the pyrene and
NMI groups. (C) Intermolecular H-bonding was observed among the double helices.

246



The average intermolecular Py-NMI distance calculated is 3.584 A which is similar to the reported
this kind of interaction. In addition to the m-m stacking interactions, we observed CH-zn...0=C
interactions occurring between the carbonyl groups of NMI units and the pyrene ring of other
double helical moieties. Careful analysis of the crystal structure shows that the first amide
hydrogen attached to the N-side pyrene acetic acid group of each double helical unit and the CO
group at the C-terminal of the P2, are not hydrogen bonded with the intertwined strands. Instead,
they form a hydrogen bond with the adjacent double helices, leading to the overall supramolecular

assembly. The intermolecular hydrogen bonding between the double helices is shown in Figure
8C.

Overall, the self-assembly of pyrene NMI-attached double helical moieties through donor-acceptor
interactions results in the formation of a two-dimensional supramolecular network structure along

the a-b plane. The overall two-dimensional supramolecular network structure is shown below in
Figure 8.

&g

221

Figure 9: (A) The supramolecular network assembly of P2. Top view of the network assembly of P2.
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The donor-acceptor interactions between these units play a crucial role in guiding the assembly
process. The resulting two-dimensional supramolecular network consists of a periodic
arrangement of pyrene-NMI double helices, with each double helix interacting with adjacent ones.
The controlled and specific interactions between the pyrene and NMI units contribute to the

stability and functionality of this supramolecular structure.
5.3.5. Crystal Structure Analysis of P3

We also obtained the crystal of P3 from the CHCIzs/1,2-dichlorobenzene solvent system through
slow evaporation and solved in an orthorhombic crystal system with space group P212:2. One
molecule of P3 was found in the asymmetric unit along with one molecule of 1,2-dichlorobenzene.

The single crystal structure of P3 is shown in Figure 10A.
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dy Aic (2) -68.01 -7.04 -178.21 | -176.41
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Figure 10: (A) Single crystal structure of P3. An imaginary rod is inserted along the crystal axis for a better
view of the double-helical structure. (B) Top view of the P3. (C) Hydrogen bonding pattern observed in
P3. (D) Torsion angle parameters of strand 1 and strand 2 of P3.

The peptide assumed a conformation resembling a right-handed helix, devoid of any
intramolecular hydrogen bonds. All amide NH and carbonyl groups were externally exposed,
enabling the formation of intermolecular hydrogen bonds. The peptide underwent self-assembly

with another molecule, utilizing all amide NH groups and CO groups for intermolecular hydrogen
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bonding, with the exception of the initial NH and penultimate C-terminal CO groups. The stability
of this double helix structure was upheld through the presence of eight intermolecular hydrogen
bonds. These bonds were established between the amide carbonyl (CO) of the (i) residue in strand
1 and the amide NH of the (i+2) residue in strand 2. The hydrogen bonding pattern observed in P3
is shown in Figure 10C. Overall, peptide P3 adopted a right-handed (P)-B-double helix
conformation in the single crystals. The H-bond parameters are similar to that of our previously

reported structure. The H-bond parameters of P3 are tabulated in Table 3.

Table 3: The H-bond parameters of the P3 double helix.

Donor Acceptor D..;..A DH;...A ANH....0O
(D) (A) (A) (A) (°)
N2 (strand 1) 01 (strand 2) 2.807 2.033 150.61
N3 (strand 1) 02 (strand 2) 2.808 1.987 177.37
N4 (strand 1) 03 (strand 2) 2.867 1.985 170.22
N5 (strand 1) 04 (strand 2) 2.857 2.212 146.67
N2 (strand 2) 01 (strand 1) 2.807 2.033 150.61
N3 (strand 2) 02 (strand 1) 2.808 1.987 177.37
N4 (strand 2) 03 (strand 1) 2.867 1.985 170.22
N5 (strand 2) 04 (strand 1) 2.857 2.212 146.67

The torsion angle analysis revealed that a,f-unsaturated 4,4-dimethyl y-amino acids displayed
average ¢, 01, 02, and v angles of -65.77°£2.38°, -14.58°+0.52°, +175.5°+2.2° and
+178.17°+1.65°, respectively. The torsion angles 01 displayed a value near to zero whereas 62, and
v displayed a value close to 180°. The initial three torsion variables exhibited negative values,
while y had a positive value, except for the second residue. The characteristics observed in achiral
residues align with known B-double helix structures. For the dyLeu amino acids, the mean torsion
angles for ¢, 61, 02, and y were determined as -89.56°+0.49°, -15.57°+7°, -176.08°+2.3°, and
+174.29°+1°, respectively.
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5.3.6. Self-Assembly of P3

In peptide P3, we incorporated a donor pyrene and an acceptor NMI group, and we were interested
in exploring their self-assembly within a crystal. We decided to switch the positions of the NMI
and pyrene residues, moving them from the N-terminus to the C-terminus of the peptide P3. We
anticipated that this rearrangement might lead to a different self-assembled structure. However,
when we analyzed the single crystal structure, we observed that it closely resembled the structure
of peptide P1. Akin to P1, the pyrene and NMI units in P3 maintained a perpendicular orientation
concerning the double helical axis. This unexpected similarity in the self-assembled structures
suggests that the specific arrangement of these units within the peptide and their interactions led
to consistent crystal structures, regardless of the pyrene-pyrene or pyrene-NMI diads. Here, also
careful analysis of the crystal structure shows that the first amide hydrogen attached to the N-side
pyrene acetic acid group of each double helical unit and the CO group at the C-terminal of the P3,
are not hydrogen bonded with the intertwined strands. Instead, they make the intermolecular
hydrogen bonding with another double helix along the double helix axis leading to a continuous
columnar assembly of the double helices (Figure 11A).

(A) A
i "gffl W
|ﬂ { y/ Vg ’I
N [ - 4 N\
N 9 _ N & ‘I
p ;A - &
\ 2l A
N /7 .l ( i \ \
'\ g{g\ ! )
H-bonding between two n-ri-stacking between
different double helices the pyrene units

Figure 11: (A) columnar packing of the double helices P3. (B) Top view of the columnar packing.
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Along with the hydrogen bonding, this columnar supramolecular assembly is formed through n—=
stacking between the donor pyrene units and acceptor NMI units of the double-helical moieties.
The columnar assembly is formed through the head-to-tail self-assembly of the double helices.
The average distance between the pyrene and NMI units is 3.5 A. The top view of the columnar

assembly shows a channel-like structure depicted in Figure 11B.

The assembly along the b-axis is driven by a combination of ©-x interactions between the pyrene
and NMI moieties in a vertical arrangement and CH-r interactions that occur between the pyrene
units in a horizontal orientation, as depicted in Figure 12A. In the case of the n-n interactions, the
pyrene molecules, which serve as the donor units, are stacked vertically with the acceptor NMI
units on top of each other. This stacking arrangement is a result of the attractive forces between
the electron-rich pyrene rings and electron-deficient NMI units, which align in a head-to-tail
fashion. These ©-7 interactions play a significant role in stabilizing the assembly along the c-axis,
effectively forming the columnar self-assembly. Additionally, the CH-n interactions occur
horizontally between adjacent pyrene units along the a-axis. These interactions involve the
electron-rich regions of one pyrene ring engaging with the electron-poor regions of neighboring
pyrene rings. This CH-x interaction contributes to the lateral stability of the assembly, connecting

the pyrene columns together.

The top view of the assembly reveals the formation of a remarkable channel-type architecture,
which is a result of the columnar assembly of the constituent molecules. Figure 12B depicts the
top view of the columnar assembly of P3. The formation of a "channel-type™ architecture indicates
that there are voids or open spaces between these columns. These spaces or channels can be
thought of as pathways or tunnels running through the assembly. This architecture is characterized
by its structural regularity and the presence of these channels, which can be significant in various
applications. The existence of channels in the assembly has functional implications. In materials
science and nanotechnology, such channel architectures are of interest because they can be
harnessed for applications such as guest molecule encapsulation, ion transport, or creating
functional materials with specific properties. The ability of the columnar assembly to form such a
well-structured channel-type architecture highlights the precision and control achieved in the self-
assembly process. It underscores the potential utility of these supramolecular structures in various

fields, including molecular transport, sensor development, and the design of advanced materials.
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Figure 12: (A) Columnar assembly of the peptide P3. (B) The top view of the columnar assembly shows a

channel-like architecture.
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Understanding the crystal packing along different axes is crucial for characterizing the three-
dimensional structure of a crystal. It helps in determining the symmetry and periodicity of the
crystal lattice and provides insights into how the molecules interact with one another to form the
overall solid-state structure. The crystal packing along the a-axis shows a specific pattern, and
provides insight into how the molecules are ordered side by side in this particular direction. The
crystal packing is shown in Figure 13A. The top view of the three-dimensional crystal packing
along the c-axis and in the a-b plane reveals a distinctive zig-zag assembly pattern between the
columnar architecture. The "zig-zag" assembly pattern indicates that the columns are not aligned
in a perfectly straight manner. Instead, they exhibit a zig-zag or serpentine arrangement, where
adjacent columns have an alternating left-to-right or right-to-left orientation. This zig-zag pattern
is characteristic of the molecular arrangement within the crystal lattice. The assembly is shown in
Figure 13B. This complex three-dimensional assembly is essential for the overall stability and
structural integrity of the crystal lattice, and it reflects the intricate interplay of various non-

covalent interactions that contribute to the formation of this supramolecular structure.

Figure 13: (A) 3-D crystal packing of the peptide P3 along a-direction. (B) The crystal packing along the

c-direction.

Understanding these interactions is vital for designing and engineering materials with specific

properties in the fields of chemistry, materials science, and nanotechnology.
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5.3.7. Photophysical Properties of the Peptides

Steady-state UV-visible absorption and fluorescence spectroscopy in both dilute solutions and
solvent-free liquids were employed to establish a direct correlation between molecular structure
and the interactions among pyrene and NMI moieties. The UV-Vis spectra observed in a
chloroform (CHCIs) solution with different concentrations exhibit a peak with a maximum
wavelength at ~ 346 nm for all three peptides. The concentration-dependent absorption spectra for
P1, P2 and P3 are shown in Figure 14.
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Figure 14: UV-Vis spectra of peptide (A) P1 (B) P2 and (C) P3 in chloroform

In the crystal structure analysis, we observed aromatic stacking between pyrene moieties in P1.
Similarly, in solution, we identified the presence of an excimer fluorescence peak for P1 centered
around ~460 nm, in addition to the monomeric emission range of 350-400 nm. Notably, the
excimer peak remained detectable even at very low concentrations, specifically at 1uM, indicating
the persistence of double helical structural integrity in the solution phase. The concentration-
dependent fluorescence spectra of P1, illustrated in Figure 15A, further support this observation.
Even at varying concentrations, the excimer peak consistently appeared, underscoring the stability
and structural characteristics of the formed excimer complex in solution. Additionally, when
examining the fluorescence spectra of P1 in different solvents, we noted that there was no shift in
the maximum emission wavelength at 460 nm. This lack of shift indirectly implies the presence of
the excimer complex in solution, suggesting that the interaction between pyrene molecules leading

to excimer formation remains consistent across different solvents.

In chloroform, the fluorescence spectra of P2 reveal a distinctive broad emission peak centered
around 540 nm, as illustrated in Figure 16A.

254



(A) (B)

=—0.5uM 7 — Toluene
1.2x10
3 4x10° 0.1 uM = ——ODCB
@ — i S 1.0x10' bmso
~— 5uMm E ) Acetonitrile
2 3x10°+ ——10 uM E9) — Acetone
7] ] °d
2 15 uM c 8.0x10 Ethyl acetate
K] ——20 uM £ —THF
£ 2%10°4 = 6.0x10°4 —— MeOH
g X 3 ——CHCly
3 & a.0x10°4
Q
@ 1x10°4 ]
1] g 2.0x10°4
] E
c 0d w 0.0 y Y - ;
350 400 450 500 550 600 650

350 400 450 500 550 600 650

Wavelength (nm
Wavelength(nm) gth (nm)

Figure 15: (A) Concentration-dependent fluorescence spectra of P1 in chloroform. (B) Solvent-dependent

fluorescence spectra of P1

To provide a comprehensive comparison, Figure 16B depicts the fluorescence spectra of peptides
containing only pyrene, only NMI, and P2, where both pyrene and NMI units are present Notably,
the Amax value of the broad band observed for peptide P2 differs significantly from the Amax Values
seen in cases involving only pyrene (excimer band at 460 nm) or only NMI (excimer band due to
NMI-NMI stacking interaction at 470 nm). The red-shifted band observed in P2's spectrum is
indicative of a charge transfer process occurring between the pyrene and NMI units. The
concentration-dependent spectra in chloroform offer further insights. With an increase in peptide
concentration, the intensity of the complex, characterized by the charge transfer band, exhibits a
corresponding augmentation. This concentration-dependent increase suggests that the charge
transfer process becomes more pronounced and significant at higher peptide concentrations. The
presence of the charge transfer band even at very low concentrations supports the idea of

supramolecular assembly at these lower concentration levels.
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Figure 16: (A) Emission spectra of P2 in chloroform. (B) Combine spectra of a peptide containing only
pyrene, only NMI, and Pyrene-NMI (P2) together. (C) Concentration-dependent emission spectra of P2 in

chloroform
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Additionally, the solvent-dependent emission spectra of P2 demonstrate variations in Amax, further
implying the formation of a solvent-dependent charge transfer complex indirectly. However, a
more profound understanding of the intermolecular charge transfer complex is obtained through
the concentration-dependent fluorescence spectra of P2 in toluene solution. Here, the observation
that the intensity of the charge transfer band surpasses the intensity of monomeric emission with
increasing peptide concentration indicates that, as more molecules come closer, a charge transfer-

based supramolecular assembly is formed.
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Figure 17: (A) solvent-dependent emission spectra of P2. (B) The zoom region of the charge-transfer band

observed in P2 (C) Concentration-dependent emission spectra of P2 in toluene.

In summary, the red-shifted emission band in P2's spectra, concentration-dependent behavior, and
solvent-dependent variations collectively support the presence of a charge transfer complex
between pyrene and NMI units, highlighting the dynamic nature of supramolecular assemblies

influenced by both concentration and solvent conditions.

The emission spectra of peptide P3 in chloroform, as illustrated in Figure 18, exhibit a notable
broad peak at approximately 475 nm, in addition to the monomeric emission. This broad peak is
attributed to the pyrene-NMI stacking interaction, which gives rise to an excimer-type complex
rather than a charge transfer complex. The formation of this excimer complex is responsible for
the observed broad peak in the emission spectra. The solvent-dependent emission spectra of P3
provide additional evidence supporting the excimer formation. The absence of significant changes
in the Amax Values of the broad peak across different solvents indicates the stability of the excimer
complex in various environmental conditions. This consistent behavior in different solvents aligns
with the observation made in the crystal structure, indicating that P3 exhibits similar characteristics
both in the solid state and in solution. In summary, the broad peak at ~475 nm in the emission

spectra of P3 in chloroform, coupled with the lack of significant changes in Amax Values across
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different solvents, underscores the formation of an excimer-type complex through pyrene-NMl
stacking interaction. The similarity in behavior between the crystal structure and the solution phase
further reinforces the notion that P3 maintains consistent characteristics across different states,
emphasizing the stability and reproducibility of its excimer-forming interactions.

3.0x10° 1.2x10" Toluene Tol
—_ - 1.2x - — —_ — |OlUuene
3 \ (A) [—NMI_PY_P3 3 (B) | —onc 3 . (C) onca
S 2.5%10° I DMSO G 4.0x10°] DMSO
2 g E: : Acetonitrile > Acetonitrile
2 2.0x10" 1 = . ——Acetone @ — Acetone
2 . c 8.0x10°4 Ethyl acetate| | § Ethyl acetate
£ 1.5x10% g —THF & I
g = 6.0x10° MeOH © ‘] ——MeOH
E 1.0x10°] 3 —— g 200 ——CHCly
? & 4.0x10° 8
9 5.0x10° é £
E} 00 £ 2.0x10° s
e .04 El E

=2 i 0.0
7 : ; : ! Tt 0.0 T T T ¥ 450 500 550 800 650
350 400 450 500 550 600 650 350 450 2% o 5t0 | 600 | 60
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 18: (A) Emission spectra of P3 in chloroform. (B) solvent-dependent emission spectra of P3 (C)

The zoom region of the broad band observed in P3.
5.3.8. Circular Dichroism Analysis of Peptides

Circular dichroism is an important tool for comprehending the secondary structure of polypeptides
in solution. CD analysis of the peptides P1, P2, and P3 were carried out in chloroform. P1 showed
a positive cotton effect at Amax= 243 nm and a negative cotton effect at Amin= 226 nm. P2 showed
a positive cotton effect at Amax= 248 nm and a negative cotton effect at Amin= 225 nm. P3 showed
a positive cotton effect at Amax= 245 nm and a negative cotton effect at Amin= 223 nm. The CD
signals are similar to our previously observed B-double helical signals. This study also proves that
peptides adopt a B-double helical conformation in solution as well. The representative CD plot for
P1, P2, and P3 is given below.
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Figure 19: (A) CD-spectra of P1 (B) CD-spectra of P2 (C) CD-spectra of peptide P3.
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5.3.9. Current-Voltage Study of the Peptides

Pyrene and Naphthalenediimide (NDI) are organic molecules that, when combined, can form a
semiconducting material.>® Their unique electronic properties along with their ability to self-
assemble into well-defined structures make them promising candidates for applications in organic
electronics and optoelectronics.®®%! The use of peptides for semiconducting materials is an
emerging field in materials science.®? Peptides are advantageous due to their tunable structures,
self-assembly properties, and potential for bio-compatibility. The key to creating a semiconducting
material is the controlled self-assembly of these peptides. When pyrene and NMI units are
alternately arranged in the peptide sequence, they can stack through n-m interactions. This ©t-7t
stacking facilitates charge transport through the assembly, creating a pathway for charge carriers,
which is a fundamental characteristic of semiconductors. In this context, we were curious to
investigate whether the peptides in the current study appended with pyrene and NMI groups can
show semiconducting properties.

In the crystal structures of peptides P1 we have seen a specific arrangement of pyrene units in
between the double helical motifs and also, we observed a m-stacking interaction between the
pyrene units. Again, in the case of P2 and P3, we observed a donor-acceptor-based supramolecular
assembly of the double-helical units. As this kind of well-structured assembly helps in keeping the
electron donor pyrene and electron acceptor NMI units, they can further improve the
semiconducting behavior of these materials. The bulk electrical conductivities of the peptides P1,
P2 and P3 were measured by current-voltage study. We prepared the experimental samples by
drop-casting the solutions onto an ITO glass and then sealing them with another ITO strip. Before
the experiment, we maintained the samples in a vacuum for 24 hours to eliminate any moisture
that could potentially impact their electrical properties. To measure the current, we gradually
changed the voltage from -5 V to +5 V. The I-V plot for all three peptides is presented in Figure
20. It was found that the increment of current concerning the voltage applied shows a non-ohmic
nature for the peptides. This indicates the semiconducting nature of these peptide molecules. In
Figure 20, we can see that at +4 V, P1, P2, and P3 exhibit current values of 7.8 x 10"-5 pA, 1.7 x
10"-4 pA, and 1.87 x 10"-4 pA, respectively. Notably, the current values of P2 and P3 at +4 V
were nearly 10 times higher than that of P1. This interesting phenomenon can be attributed to the

formation of charge-transfer complexes by the pyrene-NMI units.®® These complexes, in turn,
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facilitate the mobility of both electrons and holes within the peptide structures. This increased
charge mobility is likely responsible for the significantly higher currents observed in P2 and P3

compared to P1.
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Figure 20: The I-V plot for the peptides (A) P1 (B) P2 (C) P3
5.3.10. Photo-Switching Property

A composite system that incorporates both donor and acceptor moieties can exhibit a strong ability
to respond to light. The responsiveness of a system to light, particularly in terms of switching
photocurrent, is evaluated by conducting measurements with and without the presence of light. In
the context of this study, we conducted photocurrent measurements on peptides P1 and P2 to
explore and assess their photo-switching properties. The time vs photocurrent plot is given below

in Figure 21.
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Figure 21: Photo-response behavior by turning on/off light on devices made of (A) P1 (B) P2
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In this experiment, as a light source, we used 365 nm blue LED. Based on the data presented in
Figure 21, it becomes apparent that P1 exhibits photo-switching behavior, characterized by a
photocurrent gain (lon/loff) Value of 4.5, while P2 displays a significantly higher photocurrent gain
of 24.5, both at a fixed bias of +0.5 V. This substantial difference in photocurrent gain for P2 can
be attributed to the formation of a charge transfer complex between the pyrene and NMI moieties
within the peptide structure. This complex enhances the mobility of charges within the system,
resulting in the significantly elevated photocurrent observed in P2 compared to P1. In essence, the

charge transfer complex contributes to the improved photo-switching properties of P2.
5.4. Conclusion

In conclusion, this work has presented a comprehensive exploration of the design and synthesis of
a novel pyrene and NMI-appended B-double helix. The investigation of its self-assembly behavior
has unveiled diverse packing arrangements, showcasing its versatility in forming columnar
structures and two-dimensional network structures. Notably, the formation of an acceptor charge
transfer complex has been successfully achieved, highlighting the potential for intriguing
electronic interactions within the system. The significance of -x stacking interactions in the self-
assembly process has been emphasized, shedding light on the structural intricacies that govern the
organization of the pyrene and NMI-appended double helices. This work has also delved into the
photophysical properties of the synthesized structure, providing valuable insights into its optical
behavior and photoelectronic properties. Furthermore, the exploration of semiconductor properties
has opened new avenues for potential applications in electronic devices. The ability to modulate
the electronic characteristics of the material through controlled self-assembly suggests promising
implications for the field of organic electronics. This multidimensional analysis contributes to our
understanding of the structure-property relationships and offers a foundation for the development
of innovative materials with tailored functionalities for diverse applications in electronic and

optoelectronic devices.

5.5. Experimental Section

5.5.1 Materials and Methods

All reagents and solvents were used without further purification. Column chromatography was
performed over silica gel. Final peptides were purified through reverse phase HPLC (C1s column,

MeOH/H>0 95:5 as a gradient with flow rate 2.00 mL/min). All the reactions were monitored by
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analytical thin-layered chromatography. The TLC visualization was done through UV light,
KMNO; stain, and ninhydrin stain. *tH NMR and *C NMR were performed through deuterated
solvent on 400 MHz and 101 MHz respectively. We used a Matrix Assisted LASER Desorption
lonization mass spectrometer (MALDI-TOF/TOF) to calculate the accurate mass of our peptides.
Fluorescence data was measured through the Spectrofluorometer instrument. X-ray crystal
structures were determined through APEX(III) DUO X-ray diffractometer using Mo-Ka
(A=0.71073 A) graphite monochromatic radiation.

5.5.2. Synthesis Procedures for the Peptides
5.5.2.1. Synthesis of the Peptide P1

Boc-dyAic-OEt and Boc-dyLeu-OEt were synthesized using a previously reported method. For the
synthesis of 1a, 1b, and 1e, the procedure outlined in Chapter 2 was followed. Pyrene acetic acid
(600 mg, 2.3 mmol) was dissolved in 5 mL of DMF and cooled to 0°C under a nitrogen
atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg, 2.3 mmol), and DIPEA (1.6 ml, 9.2
mmol) were added, and the reaction mixture was stirred for 10 minutes. Subsequently, dipeptide
amine 1b was introduced, and the reaction was stirred overnight. TLC was used to monitor the
reaction progress. After completion of the reaction, the mixture was diluted with 150 mL ethyl
acetate and washed with first 10% HCI (75 ml x 2) and then 10% Na2CO3 solution (75 ml x 2),
and brine solution (75 mL x 2). The organic layer was dried using anhydrous Na;SOa, and the
resulting solution was concentrated under reduced pressure, leading to the formation of a crude
powder. Column chromatography was used for the purification. Finally, we got crystalline product
1c with a yield of 82%.

Compound 1f was synthesized by following the procedure mentioned in the experimental section
reported in Chapter 4. The hydrolysis of Pyrene-dyAic-dyLeu-OEt (1c) (1.2 mmol, 634 mg) was
conducted in a mixture of ethanol and water (1:1) using 1.0 N NaOH as a base. Following complete
hydrolysis, ethanol was removed by evaporation, and the resulting reaction mixture was acidified
with a 1.0 N HCI solution. The mixture was then subjected to extraction with ethyl acetate and
washed with a brine solution (75 mL x 2). The organic layer was dried using anhydrous Na>SO4
and concentrated under reduced pressure, yielding a crude powder (1d) that was directly utilized

for the next step of the coupling reaction.
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Scheme 2: Synthesis of peptide P1

The Boc group of 1f (1.2 mmol 0.7 g) was deprotected by using 1.5 ml 1:1 TFA: DCM for 1h.
Subsequently, trifluoroacetic acid (TFA) and dichloromethane (DCM) solvent were evaporated,
and 5-6 additional cycles of adding DCM followed by evaporation were performed to eliminate
any remaining traces of TFA. The resulting crude material constituted the trifluoroacetic acid
(TFA) salt of the amine of 1f. To convert it into the free amine 1g, 0.5 ml of DMF, and 0.5 ml of
DIPEA were introduced. Concurrently, compound 1d (0.61 g, 1.2 mmol) was dissolved in 3 mL
of DMF and chilled to 0 °C under a nitrogen atmosphere. In this step, EDC.HCI (253 mg, 1.32
mmol), HOBt (162 mg, 1.2 mmol), and DIPEA (0.625 ml, 3.6 mmol) were combined, and the
resulting reaction mixture was stirred for 10 minutes. Subsequently, compound 1g was introduced

into the reaction mixture and stirred overnight. The advancement of the reaction was observed
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through thin-layer chromatography (TLC). Once the reaction reached completion, the mixture was
diluted by adding 125 mL of ethyl acetate and subjected to washing with 10% HCI (75 mL x 2),
10% Na>COs solution (75 mL x 2), and, finally, a brine solution (75 mL x 2). The organic layer
was dried using anhydrous Na>SO4 and concentrated under reduced pressure, resulting in a crude
powder. This crude material was then subjected to purification via column chromatography to

obtain a white crystalline product, P1, with a yield of 61%.
5.5.2.2. Synthesis of Peptide P2

Ethylene diamine, protected with a single Boc group (1.6 g, 10 mmol), was placed into a round-
bottomed flask, and 30 ml of ethanol was added. Following 5 minutes of stirring, 1,8-Naphthalic
anhydride (2.0 g, 10 mol) was added, and the reaction was subjected to reflux for 1 hour.
Subsequently, the reaction mixture was allowed to cool to room temperature solid formed was
filtered, rinsed with cold ethanol, and subsequently dried under vacuum at 40 °C. This process
resulted in the production of an off-white solid, 2a. The overall yield of the process was 94%.
After that, the Boc deprotection of 2a was carried out following the procedure mentioned above
to get 2b.

Q . o n\/\NH EtOH, reflux O o_/—NHBoc
== g

§ 2a

_/—NHBOC TFA:DCM(1:1) _/—NHz b

Scheme 3: Synthesis of 2a and 2b

The dipeptide acid (1e) (0.85 g. 2.3 mmol) was dissolved in 3 mL of DMF and cooled to 0°C under
a nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg, 2.3 mmol), and DIPEA
(2.6 ml, 9.2 mmol) were added, and the reaction mixture was stirred for 10 minutes. Subsequently,
compound 2b was introduced, and the reaction was stirred overnight. TLC was used to monitor
the reaction progress. After completion of the reaction, the mixture was diluted with 150 mL ethyl
acetate and washed with first 10% HCI (75 ml x 2) and then 10% Na,CO3 solution (75 ml x 2),
and brine solution (75 mL x 2). The organic layer was dried using anhydrous Na.SQOs, and the

resulting solution was concentrated under reduced pressure, leading to the formation of a crude
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powder. Column chromatography was used for the purification. Finally, we got crystalline product
2c¢ with a yield of 80%.
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Scheme 4: Synthesis of peptide P2

Boc-deprotection of 2¢ (1.2 mmol 0.71 g) was carried out by using the method mentioned in the
synthesis of P1. The resulting material in its crude form constituted the trifluoroacetic acid (TFA)
salt of the amine in 2c. To convert it into the free amine, 0.5 ml of DMF and 0.5 ml of DIPEA
were added. Simultaneously, compound 1d (0.61 g, 1.2 mmol) was dissolved in 3 mL of DMF and
cooled to 0 °C under a nitrogen atmosphere. EDC.HCI (253 mg, 1.32 mmol), HOBt (162 mg, 1.2
mmol), and DIPEA (0.625 ml, 3.6 mmol) were introduced to the reaction mixture, which was
stirred for 10 minutes. Subsequently, compound 2d was added and stirred overnight, with the
reaction progress monitored by TLC. Upon completion, the mixture was diluted with 125 mL of
ethyl acetate and washed with 10% HCI (75 mL x 2), 10% Na>COz solution (75 mL x 2), and
finally, a brine solution (75 mL x 2). The organic layer was dried using anhydrous Na>SO4 and
concentrated under reduced pressure, resulting in a crude powder. This material was then subjected
to column chromatography for purification, yielding a yellowish-white product, P2, with a yield
of 63%.
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5.5.2.3. Synthesis of Peptide P3

Synthesis of NMI-Gly-OH: To produce the compound, 1,8-Naphthalic anhydride (5.0 mmol, 0.99
g) and glycine (7.0 mmol, 0.52 g) were dissolved in 15 mL of anhydrous dimethylformamide
(DMF) and subjected to reflux under a nitrogen (N2) atmosphere for 12 hours using a heating
mantle. Subsequently, the reaction mixture was cooled to room temperature. Filtration removed
the insoluble fraction, and the resulting brown solution was introduced into 100 mL of distilled
water. The resulting white precipitate was filtered and thoroughly rinsed with distilled water. The

crude product was then allowed to air-dry. The yield of the product was 1.21 g (4.74 mmol, 95.3%).
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Scheme 5: Synthesis of NMI-Gly-OH
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Scheme 6: Synthesis of peptide P3

The NMI-Gly-OH (0.58 g. 2.3 mmol) was dissolved in 3 mL of DMF and cooled to 0°C under a
nitrogen atmosphere. EDC.HCI (490 mg, 2.53 mmol), HOBt (310 mg, 2.3 mmol), and DIPEA (1.6

265



ml, 9.2 mmol) were added, and the reaction mixture was stirred for 10 minutes. Subsequently,
compound 1b was introduced, and the reaction was stirred overnight. TLC was used to monitor
the reaction progress. After completion of the reaction, the mixture was diluted with 150 mL ethyl
acetate and washed with first 10% HCI (75 ml x 2) and then 10% Na>COs solution (75 ml x 2),
and brine solution (75 mL x 2). The organic layer was dried using anhydrous Na»>SOs, and the
resulting solution was concentrated under reduced pressure, leading to the formation of a crude
powder. Column chromatography was used for the purification. Finally, we got crystalline product
3b with a yield of 82%.

Hydrolysis of 3b (1.2 mmol 0.63 g) was carried out by a previously reported method to give a
crude powder (3c) which was used directly for the coupling. The compound 3c (1.2 mmol, 0.6 g)
was dissolved in 3 ml of DMF and cooled to 0 °C. EDC.HCI (253 mg, 1.32 mmol), HOBt (162
mg, 1.2 mmol), and DIPEA (0.625 ml, 3.6 mmol) were then added to the reaction mixture, which
was stirred for 10 minutes. Following this, compound 1g was introduced and stirred overnight,
with TLC used to monitor the reaction progress. Once the reaction was complete, the mixture was
diluted with 125 mL of ethyl acetate and subjected to washing with 10% HCI (75 mL x 2), 10%
Na>COs solution (75 mL x 2), and finally, a brine solution (75 mL x 2). The organic layer was
dried using anhydrous Na>SOs and concentrated under reduced pressure, resulting in a crude
powder. This material was then subjected to column chromatography for purification, yielding a
yellowish-white product, P3, with a yield of 64%.

5.6. Characterization of Peptides P1, P2 and P3

A~ J’LNJ\*WH )’LNJ\*YL

P1:1H NMR (400 MHz, Chloroform-d) & 8.84 (t, J = 5.6 Hz, 1H), 8.56 (d, ] = 8.1 Hz, 1H), 8.52
(d, J=9.2 Hz, 1H), 8.42 (d, J = 8.1 Hz, 1H), 8.27 — 7.88 (m, 18H), 7.85 (d, J = 7.8 Hz, 1H), 6.75
(d, J = 9.3 Hz, 1H), 6.70 (d, J = 3.5 Hz, 1H), 6.33 (d, J = 5.9 Hz, 1H), 6.29 (d, J = 6.1 Hz, 1H),
5.64 (dd, J = 15.3, 1.9 Hz, 1H), 5.60 — 5.53 (m, 2H), 5.45 (d, J = 15.4 Hz, 1H), 5.43 — 5.36 (m,
1H), 5.25 (dd, J = 14.7, 5.3 Hz, 1H), 4.58 (s, 1H), 4.30 (s, 1H), 4.20 — 4.06 (m, 2H), 1.62 — 1.29
(m, 6H), 1.23 (d, J = 23.7 Hz, 6H), 0.88 (d, J = 3.2 Hz, 6H), 0.80 (d, J = 6.6 Hz, 3H), 0.71 (dd, J =
12.8, 6.5 Hz, 6H), 0.56 (d, J = 6.5 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 171.42, 166.39,
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166.33, 166.02, 164.42, 150.01, 148.63, 145.26, 144.68, 133.11, 131.49, 131.42, 131.36, 131.12,
130.79, 130.76, 129.47, 129.07, 128.99, 128.24, 128.12, 127.82, 127.72, 127.66, 127.37, 127.30,
126.93, 126.66, 126.06, 125.88, 125.77, 125.32, 125.08, 125.03, 124.83, 124.62, 124.03, 122.32,
121.25, 120.85, 120.63, 119.17, 54.55, 53.66, 49.11, 48.57, 43.93, 43.61, 43.13, 41.67, 29.98,
29.84, 29.52, 25.45, 25.11, 25.06, 23.25, 23.04, 22.74, 21.94. MALDI TOF/TOF m/z calculated
value for Ce3He7NsOs[M+Na]*™ = 996.51 and observed [M+Na]* = 996.78

2O O
N N N
G200 R A0 B s

P2: 1H NMR (400 MHz, Chloroform-d) & 8.70 (d, J = 7.4 Hz, 2H), 8.50 (d, J = 7.9 Hz, 2H), 8.41
(s, 2H), 8.27 - 8.01 (m, 9H), 7.96 (d, J = 9.3 Hz, 1H), 7.90 (d, J = 7.8 Hz, 1H), 7.78 (t, J = 7.7 Hz,
2H), 6.86 — 6.75 (m, 2H), 6.70 (d, J = 15.3 Hz, 1H), 6.44 — 6.32 (m, 2H), 5.74 — 5.61 (m, 2H), 5.52
(d, J=15.3 Hz, 1H), 5.44 (dd, J = 15.2, 1.9 Hz, 1H), 4.82 — 4.63 (m, 2H), 4.29 (dt, J = 12.6, 4.8
Hz, 1H), 4.24 — 4.14 (m, 2H), 3.91 (d, J = 9.0 Hz, 2H), 3.78 — 3.63 (m, 1H), 1.69 — 1.67 (m, 6H),
1.56 — 1.44 (m, 2H), 1.40 (s, 3H), 1.30 — 1.21 (m, 2H), 1.13 — 1.04 (m, 1H), 0.94 (s, 3H), 0.88 (1,
J=7.0Hz, 1H), 0.81 (d, J = 6.5 Hz, 3H), 0.75 (d, J = 6.5 Hz, 3H), 0.70 (d, J = 6.5 Hz, 3H), 0.48
(d, J=6.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) & 171.50, 166.64, 166.42, 164.46, 133.49,
131.62, 131.36, 130.80, 129.00, 128.33, 128.09, 127.37, 127.26, 125.33, 124.63, 122.99, 54.96,
53.76, 49.14, 44.06, 43.81, 40.08, 37.78, 30.62, 29.48, 25.86, 25.07, 23.34, 22.66, 22.09, 22.02.
MALDI TOF/TOF m/z calculated value for CeoHesNeO7 [M+Na]™ = 1005.5 and observed

[M+Na]* = 1005.85
(o)
N_/—NHBoc
Tal

Compound 2a: *H NMR (400 MHz, Chloroform-d) § 8.61 (dd, J = 7.3, 1.2 Hz, 2H), 8.22 (dd, J
=8.2, 1.1 Hz, 2H), 7.76 (dd, J = 8.2, 7.3 Hz, 2H), 4.98 (s, 1H), 4.37 (t, J = 5.8 Hz, 2H), 3.54 (q, J
=5.9 Hz, 2H), 1.29 (s, 9H). *C NMR (101 MHz, Chloroform-d) & 164.57, 156.06, 134.06, 131.57,
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131.43, 128.25, 126.94, 122.50, 79.14, 39.83, 39.69, 28.21. MALDI TOF/TOF m/z calculated
value for C19H20N204[M+Na]* = 363.28 and observed [M+Na]" = 363.21

Compound 1f: 'H NMR (400 MHz, Chloroform-d) & 8.49 — 8.33 (m, 1H), 8.30 — 7.86 (m, 9H),
6.66 (ddd, J = 16.2, 9.9, 4.6 Hz, 1H), 6.49 (d, J = 15.3 Hz, 1H), 6.17 (d, J = 8.1 Hz, 1H), 5.75 —
5.56 (m, 1H), 5.52 —5.19 (m, 2H), 5.04 (d, J = 14.6 Hz, 1H), 4.83 (s, 1H), 4.49 (s, 1H), 1.41 (dt, J
=13.7,6.8 Hz, 1H), 1.30 (d, J =11.0 Hz, 9H), 1.24 — 1.17 (m, 2H), 1.13 (d, J = 17.8 Hz, 3H), 0.85
(d, J =19.8 Hz, 3H), 0.71 (td, J = 19.7, 19.0, 6.5 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) &
165.41, 165.13, 149.54, 144.14, 143.96, 132.25, 131.23, 130.96, 130.64, 128.89, 127.98, 127.84,
127.74,127.58, 127.42, 127.18, 125.89, 125.13, 125.04, 124.91, 124.85, 124.70, 123.63, 122.97,
122.37, 79.66, 52.63, 48.03, 43.74, 41.68, 31.93, 29.71, 29.37, 28.35, 27.55, 24.56, 22.71, 22.68,
21.95, 21.72, 14.14. MALDI TOF/TOF m/z calculated value for C3sHa3sN3Os[M+Na]"™ = 604.33
and observed [M+Na]* = 604.48

\)1”{%\(“\2/\)?\0/\
Y

Compound 1c: *H NMR (400 MHz, Chloroform-d) § 8.31 — 7.90 (m, 9H), 6.65 (dd, J =7.6, 1.5
Hz, 1H), 6.61 (dd, J = 7.8, 1.5 Hz, 1H), 5.69 (dq, J = 15.7, 1.5 Hz, 1H), 5.30 (dd, J = 14.8, 7.7 Hz,
1H), 5.21 — 5.04 (m, 1H), 4.69 (s, 1H), 4.54 (p, J = 7.6 Hz, 1H), 4.28 — 4.24 (m, 2H), 4.20 (qd, J =
7.1, 1.3 Hz, 2H), 1.41 (dq, J = 13.2, 6.7 Hz, 1H), 1.33 — 1.26 (m, 9H), 1.21 — 0.99 (m, 2H), 0.83
(dd, J = 6.6, 1.2 Hz, 6H).13C NMR (101 MHz, Chloroform-d) § 170.10, 166.29, 164.58, 148.70,
147.66, 131.33, 131.07, 130.63, 129.43, 129.02, 128.46, 128.31, 127.72, 127.43, 126.48, 125.78,
125.56, 125.43, 125.16, 124.54, 123.35, 120.74, 119.93, 60.46, 54.04, 48.00, 43.36, 43.20, 27.25,
27.06, 24.58, 22.62, 22.12, 14.29. MALDI TOF/TOF m/z calculated value for
CasH3sN204[M+Na]™ = 561.28 and observed [M+Na]* = 561.486
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o N o o
Compound 2¢: *H NMR (400 MHz, Chloroform-d) & 8.70 — 8.43 (m, 2H), 8.32 — 8.13 (m, 2H),
7.87 —7.65 (m, 2H), 6.98 (d, J = 86.9 Hz, 1H), 6.78 (d, J = 15.6 Hz, 1H), 6.51 (ddd, J = 15.4, 12.1,
5.4 Hz, 1H), 6.12 (d, J = 58.0 Hz, 1H), 5.96 — 5.60 (m, 2H), 5.05 — 4.75 (m, 1H), 4.68 (d, J = 9.3
Hz, 1H), 4.45 — 4.22 (m, 1H), 3.76 — 3.56 (m, 1H), 3.48 (d, J = 3.2 Hz, 2H), 1.60 (dt, J = 13.0, 6.6
Hz, 1H), 1.42 — 1.32 (m, 15H), 1.29 — 1.19 (m, 2H), 0.89 (td, J = 7.8, 7.1, 4.5 Hz, 6H). 13C NMR
(101 MHz, Chloroform-d) 6 165.89, 164.71, 134.35, 134.15, 131.53, 131.47, 128.21, 126.96,
122.38, 121.08, 48.02, 39.92, 28.42, 27.99, 24.72, 22.79, 22.24. MALDI TOF/TOF m/z
calculated value for C33H42N2Os[M+Na]" = 613.7 and observed [M+Na]* = 613.51

(o]

o B H o
N\)J\NX/\WN\;/\)J\O/\
S ¢

Compound 3b: *H NMR (400 MHz, Chloroform-d) & 8.58 (dd, J = 7.3, 1.2 Hz, 2H), 8.23 (dd, J
=8.3, 1.1 Hz, 2H), 7.76 (dd, J = 8.2, 7.3 Hz, 2H), 6.86 (dd, J = 15.6, 5.6 Hz, 1H), 6.76 (d, J = 15.4
Hz, 1H), 6.03 (d, J = 15.4 Hz, 1H), 5.99 — 5.91 (m, 2H), 5.90 (s, 1H), 4.93 — 4.81 (m, 2H), 4.78 —
4.69 (m, 1H), 1.65 (s, 2H), 1.50 (d, J = 7.2 Hz, 6H), 1.47 — 1.40 (m, 2H), 1.28 (d, J = 9.8 Hz, 1H),
1.26 — 1.22 (m, 3H), 0.90 (dd, J = 6.6, 2.4 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) & 166.45,
166.21, 165.35, 164.22, 148.21, 147.17, 134.48, 131.63, 128.33, 126.98, 122.18, 121.20, 120.81,
60.42, 55.12, 48.31, 43.61, 43.44, 29.70, 27.67, 27.50, 24.71, 22.73, 22.22, 14.22. MALDI
TOF/TOF m/z calculated value for CzHssN3Os[M+Na]* = 556.25 and observed [M+Na]* =
556.47
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5.7. Appendix

5.7.1. ORTEP Diagrams
5.7.1.1. ORTEP Diagram of Peptide P1

Figure 22: ORTEP diagram of peptide P1. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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5.7.1.2. ORTEP Diagram of peptide P2

Figure 23: ORTEP diagram of peptide P2. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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5.7.1.3. ORTEP Diagram of Peptide P3

Figure 24: ORTEP diagram of peptide P3. H-bonds are shown in dotted lines. H-atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability.
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5.8 Crystal Structure Information

Crystal structure identification table for P1

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.000°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Cés.50 H71.50 Clz.50 N5 Og

1290.65

296(2) K

0.71073 A

Orthorhombic

P21212

a=17.322(4) A a=90°.
b =22.305(5) A B=90°.
c=18.437(4) A y =90°.
7124(3) A3

4

1.203 Mg/m3

0.347 mm-1
2700

0.300 x 0.200 x 0.200 mm3

1.854 to 24.000°.

-19<=h<=19, -25<=k<=25, -21<=I<=21
266829

11181 [R(int) = 0.1661]

99.9 %

Semi-empirical from equivalents

0.94 and 0.85

Full-matrix least-squares on F2

11181 /4937 /1139

1.127
R1=0.1416, wR2 = 0.3343
R1 = 0.2328, WR2 = 0.4229
0.073(19)

0.615 and -0.367 e.A-3
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Crystal structure identification table for P2

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters

Goodness-of-fit on F2
Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C72 Hoo N6 O13

1247.49

296(2) K

0.71073 A

Tetragonal

P41212

a=19.047(14) A a=90°.
b=19.047 A B=90°.
¢ =40.65(3) A y=90°.
14746(24) A3

8

1.124 Mg/m3

0.077 mm-1
5344

0.150 x 0.100 x 0.100 mm3

1.844 to 25.000°.

-22<=h<=22, -22<=k<=22, -48<=1<=48
579109

12981 [R(int) = 0.0881]

99.9 %

Semi-empirical from equivalents

0.99 and 0.91

Full-matrix least-squares on F2

12981/515/911

1.092
R1 = 0.0948, wR2 = 0.2568
R1 =0.1106, wR2 = 0.2803
-0.12(17)

1.459 and -0.487 e.A-3
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Crystal structure identification table for P3

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters

Goodness-of-fit on F2
Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Ces Hs7 Clz Ng Oy [+ solvent]

1105.07

150(2) K

0.71073 A

orthorhombic

P212:2

a=18.480(3) A a=90°.
b =21.578(3) A B=90°.
c=18.120(3) A y = 90°.
7225.6 (17) A3

4

1.016 Mg/m3

0.138mm-1
2316

0.150 x 0.100 x 0.100 mm3

1.844 to 25.000°.

-22<=h<=21, -25<=k<=2, -21<=I<=20
164519

12802 [R(int) = 0.0881]

99.9 %

Semi-empirical from equivalents

0.99 and 0.91

Full-matrix least-squares on F2

12802 /832 /578

1.041
R1 = 0.0893, WR2 = 0.2598
R1=0.1077, wR2 = 0.2419
0.2(2)

1.135 and -0.519 e.A-3
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5.10. H, 3C NMR and Mass Spectra of Peptides P1-P3
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