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ABSTRACT

The thesis entitled ™ Protein Engineering: Design, Synthesis and Functional Properties of
Peptidomimetic Foldamers' describes the simple designs of peptidomimetic foldamers derived
from pseudopeptide molecules, which have a wide range of applications in chemical biology and
biophysical chemistry. In addition, we have also studied the rotational dynamics of these
peptidomimetic foldamers. Further, we described the molecular-topology-based approaches for
creating reproducible vesicular assemblies in different solvent environments and topologically
intriguing structures showing ion channel transporters. The thesis work has been broken up into

five chapters.

Chapter 1

Chapter 1 gives a comprehensive overview of designer peptidomimetic foldamers in a systematic
manner, encompassing all the preliminary designs as well as the recent advancements. A variety of
well-defined protein secondary structure folding peptidic systems, ranging from amphiphilic
peptides and cyclic peptides, have been reviewed thoroughly. Furthermore, the study of different
topological arrangements of dynamic foldamers which are closely related to motor proteins and
self-assembly of peptidomimetic foldamers to quaternary structures such as vesicles using different
strategies proposed in the literature is also explored. In addition, foldamers having molecular

knotted structures that could also be used for ion transport studies were also highlighted.

Chapter 2

Chapter 2 deals with the development of synthetic bispidine based scaffolds that nucleate well-
folded secondary and quaternary structures. These bispidine-scaffolded peptides were studied by
CD, IR, NMR, single crystal XRD, and Molecular Dynamics (MD) simulations to investigate their

conformational preferences. The solid state and solution studies also confirm that bispidine is a
iv|Page



versatile scaffold that could be placed either at the terminal or at the middle of the peptide strand
for nucleating B-strand structure. Bispidine placed at the C-terminus of the peptide chain could
nucleate B-strand conformation, while at the middle resulted in a B-arch conformation. This
nucleation activity stems from the ability to restrict the C,-CO torsional angle (y) through the
intramolecular C5 hydrogen bonding between the equatorial hydrogens of bispidine and the
carbonyl oxygen(s) of the amino acid close to the scaffold. Further, the bispidine peptidomimetic
with a super secondary structure, namely B-arch assembled into single-hole nanocages and

spherical vesicles were also showed.

Chapter 3

Chapter 3 outlines the development of artificial molecular rotors is a challenging endeavor.
Herein, we have synthesized a series of bispidine diamides that exhibit rotation reminiscent of a
molecular rotor. Dynamic NMR, X-ray diffraction, and molecular dynamics provided the insights
into the rotational dynamics. Studies showed a unidirectional rotation and rate of rotation depends
on the nature of substitution. These engineered systems may aid in the development of
biologically relevant synthetic molecular motors. Studies on homochiral and heterochiral
bispidine peptides revealed the direction of rotation can be controlled by chirality and the nature

of amino acid.

Chapter 4

Chapter 4 presents a novel molecular-topology-based approach for creating reproducible vesicular
assemblies in different solvent environments, including aqueous, using specifically designed
pseudopeptides. Deviating from the classical “polar head group and hydrophobic tail” model of
amphiphiles, we show (reversible) self-assembly of the synthesized pseudopeptides into vesicles.
Naming these new type/class of vesicles as “pseudopetosomes”, we characterize them by high

resolution scanning electron-, transmission electron-, atomic force-, epifluorescence- and
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confocal- microscopy along with dynamic light scattering. While accounting for hydropathy-
indeces of constituent amino-acids (side chains) of the pseudopeptides, we probe molecular
interactions resulting in assembly of pseudopeptosomes by fourier-transform infrared- and
fluorescence- spectroscopies. Molecular characterization by X-ray crystallography and Circular
dichroism reveal “Trp-Zip” arrangements and/or hydrogen-bonded one-dimensional assembly
depending on specific pseudopeptides and the solvent environments. Our data indicate that
pseudopeptosomes are formed in solutions by self-assembly of bispidine pseudopeptides (of Trp,
Leu and Ala amino-acid constituents) into sheets that transform into vesicular structures. Thus, we
show that assembly of pseudopeptosomes utilizes the full spectrum of all four weak interactions
essential in biological systems. Our findings not only have direct implications in chemical and
synthetic biology but also may provide a new avenue of investigations on origins of life via
pseudopeptosome-like assemblies. We also showed that these designer peptides can act as carrier
for cellular transport.

Chapter 5

Chapter 5 describes the synthesis of topologically intriguing structures is highly challenging. We
herein present bispidine as a platform for the design of molecules with various topologies and
functions. Bispidine-based acyclic molecule, showing intriguing S-shape topology was discussed.
Single crystal X-ray revealed that this molecule exists in solid state as two conformational
enantiomers. In addition to that, bispidine-based designer macrocycles were synthesized and
investigated for ionophoric properties. Patch clamp experiments revealed that these macrocycles
transport Na*, K*, and Ca?* by channel mechanism. The results indicated that the self-assembling
macrocycle form tubular assembly as evident from ultramicroscopic techniques and single crystal
X-ray crystallographic studies. Our design highlights the utilization of non-conventional

dihydrogen interactions in nanotube fabrication.
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IR

A genfafr. afpsitifits vieud & fSomga, Rid sk srafes o @1
My e arelt AR F, geupEs Ay ¥ Ui UieSithis hieay & WRd
fEwme &1 quiF forar man &, S Imafe hafage ok difae e & faftra
3TV o 7T IR &1 38 3refrell, §H 31 U SIS BiesHY & HA i Ticreb!
&1t sregge foa §1 9% sifafad, 899 fafid grae tafaRon # gigv arg afiager
qPb-i! BT quiA ot foha 51 39 RY &1 B Ui sreart § fawiord foar T g
AT 1

31ear 1 H feomeR UfPSItmies Biesid & fawqd S/adie & U GH-Id dRid I IR
fora mar 8, o uRfYe feoe— afga it eyt fSomg=g 3R g1 & umfoa gffer
& | URp i UpTss SR ITsfaas UPss Uied it TR & Wy UIdH ddbed WRa
wifegT UfRfes vonferat o1 favga Teiteror faran man 81 39 Sramar, faRlia wiewd &
fafirs Sriaoha crawTall & seree ot fasan T g, S Hiex UicH! § Jwefid § ofR
UfpSIfERfes wiesH 1 W-Hue ¥ Jeiftd gl 8, S fob fafte Tereres uffeal &
HiH ¥ dRiehed & FU T BIe-A<] RIS b | 396 HfaRad, 3 uRag sieqa= &
1T T frT ST 9 aTet FIiageR Alcs RT3 aTd WiceHy ®f 4 TgEar 41 7% 5

Y 2

3 2 o, Ridfew fawdiersa W snutlkd Thwhiegy & fadr & Iy Td: Sifid
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yonterdl # I1Rd fgcdiad SR ®ie-) WRamell &1 sierdd fosar Tl g1 3 fodisrs-
Whhices UPIRS! &1 ST CD, IR, NMR, T&Hd fohied XRD 3R AldageR SHA-THR
(MD) RITeI=A & H1ed § I SMHIRG! o adl Bl T B & ol fha1 T g1 319
3T 3R GIH e A Ug Hifed b § fos foediets uoh fafdedmgul wries & o
dle1-%E WA B Yfade H1 & L WIES We & 3fd a1 A H @1 o bl g
UPTsS ael & At-efiTa w 7 T fedisTs gRT diel-is wu fdiae gl g, Safd
He H 3@ ¥ U dlicl-3Td G UIa gl o1 U8 feRie= iafafy fowdiersd & gr
3T Ca-CO TS W () BT Ah Bt &HAT I BT §, ST Thwhies & UM & T
RIS & PR SIS & §d & SHGT gTeg o SiraT & ATEH J Bl & | $HPb S{aTd,
feefteTs Ui St & 1y T I fedtaes 3=, am dier-ofr, Ther-oe THidue
3R MeeHR IRyse & of i g ot 1

T 3

3 3 H, HH Hideger Ay & faHm W 79 &1 12 71 78T, g0 foxdiers srawge!
1 U YT BT YA a1 § S Aidager Aex Bt a1 feam arelt guia & yefid el
g1 Ta=iid NMR, Thd forked XX fafdvur SR Aiaager srmftag 3 guia wfafafy o
UgdM &R & o Tee Ual o1 Sl = Taferia guiH ok guiH &t &R &1 ufkafdd g9
&1 Refor foar B, o Taeda &t uepfa wR Falk w=ar g1 39 Soiifas gonfeat @ staawnfe
FU Y HeaqUl HHH Hideger Hiek & e § dae e goodt 21 SifdRa @ik
geifoRd foedieTs Uprss! wR srerd A fevaman & o ferar SR uftrt uiits &t uefar g
quf &1 fe=m &1 Aafa fasan o g 21
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SAdCH-, UISThH faey-, TR &F-, SUTRIRRIY- 3R HIPIHd- AHIRGIUT & 1Y
SIS ASe Wl & AT ¥ 9UH IXd § | HSIUPISS! & Ueh - (W8S
I) B ERSUN-RA BT A 4 §Y, TH PRI-URGAT FIHRS- IR RIRWY-
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(a) Protein-protein interaction with a high surface area is shown in the crystal
structure of B-catenin in complex with T-cell factor (PDB: 2GL7); (b) Crystal
structure of GSG2, a haspin kinase, associated to the bi-substrate inhibitor
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kinesin  dimer work together to move along the microtubule protofilament
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Figure 1.10: Chemical structure of molecular motor A18. Photochemical and thermal

isomerization processes of A18.

Figure 1.11: Chemically driven triptycene derivatives A19-A23 were developed by

Kelly and co-workers. With the addition of phosgene, the A19 compound
rotates by 120° about a single bond. 16

Figure 1.12: Chemical structure of rotaxane A24 and shuttling observed in switchable

bistable [2]rotaxane.
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Figure 1.13: Examples of multimeric functional protein assemblies. (a) Crystal structure of
Thermotoga maritima (TmLDH) tetramer (PDB: 1A5Z); (b) Crystal structure
of Magnesium chelatase ATPase (MgCh ATPase) hexamer (PDB: 6L8D).

Figure 1.14: Formation of different self-assembled structures of pseudopeptides having
various secondary structures such as a-helix, -sheet and random coil.

Figure 1.15: Chemical structures of Trp-containing peptides and pseudopeptides A25-A27.

Figure 1.16: Chemical structures of cyclic or acyclic peptides A28-A29 which comprise
Trp and Arg amino acids in the peptide sequence.

Figure 1.17: Chemical structures of polymeric peptides A30-A31.

Figure 1.18: (a) Unknot (01); (b) Trefoil knot (31) with three crossings; (c) Figure-of-eight
knot (41) with four crossings; (d) Pentafoil knot (51) with five crossings.

Figure 1.19:(a) and (b) are the top and side views of the crystal structure of the
transmembrane domain of M2 protein. Image taken from the RCSB (PDB:
3C9J); (c) An anisotropic model for potassium channel KcsA (PDB: 2QTO)

Figure 1.20: Chemical structures of macrocycles A32-A33.

Figure 1.21: Chemical structures of fluorinated and non-fluorinated amphiphilic
cyclophane macrocycles A34-A36.

Figure 1.22: Chemical structures of functionalized hydrazide acyclic and macrocycles
A37-A39 that formed pH-sensitive transmembrane channels.

Figure 2.1: Evolution of the bispidine scaffold. (a) The most preferred conformer of the
1,3-diaminopropane linker along with the folded conformer. Cyclization of this
folded conformer results in conformational restriction. This cyclic structure is
further interlocked by a methylene bridge resulting in a bicyclic architecture;
(b) The conformations of bispidine diamides, showing the equatorial hydrogen
atoms that are proximal to the carbonyl oxygen atoms. The anti (al)
and syn (s1) forms are shown.

Figure 2.2: Chemical structures of foldamers (B1-B4) in which the bispidine scaffold is at
the middle. Control compound B5 with a 1,3 diaminopropane spacer instead of
bispidine and B6 with bispidine placed at the terminal.
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Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Averages using 25 ns blocks are plotted for ¢,y dihedrals and number of C-
H---O bonds for single molecule MD trajectories of B3, B6 and B7. The error
bars reflect one standard deviation from the mean.

The conformations of bispidine diamides. The equatorial hydrogen atoms that
are proximal to the carbonyl oxygen atoms are labelled. There are two anti (al
and a2 ) and two syn (sl and s2°) forms.

(a and b) are *H NMR (CDCls, 500 MHz) spectra of B2 indicating the signals
corresponding to anti and syn-form respectively; (c and d) are *H NMR (CDCls
500 MHz) spectra of B3 indicating the signals corresponding to anti and syn-
form respectively.

(a) The ROE observation in molecule B2; (b) A cross section of the ROESY
spectrum of B2 in chloroform showing the correlation between the peptide
chain and the bispidine linker.

(a) The ROE observation in molecule B3; (b) A cross section of the ROESY
spectrum of B3 in chloroform showing the correlation between the peptide
chain and the bispidine linker.

The distance matrix represents the r and r® averaged interproton distances in
the upper and lower triangular matrices respectively for the hydrogen atoms
labelled in B3.

(a) Plot of temperature dependence of NHs chemical shifts of Peptide B3 in
CDCl; solution; (b) *H NMR spectrum of B3 in CDCls solvent at different
temperature showing the change in chemical shift of amide NHs with

temperature.

Figure 2.10: (a & c) are IR (KBr) of B2 and B3 respectively; (b & d) are IR spectra in

chloroform solution of B2 and B3 respectively.

Figure 2.11: (a) and (b) showing chemical shift dnn 0f amide protons of B2 and B3 in

CDCl3 upon increasing amount of DMSO-de respectively.

Figure 2.12: (a) Solution structure of B3 in chloroform obtained from MD simulation

(intramolecular C—H---O bond between Leu carbonyl and bispidine equatorial
hydrogen is shown by a dashed red line; (b) Density plot of the population
(fraction f reported in the units of free energy —RT Inf) of main-chain torsion

angles (¢ and y) obtained from the MD simulation of a single molecule
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of B3 (consisting of a bispidine linker) or B7 (consisting of a 1,3
diaminopropane linker) in chloroform. A significant shift to the characteristic
B-strand region (¢ ~—140° and y ~130°) is seen for all residues of B3.

Figure 2.13: (a) Circular dichroism (CD) spectrum of compounds B1, B2, and B3 in
methanol, andB4in water; (b) Temperature-dependent CD  of
compound B3; (c) Temperature dependent CD data of B3 measured at
wavelength 226 nm.

Figure 2.14: Two dimensional potential energy surface of B1 in different strand orientations
is plotted relative to the most stable structure (anti). The syn and anti forms of
the bispidine linker represent its most stable states. Four lowest energy
structures are displayed adjacent to their strand configurations in the potential
energy map. The structures show C-H---O bonds (displayed in red) on both
sides of the linker. Consequently, the adjacent leucine residues adopt a f
secondary structure with ® greater than 150° (Table 2.12).

Figure 2.15: Cartoon representation of B-strand — turn — B-strand (B-hairpin) showing the
faces of two isolated B-strands in opposite side (anti form) and in same direction
(syn form).

Figure 2.16: (a) CD spectrum of compound B5; (b) CD spectrum of compound B6.

Figure 2.17: (a) X-ray crystal structure of compound B1 showing intramolecular H-
bonding between Leu carbonyl and bispidine equatorial hydrogen (C—H---0);
(b) The orbital view of C5-hydrogen bonding in the crystal structure of B1. The
lone pair containing p-type orbital of carbonyl oxygen interacts with the C-H
o* orbital. The two colors (red and green) show the two phases (positive and
negative) of molecular orbitals, respectively.

Figure 2.18: (a) A representative snapshot showing the main chain y dihedral of leucine,
and the C—H---O bond between bispidine equatorial hydrogen (atom 77) and
leucine carbonyl oxygen (atom 24) in B3; (b) Comparison of the distribution of
the two torsion angles (shown in the inset) capturing the linker conformational
space: C22-N5-C6-C1 (solid green) and N5-C6-C1-C9 (dashed green) in B3,
C54-N31-C29-C34 (solid brown) and N31-C29-C34-C39 (dashed brown)
in B6; (c and d) Overlay of the central structures of the five most populated

clusters of B7 and B3, respectively (cluster population in Table 2.11), obtained
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from the equilibrium portion of MD trajectory using the Gromos
algorithm*’ with a backbone root mean squared deviation (RMSD) cut-off of
0.1 nm.

Figure 2.19: (a) SEM of B2 at 0.25 mg ml™*; (b) SEM of B2 at 0.5 mg ml™%; (c) TEM
of B2 at 0.25 mg ml~* (red arrows indicate the hole); (d) TEM of B2 at 0.5 mg
ml™2; () AFM of B2 at 0.25 mg ml™2 (red arrows indicate the hole); (f) AFM
of B2 at 0.5 mg ml2.

Figure 2.20: Histogram based on SEM images (a) Distributions in Diameter of hollow
cages at 0.25 mg/ml of B2; (b) Distributions in Diameter of vesicle at 0.5 mg/mi
of B2; (c) Distributions in Diameter of vesicle at 0.5 mg/ml of B3.

Figure 2.21: Dynamic light scattering (DLS) profiles of B2 showing the average size
distribution (a) B2 at 0.25 mg/ml in methanol; (b) B2 at 0.5 mg/ml in methanol.

Figure 2.22: (a) and (b) are the SEM images of B5 and B3 at 0.5 mg/ml in methanol.
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Figure 2.39:
Figure 2.40:

'H NMR (CDCls, 300 MHz) of B1
13C NMR (75 MHz, CDCls) of B1
HRMS of B1

'H NMR (CDCls, 500 MHz) of B2
13C NMR (75 MHz, CDCls) of B2
HRMS of B2

'H NMR (CDCls, 500 MHz) of B3
13C NMR (100 MHz, CDCls) of B3
HRMS of B3

'H NMR (CD30D, 500 MHz) of B4
13C NMR (CD30D, 125 MHz) of B4
HRMS of B4

'H NMR (CDCls, 300 MHz) of 3

13C NMR (75 MHz, CDCl3) of 3
HRMS of 3

'H NMR (DMSO-ds, 300 MHz) of B5
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Figure 2.41:
Figure 2.42:
Figure 2.43:
Figure 2.44:
Figure 2.45:
Figure 2.46:
Figure 2.47:
Figure 2.48:
Figure 2.49:
Figure 3.1:

Figure 3.2:
Figure 3.3:
Figure 3.4:

Figure 3.5:

Figure 3.6:

'H NMR (CDCls, 500 MHz) of 5
13C NMR (125 MHz, CDCls) of 5
HRMS of 5

'H NMR (CDCls, 400 MHz) of 6
13C NMR (100 MHz, CDCls) of 6
HRMS of 6

'H NMR (CDCls, 500 MHz) of B6
13C NMR (125 MHz, CDCls) of B6
HRMS of B6

(a) Possible paths for Syn-Anti interconversion. (b) Bispidine diamide
conformations representation with varying temperature.

Chemical structures of bispidine-based diamides C1-C5 and B1.
'H NMR of C1 in different solvents shows a different ratio of minor to major.

HSQC spectrum of C1 in CDCls showed the correlations among the protons
and their respective carbons.

(a) Temperature-dependent *H NMR spectra of C2 show interconversion
between two forms of C2 exist in the solution. Red and black arrows indicate
differences in the changes in the chemical shifts of two different sets of
equatorial protons relative to chemical shift of equatorial protons of dynamic
form; (b) Temperature-dependent 3C NMR of C2 showed one signal for all
methylene carbons of bispidine at room temperature and split into two signals
at lower temperature.

(@) The COSY spectrum of C2 298 K. The red circles show 4J long-range
coupling between the equatorial protons and bridgehead CH. (W-coupling); (b)
The COSY spectrum of C2 273 K. The red circles show 4J long-range coupling
between the equatorial protons and bridgehead CH> (W-Coupling). The yellow
circle indicates that 4J long-range coupling between the equatorial-equatorial
protons (W-Coupling), and the magenta circle shows that 4J long-range
coupling between the axial-axial protons (H3 and H7, also H1 and H5), (W-
Coupling). (c) Molecular representation of all three W-coupling observed in the
COSY spectrum. NOESY spectra at different temperatures. (d) NOESY

spectrum a 273 K showing the exchange proton between the two enantiomers
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Figure 3.7:

Figure 3.8:

Figure 3.9:

represented by red circles. () NOESY spectrum at 298 K showing NOE
between tert-butyl group and bispidine bridgehead.

Packing of C2 molecule in the crystal lattice with C (white), O (red), N (blue),
and H (grey). (a) A unit cell of C2 contains both (Rp, Rp) and (Sp, Sp)
molecules arranged alternatively. (b) Extended contacts (viewed down the b-
axis) of C2 showing one layer (Rp, Rp) connects to another (Rp, Rp) by
C-H---C interactions (light-blue). (c) Extended contacts (viewed down the c-
axis). The C—H---O hydrogen bonds are involved between the one layer (Rp,
Rp) and another layer one layer (Sp, Sp).

(a) *H NMR spectra of C1 shows an increased ratio of syn form on the addition
of LaCls, while there was no change in the NMR spectra for C2, indicating that
syn form is unstable in C2; (b) The possible pathway of reversible switching of
achiral to two chiral anti-forms.

A pictorial representation of the energy profile of C1 and C2 based on DFT
calculation. (a, b) Potential energy surface of C1 and C2. The o dihedral angle
of the arms are chosen as the reaction coordinates for studying the
isomerization. The contours are plotted for every 12.5 kJ/mol increment in the
potential energy. Details of DFT scans and geometry optimization are
elaborated in Section 3.4.2.1.

Figure 3.10: *H NMR of B1 in different solvents shows a different ratio of minor to major.

Figure 3.11: 'H NMR titration study of B1 in CDCls with addition of various amounts of

DMSO showed that minor form gradually transforms into major form. The
amounts of DMSO are added: 0%, 2.5%, 6.3%, 10%, 17.5%, 32.5%, 40%, and
100%.

Figure 3.12: Concentration dependent *H NMR study confirmed that the ratio of anti to syn

is not dependent on the concentration of B1.

Figure 3.13: *H NMR of B1 at 273 K shows 1:3 of minor to major form.
Figure 3.14: 'H NMR of B1 at 328 K shows 1:2.2 of minor to major form.
Figure 3.15: TOCSY spectra of B1 and C4 in chloroform showed that both sets of signals

are from different conformers.
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Figure 3.16: Free energy surface for the syn-anti transition from weighted ensemble
(WE) simulations. The Leu—bispidine peptide bond (in B1 and C4) torsional
angles from each arm, m1 (030-C2-N31-C19) and w2 (029-C3-N23-C1), were
chosen as the progress coordinates (nomenclature in Figure 3.22). (a and b)
Free energy profiles for B1 and C4 in chloroform at 328K after a molecular
time of 2.5 ns (total simulation time of 6 ps and 5.8 ps, respectively). The two
syn (syn, syn’) and anti (anti, anti’) states are shown in Figure 3.23. The WE
was run in an equilibrium set-up and a steady state is reached after a molecular
time of 1 ns. The free energy corresponds to the equilibrium bin weights
averaged over the trajectory from 1 to 3 ns.

Figure 3.17: Plot of In(k) against 1/T for B1. Comparing the value of slope from the
fitted equation (dotted line), the activation energy was obtained (mentioned in
Table 3.3).

Figure 3.18: Plot of In (k/t)- In (kb/h) against 1/T for B1. Comparing the slopes and
intercept the values of Enthalpy of activations and Entropy of activation were
obtained (mentioned in Table 3.3).

Figure 3.19: lot of normalized intensities of the inverted peak (solid line) and target peak
(dotted line) against the mixing delay varied at 35 °C.

Figure 3.20: Plot of In(k) against 1/T C4. Comparing the value of slope from the fitted
equation (dotted line), the activation energy was obtained (mentioned in Table
3.5).

Figure 3.21: Plot of In(k/t) — In(kb/h) against 1/T C4. Comparing the slopes and
intercept the values of Enthalpy of activations and Entropy of activation were
obtained (mentioned in Table 3.5).

Figure 3.22: Structures of C1, C2, B1 and C4 respectively. C2 and B1 are X-ray resolved
crystal structures while C1 and C4 were modified in-silico (Section 3.4.2.2).
The atom numbering follows the topologies generated from CGENFF. The
same index scheme was used for defining the reaction coordinates in DFT, WE
and metaD simulations.

Figure 3.23: Structures of B1 and C4 sampled from WE simulations. Figures (a,e) (in
green) represent the anti-conformation of B1 and C4 respectively while the

structures in (c,g) are the corresponding anti’ states. The structures in cyan (b,f)
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denote the syn state and the yellow colored poses (d,h) belong to the syn’ state

of corresponding B1 and C4 molecules. The state definitions are mentioned in

Section 3.4.2.2.4. 129
Figure 3.24: Free energy surface (FES) from WE set-2 simulations. (a) is the FES of C4

obtained on studying the syn—>anti transition by finer binning along ®: and

restricting sampling along > by coarser bins. The same is shown for B1 in

figure (b); (c) depicts the FES of B1 for the syn—>anti’ transition, with finer

bins along w2 and coarser along w:. The colour represents the free energy (in

kJ/mol) of the walkers after 300 iterations of WE (3ns of molecular time). 130
Figure 3.25: (a) The figure illustrates the relative weight of the walkers along w2 for a given

o1 (C4). An interval of 10° was used as spacing between the bins for estimation

of the relative weights. The curve highlighted in red represents the minimum

free energy path (highest relative weight) for the syn—>anti-isomerization. (b)

The rate of the syn—>anti-isomerization directly calculated from successful

transition events from WE set 2 simulation of C4. The blue dashed line

represents the estimate rate from NMR relaxation experiments. Rate calculation

from WE is given by Section 3.4.2.2.4 equation 1. Transition events only after

1ns of molecular time were considered for calculation of the minimum energy

path and rates. 130
Figure 3.26: The syn—>anti-transition in C4 in the ®-y torsional angle space of the L-

Leu arm. (a) The v torsion angle distribution of parent trajectories (trajectory

up to but excluding the transition) of walkers that successfully transition to the

anti-state from the syn state as obtained from the WE set 2. (b) The v torsion

angle distribution for trajectories that start from -100°<y<10° (blue) and

60°<y<200° (red) regions. (c) The free energy surface (FES) in the -y (of L-

Leu) space as obtained from well-tempered metadynamics simulations. The

colour scale and contours represent increments of 5 ksT and 10 kgT,

respectively. (d) A schematic of proposed pathway for the syn-B—> anti-p

isomerization in C4 involving ® and v as two reaction coordinates. All

simulations were run at 328 K with C4 solvated in chloroform. 132
Figure 3.27: The figure plots the time evolution of the weights of the sub-ensembles of the

states from WE set 2 simulations of C4. The green curve denotes the syn state
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in B-region and the blue curve denotes the syn state in a-region. The red curve
is the population evolution of the anti-p state and the orange curve represents
the anti-o state. The average populations over the last 200 iterations are 0.623,
0.016, 0.355, 6.876e-13 respectively and 0.638, 0.355, 1.2e-17 and 7.5e-20
respectively when averaged over the last 50 iterations.

Figure 3.28: Histograms of all possible heavy-atom torsional angles of C4 from WE

simulations. The colors denote three sub-ensembles viz, blue: walkers in the
syn state initialized from the syn state (i.e. syn states with a history in the syn
state at iteration #0), red: walkers in the intermediate region (between syn and
anti (-50°<®1<50°) initialized from the intermediate region and green: syn
states initialized from the intermediate region. The atom quadruples denoting
the 62 dihedrals are provided as an attachment. Dihedral #6 denotes the w1\ of
the L-leu arm of C4. The green dihedral shows two peaks, one belonging to the
a-helical (-1.75<y<0.17) region and the other belonging to [ region
(1.04<y<3.49). The sub-ensemble belonging to the o region was observed in

successful isomerization events to the anti-state.

Figure 3.29: The projection of the free energy surface from metaD simulation of C4

Figure 3.30:
Figure 3.31:
Figure 3.32:
Figure 3.33:
Figure 3.34:
Figure 3.35:
Figure 3.36:
Figure 3.37:
Figure 3.38:
Figure 3.39:
Figure 3.40:
Figure 3.41:

(Section 3.4.2.3) for the syn state. It is observed that a larger barrier exists for
the B region (1.04<y<3.49) to the a region (-1.75<y<0.17) conformation (~164
kJ/mol) than the reverse transition (a=>f, ~122 kJ/mol).

'H NMR (500 MHz, CD30D) of C1

'H NMR (500 MHz, DMSO-dg) of C1
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13C NMR (125 MHz, DMSO-ds) of C3

HRMS of C3

'H NMR (500 MHz, CDCls) of C4

133

134

135
146
146
147
147
148
148
149
149
150
150
151
151

xxiii|[Page


file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499728
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499728
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499728
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499728
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499728
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499729
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499730
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499730
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499730
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499730

Figure 3.42: 13C NMR (125 MHz, CDCls) of C4
Figure 3.43: HRMS of C4

Figure 3.44: 'H NMR (300 MHz, CDCls) of C5
Figure 3.45: 3C NMR (75 MHz, CDCls3) of C5
Figure 3.46: HRMS of C5

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Chemical structures of pseudopeptides D1-D3 and B1.

Microscopic images of D1 (Img/ml) in methanol at RT: a) SEM; b) TEM
sample stained with a negative stain by using phosphotungstic acid for 1 minute
(Inset shows clear contrast) and ¢) AFM; d) Vesicles height profile analysis of
AFM along the line shown in c. The length of the scale bar is 1 pm.

(a) SEM image of D1 (concentration: 0.476 mM) in methanol at RT; (b) SEM
image of D1 (concentration: 0.715 mM) in methanol at RT; (c) SEM image of
D1 (concentration: 2.14 mM) in methanol at RT; (d) SEM image of D1
(concentration: 1.43 mM) in 1:1 (water: ethanol) mixture at RT showing
vesicular self-assembly.

(a) TEM image of D1 (1 mg/ml) in methnol at RT . The scale bars indicate the
wall thickness of vesicles; (b) Cartoon representation of vesicle indicating
thickness of wall. The sample was stained with a negative stain by using
phosphotungstic acid for 1 minute.

(@) Dynamic light scattering of D1 (1 mg/ml) in methanol at RT; (b) CAC of
D1 calculated from DLS; (c) Histogram based on SEM images. Size
distributions of diameters of vesicles at 1 mg/ml of D1.

(a) SEM image of B1 (Img/ml) in methanol at RT; (b) SEM image of D3
(1mg/ml) in methanol at RT; (c) SEM image of D2 (Img/ml) in water at RT; (d)
SEM image of D2 in 10 % methanol and water at 1 mg/ml. The length of the
scale bar corresponds to 2 um.

Histogram based on SEM images (a) Size distribution of diameters of vesicles
at 1 mg/ml of D2 in 10 % of methanol and water; (b) Size distributions in
diameters of vesicles at 1 mg/ml of B1; (c) Size distribution of diameters of
vesicles at 1 mg/ml of D3.

(a) Epifluorescence microscopy image at 100 x of D1 + 0.02 equivalents of

Rhodamine B dye at UV filter (Aex range 330-385 nm); (b) Confocal
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Figure 4.9:

microscopic middle frame image at 100 x (zoomed image) of D1 + 0.02
equivalents of Rhodamine B dye at Aex at 540 nm; (c) Confocal microscopic
middle frame image at 100 x (zoomed image) of D1 + 0.02 equivalents of Nile
Red dye at Aex at 515 nm (Inset shows the fusion of vesicles); (d) SEM image
of (D1 + 0.02 equivalents of Rhodamine B dye) compound D1 with 1.43 mM
concentration was used.

Side view of 3D confocal microscopy at 100 x Objective (5 x zoomed image)
of D1 + 0.02 equivalents of Rhodamine B dye at Aex at 540 nm; (a) side view;
(b) Top view; (c) Bottom view constructed using Olympus Cellsens software.
Step size=100 nm, Z ~ 4 yum.

Figure 4.10: (a) Bottom face view of 3D confocal microscopy at 100 x objective (5 x

zoomed image) of D1 + 0.02 equivalents of Nile Red dye at Aex at 515 nm; (b)
Side view; (c) Top view; (d) Top side view constructed using Olympus Cellsens
software. Step size=100 nm, Z ~ 4um.

Figure 4.11: Cell Viability profile of D2 for RAW264.7 cells. Cells were incubated with

various concentrations (0, 20, 50, 100, 150, and 200ug/ml) of the compound for
24 h followed by 20-minute incubation with Resazurin (in serum-free media).
Untreated cells act as control (n=3zstd dev) 2-tailed unpaired t-test was
conducted to check the significance of the difference between control and

compound treatments.

Figure 4.12: Representative confocal microscopy images of RAW264.7 cells treated with

the CorTS1 and Rhodamine B along with compound D2 (A) Fluorescent image
of CorTS1; (B) Fluorescent image of Rhodamine B along with compound D2;
(C) Fluorescence merge images, and (D) DIC-Fluorescence merged image.
Cells were incubated with (control, Rhodamine B only control, CorTS1 only
sample, CorTS1, Rhodamine B and compound D2) Rhodamine B (5 pg/ml),
compound D2 (200 pg/ml) and CorTS1 (10 uM) followed by PBS washing and
Imaging in Olympus Confocal FV1200 microscope at 60 x magnification (scale
bar =30 pum).

Figure 4.13: The FT-IR spectrum of D1 showed strong bands at 3418 cm™ and 1634 cm™

(amide 1), and 1696 cm™ indicating p-strand arrangement.
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Figure 4.14: (a) CD spectrum of D1 (0.5 mM) in methanol at RT; (b) PXRD of D1 blue
arrow indicates n-m interaction distance; (¢) CD spectra of D2 (0.5 mM) in water
at RT and D3 (0.5 mM) in methanol at RT. (d) Concentration dependent CD
spectra of D1 in methanol at RT.

Figure 4.15: (a and e) are the X-ray crystal structures of D1 and B1 with 50% probability
level of atomic displacement ellipsoids; (b) One dimensional extended
structures of D1 showing hydrogen bonding between carbonyl oxygen and
indole ring of one Trp unit (indicated by purple color); (c) Indole ring of the
Trp unit takes part in hydrogen bonding to carbonyl of the neighboring
molecule through a water molecule (Indicated by cyan color); (d) The Trpzip
arrangement mediated by C—H---x interaction (spacefill model) between the 7t-
system of Trp and C-H from neighboring indole (distance 2.87 A and angle
157.2°); (f) The one dimensional stringing amide hydrogen bonding; ()
Structural representation of amide hydrogen bonding in B1 observed in solid
state.

Figure 4.16: Concentration dependent study of D1. Concentration is mark on the left side
of each spectrum. Selected protons are marked on the structure and spectra. All
spectra were recorded on 500 MHz NMR at 25 °C in CDsCN.

Figure 4.17: Reversible self-assembly of vesicles of D1. Vesicles in methanol can be

ruptured by adding chloroform and could be reversed by adding more methanol.

Figure 4.18: Solvation effect on vesicular assembly of D1 at 1 mg/ml at RT. Different ratios
of methanol and chloroform used for vesicle preparation. Insets indicate the size
distribution of vesicles.

Figure 4.19: Diffusion constant from DOSY of D1 at different concentration in CD30D.

Figure 4.20: Comparison between the diffusion constant of compound D1 in 1:1 CD30D:
CDCls and only CDCl3 at 1.43 mM concentration from DOSY experiment.

Figure 4.21: (a) Graphical representation of different types of vesicular assemblies: (i)
classical model I (ii) proposed reverse bilayer model II, and (iii) proposed
multilayer model III; red and green parts represent hydrophilic and hydrophobic
groups, respectively. (b) Proposed assembly of D2 based on crystal structure of

D1 supports the proposed model III (multilayer vesicles). (c) The phase diagram
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representing the role of concentration and solvent composition on the self-
assembly. Cone shape represents, compound is molecularly dispersed in
solution.

Figure 4.22: (a) Concentration-dependent fluorescence spectra of D1 in concentration
range of 14 -130 uM in methanol (Aex at 295 nm); (b) Concentration-dependent
fluorescence spectra of D1 in concentration range of 143 -1430 uM in methanol
(Aex at 295 nm); (c) Plot of fluorescence emission intensity at 343 nm vs
concentration of D1; (d) Fluorescence spectra of Rhodamine B dye alone and
with addition of different concentrations of D1 in methanol (hex at 553 nm).

Figure 4.23: (a)Binding study of anions with D1; (b) Job Plot of H2POj titration against
D1.

Figure 4.24: 1 H NMR (CDCls, 300 MHz) of D1

Figure 4.25: 3C NMR (CDCls, 75MHz) of D1

Figure 4.26: HRMS of D1

Figure 4.27: HPLC chromatogram of D1 in Solvent system ACN+TFA (0.1%) and
H20+TFA (0.1%).

Figure 4.28:* H NMR (CD30OD, 500 MHz) of D2

Figure 4.29: 3C NMR (CDs0D, 125 MHz) of D2

Figure 4.30: HRMS of D2

Figure 4.31: *H NMR (CDCls, 400 MHz) of D3

Figure 4.32: 3C NMR (CDCls, 100MHz) of D3

Figure 4.33: HRMS of D3

Figure 5.1: a) Cartoon representation of the synthesis of macrocycle and foldamer; b)
Chemical structures of E1 and macrocycles E2-4.

Figure 5.2: X-ray crystal structure of E1. The structures in (a) and (b) represent two
different views of the conformational enantiomers of E1;(c) The hand-made
model of E1; (d) Cartoon representation of the "S" topology of E1 and its mirror
image.

Figure 5.3: (a) Packing diagram of compound E1 depicting intermolecular Cl---Cl contacts
and C—H:---N hydrogen bonds between two enantiomers (b) Intramolecular ©-x

interactions between the triazine units of E1. (c) Packing diagram of E1 shows
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Figure 5.4:

Figure5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

connectivity of one string to another string via Cl---Cl (purple color) and
C—H--- H-C interactions (cyan color).

(@) Space-filling model of E3; (b) ORTEP diagram of E3 drawn with 50%
ellipsoidal probability showing intramolecular n-m interactions between the
triazine rings of E3; (c) The nanotube formation through C—H---N (Red color)
and C—H--- H-C interactions (cyan color). The nanotube is further connected
by intermolecular Cl---Cl (Green color) and C—H---N (purple color)
interactions.
(a) X-ray crystal structure of E4 showing the intramolecular interaction between
the triazine units. The distance between the centroid of the triazine ring 3.47 A
and distance between the two bispidine units (6.19 A); (b) Packing diagram of
E4. Each nanotubular assembly is formed through C-H---N interactions
(Figure 5.6). The nanotubes are further extended through C—H---N interactions
(red color); (c) (i) SEM image of E4 showing bundle of nanotube (scale bar
represent 2 um), (ii) TEM image of E4 showing bundles of nanotubes (Inset
showing side-by-side packing of nanotubes). The scale bar represents 5 pum. (iii)
Cartoon representation of nanotube bundles assembly.

(a) The packing diagram of E4 shows intermolecular C—H: ‘N hydrogen bonds
and C—H:--H—C dihydrogen interactions that result in the formation of nano-

tubular assemblies.

SEM image of E1 showed no tubular assembly. The scale bar represents 1000
nm.
(a) Representative single-channel current recordings from HEK293 cells

transiently treated with E1, E2, and E4 in K+-rich saline solution (symmetric
gradient) in the pipette at -100 mV in cell-attached configuration. Dotted line
represents Closed (C) state current level. (O)pen corresponds open channel state
current level. For the 2 lower panels, note the difference in x-scaling between
upper vs lower traces; (b) Scatter plot showing I-V relationship for E2 and E4
in high K* pipette solution. The straight lines are linear regression fit to the
scatter showing that both E2 (R?= 0.99) and E4 (R?= 0.99) peptides are non-
selective cation conductors. From the linear regression fits, the conductance of
E2 and E4 are: 29.7 and 32 pS respectively; (c) Left: Dwell-time distribution
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Figure 5.9:
Figure 5.10

Figure 5.11:
Figure 5.12:
Figure 5.13:
Figure 5.14:
Figure 5.15:
Figure 5.16:
Figure 5.17:
Figure 5.18:
Figure 5.19:
Figure 5.20:
Figure 5.21:
Figure 5.22:

Figure 5.23

histograms for the closed and open states of the E2 (upper) and E4 (lower)
channels expressed in HEK293 cells. The solid and dotted lines represent the
sum of exponential probability density function (pdf) fitted to the dwell-time
histograms. Right: representative high-resolution single channel current traces
in the presence of E2 and E4 at -100 mV; (d) Contiguous representative single
channel current recording from E2 showing sub-conductance state and
overlapping openings (dotted boxes). The dotted lines represent C state and
channel openings are downward.
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'H NMR (CDCls, 500 MHz) of E3

13C NMR (CDCls, 125 MHz) of E3
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'H NMR (CDCls, 500 MHz) of E4
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°C

uM
um

puL
ACN
ADP
AFM
AlE
aqg.
ATR-IR
Boc

br
CAC
CD
CHCl3

Conc.

DCC
DCM
dd
DFT
DIC
DMSO
DIPEA
DLS
DMF

LIST OF ABBREVIATIONS

Percent

Chemical shift

Degree centigrade

Wavelength

Barrier height

Micro molar

Micro meter

Micro litre

Acetonitrile

Adenosine diphosphate

Atomic force microscopy

Aggregation-induced emission

Aqueous

Attenuated total reflectance infrared

tert-butyloxycarbonyl

Broad

Critical aggregation concentration
Circular dichroism
Chloroform
Concentration
Doublet
N, N’-dicyclohexylcarbodiimide
Dichloromethane
Doublet doublet
Density functional theory
Differential interference contrast
Dimethysulfoxide
N,N'-Diisopropylethylamine
Dynamic light scattering

N,N-dimethylformamide
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Ea
EDC.HCI
Hz
LC-MS
m

MD
MeOH
mg

min
mL
mmol
mol
MP
MTT
m/z
NHS
NMR
NR

ppm
PXRD

RB
RT

SD

SEM

t

T

TBA
TBABF4
TBAF
TBAH2PO4

Activation energy

N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride

Hertz
Liquid chromatography —mass spectrometry
Multiplet

Molecular dynamics
Methanol

Milli gram

Minutes

Milli litre

Milli moles

Mole

Melting point

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide

Mass/charge
N-hydroxysuccinimide
Nuclear magnetic resonance
Nile red

Parts per million

Power X-ray diffraction
Quartet

Rhodamine B

Room temperature

Singlet

Standard Deviation

Scanning electron microscopy
Triplet

Temperature
Terabutylammonium
Terabutylammonium tetrafluoroborate
Terabutylammonium fluoride

Terabutylammonium dihydrogen phosphate
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TBAP Terabutylammonium perchlorate
TEA Triethylamine
TEG Tri (ethylene glycol)
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NOTES

All of the L-configuration amino acids that were utilized in the synthesis were procured from
SRL India and used exclusively for that purpose. Unless otherwise mentioned, the single-
letter and triple-letter codes that are typical for representing amino acids will be used.

All of the commercial chemicals and reagents that were used in the chemical synthesis were
purchased from Sigma-Aldrich or Alfa Aesar, unless it was specifically indicated otherwise,
and they were used exactly as they were received without undergoing any additional
purification.

Prior to their use, each of the solvents for the reactions were distilled and dried as described
in the standard protocols.

All reactions that were sensitive to air were conducted in oven-dried glassware within an
inert atmosphere of argon.

The feasibility of each reaction was checked using silica gel thin layer chromatography
(TLC) whenever it was feasible to do so.

A silica gel column chromatography with a mesh range of 100-200 was used to purify all
the synthesized compounds. In most cases, chloroform, DCM, and/or methanol were used to
make the slurry.

The 'H NMR, ¥C NMR, IR, and High Resolution Mass Spectrometry(HRMS) techniques
were deployed in order to characterize the synthetic compounds.

A Bruker-DPX-300/400/500 MHz spectrometer was used to record *H and *3C NMR spectra,
and the chemical shifts are given downfield in relative to tetramethylsilane (TMS). *H NMR
data are reported as br (broad), s (singlet), d (doublet), g (quartet), t (triplet) and m (multiplet).

The unit of measurement for *H NMR coupling constants is the Hz.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Using the Electrospray lonization (ESI) technique, high resolution mass spectra (HRMS)

were recorded in the Bruker MicrO-TOF-QIl model.

Infrared spectra were recorded on a Perkin Elmer spectrum IR, version 10.6.0 using KBr

pellets.

Circular Dichroism (CD) spectra were recorded on AVIV model 410 spectropolarimeter
equipped with a temperature controller.

Melting points were recorded on a Fisher-Scientific melting point apparatus.

X-ray diffraction analysis was carried out on a Rigaku Oxford and BRUKER AXS

SMARTAPEX Diffraction with (Mo) X-ray Source diffraction source.
Using the Electrospray lonization (ESI) technique, high resolution mass spectra (HRMS)

were recorded in the Bruker MicrO-TOF-QIl model.

Infrared spectra were recorded on a Perkin Elmer spectrum IR, version 10.6.0 using KBr

pellets.

Circular Dichroism (CD) spectra were recorded on AVIV model 410 spectropolarimeter
equipped with a temperature controller.

Melting points were recorded on a Fisher-Scientific melting point apparatus.

X-ray diffraction analysis was carried out on a Rigaku Oxford and BRUKER AXS

SMARTAPEX Diffraction with (Mo) X-ray Source diffraction source.
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