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Abstract

Self-assembling cyclic peptides are important building blocks for constructing synthetic
nanotubes. They can be primarily classified into D, L-cyclic peptides, cyclic B-peptides, cyclic
a, y-peptides, and cyclic peptides incorporating 6- or e-amino acids based on their composition.
Our research focuses on the design of novel cyclic peptides derived from B(O)-3°-amino acid
residues, consisting of a hybrid structure of crown ether and peptide macrocycles. These
peptides exhibit unique self-assembly, forming hollow sub-nanotubular structures with
unidirectional hydrogen bonds. These cyclic dipeptides, adopting non-centrosymmetric space
groups, display significant anisotropy, suggesting potential macroscopic dipole extensions.
Furthermore, their inherent macrodipole orientation inspires investigation into their
piezoelectric properties, opening new avenues for diverse applications. Additionally, we have
synthesized size-variant macrocycles featuring B(0)-5°-amino acid residues, which also fold
into self-assembled sub-nanotubes in solution and gas phase. These supramolecular size-
variant sub-nanotubes act as anion-selective transporters. The ion channel activity and selective
ion transport activity of these cyclic peptides may have great potential in the construction of
functional artificial transmembrane transporters. We further explored these 6-amino acids to
design novel Peptide Nucleic Acids (PNAs), aiming to enhance solubility, binding affinity, and
specificity to DNA/RNA. We have synthesized new PNAs and conducted UV-Tn, studies to
assess their thermal stability and binding affinity against sSDNA and ssSRNA. Remarkably, the
new PNAs bind to both ssDNA and ssRNA similarly to the aeg peptide nucleic acids. The
advantage of these new 8-amino acid-based peptide nucleic acids over the aegPNAs is that they
are easy to synthesize and scale up using solid-phase methods. Additionally, compared to aeg
peptide nucleic acids, the new PNAs are highly soluble in agueous solution. These new peptide
nucleic acids may serve as alternatives to existing aeg-peptide nucleic acids.

Overall, we designed and studied new cyclic peptides and peptide nucleic acids from B(O)-&°-
amino acid residues. The new hybrid crown ether-cyclic peptide mimetics and peptide nucleic
acids described here can serve as piezo-electronic materials, transmembrane channel-forming

candidates, and DNA/RNA-binding proteolytically stable biomolecules.
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1. 1. Introduction:

Peptides, compounds comprising two or more amino acid residues linked by amide bonds, occupy
amiddle ground between small molecules and larger biological entities like proteins or antibodies.*
They offer distinct advantages over conventional small molecule therapies, including high
selectivity, potency, specificity for biological targets, minimal side effects, and low tissue
accumulation.? Notably, peptides exhibit lower immunogenicity compared to proteins or
antibodies.’® Their therapeutic potential spans a wide range of biological activities, from
antimicrobial and antihypertensive to antioxidant, anticancer, antidiabetic, and anti-inflammatory
effects, garnering interest across pharmaceutical, cosmeceutical, and nutraceutical sectors.® The
use of peptides in therapy traces back to the 1920s with the groundbreaking administration of
insulin, transforming the management of type I diabetes and paving the way for peptides as viable
therapeutic agents.* Subsequently, the synthesis of hormones like oxytocin and vasopressin further
propelled interest in peptides for clinical applications.> Despite initial enthusiasm, research on
peptides faced setbacks amid the prominence of small molecule discoveries. However, a
resurgence of interest occurred in the 1980s, driven by biotechnology firms, leading to a steady

increase in approved peptide therapeutics since then.®
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Figure 1: The progression of authorized peptide therapeutics throughout time.’
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As of May 2023, regulatory authorities have approved 114 peptides as therapeutic agents,
encompassing pharmaceuticals and diagnostic tools, illustrating the growing recognition of
peptides' clinical potential.” Among the approved peptides as therapeutic agent, cyclic peptides
represented 46% of all approved peptides. That’s why cyclic peptides gained considerable

attention as therapeutic tool nowadays.®

1.2. Cyclic Peptide as Therapeutic Tool:

The advent of cyclic peptides was catalyzed by the discovery of gramicidin S, an antibiotic
unearthed by Gause and Brazhnikova during World War I, which saw widespread use in Soviet
military hospitals, sparking a revolution in cyclic peptide research.® Noteworthy examples include
telavancin, dalbavancin, and oritavancin, which are semi-synthetic cyclic lipoglycopeptide
antibiotics.'® Additionally, anidulafungin, belonging to the echinocandin class of antifungals, and
lanreotide, pasireotide, and romidepsin, utilized in anticancer therapies, exemplify the diverse
applications of cyclic peptides. Linaclotide, derived from an enterotoxin for gastrointestinal

disorders, further underscores their versatility.'!

Rezafungin, an antifungal analog of anidulafungin, represents the latest addition to the roster of
cyclic peptide approvals, gaining FDA approval in 2023.1? Notably, its oral administration and
extended half-life of 30 hours mark a significant advancement in pharmacokinetic attributes
compared to other peptide drugs.

Another significant application of peptides lies in drug delivery, owing to their favorable
hydrophilicity/hydrophobicity ratio and intra- and intermolecular interactions facilitated by weak
non-covalent bonds. These properties enable peptides to self-organize into nanostructures, which
exhibit high drug loading capacity, protection, and responsiveness to external stimuli.®® Recent
advancements include the development of new cyclic peptides with nano-spherical structures
capable of forming stable complexes with short-interfering RNA (siRNA), showcasing promise in

nucleic acid delivery for cancer treatment.*

Furthermore, cyclic peptides such as vancomycin, teicoplanin, and ristocetin, initially known for
their therapeutic actions as macrocyclic antibiotics, have found applications as chiral stationary

phases in chromatography.®® This application, pioneered by Armstrong et al. in 1994, exploits the
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macrocyclic structure and high number of stereogenic centers in these peptides to enable

enantioseparation and formation of inclusion complexes, enhancing chiral recognition.*®

1.3. Source of Cyclic Peptides:

e Natural Source: Cyclic peptides can be sourced from terrestrial and marine organisms.’
Terrestrial origins encompass animal venoms,*® plants,'® microorganisms,? among others,
yielding antibiotics like vancomycin,?! daptomycin,?® and teixobactin.?®> Marine sources,
including tunicates,?* sponges, algae,?® bacteria,’ fungi,?® and various invertebrates, offer
peptides with diverse bioactivities, particularly anticancer and antimicrobial properties.
Notably, ziconotide, derived from marine sources, stands as the first FDA-approved marine
peptide drug in 2004.2°

e Chemical Synthesis: Chemical synthesis serves as a significant avenue for obtaining
peptides in sufficient quantities for extensive biological assays.®° It allows for the
generation of structurally diverse analogs and derivatives, facilitating structure—activity
relationship studies. Synthetic strategies encompass various molecular modifications,
including incorporation of non-proteinogenic amino acids, acetylation of N-termini,
glycosylation, and lipidation, aimed at enhancing pharmacokinetic properties and

biological activities.3!

1.4. Peptide Cyclization Strategies:

Cyclization can manifest in four distinct manners, depending on the composition of constituent
amino acids: head-to-tail cyclization, head-to-side chain cyclization, side-chain-to-tail cyclization,
and side-chain-to-side-chain cyclization (See Figure 2).32 This step is widely recognized as one of
the most formidable challenges in peptide synthesis. Various peptide cyclization methods have

been developed to address this challenge, each with its own merits and drawbacks.?

Traditionally, cyclization is executed in solution using coupling agents. However, this method is
plagued by issues such as C-terminal epimerization, oligomerization, and low coupling efficiency,
particularly influenced by the ring size and peptide sequence. Additionally, the necessity of fully
protecting the linear peptide for cyclization renders it poorly soluble in organic solvents.®*
Strategies to enhance coupling efficiency include conducting reactions at high dilution to prevent

oligomerization and utilizing additives or activation sites like glycine (Gly) or proline (Pro)
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residues to mitigate C-terminal epimerization.®® Nevertheless, these approaches have limitations,
necessitating the exploration of alternative methods to achieve chemo-selective bond formation

and reduce the likelihood of C-terminal epimerization without the need for full protection of side
chains.

o B

- CO,H HO,C

- o 7

Side chain to side chain
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Head to side chain Head to tail

Figure 2: Type of Peptide Cyclization Methods.

There are several peptide cyclization chemical and enzymatic procedures present in literature.
They can be classified as below (Figure 3).

e Native Chemical Ligation (NCL): One notable technique is Native Chemical Ligation
(NCL), which involves a chemo-selective ligation between a cysteine (Cys) residue and a
thioester peptide, forming an intermediate that rearranges to create a native peptide bond.

e NCL-desulfurization: It is a variation of NCL. It involves removing the thiol group post-
reaction and replacing it with alanine or other amino acid residues.®’

* Serine (Ser)/Threonine (Thr) ligation approach: It involves a selective chemical bond
formation between a peptide with a C-terminal glycolaldehyde ester and another peptide

containing Ser, Thr, or Cys at the N-terminal end.3® While this method represented progress
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in chemo-selective ligation, it faced challenges, particularly with slow reaction rates when
the N-terminal end contained Thr or Ser. Additionally, the conversion of the resulting ring
into an amide bond did not occur efficiently. To address these issues, an alternative version
of Ser/Thr ligation was proposed, employing a salicylaldehyde ester at the C-terminal
instead of glycolaldehyde ester.® This modification aimed to enhance the efficiency of the
reaction. The utility of Ser/Thr ligation for peptide cyclization has been demonstrated in
the synthesis of various compounds such as daptomycin,® cyclomontanin B,*
mahafacyclin B.%2

The Staudinger ligation method: It involves the reaction between a C-terminal
phosphinothioester and an N-terminal azide, resulting in the formation of an
iminophosphorane. This intermediate subsequently undergoes hydrolysis to yield an amide
bond.*

The KAHA ligation method: It involves the creation of an amide bond through a potent
and selective reaction between N-alkylhydroxylamines and C-terminal peptide o-keto
carboxylic acids. This specific reaction between these groups results in the formation of
natural amide bonds without the need for additional reagents, yielding only carbon dioxide
and water as byproducts. This approach was utilized to synthesize the peptide antibiotic
gramicidin.*

Enzyme-mediated Cyclization: It represents another viable strategy, capitalizing on the
high chemoselectivity of enzymes. This feature ensures cyclization reactions occur without
generating undesired byproducts, and enzymes can catalyze these reactions efficiently with
minimal enzyme-to-substrate ratios.*® Furthermore, enzymes are typically non-toxic and
cost-effective. Examples of enzymes employed for peptide cyclization include Butelase
1,%% subtiligase.*” Notably, Butelase 1 facilitated the cyclization of bacteriocins AS-48 and
uberolysin.*®

CyClick strategy: One notable innovation is the CyClick strategy, which involves the
creation of a cyclic imine between the N-terminus of a peptide and the C-terminus of an
aldehyde group. In this process, the proximity of the amide to the imine facilitates a
nucleophilic attack by the amide nitrogen on the imine, resulting in the formation of a 4-
imidazolidinone linked to the cyclized peptide.*® This method is highly selective and does

not yield any by-products, leading to consistently high yields.
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* On-resin Cyclization: This synthetic approach involves on-resin cyclization, where the

linear peptide is first attached to a resin.>® This method leverages the phenomenon termed
"pseudo-dilution,” which favors intramolecular reactions over intermolecular ones.
Consequently, this setup reduces the occurrence of undesired side reactions such as
epimerization and oligomerization. Moreover, any by-products formed can be readily
removed through filtration and washing processes. Successful application of this strategy
includes the synthesis of cyclic peptide stylostatin® and teixobactin analogs.>?

* Cyclization through gold Catalysis: A highly effective approach was pioneered by
Vanjari et al. involving the cyclization of propargylated peptides through imine formation
catalyzed by gold. This innovative method enables peptide cyclization without the
necessity for protective groups and within a remarkably short timeframe (typically ranging
from 30 to 60 minutes). The gold complex interacts with the triple bond of the propargyl
group, following which a free amine from the peptide serves as a nucleophile, attacking
the gold-activated alkyne. This reaction operates via a regioselective Markovnikov
addition mechanism.>?

e Cyclization via formation of a triazene bond: In a novel approach reported by Nwajiobi
et al. in 2022 a distinctive method was introduced involving the incorporation of para-
aminophenylalanine into a linear peptide via solid-phase peptide synthesis (SPPS).
Following this, HCI and sodium nitrite are added, and subsequently, the pH is dramatically
altered to 7.5 to yield a diazonium ion arene. Secondary amines, such as Pro or
monomethyllysine, undergo reaction with this ion to form a triazene bond. Notably, the
reaction boasts a quantitative yield and completes within a brief duration of 5 minutes,
without yielding any by-products. This chemoselective reaction specifically targets
secondary amines, occurring in a single step and devoid of the need for reagents.>*

Selective chemical reactions and the newer cyclization techniques represent potent alternatives for
synthesizing cyclic peptides, offering distinct advantages over traditional solution-based
cyclization methods. However, it's crucial to acknowledge that these synthetic approaches also
come with their own set of constraints. For instance, they often rely on the presence of specific

functional groups within the amino acid residues to facilitate cyclization.
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[(&]
N-terminal Ser, Thr, or Cys +
C-terminal salicylaldehyde ester

(H)
N-terminal + C-
terminal aldehyde
x

Figure 3: It illustrates a variety of methods for peptide cyclization: (a) Cyclization in solution; (b)
Native chemical ligation for cyclization; (c) Ser/Thr ligation approach for cyclization; (d) KAHA
ligation approach for cyclization; (e) Staudinger’s ligation approach for cyclization; (f) On-resin
cyclization; (g) Enzyme-mediated cyclization; (h) CyClick cyclization; (i) Cyclization via
formation of a triazene bond; (j) Cyclization of propargylated peptides through imine formation

mediated by gold.’
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1.5. Importance of Cyclic Peptides:

Peptide cyclization has become a useful tactic for improving the advantages of linear peptides and
mitigating their disadvantages. A peptide's spatial vibrations are reduced when it is cyclized, which
lessens the molecule's tendency to alter shape. Furthermore, cyclization increases the surface area
that can be contacted by biological targets, improving the affinity and selectivity of binding.*
Cyclization can enhance peptides' pharmacokinetic qualities in addition to their pharmacological
ones. By making the structure more rigid, the peptide may interface with transport proteins more
easily and enter cells through passive diffusion or active transport. This decreases the energy
barrier needed for the peptide to adapt to the membrane environment. As a result, cyclization can

improve membrane permeability and peptide absorption.*®

In addition, cyclic peptides have higher metabolic stability than linear peptides. Because they lack
terminal amine and carboxylic acid groups, they are resistant to degradation by exopeptidases and
by endopeptidases because they are unable to access the cleavage site.>” Although cyclization has
the potential to improve peptide pharmacokinetics, it is important to recognize that many cyclic
peptides have faced considerable challenges due to poor pharmacokinetic characteristics, which
frequently result in phase I/11 trial failure.® However, molecular alterations can be added by
chemical synthesis to produce variants with improved properties.>® The unique properties of cyclic
peptides continue to draw researchers interested in studying them in spite of these factors. The
wide range of authorized cyclic peptides used in treatments for different illnesses serves as proof
of this. Detailed discussion of favorable properties of cyclic peptides are discussed below.

1.6. Characteristic Properties of Cyclic Peptides:

Given their variety of beneficial qualities, it is not surprising that cyclic peptides are used as ligands
by natural systems to accomplish essential biological tasks. Strong binding abilities, stability,
evolution-adaptability, simplicity of synthesis, and, in some cases, cell membrane penetration are
a few of these. Numerous characteristics, including binding affinity, specificity, and protease
resistance, are mostly derived from the circular shape of these peptides. Furthermore, in certain
peptides, cyclization has been shown to improve membrane permeability. The discussion that
follows highlights the benefits of peptide cyclization as well as the underlying chemical

mechanisms.
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1.6.1. Stability:

Cyclic peptides are generally more proteolytically stable than linear peptides due to several key
factors. Their rigid, closed-loop structure reduces the flexibility of the peptide backbone, making
it harder for proteolytic enzymes to recognize and bind to the peptide, thereby limiting enzymatic
access to cleavage sites.%’ Additionally, the lack of free N- and C-termini, common targets for
proteases in linear peptides, decreases potential cleavage points. The cyclic nature of these peptides
further limits their conformational freedom, preventing proteases from easily accessing and
cleaving peptide bonds. Furthermore, cyclic peptides often exhibit enhanced binding affinity to
biological targets due to their pre-organized structure, leading to more selective interactions and
reduced susceptibility to proteases. These characteristics contribute to their greater stability in

biological environments, making them attractive candidates for drug development.

Linear Peptide
@ Dlgested Peptide

\\/

Cyclic Peptlde ” S

Figure 4: Effect of Cyclization on binding stability.

1.6.2. Binding Affinity and Specificity:

Cyclic peptides exhibit a superior ability to bind to targets with greater affinity compared to their
linear counterparts, as evidenced by numerous comparisons between the two forms. Cyclic

peptides regularly outperform their linear counterparts in phage display library screens, providing
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a strong indication of their improved binding. Devlin et al.'s 1990 phage display selection was one

of the first to show this tendency. A random library screen of linear 15-mer peptides against
streptavidin in this work produced a large number of peptides with two cysteines at random amino
acid positions, indicating that the cysteines were most likely isolated in the disulfide-cyclized
form.%! Subsequent in vitro selection tests yielded similar results, including phage display
selections of bicyclic peptides against a wide range of targets. The bulk of isolated ligands were
discovered to be bicyclic peptides, despite imperfect chemical cyclizations on phage producing

combinations of cyclic and linear peptides.®?

The cyclization-induced increase in affinity can be ascribed to entropic variables. Cyclic peptides
attach to targets with a lower entropic penalty than their linear counterparts because of their
decreased flexibility in solution (see Figure 5). One additional element that contributes to the
increased binding affinity of cyclic peptides is their restricted conformational range. Peptides that
bind as folded structures, like a-helices or B-strands, are more likely to have binding events because
cyclization stabilizes the conformation and increases the amount of secondary structure in solution.
The design of inhibitors for protein-protein interactions (PPIs) involving a-helices has made
strategic use of this idea. Cyclization, sometimes called stapling, is the method used to produce

and stabilize peptides based on helical sequences.®®

Linear Peptide
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Figure 5: Effect of Cyclization on binding affinity and specificity.
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Furthermore, most naturally occurring or artificially produced high-affinity cyclic peptides made

using display methods have excellent target selectivity that is on par with that of monoclonal
antibodies. The limited conformation of cyclic peptides, which restricts the number of
conformations that can be available for binding to non-targets, is the source of this selectivity.
Analyzing the X-ray structures of protein-peptide complexes reveals the remarkable target
selectivity of cyclic peptides. These structures often show perfect complementarity in charge and

shape over large interaction surfaces (generally more than 500 A?).54
1.6.3. Membrane Permeability:

The desolvation of polar groups such as hydrogen (H)-bond donors within peptide bonds poses an
energy barrier when peptides cross the nonpolar portion of a membrane. To overcome this
difficulty, nature has cleverly used cyclization to encourage the creation of intramolecular
hydrogen bonds in peptides. In the process, solvation is decreased and part of the polar surface
area is hidden, which increases the possibility of membrane permeability (see Figure 6). In linear
peptides, intramolecular hydrogen bonding is also possible, but it is relatively less preferred

entropically.

Slow
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Figure 6: Effect of Cyclization on membrane permeability.
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The effects of intramolecular hydrogen bonding shielding have been thoroughly studied in the

instance of cyclosporine, an 11-amino-acid cyclic peptide drug that is rather big in size yet is well-
known for its oral bioavailability and cellular permeability. Cyclosporine Na-methylates seven of
its eleven amide bonds in order to effectively cross membranes. The four other amide bond
hydrogen donors form intramolecular hydrogen bonds in order to hide the donor and acceptor

groups from the hydrophobic environment once they enter the lipid bilayer.®®

Cyclosporine modifies its conformation upon interacting to a target, using some of its polar groups
to facilitate hydrogen bonding interactions. Cyclosporine's membrane permeability is reduced
when it is linearized, highlighting the importance of its cyclic structure in the creation of
intramolecular hydrogen bonds.® It has been shown that other naturally occurring cyclic peptides
exhibit the same polar group concealing behavior as cyclosporine. It has also been purposefully
done to design additional cyclic peptides with improved oral absorption and membrane
permeability via intramolecular hydrogen bonding.®’

1.7. Self-Assembly and Supramolecular Chemistry of Cyclic Peptide:

A subfield of chemistry known as supramolecular chemistry studies chemical systems that have
spatially ordered molecules as a result of noncovalent interactions.®® Numerous mechanisms are
involved in these interactions, such as van der Waals forces, hydrophobic contacts, metal
coordination, hydrogen bonding, m—m interactions, and electrostatic interactions. Since its
introduction by Moore and Winmill in 1912, hydrogen bonding has become one of the most often
used noncovalent interactions in supramolecular chemistry.®® Arrays of many hydrogen bonds
show greater strength and directionality, while individual hydrogen bonds might not be strong

enough to promote the creation of organized supramolecular structures.™

Similar hydrogen bonding arrays are seen in many biological structures found in nature, including
DNA's double helix and proteins' a-helices and B-sheets.”* These naturally occurring building
blocks have inspired supramolecular chemists in the construction of supramolecular assemblies.
These building blocks, which are simple to synthesize, derive, functionalize, and are
biocompatible, have drawn a lot of interest in the last few decades from both basic research and
real-world applications.
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Cyclic peptides (CPs) that self-assemble are bioinspired supramolecular building blocks that create
supramolecular cyclic peptide nanotubes (SCPNSs) by hydrogen bonding resembling a p-sheet.”®

These nanotubes provide a flexible pathway for building a wide variety of nanotubular shapes.

Cyclic peptides' hydrophobic side chains efficiently protect hydrogen bonds from water molecules
during the construction of nanotubes, which guarantees the remarkable durability of SCNPs in

water and opens up a range of applications, including the creation of supramolecular assemblies
and the investigation of biological processes.
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Figure 7: Different categories of cyclic peptides form supramolecular cyclic peptide nanotubes
(SCPNs) via hydrogen bonding, including: (a) cyclic a-alt(D,L)-peptide , (b) cyclic B-peptide , (c)

cyclic o,y-peptide , and (d) cyclic peptide incorporating e-amino acids.”%

We give a thorough overview of the many forms of self-assembling cyclic peptides in this succinct
introduction, including information on their structures, physical attributes, self-assembling traits,
and synthesis methods. Additionally, we go over methods for creating and modifying cyclic
peptides, such as conjugating them externally with polymers and modifying them internally.
Peptide assemblies have found extensive use in bioapplications and functional materials, including

drug delivery systems and ion transfer channels, thanks to polymer conjugation to cyclic peptides.
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The goal is to provide a thorough overview of the quickly developing field of supramolecular

polymers that are produced by the self-assembly of cyclic peptides.
1.7.1. Tubular Assemblies of Cyclic Peptides:

Cyclic peptides that self-assemble are essential building blocks for creating artificial nanotubes.
There are now several types of cyclic peptides that can form these structures: cyclic a-alt(D,L)-
peptides, cyclic B-peptides, cyclic a,y-peptides, and cyclic peptides with 8- or e-amino acids that
are different in terms of their chemical makeup. They all take on flattened ring-like conformations
with the side chains of amino acids extending outward in a pseudo-equatorial orientation,
notwithstanding the variances in their composition. The peptide backbone's amide and carbonyl
protons align perpendicular to the ring plane at the same time. The ability to generate hydrogen
bonds of the B-sheet type between adjacent peptide subunits on both sides of the ring structures

aids in the development of these artificial nanotubes.
1.7.1.1. Tubular Assemblies of Cyclic a-alt(D,L)-Peptides:

A theoretical investigation carried out in 1974 by De Santis and colleagues suggested that cyclic
peptides with an even number of alternating D- and L-amino acid residues could adopt
conformations of the B-type, where the NH and CO bonds are orientated in opposite directions and
almost parallel to the symmetry axis.”> Consequently, it was anticipated that cylindrical structures
would arise as a result of the stacking of cyclic peptide rings in parallel or antiparallel
configurations, stabilized by hydrogen-bond and van der Waals interactions. In the late 1980s,
Lorenzi and associates made an initial attempt at experimental validation of these predictions
(Figure 8).7

Cyclo-[(D-Val-L-Val)n, where n = 2, 3, 4], cyclo-[(D-Leu-L-Leu)s-], and cyclo-[(D-Phe-L-Phe)s-
] are examples of cyclic oligopeptides that they studied. The amide band at 3270-3290 cm ™ in the
infrared (IR) data indicates the presence of strong hydrogen bonds, and it was discovered that these
peptides were insoluble in the majority of organic solvents.’* The first well-characterized peptide
nanotube made of a cyclic a-alt(D,L)-peptide was described by Ghadiri et al. in 1993. Two
glutamic acids were combined to create the octapeptide cyclo-[(L-GIn-D-Ala-L-Glu-D-Ala)-],
which prevents subunit interaction in basic aqueous solution. By using molecular modeling, TEM,

ED, and FT-IR spectroscopy, it was determined that acidification caused the production of rod-
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shaped crystals. These analyses revealed organized tubular structures with 7.5 A internal diameters

and 4.73 A intervals between ring-shaped subunits due to antiparallel backbone—backbone

75

hydrogen bonding.

Figure 8: (a) X-ray analysis: Asymmetric unit composed of dimeric cyclo(-D-Leu-L-MeLeu-D-
Leu-L-MeLeu-D-Leu-L-MeLeu-) (b) Packing pattern of cyclo(-D-Leu-L-MelLeu-D-Leu-L-
MeLeu-D-Leu-L-MeLeu-) exhibited nanotubular channel.”

Cyclic peptide sequences have a rational design that may lead to more ordered self-assembled
structures. By creating a cyclic peptide that can switch from 1D to 2D self-assembly in water,
Montenegro et al. illustrated this idea (See Figure 9). Their asymmetric cyclic sequence, cyclo-[D-
Leu-L-Trp-D-Leu-L-His-D-Glu-L-GIn-DHis-L-Glu-], has separate hydrophobic and hydrophilic
domains, containing residues that were sensitive to pH.”® Amphiphilic nanotubes formed in
solution as a result of hydrogen bonding interactions between peptide rings. These nanotubes
subsequently arranged into a nanotubular bilayer to protect their hydrophobic portions from the
surrounding aqueous environment. Significantly, deprotonated glutamate residues and neutral
histidine residues on the nanotubes' highly anionic surface at physiological pH prevented
individual layers from aggregating and instead promoted the formation of big, flat nanosheets with
high micrometer-scale dimensions. These nanosheets were astonishingly thin, with a thickness of
only 3.2 nm, considering their size. These nanosheets also exhibited dynamic behavior, being able

to change from one state of pH to another and back again into 1D nanotubes.
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1D self-assembly 2D self-assembly

Figure 9: Proposed model for the sequential 1D-to-2D self-assembly of cyclic peptide -[D-Leu-
L-Trp-D-Leu-L-His-D-Glu-L-GIn-DHis-L-Glu-].(a) Chemical structure (b) The formation of
amphiphilic nanotubes is shown, facilitated by multiple hydrogen-bonding interactions between
the peptide rings, (c,d) These amphiphilic nanotubes further organize into a 2D nanosheet

assembly. Reproduced with permission from Copyright American Chemical Society.’
1.7.1.2 Arrangements of Cyclic p-Peptides in Tubular Formations:

It has been shown that cyclic -peptides, which are made up of a particular amount of f-amino
acids, can generate SCPNs that resemble those made by cyclic a-alt(D,L)-peptides. While
producing synthetic unnatural amino acids may present difficulties, B-peptides’ resistance to
enzymatic degradation and their advantageous structural features highlight their prospective

advantages over cyclic a-alt(D,L)-peptides.

Seebach and colleagues pioneered the synthesis and characterization of cyclic p-peptides in 1997.7
Using 3-amino butanoic acids, they created and produced three stereoisomeric cyclic B-
tetrapeptides. Powder diffraction was used to identify the crystal structures of these three isomers
(Figure 10). Four parallel intermolecular hydrogen bonds gave rise to tubular structures in all three
isomers. All the isomers, however, took on unigue conformations. With C2 symmetry, the (all-S)-
derivative was shaped like a flat parallelogram (Figure 10a). The two tetrahedral C atoms formed
bridges between its amide planes, which were positioned within the sides. It's interesting to note
that all four methyl groups were in pseudoequatorial positions, but the four C=0 and the four N-

H bonds were mutually antiperiplanar and directed in the same direction (Figure 11a).
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(S,S,S,S)-Isomer (R,S,R,S)-Isomer (R,R,S,S)-Isomer

Figure 10: Structure of Cyclic Tetrapeptide from powder diffraction data. (a) All (S,S,S,S)-
Isomer, (b). (R,S,R,S)-Isomer (¢). (R,R,S,S)-I1somer.

As a result, a macrodipole was formed along the nanotube by the parallel stacking of the peptide
rings (Figure 12a). Similar to the conformation of cyclic a-alt(D,L)-peptides, the (R,S,R,S)-isomer
displayed a flat square shape (Figure 10b) with S4 symmetry, where opposite pairs of C=0 links
and N—H bonds directed in the same direction (Figure 11b). The peptide rings in this instance
stacked parallel to one another as well (Figure 12b), but no macrodipole was anticipated.
Regarding the (R,R,S,S)-isomer, Figure 10c depicts its cissymmetric rectangular shape, with
parallel C=0 and N—H bonds on adjacent sides. The peptide rings were oriented differently in
relation to the stacking orientation than other isomers (Figure 12c¢). Because of their nonlinear

hydrogen bonding, all three isomers displayed tubular stacking (Figure 11).

(a) (b)

(S,S,S,S)-Isomer (R,S,R,S)-Isomer (R,R,S,S)-Isomer
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Figure 11: Intermolecular Hydrogen bonding pattern of (a) a (S,S,S,S)-Isomer, (b) b (R,S,R,S)-

Isomer (¢) ¢ (R,R,S,S)-Isomer.

(S,S,S,S)-Isomer (R,S,R,S)-Isomer (R,R,S,S)-Isomer
Packing Pattern Packing Pattern Packing Pattern

Figure 12: Packing pattern in self-assembly: (a) All (S,S,S,S)-Isomer, (b). (R,S,R,S)-Isomer (c).
(R,R,S,S)-Isomer.

It is clear that the ability of cyclic B-peptides to stack is very flexible. The flexibility of the rings
to adopt conformations that are good for stacking is ascribed to the presence of extra CH> units.
As such, cyclic B-peptides are not subject to the same constraints as their a-equivalents.

It is anticipated that the stacking of homochiral cyclic B-peptides will produce a macrodipole,
which will impact conductance in multiple ways, such as current rectification and voltage gating.
Better performance as artificial transmembrane ion channels could result from this consequence.
Ghadiri and associates investigated ion transport functions in cyclic B-peptides that form channels.
They looked at cyclo[-(B3-HTrp)s-], cyclo[-(B3-HTrp-p-HLeu).-], and cyclo[-(B-HLeu)s-] as
homochiral cyclic p-tetrapeptides.’® Ghadiri's group suggested that these cyclic B-tetrapeptides
would take on an alternate C4 symmetrical conformation when embedded in a lipid membrane
environment, yielding an internal diameter of 2.6-2.7 A, as opposed to the C2 symmetrical
conformation that Seebach had previously observed. Consequently, the K* ion transport rate of the
cyclic peptide cyclo[-(B3-HTrp)s-] was found to be 1.9 x 107 ions per second, which was similar
to the K* transport rate previously reported for the cyclic a-alt(D,L)-peptide cyclo-[(L-Trp-D-
Leu)s-L-GIn-D-Leu-].”® It's crucial to remember that in order to determine the exact relevance of

the current macrodipole, cyclic B-peptides and cyclic a-alt(D,L)-peptides with comparable internal
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diameters and chemical structures must be directly compared. Recently, Kimura et al. presented a

novel class of cyclic B-peptides composed of amino acids produced from sugar (SAASs). Because
they have many hydroxyl groups, these B-SAAs with a pyranose ring as a side chain improve the
solubility of the corresponding cyclic B-peptides. In addition, the pyranose ring is expected to
promote a planar structure in the cyclic peptide, which will enable molecular stacking and tubular
formation. Also, Cyclic B-peptides containing 3-, 4-, and 6-acetylated B-glycosamino acid units
were synthesized and analyzed.®° These peptides will form nanotubular structures and remain well-
dissolved in organic solvents such pyridine, DMSO, DMF, TFE, and HFIP. Acetyl groups were
then removed, resulting in the formation of water-soluble cyclic B-peptides and nanotubes with
protein sites of attraction, particularly for lectins.®! Interestingly, it was found that when the cyclic
hexa-p-peptide was dissolved in water with a polyethylene glycol (PEG) chain, it formed a

polypseudorotaxane.®

Nonetheless, the unique macrodipole present in the nanotubes generated by cyclic B-peptides
implies that they could function more effectively as synthetic transmembrane ion channels.

However, there is currently a lack of research on their uses in this context.
1.7.1.3 Arrangements of Cyclic a,y-Peptides in Tubular Form:

Granja's group discovered and produced a novel class of self-assembling cyclic peptides with
distinct structural properties and internal voids.3® An even number of cyclic y-amino acids and
alternating a-amino acids make up these peptides. These peptides adopt planar ring-like
conformations, similar to cyclic a-alt(D,L)-peptides and cyclic B-peptides, that promote the
creation of nanotubes through interactions between hydrogen bonds between molecules. Most
cyclic peptide nanotubes, such as cyclic a-alt(D,L)-peptides and cyclic p-peptides, have
unchangeable hydrophilic interior canals that only permit the passage of polar molecules, as was
previously described. On the other hand, cyclic a,y-peptides produce a partially hydrophobic
cavity because one of the cycloalkane methylenes projects into the interior when cyclic y-residues

are included.

Simple chemical adjustments can be used to further modify this cavity, providing precise control
over the nanotube's transport properties. The alternating arrangement of o and y amino acids in the

flat ring-like conformation places all of the y-amino acid's amide groups on one face (a-face) and
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all of its NH and CO groups on the other. The cyclic peptide rings are predicted to alternate

orientations due to differences in CO---HN spacings between the a-face and y-face. This will
produce two different hydrogen bonding patterns, one of which involves selective a—a and y—y
face stacking in an antiparallel arrangement. Recent studies, however, have shown that a parallel

configuration made possible by interactions between the y- and o-faces is more stable.®*

Using B-sheet-like hydrogen bonding arrangements, the Granja group has synthesized new -Acp-
based, Cyclic Peptitdes®® that, despite their huge diameters, readily assume flat conformations
(Figure 13a) and form very stable dimers (Figure 13b). The capacity of dimers to organize into
nanotubular solid-state arrays, as seen in crystals derived from a tetrachloroethane solution, was
verified by crystallographic analysis (Figure 13c). It's interesting to note that these crystals also
had rings of dichloroacetic acid molecules, which were probably created by the solvent oxidizing
in response to light. This novel crystallization technique produced nanotubes that could find use
in gas storage and separation technologies, among other areas.

Figure 13: (a) X-ray analysis: molecular crystal structure, (b) Hydrogen bonding pattern in

dimeric unit (c) Packing in three dimensions exhibited nanotubular channel.
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1.7.1.4 Arrangements of Cyclic 8-Peptides in Tubular Form:

In the beginning, Dory and associates studied cyclic peptides, which contain §-amino acids.® It
was noticed that a cyclic tripeptide with trans orientation in the vinyl group and a,f-unsaturated d-
amino acid residues crystallized in bundles of nanotubes (Figure 14a). X-ray single crystal analysis
was used to identify the exact nanotubular structure. With all three CO and all three NH bonds
pointing in the same direction, the cyclic peptide ring has a stiff triangle form (Figure 14b). As a
result, a similar to cyclic B-peptides, a macrodipole is formed along the nanotube by the parallel
alignment of the peptide rings (Figure 14c). But because of their flexibility, p,y-unsaturated o-
amino acid residues in cyclic tetrapeptides and tripeptides showed undesirable packing. As a result,
the cyclic tetrapeptide was unable to produce nanotube, and the cyclic tripeptide's crystal structure
revealed that only two of the three amides were involved in the stacking of macrocycles, which

had a rectangular shape because of one B-turn.

Figure 14: (a) Building Block: a,B-unsaturated 6-amino acid (b) crystal structure of cyclic a,p-
unsaturated 6-amino acid containing tripeptide (c) Packing pattern of cyclic o,B-unsaturated d-

amino acid containing tripeptide exhibited nanotubular structure.
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Later, research teams under the direction of Zhao and Dory developed simple techniques to limit

the structural flexibility of the previously stated cyclic tetrapeptide, which was made up of residues
of B,y-unsaturated 3-amino acid. They were able to do this by the use of hydrogen-bonded polymer
or liquid crystal, which produced hexagonal hollow nanotubes.®”  Trans-4-
aminocyclohexanecarboxylic acid (8-Ach) is an important building component for creating cyclic
peptides that contain 6-amino acid residues, just as y-Ach is used to create cyclic peptides with y-

amino acid residues.

Even though 6-Ach is stiff enough to take on a planar ring-like conformation, cyclic peptides made
entirely of 6-Ach residues cannot form a closed cyclic structure because of the 180° angle created
by the bonds between the amino group—C9d and the carboxylic acid—Ca. Rather, to create cyclic
peptides that can form nanotubes, they must be coupled with a-residues. Therefore, in the creation
of nanotubes with a greater diameter and hydrophobic interior characteristics, the d-residue
predominantly serves as a stiff extension. It can be added to a cyclic a-alt(D,L)-peptide after each
a-amino acid to create a new cyclic peptide called cyclic D,L-a,5-peptide. Because of their

simplicity, N-methylated cyclic peptides were first studied.®

We have carefully examined the stability differences between the parallel and antiparallel contacts
of these cyclic D,L-a,5-peptides that form dimers. Additionally, a pseudo-enantiomeric form of
the previously stated dodecapeptide was created. While the two pseudo-enantiomers can arrange
themselves in a parallel configuration to create heterodimers, each pseudo-enantiomer has the
ability to generate homodimers on its own in an antiparallel fashion. According to experimental
investigations, the heterodimers are roughly 1.80 kcal mol™ more stable than the homodimers.
The relative location of the axial protons of the cyclohexyl moieties is most likely the cause of this
variation in stability, according to computational simulations. Stated differently, the parallel
heterodimer exhibits increased stability because the steric barrier between the cyclohexyl moieties

allows the heteromer to form shorter hydrogen bonds.
1.7.1.5 Arrangements of Cyclic e-Peptides in Tubular Form:

A similar method can be applied to the engineering of cyclic D,L-a,e-peptides. In order to create
a cyclic D,L-o,e-tetrapeptide, a new 1,4-disubstituted-1,2,3-triazole e-amino acid was first

synthesized using copper-catalyzed azide—alkyne cycloaddition (CuAAC) (Figure 15).89%
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(a) (b)

Figure 15: (a) Building Block: 1,4-disubstituted-1,2,3-triazole e-amino acid; (b) crystal structure

of cyclic D,L-o,e-tetrapeptide (solvent ethanol molecule is omitted)

'H NMR spectroscopy indicated that this peptide displayed the expected intermolecular
aggregation behavior in CDClIs, driven by hydrogen bonding. The results showed relatively high
association constants (>104 M™1). Direct proof of the nanotubular structure was obtained by X-ray
crystallography, which demonstrated that peptide subunits took on a flat, ring-shaped
conformation and stacked parallel to create tubular assemblies (Figure 16). Remarkably, three of
the four amide bonds in the ring backbone contributed to an ethanol-mediated bridging hydrogen

link, and the fourth amide bond produced a network of intermolecular hydrogen interactions.

Figure 16: Packing pattern of cyclic D,L-a,&-tetrapeptide exhibited nanotubular structure.
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1.8. Design and Customization of Cyclic Peptides for specific purposes:

The amount and makeup of amino acids in the cyclic peptide determine the diameter of the inner
space in SCPNs. Table 1 shows that within the range of cyclic peptides previously discussed, the
inner chamber's diameters can be accurately tuned from 1 to 30 A, allowing them to be used as
nanocarriers or nanochannels for various target molecules. The side chains of the amino acids
affect the surface properties of SCPNs. As a result, it is easy to create SCPNs with certain
characteristics by carefully planning peptide sequences. Moreover, covalent modification of the
corresponding cyclic peptides allows for the fine-tuning of the exterior and interior characteristics
of SCPNs.

Table 1. Summary of Internal Diameters Across Various Cyclic Peptides reported in

literature.”

No of Amino Acids Internal Diameter in

Reported examples

a-alt(D,L)-Cyclic Peptide 8 7-8
10 10
12 13
B-Cyclic Peptide 3 -
4 2.6-2.7
6 5.1
a,y-Cyclic Peptide 4 1
6 7
8 10
10 13
12 17
D,L-0,6-Cyclic Peptide 12 21
16 30

1.8.1. Internal Modification and Functionalization:

Modification of the internal characteristics of the SCPN is possible through the projection of
functional groups into its interior space through the incorporation of y-, 8-, and €-amino acids into
peptide sequences. As an example, a hydroxyl group was synthesized into the cavity of a cyclic
tetrapeptide, which resulted in higher association constants than other peptides of a comparable
kind.®* Chemical modification further allows tuning of cavity properties, such as incorporating a
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pyridine moiety to trap various guests inside the structure.®? Similarly, modification of cyclic y-

Acas can finely control nanotube transport properties.®® Moreover, the utilization of e-amino acids
promotes the creation of pH-responsive nanotubes, opening up new possibilities for the
development of intelligent transmembrane channels.®* Alternative approaches, such as the use of
cyclic a-alt(L,L,L,D) peptides, also allow for the internal functionalization of nanotubes, which
has promise for improvements in a number of areas, including separation technologies and
synthetic ion channels.® All things considered, these methods present chances to create
nanotubular structures with the required internal characteristics, opening up new directions for

study and use.
1.8.2. External Modification and Functionalization:

In addition to determining the exterior properties of SCPNSs, the side chains of amino acids facing
outward serve as reactive sites for further chemical modification. These alterations allow for the
effective alignment of functional groups since they do not obstruct the cyclic peptides' ability to
self-assemble. For instance, attaching naphthalenediimide (NDI) moieties to cyclic peptides
directed aromatic ring stacking, leading to the formation of electronically delocalized nanotubes.%
Strategies using external components like Zn-porphyrins successfully controlled the arrangement
of aromatic moieties within dimeric assemblies, offering potential applications in optical and
electronic devices.®” Peptide backbone interactions generate heterodimers that facilitate the
insertion of various functional groups, resulting in the creation of innovative functional materials
that can facilitate the flow of electrons or energy.% These developments pave the way for precisely
arranging functional moieties in nanomaterials to create customized materials with desired

characteristics.
1.9. Applications of Self-assembling Cyclic Peptides in Biology:

In the field of biochemical sciences, cyclic peptide nanotubes (CPNTs) play crucial roles as
antibacterial agents and as essential constituents of lipid bilayers that facilitate ion channel
activities. Utilizing CPNTSs to create nanomaterials has also been the focus of recent research
projects. These include the creation of stimuli-responsive supramolecular materials and sensing
devices. This section highlights the various uses of N-alkylated cyclic peptides and cyclic peptide

nanotubes.
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1.9.1. lon Channels:

Cyclic peptides (CPs) are a good choice for ion channels because of their ability to break through
membranes and incorporate into lipid bilayers. The potential of cyclic peptides to form "channels”
that can: (i) allow small molecules to pass through the narrow space of their internal core; (ii)
interact with and embed into lipid membranes due to particular amino acid combinations, causing
structural disruptions; or (iii) interact uniquely with native peptide or lipid components in a
biological setting, thereby influencing specific processes, has been explored because of their
ability to assemble into elongated structures. Investigating these behaviors has involved various
approaches. For instance, Ghadiri and colleagues investigated the administration of peptide
nanotube assemblies to phosphatidylcholine liposome models with varying internal and external
pH levels. They have performed fluorescent spectroscopy with a marker to track the pH gradient's
collapse and attributed it to transmembrane channel development. Ghadiri and colleagues
demonstrated efficient proton transfer by monitoring changes in fluorescence intensity in a

solution containing large unilamellar vesicles (LUVs) with a pH-sensitive dye.*

Interestingly, they discovered that not all CPs could be incorporated into lipid bilayers. For
example, cyclo[-(L-GIn-D-Leu)s-] could not insert into lipid bilayers, whereas cyclo[-(L-Trp-D-
Leu)s-L-GIn-D-Leu-] did. Furthermore, Ghadiri et al. used CPNTSs to demonstrate the transport of

K* and Na* across membranes.®°

Additionally, endogenous transmembrane proteins like a-hemolysin can have their ion transport
function modulated by cyclic peptides. Sainchez-Quesada et al. found that N-substituted cyclic
peptides and CPs with net positive or negative charges can lodge into the lumen of the a-hemolysin
-barrel channel, changing the pore characteristics.'® Anion selectivity is increased by adding
cationic cyclic peptides, and cation-selective transmembrane pores are produced by adding
negatively charged CPs.’® N-alkyl-CPs can also be used as capping agents to accomplish this
modulation. Larger pore diameters are necessary for the selective transmembrane transport of
organic molecules like glutamic acid and glucose!®?, which depends on the length of the amino
acid chain that forms the cyclic peptide.

Granja and Ghadiri assessed the capacity of a 10-residue cyclic peptide, cyclo[-(L-Trp-D-Leu)s-
L-GIn-D-Leu-], partitioned in LUVs and having an internal diameter of 10 A, to transport D-

glucose. In a similar way, the identical peptide promoted glutamic acid's transmembrane
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trafficking from LUVs. Enzyme-coupled assays were used to track these activities and identify

variations in the NADPH or NADH absorption bands.1® Moreover, the Ghadiri group created a
specialized technique using selective heteromeric supramolecular assembly to create functional
single channels with altered ion conductance, charge selectivity, and rectification (Figure 17). In
this procedure, the naturally occurring hollow transmembrane tubular structure, which is produced
by cyclic-D,L-a-peptides self-assembling in lipid bilayers—is altered by including "cap” subunits
of cyclic peptides that are specifically bound to the entrance of the channel assembly.% Granja
and Ghadiri evaluated the D-glucose transport ability of a 10-residue cyclic peptide, cyclo[-(L-
Trp-D-Leu)s-L-GIn-D-Leu-], with an internal diameter of 10 A, partitioned in LUVs. Similarly,
the same peptide facilitated the transmembrane transport of glutamic acid from LUVs. These
processes were monitored using enzyme-coupled assays to detect changes in NADPH or NADH
absorption bands.’®> Further Ghadiri group developed a specialized method to craft functional
single channels with adjusted ion conductance, charge selectivity, and rectification through
selective heteromeric supramolecular assembly (Figure 17). This process involves modifying the
spontaneously formed hollow transmembrane tubular structure, generated by the self-assembly of
cyclic-D,L-a-peptides within lipid bilayers, by integrating designer cyclic peptide "cap™ subunits

that selectively bind at the channel assembly's entrance. %
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Figure 17: (a) Scheme of the cyclic D,L-a-peptides, (b) Peptide 1 autonomously organizes within

lipid membranes, constructing the fundamental structure of transmembrane channels. Peptides 2
to 5 function as auxiliary subunits, forming caps that lead to the formation of diverse channel
assemblies with modified ion conductivity characteristics.!®® Reproduced with permission from

Copyright American Chemical Society. %

1.9.2. Antimicrobial Treatments:

In recent years, the healthcare system has faced a significant hurdle with the rise of bacteria which
have become resistant to traditional antibiotics due to widespread use among the public.** There's
growing concern that these medications will progressively lose their effectiveness, prompting a
shift in research towards finding alternative treatments to replace outdated clinical therapies. This
problem has been addressed by cyclic peptide nanotubes, which have demonstrated strong
antibacterial activity against both Gram-positive and Gram-negative bacteria. Their attractiveness
as a workable solution to counteract antibiotic resistance is further strengthened by the fact that

their structural stiffness offers improved proteolytic stability.

The study of structure-activity interactions in cyclic peptide nanotubes (SCPNs) was first proven
by Lopez et al., who also defined SCPNs as a new class of antibacterial drugs.!® They
demonstrated how amphiphilic cyclic a-alt(D,L)-peptides, which are made up of three consecutive
hydrophilic amino acids and alternating L-Trp and D-Leu segments, worked as ion transporters in
lipid bilayer models and might have integrated into bacterial membranes. Cyclo-[D-Lys-L-Glu-D-
Arg-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-] is a particular cyclic peptide that has been shown to be
effective against a range of Gram-positive and negative bacterial strains. According to Lopez et
al., the process entailed membrane insertion, breaking down transmembrane ion channels, and
raising permeability, which resulted in a "carpet-like" mechanism that killed the bacteria.
Additional cyclic peptide modifications to build a compound library clarified the effect of charge
and hydrophobicity on activity. For example, the antibacterial properties were eliminated when
histidine was added in place of lysine, and the inclusion of glutamic acid reduced activity because
of electrostatic repulsion with the negative charges in the membrane. This demonstrates how

rational design may improve these materials' efficacy in a variety of antibacterial models.

Applying screening procedures that are often used for small molecule drugs to macromolecular

entities demonstrates how broadly applicable and biocompatible these approaches are outside of
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clinical settings. Claro et al. have modelled the interactions between several cyclic a-alt(D,L)-

peptides and antimicrobial membrane targets using logic-based prediction techniques, such as
computational simulations.'% They contend that understanding of membrane/antimicrobial agent
interactions can be improved by combining the analysis of biophysical characterisation and coarse-

grained molecular dynamics (CG-MD) (Figure 18).

In order to determine the effect of negatively charged membrane density, the researchers tested
two peptides: L-Glu-D-Lys-L-Ser-D-Lys-L-Ser-D-Trp-L-propylargylglycine-D-Lys (which
boasts improved solubility due to three Lys residues) and D-Arg-L-Arg-D-Lys-L-Trp-D-Leu-L-
Trp-D-Leu-L-Trp (known for antimicrobial activity with an amphipathic sequence and three basic
residues). The use of DSC, ATR-FTIR, and CG-MD methods validated earlier hypotheses that
hydrophobic peptide residues are essential for causing major harm to Gram-positive bacteria. The

results indicate that, in most cases, formed peptides align mostly parallel to membrane surfaces.
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Figure 18: It shows how D,L-a-CPs self-assemble into nanotubes with an antiparallel B-sheet

structure and suggests a model for how they interact with lipid bilayers. The sequences and in-
plane and three-dimensional structures of the study's two peptides, CP1 and CP2, are shown below.
D-residues are highlighted in the sequence, lysine residues are displayed in red, arginine is
displayed in blue, and the alkyne moiety is displayed in purple. The SCNP residues that remain
are shown in yellow, while "Pg" stands for propargylglycine. 1% Reproduced with permission from
Copyright Elsevier.1%

1.9.3. Gene Delivery:

Gene therapy has become a powerful and adaptable method for reprogramming genetic material

to cure a wide range of illnesses, including cancer, viral infections, and hereditary problems.1%’

This entails altering the genetic coding within cell nuclei or turning off mutative genes to positively
impact the regulation of typical cellular processes.'® Gene therapy faces several challenges even
if it shows great potential. Its ability to preserve payload integrity, elude immune responses, and
target cells precisely depends largely on the vector composition. Up until now, the majority of
nanotubular vectors utilized for genetic transfer have been somewhat big and formed loaded
vectors by intermolecular interaction between genetic material and amino acid moieties. Because
the creation of supramolecular structures is hampered by repulsive electrostatic interactions,
peptide nanotubes—which are made up of densely packed unimers—face difficulties. This poses
a significant challenge for the complexation of charged genetic payloads. Only a few number of

cyclic peptide types have been investigated thus far for potential use in gene transfer.

Li et al. created a non-assembling cationic cyclic octapeptide, 1(Figure 19), and by molecular
modeling, they altered it with a new arginine analogue.'® The purpose of this alteration was to
overcome the lysine residues’ charge repulsion and improve interaction with neighboring peptide
backbones. According to the theory, this alteration would stabilize assembly and cause unique
tubular structures to form in solution at pH 7.4. TEM and dynamic light scattering (DLS)
demonstrated that complexation with calf thymus DNA did not compromise nanoparticle integrity.
There was potential with this concept for a carrier. Green fluorescent protein (GFP) reporter
labeling was also employed in transfection efficiency tests, which showed that the transfection of

HelLa and HEK-293 cell lines by SCPNs was on par with transfection using commercially
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available polyethylene imine. Crucially, this transfection was significantly less harmful and

happened without the assistance of active endocytosis pathways.
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Figure 19: The chemical structure of cationic cyclic octapeptide is described, as is an illustration
of how to assemble cationic nanotubes and attach to ctDNA. Additionally, the procedure of
fluorescent labeling using GFP to track cellular absorption and transfection efficiency is
demonstrated. Reproduced with permission from Copyright Wiley.1%

31| Page



Chapter 1
1.9.4. Anti-Cancer Drug Delivery:

Since cyclic peptides can reversibly form tubular structures, its primary application has been as a
possible drug delivery vehicle for anticancer medications. These materials are attractive for this
purpose because of their supramolecular composition, high aspect ratio, and synthetic flexibility.
Creating nanoparticles that can surmount biological obstacles such circulation, retention,
dispersion, cellular uptake, and clearance is a major difficulty for researchers trying to develop
artificial materials for in vivo use. When designing nanoparticles, size, shape, and surface
chemistry are essential components.t Furthermore, cyclic peptides' large aspect ratio has drawn

interest as a potential characteristic to lengthen circulation times and promote cellular uptake.!*

Consequently, cyclic peptides' elongated structures are becoming more and more attractive as a
means of augmenting the bioavailability and effectiveness of hydrophobic, poorly soluble
anticancer agents—which are frequently toxic and nonselective, resulting in unwanted side effects.
Facilitating transport across the cell membrane and releasing cargo in intracellular compartments
for processing is a fundamental idea of efficient medication delivery. In vitro, the tubisome
nanoparticles have shown encouraging outcomes for anticancer therapy. Yang and colleagues
created amphiphilic tubisomes that exhibited controlled release properties by enclosing
doxorubicin within their core and modifying a UV-responsive polymer to behave as the
hydrophobic arm of the polymer.*? The design of cyclic peptide-polymer conjugates is shown in
Figure 20. These conjugates assemble form cylindrical micelle-like particles that can deconstruct
upon NMBA photocleavage by a combination of hydrogen bonding and hydrophobic effects.
After loading 10.3 weight percent of doxorubicin into the central cavity and incubating with MDA.-
MB-231 cells for 20 minutes under UV light, a cytotoxic profile comparable to the free drug was
seen. Even though the cytotoxicity did not improve, the nanoparticle's responsiveness would be
useful, especially given its time-dependent release behavior and burst release pattern that made it

suitable for some kinds of therapies.
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1.9.5. lon Sensor:

The potential of cyclic peptides (CPs) into self-assembled nanostructure underscores their
suitability as candidates for ion sensors. Utilizing self-assembled monolayers (SAMs) composed
of eight-residue alpha-cyclodextrin peptides (o-CPs) integrated with cyclic voltammetry,
Motesharei and Ghadiri investigated the interaction of redox ion complexes in solution with
nanotubes. Based on their redox activity, their investigations showed that both positively and
negatively charged [Fe(CN)s]® and [Ru(NHas)s]*" complexes may penetrate through the nanotube
channels. On the other hand, following addition, the bigger [Mo(CN)s]* anion showed no redox
activity. Furthermore, the system's selectivity was verified by adding a combination of [Fe(CN)e]*
and [Mo(CN)s]* to the SAM, which confirmed the system's preferred interaction with certain

ions. 113
1.10. Conclusion:

Since their initial discovery in the mid-1970s, self-assembling cyclic peptides have proven to be
versatile components for constructing a diverse array of functional supramolecular nanomaterials.
The flexibility offered by peptide synthesis grants access to a vast spectrum of functionalities, both
on the outer and inner rings of these peptides. This adaptable design feature allows for the
incorporation of desired functionalities onto either the outer shell or the inner channel of a
nanotube upon self-assembly. Moreover, the wide variety of available peptides enables the
creation of an extensive range of functional materials. Over the past decade, the integration of
polymers with cyclic peptides has introduced new opportunities for these materials. In addition to
enhancing functionality, polymer conjugation has significantly enhanced the solubility of these
nanostructures, leading to exciting prospects, particularly in the realms of biology and medicine.
Thus far, cyclic peptides have demonstrated their ability to form transmembrane channels, exhibit

antimicrobial properties, and serve as promising vectors for drug delivery.

Significant advancements in the synthesis and characterization of self-assembled cyclic peptide
nanotubes (SCPNs) have simplified the production and manipulation of these systems.
Consequently, they are increasingly sought after for research and commercialization purposes.
This recent progress is expected to stimulate further applications of SCPNs and make them more
accessible to the broader scientific community.
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Chapter 2

2.1. Introduction:

Cyclic peptides play a crucial role in contemporary science and medicine due to their robust
stability, precise specificity, and significant therapeutic potential. These distinctive characteristics
make them indispensable in drug discovery, biotechnology, and a wide array of therapeutic
applications, paving the way for enhanced treatments and groundbreaking innovations across
numerous disciplines.! One effective strategy for enhancing the benefits of linear peptides and
mitigating their drawbacks is peptide cyclization. Cyclization decreases a peptide's spatial
vibrations, making the molecule more stable and less prone to shape changes. This structural
rigidity increases the surface area available for biological target interaction, thereby improving
binding affinity and selectivity.? Additionally, cyclization enhances pharmacokinetic properties by
facilitating easier interaction with transport proteins, which improves membrane permeability and
absorption.> Moreover, cyclic peptides exhibit greater metabolic stability compared to linear
peptides, as they lack terminal groups susceptible to degradation by exopeptidases and
endopeptidases.* Although some cyclic peptides face challenges with poor pharmacokinetic
characteristics, leading to trial failures, chemical synthesis can introduce modifications to improve
these properties. Researchers remain deeply interested in cyclic peptides due to their unique
advantages, as evidenced by the range of approved cyclic peptides used to treat various infections
and diseases. To enhance metabolic stability and explore self-assembling cyclic peptide
nanostructures, researchers incorporate unnatural amino acids such as -, y-, 8-, and g-amino acids

and their compositions.®

The main focus of nanotechnology revolves around creating and analyzing structures at the
nanoscale level, as well as using these nanomaterials to design functional molecules and devices.®
Among various nanostructures, nanotubes stand out due to their versatile applications, including
transportation, molecular separation, catalysis, optics, electronics, antimicrobial properties, and
drug delivery systems.” Various nanotubular structures have been developed, including those
based on cyclodextrins and lipids, graphite and different inorganic complexes.® Over the past few
decades, significant advancements have been achieved in the realm of covalently bonded
nanostructures. Recently, attention has shifted towards non-covalent interactions®, leading to the
development of self-assembled nanostructures such as hollow rods, stacked rings, helically

truncated structures, and truncated wedges.®
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Peptides, due to their spontaneous self-assembling properties, have garnered considerable interest.
Not all cyclic peptides can self-assembled to tubular structure.’® However, designed cyclic
peptides, can self-assemble into nanotubes through hydrogen bonding interactions. The assembly
of these structures involves stacking cyclic peptides in a flat conformation with side chains
projecting outward and the amide backbone perpendicular to the ring. The diameter of these
nanotubes can be controlled by the number of amino acids involved in the cyclization process.
Consequently, cyclic peptides are highly regarded for constructing various nanotubes tailored for

specific functions.®

Self-assembling cyclic peptides are important building blocks for constructing synthetic
nanotubes. They can be primarily classified into D, L-cyclic peptides, cyclic B-peptides, cyclic a,
y-peptides, and cyclic peptides incorporating 8- or e-amino acids based on their composition.t! In
our introduction chapter we have discussed tubular self-assembly of cyclic peptides derived from
natural and unnatural amino acids. In the existing literature, 6-amino acid-based peptides are
significantly less discussed in comparison to those composed of - and y-amino acids. So, in this
work we have explored modified delta amino acid, B-oxy-&>-amino acids as building block for the
construction of cyclic peptides. Before entering to our work, we would like to have discuss existing

literature on the delta amino acids containing foldamers.
2.2. Foldamers Containing 8- Amino Acids:

In the existing literature, 6-amino acid-based peptides are significantly less discussed in
comparison to those composed of B- and y-amino acids. However, Hofmann and his colleagues
introduced a theoretical framework outlining various helical structures that homo-oligomers of 6-
amino acids can adopt. They proposed that the 10-helix (comprising 10-membered hydrogen
bonds) is the most stable helical structure, followed by 14, 16, and 8-membered hydrogen bonded
helices.!? Additionally, they identified the potential formation of B-turn conformations using -
amino acid building blocks. Chakraborty and Sharma, among others, have investigated diverse
hybrid helical structures formed by combining pyranose- or furanose-based carbo amino and
furan-based 8-amino acids. Chakraborty's group used constrained furanoid sugar amino acids to
create different reverse turns in B-hairpins.'® Sharma and his group demonstrated the formation of
mixed 11/13 helices from a/8 hybrid peptides, employing both NMR experiments and theoretical

calculations.** Furthermore, Huc and his colleagues reported the existence of helical structures in
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single crystals derived from quinolone-based §-amino acids.'® They also generated polar cyclic
peptide nanotubes (CPNs) from cyclic tripeptides that incorporated an o,B-unsaturated d-amino
acid residue with a trans geometry of the vinyl group.'® Balaram and his co-workers showcased
the stability of these helical structures by substituting Gly-Gly residues with 6-aminovaleric acid
(8-Ava).}” Recently, Cobb group explored a novel o,3-hybrid peptide foldamer structure, the
13/11-helix, confirmed through XRD and NMR.*® Moreover, by replacing two adjacent a-residues
with ornithines, they developed a catalyst that mimics an aldolase, accelerating the retroaldol
reaction of methodol. The straightforward design process to introduce distinct reactive groups into
these a,0-foldamer scaffolds, coupled with their unique structure featuring a deep helical groove,
bodes well for the development of functional a,3-foldamers. The Huc group synthesized aromatic
oligoamide foldamers with various 6-amino acids, finding that helix stability is influenced by the
balance of rigid and flexible units. Their work demonstrates that combining different 5-amino acids

can precisely control helix characteristics, even accommodating multiple sp3 centers.*®

o 90,0,0,¥0

}L,LJ\}}”/‘JJ&(u)}LQ }ﬁ/% x

6-Ava

OH

Furan Based §-AA 8caa-A

€) R ()
HN o
 © OH
NH, ol

5-unit: Benzene based 5-unit: (R,S,R)-AchPA  &-unit: 4-amino cyclohexane
carboxylic acid
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R o Present Study
B-(0)-55-Amino Acid
@ | o o, | > Momreen
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Figure 1: (i)-(ii) Torsion angle parameters of o and 6-amino acids, (a-f) different 5-amino acids

containing building block explored in literature, (g) present study of B-oxy-8°-amino acids.
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In literature, 6-amino acids are well-explored for designing various helical foldamer structures.

However, cyclic peptides containing 6-amino acids are not as extensively reported.
2.3. Past Studies related p(0)-8°-AA building block:

We recently investigated the hydrogelation properties of hybrid peptides incorporating 6-amino
acids.?’ Unlike dipeptides with a complete carbon backbone, 5°-amino acids with an oxygen atom
at the -position demonstrated high solubility in organic solvents and the ability to form gels in
aqueous buffers. The straightforward synthesis and solubility of these new 6-amino acids (B(O)-
8°-amino acids), combined with their similarity to a-dipeptides, led us to systematically examine
their structural properties by incorporating P(0)-8°-amino acids into o-peptides, a,y*-hybrid
peptides, and in 1:1 alternating a- and B(O)-8>-amino acids. When B(O)-8°-amino acids were
integrated into a,y*-hybrid peptides, a novel helix structure featuring both 12- and 13-membered
hydrogen bonds emerged. Interestingly, instead of the anticipated 13-helix, a,8°-hybrid peptides
exhibited a mixed 13/11-helix configuration.?! These observations highlighted the versatile nature
of PB(0)-8°-amino acids, suggesting their potential in designing proteolytically stable

peptidomimetics.

Our previous research has thus developed easily synthesizable building block (B(O)-8°-amino
acids) that can self-assemble into superior hydro-gelators. When mixed with a residues, they form
proteolytically stable foldamers. This success inspires us to further utilize this dipeptide mimetic
building block to create cyclic peptide molecules.

2.4. Aim and Rationale of Present work:

The length of dipeptides composed of §°-amino acids is equivalent to the length of tetra- and tri-
peptides made from a- and B-amino acids, respectively (Figure 2a). We aim to cyclize our p(O)-
8°-amino acid dipeptides to mimic the cyclic peptides formed by tetra- and tri-peptides of a- and
B-amino acids (Figure 2c). In the crystal structure of Boc-NH-B(0)-6°-Val-p(0)-5°-Leu-COOH,
we observed that both the N-terminus and C-terminus are in close proximity (Figure 2b). This
motivated us to design and synthesize polar cyclic peptides and study their self-assembled

structures.
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Figure 2: (a) Dipeptide of 3-amino acids is equivalent to the length of tetra- and tri-peptides made
from o- and B-amino acids, (b) Crystal structure of Boc-NH-B(0)-5°-Val-p(0)-5°-Leu-COOH (c)
Design of cyclization of linear dipeptides of B(O)-5°AAs.

Most cyclic peptide nanotubes (CPNs) formed from non-canonical amino acids typically adopt an
anti-parallel B-sheet structure, resulting in non-polar characteristics due to the hydrogen bonds
projected between the stacks.?? Conversely, polar CPNs are less explored in scientific literature,
despite their significant potential in organic nano-electronics. Producing polar nanotubes is
particularly challenging, except through cyclic B-peptides.?® CPNs derived from homo-oligomers
of -amino acids have been less studied, possibly due to the solubility issues associated with cyclic
B-peptides. Since 6-amino acids are higher homologues of -amino acids, possessing an even
number of backbone atoms, it is hypothesized that cyclic peptides made from &-amino acids could
form polar nanotubes by projecting amide NH groups on one face of the cyclic peptide and
carbonyl groups on the opposite face. However, the exploration of CPNs containing 3-amino acids

is limited, primarily due to the difficulties in synthesizing 3-amino acids. Scheme 1 illustrates the
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alternating projection of amide bonds in a- and y-peptides and the projection of all carbonyl and

amide NH groups on the same side in peptides containing - and d-amino acids.

T §H o
WHN/\H/N\/IL”/\H/N\/U\NHM
O (@)
a-Peptide
O 0 O
wHN/\)LH/\)Lu/\)LNHM
B-Peptide
H\/\/CI)L
N NH
wHN/\/\g/ u/\/\g/
Y-Peptide
O O 0
WHN/\/\)LH/\/\)LH/\/\/U\NHM

5-Peptide

Scheme 1: Projection of all carbonyl and amide NH groups in peptides a-, B-, y- and 6-amino

acids.

Here we focus on investigating whether B(0)-8°-amino acids can be used to design self-assembling
cyclic peptides. Notably, cyclic peptides of B(O)-3°-amino acids are hybrids of crown ethers and
conventional cyclic peptides (Figure 3). This inspires us to further explore these dipeptide mimetic
building blocks for the synthesis of self-assembled polar tubular structures. From our design, we
anticipate that our cyclic peptides will function as crown ether mimetics, exhibiting the
characteristics of both cyclic peptides and crown ether moieties. The design of our work is

illustrated in Figure 3 below.

49 |Page



Chapter 2

R O 0
i e —
o O o ;ﬁN N j; ~  Design '(o le‘ :
Rpi‘lN NH © R HN 0
O. O 7 ¢
O R 0O
12-Crown-4 (L, D) o-CP Crown Ether Cyclic

Peptide Mimetics

Figure 3: Design of crown ether cyclic peptide mimetics.
2.5. Results and Discussion:

2.5.1. Design and Synthesis of Cyclic Peptides (C1-C7):

The designed cyclic dipeptides C1-C7 are shown in Scheme 2. The amino acids and linear peptides
were synthesized as reported earlier.?° The synthesis scheme of B(0)-3°-amino acids (B(0)-6°AA)
are shown in below Scheme 2. Boc-NH-B(0)-8°AA-COOH and NH:-B(0)-5°AA-COOMe
building blocks are used for solution phase peptide synthesis. Initially, linear dipeptides were
synthesized through the traditional solution-phase condensation approach. After that C-terminal
ester group was hydrolyzed using 1(N) NaOH and N terminal Boc group was deprotected by (1:1)
mixture of (TFA:DCM). Both side free amine and acid was then kept for macrocyclization using
a high dilution method. The macrocyclization process is detailed in the experimental section. All
peptides were purified using column chromatography and confirmed by mass spectral analysis.
The length of cyclic dipeptides of §°-amino acids is equivalent to tetra- and tri-peptides of a- and

-amino acids, respectively.

We have designed a total of seven cyclic dipeptides, incorporating both aliphatic and aromatic
amino acids to explore various properties of these molecules.?* To address solubility issues, we
included more polar oxygen atoms, ensuring our cyclic peptides dissolve in organic solvents. This
solubility facilitates the design and execution of different experiments to compare their self-

assembled nanostructures.
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Scheme 2: Synthesis Pathway of B(0)-5°AA building blocks.

We have synthesized different B(O)-5°AA containing building blocks and characterized them with
HRMS, 'H, ¥C and SCXRD data. Synthesized building blocks are shown in below scheme 3.
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Scheme 3: Synthesized Building blocks of different B(0)-6°Amino Acids.
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The details of synthesis are described in experimental section. We have successfully synthesized

cyclic dipeptides C1-C7 and synthesizes cyclic peptides are attached in below Scheme 4.

o ALy e QL T
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Scheme 4: Sequence of the Cyclic Peptides C1-C7.
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2.5.2. Crystal Structures Analysis:

We have got single crystal structures of two building block B(0)-8°>Amino Acids 2b and 2c. Crystal

structure descriptions of these building block are described below.

2.5.2.1. Crystal Structures Analysis of B(0)-6°Amino Acid building block 2b &
2C:

The B(0)-5°Amino Acid building blocks gave single crystals after the slow evaporation of its
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solution in methanol/water. The crystal structure of 2b is shown in Figure 4i and the crystal

structure of 2c is shown in Figure 4ii. Both of the molecules are crystallized in the C2 space group.

Figure 4: Single crystal structures of two building block B(0O)-35Amino Acids 2b and 2c.

2.5.2.2. Crystal Structures Analysis of Peptide C3:

The cyclic peptide C3 gave single crystals after the slow evaporation of its solution in
methanol/water. The crystal structure of C3 is shown in Figure 5a. The molecule crystallized in
the P2, space group. The cyclic peptide adopted a polar structure, with both amide NH protons
projecting in one direction and carbonyl groups projecting in the opposite direction. Both amide
NH groups are involved in bifurcated H-bonding with a water molecule, and the same water
molecule is involved in H-bonding with the CO groups of other peptides (Figure 5c¢). A water
molecule connects two cyclic peptides, continuing along the vertical direction. Even though there
is no direct H-bonding involved between the cyclic peptides, the top view shows the tubular
assembly of C3 (Figure 5b). The pore diameter was found to be 3.95 A, and the two cyclic peptides
were separated by 6.75 A.
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Figure 5. (a) Crystal Structure of C3, (b) Top view of C3, (c) Intermolecular H-bonding driven

C3 assembly (water assisted).

Torsion Angles Parameters of Peptide C3:

Peptide CP1 ¢ (deg) | 61 (deg) 02 (deg) 03 (deg) v (deg)
B(0)-065-Phe 1 -85.01 | —69.45 161.85 ~80.04 -26.77
B(0)-65-Phe 2 ~114.16 | —65.64 150.61 —73.47 -56.67

Table 1: Torsion Angle parameters of C3.

Hydrogen-Bond Parameters of Peptide C3:

We have updated all potential hydrogen bonds in the cyclic peptide C3. Using single crystal data,

we generated and listed all possible hydrogen bond parameters below Table 2.

D-H..A d(D-H) d(H...A) d(D..A) <(DHA)
N(L)-H(1)...0#1 0.88 2.06 2.880 154.9
C(2)-H(2A)...0(2)#2 0.99 2.49 3.198 128.1
N(2)-H(2)...0#1 0.88 2.42 3.256 157.6

Table 2: Hydrogen bond parameters of C3.
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Symmetry transformations used to generate equivalent atoms: #1 x-1,y,z #2 -x+1,y-1/2,-z+1

2.5.2.3. Crystal Structures Analysis of Peptide C4:

The crystal structure of C4 is shown in Figure 6a. The peptide crystallized in monoclinic P2;.
Similar to C3, C4 also adopts a polar cyclic peptide conformation where the amide NH groups
project in the same direction and the CO groups in the opposite direction. Careful analysis revealed
that one of the carbonyls is involved in bifurcated H-bonding with both amide NH groups of the
other cyclic peptide (Figure 6¢). Interestingly, the other carbonyl group is involved in n—n
interaction with the pentafluorophenyl group. We observed m—m interactions between the
pentafluorophenyl rings and not between the phenyl and pentafluorophenyl rings. The pore
diameter of the tubular assemblies was found to be 3.85 A. The inter-distance between the cyclic
peptides in the tubular assemblies was found to be 5.217 A. In comparison, the distance between

the two cyclic peptides in C3 is smaller than in C4 (Figure 6b).

Figure 6. (a) Crystal Structure of C4, (b) Top view of C4, (c) Intermolecular H-bonding driven
C4 assembly.

Torsion Angles Parameters of Peptide C4:
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Peptide C4 ¢ (deg) | 01 (deg) 02 (deg) 03 (deg) v (deg)
B(0)-05-PheF5 -150.53 | 36.36 63.66 -120.98 -8.85
B(0)-65-Phe 2 -75.59 | -68.22 147.53 -75.99 -45.73

Table 3: Torsion Angle parameters of C4.

Hydrogen-Bond Parameters of Peptide C4:

We have updated all potential hydrogen bonds in the cyclic peptide C4. Using single crystal data,
we generated and listed all possible hydrogen bond parameters below Table 4.

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(L1)-H(1A)...0(3)#1 0.86 2.26 3.097 164.8
N(2)-H(2)...0(3)#1 0.86 2.39 3.137 145.4
C(3)-H(3A)...F(4)#2 0.97 2.39 3.101 129.9
C(8)-H(8A)...F(L)#3 0.97 2.58 3.342 1353
C(8)-H(8A)...F(2)#4 0.97 2.60 3.411 140.9
C(7)-H(7A)..F(3)#4 0.97 2.62 3.165 116.0

Table 4: Hydrogen bond parameters of C4.
Symmetry transformations used to generate equivalent atoms: #1 x, -1+y, z #2 1-x, -0.5+y, 1-z
#3 X, 1+y,z #4 2-x,0.5+y, 1-z

2.5.2.4. Crystal Structures Analysis of Peptide C5:

Single crystals of C5 were obtained after the slow evaporation of its solution in agueous methanol,
yielding the structure shown in Figure 1c. The molecule crystallized with the C2 space group. In
comparison to C3 and C4, this cyclic peptide adopted a perfect tubular assembly (Figure 7b). The
two carbonyl groups of the cyclic peptide projected in the same direction and were involved in H-
bonding with the amide NH groups of the other cyclic peptide (Figure 7c). This H-bonding
interaction led to a tubular assembly, with all H-bonds projected in the same direction.

Additionally, these structures were stabilized by CH---O H-bonds between the amide CO of one
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cyclic peptide and the CH> of the pentafluorobenzyl group of the other cyclic peptide in assembly.

The average distance between the two cyclic peptides and the pore size in the tubular assemblies

of C5 were found to be 3.5 A and 4.2 A, respectively. The comparison of the three cyclic peptides

revealed that C5 is packed more closely with a relatively larger pore size compared to C4 and C3.

This is probably due to the electron-withdrawing nature of the penta-fluorophenyl groups.

Figure 7. (a) Crystal Structure of C5, (b) Top view of C5, (c) Intermolecular H-bonding driven

C5 assembly.

Torsion Angles Parameters of Peptide C5:

Peptide C5 ¢ (deg) | 61 (deg) 02 (deg) 03 (deg) v (deg)
B(0)-65-PheF51 | —119.97 | 36.52 54.53 ~121.70 -11.12
B(0)-65-PheF52 | —119.97 | 36.52 54.53 ~121.70 -11.12

Table 5. Torsion Angle parameters of C5.
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Hydrogen-Bond Parameters of Peptide C5:

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(1)...0(1)#1 0.86 2.16 2.94 151
C(3)-H(3AB)..FQQ#2  0.97 2.63 3.25 121.8

Table 6: Hydrogen bond parameters of C5.
Symmetry transformations used to generate equivalent atoms: #1 x, -1+y, z #2 -0.5+x, -0.5+y, z.

2.5.2.5. Crystal Structures Analysis of Peptide C7:

The cyclic peptide C7 gave single crystals after the slow evaporation of its solution in
methanol/water. The crystal structure of C7 is shown in Figure 7a. The molecule crystallized in
the P1 space group. The cyclic peptide adopted a polar structure, with both amide NH protons
projecting in one direction and carbonyl groups projecting in the opposite direction. Both amide
NH groups are involved in bifurcated H-bonding with a water molecule, and the same water
molecule is involved in H-bonding with the CO groups of other peptides (Figure 7b). A water
molecule connects two cyclic peptides, continuing along the vertical direction.. The pore diameter
was found to be 3.95 A, and the two cyclic peptides were separated by 6.75 A.
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Figure 7. (a) Crystal Structure of C7, (c) Intermolecular H-bonding driven C7 assembly (water

assisted).

Torsion Angles Parameters of Peptide C7:

Peptide C7 ¢ (deg) | 01 (deg) 02 (deg) 03 (deg) v (deg)
Molecule A

B(0)-3°-Diphe 1 | —99.54 | —69.46 157.22 ~77.59 -40.6
B(0)-6°-Diphe 2 | -95.54 | —72.09 159.25 —73.47 -40.75
Molecule B

B(0)-6°-Diphe 1 | —111.44 | -67.62 151.02 =77.74 -38.57
B(0)-6°-Diphe 2 | —101.98 | —68.34 154.57 —79.34 -28.49

Table 5. Torsion Angle parameters of C7.

Hydrogen-Bond Parameters of Peptide C7:

Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
N4/ 01w 2.852 1.984 169.03
N3’ 01w 2.954 2.112 159.95
N1/ 02W 2.909 2.065 160.55
N2’ o2w 2.842 2.013 156.34

Table 8: Hydrogen bond parameters of C7.

2.5.3. Solution Structure Analysis:

The *H NMR analysis of C1, C3, C5, C6 and C7 shows a single set of protons, suggesting the
symmetric nature of molecules; however, other peptides C2 and C4 showed a distinct *H NMR

pattern of both residues. Further, we have carried out DMSO-ds titration of these cyclic peptides
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to observe the protons involved for hydrogen bonding and temperature dependent *H NMR to

check the stability of these cyclic peptides.

2.5.3.1. DMSO-ds Titration of Peptide C1, C2 and C3:

To identify the protons involved in hydrogen bonding, we conducted a DMSO-dg titration
experiment on cyclic peptides. We observed significant shifts in the chemical shift positions of all
amide NH protons as the DMSO-ds concentration increased, strongly indicating that the backbone
amide NH and CO groups participate in intermolecular hydrogen bonding between the cyclic
peptide units. However, the shifts in the chemical shift positions of all amide NH protons in C2
and C3 were less pronounced compared to C1. These results suggest that while DMSO disrupts
intermolecular hydrogen bonds between NH and carbonyl groups, the increasing aromaticity
enhances non-covalent interactions in CPs. Consequently, the shifts are less in aromatic CPs

compared to aliphatic CPs.

() Cl1 (iii) C3
14 uL |
12 uL vy 40uL T
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Figure 8: DMSO-ds titration of *H NMR Experiment of C1-C3.
2.5.4. Design of C8 to C13:

In the previous section, we showcased that cyclic dipeptides featuring B(O)-5°-amino acid residues
can be synthesized in solution phase peptide synthesis protocol. We characterized our molecules
and observed they can assemble into unique hollow sub-nanotubular structures, distinguished by
unidirectional hydrogen bonds. Building on this foundation, the current study focuses on the
synthesis of macrocycles of varying sizes, incorporating p(O)-3°-amino acids, to explore bigger
macrocycles. We have successfully synthesized macrocycles containing residues ranging from 2

to 5 8-amino acids.
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we designed seven peptides. These peptides are detailed in Scheme 5 and serve as the basis for our

comparative analysis.

c1 C13

Scheme 5: Sequence of the Cyclic Peptides C8-C13.
2.5.4.1. Synthesis of C18 to C13:

In the previous section, we detailed the synthesis of all cyclic peptides using a solution-phase
peptide synthesis protocol, which yielded high yields for all cyclic dipeptides. However, as we
aimed to synthesize peptides with longer sequences, we encountered challenges with the
conventional solution-phase method. The synthesis route became more intricate and time-
consuming for higher oligomers. To address these challenges and improve both the efficiency and
yield, we developed a solid-phase peptide synthesis protocol for synthesizing higher oligomers. In
this approach, we employed 2-chloro-tritylchloride resin to synthesize linear peptides of extended
lengths. Subsequently, a solution-phase macrocyclization was conducted using a high dilution

method to produce the desired cyclic peptides. The synthesis protocols for both solid and solution
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phase methods are depicted below in Scheme 6 and Scheme 7. Macrocyclization method is
described in Scheme 8.

2.5.4.2. Solution Phase Synthesis Protocol:

5) Lot gt
o 7
BocHN O\)LOH CIH.H2N o
2a

2i

HOBt, EDC.HCI fo)

o
- o o o
DiPEA, 0 °C BocHN \)LN \)l\o/

1 H

DMF L
) \)L [ \)L [; 0
o o . *t

o

BocHN g |l:l| (o] CIH.H,N \)J\O/
2i

HOB, EDC.HCI /5) o /5) o /6) o

H (o]

DIPEA,0°C | . o\)Lqu o\)LH oM -

L11

DMF

o) [/: o) [/\/: 0
BocHN O\)LN 0\)Lo o\)l\o/

H

1 (N) NaOH, MeOH TFA, CH,Cl,

RT, 1.5 h

P detéut

Scheme 6: Synthesis of Linear tripeptide of C8 precursor.

I=z
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2.5.4.3. Solid Phase Synthesis Protocol:

CTC resin peptide synthesis involves anchoring the first Fmoc-protected amino acid to the CTC
resin, followed by iterative cycles of Fmoc deprotection and amino acid coupling to build the
peptide sequence. Finally, the peptide is cleaved from the resin using a cleavage cocktail, purified,
and analyzed for purity and yield. Here, we have discussed the synthesis route of precursor C8

cyclic peptide. Similarly, cyclic peptides C8-C13 are also synthesized in similar protocol

CICI O ® CIC| Q ( ]
® S

discussed below.

1. Swelling with DCM (30 min) . .
2. Fmoc-B(0)-5°Phe-OH, HBTU, CTC (Chlorotrl_tyl Chloride)
1t Coupling|  DIPEA, (1.5 h) Resin
3. Capping with MeOH (30 min) S
4. Fmoc Deprotection 20% ﬁ
@ Piperidine in DMF (30 min) —

—

_ Peptide

Consecutive
Coupling

1. Coupling HBTU, DIPEA (1 h)
2. Fmoc Deprotection 20%

Piperidine in DMF (30 min) Resin Cleavage | HFIP/DCM
(3:7)

& -

l 1. Coupling HBTU, DIPEA (1 h)

NH,-B(0)-5°Phe—p(0)-55Phe—
cl

1O

2. Fmoc Deprotection 20%
Piperidine in DMF (30 min)

NH,-8(0)-5°Phe—B(0)-5°Phe—p(0)-5°Phe—0 . l
cl OQ NH2p(0)-5°Phe-p(0)-5°Phe-B(0)-5°Phe-CO,H

Scheme 7: Synthesis of Linear tripeptide of C8 precursor.
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2.5.4.4. Peptide Macrocyclization Protocol:

H,N” EO\)?\H’ 50\)Ol\o’ 50\)OLOH

HBTU, DIPEA CH,CI; (dry), 12 h
N, atmosphere 0 °C to RT,

Scheme 8: Peptide C8 Macrocyclization Protocol
2.5.4.5. Reverse Phase HPLC Purification:

Following synthesis, all peptides were purified through reverse-phase column chromatography
using a MeOH/H20 solvent system and a Cig column, ensuring high purity and quality of the
synthesized peptides.

2.5.4.6. Crystal Structure Analysis of C8:

In pursuit of unequivocal structural insights, we subjected a series of cyclic peptides to
crystallization using diverse solvent combinations, aiming to obtain single crystal structures.
Notably, among the three cyclic peptides investigated, C8 exhibited the formation of high-quality
single crystals suitable for X-ray diffraction through the slow evaporation of its solution in
toluene/CHCIs. Despite repeated attempts, C9-C13 failed to yield single crystals of X-ray
diffraction quality. The X-ray diffraction analysis of C8, depicted in Figure 9, disclosed a C3
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symmetric molecular arrangement, characterized by an average pore diameter of approximately
5.35 A. Importantly, C8 manifests a hybrid composition, combining features of both crown ether

and peptide macrocycles.

Figure 9: Single Crystal structure of C8

Significantly, the cyclic peptides (CPs) assembled into tubular structures through intermolecular
hydrogen bonding in a parallel 3-sheet configuration. The hydrogen bonding direction within the
tubular assembly was unidirectional, portraying the polar nature of the tubular C8 assembly
(Figure 10a). The conformational analysis of the cyclic peptide C8 focused on the p(0)-&°-amino
acid, represented by backbone torsion angles ¢(N-Cs), 61(Cs-C,), 62(C,-Op), 03(Op-Cs), and y(Co-
C=0). The corresponding torsion angle parameters are detailed in Table 5, while Table 6 provides
intermolecular hydrogen bond parameters. The average inter-distance between stacked cyclic
peptides was approximately 5.17 A.
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Figure 10: (a) Parallel B-sheet type of hydrogen bonding in C8, (b) Top View of self-assembled
C8

Torsion Angles Parameters of Peptide C8:

All backbone torsional angle parameters of compound C8 are described in below Table 9.

Peptide C8 ¢1 (deg) 01 (deg) 02 (deg) 03 (deg) v (deg)
B(0)-65-Phe 1 -120.04 45.8 66.99 161.38 -12.34
B(0)-65-Phe 2 -129.24 42.06 63.88 -161.80 -17.58
B(0)-65-Phe 3 -92.50 173.60 -91.10 -79.55 -13.84

Table 9: Torsion angle parameters of C8.
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Hydrogen Bond Parameters of Peptide C8:

All intermolecular hydrogen bond parameters including bond angle and bond distances of

compound C8 are described in Table 10.

Donor(D) Acceptor(A) D....A(A) DH....A(A) NH....O(deg)
C8

N3 01 2914 2.173 144.29

N2 05 2.903 2.147 146.50

N1 03 2.916 2.129 151.71

Table 10: Hydrogen Bond parameters of C8.
2.5.4.7. Solution Structure Analysis of C12:

As C8 having symmetric molecule having all same building block, it is very difficult to
differentiate each phe unit. For that, we have synthesized cyclic tri-peptide with all different amino
acid residues (valine, leucine, phenylalanine). The *H NMR of the peptide C12 in CDCls (3 mM)
revealed the well dispersed NH and C°H in solution. The two-dimensional ROESY spectrum of
C12 is shown in Figure 11 and 12. The amino acid type and sequential connectivity of the residues
were established using ROESY and TOCSY spectra. The observed key NOEs are shown in below
mentioned figures. The assigned spectra suggested that the strong NOEs were observed between
NH(i) <> C'H(i) and weak NOEs observed between NH(i) «» C*H(i+2) residue.

2.5.4.8. ROESY Spectra of C12:

The through space correlations were assigned using rotating frame nuclear Overhauser effect
spectroscopy (ROESY) for establishing the three-dimensional structure and assignment of

homonuclear correlations. The two-dimensional ROESY spectrum is shown in below figures.
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N-H N-H N-H
N M
-3.60
C.-H
! | N-H/C,-H
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N-H/C,-
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C-H H#B
\/ —3.75
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Figure 11: NMR characterization of C8 in CDClz. ROESY Spectra shows NH(i) <> C'H(i)

interaction.
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Figure 11: NMR characterization of C8 in CDCls. ROESY Spectra shows NH(i) <« C*H(i)
interaction.
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2.6. Conclusion:

In summary, we are reporting cyclic peptide library derived from B(O)-5°-amino acids, which acts
as a hybrid between crown ethers and peptide macrocycles. Additionally, the cyclic peptide
composed of carbon analogs of B(O)-5°-amino acids was found to be insoluble in most organic
solvents in literature. The insertion of an oxygen atom into the backbone significantly influences
the solubility of cyclic peptides derived from &-amino acids. The study demonstrates that the
cyclic peptides formed from the p(0)-5°-amino acid oligomer self-assembles into hollow tubular
structures with different pore diameter of approximately 3 A to 6 A. These structures are stabilized
by intermolecular hydrogen bonds. Unlike cyclic peptides derived from a-amino acids, those from
B(0)-6°-amino acids are stabilized by unidirectional hydrogen bonds. NMR analysis further

supports the existence of tubular assemblies of these peptides in solution.

Thus, the newly designed polar crown ether peptide macrocycles present new opportunities in the

development of cyclic peptide-based biomaterials and transmembrane ion channels.

2.7. Experimental Section:

2.7.1. Materials and Methods:

All coupling reactions were carried out under a nitrogen atmosphere. We sourced various amino
acids, Boc anhydride, HBTU, HOBt, as well as, Trifluoroacetic acid (TFA), N,N-
Diisopropylethylamine (DIPEA), DMF, EtOAc, Hexane, THF, from different commercial
suppliers. Before use, we distilled Ethyl acetate and Hexane. Silica gel (100-200 mesh) was
employed for column chromatography. We monitored reactions using analytical thin-layer
chromatography (TLC) and verified results under UV light and ninhydrin or iodine staining. All
final cyclic peptides were purified by reverse phase HPLC. NMR spectra (*H at 400 MHz and
600MHz and *3C at 101 MHz) were recorded using deuterated solvents with CDCl3 as the internal
standard. Chemical shifts are reported in parts per million (ppm, ) relative to tetramethyl silane
(5 0.00). *H NMR splitting patterns were identified as singlet (s), doublet (d), broad doublet (bd),
triplet (t), doublet of doublets (dd), and quintet (gn). Coupling constants (J) are reported in Hertz
(Hz). Mass spectra were acquired using a MALDI-TOF instrument. Additionally, X-ray data were
collected at low temperatures (150 K) using a Bruker APEX (1) DUO CCD diffractometer with
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both Mo Ka (A = 0.71073 A) and Cu Ko radiation (A = 1.54178 A), which had been

monochromated with graphite.
2.7.2. Synthesis Procedures and Schemes
Synthesis of N-Boc-B(0)-6°AA-OtBu

N-Boc-B(0)-5>-Amino Acid was synthesized following a previously established procedure starting
from N-Boc-amino alcohol.?’ In a nutshell, a solution comprising 30 mL of a 1:1 mixture of water
and toluene was prepared. In this solution, sodium hydroxide (290 mmol) was dissolved under
cold conditions. Subsequently, tert-butylbromoacetate (15 mmol) was slowly introduced into the
biphasic reaction mixture at 0 °C. Following this, a solution containing N-Boc-amino alcohol (22.5
mmol) in 10 mL of toluene was also slowly added to the reaction mixture at 0 °C. The reaction
mixture was stirred at room temperature for approximately 3 hours. Once the reaction was
completed (confirmed by TLC), the organic layer was extracted with diethyl ether (40 mL x 2).
The combined organic layer was washed with brine (40 mL x 2) and then dried over anhydrous
sodium sulfate. The organic layer was subsequently concentrated under reduced pressure to yield
a white, gummy product. The crude tert-butyl-protected N-Boc-B(0)-5°>-Amino Acid product was

purified using column chromatography with an EtOAc/pet ether solvent system.

tert-Butyl bromo acetate,
toluene: water (1:1) o)
(i OH > o N J<
BocHN nBuy,NHSO,, NaOH BocHN (o)
2a

1a 0 °C to RT, 3h

F, F F, F

F F F F
tert-Butyl bromo acetate,
(i) F toluene: water (1:1) F O
OH > J<
BocHN nBu,NHSO,, NaOH BocHN 0\)1\0

1b 0 °C to RT, 3h 2b

Scheme 8: Synthesis of N-Boc-p(0)-6°-Amino Acids (i) 2a, and (ii) 2b.

Similarly, we have synthesized all the building blocks containing delta amino acid (2c-2f).
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General Procedure for the Solution Phase Synthesis of Dipeptides (L1-L3):

The process began by dissolving 1.54 gram (5 mmol) of N-Boc-B(0)-5°-Phe-OH in 3 mL of DMF
under a nitrogen atmosphere. In this solution, 960 mg (5 mmol) of EDC.HCI, 675 mg (5 mmol) of
HOB, and 1.74 mL (10 mmol) of DIPEA were added at 0 °C. The reaction mixture was stirred for
approximately 15 minutes. Following that, 1.42 grams (5.5 mmol) of CIH3N-B(0)-5°-Phe-OMe
were introduced, and the mixture was stirred for about 12 hours. After confirming the completion
of the reaction using TLC, 15 mL of a brine solution was added, and the compound was extracted
with ethyl acetate (EtOAcC) three times using 20 mL portions each time. The combined organic
layers were successively washed with 10% HCI (three times, 20 mL each), 10% Na>COs (three
times, 20 mL each), and brine (three times, 20 mL each). The combined organic layer was then
dried using anhydrous Na>SO4. Afterward, the solvent was evaporated under reduced pressure to
obtain the dipeptide BocNH-B(0)-8°-Phe-p(0)-6°>-Phe-OMe (L1). Dipeptide L2, L3 were
synthesized by similar L1 Synthesis strategy. Synthesis of L1, L2, and L3 scheme are below
depicted.

e
(i) (0] -
BocHN” O~ A0 CIH.H,N 0
HOBt, EDC.HCI o /(Q o
>
i ° o o
DIiPEA, 0 °C BocHN \)LN \)Lo/
DMF H
L1
F F
F F
(i)
F O + o
o o
BocHN \)LOH CIH.H,N \)Lo/

2b

F 2i
HOBt, EDC.HCI
> F F
DIPEA, 0 °C S o
DMF
o o
BocHN \)Lu \)Lo/
L2
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F F FF
F F F F
(i) F O + F O
o o
BocHN \)LOH CIH.H,N \)Lo/
2b 2j
F F F, F
HOBt, EDC.HCI F F F .
y
DIPEA, 0 °C S o
F
DMF
o o
BocHN \)LH \)Lo/
L3

Scheme 9: Synthesis of linear dipeptides (i) L1, (ii) L2, (iii) L3.
Similarly, we have synthesized all the linear dipeptides containing delta amino acids.
General Procedure for the Solution Phase Synthesis of Cyclic Peptides (C1-C7):

Subsequently, the dipeptide (L1) BocNH-B(0)-5°-Phe-B(0)-5°>-Phe-OMe was hydrolyzed using
1IN NaOH in MeOH, and the reaction mixture was stirred for 1.5 hour. After confirming the
completion of the reaction with TLC, MeOH was evaporated under vacuum. The residue was
acidified with 10% HCI and extracted with EtOAc three times using 20 mL portions each time.
The combined organic layer was washed with brine three times using 20 mL portions each time.
The combined organic layer was then dried over anhydrous Na;SOa. Afterward, the solvent was
evaporated under reduced pressure to obtain the dipeptide (L1a) BocNH-B(0)-5°-Phe-B(0)-5°-
Phe-OH. The Boc protecting group was then removed using a TFA/DCM mixture. After the
reaction was completed, TFA was evaporated under reduced pressure to obtain (L1b) CIH3N-
B(0)-8°-Phe-B(0)-6°>-Phe-OH, which was then subjected to macrocyclization. The
macrocyclization of the linear peptide was carried out using a high dilution technique. Both sides
of the deprotected peptide, at a concentration of 1 mg per 10 mL, were dissolved in dry DCM
under a nitrogen atmosphere and cooled to 0 °C. To the reaction mixture, HBTU (3 equivalents)
and DiPEA (10 equivalents) were added at 0 °C. The reaction mixture was stirred for about 12

hours. After the reaction was completed, DCM was evaporated under reduced pressure, and the
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compound was extracted with EtOAc (three times, 20 mL each). The combined organic layer was
washed with 10% HCI (three times, 20 mL each), 10% Na.COz (three times, 20 mL each), and
brine (three times, 20 mL each). The combined organic layer was dried over anhydrous Na>SOa.
Subsequently, the solvent was evaporated under reduced pressure to obtain the crude cyclic peptide

C3. C4, C5 also were synthesized by same protocol and discussed below.

/(Q /(Q 1 (N) NaOH, MeOH /5) /5)
BocHN \)L \)L RE IS kN \)L \)LOH

o
HBTU, DiPEA TFA, CH,Cl
N2 atmosphere
)/D CHZCIZ (dry), 12 h
0 °C to RT, o] o]
o o)
0 CIH.H,N \)LH \)LOH
Cc3 L3b
F F
(")
F F
1 (N) NaOH, MeOH
- F O o)
RT, 1.5h 0 (o)
BocHN O\)L BocHN \)LH \)LOH
L4a
TFA, CH,Cl,
1h
HBTU, DIiPEA F F
Nz atmosphere
F F
CHZCIZ (dry), 12 h
0 °C to RT, F O o)
o o
CIH.H,N \)Lu \)LOH
C4 L4b
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E E F F F, F
(iii) F F
1 (N) NaOH, MeOH F F F F
- o o RT, 1.5h F\)cj)\ F\)o]\
F
o (0]
0] (0) BocHN N OH
I - N

BocHN
L5a
L5 TFA, CHzclz
HBTU, DIPEA RN F R F
Nz atmosphere - FF -
CH2CI2 (dry),12 h o o
F F
0 °C to RT,
(o) (o)
CIH.H,N \)LH \)LOH
L5b

Scheme 10: Synthesis of Cyclic Peptide (i) C3, (ii) C4, and (iii) C5.
We have synthesized all cyclic dipeptides C1-C7 in same synthesis protocol discussed above.
HPLC Purification:

This crude peptides C1-C13 were then dissolved in MeOH and purified by reverse-phase high-
performance liquid chromatography (RP-HPLC) using a C1g column and a MeOH/H»O gradient

solvent system.

2.7.3. Characterization of Peptides:

(a) Solution Phase Synthesized C1-C7 CPs’ Boc protected Building Block:
2a: N-Boc-B(0)-6°-Phe-O'Bu

'H NMR (400 MHz, Chloroform-d) & 7.32 — 7.26 (m, 2H), 7.25 — 7.17 (m, 3H), 5.17 (d, J = 8.2
Hz, 1H), 4.04 — 3.83 (m, 3H), 3.45 (dd, J = 3.9, 1.6 Hz, 2H), 2.98 — 2.82 (m, 2H), 1.48 (s, 9H),
1.42 (s, 9H). 3C NMR (101 MHz, CDCl3) & 169.76, 155.60, 138.42, 129.62 (2C), 128.51 (2C),
126.42, 81.99, 79.31, 71.72, 69.09, 51.98, 37.82, 28.53 (3C), 28.25 (3C). HRMS (ESI) calculated
for C20H33NOs [M+H]" m/z 366.2280 found 366.2278.

2b: N-Boc-B(0)-6°-Phe(F5)-O'Bu
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'H NMR (400 MHz, Chloroform-d) § 5.20 (d, J = 9.1 Hz, 1H), 4.06 — 3.98 (m, 1H), 3.98 (d, J =
2.8 Hz, 2H), 3.66 — 3.56 (m, 2H), 3.05 (dd, J = 13.8, 9.3 Hz, 1H), 2.96 (dd, J = 13.9, 5.1 Hz, 1H),
1.49 (s, 9H), 1.34 (s, 9H). HRMS (ESI) calculated for C2oH27FsNOs [M+H]* m/z 456.1809 found
456.1808.

2c: N-Boc-p(0)-6°-Nap-OBu

IH NMR (400 MHz, Chloroform-d) & 8.35 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 8.1 Hz, 1H), 7.75 —
7.72 (M, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.49 — 7.45 (m, 1H), 7.39 (d, J = 6.1 Hz, 2H), 5.43 (d, J =
8.0 Hz, 1H), 4.11 — 4.05 (m, 1H), 4.00 (d, J = 16.3 Hz, 1H), 3.86 (d, J = 16.4 Hz, 1H), 3.58 — 3.49
(m, 1H), 3.44 —3.37 (m, 2H), 3.27 (dd, J = 17.6, 6.2 Hz, 1H), 1.49 (s, 9H), 1.46 (s, 9H). 3C NMR
(101 MHz, CHLOROFORM-D) 6 169.76, 155.76, 134.73, 133.98, 132.49, 128.62, 127.96,
127.31, 126.29, 125.71, 125.52, 124.37, 82.02, 79.27, 71.41, 69.03, 51.39, 34.96, 28.56 (3C),
28.25 (3C).

2d: N-Boc-p(0)-6°-Diphe-O'Bu

IH NMR (400 MHz, Chloroform-d) § 7.36 — 7.31 (m, 4H), 7.28 — 7.24 (m, 4H), 7.16 (g, J = 7.3
Hz, 2H), 4.95 (d, J = 9.7 Hz, 1H), 4.57 (t, J = 10.5 Hz, 1H), 4.30 (d, J = 10.9 Hz, 1H), 3.92 (d, J =
16.2 Hz, 1H), 3.81 (d, J = 16.1 Hz, 1H), 3.55 (dd, J = 9.5, 3.1 Hz, 1H), 3.32 (dd, J = 9.4, 2.9 Hz,
1H), 1.46 (s, 9H), 1.31 (s, 9H). 3C NMR (101 MHz, CDCls) & 169.61, 155.60, 142.53, 141.83,
128.80 (2C), 128.73 (2C), 128.43 (2C), 126.73 (2C), 126.49 (2C), 81.81, 79.28, 72.05, 69.54,
52.99, 52.74, 28.40 (3C), 28.24 (3C).

2e: N-Boc-p(0)-6°-Leu-O'Bu

IH NMR (400 MHz, Chloroform-d) & 4.84 (d, J = 8.8 Hz, 1H), 3.95 (s, 2H), 3.76 (bs, 1H), 3.53
(dd, J=9.2, 3.7 Hz, 1H), 3.50 — 3.46 (m, 1H), 1.69 — 1.62 (m, 1H), 1.47 (s, 9H), 1.43 (s, 9H), 1.40
—1.31 (m, 2H), 0.91 (dd, J = 6.6, 1.6 Hz, 6H). 1*C NMR (101 MHz, CDCls) & 169.79, 155.73,
81.81, 79.12, 73.99, 69.21, 48.66, 41.16, 28.54 (3C), 28.25 (3C), 24.94, 23.04, 22.52.

2f: N-Boc-p(0)-6°-Val-O'Bu

IH NMR (400 MHz, Chloroform-d) & 4.92 (d, J = 8.9 Hz, 1H), 3.94 (d, J = 5.3 Hz, 2H), 3.70 —
3.64 (m, 1H), 3.46 (g, J = 3.9 Hz, 2H), 1.90 (dt, J = 13.7, 6.8 Hz, 1H), 1.47 (s, 9H), 1.44 (s, 9H),
0.94 (dd, J = 10.9, 6.8 Hz, 6H). *3C NMR (101 MHz, CDCl3) § 169.82, 156.11, 81.83, 79.12,
71.99, 69.22, 55.70, 29.68, 28.56 (3C), 28.27 (3C), 19.62, 18.92.
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2g9: N-Boc-p(0)-8°-Ala-O'Bu

IH NMR (400 MHz, Chloroform-d) 5 4.98 (s, 1H), 3.95 (s, 2H), 3.88 — 3.70 (m, 1H), 3.50 — 3.44
(m, 2H), 1.47 (s, 9H), 1.42 (s, 9H), 1.19 (d, J = 6.7 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 169.81, 155.59, 81.89, 79.19, 74.75, 68.97, 46.31, 28.52 (3C),
28.23 (3C ), 17.91.

(b) Solution Phase Synthesized C1-C7 CPs’ precursor linear dipeptide:
L1: N-Boc-B(O)-Leu-g(0O)-6-Leu-OMe

'H NMR (400 MHz, Chloroform-d) & 6.97 (d, J = 8.7 Hz, 1H), 5.02 (d, J = 9.2 Hz, 1H), 4.10 (dt,
J=10.0, 3.6 Hz, 1H), 4.04 (t, J = 3.1 Hz, 2H), 3.89 (t, J = 2.8 Hz, 2H), 3.78 (s, 1H), 3.70 (s, 3H),
3.55 (dd, J = 9.3, 3.9 Hz, 1H), 3.49 — 3.44 (m, 2H), 3.41 (dd, J = 9.4, 4.0 Hz, 1H), 1.58 (dq, J =
12.9, 6.4 Hz, 2H), 1.51 - 1.39 (m, 2H), 1.37 (s, 9H), 1.35 - 1.18 (m, 2H), 0.86 (dt, J = 6.5, 3.0 Hz,
12H). 3C NMR (101 MHz, CDCls) § 171.21, 169.11, 155.57, 79.03, 74.22, 73.22, 70.76, 67.79,
51.89, 48.52, 46.80, 40.85, 40.44, 28.37 (3C), 24.84 (2C), 22.98, 22.77, 22.46, 22.20.

L2: N-Boc-B(0)-Phe-p(0)-6-Leu-OMe

IH NMR (400 MHz, Chloroform-d) & 7.30 — 7.26 (m, 2H), 7.23 (d, J = 1.5 Hz, 1H), 7.21 — 7.18
(m, 3H), 5.34 (d, J = 9.0 Hz, 1H), 4.18 — 4.13 (m, 2H), 4.07 (d, J = 16.9 Hz, 2H), 3.93 (d, J = 14.0
Hz, 2H), 3.74 (s, 3H), 3.64 (dd, J = 9.2, 4.0 Hz, 1H), 3.51 (ddd, J = 9.4, 8.2, 3.5 Hz, 2H), 3.40 (dd,
J=9.4,3.6 Hz, 1H), 2.90 (dd, J = 7.6, 4.6 Hz, 2H), 1.64 — 1.53 (m, 2H), 1.40 (s, 9H), 1.37 — 1.28
(m, 1H), 0.96 (d, J = 0.9 Hz, 3H), 0.94 (d, J = 0.8 Hz, 3H). *C NMR (101 MHz, CHLOROFORM-
D) § 171.63, 169.05, 168.89, 138.09, 129.32 (2C), 128.60 (2C), 126.58, 73.33, 72.06, 70.82, 68.40,
67.83, 52.20, 49.94, 47.03, 41.85, 40.59, 28.48 (3C), 25.05, 24.29, 22.72.

L3: N-Boc-B(0)-3°-Phe-B(0)-35-Phe-OMe

IH NMR (400 MHz, Chloroform-d) § 7.54 (d, J = 7.6 Hz, 1H), 7.30 — 7.26 (m, 3H), 7.24 (d, J =
3.5 Hz, 2H), 7.22 — 7.15 (m, 5H), 5.44 (d, J = 9.2 Hz, 1H), 4.22 (tt, J = 5.3, 2.8 Hz, 1H), 4.17 (d,
J=17.0 Hz, 1H), 4.02 (d, J = 17.0 Hz, 2H), 3.93 — 3.84 (m, 2H), 3.71 (s, 3H), 3.54 — 3.46 (m, 2H),
3.44 —3.33 (m, 2H), 3.07 (dd, J = 13.3, 5.6 Hz, 1H), 2.90 (d, J = 9.2 Hz, 1H), 2.88 — 2.84 (m, 2H),
1.37 (s, 9H). HRMS (ESI) calculated for CosHasN207 [M+H]* m/z 515.2757 found 515.2753.
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L4: N-Boc-B(0)-6-F5- p(0)-6-F-OMe

H NMR (400 MHz, Chloroform-d) § 7.55 — 7.47 (m, 1H), 7.28 (dd, J = 6.6, 4.3 Hz, 2H), 7.24 (s,
2H), 7.21 - 7.16 (m, 1H), 5.57 (d, J = 9.7 Hz, 1H), 4.23 — 4.16 (m, 2H), 4.07 — 3.91 (m, 4H), 3.77
(s, 3H), 3.63 (dd, J = 9.3, 3.5 Hz, 1H), 3.52 (dd, J = 10.0, 6.3 Hz, 2H), 3.37 (dd, J = 9.2, 3.2 Hz,
1H), 3.05 (dd, J = 13.3, 5.4 Hz, 1H), 2.97 (t, J = 7.4 Hz, 2H), 2.88 — 2.81 (m, 1H), 1.32 (s, 9H).
13C NMR (101 MHz, CDCls3) § 172.13, 168.76, 155.53, 144.48 (2C), 141.24, 138.10, 137.46(2C),
129.61(2C), 128.61 (2C), 126.63, 112.20, 79.77, 73.32, 71.05, 70.92, 67.55, 52.36, 50.61, 50.09,
37.02, 28.33(3C), 25.63. F NMR (377 MHz, Chloroform-d) & -143.15, -156.65, -162.71. HRMS
(ESI) calculated for C2sH3zsFsN20O7 [M+H]" m/z 605.2286 found 605.2280.

L5: N-Boc-p(0)-6-F5- B(0)-6-F5-OMe

'H NMR (400 MHz, Chloroform-d) & 7.56 (d, J = 8.4 Hz, 1H), 5.57 (d, J = 9.7 Hz, 1H), 4.40 —
4.32 (m, 1H), 4.23 (d, J = 17.1 Hz, 1H), 4.11 — 3.86 (m, 4H), 3.79 (s, 3H), 3.67 (ddd, J = 9.6, 6.3,
3.4 Hz, 2H), 3.60 — 3.52 (m, 2H), 3.18 — 3.11 (m, 1H), 3.05 — 2.95 (m, 3H), 1.34 (s, 9H). °C NMR
(101 MHz, CDCl3) § 171.88, 168.97, 155.51, 146.82 (4C), 144.44 (2C), 136.28 (4C), 111.93 (2C),
79.78, 73.29, 72.32, 70.80, 67.57, 52.43, 50.09, 48.37, 28.31 (3C), 25.44, 24.92. °F NMR (377
MHz, Chloroform-d) ¢ -143.15, -156.65, -162.71. HRMS (ESI) calculated for C2gH29F10N2O7
[M+H]" m/z 695.1815 found 695.18009.

L6: N-Boc-B(0O)-0-Nap-p(0)-6-Nap-OMe

'H NMR (400 MHz, Chloroform-d) & 8.61 (d, J = 8.5 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 8.06 (d, J
=7.0 Hz, 1H), 7.86 (dt, J = 8.2, 2.3 Hz, 2H), 7.77 — 7.75 (m, 2H), 7.63 — 7.58 (m, 1H), 7.55 (t, J
=7.7Hz, 1H), 7.51 - 7.47 (m, 2H), 7.44 — 7.39 (m, 4H), 5.79 (d, J = 9.1 Hz, 1H), 4.41 (dt, J = 8.9,
4.6 Hz, 1H), 4.28 (s, 1H), 4.24 (s, 1H), 4.04 — 3.99 (m, 2H), 3.94 —3.79 (m, 3H), 3.74 (s, 3H), 3.60
—3.52 (m, 2H), 3.42 — 3.38 (m, 2H), 3.34 — 3.26 (m, 2H), 1.44 (s, 9H). *C NMR (101 MHz,
CDCl3) 6 172.42,169.61, 155.67, 134.59, 134.45, 134.05, 134.02, 132.56, 132.39, 128.89, 128.67,
128.03, 127.57, 127.47, 126.57, 126.34, 125.92, 125.81, 125.60, 125.46, 124.77, 123.93, 123.87,
79.40, 71.74,70.91, 70.77, 67.50, 52.49, 51.14, 50.37, 34.74, 34.32, 28.60 (3C).

L7: N-Boc-B(0)-Diphe-p(0)-6-Diphe -OMe

IH NMR (400 MHz, Chloroform-d) & 7.40 — 7.28 (m, 12H), 7.25 — 7.14 (m, 8H), 7.13 — 7.09 (m,
2H), 5.06 — 4.96 (m, 2H), 4.55 — 4.43 (m, 2H), 4.12 (d, J = 16.8 Hz, 1H), 3.98 — 3.87 (m, 3H), 3.54
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(d, J=2.3 Hz, 3H), 3.50 — 3.45 (m, 2H), 3.29 (dd, J = 9.3, 2.7 Hz, 1H), 2.91 (dd, J = 9.3, 3.7 Hz,
1H), 1.35 (s, 9H). 3C NMR (101 MHz, CDCl3) & 171.22, 169.22, 155.58, 142.19, 141.91, 141.76,
141.76, 128.98 (2C), 128.89 (2C), 128.65 (2C), 128.52 (2C), 128.43 (2C), 128.36 (2C), 128.04
(2C), 127.70 (2C), 127.67, 126.96, 126.88, 126.51, 79.35, 71.80, 71.72, 70.55, 68.13, 53.07, 52.89,
52.34,52.01, 51.00, 28.42 (3C).

(c) Solution Phase Synthesized Cyclic Peptide C1-C7:

C1:

'H NMR (400 MHz, Chloroform-d) & 6.57 (d, J = 9.7 Hz, 2H), 4.19 (s, 1H), 4.17 (t, J = 2.3 Hz,
1H), 4.15 (s, 1H), 4.13 (dd, J = 5.7, 2.0 Hz, 1H), 3.76 (dd, J = 9.6, 1.7 Hz, 2H), 3.69 (s, 1H), 3.65
(s, 1H), 3.33 (d, J = 2.6 Hz, 1H), 3.31 (d, J = 2.6 Hz, 1H), 1.67 — 1.62 (m, 2H), 1.57 (dd, J = 9.7,
3.8 Hz, 2H), 1.43 - 1.35 (m, 2H), 0.95 (d, J = 4.0 Hz, 6H), 0.93 (d, J = 4.0 Hz, 6H). 13C NMR (101
MHz, CHLOROFORM-D) § 169.50 (2C), 74.64 (2C), 71.19 (2C), 46.67 (2C), 40.09 (2C), 25.08
(2C), 23.02 (2C), 22.32 (2C).

C2:

'H NMR (400 MHz, Chloroform-d) & 7.33 — 7.29 (m, 2H), 7.26 — 7.20 (m, 3H), 6.85 (d, J = 9.3
Hz, 1H), 6.50 (d, J = 9.5 Hz, 1H), 4.32 — 4.20 (m, 2H), 4.20 — 4.11 (m, 2H), 3.74 (d, J = 1.8 Hz,
1H), 3.72 (d, J = 1.9 Hz, 1H), 3.69 (d, J = 2.2 Hz, 1H), 3.65 (d, J = 1.8 Hz, 1H), 3.36 (dd, J = 9.6,
2.6 Hz, 1H), 3.25 (dd, J = 10.0, 2.7 Hz, 1H), 2.92 (d, J = 8.0 Hz, 2H), 1.69 — 1.62 (m, 2H), 1.45 —
1.37 (m, 1H), 0.96 (d, J = 1.3 Hz, 3H), 0.94 (d, J = 1.3 Hz, 3H). 13C NMR (101 MHz, CDClz) §
169.55, 169.33, 137.49, 129.39 (2C), 128.75 (2C), 126.89, 74.53, 72.44, 71.46, 71.00, 49.52,
46.87, 40.04, 37.18, 25.09, 23.04, 22.31.

C3:

'H NMR (400 MHz, Chloroform-d) & 7.35 — 7.28 (m, 5H), 7.26 — 7.21 (m, 5H), 6.78 (d, J = 9.2
Hz, 2H), 4.34 — 4.27 (m, 2H), 4.20 (s, 1H), 4.16 (s, 1H), 3.71 (d, J = 1.9 Hz, 1H), 3.69 (s, 1H),
3.68 (s, 1H), 3.65 (s, 1H), 3.29 (dd, J = 9.8, 2.7 Hz, 2H), 2.94 (d, J = 8.0 Hz, 4H). **C NMR (101
MHz, CHLOROFORM-D) § 169.37 (2C), 137.42 (2C), 129.36 (4C), 128.79 (4C), 126.94 (2C),
72.36 (2C), 71.23 (2C), 49.65 (2C), 37.11 (2C). HRMS (ESI) calculated for C22H27N204 [M+H]*
m/z 383.1971 found 383.1979. HRMS (ESI) calculated for C22H27N204 [M+H]* m/z 383.1971
found 383.1979.

C4:
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IH NMR (400 MHz, Chloroform-d) 8 7.35 — 7.29 (m, 2H), 7.26 (s, 1H), 7.26 — 7.22 (m, 2H), 6.95
(d, J = 9.7 Hz, 1H), 6.57 (d, J = 9.0 Hz, 1H), 4.33 (p, J = 7.6, 6.6 Hz, 2H), 4.20 (d, J = 14.5 Hz,
1H), 4.12 (d, J = 15.4 Hz, 1H), 3.86 (dd, J = 10.1, 1.7 Hz, 1H), 3.74 — 3.58 (m, 3H), 3.42 (dd, J =
10.1, 2.8 Hz, 1H), 3.27 (dd, J = 9.7, 2.7 Hz, 1H), 3.13 — 3.05 (m, 1H), 2.96 (dd, J = 8.2, 2.6 Hz,
3H). B3¢ NMR (151 MHz, Chloroform-d) 5 169.44,
169.01,146.29,144.69,141.08,139.46,138.28,136.6,137.13,129.15 (2C), 128.70 (2C), 126.87,
111.23, 73.20, 72.09, 71.51, 70.53, 49.68, 47.81, 36.71, 24.83. °F NMR (565 MHz, Chloroform-
d) & -144.02, -156.40, -162.92. HRMS (ESI) calculated for CaoHzzFsN204 [M+H]* m/z 473.1498
found 473.1501.

C5:

'H NMR (600 MHz, Chloroform-d) § 6.78 (d, J = 9.6 Hz, 2H), 4.38 — 4.31 (m, 2H), 4.16 (s, 1H),
4.14 (s, 1H), 3.81 (dd, J = 10.0, 1.7 Hz, 2H), 3.67 (d, J = 15.0 Hz, 2H), 3.38 (dd, J = 9.9, 2.8 Hz,
2H), 3.11 (dd, J=14.1, 10.1 Hz, 2H), 2.98 (dd, J = 14.2, 5.2 Hz, 2H). *C NMR (151 MHz, CDCls)
0 169.29 (2C), 146.36, 144.79 , 141.22, 139.56, 138.45, 136.78, 111.36, 111.25, 111.23, 111.11,
73.25(2C), 71.11(2C), 48.21(2C), 24.73 (2C). °F NMR (377 MHz, Chloroform-d) & -143.04, -
155.22, -161.75.HRMS (ESI) calculated for C22HisF10N20sNa [M+Na]* m/z 585.0847 found
585.0847.

Co6:

'H NMR (600 MHz, Chloroform-d) § 8.22 (d, J = 8.5 Hz, 2H), 7.87 (dd, J = 8.1, 1.3 Hz, 2H), 7.78
(dd, J = 7.5, 2.0 Hz, 2H), 7.58 (ddd, J = 8.4, 6.8, 1.4 Hz, 2H), 7.51 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H),
7.46 —7.39 (m, 4H), 6.99 (d, J = 9.0 Hz, 2H), 4.53 — 4.49 (m, 2H), 4.26 (s, 1H), 4.24 (s, 1H), 3.72
— 3.68 (m, 4H), 3.51 (dd, J = 13.8, 5.9 Hz, 2H), 3.36 — 3.31 (m, 4H). *C NMR (151 MHz,
Chloroform-d) & 169.48 (2C), 134.07 (2C), 133.49 (2C), 132.19 (2C), 129.00 (2C), 127.89 (2C),
127.65 (2C), 126.62 (2C), 125.98 (2C), 125.56 (2C), 123.83 (2C), 72.14 (2C), 71.26 (2C), 49.05
(2C), 34.29 (2C).

CT7:

IH NMR (600 MHz, Chloroform-d) & 7.35 (d, J = 7.2 Hz, 4H), 7.31 — 7.22 (m, 12H), 7.17 (ddd, J
=9.0,5.0, 1.6 Hz, 4H), 6.61 (d, J = 10.0 Hz, 2H), 4.88 (ddt, J = 11.9, 10.0, 1.9 Hz, 2H), 4.30 (d, J
=12.1 Hz, 2H), 3.93 (d, J = 15.0 Hz, 2H), 3.52 (d, J = 9.7 Hz, 2H), 3.48 (d, J = 15.0 Hz, 2H), 3.18
(dd, J = 9.6, 2.5 Hz, 2H). 3C NMR (151 MHz, Chloroform-d) 5 169.55 (2C), 141.68 (2C), 141.26
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(2C), 129.01 (4C), 128.76 (4C), 128.26 (4C), 128.09 (4C), 127.13 (2C), 126.89 (2C), 72.48 (2C),
71.04 (2C), 51.74 (2C), 50.88 (2C).
(d) Solid Phase Synthesized C8-C13 CPs’ Fmoc protected delta amino acic Building Block:

S1: N-Fmoc-(0)-6°-Phe-OH

'H NMR (400 MHz, Chloroform-d) & 7.75 (d, J = 7.6 Hz, 2H), 7.55 (d, J = 7.2 Hz, 2H), 7.39 (t, J
=7.5Hz, 2H), 7.34 — 7.27 (m, 4H), 7.22 (d, J = 6.8 Hz, 3H), 5.40 (d, J = 8.2 Hz, 1H), 4.51 — 4.28
(m, 2H), 4.18 (d, J = 7.3 Hz, 1H), 4.16 — 3.98 (m, 3H), 3.52 (s, 2H), 2.90 (d, J = 9.9 Hz, 2H).
COOH proton did not appear in CDCl3

13C NMR (101 MHz, CDCls) § 174.07, 156.34, 144.05 (2C), 141.46 (2C), 137.71, 129.47 (2C),
128.70 (2C), 127.83 (2C), 127.21 (2C), 126.76, 125.27 (2C), 120.12 (2C), 72.24, 68.26, 66.90,
52.36, 47.37, 37.65.

S2: N-Fmoc-g(0)-8°-Leu-OH

'H NMR (400 MHz, Chloroform-d) & 7.75 (d, J = 7.5 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.41 —
7.37 (m, 2H), 7.30 (td, J = 7.5, 1.2 Hz, 2H), 5.03 (d, J = 8.9 Hz, 1H), 4.42 (d, J = 6.9 Hz, 2H), 4.21
(t, J = 6.6 Hz, 1H), 4.10 (s, 2H), 4.01 — 3.81 (m, 2H), 3.53 (d, J = 4.9 Hz, 1H), 1.81 — 1.46 (m,
1H), 1.45-1.14 (m, 2H), 1.00 — 0.73 (m, 6H). COOH proton did not appear in CDCls

13C NMR (101 MHz, CDCls) & 173.30, 156.63, 144.02 (2C), 141.48 (2C), 127.81 (2C), 127.18
(2C), 125.19 (2C), 120.10 (2C), 74.58, 68.36, 66.70, 49.35, 47.44, 40.70, 24.87, 23.13, 22.27.

S3: N-Fmoc-(0)-6°-Val-OH

'H NMR (400 MHz, Chloroform-d) § 9.25 (s, 1H), 7.76 (d, J = 7.5 Hz, 2H), 7.60 (dt, J = 13.0, 6.4
Hz, 2H), 7.39 (td, J = 7.2, 2.3 Hz, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 2H), 5.32 (d, J = 9.1 Hz, 1H),
4.60 — 4.37 (m, 2H), 4.28 — 3.95 (m, 3H), 3.81 — 3.63 (m, 1H), 3.59 — 3.26 (m, 2H), 1.97 — 1.63
(m, 1H), 0.95 (dd, J = 10.4, 6.8 Hz, 6H).

13C NMR (101 MHz, CDCl3) & 174.59, 156.96, 144.05 (2C), 141.42 (2C), 127.76 (2C), 127.15
(2C), 125.20 (2C), 120.05 (2C), 72.11, 68.09, 66.83, 56.41, 47.37, 29.47, 19.48, 18.89.

S4: N-Fmoc-B(0)-8°-Nap-OH
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'H NMR (400 MHz, Chloroform-d) & 8.31 (d, J = 8.5 Hz, 1H), 7.85 (d, J = 7.2 Hz, 1H), 7.80 —
7.68 (m, 3H), 7.67 — 7.42 (m, 4H), 7.39 (td, J = 7.1, 3.7 Hz, 4H), 7.30 (t, J = 7.5 Hz, 2H), 5.80 (d,
J=7.9Hz 1H), 4.39 (td, J =9.8, 8.7, 5.6 Hz, 2H), 4.26 — 3.97 (m, 4H), 3.56 — 3.45 (m, 2H), 3.45
—3.13 (m, 2H). COOH proton did not appear in CDCl3

13C NMR (101 MHz, CDCls) § 174.52, 156.49, 144.06 (2C), 141.43 (2C), 134.06, 134.02, 132.33,
128.86, 127.93 (2C), 127.81 (2C), 127.63, 127.19 (2C), 126.49, 125.87, 125.53, 125.31, 124.13,
120.10 (2C), 71.69, 68.07, 66.95, 51.78, 47.35, 34.86.

(e) Solid Phase Synthesized Cyclic Peptide C8-C13:
C8:

IH NMR (600 MHz, Chloroform-d) & 7.32 (t, J = 7.5 Hz, 6H), 7.27 (s, 2H), 7.25 (s, 1H), 7.21 —
7.19 (m, 6H), 6.63 (d, J = 9.8 Hz, 3H), 4.45 (tt, J = 12.6, 4.2 Hz, 3H), 3.91 (s, 3H), 3.91 (s, 3H),
3.60 (dd, J = 9.7, 2.9 Hz, 3H), 3.40 (dd, J = 9.7, 2.8 Hz, 3H), 3.00 (dd, J = 13.5, 6.8 Hz, 3H), 2.91
(dd, J = 13.5, 9.4 Hz, 3H).

13C NMR (101 MHz, CDCls) 5 168.12 (3C), 137.21 (3C), 129.23 (6C), 128.81 (6C), 127.00 (3C),
70.80 (3C), 70.44 (3C), 49.16 (3C), 37.92 (3C).

C9:

IH NMR (400 MHz, Chloroform-d) & 7.31 — 7.27 (m, 6H), 7.26 — 7.20 (m, 6H), 7.19 — 7.14 (m,
8H), 6.86 (d, J = 8.8 Hz, 4H), 4.42 — 4.32 (m, 4H), 3.97 — 3.82 (m, 8H), 3.51 — 3.38 (m, 8H), 2.88
(h, J = 6.5, 6.0 Hz, 8H).

13C NMR (151 MHz, CDCl3) § 169.40 (4C), 137.15 (4C), 129.13(8C), 128.77 (8C), 126.93 (4C),
72.48 (4C), 71.09 (4C), 50.02 (4C), 37.27 (4C).

C10:

IH NMR (600 MHz, Chloroform-d) & 7.29 — 7.27 (m, 6H), 7.26 (d, J = 0.8 Hz, 4H), 7.24 — 7.20
(m, 5H), 7.17 — 7.13 (m, 10H), 6.97 (d, J = 9.1 Hz, 5H), 4.48 — 4.37 (m, 5H), 3.89 (d, J = 14.9 Hz,
5H), 3.84 (d, J = 14.9 Hz, 5H), 3.40 (dd, J = 9.7, 4.4 Hz, 5H), 3.34 (dd, J = 9.8, 5.8 Hz, 5H), 2.84
(qd, J = 13.7, 7.2 Hz, 10H).
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13C NMR (151 MHz, CDCls) 5 169.38 (5C), 137.26 (5C), 129.28 (10C), 128.89 (10C), 127.07
(5C), 72.52 (5C), 70.81 (5C), 49.52 (5C), 37.44 (5C).

C11:

IH NMR (600 MHz, Chloroform-d) & 8.25 (d, J = 8.5 Hz, 3H), 7.86 (dd, J = 8.2, 1.3 Hz, 3H), 7.79
(d, J = 8.2 Hz, 3H), 7.58 (ddd, J = 8.3, 6.8, 1.3 Hz, 3H), 7.50 (ddd, J = 8.0, 6.8, 1.1 Hz, 3H), 7.43
(dd, J = 8.2, 6.9 Hz, 3H), 7.32 (dd, J = 7.0, 1.2 Hz, 3H), 6.86 (d, J = 8.6 Hz, 3H), 4.66 — 4.62 (m,
3H), 3.94 (d, J = 4.1 Hz, 6H), 3.60 (dd, J = 8.5, 5.1 Hz, 6H), 3.39 (dd, J = 9.6, 2.9 Hz, 3H), 3.27
(dd, J = 13.8, 9.8 Hz, 3H).

13C NMR (151 MHz, CDCls) 5 168.61 (3C), 134.16 (3C), 133.60 (3C), 132.28 (3C), 129.11 (3C),
128.07 (3C), 127.80 (3C), 126.77 (3C), 126.14 (3C), 125.59 (3C), 123.77(3C), 70.82 (3C), 49.10
(3C), 34.93 (3C), 29.84 (3C).

C12:

IH NMR (400 MHz, Chloroform-d) 8 7.31 (dd, J = 8.0, 6.4 Hz, 2H), 7.24 (d, J = 7.5 Hz, 1H), 7.20
~7.16 (m, 2H), 6.65 (d, J = 9.1 Hz, 1H), 6.61 (d, J = 9.7 Hz, 1H), 6.39 (d, J = 9.3 Hz, 1H), 4.43
(td, J = 9.1, 6.6 Hz, 1H), 4.26 (dtd, J = 8.9, 6.2, 3.2 Hz, 1H), 4.01 — 3.96 (m, 1H), 3.96 — 3.92 (m,
6H), 3.71 (ddd, J = 11.3, 9.6, 2.6 Hz, 2H), 3.61 (ddd, J = 9.6, 8.0, 2.8 Hz, 2H), 3.42 (ddd, J = 15.5,
9.5, 2.5 Hz, 2H), 2.96 (dd, J = 13.3, 6.5 Hz, 1H), 2.88 (dd, J = 13.3, 8.9 Hz, 1H), 1.97 — 1.90 (m,
1H), 1.52 (ddd, J = 14.9, 8.9, 6.3 Hz, 2H), 1.44 — 1.37 (m, 1H), 1.04 (dd, J = 10.1, 6.8 Hz, 6H),
0.97 (dd, J = 6.5, 3.9 Hz, 6H).

13C NMR (151 MHz, CDCls) § 168.25, 168.15, 168.04, 137.20, 129.11, 128.76, 126.96, 72.70,
71.03, 70.64, 70.62, 70.52, 70.42, 53.01, 49.17, 46.30, 40.84, 37.96, 30.22, 25.11, 22.88, 22.49
(2C), 19.66 (2C).

C13:

IH NMR (400 MHz, Chloroform-d) & 7.30 (dd, J = 8.0, 6.4 Hz, 2H), 7.25 — 7.16 (m, 3H), 6.97 (d,
J=8.9 Hz, 1H), 6.77 (d, J = 8.6 Hz, 1H), 6.65 (d, J = 9.4 Hz, 1H), 6.61 (d, J = 9.3 Hz, 1H), 4.45
—4.36 (M, 1H), 4.30 (d, J = 7.9 Hz, 1H), 4.22 — 4.14 (m, 2H), 4.05 — 4.00 (m, 2H), 3.98 — 3.87 (m,
6H), 3.59 (ddd, J = 13.5, 8.7, 3.3 Hz, 4H), 3.47 (ddd, J = 24.9, 9.8, 4.9 Hz, 4H), 2.92 (d, J = 7.6
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Hz, 2H), 1.87 (q, J = 6.9 Hz, 1H), 1.61 (m, 2H), 1.45 (dd, J = 8.9, 5.6 Hz, 1H), 0.98 — 0.91 (m,
12H), 0.88 (d, J = 6.2 Hz, 3H).

2.7.4. Crystal Structure Information:

(a) Crystallographic Information of Peptide C3:

Crystals of peptide C3 were grown by slow evaporation of methanol/ water solution. A single
crystal (1x0.74x0.082 mm) was mounted on loop with a small amount of the paraffin oil. The X-
ray data were collected at 150 K temperature on a APEX(Il) DUO CCD diffractometer using Mo
Ka radiation (AL = 0.71073 A), o-scans (20 = 50.124), for a total of 16990 independent reflections.
Space group P 21, a=6.7691, b=14.044, ¢ =11.743 A; a = 90, p = 105.364, y = 90; V = 1076.4 A3
; Monoclinic, Z = 2 for chemical formula Cy2 Hzs N2 Os; peaica = 1.235 gcm, = 0.088 mm™, F(000)
= 428, The structure was obtained by direct methods using SHELXS-97.[Y The final R value was
0.0394 (WR2 =0.0890) 3794 observed reflections (FO > 46 ( |FO|)) and 267 variables, S = 1.042.

(b) Crystallographic Information of Peptide C4:

Crystals of peptide C4 were grown by slow evaporation of methanol/ water solution. A single
crystal (0.2x0.15x0.1 mm) was mounted on loop with a small amount of the paraffin oil. The X-
ray data were collected at 150 K temperature on a APEX(1l) DUO CCD diffractometer using Mo
Ka radiation (A = 0.71073 A), m-scans (20 = 50.050), for a total of 24072 independent reflections.
Space group P 21, a=11.806, b=5.2174, ¢ =17.099 A; a = 90, p = 104.425, y =90; V = 1020 A3 ;
Monoclinic, Z = 2 for chemical formula Cz Ha Fs N2 Os; peacd = 1.538 gecm™, g = 0.136 mm™,
F(000) = 488, The structure was obtained by direct methods using SHELXS-97.1 The final R
value was 0.0880 (WR2 = 0.2234) 3590 observed reflections (FO > 4o ( |[F0|)) and 298 variables, S
=1.031.

(c) Crystallographic Information of Peptide C5:

Crystals of peptide C5 were grown by slow evaporation of methanol/ water solution. A single
crystal (1.2x0.83x0.093 mm) was mounted on loop with a small amount of the paraffin oil. The
X-ray data were collected at 150 K temperature on a APEX(11) DUO CCD diffractometer using Mo
Ka radiation (L =0.71073 A), m-scans (20 = 50.048), for a total of 13514 independent reflections.
Space group C 2, a=14.915, b=5.1446, ¢ =14.460 A; o.= 90, p = 91.735, y = 90; V = 1109.1 A% ;
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Monoclinic, Z = 2 for chemical formula Cz His Fio N2 Os; peaied = 1.684 gem™, p = 0.171 mm™,
F(000) = 568, The structure was obtained by direct methods using SHELXS-97.14 The final R
value was 0.0674 (WR2 = 0.1171) 1941 observed reflections (FO > 4c ( [FO|)) and 172 variables, S
=1.011.

(d) Crystallographic Information of Monomer (N-Boc-(0)-6°-PheF5-O'Bu):

Crystals of monomer N-Boc-B(0)-8°-PheF5-O'Bu were grown by slow evaporation of methanol/
water solution. A single crystal (0.21x0.14x0.11 mm) was mounted on loop with a small amount
of the paraffin oil. The X-ray data were collected at 150 K temperature on a APEX(I1l) DUO CCD
diffractometer using Mo Ka radiation (A= 1.54178 A), w-scans (20 = 133.754), for a total of 16184
independent reflections. Space group C 2, a=39.919, b=5.3792, ¢ =10.430 A; a = 90, B = 93.848,
y=190; V = 2234.6 A% ; Monoclinic, Z = 4 for chemical formula C20 H26 F5 N O5; peaicd = 1.354
gem®, g = 1.074 mm™, F(000) = 952, The structure was obtained by direct methods using
SHELXS-97.[11 The final R value was 0.0316 (WR2 = 0.0955) 3890 observed reflections (FO > 4o (
|FQ])) and 286 variables, S = 0.810.

(e) Crystallographic Information of Monomer (N-Boc-$(0)-8°-Nap-O'Bu):

Crystals of N-Boc-p(0)-6°-PheF5-OtBu were grown by slow evaporation of methanol/ water
solution. A single crystal (0.15x0.1x0.09 mm) was mounted on loop with a small amount of the
paraffin oil. The Xray data were collected at 150 K temperature on a APEX(Il) DUO CCD
diffractometer using Mo Ko radiation (A =0.71073 A), o-scans (20 = 56.768), for a total of 31323
independent reflections. Space group C 2, a= 31.384, b=5.3071, ¢ =13.710 A; 0.= 90, p = 91.574,
y =90; V = 2282.7A3% ; Monoclinic, Z = 4 for chemical formula C24 H33 N O5; pcalcd = 1.209
gcm, i =0.084 mm, F(000) = 896, Rint= 0.0771. . The structure was obtained by direct methods
using SHELXS-97. The final R value was 0.0383 (WR2 = 0.0935) 5685 observed reflections (FO >
4o ([FO|)) and 277 variables, S = 1.022

() Crystallographic Information of Peptide C8:

Crystals of C8 were grown by slow evaporation of chloroform/toluene solution. A single crystal
(0.15x0.1x0.09 mm) was mounted on loop with a small amount of the paraffin oil. The Xray data
were collected at 150 K temperature on a APEX(II) DUO CCD diffractometer using Mo Ka
radiation (L = 0.71073 A), w-scans (20 = 50.1), for a total of 95619 independent reflections. Space
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group P212121, a=5.159, b=17.291, c=33.33 A; =90, B =90, y =90; V=2973 A% ; Monoclinic,
Z = 4 for chemical formula Css Hsg N3 Og; pcaled = 1.282 gem™, = 0.088 mm, F(000) = 1224,
The structure was obtained by direct methods using SHELXS-97. The final R value was 0.1024
(WR2 =0.1927) 5254 observed reflections (FO > 4c ( [FO|)) and 381 variables, S = 0.991.

2.7.5. ORTEP Diagrams:

a) ORTEP Diagram of C3:

,

W/

Figure 12: ORTEP diagram of C3 (CCDC no. 2337014). Ellipsoids are drawn at 50% probability.
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b) ORTEP Diagram of C4:

Figure 13: ORTEP diagram of C4 (CCDC no. 2337018). Ellipsoids are drawn at 50% probability.

c) ORTEP Diagram of C5:

Figure 14: ORTEP diagram of C5 (CCDC no. 2337020). Ellipsoids are drawn at 50% probability.

86 |Page



Chapter 2

d) ORTEP Diagram of 2b: (N-Boc-g(0)-6°>-PheF5-OtBu)

Figure 15: ORTEP diagram of N-Boc-B(0)-8°-PheF5-OtBu (CCDC no. 2337022). Ellipsoids
are drawn at 50% probability.

(e) ORTEP Diagram of 2b: (N-Boc-B(0)-6°-Nap-OtBu)

Figure 16: ORTEP diagram of N-Boc-B(0)-6°-Nap-OtBu Ellipsoids are drawn at 50%
probability.

87 |Page



Chapter 2

(e) ORTEP Diagram of C8:

Figure 17: ORTEP diagram of C8. Ellipsoids are drawn at 50% probability.
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2.9. Appendix I1: *H, *C, **F NMR and HRMS Spectrum:
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'H NMR Spectrum (400MHz, CDCIs) of 2b: N-Boc-B(0)-6°-PheF5-O'Bu
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13C NMR Spectrum (101 MHz, CDClIz) of 2c: N-Boc-g(0)-6°-Nap-O'Bu
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13C NMR Spectrum (101 MHz, CDClzs) of 2d: N-Boc-(0)-6°-Diphe-O'Bu
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13C NMR Spectrum (101 MHz, CDCIz) of 2e: N-Boc-B(0)-6°-Leu-O'Bu
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13C NMR Spectrum (101 MHz, CDClzs) of 2f: N-Boc-p(0)-8°-Val-O'Bu
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13C NMR Spectrum (101 MHz, CDCIs) of L1: N-Boc-B(0)- 8°-Leu-p(0)-8°-Leu-OMe
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13C NMR Spectrum (101 MHz, CDCIzs) of L2: N-Boc-B(0)- 8°-Phe-p(0)-8°-Leu-OMe
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IH NMR Spectrum (400MHz, CDCls) of L4: N-Boc-B(0)- 85-PheF5-B(0)-3°-Phe-OMe
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19F NMR Spectrum of L4: N-Boc-B(0)- 8°-PheF5-B(0)-8°-Phe-OMe
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Chapter 2

13C NMR Spectrum (101 MHz, CDCls) of L5: N-Boc-B(0)- 3°-PheF5-B(0)-°-PheF5-OMe

m M

g ofo

[aa’ [a]
0N - N ) ] el ot
mq n [ ~N e oo anNOMN ®m o~ e
o @ 1 o © ! RYgadmnen Lan <o
~N O n < o ~m - ONNOUMNON NOo® @\ <+
" - R - H [MENEN (N in ¥ NN
I Vol | | 3 A A NN

F F
F F
F F
F F
o) o)
oF\)L oi)l\
BocHN N o

19|:
NMR
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
f1 (ppm)
Spectrum of L5: N-Boc-B(0)- 8°-PheF5-B(0)-6°-PheF5-OMe
; 1
E
BocHN
E' IIO I7() :‘;D II"J .'50 (‘50 Il(l !I’D é() 1‘(]0 l‘ 10 1'7() 1‘30 l‘Jlu 1‘.50 IIGO 1"() I‘HD 1‘90 7'00

f1 (ppm)

101 |Page



Chapter 2
IH NMR Spectrum (400MHz, CDCls) of L6: N-Boc-B(0)- 85-Nap-B(0)-65-Nap-OMe
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Chapter 2

'H NMR Spectrum (400MHz, CDCIls) of L7: N-Boc-B(0)- 8°-Diphe-B(0)-6°-Diphe-OMe
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Chapter 2

H NMR Spectrum (400 MHz, CDCIs) of C1
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Chapter 2

DEPT-135 NMR Spectrum of C1 (151 MHz)
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Chapter 2

13C NMR Spectrum (101 MHz, CDClIs) of C2
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Chapter 2

'H NMR Spectrum (400 MHz, CDCIs) of C3
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Chapter 2

DEPT-135 NMR Spectrum of C3 (151 MHz):
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Chapter 2

13C NMR Spectrum (101 MHz, CDClz) of C4
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Chapter 2

'H NMR Spectrum (400 MHz, CDCIs) of C5
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Chapter 2

'H NMR Spectrum (400 MHz, CDCIs) of C6
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Chapter 2

DEPT-135 NMR Spectrum of C6 (151 MHz)
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Chapter 2

13C NMR Spectrum (101 MHz, CDClIs) of C7
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Chapter 2

'H NMR Spectrum (400 MHz, CDCIs) of C8
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13C NMR Spectrum (101 MHz, CDCIs) of C9
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'H NMR Spectrum (400 MHz, CDCIs) of C10
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13C NMR Spectrum (101 MHz, CDClzs) of C11
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13C NMR Spectrum (101 MHz, CDClzs) of C12

00—

99'6T.

6v°Z
882z~
sz

ZZ'0E —

96'LE —
v8'or —

og'or
LT6r
TOES ~

ZP'0L
zs'0L
z9 QBW.
voroL -

0T

m_unudw,wn \
E12ad 2o'LL

€pad ez’

96'92T ~_

Lozl

ezt

0Z'LET —

pO'8OT
ST'89T
sz'got /

HN
0

1000 —

S9°6T ~
6Y°ZZ

88'{T
sz

TT0E—

S6'LE—
£8'0F —

1oy
sTEr
E0'ES

TP 0L
ov'0L |
um.o..wx.
oL \
0Tl
Oh.NFK

£Ppas ﬁm.ﬂnr%

EPAadzoLL

epad ez L

f1 (ppm)

167921~
e

30

40

50

[A 314 5

DEPT-135 NMR Spectrum of C12 (151 MHz)

HN

180 170 160 150 140 130 120 110 100
f1 (ppm)

190

200

10

20

80 70 60

90

121 |Page



Chapter 2

'H NMR Spectrum (400 MHz, CDCIs) of C13
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HRMS Spectrum of Compound C2
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HRMS Spectrum of Compound C8
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MALDI/TOF Spectrum of Compound C10
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HRMS Spectrum of Compound C12
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Chapter 3
3.1. Introduction:

3.1.1. Piezo-electronic Materials:

Piezoelectricity is a phenomenon that showcases the interaction between the electrical and
mechanical states of a material. When a piezoelectric material is subjected to mechanical
deformation, such as compression, it generates an electric current and charges its surfaces.
Conversely, applying an electric field causes the material to deform. This effect was discovered
by the Curie brothers in 1880, who investigated how crystal structures influence piezoelectric
phenomena and predicted the relationship between voltage and stress in these materialst?. In 1941,
natural biomaterials were observed to possess polarization propertiest®!, and in the 1950s, Fukada
identified shear piezoelectricity in various biopolymers, including cellulose and collagen!®. The
remarkable piezoelectric properties of Lead-Zirconate-Titanate (PZT) ceramics, discovered in
195481 established PZT as a crucial material for piezoelectric applications. Initially, these
materials were used in macroscale electromechanical transducers for military and marine
purposest®. The development of microelectromechanical systems (MEMS) accelerated the study
and application of piezoelectric materials ["], which are now extensively used in energy harvesters,
sensors, transformers, actuators, piezotronics, and morel®l. Despite extensive research on
piezoelectric ceramics such as barium titanate, PZT, zinc oxide, and molybdenum disulfide, their

brittleness and non-biological nature limit their use in biological systems.
3.1.2. Biodegradable Metabolite Piezo-electronic Materials:

Piezoelectricity is an excellent feature that can be harvested from materials with non-
centrosymmetric crystals.[®d Many inorganic crystalline materials, including barium titanate,*? and
lead zirconate titanate,*'] have been shown to display strong piezoelectricity. In contrast to
inorganic crystalline materials, many self-assembled biomolecules such as collagen,*? elastin,*!
and viruses [*4 have exhibited modest piezoelectric properties, which cannot be used to design
devices. Over the years, there has been a quest to design biocompatible piezoelectric materials for

biomedical applications.*s]

Traditional piezoelectric materials, such as ZnO and AIN, often lack biocompatibility, limiting
their use in wearable electronics. To address this issue, bioinspired organic piezoelectric materials

have emerged as promising alternatives due to their biocompatibility, biodegradability, and robust
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mechanical properties. VVarious bioorganic materials, including bone, wood, silk, and amino acids,

exhibit piezoelectric properties and are potential candidates for energy harvesting applications.
Among these, supramolecular self-assembled amino acids and peptides are particularly notable for

their high piezoelectric polarization.
3.1.3. Organic Peptide and amino acid based Piezo-electronic Materials:

In contrast to natural biomolecules, many synthetic biomaterials with tailor-made self-assembling
properties have shown better piezoelectric properties. In their pioneering work, Gazit and co-
workers, and others, examined the piezoelectric properties of self-assembled peptides,*®! peptide
nanotubes,* and amino acids.™*® Synthetic biomaterials have attracted considerable attention due
to their tailor-made self-assembling properties. The studies revealed that the large surface dipole
moment emerging from self-assembled nanostructures is crucial for piezoelectric properties.[*%l
Smaller dipole moments of crystals also result in smaller piezoelectric coefficients. These
materials, composed of amino acids, are biocompatible, biodegradable, and chemically
transformable. Their properties are significantly influenced by their self-assembly processes.
Therefore, understanding these processes and their resulting properties is crucial for both

fundamental research and practical applications.

Piezoelectricity has been observed in various peptides, such as B glycinel?®), gamma (y) glycinel?*,
diphenylalanine (FF)[??], Fmoc-FF? etc. Among these, FF peptides have been the subject of the
most extensive research as piezoelectric biomaterials. Few examples are described below. Glycine,
an amino acid, exists in three polymorphic phases (o, B, and y), with the B-phase showing the
highest piezoelectric shear coefficient. However, the f-phase is unstable under ambient conditions
and can transition to the a- or y-phase. Experiments have shown that devices made with y-glycine
crystals can produce significant voltage under mechanical stress.l?%2 In 2019, researchers found
that aromatic amino acids like L-phenylalanine and L-tyrosine form non-centrosymmetric
structures with strong hydrogen-bonded assemblies. L-tyrosine, in particular, has high thermal
stability and mechanical strength, making it suitable for stable power generation in devices.?*
These discoveries highlight the potential of amino acid-based piezoelectric materials for wearable
electronic applications. In 2020, researchers demonstrated interactions between rigid aromatic
4,4'-bipyridine (4,4’-Bpy) and nonaromatic amino acid derivative N-acetyl-L-alanine (AcA). They
observed transitions between H-aggregation, J-aggregation, and X-aggregation stacking modes in
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these hybrid systems. These stacking modes enhance chirality, red-shift emission, thermal

resistance, and mechanical properties. The non-centrosymmetric nature of these crystals
contributes to their piezoelectric and ferroelectric properties.[?® Ultrashort peptides, particularly
the aromatic dipeptide diphenylalanine (FF), form self-assembled structures with notable
piezoelectric properties. FF nanotubes, exhibiting a non-centrosymmetric crystal structure,
demonstrated high piezoelectric coefficients. Despite challenges in uniformly orienting nanotubes
for large-scale manufacturing, methods have been developed to align FF microrods using external
electric fields, achieving significant piezoelectric performance. In 2016, Yang et al. aligned FF
microrods, producing a high piezoelectric coefficient and a PEH device with notable voltage and
current output. In 2018, Lee et al. synthesized horizontally aligned FF nanotubes, creating a PEH
device with impressive output, capable of powering LCD panels through simple finger presses.?]
More recently, the group engineered piezoelectricity in collagen-mimicking peptide assemblies.
They developed piezoelectric generators using FF-derived peptides with proline (Pro) or
hydroxyproline (Hyp) termini, named Pro-Phe-Phe (P-F-F) and Hyp-Phe-Phe (Hyp-F-F).[?7]
These tripeptides formed helical sheet-like structures with strong mechanical strength and high
piezoelectric response, particularly Hyp-F-F due to robust H-bonding. These findings illustrate the

potential of molecular engineering in peptide nanotechnology for piezoelectric applications.
3.1.4. Cyclic Peptide based Piezo-electronic Materials:

Gazit and his team developed a dipeptide based on cyclo glycine-tryptophan (cyclo-GW), which
exhibits impressive piezo-electronic property due to its supramolecular 3-sheet hydrogen-bonded
structure and herringbone edge-to-face aromatic interactions. (281 Single crystals of cyclo-GW were
obtained by dissolving the dipeptide in a methanol/water solvent mixture and heating it to 80°C,
followed by slow cooling to room temperature over 30 days to form larger crystals. X-ray
diffraction analysis revealed B-sheet hydrogen-bonding patterns and herringbone packing
interactions in the cyclo-GW crystals. The non-centrosymmetric monoclinic crystal structure
suggests potential piezoelectric properties. Additionally, Gazit and colleagues explored
tryptophan-based aromatic dipeptides for biocompatible PEH applications. These peptides exhibit
strong hydrogen-bonded structures with notable rigidity and thermal stability, alongside unique
semiconducting, mechanical, and piezoelectric properties. Cyclo-phenylalanine-tryptophan

(cyclo-FW) and cyclo-tryptophan-tryptophan  (cyclo-WW) were synthesized, featuring
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diketopiperazine rings that promote hydrogen-bonded interactions. Cyclo-FW crystallizes in an

orthorhombic space group, displaying promising piezoelectric properties.?l
3.2. Rationale of present work:

Similar to the self-assembled nanotubes of Phe-Phe dipeptide!?® and other peptides,2% cyclic
peptides derived from alternating L- and D-a-amino acids,3Y p-amino acids,®? alternating a,y-
amino acids,® and §-amino acidsl®¥ self-assembled into tubular assemblies. The overall dipoles
of cyclic peptides derived from alternating L- and D-amino acids H-bonds are nullified due to the
alternating directionality of the H-bonds in the tubular assemblies. In contrast, cyclic B-peptides
and o-peptides showed unidirectional H-bonds in their tubular assemblies, which yield a
macrodipole along the central axis.®® Kimura and colleagues recently demonstrated the
piezoelectric properties of cyclic peptides derived from B-amino acids.*®! They demonstrated
relatively high piezoelectric coefficient from cyclic B-peptides with unidirectional H-bonds
compared to cyclic peptides with alternating H-bond directionality. Beyond the cyclic B-peptides,
no efforts have been made in the literature to design cyclic peptides with unidirectional H-bonds
to explore the piezoelectric properties. Recently, we have examined the helical conformations of
hybrid peptides composed of B-oxy-8°-amino acids and their biocompatibility.B™ In contrast to the
§-amino acids with complete carbon backbone, the flexible B-oxy §°-amino acids and peptides are
highly soluble in various organic solvents due to the presence of “O” in the backbone. These
interesting properties motivated us to synthesize the cyclic dipeptides of these amino acids and
examine self-assembling and piezo-electronic properties. Here we report the tubular assemblies of
a series of cyclic dipeptides in single crystals with unidirectional H-bonds, assembly in solution,
and piezoelectric properties. The piezoelectric property depends on the packing and
macrodipole.®8 The cyclic peptides displayed higher piezoelectric coefficient compared to the
linear peptides. The piezoelectric coefficients displayed by cyclic peptides reported here are much
higher than the reported linear and cyclic peptides. These new cyclic peptides consisting of both
amide and ether linkages in the backbone provide a unique opportunity to design new piezoelectric

materials.
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3.3.  Objective of present work:

In the previous chapter, we detailed our approach to designing self-assembled cyclic peptides,
highlighting the critical role of unidirectional hydrogen bonds dictated by the amino acid sequence
in forming tubular assemblies of cyclic B-peptides and &-peptides. These assemblies exhibit a
macrodipole along their central axis, a feature pivotal to their piezoelectric behaviour. Molecular
packing intricacies further influence these properties, underscoring the significance of molecular
polarity in dictating piezo-electronic behaviour. To augment the piezoelectric properties of our
cyclic peptides, we strategically introduced aromatic amino acids into cyclic d-peptides and
compared their piezo-electronic performance with aliphatic amino acid containing cyclic d-
peptides. Additionally, we enhanced molecular polarity by substituting hydrogen atoms with
electronegative fluorine atoms in the phenyl rings of phenylalanine. This modification increases
the molecule's dipole moment, fostering the creation of a macroscopic dipole moment aligned in
a specific direction upon self-assembly of these modified peptides. Our objective in developing
these tailored peptides is to explore and contrast their piezo-electronic characteristics relative to
their molecular polarity. This endeavour contributes to advancing the field of biomolecular
piezoelectric materials, with the potential to uncover novel peptide-based materials endowed with

enhanced piezo-electronic functionalities.

3.4. Results and Discussion:

3.4.1. Design and Synthesis of Peptides (C1-C7):

The designed cyclic dipeptides C1-C7 and linear dipeptides L1-L3 are depicted in Scheme 1, with
detailed descriptions of the amino acids and the synthesis of both linear and cyclic peptides
provided in the preceding chapter.*® L1 and L3 consist of linear dipeptides composed of aliphatic
and aromatic amino acids, respectively. C1 is entirely aliphatic cyclic peptide, whereas C2
incorporates one aliphatic and one aromatic B-oxy-&°-amino acids containing cyclic peptide.
Moving forward, C3 to C7 exclusively feature aromatic B-oxy-5°-amino acids containing cyclic
peptide. Notably, C6 and C7 incorporate Napthyl and Diphenyl containing aromatic B-oxy-5°-

amino acids which are notably more electron-rich.

In the case of C4, we introduced a pentafluorophenyl ring containing p-oxy-&°-amino acids acid,
whereas C5 incorporates both pentafluorophenyl ring containing aromatic p-oxy-8°-amino acids.
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The rationale behind this study is to compare the piezoelectronic properties in tubular packing

between electron-rich and electron-deficient systems. Additionally, the incorporation of
electronegative fluorine atoms is expected to enhance charge separation, thereby increasing the
dipole moment. Our aim is to thoroughly examine and compare these properties within tubular-
packed systems. This research contributes to advancing our understanding of how molecular
electronic properties can be tailored through amino acid sequence and substitution, potentially
leading to the development of novel materials with enhanced piezo-electronic functionalities.
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Scheme 1: Sequence of the Peptides, Linear Dipeptide L1 and L3, Cyclic Dipeptides C1-C7.
3.4.2. Self-assembly of Cyclic Peptides:

In the previous chapter, we have shown that these cyclic peptides can self-assemble parallelly

packed tubular structure. Different non-covalent interaction like hydrogen bonding, polar-pi
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interactions, electrostatic interactions etc. are involved in the self-assembly of cyclic peptides. In
this section we discussed all the interaction involved in crystal packing.

3.4.2.1. Interactions involved in Tubular Self-assembly of C3:

Figure 1: Overall Packing of tubular self-assembled C3 molecules and their interactions.

The self-assembled structures of C3 display four distinct interaction types, which can be

categorized as follows:

(i).... Intermolecular Hydrogen Bonding between Water molecule and amide unit
(H20....HN-CO) and (HOH....OC-NH).

(ii).... Intermolecular Hydrogen Bonding between Water molecule and p-O atom
(HOH....Op).

(iii).... Pi-Pi Stacking Interaction.

(iv).... Intermolecular Hydrogen bonding between two macrocycles (CoH...Op).
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3.4.2.2. Interactions involved in Tubular Self-assembly of C4:

Figure 2: Overall Packing of tubular self-assembled C4 molecules and their interactions.

The self-assembled structures of C4 display four distinct interaction types, which can be

categorized as follows:

(i).... Intermolecular Hydrogen Bonding between carbonyl O and amide NH (CO....HN).
(ii).... Pi-Pi Stacking Interaction.

(iii).... Intermolecular Hydrogen bonding between F(ortho) and a-CH2 unit, (CoH...Fortho).

(iv).... Intermolecular Hydrogen bonding between F(meta) and a-CH: unit, (CaH...Fortho)
and F(meta) and y-CHz unit, (CyH...Fmeta)
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3.4.2.3. Interactions involved in Tubular Self-assembly of C5:

Figure 3: Overall Packing of tubular self-assembled C5 molecules and their interactions.

The self-assembled structures of C5 display four distinct interaction types, which can be
categorized as follows:

(i).... Intermolecular Hydrogen Bonding between carbonyl O and amide NH (CO....HN).
(ii).... Intermolecular Hydrogen bonding between F(meta) and y-CH2z unit, (CoH...Fmeta).
(iii).... Intermolecular Hydrogen bonding between F(ortho) and y-CHz unit, (CyH...Fortho).
(iv).... Intermolecular Hydrogen bonding between two macrocycles (CoH...Op).
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3.4.2.4. Interactions involved in Tubular Self-assembly of C7:

Figure 4: Overall Packing of tubular self-assembled C7 molecules and their interactions.

The self-assembled structures of C7 display four distinct interaction types, which can be

categorized as follows:

(i).... Intermolecular Hydrogen Bonding between Water molecule and amide unit
(H20....HN-CO) and (HOH....OC-NH).

(ii).... Intermolecular Hydrogen Bonding between Carbonyl O atom proton of methanol
(CH30H....0=C).

(iii).... Pi-Pi Stacking and CH-Pi Interaction.

(iv).... Intermolecular Hydrogen bonding between Cs-H and Oxygen atom of methanol

(CsH...0).
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3.4.2.5. Other Interaction involved in Self-assembly of C4:

In pentafluoro-benzene ring of C4, the fluorine atoms are electron-withdrawing, causing the
remaining electron density to be richer around the fluorine atoms and leaving the central region of
the benzene ring electron-deficient. This electron deficiency creates a n-hole within the benzene
ring. The lone pairs of a carbonyl group can interact with this n-hole, as these lone pair orbitals are
directed towards the benzene ring’s m orbitals. This interaction between the carbonyl group and
the n-hole of the fluorinated aromatic ring is well-documented in the literature and is referred to

as an O---m interaction.*” The interaction is illustrated in below figure.

Figure 5: O- - interaction in Self-assembly of C4
3.4.2.6. Hirshfeld surface analysis for Self-assembled CPs Interactions:

Hirshfeld surface analysis**! was conducted to investigate all non-covalent molecular interactions

of C3, C4, C5 and C7 using Crystal Explorer 3.1 software. The analysis utilized the single-crystal

139 |Page



Chapter 3

X-ray crystallographic information file (CIF) to visualize various interactions present on the

Hirshfeld surface. These interactions were depicted through 3D color mapping images, including
normalized contact distance (dnorm), Shape index, and curvedness. The surface colors representing
strong interactions were depicted in red, medium in blue, and weak in white. The shape index, a
dimensionless quantity, indicated the local shape of convex and concave regions on the surface,
with values ranging between 1.0 (most convex) and -1.0 (most concave), while values were fixed
at 0 for minimal surface regions. Curvedness measured the degree of curvature of the Hirshfeld
surface, with a general range of -4.0 to 0.4. Additionally, a 2D fingerprint plot was generated,
illustrating the distances of atoms nearest to the interior (di) and exterior (d¢) of the Hirshfeld
surface. Different contours in the plot depicted various types of molecular interactions and contact
information. The Hirshfeld surface images were generated with an iso-value of a weight function

of 0.5 au. Summary of the observed Hirshfeld analysis data is presented in below figures.
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Figure 6: (a-d) The 2D fingerprint plot (de vs di) of C3 at 296 K.
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Figure 7. The 3D color mapping Hirshfeld surface analysis of C3 (296 K) shows (a) di, (b) de,
(c) shape index and (d) curvedness.
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Figure 8: (a) The 2D fingerprint plot (de vs d;) of C4 at 296 K (a-f).
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(iiii) C5:

Chapter 3
(b)

The 3D color mapping Hirshfeld surface analysis of C4 (296 K) shows (a) di, (b) de,
(c) shape index and (d) curvedness.
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Figure 10: (a-f) The 2D fingerprint plot (de vs d;) of C5 at 296 K
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(b)

Figure 11. The 3D color mapping Hirshfeld surface analysis of C5 (296 K) shows (a) di, (b) de,
(c) shape index and (d) curvedness.
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Figure 12: (a) The 2D fingerprint plot (de vs di) of C7 at 296 K (a-f).
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Figure 13. The 3D color mapping Hirshfeld surface analysis of C7 (296 K) shows (a) di, (b) de,
(c) shape index and (d) curvedness.

3.4.2.7. FE-SEM and HR-TEM Analysis for Self-assembled CPs Interactions:

Further, to understand the morphology of the self-assembled cyclic peptides, we subjected
some of them to FE-SEM and HR-TEM analysis. The solutions of cyclic peptides C3 to C5 in
methanol/water (1 mg/ml) were incubated and examined for their self-assembly. Both FE-SEM
and HR-TEM analysis revealed a sheet-shaped supramolecular assembly. The FE-SEM and HR-
TEM images are shown in Figure 14 below. Lateral interaction of the peptide nanostructures may
also occur due to electrostatic and hydrogen bonding interactions mentioned above. Interaction of
the peptides in both vertical and lateral direction helps to build long-range molecular self-
assembled nano-structure, that eventually observed as sheet-shaped or plate shaped nanostructure
in FE-SEM images. These secondary interactions resulted in the formation of a beta sheet type
structure which stacks through intermolecular hydrogen bonding and other electrostatic
interactions, that will also help in elongating peptide nanostructures.
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Figure 14. FE-SEM images of (a) C3, (b) C4, and (c) C5 and HR-TEM images (d) C3, (e) C4,
and (f) C5 after 24 hours incubation in MeOH/H20 her

3.4.2.8. DLS Study for Self-assembled CPs Interactions:

To understand whether these cyclic peptides can self-assemble in solution, we subjected them to
dynamic light scattering (DLS) analysis in polar aprotic acetonitrile and chloroform. The DLS

analysis of equimolar concentration of each cyclic peptide suggested that they self-assembled into
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approximately 100 nm aggregates after being kept in solution for about an hour. The DLS spectrum

of C3, C4 and C5 cyclic peptides are attached in below Figure 17. In contrast, no significant self-
aggregation was observed in polar protic solvent methanol. These results further support the H-
bond driven supramolecular assembly of cyclic peptides. In the case of methanol it interferes in
H-bonding between the cyclic peptides (Figure 15 and 16). The order of observed aggregation in

apolar solvent was found to be C5 > C4 > C3.

(a) Solvent Dependent DLS Experiment:
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Figure 16: DLS study Of C3 in Acetonitrile
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(b) DLS Study of Cyclic Peptides in Acetonitrile:
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Figure 17: DLS study of (a) C3, (b) C4, and (c) C5 in Acetonitrile.
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3.4.2.9. UV-Vis Spectrum and Circular Dichroism Experiment:

(@). UV-Vis Spectrum:

To determine if there is any excitonic coupling between the aromatic side chains of three cyclic
peptides, we recorded their concentration-dependent UV spectra. The experimental results show
no shift in the characteristic peaks, raising the question of whether excitonic coupling is present
between the chromophores. Vibrational features in the 240-280 nm region, likely corresponding
to C-H vibrations of the peripheral benzene ring, are most prominent in C3, intermediate in C4,

and absent in C5.

The concentration-dependent UV spectra for all three compounds are attached below.
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Figure 18: Concentration dependent UV-Vis Spectrum of (a) C3, (b) C4, and (c¢) C5 in
Acetonitrile.
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(b). Circular Dichroism Spectrum:

Further we have recorded circular dichroism experiment of all three compounds. The CD spectra
of all three compounds reveal similar characteristic peaks: two negative peaks at 198 nm and 222
nm, attributed to n---nt* transition interactions and n—n* interactions, respectively, and a broad
positive peak at 246 nm, indicative of aromatic side chains.[*?l We've also recorded concentration-
dependent CD spectra for these cyclic peptides, observing that there's no shift in the characteristic
peaks, only a change in intensity. These experiments suggest that there is no such significant
excitonic coupling between these two pentafluorophenyl rings. Concentration Dependent CD

Spectrum of C3, C4, and C5 in Acetonitrile are attached below.
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Figure 19: Concentration dependent CD Spectrum of (a) C3, (b) C4, and (c) C5 in Acetonitrile.

These two experiments suggest that self-assembly in tubular packing is primarily governed by
intermolecular hydrogen bonding. Consequently, there is no observed significant exciton coupling
between the penta-fluorophenyl rings. In case C3, the inter-distance between two phenyl rings is
6.769 A, whereas in C4, this distance is maintained at 5.217 A, consistent with the inter-distance

between the phenyl rings and pentafluorophenyl rings. C5 exhibits a shorter inter-distance between
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the pentafluorophenyl rings, measuring 5.145 A. These intermolecular distances indicate a far

proximity of the aromatic rings, suggesting very weak pi-pi stacking interactions.

Furthermore, the average distance between cyclic peptide units decreases from C3 (6.75 A) to C4
(5.22 A) to C5 (3.5 A), indicating a more compact molecular arrangement in C5, likely driven by
increased intermolecular hydrogen bonding. This suggests that self-assembly in tubular packing is

primarily governed by intermolecular hydrogen bonding.

3.4.2.10. IR Experiment:

We have recorded the IR Spectrum of three cyclic peptides C3, C4, and C5. The IR studies showed
N-H stretching frequencies in the region at 3200-3300 cm ! indicating involvement of amide N—H
protons in strong intermolecular H-bonding. The C=0 stretching frequencies in the amide | region
at 1650-1662 cm ™! and in the amide 1l region at 1501-1503 cm ™ are indicative of similarity with
the B-sheet type of framework. The IR Spectrum of C3, C4, and C5 are attached below.
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Figure 20: IR Spectrum of (a) C3, (b) C4, and (c) C5.
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3.4.3. Piezoresponse Force Microscopy Characterization:

The tubular assembly of the noncentrosymmetric cyclic peptides with unidirectional H-bond-
associated macrodipole motivated us to examine the piezoelectric and ferroelectric properties of
these cyclic peptides using piezoresponse force microscopy (PFM).[*3 Peptides at a concentration
of 5 milimolar were used for drop-casting onto an ITO plate. The thickness of the resulting thin
film was measured using PFM (Piezoelectric Force Microscopy) and was found to be between 0.1
um and 1 um (see Experimental section). The relative piezoelectric coefficients were quantified
in all cyclic peptides using PFM. The PFM measurements enabled the direct visualization of the
domain structure and orientation in vertical directions. PFM images were captured at a resonance
frequency of 300 £ 40 KHz, with PFM hysteresis obtained under an applied bias of £25 V. Figure
21 and Figure 22 depict the vertical PFM amplitude and phase signals of three cyclic peptides
drop-casted thin films. It is clear that the ferroelectric domain structures appear to be arranged in
a strip-like pattern, with domain walls separating adjacent domains, as indicated by the minimum
amplitude signal.[** The phase patterns align with the corresponding amplitude images, showing
that the domains are oriented in upward and downward directions. Further, to understand the
ferroelectric domains in the drop-casted cyclic peptides thin films, piezoresponse force
spectroscopy was conducted at a single point (10 X 10 pm?), using Dual AC Resonance Tracking
(DART) mode PFM. The distinctive phase hysteresis and a butterfly-shaped amplitude loop for
CPs obtained from the PFM measurements are shown in Figure 23. The near 180° phase difference
between opposite signals confirmed the inverse switching polarization behavior. These results
confirm the reversible ferroelectric domain structure of the CPs thin films. While L1 and C1,
composed of aliphatic amino acids in their linear and cyclic peptide forms respectively, did not
exhibit a significant piezoelectric response, both Linear Aromatic L3 and aromatic cyclic peptides
C2-C7 displayed distinct PFM hysteresis characteristics. We further calculated the piezoelectric
coefficients (ds3) for all cyclic peptides (See experimental section).[*s] The calculated dss values
for L3, C2, C3, C4, C5, C6, and C7 were found to be 50 £ 1 pm/V, 53 + 1 pm/V, 60 £ 4 pm/V,
64 + 4 pm/V, and 76 £ 6 pm/V, 85 + 2 pm/V, 90 = 3 pm/V respectively. These values were found
to be higher than the values reported for many linear and cyclic peptides. Among these peptides,
C7, which features diphenyl side chains, demonstrated the highest piezoelectric coefficient. This

suggests that as aromaticity in tubular packing increases, the piezoelectric properties are enhanced.
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Figure 21: Diagram representing PFM images showing 3D-vertical amplitude of (a) C3, (b) C4,
(c) C5, (d) Cs, (e) CT.

Figure 22: Diagram representing PFM images showing 3D-vertical phase of (a) C3, (b) C4, (c)
C5, (d) C6, (e) C7.
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Figure 23: Local PFM phase versus bias and amplitude versus bias hysteresis loop for a selected
point on the thin film of (a) L3, (b) C2, (c) C3, (d) C4, (e) C5, (f) C6, (g) C7.
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3.4.4. DFT Calculations for measurement of Dipole Moment:

Among these peptides, C7, which features diphenyl side chains, demonstrated the highest
piezoelectric coefficient, indicating that increased aromaticity in tubular packing enhances
piezoelectric properties. However, we also observed that incorporating an electronegative fluorine
atom as a pentafluorophenyl ring in C4 and C5 resulted in a higher piezoelectric coefficient
compared to C3. To understand this phenomenon, we conducted Density Functional Theory (DFT)
calculations to analyze the impact of these modifications. 61 We compared DFT calculated dipole
moment data for these three cyclic peptides C3-C5 and details discussion are below.

At first, we calculated dipole moments of the individual monomers and their comparison with the
observed ds3 values. To provide a more accurate assessment and comment on the macrodipole
component contributing to ds3, we conducted DFT calculations not only on a single monomeric
species, but on an ensemble of molecules, and compared their vectorial distribution. For this
purpose, one molecule was selected from the crystal packing arrangements for each of C3, C4,
and C5. Additionally, four molecules (arranged in two columns and two rows) and six molecules
(arranged in three columns and two rows) were also chosen (Figure 24). The magnitude and
direction of dipole moments for each system are shown in Figure 24 and Table 1. Notably, in all
three systems, as the number of molecules increases, the magnitude of the dipole moment also
increases. However, the magnitude of the increment is highest in C5 (6.27 folds), followed by C4
(5.27 folds) and C3 (4.75 folds) (Figure 24 & Table 1). This indicates that, upon aggregation, the
magnitude of the dipole moment experiences a significant boost, resulting in much higher dss
values in these systems. In C5, this increment is the highest, supporting the fact that C5 exhibits

the maximum dsz value.

System Single molecule Four molecules Six molecules
C3 2.86 D 572D 13.59D
C4 401D 1494 D 21.13D
Cs 5.76 D 25.06 D 36.10 D

Table 1: Magnitude of dipole-moment vectors of all three molecules in monomer and aggregated

systems.
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Figure 24: Dipole-moment vector direction (shown as arrows) and Mulliken atomic charge maps
for (a) C3, (b) C4, and (c) C5 for single molecule, four molecules, and six molecules. obtained
from DFT optimization with B3LYP functional and 6-31 G(d,p) basis set.

To understand the observed trend mentioned above, we also analysed the Mulliken atomic charge
map of our molecular systems. In this map, the green color represents positive atomic charge,
while the red color represents a negative atomic charge. It is important to note that a higher atomic
charge will have a greater impact on the total observed dipole moment, while neutral atoms will
have a minimal impact. In C3, both in the monomer and higher molecular systems, the dipole
moment will mainly be contributed by the core ring. In C4, the contribution from one fluoro-
substituted peripheral benzene ring will also occur. Interestingly, for C5, this contribution will be
the highest, as it contains highly electronegative fluoro-substituted benzene rings from both ends
(Figure 24). Another factor that will come into the picture is the direction factor- which will be
mainly governed by the components of the dipole-moment vector along three directions. If we
consider the monomers of all three molecules, the C3 monomer adopts an almost symmetrical
arrangement (computed dihedral angle of the peripheral benzene rings are 103.98° & 104.05" with

the core ring), resulting in an almost vertical dipole-moment vector direction with the core ring
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and its magnitude are distributed well in three different directions (Figure 25). In case of, the C4

monomer, although the magnitude of dipole moment is higher comparatively due to the additional
pentafluoro-substituted benzene ring, its asymmetrical molecular arrangement (computed dihedral
angle of the rings are 78.80° & 85.64° with the core ring) leads to a much tilted dipole-vector
direction with its magnitude are again well-distributed in three different directions (Figure 25).
Interestingly, both the magnitude and direction factors favour the case of the C5 molecule, as it
possesses two strongly contributing pentafluoro-substituted rings and a symmetrical molecular
arrangement (computed dihedral angle of both the rings is 102.38" with the core ring), resulting in
the vertical-upward directed dipole-moment vector with the core-ring and its magnitude prevailing
in a single direction (dipole moment magnitude= 5.76 D; direction-wise x-component= 0, y-
component= 0, z-component= -5.76) (Figure 25). The same principle applies to aggregated
systems as well. For example, when we consider systems with six molecules, unlike the C3 & C4
case, the dipole moment vector magnitude in the case of C5 is again oriented in a single direction
(dipole moment magnitude = 36.09 D; direction-wise x-component = 0.01, y-component = 36.09,
z-component = 0.004), with the direction almost vertically upward with the central ring (Figure
26). We anticipate that as the system size increases, the direction will remain the same while the
magnitude continues to increase. However, in the case of C3 & C4, the direction will depend on
the crystal packing of the system as well, as in both cases, they exhibit an antiparallel brick-like

stacking of neighbouring columns.
Notes on ‘The origin of the macrodipole showing the PFM response’:

We observed that the overall dipole moment magnitudes of the studied systems increase
significantly with an increase in packing size (or number of molecules). This is mainly due to the
contribution of the core ring. We conducted Mulliken atomic charge mapping of the systems,
which indicated a higher positive charge on the amide-carbonyl carbon and a higher negative
charge on the oxygen atoms and amide nitrogen atoms. In C3, the presence of two essentially
neutral benzene rings means that the total contribution comes from the core ring only. In C4, a
pentafluoro-substituted benzene ring contributes to one end; in C5, this contribution is from both
ends. The antiparallel brick-like crystal packing in the case of C3 & C4 also contributes to the
total dipole moment magnitude when considering the macro-dipole moment. However, along with

the additional contribution from one extra pentafluoro-substituted benzene ring, its dipole-moment
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magnitude along a specific direction denies any vectorial cancellation, leading to the highest

dipole-moment magnitude in C5.
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Figure 25: Dihedral angles (abbreviated as DA, associated atoms taken under calculation are
marked in cyan color) with peripheral substituted/unsubstituted benzene rings with the core
moieties for (a) C3, (b) C4 & (c) C5. Distribution of dipole moment vector’s magnitude in x (first

entry), y (second entry) & z (third entry)- directions are also enlisted in respective sections.
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Figure 26: Mulliken atomic charge map and distribution of dipole moment vector’s magnitude in
x (first entry), y (second entry) & z (third entry)-directions of (a) C3, (b) C4 & (c) C5 molecules.

3.5. Conclusion:

We have demonstrated the tubular assemblies from a new class of cyclic peptides derived from &°-
amino acids. These peptides consist of both amide and ether bonds in the backbone. The peptides
spontaneously self-assembled into tubes with unidirectional H-bonds. Irrespective of the H-
bonding between the cyclic peptides, all three peptides displayed tubular assemblies with
unidirectional H-bonds. Among these peptides, C5 with electron-withdrawing penta-fluorophenyl
groups, tightly packed into tubular assembly, showed a higher dipole moment compared to cyclic
peptides C1-C4. Also, the non-centrosymmetric structures with unidirectional H-bonds motivated
us to examine the ferro and piezoelectric domain switching analysis of these cyclic peptides.
Among all these peptides, C7, which features diphenyl side chains, demonstrated the highest
piezoelectric coefficient. This suggests that as aromaticity in tubular packing increases, the
piezoelectric properties are enhanced. Among the cyclic peptides, C7 showed a better piezoelectric
coefficient (ds3) of 90 £ 3 pm/V. The piezoelectric coefficient values displayed by these are
commendable with respect to the applied voltage. The macrodipole emerged from the spontaneous
tubular assemblies of these cyclic peptides can be explored to design piezo- and ferroelectric

materials and other devices.
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3.6. Experimental Section:

3.6.1. Materials and Method:

All coupling reactions were carried out under a nitrogen atmosphere. We sourced various amino
acids, Boc anhydride, HBTU, HOBt, as well as, Trifluoroacetic acid (TFA), N,N-
Diisopropylethylamine (DIPEA), DMF, EtOAc, Hexane, THF, from different commercial
suppliers. Before use, we distilled Ethyl acetate and Hexane. Silica gel (100-200 mesh) was
employed for column chromatography. We monitored reactions using analytical thin-layer
chromatography (TLC) and verified results under UV light and ninhydrin or iodine staining. All
final cyclic peptides were purified by reverse phase HPLC. NMR spectra (*H at 400 MHz and
600MHz and **C at 101 MHz) were recorded using deuterated solvents with CDCls as the internal
standard. Chemical shifts are reported in parts per million (ppm, ) relative to tetramethyl silane
(5 0.00). *H NMR splitting patterns were identified as singlet (s), doublet (d), broad doublet (bd),
triplet (t), doublet of doublets (dd), and quintet (gn). Coupling constants (J) are reported in Hertz
(Hz). Mass spectra were acquired using a MALDI-TOF instrument. Additionally, X-ray data were
collected at low temperatures (150 K) using a Bruker APEX (1) DUO CCD diffractometer with
both Mo Ka (A = 0.71073 A) and Cu Ko radiation (A = 1.54178 A), which had been
monochromated with graphite.

3.6.2. Peptide Synthesis:

The designed cyclic dipeptides C1-C7 are shown in Scheme 1. The amino acids and linear peptides
and cyclic dipeptides C1-C7 were synthesized as reported last chapter.[*'] Initially, the linear
dipeptides were synthesized through the traditional solution-phase condensation approach. After
that C-terminal ester group was hydrolysed using 1IN NaOH and the N-terminal Boc group was
deprotected by 1:1 mixture of TFA and DCM. The free amine and carboxylic acid was then kept
for macrocyclization using a high dilution method. The macrocyclization process is detailed in the
experimental section. All peptides were purified using column chromatography and confirmed by

mass spectral analysis.
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3.6.3. FE-SEM Study:

To examine the self-assembly of the peptides, we initially dissolved the peptides methanol/water
at a concentration of 1 mg/mL to create a primary stock solution. Subsequently, the stock solutions
were incubated at room temperature. After that peptide solution was vigorously vortexed for
approximately 1 minute and then subjected to centrifugation. The resulting filtrate was ultimately
applied as 2.5 pL droplets onto a silicon vapor plate (SiO2/Si substrate), which had been thoroughly
cleaned beforehand. This process was repeated at various time. It's important to note that freshly
prepared solutions were used for all experiments. The samples were subsequently analyzed using
the FE-SEM ZEISS ULTRA PLUS instrument to capture the final images.

We have updated the scale bar of the recorded SEM images. The updated images now include

measurements of the length and breadth of the sheets, as shown in the figure below.
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Figure 28: Scalebar Mentioned FE-SEM Images of C4.
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Figure 29: Scalebar Mentioned FE-SEM Images of C5

3.6.4. HR-TEM Study:

HR-TEM Samples were prepared in the similar way of FE-SEM analysis and samples were drop
casted (4uL) on carbon coted copper grid and dried at room temperature and imaged it. Samples
were drop casted on TEM grids to check the stability of the peptide nanotubes. Drop casted
samples were examined under Bruker High-Resolution Transmission Electron Microscope to take
the final images.

3.6.5. DLS Study:

The DLS (Dynamic Light Scattering) experiment was employed to analyze the size distribution of
peptide sub-nanotubes in two different Solvent like Polar Protic methanol and Polar Aprotic
acetonitrile. The experiment used a 90° scattering angle and followed the same sample preparation
process as the HR-TEM samples. A control sample consisting of Methanol and acetonitrile in the
same ratio as the prepared sample was included. The Zeta Sizer Nanoseries ZS90 instrument was

used to conduct this experiment.
3.6.6. PFM Analysis and dsz Calculation:

The displacement of the tip happened due to the deformation of ferroelectric samples under an
applied electric field. The hysteresis curves exhibit piezoelectric effect in its thin film. According
to the definition of the converse piezoelectric effect, the piezoelectric coefficient dsz can be
calculated from the slope of the amplitude versus bias curve at low voltage range.[*¥! The observed
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piezoelectric coefficients (dzs) of C3, C4, C5 in thin film are the average value of slope at multiple

points of corresponding amplitude vs Bias curve respectively. The points taken for determining
piezoelectric coefficient values are highlighted in figure 30. The piezoelectric coefficient values

are obtained in a range.
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Figure 30: Multiple points are taken in Amplitude vs Bias plot to calculate ds3 for (a) CP1, (b)
CP2, (c) CP3.

In order to understand “The polarization switching in terms of the domain orientation” we have
performed PFM microscopy at 0 V and applying (£) 25V and compared their domain orientation.
Our molecule is neutral organic, and we are limited to applying a maximum of 25 V with our
available PFM facility. After recording PFM images at 0 V bias, we applied a +25 V bias to the
same area and collected additional PFM images. Again, we have chosen another area (10 X 10
um?) and recorded PFM image initially at 0 V bias and then we applied -25 V bias to the same
area (10 X 10 um?). We have seen the changes in the domain patterns in both the cases (See below
figure no 31 and 32) but complete switching all over the area is not observed. It may require higher
voltage at longer scan to observe distinct complete switching for such kind of neutral organic
molecules.
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(b) +25V

Figure 31: Diagram representing 3D-vertical phase of C5 at (a) 0 V bias and (b) +25 V bias.

-25V

4

Figure 32: Diagram representing 3D-vertical phase of C5 at (a) 0 V bias and (b) -25 V bias.

3.6.7. Piezoresponse Force Microscopy Measurement:

Piezo and ferroelectric characteristics of crystal film on an ITO-coated glass surface were
investigated using PFM measurements conducted with the Bio-AFM system from Asylum
Research's MFP-3D family. DART PFM experiments utilized AC-240TM-R3 cantilever probes
with a spring constant range of 0.3 to 4 N/m and a tip radius of 28 nm, coated with Ti/Pt, to assess
the piezo response of the crystal films (with an RMS roughness of approximately 200 nm). PFM
data was acquired through DART-PFM experiments, where an AC voltage was applied to the
conductive AFM tip while the bottom electrode remained grounded. PFM images were captured
at a resonance frequency of 300 + 40 KHz, with PFM hysteresis obtained under an applied bias of
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+25 V. Additionally, PFM phase and amplitude contrast were recorded in areas measuring about
10 X 10 micrometers, using Dual AC Resonance Tracking (DART) mode PFM. The ds3 values

were determined by measuring the amplitude signal at the first contact resonance of the cantilever
while varying the tip bias voltage. We drop-cast each compound at the same concentration and
allowed them to dry slowly on ITO-coated glass to get crystalline thin film. This process resulted
in the growth of micro-crystals, influenced by the molecular packing of the peptides, under
identical conditions. We conducted experiments at multiple points, alternating the voltage from

+25 V to —25 V. The topographical images are provided below.

10um

Figure 31: Topography image of (a) C3, (b) C4, (c) C5, (d) C6, (e) C7.

164 |Page



Chapter 3
3.6.8. DFT Calculations for measurement of Dipole Moment:

Density Functional Theory (DFT) Calculations: Single molecule dipoles were calculated from gas
phase molecular electronic structures solved using the Gaussian9 suite of programs with the hybrid

DFT B3LYP functional and 6-31 G(d,p) basis set.[*6] We optimized electronic structures from
crystal structures.
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4.1. Introduction:

4.1.1. Introduction to Supramolecular Self-assembled Foldamers Design:

Within the natural world, proteins and peptides coordinate a wide range of physiologically relevant
processes, such as molecular recognition, catalysis, and electron transport, mainly because of their
unique, stable, and well-organized three-dimensional structures. Growing knowledge about the
complex interactions between protein/peptide structure and function has led to a enormous efforts
in drug development to create peptide-based compounds that can bind to important biological
targets with exceptional selectivity and affinity.! However, there are significant obstacles to the
therapeutic application of native peptides due to their inherent limitations. Their vulnerability to
conformational flexibility, which compromises the accuracy and specificity of peptide-target
binding, and their susceptibility to destruction by a variety of peptidases in physiological settings
are the main causes for worry. These difficulties have prompted scientists to work together to

develop peptidomimetics with increased biostability and structural rigidity.

A current principle states that a peptidomimetic compound will have higher affinity and selectivity

when it interacts with a macromolecular target because it will have a predefined secondary
structure that mimics the biologically active conformation of a flexible native peptide. This is due
to the expectation that a prearranged molecule will experience a lower entropic cost during
complex formation. As a result, one common approach in peptidomimetic design is to construct
artificial oligomeric structures with stiff and well-defined conformations. Research on
peptidomimetic foldamers? has produced a wealth of interesting compounds that can bind to a
variety of substrates, such as proteins,® RNA,* carbohydrates,®> and lipids.® Remarkably, these
compounds often demonstrate affinities comparable to, or even surpassing, those exhibited by
natural peptides or proteins.

The creation of novel molecules with distinctive architectures and practical uses is an area that
synthetic chemists are constantly drawn to. Peptides are unique among biomolecules because they
are made up of twenty distinct amino acids, which can create a variety of environments, including
polar, nucleophilic, electrophilic, hydrophobic, neutral, acidic, basic etc. This adaptability makes
it possible to create and synthesize unique molecules with remarkable qualities. The amide (NH-

CO) group in peptides is self-complementary, which promotes intermolecular hydrogen bonding
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and the creation of three-dimensional supramolecular structures that are anatomically and

functionally similar to natural systems.

The potential of cyclic peptides in particular to function as therapeutics, ion channels, and ion
sensor templates has attracted a lot of attention. Cyclic peptides have been shown in recent research
to be able to produce nanotubes, which increases their potential use as novel biomaterials. It's
interesting to note that the majority of studies on protein secondary structure preferences to date
have concentrated on cyclic peptides made of natural amino acids. Few synthesized cyclic peptides
that contain unnatural amino acid units have been reported. On the other hand, unusual non-amino
acid structural elements, such thiazole and oxazoline amino acids, are frequently present in
naturally occurring cyclic peptides from marine and terrestrial microorganisms and have strong

biomedical applications.’

Our goal is to create a new class of cyclic peptides by incorporating unnatural amino acid units
into the ring structures of cyclic peptides based on natural amino acids, with inspiration from
nature. The characteristics of the integrated hybrid unit influence the design of these hybrid
macrocycles. The work presented here focuses on our efforts to create cyclic peptides with specific
purposes in mind, such as the construction of cyclic peptide-based ion channels and the production
of self-assembled nanotubes. Our hybrid peptide macrocycle design approach is property-directed,
which means that the intended characteristics or uses of the generated cyclopeptides are the main

factors influencing the selection of hybrid units.

4.1.2. Development of lon Chanel and Anion Selective lon Channel:

lon channels and carriers are specialized proteins that help move ions and bigger organic molecules
across cell membranes.® Enabling the targeted and effective translocation of ions, metabolites, and
biopolymers across cellular membranes is an essential component in preserving cell viability.®
Numerous mechanisms, including ion channels, pores, carriers, passive diffusion, are involved
in this transportation process. lon channels are essential for precisely controlling ion flow and
selectivity via lipid bilayers among various processes.'® Numerous biological processes, such as
ion flux, signal transduction, and molecule transport, are regulated by natural ion channels and
pores. The phospholipid membrane contains these functional channels and pores, which are gaps
that are designed to strategically minimize the natural repulsion between water-soluble molecules

and the hydrophobic lipid environment.
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Anions are needed for many biological functions, such as the regulation of chloride levels, which
are necessary for maintaining pH balance and cell osmotic pressure, both of which are necessary
for life. It follows that the evolution of specialized protein channels and pumps by nature to
transport charged molecules across ion-resistant lipid bilayers is not surprising. lon transport
proteins have different structures, but they all have three-dimensional binding sites that are
carefully engineered to attach to target ions in a topologically and electrically particular manner.
Research into the creation of synthetic ionophores as potential remedies has been prompted by
diseases like Best's disease and cystic fibrosis that arise from the malfunction of these transport
proteins and the ensuing ion imbalance.*? These artificial substances are designed to make it easier
for ions—especially anions—to pass through lipid membranes. However, equal degrees of affinity
and selectivity are necessary for synthetic ionophores to effectively replace natural transport

systems.

When it comes to ion and water transport across membranes, nature has created complex, highly
adapted structures that provide a significant challenge to chemists trying to create synthetic
equivalents.’® Nonetheless, the development of artificial ion channels and carriers can benefit
greatly from an understanding of the basic principles employed by nature, including size exclusion,
charge repulsion, ion hopping, hydrogen bonding, ion pairing, and hydrophobic/hydrophilic
interactions.’* Promising possibilities for anion transport are those compounds that exhibit
hydrogen bonding, halogen bonding, or anion-r interactions with anions.'® Cyclic structures with
a well-defined cavity that makes ion recognition easier, such as calixarenes'® calixpyrroles®’

Catenane®® and peptides?®, are particularly fascinating.
4.2. Previous Studies:

In order to construct functional ion channels or pores, one essential structural need is the capacity
of molecules to combine into tubular structures. Pore-forming molecules need to be long enough
to cross the membrane, stable enough to stay in an open state, partially soluble in water, and have
favorable partition coefficients and assembly properties in the lipid bilayer. A perfect fit for this
application would have regulated dimensions, chemical functionalization, and form, all of which
could be achieved with a simple synthetic method.?° Cyclic peptides that self-assemble are
essential components for creating artificial nanotubes. Based on their composition, they can be

mainly categorized as cyclic a-alt(D,L)-peptides, cyclic B-peptides, cyclic a,y-peptides, and cyclic
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peptides integrating 8- or e-amino acids.?! Several instances of ion channels based on self-

assembled cyclic peptide nanotubes have been reported.

4.2.1. lon Channel model based on L, D- a-Amino Acid containing Cyclic

Peptide Nanotubes:

Through theoretical calculations, De Santis et al.- proposed in 1974 that peptides consisting of an
even number of alternating conformationally equivalent 3-type dihedral angles of D- and L-amino
acid residues could form a closed cyclic structure through interactions between backbones and
hydrogen bonds.??> Owing to these peptides' limited solubility, the experimental data were
equivocal. Twenty years later, in 1993, Ghadiri and colleagues capitalized on this theoretical
suggestion, demonstrating how pH fluctuation can generate a nanotubular structure.?®> The
octapeptide cyclo-[(L-GIn-D-Ala-L-Glu-D-Ala)2] was the source of the first well-researched and
characterized CPNs. Further, the Ghadiri group created a specialized technique using selective
heteromeric supramolecular assembly (Figure 1) to create functional single channels with altered
ion conductance, charge selectivity, and rectification. This process entails incorporating designer
cyclic peptide subunits that bind selectively at the entrance of the channel assembly into the
naturally occurring hollow transmembrane tubular structure that is produced by the self-assembly
of cyclic-D,L-a-peptides within lipid bilayers.?*

®) > ?g‘? ng
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Figure 1: (a) Scheme of the cyclic D,L-a-peptides (b), Peptide 1 autonomously organizes within
lipid membranes, constructing the fundamental structure of transmembrane channels. Peptides 2

to 5 function as auxiliary subunits, forming caps that lead to the formation of diverse channel
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assemblies with modified ion conductivity characteristics.”* Reproduced with permission from

Copyright American Chemical Society.?*

4.2.2. lon Channel model based on B-Amino Acid containing Cyclic Peptide

Nanotubes:

The side chains of homochiral B3-CPs extend outward from the peptide ring plane, just like those
of their D,L-0-CPs counterparts. But the extra carbon in f3-Amino acid residues causes the amide
and carbonyl groups to align clearly in one direction along the nanotube's longitudinal axis. This
arrangement produces a discernible -helix like macrodipole moment, which may influence the
nanotube's conductance via processes including voltage gating and current rectification. The ion
transport properties of cyclic B-peptides were also studied in order to support this notion. The
anticipated inner diameter of tetrameric p3-CPs in a flat ring C4 configuration (2.6-2.7 A) suggests
the potential formation of water channels within the membrane's tubular superstructure. To
investigate this, hydrophobic B3-CPs, namely CP1, CP2, and CP3, which include tryptophan and/or

leucine residues, were synthesized to assess their transport capabilities (Figure 2).2

Peptide 1:

Ry=Rp=}
%T'H Ry M
0 NHS‘\{
a Peptide 2: j NH

H, Ra
Ry =| Rz =1
' § i H
NH _>_
NH ©
Peptide 3: H Ry

Ry=R= I3_

Figure 2: (a) The molecular structure of the cyclic B3-peptide subunits 1-3, depicted in a planar
ring-shaped configuration. (b) Hypothetical model of transmembrane channels self-assembled

from cyclic p3-peptides 1-3. The channel complex is shown with anticipated parallel stacking of
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the rings and significant hydrogen bonding between subunits.?® Reproduced with permission from

Copyright American Chemical Society.?®

Conductance measurements in planar BLMs definitively demonstrated the formation of distinct
ion channels by CP1 and CP2. In a 500 mM KCI solution, CP1 displayed a conductance of 56 pS,
corresponding to a transport rate of 1.9 x 10”7 ions/s. Variations in conductance levels and channel
gating were observed, attributed to differences in the number of CP subunits, assembly-
disassembly processes, and/or ring flexibility. However, the current rectification behavior of ion
channels formed by B-peptides has not yet been confirmed. It is possible that more robust and rigid
tubular structures could better leverage the macrodipole moments of these constructs for the

development of voltage-gated ion channels.

4.2.3. lon Channel model based on a,y—Amino Acid containing Cyclic Peptide

Nanotube:

The structural attributes of the previously discussed D,L-o-CP and p3-CP flat rings naturally
limited additional chemical modifications within the associated nanotube cavities. To address this
challenge while upholding the self-assembly principles of cyclic peptide nanotubes, a solution was
found in CPs that incorporated cis-3-aminocycloalkanecarboxylic acid (y-Aca) residues paired
with (R)-Amino acids as of suitable chirality. Various modifications and potential applications of
several y-Aca scaffolds have been extensively investigated, leading to a diverse range of tubular
structures and nanomaterials. Promising computational results led to the synthesis and membrane
evaluation of three hydrophobic CPs (CP1-CP3; Figure 3). Control tests with self-quenched
LUVsSCF showed a detergent effect for CP3, while CP1 and CP2 had no leakage. The pH-
sensitive LUVsDCF assay confirmed concentration-dependent proton transport for CP1 and CP2,

validating the predicted water string relay mechanism.?®

Planar BLM ion transport tests showed that CP1's limited diameter and partial hydrophobicity
prevented ions from moving through it, while CP2 showed ion-conducting current. CP2 ions were
transported at a rate of about 1077 ions/s in symmetrical alkali metal ion solutions. Its mean open
time was marginally shorter than that of D,L-R-CPs, and its total ion transport efficiency was five
times lower. Up to 120 mV, the conductance was ohmic, suggesting that dual cation incorporation

might occur at higher voltages. The order Cs*>K*">Na* showed minimal cation selectivity,
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although the Na* conductance was 30% higher than predicted, most likely because of the

dehydration penalty and effective ion size.
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Figure 3: (a) Structures of the cyclic peptides (CPs) analyzed, each containing a varying number
of y-amino acids. (b) Diagram of a transmembrane ion channel formed by the stacking of CPs. (c)
Normalized UV fluorescence data from liposomes containing 5(6)-carboxyfluorescein, either
without CPs (control) or with CP1 or CP2, indicating fluorescence decrease due to the collapse of

an initial transmembrane pH gradient.?®
4.4. Aim of the Current Work:

The majority of cyclic peptide nanotubes (CPNs) reported usually have an anti-parallel -sheet
structure. The hydrogen bond orientation inside the stacks makes these CPNs primarily non-polar.
Polar CPNs, however, have not received much attention in the literature to far, even though organic
nano-electronics holds great promise for them. Particularly difficult to access are polar nanotubes,

of which cyclic B-peptides are an exception.
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Less research has been done on CPNs derived from homo-oligomers of 3-amino acids, most likely
because of problems with cyclic B-peptides’ solubility. It is postulated that similar to f-amino acids,
cyclic peptides derived from d-amino acids may produce polar CPNs because they have an even
number of backbone atoms. This would entail the cyclic peptide's amide NH groups projecting on
one face and carbonyl groups on the other. Nevertheless, the difficulties in manufacturing 8-amino

acids have restricted research on CPNs containing these amino acids.

The same-side projection of all carbonyl groups and amide NH groups in peptides containing [3-
and 6-amino acids, as well as the alternating projection of amide bonds in a- and y-peptides, have
already been covered. In the preceding chapter, we highlighted various properties of B(0)-5°-
amino acids and demonstrated their ability to form polar self-assembled tubular structures. We
also observed the presence of cavities within these self-assembled cyclic peptides based on B(O)-
§°-amino acids. Interestingly, our design combines the features of crown ethers with those of
regular cyclic peptides. Our objective is to investigate these cavities within the self-assembled

tubular structures as potential templates for ion transport and to assess their ion selectivity.

4.5. Results and Discussions:

4.5.1. Design of Cyclic Peptides:

In the previous chapter, we demonstrated that cyclic dipeptides featuring B(O)-5°-amino acid
residues can autonomously assemble into unique hollow sub-nanotubular structures characterized
by unidirectional hydrogen bonds. These cyclic dipeptides, which adopt non-centrosymmetric
space groups, display significant anisotropy, suggesting their potential for macroscopic dipole

extensions.?’

Building on this foundation, the current study focuses on synthesizing macrocycles of varying
sizes incorporating B(O)-5°-amino acids to explore their self-assembly behaviors in solution
phase. We have successfully synthesized macrocycles containing residues ranging from 2 to 5
B(0)-&°-amino acids. Additionally, we assessed these macrocycles for their ion channel activity

and examined their selective transport behaviors.

To further investigate the influence of hydrophobicity and cavity size of cyclic peptides on their

self-assembly properties, we designed seven peptides, detailed in Scheme 1, serving as the basis
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for our comparative analysis. Among these, C3 represents aromatic cyclic dipeptides, C8, C11,
and C12 represent cyclic tripeptides, C9 and C12 are cyclic tetrapeptides, and C10 is a cyclic
pentapeptide. All of these peptides are composed of B(O)-5°-amino acids. Notably, C12 and C13
are aliphatic cyclic peptides, whereas C3, C8, C9, C10, and C11 are aromatic peptide macrocycles.

This library of peptides will provide insight into our design and enable a comparative analysis of
their self-assembly into tubular structures for ion channel activity, helping us understand the role

of specific amino acids in designing effective self-assembled ion channels.

' YA

c11 c12 c13
Scheme 1: Synthesized Cyclic Peptide C3, C8-C13.
4.5.2. Synthesis of Cyclic Peptides:

In the previous chapter, we detailed the synthesis of all cyclic peptides using a solution-phase
peptide synthesis protocol, which yielded high yields for all cyclic dipeptides. However, as we
aimed to synthesize peptides with longer sequences, we encountered challenges with the
conventional solution-phase method. The synthesis route became more intricate and time-

consuming for higher oligomers.
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To address these challenges and improve both the efficiency and yield, we developed a solid-phase
peptide synthesis protocol for synthesizing higher oligomers. In this approach, we employed 2-
chloro-tritylchloride resin to synthesize linear peptides of extended lengths. Subsequently, a
solution-phase macrocyclization was conducted using a high dilution method to produce the
desired cyclic peptides. The synthesis protocols for both method are described in detailed in
previous chapter. Following synthesis, all peptides were purified through reverse-phase column
chromatography using a MeOH/H»0 solvent system and a Cig column, ensuring high purity and
quality of the synthesized peptides.

4.5.3. Crystal Structure Analysis of C8:

In pursuit of unequivocal structural insights, we subjected a series of cyclic peptides to
crystallization using diverse solvent combinations, aiming to obtain single crystal structures.
Notably, among all cyclic peptides investigated, C8 exhibited the formation of high-quality single
crystals suitable for X-ray diffraction through the slow evaporation of its solution in
toluene/CHCIs. Despite repeated attempts, C9-C13 failed to yield single crystals of X-ray
diffraction quality. The X-ray diffraction analysis of C8, depicted in Figure 4, 5, and 6, disclosed
a C3 symmetric molecular arrangement, characterized by an average pore diameter of
approximately 5.26 A. Importantly, C8 manifests a hybrid composition, combining features of

both crown ether and peptide macrocycles.

Figure 4: (a) Single Crystal structure of C8
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Significantly, the cyclic peptides (CPs) assembled into tubular structures through intermolecular
hydrogen bonding in a parallel B-sheet configuration. The hydrogen bonding direction within the
tubular assembly was unidirectional, portraying the polar nature of the tubular C8 assembly
(Figure 5a). The conformational analysis of the cyclic peptide C8 was discussed in previous
chapter. The average inter-distance between stacked cyclic peptides was approximately 5.14 A.
Moreover, lateral stabilization of each CP was achieved through CH----O interactions, involving
Og with C,H of an adjacent CP molecule, as depicted in the overall crystal packing arrangement
(Figure 6).

Figure 5: (a) Parallel B-sheet type of hydrogen bonding in C8, (b) Top View of self-assembled
C8

The unique crystal structure of our self-assembled system motivates us to explore all possible
interactions involved in this polar tubular packing. From the crystallographic packing, it is evident
that C8 contributes a cavity to the self-assembled system. The overall packing of the tubular

structure of C8 is described below.
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Figure 6: Overall packing of tubular self-assembled C8 molecules and their interactions

throughout assembly.

The self-assembled structures of C8 display four distinct interaction types, which can be

categorized as follows:

(i).... Intermolecular Hydrogen Bonding between carbonyl O and amide NH (CO....HN).
(ii).... Intramolecular Hydrogen bonding between B-O atom and y-CH2 unit, (CyH...Og).
(iii).... Hydrophobic Pi-Pi T-shaped Stacking and CH-Pi Interaction.

(iv).... Intermolecular Hydrogen bonding between two macrocycles (C«H...Opg).

Self-assembled structure is favoured by several non-covalent interactions like intermolecular

hydrogen bonding, stacking interactions between aromatic chromophores.
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4.5.4. Hirshfeld Surface Analysis of C8:

Hirshfeld surface analysis?® was conducted to investigate all non-covalent molecular interactions
of C8 using Crystal Explorer 3.1 software. The analysis utilized the single-crystal X-ray
crystallographic information file (CIF) to visualize various interactions present on the Hirshfeld
surface. These interactions were depicted through 3D color mapping images, including normalized
contact distance (dnorm), Shape index, and curvedness. The surface colors representing strong
interactions were depicted in red, medium in blue, and weak in white. The shape index, a
dimensionless quantity, indicated the local shape of convex and concave regions on the surface,
with values ranging between 1.0 (most convex) and -1.0 (most concave), while values were fixed
at 0 for minimal surface regions. Curvedness measured the degree of curvature of the Hirshfeld
surface, with a general range of -4.0 to 0.4. Additionally, a 2D fingerprint plot was generated,
illustrating the distances of atoms nearest to the interior (di) and exterior (de) of the Hirshfeld
surface. Different contours in the plot depicted various types of molecular interactions and contact
information. The Hirshfeld surface images were generated with an iso-value of a weight function

of 0.5 au. Summary of the observed Hirshfeld analysis data is presented in below figures.

06 All Contacts o 06 H...H, 60.5%

06 08 TU0 T2 T4 16 1.8 20 27 23 06 U8 TU0 T2 T4 16 1.8 20 272 24

di

de

.. (€)

o CiH/H...C, 20.5%, | of  O..H/H...O, 20.5%,,

06 08 10 12 T4 16 18 20 272 23 06 08 10 12 T4 16 I8 20 27 23

Figure 7: (a-d) The 2D fingerprint plot (de vs di) of C8 at 296 K.
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Figure 8. The 3D color mapping Hirshfeld surface analysis of C8 (296 K) shows (@) dnorm, (b) de,

(c) di, (d) shape index and (e) curvedness.
4.5.5. Solution Structure Analysis of C8:
4.5.5.1. SEM and TEM Analysis of C8:

To further understand the morphology of the self-assembled cyclic peptides, we subjected them to
FE-SEM and HR-TEM analysis. Solutions of cyclic peptide C8 in methanol/water (1 mg/ml) was
incubated and examined for their self-assembly. Both FE-SEM and HR-TEM analyses revealed a

sheet-shaped supramolecular assembly.
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Figure 9: The images of C8 obtained from (a) FE-SEM (b) HR-TEM are shown.
4.5.6. Transmembrane lon Channel Activity:

Valinomycin has been widely employed as a transmembrane ion channel, with its ion transport
mechanism being extensively studied. Despite our designed cyclic peptides C3 and C8-C13 being
relatively short, we sought to determine their ability to mediate ion transport across membranes.
For this purpose, we prepared liposomes containing 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) using established protocols, and conducted a membrane transport assay in HEPES buffer.
A pH gradient was maintained with 0.5 N NaOH, and we added increasing concentrations of all
individual cyclic peptides to the solution, monitoring fluorescence over time. As the concentration
of the peptides increased, fluorescence emission also increased (Figure 10). We then lysed the
liposomes with Triton X-100. The fluorescence emission data, analyzed using the Hill equation,
provided ECso values of 31.8 uM and 105 pM for C8 and C12, respectively (see details in

experimental section).

Cyclic dipeptide C3 exhibits no activity due to the small cavity size in its tubular assembly. We
anticipated that increasing aromaticity would enhance transmembrane activity. However, we
observed minimal activity with C9, C10, and C11. These highly hydrophobic aromatic cyclic
peptides did not dissolve well and precipitated immediately upon addition to the vesicle solution.
Maybe the non-planar backbone of cyclic tetrapeptide C9 and cyclic pentapeptide C10 likely

prevents them from adopting an ideal tubular structure, resulting in negligible ion transport
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activity. Conversely, cyclic tripeptide C8 demonstrated better activity, prompting us to conduct

further experiments to investigate its ion selectivity.
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Figure 10: (a) Diagram?® illustrating the ion transport activity of peptides C8 and C12. The ion
transport activity is shown to be dependent on concentration for (b) Cyclic Peptide C8 and (c)
Cyclic Peptide C12.

The differing ion transport activities of compounds when using NaCl salts led us to explore the
ion selectivity of the most active compound C8. We started by examining the anion selectivity
across EYPC-LUVs using HPTS, varying both the internal and external Na,X (where n represents
anion valency, X,~ = F~, CI", Br,I", NOs™, AcO™, ClO4") salts. The results showed significant
differences in HPTS fluorescence intensity with changes in the salt medium inside and outside the
vesicles. This indicates that our channel-forming molecules preferentially select anions in the order
of CI'’>NOz >F >Br >AcO >1 >CIlO4 as shown in Figure 11. This data indicates that the
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cavity is ideally suited for chloride ions. However, as the size of the anions increases, such as with

I” and CIO47, the fit becomes imperfect, resulting in significantly reduced activity.

Additionally, we assessed the role of cations in the ion transport process across EYPC-LUVs using
HPTS by varying both the internal and external MCI (M* = Li*, Na*, K*, Rb*, Cs+) salts. The
fluorescence intensity was monitored separately under a pH gradient of 0.8 (pHin = 7.0 and pHout
= 7.8) by adding 0.5 M NaOH to the external buffer solution. No change in HPTS fluorescence
intensity was observed with different cations, indicating that alkali metal ions do not play a role in
the transport process. This suggests that our peptide is not selective towards cations but

demonstrates selectivity for anions. Notably, it exhibits better ion channel activity with chloride

.
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Figure 11: (a) Cation and (b) anion selectivity of C8 across EYPC-LUVs, measured using HPTS.

To explore whether these peptides disrupt membranes rather than transport ions, a calcein leakage
assay was performed (see experimental section). Notably, no fluorescence emission was detected
even at high peptide concentrations, indicating that these peptides likely serve as ion transporters.
Given their size, it is reasonable to conclude that these peptides function mainly as transmembrane

channels.
4.5.7. ESI-MS Spectrum of X (X= CI', Br’) bound Complex of C8:

The formation of the X (X= CI', Br) ion bound complex of C8 in solution phase was confirmed

from ESI-MS studies. For that, a solution of C8 (10 uM) was prepared in acetonitrile and into that
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solution 3.0 equivalents of tetramethylammonium halide salt like (TBAF, TBACI, TBABr) were
added. Then the ESI-MS spectrum was recorded in negative (-ve) mode. While analyzing the mass
spectrum data (attached in experimental section), the observed mass is exactly matched with

complex mass and significant complex-mass only obtained after complexation. This proved that
our design peptide can able to make complex that can be identified in solution phase.

4.5.8. NMR Titration of X" (X= CI, Br) bound Complex of C8:

Inspired by significant results from vesicle leakage and mass complex studies, which revealed a
pre-organized anion-binding cavity in C8, we examined the binding affinities of these receptors
for different anions (X = CI', Br, I) using *H NMR spectroscopic titration experiments in CDCls.
Upon adding tetrabutylammonium (TBA) chloride salts to the macrocycle C8 significant chemical
shift perturbations were observed in the protons of amide (Figure 12). This suggests that halide
ions bind to the receptors through amide proton. However, when excess TBABr, TBAI was
progressively added to CDCls, no notable perturbations were detected in the macrocycle *H NMR

spectra (as illustrated in Figure 13 and 14). This suggests that the macrocyclic and interlocked
hosts bind more specifically to chloride ions, as these ions better fit the cavity.

F12

C8:TBACI (1:20)

F11

C8:TBACI (1:18)
C8:TBACI (1:14

10

C8:TBACI(1:10
C8:TBACI (1:8)
C8:TBACI (1:6)
C8:TBACI (1:4)
C8:TBACI (1:2)
C8:TBACI (1:0.5)
C8 only

100 95 9.0 85 80 75 70 65 60 55 50 4.5 4.0 3.5 30 25 20 15 1.0 0.5 0.0 -0.5 -1.0
f1 (ppm)

Figure 12: NMR Titration of C8 with varying concentration ratio of TBACI.
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Figure 13: NMR Titration of C8 with varying concentration ratio of TBABY.
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Figure 14: NMR Titration of C8 with varying concentration ratio of TBAI.

190 |Page



Chapter 4

4.5.9. 2D-DOSY NMR Experiment of C8 and [C8+Cl] complex:

To examine the aggregation behavior and complex formation with chlorides, we conducted 2D-
DOSY NMR experiments for both the free receptor C8 and its anionic complex in a CDCl3
solution. Initially, the 2D-DOSY NMR spectrum for a 5.0 mM solution of the cyclic peptide C8
was recorded, yielding a diffusion coefficient of 9.40 x 1071 m?/s (Figure 15). Upon adding 3.0
equivalents of TBACI to the same 5.0 mM receptor solution, the diffusion coefficient decreased
to 8.24 x 101 m%/s (Figure 16). This reduction in the diffusion coefficient, from 9.40 x 10"1% m?%/s
to 8.24 x 1071° m?/s, upon the addition of CI- ions, indicates that chloride ions bind to C8. The
decrease in the diffusion coefficient suggests an increase in supramolecular aggregation within the

complex.

log(m2/s)
Fitted Equation: I = Ie P(3¢)2(4-5/3) i
Diffusion Coefficient (D) =9.40 * 101 m?/s
................... *:)#..r'*m_ i
- -8.8
' |
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1 qD ) 2.00 ) 3.00 .‘1010 5‘010\&11??"
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Figure 15: 2D-DOSY NMR experiments for free receptor C8 .
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Figure 16: 2D-DOSY NMR experiments for both the free receptor C8 and its anionic complex in
a CDCls solution.

4.6. Conclusion:

In summary, we report a cyclic peptide library derived from B(O)-8°-amino acid, which effectively
mimics a hybrid of crown ether and peptide macrocycles. Our findings demonstrate that the cyclic
peptide, originating from the oligomer of B(O)-3°-amino acid, self-assembles into hollow tubular
structures with a pore diameter of approximately 5.25 A. Among these size-variant hybrid peptide
macrocycles, the cyclic tripeptide exhibits superior tubular assembly, as confirmed by crystal
structure analysis. These tubular structures are stabilized by intermolecular hydrogen bonds, but
unlike those derived from a-amino acids, the B(0)-5°-amino acid cyclic peptides are stabilized by
unidirectional hydrogen bonds. The solubility of cyclic peptides formed from &-amino acids is
significantly influenced by the oxygen atom in their backbone, as evidenced by the discovery that
the cyclic peptide made up of the carbon analogs of delta amino acid was insoluble in the majority
of organic solvents. Assays for vesicle leakage showed that these cyclic peptides further assemble
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into tubular structures within lipid bilayers, operating as transmembrane ion channels. lon
selectivity experiments indicated that while these peptides are not selective for cations, they exhibit
a preference for anions, especially chloride ions. NMR titration experiments showed a higher
binding affinity for chloride ions compared to other halides, which was further supported by mass

complex analysis.

Our comprehensive study, encompassing vesicle leakage experiments, solution-phase NMR, and
mass complex experiments, confirms that the tubular assembly and exposed amide groups are
crucial for anion binding. This foldameric design of tubular assemblies demonstrates their potential

as highly effective anion-selective templates.

In conclusion, our innovative design of polar crown ether peptide macrocycles offers promising
new approaches for developing biomaterials based on peptide macrocycles and artificial
transmembrane ion channels, paving the way for advancements in the field of biomolecular

engineering.
4.7. Experimental Section:

4.7.1. Materials and Methods:

All reactions were conducted using solvents that were distilled and dried, obtained from Sigma-
Aldrich and Merck, and oven-dried glassware. Proton NMR (400 MHz/600 MHz) and carbon-13
NMR (101 MHz/151 MHz), as well as DOSY (400 MHz) spectra, were acquired in CDClz on a
Bruker NMR instrument. The NMR spectra were processed using Bruker's TopSpin and
MestreNova NMR software. Chemical shifts are reported in 6 units (parts per million/ppm) relative
to TMS as an internal standard. Using a time-of-flight (TOF) analyzer, HRMS were acquired in
both positive and negative ion ESI modes. On pre-coated plates (0.20 mm, silica gel 60
F254,sigma-aldrich), TLC was performed. Column chromatography was carried out using silica
gel (100-200 mesh). The coupling reagents, including 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), and 2-Chloro-1-methyl
pyridinium iodide (CMPI), as well as solvents such as Diisopropylethylamine (DIPEA),
Tetrahydrofuran (THF), Methanol (MeOH), and acetonitrile, were procured from Sigma-Aldrich
and were utilized in peptide coupling reactions in solution phase. Following neutralization, the

workup process involved washing the combined organic layer with aqueous sodium bicarbonate,
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1N HCI, water, and brine, followed by drying with anhydrous sodium sulfate and evaporating the
solvent under reduced pressure. HPLC was used to purify all the final molecules. Circular
dichroism (CD) analyses were performed on a JASCO J-1500 CD spectrometer using a 2 mm path
length cell. The spectra were generated by accumulating 3 scans at a scan speed of 100 nm/min,
with a resolution of 1.0 nm, a band-width of 5.0 nm, and a 1-second response time. The resulting

spectra were smoothed (5) and plotted using Origin Pro 6.0 software.

Constraints were derived from volume integrals obtained from the NOESY spectra using a two-
spin approximation and a reference distance of 1.8 A for the geminal protons. The upper and lower
bounds of the distance constraints were set by increasing and decreasing the derived distance by
10%. In ion transport studies, egg-yolk phosphatidylcholine (EYPC) was obtained from Avanti
Polar Lipids, as a solution (25 mg/mL in CHClz) and as a solid, respectively. Additionally, 2-[4-
(2-hydroxyethyl)piperazin-1-yl]ethane sulfonic acid (HEPES) buffer, 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS) dye, Triton X-100, NaOH, and inorganic salts were purchased in molecular
biology grade from Sigma. The HEPES buffer solution was prepared using Milli-Q water, which
was filtered and autoclaved to eliminate microbial contaminants. This step was necessary as some
buffers, such as HEPES, are not resistant to high temperatures. Acetonoitrile was sourced from
Sigma-Aldrich. Fluoromax-4 with an injector port and a magnetic stirrer was used to record
fluorescence spectra. A Helmer pH meter was used to monitor pH, and Origin 8.5 3.51 software

was used to handle data from fluorescence investigations.
4.7.2. General Procedure for the Synthesis of Peptides:

The synthesis and characterisation of cyclic peptides in both solid and solution phases was

thoroughly discussed in the previous chapter.
4.7.3. lon Channel Experiments:

4.7.3.1. lon Transport Activity:

A saline solution was created by using autoclaved water containing 100 mM of NaCl and 10 mM
of HEPES. The initial pH of the solution was below 7.0, and to adjust it to around 7.0, an
appropriate amount of NaOH solution (0.5 M) was introduced. Subsequently, a 1 mM HPTS
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solution was prepared from solid HPTS using the previously mentioned buffer solution. The stock

solution of the transporter for the HPTS assay was formulated using HPLC-grade Acetonitrile.

4.7.3.2. Preparation of EYPC-LUVsoHPTS:

Initially, 1 mL of EYPC lipid solution (25 mg/mL in chloroform) was placed in a 10 mL round-
bottomed flask. The chloroform within the lipid solution was then removed by a gradual stream of
nitrogen gas while rotating the round-bottomed flask, resulting in a thin lipid film. Any residual
chloroform in the lipid film was further eliminated by subjecting it to high vacuum drying for
approximately 5 hours. The thin lipid film was hydrated with an HPTS solution (1 mM HPTS, 10
mM HEPES, 100 mM NacCl, pH 7) and then subjected to vortexing five times (2 minutes each

time) with 10-minute intervals, with the entire process taking around 1 hour.

Following hydration, the vesicle suspension underwent 15 freeze-thaw cycles, followed by 19
extrusions (an odd number) through a 100 nm polycarbonate membrane. The extravesicular dye
was separated from the vesicles using size exclusion column chromatography (employing
Sephadex G-50 gel) and eluted with a buffer solution (10 mM HEPES, 100 mM NaCl, pH 7).

After collecting the vesicles from the column, they were diluted to 6 mL using the aforementioned
buffer (10 mM HEPES, 100 mM NaCl, pH 7) to achieve a concentration of approximately 5.5 mM
of EYPC-LUVsoHPTS, assuming no lipid loss occurred throughout the process. The composition
of the vesicles was maintained with 1 mM HPTS, 10 mM HEPES, 100 mM NacCl, pH 7 inside and
10 mM HEPES, 100 mM NacCl, pH 7 outside.

4.7.3.3. Description of the HPTS assay for the study of ion transport:

In a pristine cuvette, 1975 pL of buffer solution (10 mM HEPES, 100 mM NaCl, pH 7) and 25 pL
of vesicle solution containing HPTS were combined, yielding a lipid concentration of
approximately 65 uM. This mixture was then placed in a fluorescence instrument equipped with a
magnetic stirrer. The fluorescence emission intensity (It) of the HPTS dye was recorded at Aem =
510 nm (with Aex = 450 nm) for a duration of 350 seconds, considering the instrument's start time

ast=0s for each reading.

Att=20s, 20 uL of 0.5 M NaOH solution was introduced into the same cuvette to establish a pH

gradient (ApH = 0.8) between the intra and extra-vesicular environments. Subsequently, att = 100
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s, 20 uL solutions of transporters in Acetonitrile at various concentrations were added. At t = 300

s, 10% Triton X-100 (25 pL) was introduced to disrupt all vesicles and eliminate the pH gradient.

For vesicle preparation, 25 mg of EYPC lipid (Egg PC, Formula Weight = 770.123) was utilized,
resulting in a 6 mL stock solution/suspension of vesicles with a concentration of approximately
5.4 mM, assuming minimal lipid loss during the preparation process. Fluorescence experiments
were conducted by suspending 25 pL of this stock solution in 2 mL of buffer solution, yielding a

final lipid concentration of approximately 65 uM.

The fractional emission intensity (in percentage), Ir (Figure 17) was calculated after normalizing

all the data using the following equation 1.

e = [(1e-16)/(1-1)] X 100 Eq. 1

= HPTS dye .
Triton X-100
Details of assay \

In: 1 mM HPTS | /—-
10 mM HEPES /
100 mM NaCl, pH=7.0 uw - Normalization

Out: 10 mM HEPES, window
100 mM NaCl, pH =7.8 Pa
NaOH

‘= Transporter/peptides

¥

L
T T T v M ¥

0 50 100 150 200 250 300 350

t(s)

Figure 17: (a) lllustration of fluorescence assay for evaluating ion transport activity using EYPC-

LUVsSHPTS. (b) Graph representing ion transport kinetics, highlighting normalization range.?®
4.7.3.4. HPTS Assay for Checking lon Selectivity:

Autoclaved water with a strength of 200 mM MX (MX = NaCl, NaBr, Nal, NaNO3, NaOAc, LiCl,
KCI, RbCl, and CsCl) and 10 mM HEPES was used to generate various buffer solutions. NaOH
solution (0.5 M) was added to the solutions to bring their pH levels down to 7.0. Using acetonitrile
of HPLC quality, the stock solution for the ion selectivity experiment was made from solid

transporter material.

4.7.3.5. Preparing Vesicles for HPTS Assay lon Selectivity:
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The identical process previously described was used to create vesicles for the ion selectivity

experiment.
4.7.3.6. A Clarification of the HPTS Cation Selectivity Assay:

25 uL of the HPTS-encapsulated vesicles solution and 1975 pL of the buffer solution (10 mM
HEPES, 100 mM MCI, pH 7, where M* = Na*, Li*, K", Rb*, and Cs*) were combined and put in
a clean cuvette that was then put in a fluorescence spectrometer with a magnetic stirrer. The
intensity of the HPTS dye It's fluorescence emission was measured for 350 seconds at an emission
wavelength of 510 nm (excited at 450 nm). For every reading, the instrument's start time was set
to t=0s. The cuvette was filled with 20 uL of 0.5 M NaOH solution at t = 20 s in order to produce
a pH gradient (ApH = 0.8) between the vesicles' outside and interior. Next, 20 pL of the transporter
solution in acetonitrile was added at t = 100 s. 25 uL of 10% Triton X-100 was added att =300 s
in order to lyse the vesicles and remove the pH gradient. Equations 1 and 2 were used to

standardize all of the data.

4.7.3.8. A Clarification of the pH Dissipation Trends Checking HPTS Assay:

1975 uL of the buffer solution (10 mM HEPES, 100 mM NaX, pH 7; where X" = F, CI', Br, I,
NOz, ClO4, and AcO’), 25 uL of the HPTS trapped vesicles solution, and a fluorescence
equipment with a magnetic stirrer were placed in a clean cuvette. The HPTS dye's fluorescence
emission intensity was measured for 350 seconds at Aem = 510 nm (where Aex = 450 nm). The
instrument’s start time was taken into consideration for each reading, with t = 0 s. Subsequently,
at t =20 s, a pH gradient (Apn = 0.8) between the intra and extra vesicular media was created in
the same cuvette by adding 20 uL of 0.5 M NaOH solution. Att= 100 s, a 20 pL solution of the
transporter in acetonitrile was then added. 10% triton X-100 (25 pL) was added at t = 300 s to
completely kill all of the vesicles and eliminate the pH gradient. Equations 1 and 2 in the

Supplementary Data were used to standardize all the data.
4.7.3.9. Activity Dependent on Dose:

The ion transport activities of all the peptides were evaluated at various concentrations.
Specifically, the ion transport activities of P1 and P3 at different concentrations are shown below.
The concentration profile data were analyzed at t = 300 s to determine the effective concentration,
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ECso, which is the concentration needed to achieve 50% ion efflux activity, using the Hill equation
(Eq. 2).

Y = Yoo+ (Yo_YOO) / [1 + (C/ECSO) n] Eq 2
where, Yo = Fluorescence intensity immediately prior to the addition of the channel-forming
molecule (at t = 0 s), Yo = Fluorescence intensity at high compound concentration. ¢ =

Concentration of a molecule that forms channels., and n = Hill coefficient (i.e., The number of

molecules needed for the transportation of a single ion).
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Figure 18: The ion transport activity of cyclic peptide C8, measured at concentrations ranging
from 10 to 60 uM with NaCl salt across EYPC—LUVs and using HPTS, is shown. Additionally,
the Hill plot for Peptide C8 at t = 290 seconds is presented.

(a) (b)

1.0
g 1.04 ECso = 105 (1) 0.9 pM

e R2=0.97

g 081 n=36

20.6

o V07

S 0.6-
o >
[T

0.4-
T 0.4
N
£0.2- 0.2
S
=

0.0 : : . 004 =

0 50 100 150 200 , : —
Time (sec) 60 80 100 120 1401601800

log [C]

198 |Page



Chapter 4

Figure 19: The ion transport activity of cyclic peptide C12, measured at concentrations ranging
from 10 to 60 uM with NacCl salt across EYPC-LUVs and using HPTS, is shown. Additionally,
the Hill plot for Peptide C8 at t = 290 seconds is presented.

4.3.9. Calcein Leakage Assay Experiment:

Preparation of Buffer Solutions: The Calcein-HEPES buffer was created by dissolving solid
calcein at a concentration of 50 mM in a solution containing 10 mM NaCl and 10 mM HEPES. To
dissolve the mixture, concentrated NaOH was added in small amounts, and the pH was adjusted
to 7.0. For the extravesicular buffer, 100 mM NaCl and 10 mM HEPES were dissolved in MilliQ
water, and the pH was adjusted to 7.0 using 0.5 M NaOH.

4.3.10. Preparation of EYPC-LUVs>calcein:

25 mg of EYPC were dissolved in 1 ml of CHCI3 to form a thin lipid film, which was subsequently
vacuum-expelled for four hours. The resultant lipid film was periodically vortexed (4-5 times) for
an hour while being hydrated with 0.5 ml of a buffer solution (10 mM HEPES, 10 mM NaCl, 50
mM calcein, pH 7.0). After that, a freeze-thaw cycle utilizing liquid nitrogen and a 55 °C water
bath was carried out at least 20 times. The resulting vesicle solution was then run through an Avanti
polycarbonate membrane with 19 nm pores, making sure that the number of passes was odd, to
create vesicles with an average diameter of 100 nm. Size exclusion chromatography (Sephadex G-
50) was used with a 10 mM HEPES buffer containing 100 mM NaCl, pH 7.0, to exclude any
extracellular dye. After that, the concentrated vesicles were diluted to a final volume of 3 ml, which
produced EYPC-LUVsocalcein. About 5.0 mM EYPC lipid was present in the final composition,
along with an extravesicular solution containing 10 mM HEPES and 100 mM NacCl at pH 7.0 and

an intravesicular solution containing 10 mM HEPES, 10 mM NacCl, and 50 mM calcein.
4.3.11. Determination of lon Leakage by Calcein Assay:

1980 pL of HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 7.0) and 20 pL of EYPC-
LUVs>Calcein were added to a dry, clean fluorescence cuvette. After that, starting att =0 s, the
cuvette was put in a fluorescence spectrometer that had a magnetic stirrer for gentle mixing. At an
emission wavelength of 515 nm (excitation at 495 nm), the fluorescence emission intensity of

calcein was constantly observed. The peptides were injected at the appropriate concentrations at t
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=50 s, and 25 pL of 10% Triton X-100 was added at t = 300 s to lyse the vesicles and disturb the
pH gradient. Next, using Eq. S1, the gathered data were standardized to show the percentage

change in fluorescence intensity over time..

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
%& = Calcein outside the vesicle

Figure 20: Diagram showing calcein release from EYPC-LUVsocalcein when exposed to an ion
transporter compared to a pore-forming or membrane-disrupting agent.?

4.7.4. Diffusion-ordered NMR Spectroscopy (DOSY):

DOSY in NMR has emerged as a valuable technique for investigating non-covalent interactions
between multiple molecules in solution. The rate of diffusion is linked to the size of the molecule,
with larger molecules displaying slower diffusion rates due to increased hydrodynamic radius.
NMR spectroscopy enables the measurement of translational diffusion through the use of pulsed-
field gradients (PFG). These gradients induce variations in the magnetic field within the NMR
sample, causing changes in the precession frequencies of specific signals, which are dependent on
the effective magnetic field.

The signal evolution under PFG is corrected by applying an identical PFG after a 180° radio
frequency pulse, known as refocusing. However, this refocusing is only effective if there is no
diffusion occurring in the sample. Translational diffusion results in magnetization decay,

represented by the equation:

| = [oe-PIrdG)2 (4-5/3)

The intensity measured after applying the refocusing gradient is denoted by I, while o represents

the intensity without any gradient applied. The diffusion coefficient is indicated by D, and the
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gyromagnetic ratio is symbolized by y. The gradient strength and its duration are represented by

G and 9, respectively, and the time interval between the two gradients is denoted by A.

Using the known diffusion constants (D), the formula weights (FW) of molecules or systems can

be determined through the relationship logD o« logFW.

This estimated formula weight provides a good approximation of the number of interacting
molecules and their proportions. The spin-echo diffusion method with PFG has been widely used
to investigate intermolecular hydrogen bonding, ion pairing, aggregation, m—m stacking in
supramolecular chemistry, and transition metal catalysts. DOSY has also been applied to
determine the formula weights of polymers and the structures of organometallic complexes in
solution. Additionally, DOSY is valuable for determining the presence or absence of

intermolecular interactions or molecular aggregation.

Free molecules exhibit a specific diffusion rate, which decreases when they interact with other
molecules, resulting in an increase in the hydrodynamic radius. This technique is particularly
effective for examining protein-ligand interactions, where the diffusion coefficient of a small
ligand changes significantly upon binding to a large protein molecule. Due to the rapid decay in
the diffusion filter, small free molecules with fast diffusion can be eliminated from the spectrum,
while molecules binding to large biomolecules remain due to their considerably slower diffusion

rates.

Similar to relaxation studies, changes in intermolecular interactions are monitored by observing
alterations in molecular size (hydrodynamic radius) after interactions between two or more
molecules. Smaller molecules exhibit a more noticeable change compared to larger molecules, as
the sum of the hydrodynamic radii is significantly altered after the interaction. In our study, we
have measured the diffusion coefficient of cyclic peptide C8 in acetonitrile and compared its
binding coefficient with TBACI containing [C8+CI]" complex.

4.7.5. SEM and TEM Analysis:

To investigate the self-assembly of the peptides, we first prepared a primary stock solution by
dissolving the peptides in a methanol/water mixture at a concentration of 1 mg/mL. The stock
solutions were then incubated at room temperature. Following incubation, the peptide solution was

vigorously vortexed for about 1 minute and centrifuged. The resulting supernatant was applied in
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2.5 uL droplets onto a thoroughly cleaned silicon vapor plate (SiO2/Si substrate). This procedure
was repeated at different time intervals. For all experiments, freshly prepared solutions were used.
Finally, the samples were analyzed using the FE-SEM ZEISS ULTRA PLUS to capture the
images. HR-TEM samples were prepared using a method similar to that for FE-SEM analysis.
Specifically, 4 pL of the peptide solution was drop-cast onto carbon-coated copper grids and
allowed to dry at room temperature. This step was performed to assess the stability of the peptide
nanotubes. The dried samples on the TEM grids were then examined using the Bruker High-

Resolution Transmission Electron Microscope to obtain the final images.
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4.9. Appendix IV: HRMS Spectrum of [C8+anion] complex:

(a) HRMS Spectrum of C8:
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(b) HRMS Spectrum of [C8 + CI] complex:

CP32CL1 IISER PUNE
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(c) HRMS Spectrum of [C8 + Br] complex:
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(d) HRMS Spectrum of [C8 + I] complex:
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(e) HRMS Spectrum of [C8 + NOs] complex:

CP3NO31 IISER PUNE
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5.1. Introduction:

The basic genetic material present in practically all living things is called DNA, and it contains the
instructions needed to synthesize proteins.[!! In 1953, Watson and Crick discovered DNA's double
helix structure (Figure 1). DNA is a polymer made up of nucleotide units that repeat and are made
up of a phosphate group, a deoxyribose sugar, and a nitrogenous base. The main chemical
components of DNA are (i) the nitrogenous bases adenine (A), thymine (T), guanine (G), and
cytosine (C), which point toward the center of the helix, and (ii) the sugar-phosphate backbone,
which forms the structure of each strand and is positioned on the outside of the helix. Every base
is joined to a sugar through a B-glycosyl bond. The two strands are held together by hydrogen
bonds formed between complementary base pairs (A:T ; G:C). (Figure 1). The molecular structure
of DNA features a double-stranded helix of uniform diameter with a right-handed twist. In
contrast, RNA contains ribose instead of deoxyribose sugar and includes adenine (A), uracil (U),

guanine (G), and cytosine (C) as its bases.

Hydrogen bond

5" end

Figurel: Double-helical Structure of DNA. %2
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The elegant and effective way that living things store, retrieve, and transfer their genetic
information is exemplified by the DNA double helix.E! A crucial feature of the DNA double helix
is the specificity and reversibility of hydrogen bonds between complementary nucleobases, which
allow the strands to accurately unwind and reassemble. DNA's distinct qualities and intricate
structure have enthralled chemists ever since its double helical form was discovered.
Understanding DNA's structure, properties, and uses in the biological, physicochemical, and
material sciences has been the subject of extensive research.”! For synthetic and structural organic
chemists, creating DNA analogues that can detect particular DNA and RNA sequences has
emerged as a useful and intellectually engaging project. For hybridization-based biological
applications, the capacity to identify DNA and RNA sequences using complementary
oligonucleotides is crucial to biotechnology. The diagnostic protocols and commonly used
experimental techniques are used to study this recognition.

5.1.1. Base pairing and duplex structure of DNA:

In 1953, Watson and Crick introduced a revolutionary duplex structure for DNA.[ The DNA
molecule consists of two helical strands coiled around the same axis, with each polymer chain
comprising nucleotides linked by phosphate bonds between the 3' and 5' hydroxyl groups of the
sugar components. The heterocyclic bases are bonded to the sugars at the C1' position through -
glycosidic linkages. These two strands run in opposite directions, one oriented 3'-5' and the other
5'-3', forming an antiparallel, right-handed double helix. The spacing between adjacent bases in
the DNA duplex is 3.4 A, and the angle between successive base planes is 36 degrees. This
configuration results in the helical unit repeating every 10 residues, producing a helical turn of 34
A. The water content significantly influences the DNA structure: high water content results in the
B-DNA form, while low water content leads to the A-DNA form, with variations in parameters
such as base tilts and helix pitch between these forms. A notable feature of the DNA duplex
structure is the complementary base pairing that holds the two strands together. The bases,
specifically the purines and pyrimidines, engage in hydrogen bonding, with sp. hybridized
carbonyl groups serving as hydrogen bond acceptors and NH groups as donors. Adenine (A) pairs
with thymine (T), and guanine (G) pairs with cytosine (C) through hydrogen bonds. This specific
base pairing, known as Watson-Crick hydrogen bonding, is dependent on the nucleobases being
in the keto form, ensuring the NH groups function as hydrogen bond donors.™
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Figure 2: Different Type of Base Pairing in DNA Nucleobases (a-b) Watson-Crick, (c-d)

Hoogsteen, (e-f) Wooble base pairing.

In addition to Watson-Crick base pairing, other significant base pairing modes in DNA and RNA

include Hoogsteen®® and Wobblel®! base pairing (Figure 2). Hoogsteen base pairs involve

hydrogen bonding between adenine and thymine (or protonated cytosine and guanine) with a

distinct orientation of the nucleobases compared to Watson-Crick pairs, playing a role in triplex

formation. Wobble base pairs, such as guanine and uracil (G:U), occur during protein synthesis,

specifically in the interactions between mRNA and tRNA (codon-anticodon interactions). X-ray
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studies of oligodeoxynucleotides have also revealed various mismatched base pairs and unusual

hydrogen bonding patterns.’!
5.1.2. Secondary structures of RNA:

Although RNA is typically single-stranded, it has the capacity to form intricate and unusual
structures due to chain folding, which results from intramolecular base pairing. For instance, t-
RNA exhibits base-paired stems, bulges, and open loops, ultimately adopting an L-shaped
structure when fully folded. The formation of a B-type helix is not feasible for RNA because the
steric hindrance from the 2’-OH group destabilizes the B-helix. However, this 2°-OH group can

be accommodated in the A-helix, giving RNA greater structural diversity compared to DNA.

At low ionic strength, RNA forms a right-handed, antiparallel double helix with 11 base pairs per
turn. In this configuration, the sugar adopts a C3’-endo pucker conformation, and other helical
parameters align with those of A-DNA (Figure 3). When the salt concentration exceeds 20%, A-
RNA transitions to an A’-RNA form, characterized by 12 base pairs per helical turn. A-RNA
duplexes feature a very deep major groove and a rather shallow minor groove, both displaying

typical Watson-Crick base-pairing properties.[!!

However, the 2’-OH group in RNA nucleotides makes the molecule more prone to degradation, as
it can act as a nucleophile and attack the adjacent phosphate group.®®! This leads to RNA being
more labile than DNA, particularly in alkaline conditions, where the 2’-OH group deprotonates,
resulting in faster degradation of RNA compared to DNA.

(a) (b)

AN fo A °
4'I - ® 57\ /
4 1
3 o
x
C2'-endo C3'-endo

Figure 3: Configuration of C2 “endo and C3 “endo sugar puckering.
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5.1.3. Peptide Nucleic Acid (PNA):

Peptide Nucleic Acids (PNAs) are artificial analogs of DNA, where the 2’-deoxyribose sugar ring
in DNA is substituted with a 2-aminoethyl-glycine backbone. The traditional phosphodiester
bonds in DNA are replaced by amide linkages in PNAs, and the nucleobases are attached to this
backbone through a methylene carbonyl linker. A distinguishing feature of PNAs is their charge

neutrality, which significantly impacts their behavior and properties.©!

Initially developed by Peter Nielsen in 1991 as a triplex-forming oligonucleotide intended to
recognize duplex DNA as a third strand, PNAs have evolved into highly versatile DNA mimics
due to their unique characteristics. Structurally, PNAs exhibit a six-atom spacing between adjacent
nucleobases in their backbone, akin to natural DNA, and a two-atom spacing between the

backbone and nucleobases, allowing effective binding to complementary DNA or RNA.

PNAs are not classified as peptides or nucleic acids, making them resistant to proteases and
nucleases, with negligible toxicity, although they do not activate RNase H. They replicate the
properties of DNA, including Watson-Crick base pairing with complementary DNA or RNA and
the formation of triplex structures with DNA duplexes. Hybrids of PNA and PNA demonstrate
higher thermal stability (melting temperature, Tm) compared to DNA and DNA hybrids, and a
complementary PNA strand can invade a DNA duplex, displacing one of the strands in a process
known as strand invasion. The enhanced stability of PNA and PNA duplexes is due to the neutral
nature of the PNA backbone, which eliminates the electrostatic repulsion between the anionic
phosphate charges present in DNA and DNA duplexes. Furthermore, mismatches in sequence have
a more significant effect on the thermal stability of PNA and PNA duplexes compared to DNA
duplexes. These superior properties have garnered considerable interest from medicinal chemists
and molecular biologists, leading to the development of PNAs for gene therapeutics, diagnostics,

and material science applications. [N

5.1.3.1 PNA Duplex Structure:

The X-ray structures of PNA:PNA, PNA:DNA, and PNA:RNA duplexes, along with NMR
spectroscopy analysis, have uncovered several intriguing characteristics of PNA complexes. The
structural distinctions between PNA and DNA manifest in the n-n stacking interactions between

nucleobases, the profile and dimensions of the resulting helix, and the nature of the major and

216 |Page



Chapter 5

minor grooves (Figure 4). DNA duplexes typically form a B-helix with a diameter of 20 A and a
pitch of 10 base pairs per turn. RNA duplexes, on the other hand, generally adopt an A-form helix,
characterized by a diameter of 20 A, a pitch of 11 base pairs per turn, and bases that are tilted by
approximately 20 degrees relative to the helix axis.

PNA:RNA PNA:DNA PNA,:DNA PNA:PNA

Figure 4: The configuration of different PNA complexes, viewed from above (top perspective)
and from the side (lateral perspective)*®

In contrast, PNA duplexes assume a P-helix structure, which is notable for its wide duplex diameter
of 28 A, a greater helical displacement of base pairs, and a large helical pitch of 18 base pairs. This
implies that PNA duplexes (PNA/cRNA) form a structure that combines features of both DNA
and RNA duplexes. PNA can pair with complementary DNA or RNA strands in both parallel and
antiparallel orientations, adhering to Watson-Crick base pairing rules (Figure 5). In a parallel
duplex, the N-terminus of PNA aligns with the 5’-terminus of DNA/RNA, whereas in an
antiparallel duplex, the C-terminus of PNA aligns with the 5’-terminus of DNA (Figure 5).1!
Antiparallel duplexes typically exhibit higher thermal stability compared to their parallel
counterparts.
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Antiparallel Parallel

Figure 5: Different orientation of PNA and DNA Duplex.
5.1.3.2. PNA Triplex Structure:

Polypyrimidine PNA can hybridize with complementary polypurine DNA to create PNAZ2 triplex
structures (Figure 4).1*2 Within this triple helix, one PNA strand engages in Watson-Crick
hydrogen bonding with the DNA, while the other PNA strand interacts via Hoogsteen hydrogen
bonding. For a single polypyrimidine DNA strand in a PNA2 triplex, both PNA strands can align
either parallel or antiparallel to the DNA strand (Figure 4). However, when two different
polypyrimidine PNA strands form a triple helix, the strand that engages in Watson-Crick bonding
must be in an antiparallel orientation, whereas the Hoogsteen-bonding strand should be parallel
relative to the DNA. The stability of these triplexes is influenced by the selectivity of the PNA
duplex, with the third strand contributing moderately to this selectivity. The ability to form
polypyrimidine triplexes facilitates the strand invasion process, a distinctive characteristic of

Peptide Nucleic Acids.

5.1.4. Applications of PNA in Biological and material science:

(a) PNA as a possible antisense agent:

PNA has a number of unique characteristics that make it a great option for gene therapy, such as
low toxicity, the capacity to invade strands in a novel way, and resistance to hydrolytic enzymes
like nucleases and proteases. These characteristics set PNA apart from other synthetic nucleic acid
analogs as a superior gene therapy agent. PNA is used in therapeutic applications in molecular
biology using two main approaches: antigene and antisense.[**]

(b) Translation Inhibition:
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Antisense PNAs bind to mRNA, which is created by transcription of DNA, to form PNA duplexes,

which obstruct the translation process. This binding stops protein synthesis by interfering with
translation.['! Translation inhibition can be achieved by both pyrimidine-rich triplex-forming
sequences and duplex-forming mixed-PNA sequences, as shown by in vitro translation
experiments utilizing rabbit reticulocyte lysates.*! In particular, Arabidopsis thaliana's ability to
survive in cold climates depends on the suppression of protein translation mediated by
AtGCNL1.[15]

(c) Transcription Inhibition:

PNAs have the ability to prevent transcription by a number of different mechanisms, such as triplex
formation, strand invasion, strand displacement, and duplex creation.[*®! The phase T3 polymerase
activity is blocked by the simple 8-mer PNA-T8, whose inhibitory properties have been effectively
demonstrated by Peter E. Nielson et al. (6]

(d) Replication inhibition:

PNA can inhibit DNA replication by binding to duplex DNA, preventing the synthesis of daughter
DNA. This occurs when PNA bonds with complementary DNA strands or forms duplexes with
single-stranded DNA. Taylor et al. found that PNA effectively stops the replication of
extrachromosomal mitochondrial DNA, which is often single-stranded. Despite support for PNA-
based antigene and antisense therapies, no PNA drugs are in clinical trials for these applications.
PNA strands with a C-C and C-N backbone tend to adopt random shapes, requiring preorganization
to form stable duplexes with DNA or RNA. Introducing conformational constraints, such as
substitutions at a, B, and y positions or cyclized units, enhances PNA's binding affinity and

selectivity for complementary DNA sequences.['"]
5.1.5. Chemical Modification of PNA:

A PNA single strand with a C-C and C-N-only backbone has a tendency to take on a random shape.
In order to create well-organized duplexes with either DNA or RNA, PNA needs to go beyond an
entropy barrier. Pre-organizing the random structure of the PNA backbone can improve PNA's
selective binding to DNA or RNA. In order to achieve this, different conformational constraints

may be introduced, ranging from straightforward substitutions at the a, B, and y locations to more
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intricate cyclized units along the backbone.[*®! The affinity and selectivity of PNA for its

complementary DNA sequences are greatly increased by this chiral preorganization. (Figure 6).

B
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B Nucleobase
Ring Closure on ethylenediamine part ﬂ Introduction of functional groups

B
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N\)LJ;

Introduction of rigidity on ethylenediamine part

Figure 6: Method of modification in backbone of PNA building blocks.
5.2. Objectives and Rationale of the Work:

Various modifications have been investigated to overcome the limitations of Peptide Nucleic
Acids (PNA). Researchers, Nielsen and coworkers, have explored different approaches, such as
extending the PNA backbone with diverse substituents, developing a PNA ester backbone, and
enhancing backbone rigidity through ring strain.[*®l Several short PNA oligomers with chemical
modifications resembling those of DNA have been documented.*l Modifications at the o, p, and
Y positions are common, particularly at a and y. Studies indicate that adding a chiral center
increases the rigidity of the PNA backbone. Moreover, substituting the C-y position with L-lysine
sidechains has been shown to improve PNA solubility and stabilize PNA hybrid duplexes by
aligning the PNA backbone into right-handed double helices with complementary DNA

Despite these advancements, the structural and conformational factors that enable effective
hybridization with complementary nucleic acids are still not fully understood. To investigate how

220 | Page



Chapter 5

backbone architecture affects the binding of PNA to complementary DNA/RNA, we propose to
synthesize a PNA analogue featuring an ether backbone, with nucleobases linked via an acetyl
group to the chiral C-y carbon (Figure 7). We would like to compare the hybridization properties
of these modified PNA oligomers to those of the standard aeg PNA, and aiming to elucidate the

fundamental principles behind DNA/RNA binding by polyamide analogues.

The specific objectives are: (a) To develop a modified PNA monomer incorporating a heteroatom
and substituting at the y-C position. (b) To synthesize the modified PNA oligomer alongside a
standard aeg PNA oligomer using solid-phase peptide synthesis. (c) To perform biophysical
evaluations of the synthesized PNA oligomer through circular dichroism (CD) (d) To explore the
formation of duplexes and triplexes involving the modified PNA with complementary RNA or
DNA.

O \61\
| NH

O &
N 0 E> Oﬁ)

o . . NH

ﬁ) 0 Modification o
LI L.
HNT OH H,N \)I\OH
aegPNA Monomer S6PNA Monomer

Figure 7: Modification and design of PNA building block.

5.3. Results and Discussion:

5.3.1. Synthesis of PNA Building Block:

The synthesis of the modified SPNA monomer 11 begins with the commercially available L-
Asparagine (1). The initial step involves protecting L-Asparagine (1) with Boc2O in the presence
of THF and 9% NaxCOg, yielding compound 2. Compound 2 then undergoes a Hofmann
rearrangement to form the side-chain free amine compound 3. The free amine (3) is subsequently
protected with Cbz-Cl, resulting in compound 4 where side chain amine is Chz protected.
Compound 4 is converted to its active ester form using DCC and NHS, producing activated ester

compound 5. The active ester (5) is reduced with sodium borohydride to yield primary alcohol 6.
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The primary alcohol (6) reacts with tert-butyl bromoacetate in the presence of aqueous NaOH and
toluene, and in the presence of phase transfer catalyst tetrabutylammonium hydrogen sulfate, to
form compound 7. Compound 7 is then reduced with Hz and Pd/C to generate the side-chain free
amino derivative 8. The amino derivative (8) undergoes coupling with thymine acetic acid using
EDC.HCI and HOBt as coupling reagent and DIPEA as a base, yielding compound 9. The terminal
Boc and tert-butyl groups in compound 9 are deprotected using 98% TFA, resulting in compound
10. Finally, compound 10 reacts with Fmoc-OSu in the presence of Na,COs and THF, producing
the modified 6PNA monomer 11. This meticulous sequence of reactions ensures the precise

incorporation of thymine into the PNA backbone, resulting in the desired modified PNA monomer.

NH
CONH, DAIB, EtOAc, 2
/(CONHZ Boc,0, Na,CO;4 /( CH3CN, H,0
[ —_—
BocHN CO,H
HoN" NCO,H THF, rt, 8 hr BocHN™ “CO,H rt, 8 hr oc 2
95% 90%
1 2
CbzHN
NHCbz  pec NHs,
CbzCl, Na,CO;, /( THF, 0 °C, BocHN NaBH4
- —_— Y oc!
Acetone, rt, overnight BocHN CO,H 12 hr 12 hr
88% 85% 90%
4
NHCbz tertbutyl-bromoacetate, NHCbz H,, Pd/C,
/( NaOH, 'Bu/*NHSO4" \)k J< 2 5 — e
BocHN™ “CH,OH H,O:toluene (1:1), 3 hr BocHN ’
98%
80%
6

r

N 0o
(o) Thymine Acetic Acid o
0\)}\ )< EDC.HCI, HOBt TFA
LA .
° 6 h
BocHN o DIPEA, DI\{IF,O C, r
Overnight 98%
65% \)k J<
BocHN

o o)
Fmoc-OSu /g
N o ’
THF, 0 °C, rt, N® ~o
o 12 hr o
" 85%
o NH o
- + 0\)k 0\)1\
TFA H3*N OH FmocHN OH
10 "

222 |Page



Chapter 5

Schemel: Synthesis Strategy of modified PNA building block
5.3.2. Synthesis of PNA oligomers using SPPS:

Solid Phase Peptide Synthesis (SPPS) was employed to synthesize PNA oligomers, starting with
the attachment of the Lys-Fmoc monomer to the resin support to address solubility issues. The
synthesis proceeded from the C-terminus to the N-terminus, utilizing monomeric units with
protected amino and carboxylic acid functionalities. The Fmoc coupling strategy was intentionally
chosen for its superior yields and reduced side product formation compared to the Boc strategy.

We selected the rink amide resin, specifically [4-(2’,4'-Dimethoxyphenyl-Fmoc-aminomethyl)-
phenoxy resin], as the solid support. After swelling the resin with DMF and DCM, the Fmoc group
was deprotected using a 20% piperidine in DMF solution. Monomer coupling was facilitated by
in situ activation using the DIC/Oxyma coupling reagent, with reactions conducted at 60°C in
NMP solution and assisted by microwave heating. For the C-terminal spacer, we incorporated
commercially available orthogonally protected (Fmoc) L-lysine, which was conjugated to the resin
via an amide bond. The designed sequence was synthesized on a small scale (0.04 mmol/g),
starting with the lysine residue, followed by the coupling of either aeg building blocks or modified

delta building block 3PNA sequence building blocks.

The fully modified PNA homo-oligomers was synthesized using the Fmoc approach to investigate
its DNA and RNA recognition capabilities. Additionally, a commercially available Fmoc-
protected aegPNA monomer was used to produce an unmodified aeg PNA homo-oligomer,
aegPNAL and aegPNAZ2, serving as a control sequence. This unmodified oligomer was employed
to compare the hybridization and discrimination characteristics against the modified SPNA1 and
SPNAZ2 and to evaluate stability upon binding with complementary sSDNA/ssSRNA. In aegPNAL,
six thymine nucleobases and one lysine building block are utilized, while in aegPNAZ2, nine
thymine nucleobases and one lysine building block are incorporated. Similarly, in 6PNA1, six
delta-thymine nucleobases and one lysine building block are used, whereas 8PNA2 contains nine
delta-thymine nucleobases and one lysine building block. For binding experiments, we acquired
complementary adenine-containing DNA and RNA molecules from a commercial source. The

sequences of the commercially obtained DNA and RNA are provided below table 1.
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DNA/RNA Code DNA/RNA Sequence
DNAL1: 5-AAAAAA-3’
DNA2: 5-AAAAAAAAA-3

RNA: 5-AAAAAAAAA-3

Table 1: Details of used DNA and RNA for experiment
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Scheme2: Synthesized aeg and SPNA molecules
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5.3.3. The cleavage of PNA oligomers from the solid support:

The PNA oligomers were separated from the solid support, specifically the L-lysine derivatized
Rink Amide resin, using a cocktail solution of trifluoroacetic acid (TFA, 500 pL) and
triisopropylsilane (TIPS, 50 uL). TIPS acted as scavengers to capture free radicals produced during
the cleavage process. The resulting PNA oligomers, featuring an L-lysine amide at their C-
terminus, required an optimal cleavage period of two hours for both the oligomers and the lysine
side chain protecting groups. Following cleavage, the resin was removed by filtration, and the
filtrate was washed twice with TFA. Residual TFA was then evaporated with DCM under low
pressure until minimal amounts remained. The mixed filtrate was precipitated using cold, dry
diethyl ether, and the resulting peptide was isolated by centrifugation of the precipitate. Finally,
the precipitate was dissolved in 400 pL of deionized water and loaded onto a Sephadex G25

column for final purification.
5.3.4. Purification of the PNA oligomers using HPLC:

Upon analysis using analytical HPLC (Cis column, acetonitrile: water system), the initially
synthesized crude PNA oligomers exhibited a purity exceeding 80%. These oligomers were then
subjected to further purification through RP-HPLC on a semi-preparative Cig column. HPLC

traces of all these aegPNAs and 8PNAs are attached below figure XX.
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Figure 8: HPLC Traces of Synthesized PNA molecules.
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The purification process was carried out using a low-pressure gradient pump with two solvent
systems: Solvent A (95% H.0O, 4.9% CH3CN, 0.1% TFA) and Solvent B (50% H20, 49.9%
CHsCN, 0.1% TFA). The flow rate was set at 1.5 mL/min over a 40-minute run, with eluent
monitoring at 260 nm and 220 nm. This method yielded PNA oligomers with high purity, as
confirmed by analytical RP-HPLC trace. For DNA/RNA oligos, purification was performed using
denaturing polyacrylamide gel electrophoresis, and the purity was further validated by RP-HPLC

using a triethylammonium acetate/acetonitrile solvent system.
5.3.5. Comparative Analysis of Circular Dichroism Spectroscopy:

We further investigated these 3-amino acid-containing, novel Peptide Nucleic Acids (3PNAs) to
enhance their solubility, binding affinity, and specificity to DNA/RNA. To assess the binding
capability of our newly synthesized PNAs with complementary single-stranded DNA (ssDNA)
and single-stranded RNA (ssRNA), we used Circular Dichroism (CD) Spectroscopy. The
complementary ssDNA/ssSRNA was paired with PNA strands at various stoichiometric
concentrations and annealed in a 10 mM phosphate-buffered saline solution (pH 7.0) to form
duplexes or triplexes. To ensure proper binding with complementary ssSDNA and ssRNA, we
annealed our designed 6PNAs with the complementary strands and cooled the mixture at 4°C to
confirm duplex or triplex formation. To validate our concept, we compared the binding of our
designed 6PNAs with that of the already established acgPNAs. Below, we have discussed all
possible duplex or triplex formations of PNA (both aegPNA and dPNA) in detail.

(a) CD analysis of Duplex formation of aegPNA1 and 8PNA1 with complementary ssDNA1:

We have annealed aegPNAL with complementary 6-mer adenine containing DNA sequence
sSDNA1 and 8PNA1 with complementary 6-mer adenine containing DNA sequence ssSDNA1 at
(1:1) stoichiometric concentrations and annealed in a 10 mM phosphate-buffered saline solution
(pH 7.0) to form duplexes and compared their characteristics signature CD signal.

In the CD spectra (Figure 9), we observe four distinct bands. There is a highly intense negative
band at 205 nm, a moderate intensity positive band at 218 nm, another moderate intensity negative
band at 249 nm, and a final positive maximum band at 268 nm. Comparing the CD spectra of
aegPNAL and 8PNA1 with complementary ssDNA1, a similar characteristics CD signature is
observed suggesting that our designed 8PNAL may behave similar property like aegPNA1.
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Figure 9: CD Spectra of duplex formation of aegPNA1 and 8PNAL with complementary ssSDNA1
(b) CD analysis of Duplex formation of aegPNA2 and PNA2 with complementary ssDNA2:

We have annealed aegPNA2 with complementary 9-mer adenine containing DNA sequence
ssSDNA2 and 8PNA2 with complementary 6-mer adenine containing DNA sequence sSDNA2 at
(1:1) stoichiometric concentrations and annealed in a 10 mM phosphate-buffered saline solution

(pH 7.0) to form duplexes and compared their characteristics signature CD signal.

In the CD spectra (Figure 10), we observe four distinct bands. There is a highly intense negative
band at 205 nm, a moderate intensity positive band at 217 nm, another moderate intensity negative
band at 249 nm, and a final positive broad maximum band at 270 nm. Comparing the CD spectra
of aegPNA2 and 8PNA2 with complementary sSDNAZ2, a similar characteristics CD signature is
observed suggesting that our designed 8PNA2 may behave similar property like aegPNA2.
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Figure 10: CD Spectra of duplex formation of aegPNA2 and 8PNA2 with complementary
SSDNA2

(c) CD analysis of Triplex formation of aegPNAL and PNA1 with complementary ssDNAL:

We have annealed aegPNAL with complementary 6-mer adenine containing DNA sequence
ssSDNA1 and 8PNA1 with complementary 6-mer adenine containing DNA sequence sSDNA1 at
(2:1) stoichiometric concentrations and annealed in a 10 mM phosphate-buffered saline solution

(pH 7.0) to form duplexes and compared their characteristics signature CD signal.

In the CD spectra (Figure 11), we observe four distinct bands. There is a highly intense negative
band at 205 nm, a moderate intensity positive band at 217 nm, another moderate intensity negative
band at 248 nm, and a final positive broad maximum band at 268 nm. Comparing the CD spectra
of aegPNAL and 6PNAL with complementary ssSDNAL, a similar characteristics CD signature of
triplex state is observed suggesting that our designed 8PNA1 may behave similar property like
aegPNAL.
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Figure 11: CD Spectra of triplex formation of aegPNA1 and 8PNAL with complementary
ssSDNA1

(d) CD analysis of Triplex formation of aegPNA2 and 6PNA2 with complementary ssSDNA2:

We have annealed aegPNA2 with complementary 9-mer adenine containing DNA sequence
ssSDNA2 and 8PNA2 with complementary 6-mer adenine containing DNA sequence sSDNA2 at
(2:1) stoichiometric concentrations and annealed in a 10 mM phosphate-buffered saline solution

(pH 7.0) to form triplexes and compared their characteristics signature CD signal.

In the CD spectra (Figure 12), we observe four distinct bands. There is a highly intense negative
band at 205 nm, a moderate intensity positive band at 217 nm, another moderate intensity negative
band at 248 nm, and a final positive broad maximum band at 268 nm. Comparing the CD spectra
of aegPNA2 and 6PNA2 with complementary sSDNAZ2, a similar characteristics CD signature of
triplex state is observed suggesting that our designed 8PNA2 may behave similar property like
aegPNAZ2.
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Figure 12: CD Spectra of triplex formation of aegPNA1 and 8PNAL1 with complementary
SsSDNA1

(e) CD analysis of Duplex formation of aegPNA2 and 8PNA2 with complementary ssSRNA:

We have annealed aegPNA2 with complementary 9-mer adenine containing RNA sequence
sSRNA and 6PNA2 with complementary 9-mer adenine containing RNA sequence ssRNA at (1:1)
stoichiometric concentrations and annealed in a 10 mM phosphate-buffered saline solution (pH
7.0) to form duplexes and compared their characteristics signature CD signal.

In the CD spectra (Figure 13), we observe four distinct bands. There is a highly intense negative
band at 204 nm, a moderate intensity positive band at 220 nm, another moderate intensity negative
band at 247 nm, and a final intense positive maximum band at 264 nm. Comparing the CD spectra
of aegPNA2 and 8PNA2 with complementary ssSRNA, a similar characteristics CD signature is
observed suggesting that our designed 8PNA2 may behave similar property like aegPNA2.
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Figure 13: CD Spectra of duplex formation of aegPNA2 and PNA2 with complementary sSRNA
(f) CD analysis of Triplex formation of aegPNA2 and 6PNA2 with complementary ssSRNA:

We have annealed aegPNA2 with complementary 6-mer adenine containing RNA sequence
sSRNA1 and 8PNA2 with complementary 6-mer adenine containing RNA sequence sSRNA1 at
(2:1) stoichiometric concentrations and annealed in a 10 mM phosphate-buffered saline solution

(pH 7.0) to form duplexes and compared their characteristics signature CD signal.

In the CD spectra (Figure 14), we observe four distinct bands. There is a highly intense negative
band at 204 nm, a moderate intensity positive band at 220 nm, another moderate intensity negative
band at 247 nm, and a final intense positive maximum band at 264 nm. Comparing the CD spectra

of aegPNA2 and 8PNA2 with complementary ssSRNA, a similar characteristics CD signature is
observed suggesting that our designed 8PNA2 may behave similar property like aegPNA2.
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Figure 14: CD Spectra of triplex formation of aegPNA2 and 8PNA2 with complementary ssSRNA

These experiments demonstrated that our newly designed PNAs have a binding affinity for
complementary ssDNA/sSRNA sequences, comparable to the well-established aegPNAs.
Motivated by these findings, we proceeded to assess the thermal stability of these complexes. We
conducted temperature-dependent CD experiments to evaluate the stability of the duplexes and
triplexes and to measure their melting temperatures. The thermal stability of all the discussed

duplexes and triplexes was determined through these temperature-dependent CD experiments.

(9) Temperature Dependent CD analysis of Duplex formation of aegPNA2 and 8PNA2 with

complementary ssDNA2:

We observed similar characteristic CD signals for both aegPNA2 and 6PNA2 with complementary
sSDNAZ2 across the temperature range from 15°C to 75°C. However, as the temperature increased,
the intensity of the CD signals decreased in both cases. This suggests that the non-covalent
interactions (like hydrogen bonding and pi-pi stacking interactions) between PNA and DNA

weaken with rising temperature, leading to a reduction in signal intensity.
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Figure 15: Temperature dependent CD Spectra of duplex formation of (a) 8PNA2 and (b)
aegPNAZ2 and with complementary ssDNA2

(h) Temperature Dependent CD analysis of Triplex formation of aegPNA2 and 6PNA2 with

complementary ssDNA2:

We observed similar characteristic CD signals for both aegPNA2 and §PNA2 with complementary
ssSDNAZ2 across the temperature range from 15°C to 75°C. However, as the temperature increased,
the intensity of the CD signals decreased in both cases. This suggests that the non-covalent
interactions (like hydrogen bonding and pi-pi stacking interactions) between PNA and DNA

weaken with rising temperature, leading to a reduction in signal intensity.

(a) (b)
T 6x10° < 6x10°4
=] [-]
£ £
T 4x10° T 4x10°4
g 5 g 5
S 2x10 S 2x10%
3 S
P PO
S o105 S 1054
g ~2x10 £ -2x10
W —4x10° W —4x10°
5 s !
S -6x10° S -6x10°-
200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340
Wavelength (nm) Wavelength (nm)

Figure 16: Temperature dependent CD Spectra of duplex formation of (a) PNA2 and (b)
aegPNA2 and with complementary ssDNA
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(9) Temperature Dependent CD analysis of Duplex formation of aegPNA2 and PNA2 with

complementary ssSRNA:

We observed similar characteristic CD signals for both aegPNA2 and 6 PNA2 with complementary
sSRNAZ2 across the temperature range from 15°C to 75°C. However, as the temperature increased,
the intensity of the CD signals decreased in both cases. This suggests that the non-covalent
interactions (like hydrogen bonding and pi-pi stacking interactions) between PNA and DNA

weaken with rising temperature, leading to a reduction in signal intensity.
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Figure 17: Temperature dependent CD Spectra of Duplex formation of (a) PNA2 and (b)
aegPNAZ2 and with complementary ssSRNA

(h) Temperature Dependent CD analysis of Triplex formation of aegPNA2 and 6PNA2 with

complementary ssRNA:

We observed similar characteristic CD signals for both aegPNA2 and §PNA2 with complementary
sSRNAZ2 across the temperature range from 15°C to 75°C. However, as the temperature increased,
the intensity of the CD signals decreased in both cases. This suggests that the non-covalent
interactions (like hydrogen bonding and pi-pi stacking interactions) between PNA and RNA

weaken with rising temperature, leading to a reduction in signal intensity.
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Figure 18: Temperature dependent CD Spectra of Triplex formation of (a) 8PNA2 and (b)
aegPNAZ2 and with complementary ssSDNA

These temperature-dependent CD experiments allowed us to determine the melting points of the
corresponding complexes. We normalized all the graphs and applied a sigmoidal fit using the
Boltzmann formula in Origin software to obtain the melting temperatures (Tm), which we have
reported after averaging out triplicate data points. While a more accurate UV-Tr, experiment could
provide a better method for calculation, we measured the Tm through temperature-dependent CD
due to the available facilities. Further theoretical investigation could help refine our calculations

and provide detailed binding parameters and Tm values. The figure is attached below figure 19 .
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Figure 19: Melting Curve of PNA and DNA/RNA Complexes. Duplex of (a) 3PNA2 and RNA,
(b) 3PNA2 and DNAZ2, (c) aegPNA2 and RNA. Triplex of (d) 3PNA2 and RNA, (¢) sPNA2 and
DNAZ2, (f) aegPNA2 and RNA.

Table 2: Melting Temperature Tm for (aeg or 8)PNA/(DNA or RNA) Duplex or Triplex

Complex Duplex Tm Triplex Tm
OPNA2_DNAZ2 35°C 37°C
OPNA2_RNA 38°C 42 °C
aegPNAZ2_RNA 38°C 40 °C

Based on the initial data, it is clear that both aeg and 3-PNA building blocks exhibit similar
behavior, as indicated by the comparable CD signatures of their complexes and similar melting
data. However, further experiments and theoretical studies are necessary to fully substantiate these

findings.
5.4. Conclusion:

We explored these 6-amino acids to design novel Peptide Nucleic Acids (PNASs), aiming to
enhance solubility, binding affinity, and specificity to DNA/RNA. We have synthesized new PNASs
and conducted UV-Tn studies to assess their thermal stability and binding affinity against sSSDNA
and ssRNA. Remarkably, the new PNAs bind to both ssDNA and ssRNA similarly to the aeg
peptide nucleic acids. The advantage of these new 6-amino acid-based peptide nucleic acids over
the aegPNAs is that they are easy to synthesize and scale up using solid-phase methods.
Additionally, compared to aeg peptide nucleic acids, the new PNAs are highly soluble in aqueous
solution. These new peptide nucleic acids may serve as alternatives to existing aeg-peptide nucleic

acids.
5.5. Experimental Section

5.5.1. Materials and Methods:

All coupling reactions were performed under a nitrogen atmosphere. Various amino acids, Boc
anhydride, HBTU, HOBt, Trifluoroacetic acid (TFA), N,N-Diisopropylethylamine (DIPEA),
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DMF, Ethyl acetate (EtOAc), Hexane, and THF were procured from different commercial
suppliers. Ethyl acetate and Hexane were distilled before use. Silica gel (100-200 mesh) was
utilized for column chromatography. Analytical thin-layer chromatography (TLC) was used to
monitor reactions, with results verified under UV light and stained with ninhydrin or iodine. All
final cyclic peptides were purified using reverse-phase HPLC. NMR spectra (1H at 400 MHz and
600 MHz, and 13C at 101 MHz) were recorded with deuterated solvents, using CDCI3 as the
internal standard. Chemical shifts are reported in parts per million (ppm, J) relative to
tetramethylsilane (& 0.00). 1H NMR splitting patterns were identified as singlet (s), doublet (d),
broad doublet (bd), triplet (t), doublet of doublets (dd), and quintet (qn). Coupling constants (J)
are reported in Hertz (Hz). Mass spectra were obtained using a MALDI-TOF instrument. We

purchased the DNA and RNA samples from the commercial supplier Mylab.

5.5.2. 8PNA Building Block Synthesis Protocol:

a) Step 1:
CONH,
/(CONHZ Boc,0, Na,CO;
[
BocHN” ~CO,H
H,N CO,H THF, rt, 8 hr oc 2
1 2

In an ice-bath supported round bottom flask, a solution of Boc.O (10.3 mL, 45 mmol) in THF was
added to a mixture containing L-asparagine (5.94 g, 45 mmol) and 10% Na>COs solution. The
reaction mixture was stirred at room temperature for 8-9 hours. THF was then completely removed
under reduced pressure. The resulting crude residue was acidified with 10% HCI to a pH of 3-4
and extracted with ethyl acetate (3 x 60 mL). The combined organic layers were dried over
anhydrous Na>SQg, filtered, and concentrated to yield compound 2 as a white solid.

b) Step 2:
NH
CONH, DAIB, EtOAc, 2
CH4CN, H,0
BocHN” ~CO,H rt, 8 hr "~ BocHN CO,H
2 3
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A mixture of Boc-L-asparagine (2) (6.15 g, 25 mmol), ethyl acetate (30 mL), acetonitrile (30 mL),
water (15 mL), and iodobenzene diacetate (9.83 g, 30 mmol) was cooled and stirred at 15 °C for
30 minutes. The temperature was then held at 20 °C for 4 hours, followed by cooling to 0 °C and
filtration. The solid residue was washed with ethyl acetate and dried under vacuum to yield
compound 3.

c) Step 3:

NH; NHCbz
/( CbzCl, Na,CO;,
BocHN co,H Acetone,rt, overnight

3

BocHN CO,H
4

A solution of 10% aqueous NaHCOs (2.55 g, 30 mmol) was added to an ice-cold solution of
compound 3 (2.173 g, 10 mmol) in acetone (30 mL) and stirred for 15 minutes at 0 °C. Benzyl
chloroformate (4.036 mL, 12 mmol) in a 50% toluene solution was then added, and the reaction
mixture was stirred overnight at room temperature. The acetone was evaporated, and the aqueous
layer was washed with diethyl ether (3 x 50 mL). The aqueous layer was then acidified to pH 3.5-
4 using a saturated aqueous KHSO4 solution and extracted with ethyl acetate (3 x 60 mL). The
combined organic extracts were dried over anhydrous Na,SOa, filtered, and concentrated to yield
compound 4 as a sticky oil.

d) Step 4:

CbzHN o
NHCbz  pec NHS,
THF, 0 °C, o
- BocHN ~N
BocHN” “CO,H 12 hr N
o
4 5
o

238 | Page



Chapter 5

Compound 4 (3.38 g, 10 mmol) was dissolved in THF, and N-Hydroxysuccinimide (NHS, 2.3 g,
20 mmol) was added to the solution. Next, the coupling reagent DCC (2.47 g, 12 mmol) was
introduced, and the mixture was maintained at 0 °C. The reaction was stirred for 12 hours, then
washed and filtered using a sintered funnel to yield compound 5.

e) Step 5:
CbzHN

0 NHCbz

o NaBH,, 0 °C,

~ >
BocHN N 2 hr BocHN™ "CH,OH

5 6

Compound 5 was dissolved in THF, followed by the addition of NaBH. (1.3 g, 34 mmol) dissolved
in water, in a ratio of 5 equivalents. The mixture was then stirred for 2 hours at 0 °C, resulting in

the formation of the protected alcohol, compound 6.

f) Step 6:

NHCbz tertbutyl-bromoacetate, NHCbz o
/( NaOH, 'Bu,"NHSO4" o\)J\ J<
BocHN™ "CH,0H H,O:toluene (1:1), 3 hr BocHN o
7

6

At 0 °C, a mixture of 1IN NaOH in water (10 mL) and toluene (15 mL) was prepared, followed by
the addition of a phase transfer catalyst tetrabutyl ammoniumhydrogen sulfate (‘BusNHSO4, 68
mg, 0.2 mmol). Tertbutyl bromoacetate (0.32 mL, 1.2 mmol) was then introduced and the mixture
stirred for 15 minutes. A solution of compound 6 (0.64 g, 2 mmol) in toluene was added, and the
mixture was stirred for 3 hours. Subsequently, a 10% HCI solution was added, and the mixture
was extracted three times with ethyl acetate. The combined organic layer was washed with brine,
dried over Na>SOg, and concentrated to yield compound 7.

IH NMR (400 MHz, Chloroform-d) § 7.35 (d, J = 2.4 Hz, 3H), 7.34 — 7.27 (m, 2H), 5.84 — 5.70
(m, 1H), 5.41 — 5.23 (m, 1H), 5.15 — 5.08 (M, 2H), 3.94 (s, 2H), 3.82 (s, 1H), 3.63 (dd, J=9.1, 3.8
Hz, 1H), 3.52 (dd, J = 9.1, 5.1 Hz, 1H), 3.43 (td, J = 13.7, 12.3, 6.2 Hz, 2H), 1.47 (s, 9H), 1.43 (s,
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9H). 13C NMR (101 MHz, Chloroform-d) & 170.06, 157.26, 155.97, 136.83, 128.57 (2C), 128.09
(2C), 128.04, 82.33, 79.70, 71.38, 68.58, 66.73, 50.34, 42.80, 28.49 (3C), 28.23 (3C). Mass
(MALDI/TOF) calculated for C22H34N20O7, 438.2366 obtained mass 438.2385.

g) Step 7:

NHCbz

_HyPdiC,
oc BocHN

A solution of compound 7 (2 g, 4.4 mmol) in methanol was treated with a catalytic amount of Pd/C
(0.4 g) under an ice bath and hydrogen atmosphere. The mixture was stirred for 6 hours. Afterward,
the solution was filtered through methanol, and the filtrate was concentrated to obtain compound
8. Mass (MALDI/TOF) calculated for C17H28N20s, 304.1998 obtained mass 304.1999.

h) Step 8:

\fl\NH
NH, N/go
o Thymine Acetic Acid o

O\)I\ )< EDC.HCI, HOBt

0,

BocHN o DIPEA, DMF,0 °C,

Overnight
8 \)J\ J<
BocHN

Thymine acetic acid (133 mg, 0.723 mmol) was dissolved in DMF (4 mL) at 0 °C under a nitrogen
atmosphere and stirred for 15 minutes. To this solution, a mixture of HOBt (98 mg, 0.723 mmol)
and EDC-HCI (138 mg, 0.723 mmol) was added, followed by the dropwise addition of DIPEA
(0.3 mL, 2 mmol). After 5 minutes, compound 8 (220 mg, 0.723 mmol) in DMF was introduced
into the round-bottom flask and the mixture was stirred for 8 to 10 hours. The reaction was then

extracted with a 10% HCI solution and extracted three times with ethyl acetate (3 x 30 mL). The
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combined organic extracts were washed with 10% Na>COs and brine, dried over Na,SO4, and
concentrated to yield compound 9 as a white solid. Further we have purified compound 9 by

column chromatography using ethyl acetate’/pet ether solvent system to get pure compound 9.

IH NMR (600 MHz, DMSO-ds) § 11.27 (s, 1H) & 8.13 (t, J = 5.8 Hz, 1H), 7.39 (d, J = 1.4 Hz,
1H), 6.61 (d, J = 8.5 Hz, 1H), 4.27 (q, J = 16.3 Hz, 2H), 3.95 (s, 2H), 3.74 — 3.45 (m, 1H), 3.38
(dd, J = 6.5, 2.9 Hz, 1H), 3.29 — 3.20 (m, 1H), 3.07 (dt, J = 12.9, 6.1 Hz, 1H), 1.75 (s, 3H), 1.42
(s, 9H), 1.38 (s, 9H). 13C NMR (151 MHz, DMSO-ds) & 169.89, 167.71, 164.97, 155.72, 151.47,
142.73, 108.52, 81.34, 78.44, 71.03, 68.58, 65.39, 50.25, 49.73, 28.66 (3C)., 28.20(3C), 12.36.
Mass (MALDI/TOF) calculated for C21H3aN4Os, 470.2377 obtained mass 470.2385.

1) Step 9:
o} o}
\fLNH \fk"”
o o
° TFA °
NH 6 hr NH
Lo K L
BocHN o\)]\o “TFA H;*'N o\)l\OH
9 10

At 0 °C, TFA (6 mL) was added to compound 9, and the mixture was stirred for 6 hours. The TFA
was then removed by evaporation with dichloromethane, repeated several times. The resulting oily

residue was precipitated with diethyl ether, and the solid obtained was compound 10.

j) Step 10:
o o)
NH NH
\f:\/go Fmoc-OSu, \Ei
THF, 0 °C, rt, N" 70
o 12 hr o
NH NH
o
“TFA H3*N \)l\OH FmocHN o\)j\OH
10 11
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Compound 10 (0.944 g, 2 mmol) was dissolved in THF at 0 °C, and the pH was adjusted to around
9 using a 10% Na>COz solution. After 5 minutes, a THF solution of Fmoc-OSu (0.606 g, 1.8 mmol)
was added, and the mixture was stirred for 12 hours. The reaction was then quenched with a 10%
HCI solution and extracted with ethyl acetate (3 x 30 mL). The combined organic layers were
washed with brine, dried over Na,SO4, and concentrated. The resulting residue was treated with
ethyl acetate and petroleum ether, decanted, and dried under high vacuum to yield a white solid,
compound 11. Further we have purified compound 11 by column chromatography using ethyl

acetate’/pet ether solvent system to get pure compound 11.

IH NMR (400 MHz, DMSO-ds) & 12.67 (s, 1H), 11.26 (s, 1H), 8.26 (s, 1H), 7.89 (d, J = 7.5 Hz,
2H), 7.71 (d, J = 7.5 Hz, 2H), 7.40 (q, J = 6.4, 5.3 Hz, 3H), 7.33 (t, J = 7.4 Hz, 3H), 4.28 (d, J =
4.3 Hz, 4H), 4.23 (d, J = 7.0 Hz, 1H), 4.01 (s, 2H), 3.70 (d, J = 7.4 Hz, 1H), 3.44 (d, J = 5.8 Hz,
2H), 3.32 (s, 2H), 1.73 (s, 3H). 23C NMR (151 MHz, DMSO-ds) & 172.01, 167.54, 164.80, 156.13,
151.25, 144.08 (2C), 142.59, 140.91 (2C), 127.90 (2C), 127.36 (2C), 125.51 (2C), 120.33 (2C),
108.31, 70.67, 67.85, 65.76, 50.54, 49.57, 46.89, 40.06, 12.09. Mass (MALDI/TOF) calculated
for C27H28N40s, 536.1907 obtained mass 536.1955.

5.5.3. PNA Building Synthesis Protocol:

We have synthesized all PNA molecules in solid phase peptide synthesis protocol in Biotage Alstra
instrument. We have taken the rink amide resin, specifically 4-(2',4’-Dimethoxyphenyl-Fmoc-
aminomethyl)-phenoxy resin, as the solid support. After swelling the resin with DMF, the Fmoc
group was deprotected using a 20% piperidine in DMF solution. Monomer coupling was facilitated
by in situ activation using the DIC/Oxyma coupling reagent, with reactions conducted at 70°C in
NMP solution and assisted by microwave heating. For the C-terminal spacer, we incorporated
commercially available orthogonally protected (Fmoc) L-lysine, which was conjugated to the resin
via an amide bond. The designed sequence was synthesized on a small scale (0.04 mmol/g),
starting with the lysine residue, followed by the coupling of either aeg building blocks or modified
delta building block 6PNA sequence building blocks. We bought aeg containing Fmoc proted
building block from commercial sources (BLD Pharma). We have provided details synthesis
protocol of SPNA2 in below Scheme 3. All other PNA molecules described here were synthesized
similar protocol. After synthesizing we have cleaved our compound from the resin using TFA and
triisopropylsilane cocktail mixture as (95:5) ratio.
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NHFmoc

NHFmoc O O
oOC vy 0
o ) )

| /\O = Rink Amide Resin

1. Swelling with DMF (30 min)

2.Fmoc Deprotection 20%
Piperidine in DMF (30 min)

2. Fmoc-Lys(Boc)-OH, DIC,Oxyma,
(microwave, 70 °C, 5 min)

3. Fmoc Deprotection 20%
Piperidine in DMF (30 min)

15t Coupling

NHT'—VS\O

Resin Cleavage | TFA/TIPS
(95:5)

1. Fmoc-fB(0)-6PNA-OH, DIC,Oxyma
(microwave, 70 °C, 10 min
Consecutive Coupling 2. Fmoc Deprotection 20%

and Deprotection Piperidine in DMF (30 min)
3. Fmoc-B(0)-6PNA-OH, DIC,Oxyma,
(microwave, 70 °C, 10 min

Peptide
[N HZ-B(O)-SPNA]Q-Lys\O v

5PNA2: [NH,-B(0)-5PNA]y-Lys-CONH,

Scheme 3: Solid Phase Synthesis Protocol and resin cleavage schematic diagram.
5.5.4. Circular Dichroism Spectroscopy Measurement:

CD spectra of the prepared samples were recorded using a JASCO J-715 spectropolarimeter.
Measurements were taken for the control single strands and PNA or PNA complexes in a solution
containing 10 mM NaCl and 10 mM sodium phosphate buffer at pH 7.0. The temperature of the
circulating water was maintained at 4°C, below the melting temperature of the strands. The homo-
oligomer of delta PNA and aeg PNA was combined with ssDNA or ssRNA in the appropriate
ratios to form duplex or triplex structures. CD spectra were recorded from 350 to 195 nm with 3
scans accumulated using a 1 cm cell, 0.1 nm resolution, 2 mdeg sensitivity, 1.0 nm bandwidth, 50
nm/min scan speed, and 2 sec response time. Each CD experiment was conducted twice to ensure

reproducibility.
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5.7. Appendix V: 'H, C NMR and Mass Spectrum:

a) 'H NMR Spectrum of Compound 7
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¢) 'H NMR Spectrum of Compound 9
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e) 'H NMR Spectrum of Compound 11
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g) DEPT-135 NMR Spectrum of Compound 11
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i) 3C NMR Spectrum of Compound FmocNH-aegThy-COOH
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Chapter 5

MALDI/TOF Spectra of PNA Molecules

(2) MALDI/TOF Spectra of aegPNA1:

Spectrum Report
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(b) MALDI/TOF Spectra of 3PNAL:

Spectrum Report

Final - Shots 200 - ISER-96-1-2023; Label B2
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(c) MALDI/TOF Spectra of aegPNA2:
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(d) MALDI/TOF Spectra of 3PNA2:
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