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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 
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versatile scaffold that could be placed either at the terminal or at the middle of the peptide strand 

for nucleating β-strand structure. Bispidine placed at the C-terminus of the peptide chain could 

nucleate β-strand conformation, while at the middle resulted in a β-arch conformation. This 

nucleation activity stems from the ability to restrict the Cα-CO torsional angle (ψ) 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 β-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 Ca2+ 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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साराांश 

 

"प्रोटीन इांजीननयररांग: पेनिडोनििेनटक फोले्डिसस के नडजाइन, नसांथीस और कायासत्मक गुणो ां का 

शोधपत्र" शीर्षक वाली थीसिि में, पू्यडोपेप्टाइड मोलेकू्यल िे प्राप्त पेसप्टडोसममेसिक फोले्डमिष के िरल 

सडजाइन का वर्षन सकया गया है, जो रािायसनक जीवसवज्ञान और भौसिकीय रािायसनकिा में सवसभन्न 

अनुप्रयोगोों के सलए उपयोगी हैं। इिके अलावा, हमने इन पेसप्टडोसममेसिक फोले्डमिष के घूमने की गसिकी 

का भी अध्ययन सकया है। इिके असिररक्त, हमने सवसभन्न द्रावक पयाषवरर्ोों में दोहरने योग्य वेसिकु्यलर 

अिेंबलीज़ और आयन चैनल ि्ाोंिपोिषर को सदखाने वाली आर्सवक-िोपोलॉजी आधाररि दृसिकोर् 

िकनीकोों का वर्षन भी सकया है। इि थीसिि का कायष पाोंच अध्यायोों में सवभासजि सकया गया है। 

अध्याय 1 

अध्याय 1 में सडजाइनर पेसप्टडोसममेसिक फोले्डमिष के सवसृ्ति अवलोकन को एक िमन्विि िरीके िे प्रसु्ति 

सकया गया है, सजिमें प्रारों सभक सडजाइन्स िसहि िभी महत्वपूर्ष सडजाइन्स और हाल के प्रगसियाों िन्विसलि 

हैं। एन्वफफसफसलक पेप्टाइड और िाइन्विक पेप्टाइड िसहि सवसभन्न प्रकार के स्पि प्रोिीन िेकें डरी िोंरचना 

फोन्वल्डोंग पेसप्टसडक प्रर्ासलयोों का सवसृ्ति िमीक्षर् सकया गया है। इिके अलावा, गसिशील फोले्डमिष के 

सवसभन्न िोपोलॉसजकल व्यवस्थाओों का अध्ययन भी सकया गया है, जो मोिर प्रोिीनोों िे िम्बोंसधि हैं और 

पेसप्टडोसममेसिक फोले्डमिष की स्व-िोंघिना िे िोंबोंसधि होिी हैं, जैिे सक सवसभन्न रचनात्मक रर्सनसियोों के 

माध्यम िे वेसिकल्स के रूप में क्वािनषरी िोंरचनाओों िक। इिके असिररक्त, आयन पररवहन अध्ययन के 

सलए उपयोग सकए जा िकने वाले मोलेकु्यलर नोिेड िोंरचनाओों वाले फोले्डमिष को भी प्रमुखिा दी गई है।  

अध्याय 2 

अध्याय 2 में, सिोंथेसिक सबस्पीडाइन पर आधाररि सै्कफोल््डि के सवकाि के िाथ मुख्यिः  बायोजैसमक 
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प्रर्ासलयोों में उभरिे सििीयक और क्वािनषरी िोंरचनाओों का अध्ययन सकया गया है। इन सबस्पीडाइन-

सै्कफोले्डड पेप्टाइडोों का अध्ययन CD, IR, NMR, एकल सिस्टल XRD और मॉलेकु्यलर डायनेसमक्स 

(MD) सिमुलेशन के माध्यम िे उनके आकाररकी रूसचयोों का अध्ययन करने के सलए सकया गया है। ठोि 

अवस्था और द्रव्यमान अध्ययन ने यह िासबि सकया है सक सबस्पीडाइन एक सवसवधिापूर्ष सै्कफोल्ड है सजिे 

बीिा-स््टैंड िोंरचना को नू्यन्वियेि करने के सलए पेप्टाइड स््टैंड के अोंि या मध्य में रखा जा िकिा है। 

पेप्टाइड शृ्ोंखला के िी-िसमषनि पर रखे गए सबस्पीडाइन िारा बीिा-स््टैंड रूप नू्यन्वियेि होिा है, जबसक 

मध्य में रखने िे एक बीिा-आचष िोंरचना प्राप्त होिी है। यह नू्यन्विएशन गसिसवसध सबस्पीडाइन के िारा 

अक्षगुथष Cα-CO िोिषसनयल एों गल (ψ) को रोकने की क्षमिा िे होिी है, जो सै्कफोल्ड के पाि के एसमनो 

एसिड के काबोसनल ऑक्सीजन के बीच के इकट्ठा हाइड्ोजन बॉन्वडोंग के माध्यम िे होिी है। इिके अलावा, 

सबस्पीडाइन पेसप्टडोसममेसिक के िाथ एक िुपर सििीयक िोंरचना, यानी बीिा-आचष, एकल-छेद नैनोकेजेज़ 

और गोलाकार वेसिकल्स में भी िोंगसठि हो जािी है। 

अध्याय 3 

अध्याय 3 में, कृसिम मोलेकु्यलर रोििष के सवकाि पर चचाष की गई है। यहााँ, हमने सबस्पीडाइन डायमाइडोों 

की एक शृ्ोंखला का िोंशे्लर्र् सकया है जो मोलेकु्यलर रोिर की याद सदलाने वाली घूर्षन को प्रदसशषि करिी 

है। गसिशील NMR, एकल सिस्टल X-रे सवसकरर् और मोलेकु्यलर डायनेसमक्स ने घूर्षन गसिसवसध की 

पहचान करने के सलए िोंदेह पैदा की। अध्ययनोों ने एकसदशीय घूर्षन और घूर्षन की दर को पररवसिषि होने 

का सनधाषरर् सकया है, जो िोंवधषन की प्रकृसि पर सनभषर करिा है। इन इोंजीसनयडष प्रर्ासलयोों िे जीववैज्ञासनक 

रूप िे महत्वपूर्ष कृसिम मोलेकु्यलर मोिर के सवकाि में मदद समल िकिी है। होमोसकरल और 

हेिरोसकरल सबस्पीडाइन पेप्टाइडोों पर अध्ययन ने सदखाया है सक सचरिा और एसमनो एसिड की प्रकृसि िारा 

घूर्षन की सदशा को सनयोंसिि सकया जा िकिा है।  

अध्याय 4 
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अध्याय 4 में, सवसभन्न द्रव्यमान पयाषवरर्ोों, िमावेशी जलीय, के सलए पुनराविषनशील वेसिकुलर िोंरचनाओों 

की सनमाषर् के सलए एक नवीनिम आर्सवक-िोपोलॉजी आधाररि िकनीक प्रसु्ति की गई है, सजिमें सवशेर् 

रूप िे सडजाइन सकए गए पू्यडोपेप्टाइडोों का उपयोग सकया गया है। अन्वफफसफल्स के िासिक "धासमषक 

सिर िमूह और हाइड्ोफोसबक पूोंछ" मॉडल िे अलग होकर, हम प्रदसशषि करिे हैं सक सिोंथेसिक 

पू्यडोपेप्टाइडोों का (पुनप्राषन्वप्तशील) स्व-िोंघिन वेसिकल्स में हो िकिा है। इन नई प्रकार/िाि के 

वेसिकल्स को "पू्यडोपेिोिोम्स" के नाम िे पुकारा जािा है, हम इन्हें उच्च ररज़ोलू्यशन वाले सै्कसनोंग 

इलेक््ट्ॉन-, पाठ्यिम सवक्षोभ-, परमारु् कै्षि-, ईसपफ्लोरेस्सेंि- और कॉन्फोकल- माइिोस्कोपी के िाथ 

डायनासमक लाइि सै्किररोंग के माध्यम िे वर्षन करिे हैं। पू्यडोपेप्टाइडोों के घिक एसमनो-एसिड (िाइड 

चेन्स) की हाइड्ोपैथी-िूसचयोों का ध्यान देिे हुए, हम फुररयर-पररविषन इन्फ्रारेड- और फ्लोरेस्सेंि- 

से्पक््ट्ोस्कोपी िारा पू्यडोपेप्टोिोम्स के असभपे्ररर्ात्मक िोंरचना में होने वाली आर्सवक अोंिरासियाओों का 

पिा लगािे हैं। एक्स-रे सिस्टलोग्राफी और िकुष लर डाइच्रोइज़म िारा आर्सवक सवशे्लर्र् िे पिा चलिा 

है सक सवशेर् पू्यडोपेप्टाइडोों और रोर्र् वािावरर् के आधार पर "ि्ाप-सज़प" व्यवस्थाओों और/या हाइड्ोजन-

बॉडेड एक-आयामी िोंरचना प्रकि होिी है। हमारे आोंकडे इि बाि की िोंकेि करिे हैं सक पू्यडोपेप्टोिोम्स 

िमाधानोों में बाइन्वस्पडाइन पू्यडोपेप्टाइडोों (ि्ाप, लेव और अला एसमनो-एसिड घिकोों के) के स्व-िोंघिन 

िारा िासलकात्मक िोंरचनाओों में पररवसिषि शीिोों में बनाए जािे हैं जो वेसिकुलर िोंरचनाओों में पररवसिषि 

हो जािे हैं। इि प्रकार, हम सदखािे हैं सक पू्यडोपेप्टोिोम्स के िोंगठन बायोलॉसजकल प्रर्ासलयोों में महत्वपूर्ष 

िभी चार किोंकर्षर्ीय िोंपकष  ित्वोों का व्याप्त से्पक््ट्म उपयोग करिा है। हमारी खोज के अनुिार, ये 

पू्यडोपेप्टोिोम्स जीवसवज्ञासनक प्रर्ासलयोों में महत्वपूर्ष सनधाषररि चार कमजोर इोंिरेक्शनोों का पूरा से्पक््ट्म 

उपयोग करके िैयार होिे हैं। हमारे अनुिोंधान के निीजे न केवल रािायसनक और िोंशे्लर्र् जीवसवज्ञान 

में िीधे प्रभाव रखिे हैं, बन्वि पू्यडोपेप्टोिोम जैिे िोंघिनोों के माध्यम िे जीवन की मूल स्रोिोों पर अध्ययन 

की एक नई िोंभावना भी प्रदान कर िकिे हैं। हमने इिके अलावा यह भी सदखाया है सक ये सडज़ाइनर 
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पेप्टाइड्ि िेलुलर पररवहन के सलए एक कैररयर के रूप में कायष कर िकिे हैं। 

अध्याय 5 

अध्याय 5 में, िोपोलॉसजकली रोचक िोंरचनाओों की िोंशे्लर्र् का िोंशे्लर्र् करना बहुि चुनौिीपूर्ष होिा 

है। हम यहाों सबन्वस्पडीन को एक मोंच के रूप में प्रसु्ति करिे हैं, सजिका उपयोग सवसभन्न िोपोलॉजी और 

कायों वाले अरु्ओों के सडज़ाइन के सलए सकया जा िकिा है। एि-आकार िोपोलॉजी वाले रोचक अरु्ज 

और इिकी सवचारशील रूप सवशे्लर्र् सकया गया है। एकल प्रसिमा एक्स-रे िारा प्रकि करिी है सक यह 

अरु् ठोि अवस्था में दो प्रकार के िोंरेखाग्रही अरु्रूपी होिा है। इिके अलावा, सबन्वस्पडीन पर आधाररि 

सडज़ाइनर मैिोिाइकलेि उत्पन्न सकए गए और आयनोफोररक गुर्ोों के सलए जाोंचे गए। पैच िैंप प्रयोगोों 

ने सदखाया सक ये मैिोिाइकलेि नासियम (Na+), पोिैसशयम (K+) और कैन्वशशयम (Ca2+) को चैनल 

प्रर्ाली के माध्यम िे पररवहन करिे हैं। पररर्ाम इिे स्पि करिे हैं सक स्व-िोंघसिि मैिोिाइकल अरु्सलसप 

अल््ट्ामाइिोस्कोसपक िकनीकोों और एकल प्रसिमा एक्स-रे सिस्टलोग्राफीय अध्ययनोों के िारा िासबि 

होिी है। हमारा सडज़ाइन उपसनमाषर् में गैर-पारोंपररक डायड्ोजन अोंिरसियाओों का उपयोग करने को 

प्रमुखिा देिा है। 
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represented by red circles. (e) NOESY spectrum at 298 K showing NOE 

between tert-butyl group and bispidine bridgehead. 113 

Figure 3.7: 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). 115 

Figure 3.8: (a) 1H NMR spectra of C1 shows an increased ratio of syn form on the addition 

of LaCl3, 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. 117 

Figure 3.9: 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 ω 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. 118 

Figure 3.10: 1H NMR of B1 in different solvents shows a different ratio of minor to major.

 119 

Figure 3.11: 1H NMR titration study of B1 in CDCl3 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%. 120 

Figure 3.12: Concentration dependent 1H NMR study confirmed that the ratio of anti to syn 

is not dependent on the concentration of B1. 121 

Figure 3.13: 1H NMR of B1 at 273 K shows 1:3 of minor to major form.                                 121  

Figure 3.14: 1H NMR of B1 at 328 K shows 1:2.2 of minor to major form.                              122             

Figure 3.15: TOCSY spectra of B1 and C4 in chloroform showed that both sets of signals 

are from different conformers. 123 
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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, ω1 (O30-C2-N31-C19) and ω2 (O29-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 μs and 5.8 μs, 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. 124 

Figure 3.17:  Plot of ln⁡(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). 125 

Figure 3.18: Plot of ln (𝑘/𝑡)- ln (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). 126 

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. 127 

Figure 3.20: Plot of 𝑙𝑛⁡(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). 127 

Figure 3.21: Plot of 𝑙𝑛(𝑘/𝑡) − 𝑙𝑛(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). 128 

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. 129 

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 ω1 and 

restricting sampling along ω2 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 ω2 and coarser along ω1. 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 ω2 for a given 

ω1 (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 ω-ψ torsional angle space of the L-

Leu arm. (a) The ψ 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 ψ torsion 

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

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

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

colour scale and contours represent increments of 5 kBT and 10 kBT, 

respectively. (d) A schematic of proposed pathway for the syn-β anti-β 

isomerization in C4 involving ω and ψ 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 β-region and the blue curve denotes the syn state in α-region. The red curve 

is the population evolution of the anti-β state and the orange curve represents 

the anti-α 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. 133 

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°<ω1<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 ψ1
(L) of 

the L-leu arm of C4. The green dihedral shows two peaks, one belonging to the 

α-helical (-1.75<ψ<0.17) region and the other belonging to β region 

(1.04<ψ<3.49). The sub-ensemble belonging to the α region was observed in 

successful isomerization events to the anti-state. 134 

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

(Section 3.4.2.3) for the syn state. It is observed that a larger barrier exists for 

the β region (1.04<ψ<3.49) to the α region (-1.75<ψ<0.17)  conformation (~164 

kJ/mol) than the reverse transition (αβ, ~122 kJ/mol). 135 

Figure 3.30: 1H NMR (500 MHz, CD3OD) of C1 146 

Figure 3.31: 1H NMR (500 MHz, DMSO-d6) of C1 146 

Figure 3.32: 1H NMR (500 MHz, CDCl3) of C1 147 

Figure 3.33: 13C NMR (125 MHz, CDCl3) of C1 147 

Figure 3.34: HRMS of C1 148 

Figure 3.35: 1H NMR (500 MHz, CDCl3) of C2 148 

Figure 3.36: 13C NMR (125 MHz, CDCl3) of C2 149 

Figure 3.37: HRMS of C2 149 

Figure 3.38: 1H NMR (500 MHz, DMSO-d6) of C3 150 

Figure 3.39: 13C NMR (125 MHz, DMSO-d6) of C3 150 

Figure 3.40: HRMS of C3 151 

Figure 3.41: 1H NMR (500 MHz, CDCl3) of C4 151 
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Figure 3.42: 13C NMR (125 MHz, CDCl3) of C4 152 

Figure 3.43: HRMS of C4 152 

Figure 3.44: 1H NMR (300 MHz, CDCl3) of C5 153 

Figure 3.45: 13C NMR (75 MHz, CDCl3) of C5 153 

Figure 3.46: HRMS of C5 154 

Figure 4.1: Chemical structures of pseudopeptides D1-D3 and B1. 164 

Figure 4.2:  Microscopic images of D1 (1mg/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 c) AFM; d) Vesicles height profile analysis of 

AFM along the line shown in c. The length of the scale bar is 1 μm. 166 

Figure 4.3: (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. 167 

Figure 4.4: (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. 168 

Figure 4.5: (a) 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. 168 

Figure 4.6: (a) SEM image of B1 (1mg/ml) in methanol at RT; (b) SEM image of D3 

(1mg/ml) in methanol at RT; (c) SEM image of D2 (1mg/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 μm. 169 

Figure 4.7: 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. 170 

Figure 4.8: (a) Epifluorescence microscopy image at 100 x of D1 + 0.02 equivalents of 

Rhodamine B dye at UV filter (λex range 330-385 nm); (b) Confocal 
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microscopic middle frame image at 100 x (zoomed image) of D1 + 0.02 

equivalents of Rhodamine B dye at λex at 540 nm; (c) Confocal microscopic 

middle frame image at 100 x (zoomed image) of D1 + 0.02 equivalents of Nile 

Red dye at λex 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. 171 

Figure 4.9: Side view of 3D confocal microscopy at 100 x Objective (5 x zoomed image) 

of D1 + 0.02 equivalents of Rhodamine B dye at λex at 540 nm; (a) side view; 

(b) Top view; (c) Bottom view constructed using Olympus Cellsens software. 

Step size=100 nm, Z ~ 4 µm. 173 

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 λex at 515 nm; (b) 

Side view; (c) Top view; (d) Top side view constructed using Olympus Cellsens 

software. Step size=100 nm, Z ~ 4µm. 174 

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

various concentrations (0, 20, 50, 100, 150, and 200µg/ml) of the compound for 

24 h followed by 20-minute incubation with Resazurin (in serum-free media). 

Untreated cells act as control (n=3±std dev) 2-tailed unpaired t-test was 

conducted to check the significance of the difference between control and 

compound treatments. 175 

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 μg/ml), 

compound D2 (200 μg/ml) and CorTS1 (10 µM) followed by PBS washing and 

Imaging in Olympus Confocal FV1200 microscope at 60 x magnification (scale 

bar = 30 µm). 176 

Figure 4.13: The FT-IR spectrum of D1 showed strong bands at 3418 cm-1 and 1634 cm-1 

(amide I), and 1696 cm-1 indicating β-strand arrangement. 177 

file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499755
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499755
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499755
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499755
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499755
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499755
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499756
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499756
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499756
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499756
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499757
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499757
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499757
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499757
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499758
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499758
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499758
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499758
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499758
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499758
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499759
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499760
file:///C:/Users/hanuman/OneDrive%20-%20chemistry.iitd.ac.in/Introduction/TH-6524.docx%23_Toc128499760


xxvi | P a g e   

Figure 4.14: (a) CD spectrum of D1 (0.5 mM) in methanol at RT; (b) PXRD of D1 blue 

arrow indicates π-π interaction distance; (c) 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. 178 

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---π interaction (spacefill model) between the π-

system of Trp and C-H from neighboring indole (distance 2.87 Å and angle 

157.2o); (f) The one dimensional stringing amide hydrogen bonding; (g) 

Structural representation of amide hydrogen bonding in B1 observed in solid 

state. 180 

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 oC in CD3CN. 182 

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.

 183 

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. 184 

Figure 4.19: Diffusion constant from DOSY of D1 at different concentration in CD3OD. 185 

Figure 4.20: Comparison between the diffusion constant of compound D1 in 1:1 CD3OD: 

CDCl3 and only CDCl3 at 1.43 mM concentration from DOSY experiment. 186 

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. 187 

Figure 4.22: (a) Concentration-dependent fluorescence spectra of D1 in concentration 

range of 14 -130 μΜ in methanol (λex at 295 nm); (b) Concentration-dependent 

fluorescence spectra of D1 in concentration range of 143 -1430 μΜ in methanol 

(λex 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 (λex at 553 nm). 188 

Figure 4.23: (a)Binding study of anions with D1; (b) Job Plot of H2PO4
- titration against 

D1. 189 

Figure 4.24: 1 H NMR (CDCl3, 300 MHz) of D1 199 

Figure 4.25: 13C NMR (CDCl3, 75MHz) of D1 199 

Figure 4.26: HRMS of D1 200 

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

H2O+TFA (0.1%). 200 

Figure 4.28:1 H NMR (CD3OD, 500 MHz) of D2 201 

Figure 4.29: 13C NMR (CD3OD, 125 MHz) of D2 201 

Figure 4.30: HRMS of D2 202 

Figure 4.31: 1H NMR (CDCl3, 400 MHz) of D3 202 

Figure 4.32: 13C NMR (CDCl3, 100MHz) of D3 203 

Figure 4.33: HRMS of D3 203 

Figure 5.1: a) Cartoon representation of the synthesis of macrocycle and foldamer; b) 

Chemical structures of E1 and macrocycles E2-4. 212 

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. 215 

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 π-π 

interactions between the triazine units of E1. (c) Packing diagram of E1 shows 
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connectivity of one string to another string via Cl···Cl (purple color) and 

C−H··· H−C interactions (cyan color). 216 

Figure 5.4: (a) Space-filling model of E3; (b) ORTEP diagram of E3 drawn with 50% 

ellipsoidal probability showing intramolecular π-π 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. 219 

Figure 5.5: (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 Å 

and distance between the two bispidine units (6.19 Å); (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 μm), (ii) TEM image of E4 showing bundles of nanotubes (Inset 

showing side-by-side packing of nanotubes). The scale bar represents 5 μm. (iii) 

Cartoon representation of nanotube bundles assembly. 221 

Figure 5.6: (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. 222 

Figure 5.7: SEM image of E1 showed no tubular assembly. The scale bar represents 1000 

nm. 223 

Figure 5.8: (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 (R2= 0.99) and E4 (R2= 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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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. 225 

Figure 5.9: 1H NMR (CDCl3, 500 MHz) of 9 233 

Figure 5.10: 13C NMR (CDCl3, 125 MHz) of 9 233 

Figure 5.11: HRMS of 9 234 

Figure 5.12: 1H NMR (CDCl3, 500 MHz) of E1 234 

Figure 5.13: 1H NMR (CDCl3, 500 MHz) of E1 235 

Figure 5.14: HRMS of E1 235 

Figure 5.15: 1H NMR (CDCl3, 500 MHz) of E2 236 

Figure 5.16: 13C NMR (CDCl3, 125 MHz) of E2 236 

Figure 5.17: HRMS of E2 237 

Figure 5.18: 1H NMR (CDCl3, 500 MHz) of E3 237 

Figure 5.19: 13C NMR (CDCl3, 125 MHz) of E3 238 

Figure 5.20: HRMS of E3 238 

Figure 5.21: 1H NMR (CDCl3, 500 MHz) of E4 239 

Figure 5.22: 13C NMR (CDCl3, 125 MHz) of E4 239 

Figure 5.23: HRMS of E4 240 
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NOTES 
 

1. 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. 

2. 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. 

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

in the standard protocols. 

4. All reactions that were sensitive to air were conducted in oven-dried glassware within an 

inert atmosphere of argon. 

5. The feasibility of each reaction was checked using silica gel thin layer chromatography 

(TLC) whenever it was feasible to do so. 

6. 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. 

7. The 1H NMR, 13C NMR, IR, and High Resolution Mass Spectrometry(HRMS) techniques 

were deployed in order to characterize the synthetic compounds. 

8. A Bruker-DPX-300/400/500 MHz spectrometer was used to record 1H and 13C NMR spectra, 

and the chemical shifts are given downfield in relative to tetramethylsilane (TMS). 1H NMR 

data are reported as br (broad), s (singlet), d (doublet), q (quartet), t (triplet) and m (multiplet). 

The unit of measurement for 1H NMR coupling constants is the Hz. 
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9. Using the Electrospray Ionization (ESI) technique, high resolution mass spectra (HRMS) 

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

 

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

pellets.  

 

11. Circular Dichroism (CD) spectra were recorded on AVIV model 410 spectropolarimeter 

equipped with a temperature controller. 

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

 

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

 

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

14. Using the Electrospray Ionization (ESI) technique, high resolution mass spectra (HRMS) 

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

 

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

pellets.  

 

16. Circular Dichroism (CD) spectra were recorded on AVIV model 410 spectropolarimeter 

equipped with a temperature controller. 

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

 

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

 

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

 

 

 

 

 

 

 




