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SYNOPSIS 

Proteins, which are one of the most important biomolecules for living beings, consist of amino 

acids joined by peptide bonds.1, 2 The functions and properties of proteins are not only 

dependent on the sequence of amino acids but also on the spatial conformations adopted by 

proteins due to the hydrogen bonding network along the polypeptide chain.3 Other factors such 

as hydrophobic interactions etc. are also very important for specific folded structures of 

proteins.4  The study of overall conformation adopted by proteins is a challenging task and it 

can be studied by focusing on selective parts of the protein. Peptides are defined as smaller 

segments of proteins having two or more amino acid residues joined by peptide bonds.  

Condensed phase study of peptides is performed through various techniques such as Nuclear 

Magnetic Resonance, FTIR, X-ray crystallography, Cryogenic electron microscopy, circular 

dichroism spectroscopy, etc.5, 6 Condensed phase study generally provides very important 

information about the global minimum structure of the peptide or average information on 

multiple low energy conformers from their broad spectroscopic features.7 However, an 

advantage of the gas phase spectroscopy over condensed phase spectroscopy is that one can 

obtain detailed information on the structures of several low-energy conformations of small 

peptides which are important for the secondary structures of various neighbouring states 

including the global minimum of polypeptides or proteins.8 Essentially, gas-phase 

spectroscopy combined with quantum chemical calculations can be used to reveal the intrinsic 

conformational preferences of peptides.9 

The protein structure can be broadly classified into four different types namely primary, 

secondary, tertiary, and quaternary structures. One of the most important and useful classes of 



 
 

protein structures for understanding the properties and functions of protein is the secondary 

structure.10 The secondary structure of the proteins or peptides can be classified into mainly 

turns, sheets, and helices based on their hydrogen-bonding pattern and conformation.8, 11 

Although sheets and helices are more commonly found in large proteins, turns can be regularly 

observed in smaller peptides also.  

The turns in proteins are the region where the overall direction of the polypeptide chain is 

reversed.12 Many significant and important biological phenomena such as hydroxylation and 

enzymatic activity mostly occur through the loop region of the turns.13, 14 Based on the 

hydrogen bonding between different amino acid residues of the polypeptide chains, turns can 

be classified into δ, γ, β, α, and π.15, 16 In general, the turn structures arise due to inter-residue 

hydrogen bonding interactions. However, an intra-residue hydrogen bond termed as C5 

hydrogen bond has been recently found to be quite important for the stabilization of the 

secondary structures of the peptides.17 A non-covalent interaction similar to the C5 hydrogen 

bond was observed by Nyquist in 1963.18 Since then, the C5 hydrogen bond has been observed 

in the solution, crystal structure, and gas-phase studies of peptides through various 

spectroscopic techniques.1, 17, 19, 20  

The secondary structures of the peptides and proteins are primarily based on the hydrogen 

bonding interactions in the backbone as well as the sequence of the amino acid residues present 

there. It has been found that the Pro-Gly sequence prefers folded β-turn conformation whereas 

the Gly-Pro sequence has more propensity to form extended polyproline II type structure.21 

The β-turn conformation present at the Pro-Gly sites in procollagen is a prerequisite for the 

necessary enzymatic hydroxylation which provides the triple-helical structure of the collagen.13 

Studies by Brahmachari and co-workers further highlighted that the neighbouring residue X 

plays a vital role in the β-turn stabilization in a Pro-Gly-X sequence.14 Very selective amino 

acids such as glycine, alanine, leucine, isoleucine, and phenylalanine as an X residue were 



 
 

found to have a high propensity to stabilize the β-turn formation in a Pro-Gly-X (X=Leu > Ala 

> Gly, Ile > Phe) sequence.22 The studies on the conformational preference of peptides in the 

condensed phase have a long history whereas the studies in the gas phase have been popular in 

the last 2-3 decades.8 

Isolated gas-phase studies can reveal the intrinsic properties of the peptides void of external 

interactions such as solvent interaction and intermolecular interactions.23 Various gas-phase 

spectroscopic groups have revealed the conformational preferences of several small peptides 

with the use of gas-phase spectroscopic techniques and quantum chemical calculations.24-27 

This thesis aims to study the conformational details of small peptides containing glycine, 

proline, and alanine amino acids in gas as well as condensed phases. Through this work, we 

have tried to address the following aspects of the peptide conformations in the crystal structure 

as well as the gas and solution phase. 

1. The intra-residue C5 hydrogen bond has shown to exist alongside the conventional 

turns in peptide sequences in gas-phase and condensed phases. We tried to show that a 

relatively weaker C5 hydrogen bond is solely able to stabilize the most stable 

conformation of a dipeptide. 

2. Sequence-dependent studies on model capped gly-pro and pro-gly sequences in 

condensed and gas phase were performed to find out the conformational preferences of 

the selected sequences. 

3. The role of residue X in stabilizing the β-turn conformation adopted by the Pro-Gly-X 

residue was also addressed in this thesis work. 

Chapter 1 provides a brief introduction to the structures of proteins, protein folding, various 

secondary structures in proteins, and studies on sequence-dependent conformational 

preferences of small peptides in solution and gas phases. A special emphasis has been put on 

the discussion of the peptides having Gly-Pro and Pro-Gly sequences. A brief discussion of the 



 
 

previous work on isolated gas-phase studies of small peptides carried out by various research 

groups has been presented here. Chapter 1 also contains the aim of the present thesis. 

Chapter 2 describes different experimental methods along with computational methods used 

for the thesis work. Home-built jet-cooled laser desorption Time-of-Flight mass spectrometer 

set-up for performing gas-phase spectroscopy experiments has been discussed in detail. We 

have also discussed basic principles of supersonic jet cooling, laser desorption, Time-of-Flight 

mass spectrometry, and various gas-phase spectroscopic techniques to measure conformation-

specific electronic and IR spectra of the peptides. Various spectroscopic techniques in the 

condensed phase such as 1D/2D NMR and FTIR spectroscopy including single-crystal X-ray 

crystallography have been discussed briefly. This chapter also provides a very brief description 

of the computational methods employed to carry out the quantum chemical calculations of the 

peptide molecules.  

Chapter 3 includes mostly the gas-phase studies of Z-Gly-Pro-OH revealing the role of the C5 

hydrogen bond in stabilizing the most stable conformation of the peptide. Gas-phase UV/IR 

spectroscopy experiments combined with DFT calculations reveal that the most stable 

conformer of Z-Gly-Pro-OH has extended conformation solely stabilized by an intra-residue 

C5 hydrogen bond. The other experimentally observed higher energy conformer in the gas 

phase is stabilized by an OH-π hydrogen bond.  

In Chapter 4, we have studied sequence-dependent conformational preferences of capped Pro-

Gly and Gly-Pro dipeptides in the gas phase as well as the condensed phase. In the case of the 

Boc-DPro-Gly-NHBn-OMe peptide, it has been found that both the observed conformers in the 

gas phase have C7-C7 hydrogen-bonded conformation. The solution phase 2D NMR and FTIR 

spectroscopy reveal that the Pro-Gly sequence adopts the β-turn conformation in the solution. 

All of the three observed conformers of Boc-Gly-DPro -NHBn-OMe peptide in the gas phase 



 
 

show extended -strand or polyproline-II (PP-II) structure, having C5-C7 hydrogen bonding 

interactions, which correlates well with the structure obtained from solution phase 

spectroscopy and XRD. Overall results of these two sequences demonstrate a fine interplay of 

the intrinsic conformational properties, solvation, and crystal packing of the peptides. 

Chapter 5 includes the studies on the role of the neighbouring residue X (X=Ala) on the 

stabilization of the β-turn in the Pro-Gly-X sequence through solution-phase 2D NMR, FTIR 

spectroscopy, and X-ray crystal structure combined with solution-phase and gas-phase 

quantum chemistry calculations. The crystal structure of the Boc-DPro-Gly-Ala sequence has 

a helical C10-C10 conformation. A similar conformation of the Pro-Gly-Ala sequence has been 

observed in the solution phase through 2D NMR and FTIR spectroscopy. The gas-phase DFT 

calculations further show that the most stable conformer PGA1-F-C10-C10 has very similar 

conformations as observed in solution and crystal structure.  

In Chapter 6, a summary of the work described in the thesis and future perspectives have been 

presented. 
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Introduction: 

1.1 Structures of protein 

Proteins consisting of a large number of amino acids were the most essential materials required 

for the creation and function of life in the universe.15, 28 The peptides can be termed as the small 

segment of a protein or a short amino acid chain. The structures and functionalities of 

peptides/proteins depend not only on the sequence of the amino acids and side-chains but also 

on the spatial arrangements of the amino acids which result from the non-covalent interactions 

present along the main chain and side-chain residues of the peptides/protein.2, 3, 11, 29 The first 

complete structure of a protein was determined in 1952 using an X-ray beam on the crystallized 

protein.30, 31 Nucleic Magnetic Resonance (NMR), X-ray crystallography, and Cryogenic 

electron microscopy among other tools have been used then extensively to determine the 

structures of proteins in the condensed phase.5, 6, 32, 33 Molecular dynamics simulation can now 

provide the conformational analysis of larger proteins in a reasonable time using modern 

computation facility.34, 35 Proteins are synthesized by ribosomes in the cell by assembling the 

amino acids in a particular order linked by the peptide bonds.36, 37 The synthesized proteins are 

then folded into their native functional states through various non-covalent interactions along 

the amino acid chain. Water molecules surrounding proteins also play a very essential role in 

providing the specific folded structures through hydrophobic interactions.38, 39 The native 

conformation of a protein is the state of the protein in which it is active and functional.  

1.1.1 Role of protein folding 

The folding processes of protein molecules include various high-energy intermediary 

conformations along the protein folding funnel. The protein folding funnel diagram was 

introduced by Wolynes, Onuchic, and Thirumalai in 1971 to give a pictorial representation of 

protein folding.40 The protein folding funnel is based on the famous Levinthal's paradox which 
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tells that it is impossible to find the native state of protein folding among the numerous possible 

conformations of the protein.41-43 The folding of the protein in its native state is the central part 

as the misfolding of the protein into an unwanted confirmation leads to various diseases in the 

living  

 

 

 

 

 

 

 

 

 

organism. In terms of energetics, the native state of protein can be defined as the lowest energy 

conformation among all the other possible conformations in the protein folding funnel. The 

quantum chemical calculation of peptides/proteins can reveal the global minima or native state 

of the protein and the different conformations of the protein folding funnel. The complexity of 

Figure 1.1. The protein folding funnel diagram based on Levinthal diagram. The x-axis 

represents the configurational entropy whereas y-axis represents the energy. The figure 

has been adapted in parts with permission from reference no. 43. Copyright [2011] 

Springer Nature. 
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the protein folding problem can be addressed by simplifying it to smaller to medium-sized 

peptides and studying it through different spectroscopic or kinetics techniques.44, 45 

The work reported in this thesis combines quantum chemical calculations with isolated gas-

phase spectroscopy to reveal several low-energy conformers of small peptides. The structures 

of peptides/proteins can be broadly classified into four different types namely primary, 

secondary, tertiary, and quaternary structures. A brief overview of all the different types of 

protein structures has been provided below. 

1.1.2 Primary structure of the protein 

The primary structures of proteins represent the sequence of the amino acids along the whole 

polypeptide chain. It was illustrated by Chris Anfinsen in 1973 that the primary structure 

(sequence of amino acids) of a protein determines its higher-order structures (i.e., secondary, 

tertiary, and quaternary structures).46 The primary structures of proteins allow us to compare 

the proteins in a very simple step and know the percentage occurrence of a particular amino 

acid in the very long polypeptide chain. The unique primary structure or amino acid sequence 

has some limitations and cannot dictate the properties of protein as these depend also on the 

local conformation and environment. The primary structure of insulin was fully obtained by 

Tuppy and co-workers for the first time in 1951.47 The primary structure of human insulin has 

been shown in figure 1.2.48 
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1.1.3 Secondary structure of the protein 

The secondary structures of peptides/proteins are defined as the local conformations governed 

mainly by the hydrogen bonding interactions in the backbone as well as the sequence of the 

amino acid residues.10, 49-51 The secondary structures can be defined by the Ramachandran 

dihedral angles (Φ and Ψ) along with the hydrogen bonding patterns around the main chain of 

the polypeptide backbone. The secondary structures of the proteins/peptides are generally 

stabilized by inter-residue hydrogen bonds between the N-H and C=O groups of the peptide 

units. However, intra-residue hydrogen bonds named C5 involving the same residue also 

contribute to the stabilization of the secondary structures, specifically, the -sheet type of 

structures. 17 The secondary structures of the proteins/peptides can be further categorized into 

Figure 1.2. The primary structure of human insulin. The figure has been taken with 

permission from reference no. 48. Copyright [2012] Taylor & Francis. 
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mainly three types based on the hydrogen bonding patterns along the main polypeptide chain 

and these are helices, sheets, and turns. 52 

1.1.4 Tertiary structure of the protein 

The Tertiary structure of a protein refers to the three-dimensional structure of a particular single 

strand or polypeptide chain. The tertiary structure can either have only a single type of 

secondary structure like turn, sheet or helices or have multiple types of secondary structures.52 

In this configuration, the protein becomes operational as the functional groups of the amino 

acid residues are aligned outwards and hence allowing the protein strand to interact with other 

molecules or biological systems. The tertiary structure is further categorized into two parts 

named globular and fibrous proteins. Apart from the non-covalent interactions between the 

constituting amino acid residues, the tertiary structure is stabilized by the polar hydrophilic 

hydrogen and ionic bond interactions. Detailed study of the tertiary structures of proteins has 

helped the researchers to understand various important biological phenomena such as 

hydroxylation, and enzymatic activity among others.53, 54 The tertiary structures of proteins also 

play a key role in the hormone-regulated receptor activation.55 The complexity of the tertiary 

structures of proteins is hard to be analyzed and hence chemists usually study the secondary 

structures of the active sites of the proteins.  The tertiary structure of a protein showing different 

types of secondary structures has been shown in figure 1.3.56  
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1.1.5 Quaternary structure of the protein 

In 1958, Bernal first introduced the term quaternary structure as a supplement to the already 

known primary, secondary and tertiary structures of proteins.57 The quaternary structure of 

proteins is a complete three-dimensional structure containing two or more polypeptide chains 

stabilized by various types of non-covalent interactions and ionic interactions among many 

other interactions.58 Each of the polypeptide chains of the protein has well-defined secondary 

and tertiary structures.53, 59, 60 The smallest subunit of a protein that can be identified 

independently from other subunits is called a monomer. The specific function of a particular 

Figure 1.3. Schematic representation of the tertiary structure of the protein showing all the 

secondary structures such as sheet, helices and loops. The figure has been taken with 

permission from reference no. 56. Copyright [2012] Springer Nature. 



9 
 

protein depends on the arrangement of the quaternary structure consisting of more than one 

subunit of the protein.  The quaternary structure is one of the most complex structures of 

proteins and can be understood with the help of smaller secondary and tertiary structures of 

small units of proteins. The idea of the quaternary structure was first discovered by Svedberg 

in 1927.61 He found out the molecular weight of hemoglobin by use of sedimentation in the 

ultracentrifuge. The value of 68000 Da for the molecular weight of hemoglobin implied that 

there are four subunits in the protein molecule.  

 

1.2 Importance of Secondary structures of protein 

Pauling and co-workers first demonstrated that proteins can have their secondary structures as 

α-helix and the parallel and antiparallel pleated sheets.30 The secondary structure of the 

peptide/protein is the most important structure among all the three different types of structures. 

As we know, the secondary structure of a protein is the three-dimensional structure of a local 

segment of the protein. Although it is local, the secondary structure has the most important role 

in the folding process, functioning, and characterization of protein. The secondary structure of 

a protein is stabilized mainly by hydrogen bonding interactions.10, 49, 62 The hydrogen bond in 

the protein can be between the main chain residues as well as the side chain residues.8, 63, 64 The 

Figure 1.4. Quaternary structure of protein showing all the secondary structures like sheet, 

helices and loops. The figure has been taken with permission from reference no. 60. 

Copyright [2007] Elsevier. 
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hydrogen bond network can also run between the two different strands/subunits of protein. The 

hydrogen bond network or pattern in a protein induces the different types of secondary 

structures in protein.  

 

The most common and important secondary structures of proteins are helices, sheets, and 

turns.65-69 The names for different secondary structures have been given based on the shape of 

that particular structure which is due to their distinctive hydrogen-bonding pattern. Helices are 

one of the important characteristics of the secondary structures of proteins where amino acid 

residues are arranged in a spiral shape. The contributing factor to the stabilization of the helices’ 

secondary structure is the hydrogen bond between the amide hydrogen and carbonyl oxygen. 

The most common types of helices are α-helix, π-helix, and 310 helices, which are described 

below. 70 

1.3 Helix secondary structures in protein 

Helix is one of the most common secondary structures present in globular proteins.71, 72 It can 

be found mostly in the membrane proteins and membrane-associated peptides. Helices can be 

further categorized into different types based on the hydrogen bond interactions between the 

main-chain carbonyl oxygen of residue i and the main chain amide hydrogen of residue n+1. 

Figure 1.5. A schematic representation of helices (a), sheets (b), and turn (c). The figure has 

been adapted with permission from reference no. 8. Copyright [2020] American Chemical 

Society. 
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The α-helices are formed when there is a hydrogen bond formation between the i and i+4 amino 

acid residues.72, 73 The α-helix structure repeats itself after a distance of 5.4 Å and has 3.6 amino 

acid residues per turn. Apart from the most common α-helix, the other helices such as 310 and 

π-helices are also observed in the protein secondary structures.74 310 and π-helices are formed 

when there is a hydrogen bond between the i→i+3 and i→i+5 residues, respectively. Most of 

the helices found in nature are right-hand helices. The right-handed α-helices are more 

favourably formed by the L-amino acids whereas the D-amino acids are preferable for the 

formation of the left-handed α-helices.75 The Ramachandran dihedral angles Φ and Ψ for a 

right-handed α-helix and 310 helices are −57°, −47°, and −49°,  −26°, respectively.76 Helical 

secondary structures are found mostly in relatively larger peptide molecules as it is difficult to 

attain the dihedral angle requirement in the smaller peptides. 

1.4 Sheets secondary structure in protein 

Sheets are one of the unique secondary structures where a segment or the whole set of residues 

of the polypeptide chain has an extended conformation and has hydrogen bonding interaction 

with other strands of protein having similar conformation.77, 78 The sheets are formed when at 

least two extended β-strands are having the extended conformation. The β-strands are stabilized 

by the hydrogen bonds running along the two or more strands of the protein unit chain. The β-

strands can be defined as the super secondary structure whose antiparallel strands are connected 

via a loop consisting mostly of the β-turn. The model of sheets was derived by Pauling and 

Corey for the fibrous protein known as beta-keratins.30 Pauling and co-workers showed that 

the newly discovered configuration of the proteins can have a planar peptide group in the plane 

of a sheet.  

The propensity of the β-sheets formation in proteins depends largely on certain amino acids 

present in the polypeptide backbone. The formation of the β-strands is most likely to occur 
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when hydrophilic and hydrophobic peptide side chains of amino acids are positioned on 

opposite sides of a main-chain peptide backbone. The β-sheet secondary structure of proteins 

gives the extended conformation of proteins in the condensed phase. The extended 

conformation of sheets in amyloid protein has a key role in Alzheimer’s and Parkinson’s 

diseases.79, 80 The β-sheet structure has the elements of secondary as well as tertiary structures 

whereas helices have mostly the local conformation. The occurrence of the sheets in peptides 

was further probed through NMR spectroscopy by Raines and co-workers. 17  

1.5 Turns in protein 

Turns in the proteins or peptides are important secondary structures as they allow the reversal 

of the direction of the polypeptide chains to provide folded structures of the proteins.12, 14, 70 

Thus, the turns, which have unique chain reversal properties, can be observed in a large number 

of proteins.81 Turns or loops in proteins are generally found at the junction of different 

secondary structures like sheets and helices. Turns in proteins are a very important local region 

where many biological processes such as hydroxylation, enzymatic activity, etc. occur.14 It is 

estimated that at least one-third of the globular protein has turns at one of the local sites.82 

Turns are mostly located at the protein surface containing polar and charged residues. Turns in 

proteins mostly occur when there is a hydrogen bonding between two different amino acid 

residues of the polypeptide backbone although there is a weak possibility of intra-residue 

hydrogen bond formation. Turns can be further categorized into δ, γ, β, α, and π resulting in 

the formation of C6, C7, C10, C13, and C15 membered hydrogen-bonded rings when hydrogen 

bond formation takes place between the N−H and C=O groups of i → i + 1, i → i+ 2, i→ i+ 3, 

i → i + 4, and i → i+ 5 amino acid residues, respectively.12, 16  The relatively unexplored and 

weaker turn is formed when there is hydrogen bonding in a single amino acid residue resulting 

in the formation of a five-membered ring.17 This type of hydrogen bonding has been named the 

intra-residue C5 hydrogen bond.   
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Turns were first identified by Venkatachalam in 1968 when it was found that there is hydrogen 

bonding between the carbonyl oxygen of residue i and amide hydrogen of the i+3 residue.83 β-

turn is the most important and abundant one out of all the possible types of tight turns found in 

peptides and proteins. It has been shown by Raghava and co-workers that almost 9% of all the 

amino acids in the BT6376 datasheet exist in β-turn conformation.84 Upon inspection of 

1397857 amino acids in the BT6376 database, 126016 β-turns were found. It was further 

concluded from their study that glycine, proline, asparagine, and aspartic acid are favored for 

the formation of the β-turn in the peptides and proteins and hence, those can be called the β-

turn formers. Glycine with a flexible backbone and proline with the ability to break ordered 

structures make them suitable for β-turn formation in peptides and proteins. Asparagine and 

Aspartic acid have a side chain that can form hydrogen bonds with the main chain of the 

polypeptide chain.  Apart from the β-turn inducer amino acids such as glycine, proline, 

asparagine, and aspartic acid, there are some other amino acids that act as β-turn breakers.14 

The β-turn breakers include the amino acids namely isoleucine, leucine, valine, and methionine 

that have hydrophobic nature in them. It was further revealed that β-turn favors the glycine and 

proline residues at the first and fourth positions.14 

1.6 Standard types of β-turn  

The β-turn induces the formation of loop segments and hairpin strands in the secondary 

structures of peptides and proteins. It has been well established that β-turn has a key role in 

mediating interactions between peptide ligands and their receptors.85  
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There are nine types of β-turn observed in protein namely, Type I, Type II, Type I’ and Type 

II’, IV, VIII, VIb, VIa1, VIa2.86 All these different types of β-turn are categorized based on the 

Ramachandran dihedral angles (Φ, Ψ). The most common type of β-turn is Type I, Type II, 

Type I’ and Type II’. It has been understood now that the consecutive existence of type II  β-

turns will lead to the formation of 310 helices in peptides. The Ramachandran angle parameters 

for the different types of β-turn have been shown in figure 8. It has been suggested that the 

introduction of proline residue increases the chances of formation of β-turn in cyclic peptides.  

1.7 Intra-residue C5 hydrogen bond 

Although most of the hydrogen bonds found in the proteins and peptides are inter-residue in 

nature, one of the little-known but equally important intra-residue named the “C5 hydrogen 

bond” has also been found to stabilize the secondary structure of the protein and peptides. The 

C5 hydrogen bond is most commonly observed in the extended β-sheet type of secondary 

Figure 1.6. A schematic representation of β-turn in peptides. The figure has been adapted form 

reference no. 86. Copyright [2014] John Wiley and Sons. The different types of β-turn can be 

categorized by the dihedral angles of the polypeptide backbone. 
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structures of proteins.17, 29 The C5 hydrogen bond is intra-residue in nature as the lone pair 

from the carbonyl group and amine hydrogen of the same residue/amino acid are involved in 

the hydrogen bonding. Although relatively weak compared to other well-studied hydrogen 

bonds, C5 has been shown to stabilize almost 5% of all the residues in proteins. One of the 

early findings on the existence of this type of hydrogen bond was reported in the solution phase 

by R. A. Nyquist.18 In that work, it was observed that the trans conformer of N-alkyl α-

halo/alkoxy acetamides is more stable compared to its cis counterpart in the solution phase. 

With the help of the IR spectroscopy measurements, Nyquist concluded that the trans 

conformation of α-substituted secondary acetamides was more stabilized in dilute CCl4 

solution due to the formation of the C5 hydrogen bond. 

 

In conventional inter-residue hydrogen bonds in the peptide backbone such as π, α, β, δ, and γ 

turns, the s-type lone pair electrons of carbonyl group oxygen interact with the σ* orbital of the 

amide NH group. However, the C5 hydrogen bond deals with the interaction of the p-type lone 

pair of the C=O group corresponding to a particular amino acid residue with the σ* orbital of 

the amide NH group of the same residue.17 As the C5 hydrogen bond is formed in the same 

residue of amino acid, it is highly constrained in nature.  

Figure 1.7. Trans conformer of N-alkyl α-halo/alkoxy acetamides as studied by R. A. Nyquist 

through solution phase IR spectroscopy. The figure has been adapted with permission from 

reference no. 18. Copyright [2014] Elsevier. 
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1.8 Intra-residue C5 hydrogen bond in solution 

The existence of the C5 hydrogen bond was further probed by studying model dipeptides using 

solution-phase FTIR spectroscopy. Neel and co-workers studied conformational preferences of 

dipeptides in CCl4 solvent using IR spectroscopy.87 They observed that the origin of the 

vibrational band around 3420 cm-1 is not due to the free amide frequency but it is due to the 

formation of an intra-residue C5 hydrogen bond by the amide N-H group. These extended 

conformations adopted by model dipeptides in the CCl4 solvent were further explored by 

Scheraga and co-workers.21 Maxfield and co-workers studied the IR vibrational frequencies of 

N-Acety1-N'-methylamide derivatives of glycine, L-alanine, and L-leucine in dilute solutions 

of chloroform and carbon tetrachloride. They confirmed the presence of C5 hydrogen bonds 

by monitoring the frequency of the N-H band in chloroform solvent and concluded the 

existence of the extended conformation in the solution.88 Scheraga and co-workers also used 

NMR spectroscopy to study the conformational preferences of blocked gly-pro sequence in 

CD2Cl2 and DMSO-d6 solution. They concluded from their study that the peptide with gly-pro 

sequence might exist in an extended C5 conformation. Balaram et. al. further studied Z-Aib-

Ala-OMe and Z-Aib-Aib-OMe peptides in chloroform solvent.89 They reported that both of 

Figure 1.8. The Natural bond orbital (NBO) analysis of model peptide chain for the 

demonstration of intra-residue C5 hydrogen bond. It suggests that 𝑛𝑝 lone pair orbital can 

form a hydrogen bond with the carbonyl group of the same residue. The Figure has been 

adapted in parts with permission from reference no. 17. Copyright [2016] Springer Nature. 
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these dipeptides have extended conformation having an intra-residue C5 hydrogen bond.90 The 

C5 interactions were further observed in model β-hairpin systems TrpZip2 through NMR and 

CD spectroscopy. The presence of the C5 interaction was also demonstrated by studying small 

peptides using Density functional theory and NMR spectroscopy by Steve Scheiner.91  

1.8.1 Intra-residue C5 hydrogen bond in Protein Database 

Raines and co-workers have done an extensive search to find the presence of the C5 hydrogen 

bond in proteins through Protein Data Bank (PDB) analysis.17 They found that the C5 hydrogen 

bond exists in almost 94% of the proteins in the PDB. It was found that the C5 hydrogen bond 

was mostly present in the -sheet structures of proteins. To verify the inherent existence of the 

C5 hydrogen bond, Raines and co-workers studied a few model peptides using IR and NMR 

spectroscopy combined with quantum chemical calculations. It has been found that the intra-

residue C5 hydrogen bond is indeed very important for the overall stabilization of these 

peptides. They further found through natural bond orbital (NBO) analysis that the C5 hydrogen 

bond is very weak i.e. the interaction energy is ~0.25 kcal/mol. 
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1.8.2 Intra-residue C5 hydrogen bond in the gas phase 

As we know that the C5 hydrogen bond is very weak and rarely studied in the literature, a gas-

phase study in isolated conditions can reveal the intrinsic nature of this non-covalent interaction 

compared to what has been reported in the condensed phase studies. One of the early reports 

of the C5 hydrogen bond in the gas phase was reported in tryptophan-containing capped 

peptides by Zwier and co-workers. 26 Very recently, new insights about the C5 hydrogen bond 

have been obtained from isolated gas-phase spectroscopic studies of small peptides along with 

solution-phase studies.1, 8, 20, 92 It has been observed that the most commonly occurring amino 

acid residue associated with the C5 interaction is glycine.1  The  C5 interactions were indeed 

detected in glycine-containing peptides such as Z-Gly-OH, Gly-Gly, and Ac-Gly-Phe-NH2 

using several gas-phase laser spectroscopic techniques combined with the quantum chemical 

calculations.  

  

1.9 sequence-dependent folding of peptides/proteins 

The functionalities and properties of a protein/peptide are not only determined by the secondary 

and tertiary structure of proteins but also depend on the amino acid sequence of the strand.93 It 

has been observed that selective residues of amino acids are very often involved in a particular 

biological phenomenon like enzymatic and hydroxylation processes.14 The selective amino 

acid residues required for a specific property of proteins are determined by the Ramachandran 

angles (Φ, Ψ) adopted by the polypeptide backbone.94 The Ramachandran plot uses the main 

chain’s dihedral angles to predict the secondary structure of long residue peptides and proteins. 

Figure 1.9. The intra-residue C5 hydrogen bond in proteins. The Figure has been adapted in 

parts with permission from reference no. 17. Copyright [2016] Springer Nature. 
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The Ramachandran plot can predict the feasibility of a particular stereochemistry in the 

polypeptide chain.  

1.10 Sequence-dependent conformational studies of peptides in the solution phase 

Scheraga and co-workers used the Empirical Conformational Energy Program for Peptides 

(ECEPP) to study the conformational preferences of X-Pro and Pro-X (where X = Ala, Asn, 

Asp, Gly, Leu, Phe, Ser, and Val, and of X-Pro, where X = Ala, Asn, Gly, and Pro) sequences. 

95 They found from their extensive studies that the Pro-X sequences had more propensity to 

form a bend in polypeptide chains compared to that in the X-Pro sequences.96 Further, they 

explored the conformational preferences of peptide sequences containing glycine and proline 

residues using NMR, IR, and CD spectroscopic techniques.97 They concluded from their 

overall experimental results that the major conformation observed for the gly-pro sequence was 

-strand orextended polyproline II type where the glycine residue forms an intra-residue C5 

hydrogen bond along with a C7 hydrogen bond. On the other hand, the dominant conformation 

observed for the pro-gly sequence was -turn. However, their results also indicated that other 

minor conformations such as C7 or  -turn were also present for the pro-gly sequence. 

 

 

 

 

Figure 1.10. The figure represents the conformation adopted by the gly-pro (left) and pro-gly 

(right) sequence in solution phase conditions. The gly-pro sequence shows C5-C7 

conformation whereas the pro-gly shows the C10 conformation in solution. The figure has 

been adapted with permission from reference 21. Copyright [1977] American Chemical 

Society. 
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Figure 1.10 shows a comparison of the major conformation adopted by the gly-pro and pro-gly 

sequence in the solution phase. The propensity of the Pro-Gly-X sequence to form a β-turn has 

been also observed in many crystal structures reported by Balaram and co-workers. 67, 98 The 

crystal structure of the peptide-containing D-Pro-Gly sequence shows a hairpin type of 

structure where the bend or β-turn occurs at the pro-gly position. The turn-inducing property 

of the Pro-Gly sequence was also reported from solution phase calculations by Park and Co-

workers.99 They used the SMD solvation method to study the conformational landscape of Ac-

Pro-Gly-NHMe in water and CH2Cl2 solvents and found the β-turn conformation of the peptide 

for both the solvents.99 

1.10.1 β-turn requirement for Hydroxylation in pro-collagen 

It has been shown that β-turn conformation of the Pro-Gly sequence in procollagen is required 

for hydroxylation which is the driving force for the formation of the triple helical structure of 

collagen.14 Prolyl hydroxylase is the main enzyme that helps in the hydroxylation of selected 

proline moiety of the procollagen. It was observed that selectively the proline residue in 

position three of the general collagen subchain or building block -Gly-R2-R3 was susceptible 

to hydroxylation by the enzyme.   
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1.11 Importance of D-Amino acids 

The amino acids except glycine has at least one chiral carbon resulting in the formation of two 

different configuration L (Levo, left-handed) and D (Dextro, right-handed). D-amino acids, the 

enantiomers of L- amino counterparts show some very specific properties that are opposite to 

their counterparts. Although the D-amino acids show similar chemical and physical properties 

compared to their L-amino acid counterparts, they rotate the plane of polarised light in the 

opposite direction compared to their counterparts. As we know all the amino acids used for the 

Figure 1.11. The figure represents the important steps in the synthesis of collagen from 

procollagen. The figure has been adapted with permission from reference 14. Copyright 

[1979] National Academy of Sciences (NAS). 
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living organism’s protein have L-configuration whereas D-amino acids are most prominent in 

the posttranslational modification of peptidoglycan cell walls of bacteria.100 One of the most 

common applications of D-amino acids nowadays includes increasing the biostability of 

proteins for the making of hydrogels, protein inhibitors, and uses in drug delivery systems.101 

The driving force behind the existence of unusual left-handed α-helices has been attributed to 

the D-amino acids.  

1.12 Stabilization of Pro-Gly-X sequence on the β-turn formation 

Studies on the conformational preferences of Pro-Gly-X residues reveal that X residue has an 

important role in the stabilization of the β-turn formed by the sequence. It has been further 

identified that the order of stabilization of the β-turn is Leu>Ala>Gly, Ile, and Phe.14 It was 

revealed through spectroscopic techniques such as X-ray, circular dichroism, Infrared 

spectroscopy, and NMR that Ac-Pro-Gly-X-OH (X=Gly, Ala, Leu, Ile, and Phe) indeed show 

β-turn type of conformation.22 The statistical analysis of crystal structures by Chou and Fasman 

showed that in a four residue amino acid chain proline in the second position and glycine in 

the third position are preferred.  It can be further concluded that X residue affects the β-turn 

stabilization in Pro-Gly-X residue. 

1.13 Importance of Isolated Gas-Phase studies of Small peptides. 

Gas-phase studies of small peptides are of great importance as they reveal intrinsic 

conformational preferences of specific peptide sequences in absence of any solvent molecules 

or any other interactions.9, 23 Moreover, it is possible to probe multiple low-energy 

conformations of the peptides apart from the global minimum in isolated gas phase laser 

spectroscopy study using supersonic expansion technique. Very often, it is important to unravel 

the structures of several low-energy conformations of the peptides which are slightly higher in 

energy than the global minimum as very little change in the structure of the global minimum 
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can lead to those higher energy structures. On the other hand, solution-phase studies can 

provide either only the global minimum structure or an average structure of several low-energy 

conformations of a peptide.20  It has been possible to study the peptides in the gas phase without 

any fragmentation due to the combination of gas-phase jet-cooled laser spectroscopy study with 

laser desorption technique which has been described in detail in chapter 2. Brief detail about 

the work done by various research groups to understand the conformational preferences of 

biomolecules such as amino acids, peptides, and DNA base-pair has been presented here. 

 The generation of the supersonic molecular beam of tryptophan by Levy et. al paved the way 

to study the conformation of small bio-molecules in isolated gas-phase conditions.24, 102, 103 

They used the thermospray jet and supersonically expanded helium molecules to generate the 

molecular beam of tryptophan. The mass spectrum of tryptophan was recorded by the 

nonresonant two-photon ionization technique with the use of the second-harmonic output of an 

Nd: YAG pumped pulsed laser. The electronic spectrum of tryptophan was obtained by the 

Resonantly enhanced two-photon ionization spectroscopy technique (R2PI) in the argon carrier 

gas.24 They were further able to identify different conformers contributing toward the electronic 

spectrum of tryptophan in the gas phase by selectively exciting the different ground state 

conformers and recording their dispersed fluorescence.103 The techniques such as resonantly 

enhanced two-photon ionization spectroscopy (R2PI) and laser-induced fluorescence were then 

used to record the electronic spectra of tryptophan analogs in a supersonic molecular beam. 

The dispersed fluorescence spectra of tryptophan analogs such as 3-indole acetic acid, 3-indole 

propionic acid, tryptamine, and N-acetyltryptophan ethyl ester revealed the existence of 

different conformation in isolated gas-phase conditions.104 The incorporation of conformer 

selective infrared-ultraviolet double resonance spectroscopy by Lee and co-workers revealed 

the local modes in benzene and benzene dimer.105, 106 The conformational selective UV-UV 

hole burning or UV-UV double resonance spectroscopy was further incorporated in gas-phase 
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experiments to identify the different conformation of molecules.107 The infra-red spectra of 

benzene-water clusters in the gas phase were recorded by using the IR-UV double resonance 

technique.108 

 One of the most common methods to bring the molecules into the gas phase was thermal 

heating of sample molecules before the supersonic expansion. The molecules such as peptides 

that have low vapour pressure and thermal stability require a stable and efficient method named 

laser desorption for the generation of vapours of peptides.109, 110 In this method, the peptide was 

pressed into a solid pellet system for absorption of peptide and then an IR laser was directed 

onto the pellet to bring the peptide molecule into the gaseous phase. A detailed understanding 

of the laser desorption method has been discussed in chapter two of the present thesis.  

Initially, gas-phase UV and IR spectroscopy were recorded for the uncapped amino acid having 

a chromophore group such as tryptophan phenylalanine and tyrosine.24, 104, 111The 

conformational landscape of such uncapped amino acids was heavily determined by their 

−COOH and −NH2 end group and thus had a very limited implication in large biological 

molecules such as proteins and peptides.8 The gas-phase study of capped tryptophan residues 

N-acetyl tryptophan amide and N-acetyl tryptophan methyl amide by Zwier and co-workers 

revealed the existence of γ-turn in model peptides.26 The gas-phase studies of these model 

peptides were compared with the DFT calculations performed at the B3LYP/6-31+G(d) level 

of theory GAUSSIAN 98 suite of programs. The infra-red spectra showed that N-acetyl 

tryptophan amide (NATA) existed in two conformations in the gas phase, one having C5 

conformation while the other having C7eq conformation. The infra-red spectra of N-acetyl 

tryptophan methyl amide in the gas phase indicate the existence of two conformers having C5 

conformation and one having C7eq conformation. Zwier and co-workers extended the study 

on the conformational landscape of larger capped peptide systems in the gas phase with the 

help of DFT calculations.112, 113 The Gerhards and co-workers explored the conformational 
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landscape of the peptide Ac-Val-Phe-OMe and other phenylalanine derivatives in the gas phase 

revealing the preference of an extended β-sheet conformation.114  

The conformational details of DNA bases, base pairs, and nucleosides in the isolated gas phase 

were brought to light by M. de Vries and co-workers. 25, 115, 116 The study revealed the structural 

details of rotamers of a base such as Adenine, guanine, and cytosine as well as the base pair 

including guanine-cytosine, guanine-guanine, and cytosine-cytosine in the gas phase. They 

further revealed the different folding motifs in different components of gramicidin Peptides in 

isolated gas-phase conditions.117 It was recently highlighted by Rijs and co-workers through 

IR multiple-photon dissociation vacuum–ultraviolet (IRMPD-VUV) that the gly-gly sequence 

exists in a nearly planar structure.118 Biologically important molecules such as synephrine and 

other peptide sequences were studied in gas-phase by Fujii and co-workers.119-121  

Mons and co-workers revealed the conformational preferences of model tripeptides N-acetyl-

Phe-Pro-NH2 and N-acetyl-Pro-Phe-NH2 in the gas phase for the first time with the help of gas-

phase laser spectroscopy and DFT calculations.122 Studies revealed that the Phe-Pro sequence 

preferentially adopts β-turn conformation whereas the Pro-Phe sequence prefers double γ-turn 

structures. They further showed that the capped tripeptide system Ac-Phe-Gly-Gly-NH2 exists 

in a double β-turn conformation in the gas phase. 123  

1.14 Aim of the thesis 

Secondary structures of proteins and peptides play an important role in the formation of their 

unique tertiary and quaternary structures and functions. The secondary structures are governed 

mostly by the hydrogen bonding interactions present along the polypeptide backbone while the 

sequence of the amino acids also contributes to the overall structures. Conformations of the 

secondary structures of proteins and peptides are generally elucidated by, XRD, and Cryogenic 

electron microscopy in the condensed phase.67, 89, 124, 125 However, the secondary structures, 
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being local, can be studied in small peptides in absence of other neighbouring residues as well 

as surrounding water molecules. Isolated gas-phase spectroscopy techniques combined with 

quantum chemical calculations enable one to study the inherent folding motifs of multiple low-

energy conformations of small peptides with various amino acid residues.  

In this thesis, we have tried to explore the folding motifs of the low energy conformations of a 

few selected peptides in the isolated gas phase as well as the condensed phase in combination 

with quantum chemistry calculations. In this thesis, we have chosen the Z-Gly-Pro-OH 

molecule as a model peptide to study the C5 hydrogen bond in an isolated gas-phase condition. 

The protecting group Z (benzyloxycarbonyl) also acts as a chromophore for the UV laser to do 

the gas phase spectroscopic studies. We have shown that the C5 hydrogen bond indeed 

stabilizes the most stable conformer of Z-Gly-Pro-OH in isolated gas-phase conditions. The 

non-covalent interactions present in the observed conformers for Z-Gly-Pro-OH have been 

validated by Natural Bond Orbital (NBO) analysis and Non-Covalent Interaction (NCI) 

analysis. The peptides studied in this thesis include Z-Gly-Pro-OH, Boc-Gly-D-Pro-NHBn-

OMe, Boc-D-Pro-Gly-NHBn-OMe, and Boc-D-Pro-Gly-Ala-NHBn-OMe. In the first working 

chapter, we have shown the importance of the intra-residue C5 hydrogen bond in the 

stabilization of small dipeptide molecules. The second working chapter of the thesis deals with 

the study of the sequence dependence folding motifs of the secondary structures of small 

peptides. In particular, the conformational preferences of the gly-pro and pro-gly sequences 

have been revealed in the isolated gas phase and condensed phase. From the overall study of 

these two peptides, it has been found that the gly-pro sequence has the propensity to form an 

extended conformation while the pro-gly sequence forms C10 (β-turn) and C7 conformations 

in the solution and gas phase, respectively. In the last working chapter, we studied the effect of 

the neighbouring residue (X) on the stabilization of the β-turn in the Pro-Gly-X sequence of a 
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peptide chain from the solution phase study. The brief objectives of the study of the secondary 

structures of these small peptides are as follows. 

I. Importance of a relatively weak C5 hydrogen bond in the stability of peptides. 

It is known that the stability of the secondary structures of proteins and peptides is mostly due 

to the hydrogen bonding interactions between the N-H and C=O groups of two neighbouring 

residues in the polypeptide backbone. However, intra-residue hydrogen bonds between the 

carbonyl oxygen and amide hydrogen the of same amino acid residue have been underestimated 

for a long time and have not been explored very much in the literature. The intra-residue C5 

hydrogen bond has been shown to exist in extended β-sheet conformations of proteins and 

peptides.17 We have studied the conformational landscape preferred by Z-Gly-Pro-OH peptide 

in an isolated gas phase with the help of IR/UV double resonance spectroscopy and quantum 

chemical calculations. The results of our experiments on this dipeptide reveal that the most 

stable conformer of Z-Gly-Pro-OH in the isolated gas-phase condition is stabilized exclusively 

by the intra-residue C5 hydrogen bond. The C5 hydrogen bond in Z-Gly-Pro-OH enables this 

peptide to have an extended type of conformation. The other conformer adopted by the Z-Gly-

Pro-OH molecule in isolated gas-phase conditions has a folded conformation where there is a 

hydrogen bond between the hydroxyl group of proline residue with the benzene ring of the 

protecting group carboxybenzyl (Z). This work demonstrates that a single weak C5 hydrogen 

bond can direct a dipeptide towards the global conformation despite the presence of other 

conformations which are stabilized due to a relatively stronger hydrogen bond. 

II. Sequence-dependent folding of peptides. 

It is known that particular secondary structures of a polypeptide chain not only depend on the 

hydrogen bonding interactions in the polypeptide backbone but also on the specific amino acid 

residues and their sequence. There have been reports of a completely different propensity of 
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the secondary structures of the polypeptide backbone based on a particular sequence of specific 

amino acid residues and its reverse sequence. The conformation adopted by the Pro-Gly-X 

sequence has been shown to have a preference to form a β-turn or bend type of structure in 

polypeptides and proteins.14, 22, 83 On the other hand, the Gly-Pro-X sequence in polypeptides 

and proteins has a propensity for extended conformation.97 Numerous reports on solution-phase 

spectroscopic and quantum chemical calculations of the Gly-Pro and Pro-Gly peptides 

demonstrate the folding motifs observed in proteins and polypeptides.22, 97, 99 Requirement of 

the β-turn conformation at the Pro-Gly position of the procollagen for selective hydroxylation 

of the Pro residue for the formation of collagen. However, there was no report of gas-phase 

spectroscopic studies of peptides containing the gly-pro and pro-gly sequences. 

In this thesis, we have explored the conformation preferences of capped dipeptides containing 

the gly-pro and pro-gly sequences using isolated gas phase as well as condensed phase 

spectroscopic techniques. In our work, we have used gas-phase double resonance spectroscopy 

combined with quantum chemical calculations to determine the structures of a few low-energy 

conformations of both the dipeptides. The solution phase conformational preferences of 

peptides were predicted with the help of solution-phase NMR spectroscopy and FT-IR 

spectroscopy in CDCl3. The solid-state structure of the gly-pro peptide was determined by the 

X-ray crystallography technique. The gas-phase studies reveal that the pro-gly sequence has a 

C7-C7 conformation whereas the gly-pro sequence has an extended conformation with a C5 

hydrogen bond. The solution phase studies suggest that the gly-pro peptide adopts an extended 

β-strand conformation whereas the pro-gly sequence prefers the folded β-turn conformation in 

the CDCl3 solution. The extended C5 structure is also observed in the crystal structure of the 

gly-pro peptide. 

III. Effect of the amino acid residue X on the stabilization of the β-turn in the Pro-Gly-X 

sequence of a polypeptide backbone 
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The importance of the β-turn conformation has been discussed above in the hydroxylation of 

the procollagen protein and reversal of the direction of the polypeptide chain towards the 

folding of proteins. It is reported that some specific amino acid residues have a very high 

propensity to form a β-turn or β-bend conformation in the polypeptide backbone of proteins 

and peptides.14 The propensity to form β-turn or bend type of conformation has been frequently 

discussed in the case of the Pro-Gly-X sequence in proteins and peptides. The β-turn or bend 

conformation stability also depends on the X amino acid residue attached at the end of the 

sequence. The common trend for the β-turn or bend stabilization by the X amino acid residue 

can be given as follows, Leu>Ala>Gly, Ile, and Phe. We have studied here the effect of the Ala 

residue on the strength of the β-turn structure of the end-protected Pro-Gly-Ala tripeptide by 

FT-IR, 2D-NMR spectroscopy, and X-ray crystallography.             
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Chapter 2 

Experimental and Computational Methods 
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In this chapter, we have provided a detailed description of our gas-phase experimental setup, 

laser-based various spectroscopic techniques, and various computational methods used for 

performing the research. A brief description of various spectroscopic methods used for 

solution-phase spectroscopy is also provided here. 

 
2.1 Experimental Methods 

 

2.1.1 Gas-phase Laser Spectroscopy 

 The gas-phase laser spectroscopy experiments for the determination of the structures of 

various low-energy conformers of several small peptides have been performed using home-

built jet-cooled laser desorption resonantly enhanced multiphoton ionization (REMPI) Time of 

Flight mass spectrometer.102  

2.1.1.1 Supersonic expansion technique 

The use of the supersonic expansion technique for experiments was pioneered by Levy and co-

workers.24, 102, 126-128 The supersonic expansion technique allows the gaseous molecules to 

undergo cooling of internal degrees of freedom i.e. translation, rotational, and vibrational. 

Vibrational and rotational cooling is the key to obtaining very high-resolution electronic 

spectra of large polyatomic molecules. The supersonic expansion of gaseous molecules creates 

a collision-free isolated low-density molecular beam. A detailed description of this technique 

has been discussed in several reviews, books, and articles.8, 9, 23, 129  A brief description of the 

supersonic expansion technique has been provided here. 

The supersonic molecular beam of samples is produced when sample vapor seeded in inert 

carrier gases (i.e. He, Ar, Ne, etc.) is expanded from high-pressure to a vacuum chamber 

through a small orifice. The only condition required to generate the supersonic molecular beam 

is to have the orifice diameter (D) larger than the mean free path of the gaseous molecules.  

However, if the mean free path (λ0) becomes larger than the diameter of the orifice (D), the 

beam becomes effusive. As the gaseous molecules pass through the pulse valve orifice, they 
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undergo enormous collisions within a few mm distance from the orifice. Numerous collisions 

near the orifice result in the conversion of the enthalpy associated with the random motion of 

the molecules into a directed mass flow. The supersonic expansion cools down the translational 

degrees of freedom and then the cold translational bath acts as a refrigerant for the other degrees 

of freedom i.e., rotational and vibrational. This process allows the gas mixture to have a very 

low translational, rotational and vibrational temperature. The translational temperature of the 

gas molecules can be expressed in terms of the speed of sound (a) according to the following 

equation a=(kBT/m)1/2 where  is the heat capacity ratio defined as Cp/Cv. The other 

parameters m, kB, and T are the mass, Boltzmann constant, and temperature, respectively. The 

equation suggests that the speed of sound decreases as the temperature of the molecules 

decreases. The supersonic or effusive nature of the molecular beam is expressed by a quantity 

called Mach number (M), which is defined as the ratio of the velocity of the molecules in the 

beam (u) and the speed of sound (a) i.e, M=u/a. The Mach number is greater than one for the 

supersonic molecular beam and this implies that the velocity of the molecules is greater than 

the speed of sound. A comparison between the velocity distribution of molecules in the high-

pressure reservoir and the supersonic beam has been shown in figure 2.1. 
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The supersonic beam has a significantly narrow velocity distribution along with a shift of peak 

maxima towards a higher value as the flow velocity of the molecules increases. The narrow 

velocity distribution of supersonically expanded molecules implies that the translational 

temperature of the molecules is significantly lower (~0.5-5 K). The rotational cooling is higher 

than the vibrational cooling as equilibration between the rotational and translational degrees of 

freedom is substantially faster than that between the vibrational and translational degrees of 

freedom. After a certain distance from the pulse valve nozzle, a non-equilibrium state is 

achieved where there are no more collisions. The supersonic expansion cools the rotational and 

vibrational degrees of freedom up to 5-10 K and 20-50 K, respectively.   

The supersonic expansion is an isentropic process under adiabatic reversible flow conditions. 

The correlation between the temperature, pressure and density of a supersonic molecular beam 

can be defined as follows on the assumption that the expanding gas is ideal.  
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(𝜸−𝟏)𝑴𝟐

                               ……….2.1 

 Where, T0, P0, and 0 are the temperature, pressure, and density of molecules in the high-

pressure reservoir, and T, P, and  are the temperature, pressure, and density of molecules in 

the supersonic molecular beam.  is the heat capacity ratio (Cp/Cv) and M is the Mach number.  

Considering the expanding molecular beam as a continuous medium, the Mach number at a 

distance (X) from the nozzle can be described by equation 2.2.  

M=A(X/D)-1…………(2.2) 

Here, X is the distance from the nozzle and D is the diameter of the nozzle while A is a constant 

depending on  ( =3.26 for monoatomic gases). This equation suggests that the Mach number 

increases with the distance (X) from the nozzle. However, Fenn and Anderson have shown that 

Figure 2.1. A schematic representation of normalized velocity distribution curves for the 

molecules in (a) high-pressure reservoir and (b) supersonic beam. 
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the Mach number can increase up to a certain finite value as the gas flow is not continuous and 

gas molecules are discrete particles in reality. As the distance from the orifice increases, there 

is less number of collisions due to the reduction of molecular density. The terminal Mach 

number of molecules can be described by the following equation as derived by Fenn and 

Anderson.130 

MT = 2.05∈−(1−𝛾)/𝛾 (𝜆0/𝐷)(1−𝛾)/𝛾 …….(2.3) 

    =133(P0D)0.4 for Argon 

Here, MT represents the terminal Mach number, ∈ is the collisional effectiveness constant, D 

is the orifice diameter, λ0 is the mean free path of molecules in the reservoir and γ is the ratio 

of heat capacity (Cp/Cv). The equation implies that the terminal Mach number depends on the 

diameter of the orifice and the pressure of the reservoir. P0D can be defined as the total number 

of possible collisions of the molecule before reaching a given Mach number. It implies that the 

Mach number depends on the total number of collisions a molecule experiences during the 

supersonic expansion. 

2.1.1.2 Time of Flight mass spectrometry  

Time of Flight mass spectrometry (TOF-MS) is coupled with supersonic expansion to obtain 

mass-selected high-resolution electronic and vibrational spectra of molecules and weakly 

bound complexes. The cold molecular beam produced from supersonic expansion is ionized 

by a tunable UV laser through the resonantly enhanced multiphoton ionized (REMPI) 

technique. The TOF-MS setup consists of a field-free TOF tube, three-electrode plates, and a 

microchannel plate (MCP) detector. Ions are directed towards the MCP ion detector by 

applying potential on three-electrode designs pioneered by Wiley and McLaren and then 

allowed to move in a field-free region.131 The ions with different mass-to-charge ratios travel 

at different speeds in the TOF tube and hence reach the MCP detector at different times. Ions 

having a lower mass-to-charge ratio reach the detector earlier than those with a larger mass-to-
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charge ratio. The first, middle, and third electrodes located at the beginning part of the TOF-

MS setup (Figure 2.2) are called repeller plate, extraction grid, and accelerating grid, 

respectively. The repeller plate has a higher positive electric field than the extraction grid. The 

ions are generated at the center of the repeller plate and extraction grid through REMPI 

spectroscopy. The constant electric field (Es) between the repeller plate and the extraction grid 

directs the ions towards the extraction grid. The higher electric field (Ed) between the extraction 

grid and accelerating grid accelerates the ions molecule into the TOF tube towards the MCP 

detector.  

 

 

A schematic representation of TOF mass spectrometer assembly has been shown in figure 2.2. 

As the ions are generated in the region between the repeller plate and extraction grid, they 

experience different velocities according to their position. The ions closer to the repeller plate 

experiences higher acceleration compared to the ions closer to the extraction grid. This can 

Figure 2.2. A schematic diagram of Time of Flight mass spectrometer assembly which is coupled 

with supersonic expansion setup. 
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impact the resolution of the TOF mass spectrometer as the ions with the same charge-to-mass 

ratio will reach the detector at different times. The adjustment of the two field sources Ed/Es 

between the plates allows the ions to move from the same position into the field-free region of 

the TOF tube. If U0 is the initial energy of the ions, then it is increased to U when it experiences 

an electric field Es between the repeller plate and the extraction grid and an electric field Ed 

between the extraction grid and the accelerating grid.  

U = U0 + qsEs +qdEd,   ……………2.1 

Total time of flight (T) for an ion with mass and charge ratio as m/q can be given as 

 T= Ts +Td +TD, ……………2.2 

where Ts can be defined as the time recquired by the ion source to pass the ionization region,  

Ts = 1.02
(2𝑚)1/2

𝑞𝐸𝑑
[(U0+qsEs)

1/2(U0)
1/2] ………….2.3 

Td is the time required by the ion source to pass the acceleration region,131  

Td = 1.02
(2𝑚)1/2

𝑞𝐸𝑑
 [U1/2-(U0+qsEs)

1/2] …………..2.4 

and TD is the time reacquired by ion beams to travel field-free drift tubes.   

TD=1.02(2𝑚)
1

2(
𝐷

2𝑈
)

1

2 … … … .2.5 

 

In the gas-phase experimental set-up, the TOF mass spectrometer module is placed at a 

mutually perpendicular position to the molecular beam axis, and the direction of the UV/IR 

laser beam. The molecular beam intersects the UV laser beam at the center position between 

the repeller plate and extraction grid. The voltages applied on the repeller plate and extraction 

grid are +3060 V and +2780 volt, respectively, while the accelerating grid is grounded. The 

potential difference between the repeller plate and extraction grid directs the ions into the 1m 

long TOF tube. The positively charged ions arrive at the negatively charged MCP detector (-

3060V) placed at the end of the TOF tube. The MCP detector consists of millions of micro-
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channels that act as an electron multiplier. As any ion comes into contact with the microchannel 

plate, the generation of new electrons takes place from the channel wall. These electrons in 

turn generate secondary electrons upon hitting the walls of the micro-channel. This process 

generates millions of electrons at the rear end of the plate which are converted into electronic 

signals. The electronic signal from the MCP detector is visualized and recorded in the digital 

oscilloscope. 

2.1.1.3 Experimental set-up 

A schematic diagram of a home-built jet-cooled REMPI time of flight mass spectrometer 

coupled with a laser desorption assembly has been shown in figure 2.3. The gas-phase 

spectroscopy experiment is carried out in this setup consisting of two differentially pumped 

vacuum chambers called molecular beam chamber and ionization beam chamber. Both 

chambers are connected by a skimmer of 2 mm diameter. The molecular beam chamber 

contains a sample holder assembly connected with a pulse valve (General valve, series 9, 0.5 

mm diameter and 10 Hz repetition rate). A pulse driver (IOTA ONE, Parker Instrumentation, 

USA) controls the opening time and pulse duration of the valve. A diffusion pump (OD 250, 

Hind Hivac) with a pumping speed of 2000 L/s pumps down the molecular beam chamber. The 

diffusion pump (OD 250, Hind Hivac) is backed up by a roughing pump (FD 60, Hind Hivac) 

with a pumping speed of 17 L/s. On the other hand, the ionization chamber is pumped 

separately by another diffusion pump (OD 114, Hind Hivac) with a pumping speed of 280 L/s 

and the diffusion pump is backed up by another roughing pump (ED-21, Hind Hivac) having a 

pumping speed of 6 L/s.  The diffusion pumps are cooled down through a water chiller 

(Refricon Hivac system).  The liquid nitrogen traps situated between the vacuum chambers and 

diffusion pumps prevent the contamination of the diffusion pump oil as well as assist to get a 

better vacuum. The pressure of the molecular and ionization beam chambers is measured by 
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cold cathode ion gauges attached to both chambers. The base pressure achieved in the 

molecular and ionization beam chambers is ~1x10-7 and 3x10-7torr, respectively.  

 

 

 

The time of the flight tube is connected with the ionization beam chamber in a perpendicular 

orientation to the molecular beam axis. The MCP detector situated at the end of the TOF tube 

is housed in a small vacuum chamber pumped by a small turbo molecular pump (V70, Varian) 

with a pumping speed of 70 L/s. The turbo-molecular pump is backed by a dry scroll pump 

(SH-110, Varian) with a pumping speed of 1.5 L/s. The detector chamber is separated from the 

TOF tube and ionization chamber by a gate valve. The voltages on the electrodes in the TOF 

tube and detector are controlled by a TOF power supply (Jordan TOF). The ion signal obtained 

from the detector is further amplified by a preamplifier (SRS, Model SR445A) and then sent 

to a digital oscilloscope (Tektronix, 350 MHz, DPO 4034). The signal from the oscilloscope is 

acquired to a computer via a USB port using LabView-based programs. A delay generator 

Figure 2.3. A schematic diagram of home built experimental set-up for carrying out the 

gas-phase experiments. 
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(BNC, Model 575) is used to control the time delay adjustment between the pulsed valve, UV 

laser, and IR laser. As the molecular systems studied in this work are peptides, which are non-

volatile, and are vaporized using the laser desorption technique. 

2.1.1.4 Laser desorption technique 

The laser desorption method is used for molecules having low vapor pressure and less thermal 

stability. The solid peptide sample is mixed with graphite powder and the mixture is pressed 

with 2-3 tons of pressure using a hydraulic press to make a pellet of 6 mm diameter and 2 mm 

thickness. The pellet is kept just after the pulse valve assembly in the molecular beam chamber. 

A schematic of the laser desorption assembly attached to the pulse valve is shown in figure 2.4. 

The pellet is mounted on the shaft of a DC motor fixed with a sample holder. The pellet is 

placed near the pulse valve in an orientation perpendicular to the face plate of the pulse valve. 

The DC motor is connected with a variable power source placed outside the vacuum chamber.  

 

 

 

Figure 2.4. Schematic representation laser desorption technique used to bring the solid 

peptide molecules into the gas-phase. 
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The DC motor rotates the sample pellet so that a fresh part of the pellet is exposed to the 

desorption laser to prevent damage to the sample and reduce signal fluctuation. A 532 nm laser 

beam (0.7-0.8 mJ, Minilite-I, 10 ns, 10 Hz) is shone on the rotating pellet and the desorbed 

sample is entrained in the supersonic expansion of the Ar carrier gas (~ 70-80 psi) towards the 

ionization region.  The desorption laser beam having a spot size of ~2 mm is focused onto the 

pellet. The distance between the pulse valve orifice and the edge of the sample pellet exposed 

to the laser beam is maintained at around 2 mm. The surface of the pellet is kept ~1.5-2 mm 

away from the molecular beam axis to optimize the amount of the desorption signal as well as 

supersonic cooling.  

2.1.1.5 Laser systems used for gas-phase experiments 

2.1.1.5.1 Dye Laser 

Tunable UV output from the dye lasers is used to measure the electronic spectra of molecules 

and complexes in the gas phase. The dye laser uses organic dyes as active gain media for the 

generation of the tuneable UV-Vis laser output. The dye molecules should have good 

photochemical stability, strong fluorescence ability, and limited inter-system crossing for 

stable and tunable laser output. A schematic diagram for the dye laser used for the gas-phase 

experiments has been provided in figure 2.5. 

Second harmonic output (532 nm) from an ND: YAG laser (Continuum, Surelite, 10 Hz rep. 

rate, 10 ns pulse width) is used to pump the dye laser. The dye laser contains an oscillator, 

preamplifier, and amplifier cells. The second harmonic output of 532 nm laser light is incident 

on a beam splitter (BS1). The beam splitter (BS1) reflects 5% of the 532 nm beam towards the 

oscillator cavity and thus 95% of the 532 nm beam gets transmitted through. The transmitted 

portion of the 532 nm laser light is directed toward another beam splitter (BS2). The beam 

splitter (BS2) reflects 10% of the beam towards the pre-amplifier while the transmitted beam 

is directed towards the final amplifier. The dye cell resonator/cavity contains two gratings 
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having 2400 lines/grooving, a beam expander, an output coupler called Moya mirror, and the 

oscillator dye cell. The 5% of reflected 532 nm light from BS1 passes through the beam 

expander before falling onto the grating inside the oscillator cavity.  The grating inside the 

oscillator cavity is used to select the output wavelength from a range of the wavelength 

available from the lasing emission of the dye solution. The laser output from the oscillator 

cavity is then amplified at the preamplifier and final amplifier. The fundamental output beam 

from the final amplifier then enters into the UV tracker (UVT) and generates frequency-

doubled UV output. 

 

2.1.1.5.2 UV tracker  

The UV tracker or UVT is used to generate the tuneable UV beam from a visible fundamental 

beam output from the dye laser with the use of non-linear KDP or BBO crystal. The tunable 

UV laser output can be generated from the fundamental output by two common methods 

Figure 2.5. Schematic representation of Dye-laser system used for the generation of tunable 

UV laser output. 

 



44 
 

namely doubling and mixing after doubling. In the doubling method, the fundamental output 

of the dye laser is frequency-doubled by the KDP or BBO crystal. In the mixing after doubling 

method, the frequency-doubled output of the dye fundamental is mixed with the residual 1064 

nm beam from the Nd: YAG laser in a BBO crystal.  

2.1.1.5.3 IR OPA/OPA system  

 A combination of optical parametric oscillation (OPO) and optical parametric amplification 

(OPA) is used to generate the laser beam in the near-IR region (710 to 885 nm) and the mid-

IR region (1.35 to 5 µm). The OPO system uses a non-linear KTP crystal pumped by 532 nm 

light whereas the OPA system uses four non-linear KTA crystals. The KTP and KTA crystals 

are mounted on stepper motors. Stepper motors enable the crystals to rotate in such a way that 

proper phase matching can be achieved for the generation of the desired IR radiation.  A 

schematic for the generation of the tunable IR frequency has been provided in figure 2.7. The 

IR OPA/OPO system (Laser Vision) is pumped by the 1064 nm laser light generated from an 

Nd:YAG laser (Surelite II-10, 10 ns, 10 Hz) having a pulse energy of around 530 mJ. The 1064 

nm laser output from the Nd:YAG laser is directed into the IR laser system by two steerings 

1064 mirrors. The 1064 nm pump beam is collimated onto a beamsplitter by a telescope. One-

third of the pump beam is directed towards the OPO system whereas the transmitted beam is 

directed towards the OPA crystals. A BBO crystal doubles the 1064 nm pump beam. The 

doubled 532 nm beam is directed towards the KTP crystal by the HR1 and HR2 mirrors and 

two new photons are generated through the optical parametric oscillation process.  The sum of 

the frequencies of the two newly generated photons i.e. signal (ωS) and idler (ωI) are equal to 

the frequency of the pump beam. The rotation of the KTP crystal at different phase-matching 

angles provides tunable OPO output (signal and idler) in the 710-885 nm range. The OPO 

system has a linear cavity containing a KTP crystal, an output coupler, and a rear mirror. The 

signal and idler output from the OPO passes through a dove prism and MgF2 waveplate. The 
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dove prism is used for the collimation of the beam whereas the MgF2 waveplate changes the 

polarization of the idler beam from vertical to horizontal as KTA crystals are placed 

horizontally. A silicon filter is placed between the MgF2 and KTA crystals to reject the near-

infrared signal(s) so that only the idler beam(i) reaches the KTA crystals of the OPA stage.  

 

 

 

The transmitted 1064 beam from the beam splitter moves through the half-wave plate before 

being directed towards the OPA setup. The half-wave plate provides desired polarization of the 

pump beam. The four KTA crystals at the OPA stage alternately rotate in the opposite direction 

so that path of the beam doesn’t change. At the OPA stage, there is a mixing of the 1064 nm 

pump beam and idler beam and new signal and idler beams are generated through a difference 

frequency mixing process. The newly generated beams after the OPA stage are mid-IR idler 

and intermediate-IR signals, which are polarized vertically and horizontally, respectively. The 

Figure 2.6. Schematic representation of IR OPA/OPO system used for the generation of 

laser wavelength in infra-red region. 
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residual 1064 nm beam after the OPA stage is directed towards the beam dump by the 1064 

nm separator mirror whereas the mid-IR idler and intermediate-IR signal are allowed to pass 

through.  A “Stack of plates” Si filter is placed just before the exit of the IR laser setup to select 

either idler or signal IR beam. Mostly the idler IR beam is used for the experiment described 

in the thesis. 

2.1.1.6 Gas-phase laser spectroscopy techniques 

Various gas-phase laser spectroscopic techniques are used to measure mass-selected 

conformation-specific electronic and IR spectra of different peptide molecules in the gas phase. 

These techniques have been explained here briefly. 

2.1.1.6.1 Resonantly Enhanced multi-photon Ionization Spectroscopy (REMPI) 

One-color resonant 2-photon ionization (1C-R2PI) technique has been used to measure mass-

selected electronic spectra of the peptides in the isolated gas phase. In this technique, two 

photons of the same frequency (color) or wavelength of the laser resonantly ionize the gaseous 

molecules from the neutral ground state. A schematic for the 1C-R2PI and 2C-R2PI techniques 

has been provided in figure 2.6. The first photon of a tunable UV laser excites the molecules 

from the ground electronic state to the first excited electronic state (S1) and subsequently, the 

second photon excites the molecules from the first excited state to the ionized state. Apart from 

the 1C-R2PI technique, 2C-R2PI can be also used for the ionization of molecules. In the case 

of 2C-R2PI, two photons of different frequencies are used to ionize the molecules. 
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2.1.1.6.2 Resonant Ion-dip Infrared spectroscopy (RIDIRS) 

This technique is used to record conformation-specific infrared spectra of the molecules in the 

gas phase. The IR and UV laser beams are spatially overlapped in the ionization beam chamber. 

The IR laser precedes the UV laser by 150-200 µs. The UV laser wavelength is fixed at one of 

the electronic peaks whereas the IR laser is scanned throughout the region of the concerned IR 

frequency. The ion signal generated by the UV laser is depleted as the IR frequency matches 

the vibrational transition of the molecule.  A schematic for the RIDIR spectroscopy has been 

shown in figure 2.8.  

 

Figure 2.7. Schematic representation of the 1C-R2PI and2C-R2PI techniques used to record 

the electronic spectra of the molecules in the gas-phase. 
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2.1.1.6.3 IR-UV hole-burning spectroscopy  

IR-UV double resonance spectroscopy has been used to determine the number of conformers 

contributing to the electronic spectrum of the molecule. In this technique, the IR laser is fired 

150-200 ns before the UV laser. The IR laser is fixed at one of the vibrational frequencies of 

one of the conformers, and the UV laser is scanned through the whole region of the electronic 

spectrum. The electronic bands corresponding to the vibrational frequency of a particular 

conformer are depleted in intensity while the electronic bands which don’t correspond to the 

vibrational frequency of the same conformer are unchanged in intensity. IR-UV double 

resonance Spectroscopy is also called IR-UV hole burn spectroscopy.  The schematic for the 

IR-UV double resonance Spectroscopy has been provided in figure 2.9.  

 

2.1.1.6.4 UV-UV hole-burning spectroscopy  

The presence of different conformers in the gas phase experiment can also be discriminated by 

the UV-UV double resonance spectroscopy. In this technique, two UV laser beams are spatially 

Figure 2.9. Schematic representation of IR-UV double resonance spectroscopy used for 

determining the presence of different conformers in the gas-phase experiment. 

 

Figure 2.8. Schematic representation of RIDIR technique used for recording the IR 

spectrum in gas-phase. 
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overlapped with the cold molecular beam. while being temporally delayed. One of the UV 

lasers (probe laser, 10 Hz rep. rate, 10 ns pulse width, pulse energy 0.2-0.4 mJ) fixed at one of 

the electronic bands is delayed by 100-200 ns from the other UV laser (pump laser, 10 Hz rep. 

rate, 10 ns pulse width, pulse energy 0.5-0.7 mJ), which is scanned through the whole region 

of the electronic spectrum. The electronic bands which belong to the same conformer are 

depleted in intensity. A schematic of the UV-UV hole-burning spectroscopy has been provided 

in figure 2.10. 

  

2.1.2 Solution phase spectroscopy 

2.1.2.1 FT-IR spectroscopy 

FTIR spectroscopy is used quite extensively to measure the molecular vibrations that absorb 

the radiation in the infrared region. The functional groups present in the molecule absorb 

infrared radiation giving a unique fingerprint characteristic. The FTIR spectrum of molecules 

is most commonly recorded in the solution phase apart from the gaseous and solid phases. The 

most common solvents for FTIR experiments are Carbon Tetrachloride (CCl4), Carbon 

Disulfide (CS2), and CDCl3. FT-IR spectra of all the peptides studied in this thesis have been 

recorded using a Fourier-Transform IR spectrometer (Bruker Vertex 70).  

Figure 2.10. Schematic representation of the UV-UV hole-burning spectroscopy used for 

measuring the conformation-specific electronic spectra in gas-phase. 
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2.1.2.2 NMR spectroscopy 

The NMR (Nuclear magnetic resonance) spectroscopy is one of the most common 

spectroscopic techniques to identify and characterize molecules.  The two of the most useful 

NMR techniques used to study the various peptides in this thesis have been described briefly, 

here. 

2.1.2.2.1 1D NMR spectroscopy 

The 1D NMR spectroscopy in solution is used to analyze the local chemical environment of 

nuclei which are present in the molecules. The most used 1D NMR technique for chemists is 

the 1H NMR technique or proton NMR technique. All the 1H NMR spectra of the peptides 

studied in this thesis have been recorded in CDCl3 solvent using a 400 MHz NMR spectrometer 

(Bruker-400). 

 

2.1.2.2.2 2D NMR spectroscopy 

The two-dimensional NMR detects the signal (S) from the different nuclei as a function of two-

time variables namely t1 and t2.
132, 133 In this method t1 is time evolved under the first pulse 

whereas signal-induced due to spin change upon introduction of an external magnetic field is 

directly recorded as an accusation time t2. This results in the formation of an outgoing signal f 

(t1, t2) which results in transformation into a two-dimensional spectrum of F (ω1, ω2) upon 

Fourier transformation. The most common and useful 2D NMR used for the characterization 

of molecules in the solution phase are 1H-1H COSY (COrrelated SpectroscopY), TOCSY 

(Total Correlation Spectroscopy), ROESY (Rotating Frame Overhauser Enhancement 

Spectroscopy) and Nuclear Overhauser Effect Spectroscopy (NOESY). All the 2D NMR 

experiments performed for the thesis have been recorded in CDCl3 solvent using a 400 MHz 

NMR spectrometer (Bruker-400). 
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2.1.3 Single-crystal X-ray diffraction (XRD) 

Single-crystal X-Ray diffraction technique has been used to obtain the crystal structure of 

various peptides studied in this thesis.134 X-ray diffraction of all the peptides crystal were 

recorded using the APEX(II) DUO CCD diffractometer.  This technique allows chemists to 

study the molecular structure at an atomic level.  

 

 

2.2 Computational Methods 

 

2.2.1 Gas-phase quantum chemistry calculation 

 

The ground state geometry optimization and harmonic vibrational frequency calculations of 

several peptides are performed using Density Functional Theory (DFT) implemented in 

Gaussian 09 program package.135 Various DFT functional used in the calculations are M05-

2X, M06-2X, B97-D, ωB97X-D, B97-D3, and B3LYP-D3. The basis sets include Pople type 

i.e., 6-31+G(d), 6-311++G(d,p), 6-311++G(2d, 2p) ) along with Dunning’s correlation 

consistent one i.e., def2-TZVPP. DFT calculations are done using “opt=tight” convergence 

criteria and an “ultrafine” numerical integration grid.   

2.2.1.1 Natural Bond Orbital (NBO) calculation 

Various non-covalent interactions, especially hydrogen bonding interactions, present in the 

backbone of the peptides are visualized through NBO calculations implemented in NBO 6.0 

program developed by Weinhold and co-workers.136 The localized natural bond orbitals used 

for this analysis are constructed from the delocalized molecular orbitals. The natural bond 

orbitals are localized on one-center, two-center, or three-center systems. The NBO program 

uses the mathematical algorithm to generate the natural atomic orbitals (NAOs) from the input 

atomic orbital functions. The linear combination of the natural atomic orbitals (NAOs) is used 

to construct the natural hybrid orbitals (NHOs). The linear combination of the natural hybrid 

orbitals (NHOs) further produces the natural bond orbitals (NBOs).  In the case of a linear 
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diatomic molecule i.e., “XY”, two types of natural bond orbitals (NBOs) are generated namely 

bonding NBO orbital (Lewis type) and anti-bonding NBO orbital (non-Lewis type).  

The bonding NBO orbital (donor orbital) has more electron occupancy compared to the anti-

bonding (acceptor orbital) one. In the case of hydrogen bonding, there is delocalization of the 

electron density from the donor NBO orbital (lone pair) to the acceptor NBO orbital. The 

second-order perturbative energy, 𝐸𝑖→𝑗∗
(2)

 (i and j* stand for the donor and acceptor orbitals) is 

used to quantify the strength of hydrogen bonding.   

2.2.1.2 Non-covalent Interaction (NCI) index calculations 

Non-covalent interaction (NCI) index calculations are used to further validate various non-

covalent interactions observed in the peptide.137, 138  NCI plot provides an insight into non-

covalent interactions using electron density and its derivatives. The NCI index is constructed 

as a two-dimensional plot of electron density (ρ) and reduced density gradient (s).  

𝑠 =
1

2(3𝜋2)
1

3⁄

|∇𝜌|

𝜌
4

3⁄
 

The correlation between electron density (ρ) and reduced density gradient (s) has been provided 

above. In the case of weak inter or intramolecular interactions, there is a significant change in 

the reduced gradient which in turn brings out density critical points between interacting atoms. 

The strength of non-covalent interactions is determined based on the sign of Laplacian of 

density (ρ) i.e., 𝛻2𝜌.  

2.2.1.3 Solution phase quantum chemistry calculation 

The solution phase quantum chemistry calculations for peptides have been performed using the 

polarizable continuum model (PCM) method. In this method, the solvent molecules are treated 

as a polarizable continuum. This method replaces the usual microscopic specification of a 

solvent system with a polarizable continuum medium with a suitable dielectric constant and 
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thermal expansion coefficient. This method creates an efficient way to optimize the structure 

of molecules in the solution. 
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Chapter 3 

Observation of a Weak Intra-residue C5 Hydrogen-Bond 

in Z-Gly-Pro-OH 
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3.1 Introduction 

Hydrogen-bonding between the amino hydrogen and carbonyl oxygen atoms of 

different amino acid residues of the peptide backbone is the key to the stabilization of various 

secondary structures in proteins.12, 51, 139-144 The most common secondary structures in proteins 

are -helices, sheets, and turns.12, 30, 143-145 In general, the turns are classified into , , , 

and  corresponding to the C6, C7, C10, C13, and C15 hydrogen-bonded rings involving 

the backbone N-H and C=O groups of ii+1, ii+2, ii+3, ii+4, and ii+5 residues, 

respectively.12, 16 However, a hydrogen bond between the C=O and N-H groups of the same 

amino acid residue of proteins forming a C5 ring is unprecedented and not explored very much 

in the literature.17 The C5 interaction being an intra-residue hydrogen bond is highly 

constrained and relatively weaker than other hydrogen-bonded rings present in the secondary 

structures of proteins.146 

A five-membered hydrogen-bonded ring, albeit not termed as a C5 hydrogen-bond, to 

stabilize the trans conformer of N-alkyl -halo/alkoxy acetamides over the cis conformation 

was reported by Nyquist using IR spectroscopy in the solution phase.18 Later, Burgess et al. 

and several other researchers showed the existence of the C5 hydrogen-bond in several 

dipeptides using solution phase as well as matrix-isolation FT-IR spectroscopy.87, 146, 147 The 

presence of the C5 hydrogen-bond in dipeptides has also been demonstrated through NMR 

spectroscopy and quantum chemistry calculations.17, 91, 148, 149 

C5 hydrogen-bond is mostly observed in the -sheet structures of proteins having an 

extended configuration.17 In the -sheet structures, s-type lone pair on carbonyl oxygen of the 

amide backbone of one strand overlaps with the * orbital of the amide N-H group of another 

strand to form a regular strong N-H…O hydrogen-bond. However, the p-type lone pair on the 

backbone carbonyl oxygen atom can be involved in a constrained C5 hydrogen-bond 



57 
 

interaction with the amide N-H group of the same residue. Raines and co-workers have found 

from an extensive PDB analysis that C5 hydrogen-bond is present in 94% of proteins.17 They 

have verified the existence of the C5 hydrogen bond by studying monomeric peptide models 

as well as tryptophan zipper peptides through NMR and temperature-dependent CD 

spectroscopy. They have further reported that a fine interplay between the C5 hydrogen bonds 

and n* interactions of the disulfide bonds of the cysteine residues contribute significantly 

to the stability of proteins.150 n* interaction is a weak non-covalent interaction that 

originates due to the delocalization of lone pair electrons on oxygen, nitrogen, and sulfur atoms 

into * orbitals of C=O, C=S, aromatic moieties, etc.151-158 

The intrinsic nature and strength of the C5 hydrogen-bond have also been investigated 

in amino acids, monomeric peptide models, and dipeptides using gas-phase laser 

spectroscopy.1, 26, 27, 112, 159-169 The propensity of the C5 hydrogen-bond interaction has been 

observed generally in glycine (Gly) containing small peptides i.e. Z-Gly-OH, Gly-Gly, Ac-

Gly-Phe-NH2.
1, 161, 167 However, most of the dipeptides, containing two different amino acid 

residues having C5 interaction, reported in the literature are stabilized by additional hydrogen-

bond interactions present there.112, 164, 167 The current investigation aims to study a dipeptide of 

two different residues stabilized by only a C5 hydrogen-bond interaction in order to 

demonstrate the significance of this weak interaction in the stability of the peptides.  

In this work, we have studied the inherent conformational preferences of Z-Gly-Pro-

OH through isolated gas-phase spectroscopy and quantum chemical calculations. Here, the 

capping group “Z” on the N-terminal of the peptide stands for benzyloxycarbonyl which is 

used as a UV chromophore for electronic absorption. Figure 3.1 shows the chemical structure 

of Z-Gly-Pro-OH describing the Ramachandran angles (, ). Two conformers of the peptide 

have been observed in the experiment. One of the conformers of Z-Gly-Pro-OH has an 

extended -strand like structure solely stabilized by a C5 hydrogen bond while the other one 
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has a folded conformation stabilized by an OH…interaction. Natural Bond Orbital (NBO)170 

and Non-Covalent Interaction (NCI)137 calculations are performed to validate the non-covalent 

interactions present in the two conformers of the peptide studied here. The most intriguing 

finding of the present study is that the extended conformer of the peptide is much more stable 

than the folded conformer at the experimental temperature. Investigation of the conformational 

preferences of a peptide containing –Gly-Pro- sequence is also significant as this is a part of 

the repeating tripeptide (-Gly-Pro-Hyp-) sequence of collagen66 which has a long extended 

triple helical structure. 

 

 

 

 

 

 

 

 

 

Figure 3.1. Skeletal structure of Z-Gly-Pro-OH showing the atom numbering scheme 

and definition of symbols representing the geometrical parameters. Dihedral angles 1 

(C9-N11-C13-C14), 1 (N11-C13-C14-N16), 2 (C14-N16-C17-C21) and 2 (N16-

C17-C21-O23) are the Ramachandran angles. 
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3.2. Methods and Characterization 

3.2.1 Synthesis and characterization of Z-Gly-Pro-OH 

Materials and Methods:  All the amino acids, Cbz-Cl, N-Hydroxysuccinimide (NHS), N, N'- 

Dicyclohexylcarbodiimide (DCC), Na2CO3, NaHCO3, and NMR solvents, THF, EtOAc, were 

obtained from commercial sources and used without further purification. Column 

chromatography was performed on silica gel. 1H and 13C NMR spectra were recorded on a 400 

MHz (or 101 MHz for 13C) spectrometer using residual solvent signals as an internal reference 

(DMSO-d6 
1H-2.50 ppm, 13C-39.52 ppm). The chemical shifts (δ) are reported in ppm and 

coupling constants (J) in Hz. 

 

 

                                    

Z-Gly-Pro-OH (compound 3) was synthesized from the previously reported method. Glycine 

(15 mmol, 1.13 g) was added to 20 mL of THF (12.7 mmol, 2.67 g). Subsequently, Cbz-Cl in 

THF was added dropwise to the reaction mixture in ice condition and stirred for 8 h. Upon 

completion of the reaction, THF was removed by rota evaporation and worked up by 

acidification with 10 % HCl and the compound was extracted with EtOAc (150 ml X 1). 

Figure 3.2. A schematic for the synthesis of Z-Gly-Pro-OH. 
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Finally, the organic layer was washed with brine solution (100 mL X 1). The organic layer was 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to get Compound 1 

(Yield- 2.67 g, 85%). 

   Cbz-Glycine i.e compound 1 (12.7 mmol, 2.67 g) was dissolved in 20 ml THF and this 

solution was then cooled to 0 oC using an ice bath in N2 atmosphere. NHS (25 mmol, 2.9 g) 

was added to Cbz-Glycine and the reaction mixture was stirred for 10 mins. After that, DCC 

(15.5 mmol, 3.2 g) was added to the reaction mixture and stirred for 8 h. After completion of 

the reaction, it was filtered off and the filtrate was collected to get compound 2 (Yield- 2.96 g, 

80%). 

      The active ester i.e compound 2 (10.2 mmol, 2.96 g) was dissolved in 20 ml THF and this 

solution was then cooled to 0 oC using an ice bath in N2 atmosphere. LProline (11.2 mmol, 1.3 

g) in NaHCO3 was added to the reaction mixture and stirred for 8 h. Upon completion of the 

reaction, THF was evaporated and the compound was extracted with EtOAc (150 mL X 1) and 

then the organic layer was washed with brine (100 mL X 1). The organic layer was dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to give a crude peptide which was 

then purified by precipitation method to get pure compound 3 as a white solid (Yield- 3.0 g, 

70%). 

Characterization of Z-Gly-Pro-OH: 

1H NMR (400 MHz, DMSO-d6):  δ 7.41 – 7.26 (m, 5H), 5.03 (d, J = 2.2 Hz, 2H), 4.23 

(dd, J = 8.8, 3.5 Hz, 1H), 3.92 – 3.68 (m, 2H), 3.50 (q, J = 7.0, 6.5 Hz, 4H), 2.22 – 

2.02 (m, 1H), 1.93 – 1.80 (m, 2H). 

 
13C NMR (101 MHz, DMSO):  δ 173.36, 167.17, 156.50, 137.14, 128.38, 127.70, 

65.42, 58.64, 46.30, 45.48, 42.64, 39.52, 28.64, 24.39. 

HRMS (ESI-MS) (m/z): [M+H+] calculated for (C15H18N2O5 + H+) 307.1294 and found 

307.1297 
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Figure 3.3. 1H NMR spectrum of Z-Gly-Pro-OH recorded using 400 MHz NMR 

spectrometer. 
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Figure 3.4. 13C NMR spectrum of Z-Gly-Pro-OH recorded using 400 MHz 

spectrometer. 
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3.2.2 FTIR spectrum of Z-Gly-Pro-OH 

FTIR spectrum of Z-Gly-Pro-OH peptide has been measured in CDCl3 solution using Bruker 

ALPHA II (2 cm-1 resolution) FT-IR spectrometer. The IR spectrum displayed in Figure 3.6 

shows the vibrational transitions only in the 2800-3700 cm-1 range covering the C-H, N-H, and 

O-H stretching regions. The N-H and O-H bands are the most characteristic ones for assigning 

the structure and conformation of the peptide. However, the observed spectral band in the 

probable position of the N-H and O-H stretching vibration is extremely broad i.e. 3200-3600 

cm-1. Hence, it is not straightforward to assign the structure of the probable conformations of 

Figure 3.5. High resolution mass spectrum (HRMS) of Z-Gly-Pro-OH measured using 

electrospray ionization mass spectrometer (ESI-MS). 
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the peptide from the solution phase IR spectrum. It is thus important to measure conformation-

specific IR spectra of the peptide in the isolated gas phase. 

 

 

 

 

 

 

 

 

 

3.2.3 Experimental details 

A detailed description of the jet-cooled laser desorption Time of Flight (TOF) mass 

spectrometer coupled with resonantly enhanced multiphoton ionization (REMPI) technique to 

measure the electronic and IR spectra of Z-Gly-Pro-OH in an isolated gas phase was provided 

elsewhere.171-174 Z-Gly-Pro-OH was synthesized according to a method reported previously in 

the literature.175 The synthesis method of the peptide and its characterization schemes are 

described in the supporting information. 

A mixture of Z-Gly-Pro-OH sample and graphite powder (Sigma Aldrich, size ~ 20 μm) with 

a ratio of 70:30 was pressed in a hydraulic press applying ~ 3 tons of pressure to make a pellet 

of 2 mm thickness and 12 mm diameter. The pellet was then cut into two semi-circular halves 

Figure 3.6. FTIR spectrum of Z-Gly-Pro-OH peptide measured in CDCl3 solvent. 
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and one of the semi-circular pellets was put into a sample holder fixed with an XYZ 

manipulator having motorized translation along the Z-axis. 532 nm laser beam (500 J/pulse) 

from an Nd: YAG laser (Continuum, Minilite-I, 10 Hz, 10 nanoseconds) was focused on the 

pellet through an optical fiber (400 μm core diameter, 4 m length) for desorption of the sample 

from the surface.176, 177 The pellet was translated back and forth to avoid any damage to the 

sample surface by the laser beam. The desorbed peptide molecules were seeded into the 

molecular beam of Ar gas (5 bar) supersonically expanded through a pulsed nozzle (General 

valve, series 9, 500 μm diameter orifice, 10 Hz).  

The molecular beam of the peptide was ionized by the mixing after doubling output (0.2–

0.3 mJ) of a tunable dye laser (ND6000, Continuum) pumped by a second harmonic output of 

an Nd: YAG laser (10 nanoseconds, 10 Hz, Surelite II-10, Continuum) and analyzed in the 

TOF mass spectrometer (Jordan TOF, USA). The electronic spectrum of the peptide is 

measured using the one-color resonant 2-photon ionization (1C-R2PI) technique in which the 

first photon of the tunable dye laser excites the peptide molecules into the S1 state while the 

second photon ionizes the molecules. 

The IR spectra of the peptide were recorded using resonant ion dip infrared (RIDIR) 

spectroscopy.105  In this technique, the UV laser wavelength was fixed at one of the bands of 

the electronic spectrum while the IR laser, preceding the UV laser by 150 ns, was scanned in 

the O-H and N-H stretching frequency of the region of the peptide. The IR spectra were 

obtained as depletion in the UV ion signal whenever the IR laser frequency was in resonance 

with any one of the vibrational frequencies of the molecule. The fundamental output from an 

unseeded Nd:YAG laser (Continuum, Surelite II-10, 10 nanoseconds, 10 Hz) was used to pump 

the IR laser (Laser Vision, pulse energy ~ 4-5 mJ, resolution ~ 2.5 cm-1).  

IR-UV hole-burning spectroscopy was used to determine the presence of different conformers 

of the peptide in the experiment.105 In this technique, the IR laser was fixed at a particular 
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vibrational frequency of the molecule while the UV laser was scanned in the region of the 

electronic spectrum. The temporal and spatial overlaps in the IR-UV hole-burning and RIDIR 

spectroscopy are similar. 

3.2.4 Computational details 

Theoretical calculations were carried out to determine the structures of the conformers of Z-

Gly-Pro-OH observed in the experiment and explore the intramolecular interactions present 

there. Probable initial structures of the peptides were obtained using Dreiding force field 

calculation178 implemented in the MarvinSketch software.179 The conformers with energies 

within  40 kJ/mol from the global minimum obtained from the force field calculation were 

subjected to quantum chemistry calculations at different levels of density functional theory 

(DFT) using various basis sets employing Gaussian 09 software package.135, 180-184 Various 

DFT levels used for the calculations were M05-2X/6-31+G(d), ωB97X-D/6-31++G(d,p), 

ωB97X-D/6-311++G(d,p), and M06-2X/6-311++G(d,p). Electronic energies of different 

conformers of Z-Gly-Pro-OH were corrected for zero-point vibrational energies. The electronic 

energies of the conformers were further corrected for their entropy contribution by calculating 

relative Gibbs free energies at different temperatures.185, 186 Vibrational frequencies of the two 

most important functional groups NH and OH of Z-Gly-Pro-OH calculated with harmonic 

approximations are scaled with respect to those reported experimentally for Z-Gly-OH in the 

literature.1 The presence of various non-covalent interactions in the experimentally observed 

conformers of Z-Gly-Pro-OH was validated through natural bond orbital (NBO)170 and non-

covalent interaction (NCI) calculations.138, 187, 188 The NBO calculations were done with NBO 

6.0 software136 while the NCI calculations were performed using NCIPLOT program.137 

3.3 Results and Discussions 

3.3.1 Electronic Spectra of Z-Gly-Pro-OH 
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Figure 3.7a shows the electronic spectrum of Z-Gly-Pro-OH recorded in the S0-S1 region of the 

Z-cap in the 37450-37620 cm-1 region using 1C-R2PI spectroscopy. The spectrum shows a few 

sharp bands along with a very weak broad feature. To check whether various bands present in 

the electronic spectrum are originating from a single conformer or multiple conformers of Z-

Gly-Pro-OH, IR-UV hole-burning experiment has been performed. Figure 3.7b-c shows the 

IR-UV hole-burning spectra obtained by fixing the IR laser at the N-H stretching frequencies 

of 3457 and 3450 cm-1 of Z-Gly-Pro-OH, respectively, while the UV laser was scanned in the  

R2PI spectrum region. The N-H stretching frequencies at 3457 and 3450 cm-1 are obtained by 

fixing the UV laser at the 37465 and 37602 cm-1 bands, respectively, in the electronic spectrum 

(Figure 3.10a) by employing RIDIR spectroscopy discussed in section 3.3.3      

Figure 3.7. (a) Electronic spectrum of Z-Gly-Pro-OH measured using 1C-R2PI 

spectroscopic technique. (b)-(c) IR-UV hole-burning spectra of Z-Gly-Pro-OH 

measured by fixing the IR laser at 3457 and 3450 cm-1 respectively. The band marked 

by an asterisk (37596 cm-1) and the weak broad feature in the red-side of this band 

neither provided any IR spectra nor any hole-burning spectra. 
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We can see in the hole-burning spectrum provided in Figure 3.7b that the most intense band at  

37465 cm-1 and two successive bands at 37511 and 37552 cm-1 show the depletion in the ion 

signal.  Thus, these three bands belong to the same conformer of Z-Gly-Pro-OH, labeled as A. 

The 37465 cm-1 band is assigned to the origin band (S0-S1) of the conformer A while the A0
0  + 

46 and A0
0  + 87 cm-1 are the vibronic bands of the same conformer. The hole-burning spectrum 

displayed in Figure 3.7c shows the depletion of only a single band at 37602 cm-1, which is 

assigned to the origin band (S0-S1) of conformer B of Z-Gly-Pro-OH. The sharp band at 37596 

cm-1 marked with an asterisk and the weak broad feature in the red-part of that band is not 

affected in both of the hole-burning spectra. However, we were not successful in obtaining any 

IR or hole-burning spectra by probing these electronic bands as these are weak in intensity. 

These bands could belong to some other conformers which have very low abundance in the 

experiment. Difficulties in measuring hole-burning spectra by probing the weak bands in the 

electronic spectra are reported in the literature.121, 168 The electronic spectral region of Z-Gly-

Pro-OH studied here match well with that of the Z-cap peptides (i.e., Z-Gly-OH, Z-(Gly)3-OH, 

Z-Aib-OH, Z-Gln-OH) reported in the literature.1, 159, 160  

 

3.3.2 Conformational landscape of Z-Gly-Pro-OH 

A large number (~200) of conformers of Z-Gly-Pro-OH was generated using a force field based 

MarvinSketch software.179 The resulting conformers were arranged in terms of relative 

energies with respect to the global minimum obtained from the conformational search. The 

conformers having an energy difference of 0.5 kJ/mol and similar structures were placed in the 

same group. A total of 65 groups were formed and the conformer with the lowest energy in 

each group was optimized at the M05-2X/6-31+G(d) level of theory. Finally, the M05-2X/6-

31+g(d) optimized structures with energies within 24 kcal/mol were further considered for 
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geometry optimizations at the B97X-D/6-31++G(d,p) level of theory. Thermal correction to 

the zero-point energy corrected electronic energies of the conformers was done by calculating 

their relative Gibbs free energies (Grel) at different temperatures ranging from 0-1000 K with 

an interval of 50 K. It has been emphasized recently that the population of the conformers of 

the laser-desorbed molecules  

in the jet-cooled experiments is best described by their Grel calculated at 300-500 K rather 

than the default electronic energies calculated at 0 K.161, 166, 189, 190  

 

Figure 3.8a presents the energy landscape of the 12 low energy conformers of Z-Gly-Pro-OH 

with Grel values within  24 kcal/mol from the global minimum calculated at 300 K at the 

B97X-D/6-31++G(d,p) level of theory. Based on the geometries of the optimized structures 

Figure 3.8. (a) Energy landscape of the low energy conformers of Z-Gly-Pro-OH with the 

relative Gibbs free energy (∆Grel) values within 24 kcal/mol calculated at 300 K using ωB97X-

D/6-31++G(d,p) level of theory. (b) The optimized structures of the three lowest energy 

conformers of Z-Gly-Pro-OH observed in the experiment. 
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(Figure 3.8b), the conformers are generally named as either extended (E) or folded (F). For the 

brevity, the optimized structures of only the three lowest energy conformers of Z-Gly-Pro-OH 

observed in the experiment are provided in Figure 3.8b while the optimized structures of all 

the 12 conformers are shown in Figure 3.14.  

The conformers E1 and E2 shown in Figure 3.8b have an extended -strand type structure 

stabilized by an intra-residue C5 hydrogen-bond interaction present between the N-H and C=O 

groups of the Gly residue and hence these two conformers are named E1-C5 and E2-C5, 

respectively. It should be noted that the E1-C5 and E2-C5, which are energetically very close 

to each other, differ structurally only in terms of the orientation of the benzyl group. The 

remaining conformers shown in Figure 3.14 have folded structure designated as F. 

Interestingly, the F1 conformer is unique in the orientation of the carboxylic OH group which 

is involved in the O-H… interaction with the phenyl group of the Z-cap, and thus, this 

conformer is named as F1-. The carboxylic O-H group in the remaining folded conformers is 

free only.  

A few selected important geometrical parameters of the observed conformers of Z-Gly-

Pro-OH calculated at the B97X-D/6-31++G(d,p) level of theory are listed in Table 3.1 It is 

noteworthy that the Ramachandran angles (1, 1, and 2, 2) as well as C5 hydrogen-bond 

distance and angle in the E1-C5 and E2-C5 conformers are quite similar. The Ramachandran 

angles 1, 1= -175, -178 of the Gly residue in the E1-C5 and E2-C5 conformers are the 

signatures of the presence of the extended -strand like C5 structure. Similar 1, 1 angle for 

the C5 hydrogen-bonded structures of Z-Gly-OH, Z-Aib-OH, Z-Gln-OH, Ac-Phe-NHMe 

model peptides or Z-(Aib)2-OMe, Gly-Gly dipeptides studied by gas phase spectroscopy have 

been reported in the literature.1, 159-161, 165 Raines and co-workers found from the PDB analysis 

of high-resolution protein crystal structures that approximately 5% of all the residues having 
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backbone dihedral angles >140 are involved in C5 hydrogen-bonding interactions.17 The C5 

hydrogen-bond distance of 2.19 Å observed in the E1-C5 and E2-C5 conformers of Z-Gly-Pro-

OH also match well with that reported for several peptides in the literature.27, 91, 159, 160, 163 

Table 3.1. Important geometrical parameters of the observed conformers of Z-Gly-Pro-OH 

calculated at the B97X-D/6-31++G(d,p) level of theory 

 

Geometrical parameters E1-C5 E2-C5 F1- 

 -175 -175 -140 

 -178 -178 58 

 -59 -60 -89 

 150 150 169 

C5 bond distance (Å) 2.19 2.19 - 

bond distance (Å) - - 2.47 

C5 bond angle (0) 105.23 105.35 - 

bond angle (0) - - 121.82 
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Table 3.2. Comparison of the zero-point corrected energies ( kJ/mol) of the first six low energy 

conformers of Z-Gly-Pro-OH calculated at 0 and 300 K at the B97X-D and M06-2X levels 

of theory using 6-31++G(d,p) and 6-311++G(d,p) basis sets. 

 

 

 

 

 

 

 

 

 

 

 

It is quite intriguing that the two extended structures (E1-C5 and E2-C5) of Z-Gly-Pro-OH are 

more stable than all the folded structures (Figure 3.8a). Table 3.2 shows a comparison of the 

zero-point corrected energies of the first six low energy conformers of Z-Gly-Pro-OH 

calculated at 0 and 300 K at the B97X-D and M06-2X levels of theory using 6-31++G(d,p) 

and 6-311++G(d,p) basis sets. Grel (0 K) and Grel (300 K) values of all the 12 conformers of  

Z-Gly-Pro-OH calculated at the B97X-D/6-31++G(d,p) level of theory are also provided in 

Table 3.  

 

 

 

Conformers 

ωB97X-D M06-2X 

6-31++G(d,p) 6-311++G(d,p) 6-311++G(d,p) 

Erel 

(0 K) 

Grel 

(300 K) 

Erel 

(0 K) 

Grel 

(300 K) 

Erel 

(0 K) 

Grel 

(300 K) 

E1-C5 7.90 0 10.00 0.67 10.21 0.42 

E2-C5 5.21 0.97 6.51 0.00 7.98 0.00 

F1- 2.56 6.05 2.39 2.69 0.00 4.33 

F2 0.00 6.72 0.00 6.38 5.96 9.45 

F3 1.81 7.48 2.69 8.27 7.22 10.88 

F4 10.71 7.81 12.05 7.43 14.91 7.10 
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It is obvious that the folded conformer (either F1- or F2) is the global minimum at 0 K while 

the extended conformer (E1-C5 or E2-C5) is the most stable one at 300 K. Thus, it can be 

concluded that larger entropic effects of the extended conformer compared to the folded 

conformer at 300 K contribute to the enhanced stability of the former one. Similar observation  

on the stabilization of the extended structures over the folded structures of several peptides and 

-amino acids has been reported in the literature.161, 162, 189-191 

Table 3.3. Relative Gibbs free energy (∆Grel) values of the low energy conformers of Z-Gly-

Pro-OH calculated at 0 K and 300 K at the ωB97X-D/6-31++G(d,p) level of theory. 

 

 

Conformers Grel  (kJ/mol) at 0 K Grel (kJ/mol) at 300 K 

E1-C5 7.90 0.00 

E2-C5 5.21 0.97 

F1- 2.56 6.05 

F2 0.00 6.72 

F3 1.81 7.48 

F4 10.71 7.81 

F5 7.60 9.45 

F6 6.05 12.22 

F7 19.28 15.92 

F8 22.6 18.52 

F9 27.55 21.04 

F10 24.82 22.60 
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We have also shown the plot of Grel of the six low energy conformers of Z-Gly-Pro-OH as a 

function of temperature (0-1000 K) in Figure 3.9. It is important to note that the energies of 

both the extended conformers are lower than those of the folded conformers at a temperature 

200 K and higher.  

3.3.3 IR spectroscopy of Z-Gly-Pro-OH 

Figure 3.10a and 3.10c shows IR spectra of Z-Gly-Pro-OH measured in the N-H and O-H 

stretching region by probing the A0
0  band (37465 cm-1) of the conformer A and B0

0 band (37602 

cm-1) of the conformer B, respectively, using RIDIR spectroscopy. The structures of the two 

observed conformers of the peptide are determined by comparing the IR spectra measured from 

the experiment with those obtained from the calculation of various probable low-energy 

Figure 3.9. A plot of relative Gibbs free energy (∆Grel) of six low energy conformers of Z-

Gly-Pro-OH as a function of temperature (0-1000 K) calculated at the ωB97X-D/6-

31++G(d,p) level of theory. 
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conformers.  A comparison of the experimental IR spectra of the two observed conformers with 

the B97X-D/6-31++G(d,p) and M05-2X/6-31+G(d) level calculated, scaled, harmonic IR 

spectra of the 12 low energy conformers of Z-Gly-Pro-OH with energy within Grel ~ 24 kJ/mol 

of the global minimum is provided in Figure 3.11. The scaling factors used for the harmonic 

NH and OH stretching frequencies at the B97X-D/6-31++G(d,p) level are 0.944 and 0.933, 

respectively, while those at the M05-2X/6-31+G(d) level are 0.944 and 0.952, respectively. 

The scaling factors are obtained by scaling the B97X-D/6-31++G(d,p) and M05-2X/6-

31+G(d) level calculated harmonic frequencies of the most stable conformer of Z-Gly-OH to 

the experimental frequency reported in the literature.1  
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A close inspection of Figure 3.11 reveals that the theoretical IR spectra of the global minimum 

conformer E1-C5 and the next lowest energy conformer E2-C5 of a similar structure match 

very well with the experimental IR spectrum of the conformer B provided in Figure 3.10c. 

Although the theoretical IR spectrum of another conformer F3 of Grel (300 K) ~1.5 kcal/mol 

is similar to the experimental IR spectrum of the conformer B, the possibility of the observation 

of the high energy F3 conformer in the experiment, compared to the global minimum E1-C5 

and its near-isoenergic conformer E2-C5, can be ruled out. Thus, the theoretical IR spectra of 

only the E1-C5 and E2-C5 are provided in Figures 3.10d and 3.10e, respectively, to assign the 

experimental IR spectrum of the conformer B provided in Figure 3.10c. On the other hand, the 

theoretical IR spectrum of solely the F1- conformer provided in Figure 3.10b corroborates 

with the experimental IR spectrum of the conformer A presented in Figure 3.10a. Hence, 

conformer A is assigned to the F1- structure while conformer B can be assigned to either the 

E1-C5 or E2-C5 structure of Z-Gly-Pro-OH.  

It is worth mentioning here that the intensity of the electronic band of conformer A is 

higher than that of the conformer B as observed in the electronic spectrum of Z-Gly-Pro-OH 

(Figure 3.7a) although the latter one is energetically lower than the former one after the thermal 

correction. The anomaly in the observed intensity of the electronic bands of the conformers in 

terms of their population can arise as the intensity of the electronic bands does not solely 

depend on the population of the molecules in the ground electronic state. Thus it could be 

Figure 3.10. (a) and (c) IR spectra of different conformers of Z-Gly-Pro-OH measured using 

RIDIR spectroscopy by fixing the UV laser at 37465 and 37602 cm-1 respectively. (b), (d)-(e) 

are scaled theoretical IR spectra of different conformers of Z-Gly-Pro-OH with their relative 

Gibbs free energy (∆Grel, in kJ/mol) values calculated at the ωB97X-D/6-31++G(d,p) level of 

theory. The N-H and O-H stretching frequency of all the conformers are scaled with scaling 

factors of 0.944 and 0.933 respectively (See the text). 
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speculated that the absorption/photoionization cross section, S1 state lifetime, and Franck-

Condon factor of the conformer A might be more favorable towards higher band intensity than 

that of the conformer B.159 

The 3515 cm-1 band in Figure 3.10a is now assigned to the carboxylic OH group involved in 

the -hydrogen-bonding interaction with the phenyl group while the 3457 cm-1 band arises due 

to the free NH group of the F1- conformer. However, the carboxylic OH group in the E1-

C5/E2-C5 conformer is free and appears at 3577 cm-1 (Figure 3.10c). Thus, the carboxylic OH 

group in the F1- conformer is red-shifted by 62 cm-1 compared to that in the E1-C5/E2-C5 

conformer. The C5 hydrogen-bonded NH group in the extended conformer, which appears at 

3450 cm-1 (Figure 3.10c), is red-shifted by 7 cm-1 in comparison to the free NH group in the 

F1- conformer. Similar stretching frequency value of the amide NH group involving in C5 

hydrogen-bond has been reported in the gas phase spectroscopic studies of several dipeptides 

and model peptides.1, 159, 160, 165, 167 The red-shift observed in the C5 hydrogen-bonded NH 

group of Z-Gly-Pro-OH studied here is also consistent with that reported in the gas phase 

studies of similar molecular systems.1, 159 It is interesting to point out that the solution phase 

FT-IR study of the C5 interaction in several peptides reports the N-H stretching frequency in 

the 3400-3420 cm-1 region.87, 146, 192 

The C5 hydrogen-bond and O-H… interaction observed in the E1-C5/E2-C5 and F1- 

conformers, respectively, of Z-Gly-Pro-OH, are further validated through NBO and NCI 

analysis discussed later. 
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Figure 3.11. A comparison of the experimental IR spectra of the two observed 

conformers with the (a) B97X-D/6-31++G(d,p) and (b) M05-2X/6-31+G(d) level 

calculated, scaled, harmonic IR spectra of the 12 low energy conformers of Z-Gly-Pro-

OH with energy within Grel ~ 24 kJ/mol of the global minimum. The scaling factors 

used for the harmonic NH and OH stretching frequencies at the B97X-D/6-31++G(d,p) 

level are 0.944 and 0.933, respectively, while those at the M05-2X/6-31+G(d) level are 

0.944 and 0.952, respectively. The scaling factors are obtained by scaling the B97X-

D/6-31++G(d,p) and M05-2X/6-31+G(d) level calculated harmonic frequencies of the 

most stable conformer of Z-Gly-OH to the experimental frequency reported in the 

literature.1 



79 
 

3.3.4 NBO analysis 

 According to the NBO formalism, the strength of the hydrogen-bond interaction can be 

explained in terms of 2nd-order perturbative energy (Ei→j∗
(2)

) for the delocalization of the lone 

pair electrons in the hydrogen-bond acceptor orbital (i) to the antibonding orbital (j*) of the 

hydrogen-bond donor.170, 193  

Figure 3.12a-b shows the NBO overlap as well as Ei→j∗
(2)

 values for the delocalization of the p-

type lone pair electrons (np) on the oxygen atom of the C=O group into the * orbital of the N-

H group i.e. np(O)*
N-H interaction in the C5 hydrogen-bond present in the E1-C5 and E2-

C5 conformers of Z-Gly-Pro-OH, respectively. Interestingly, the Ei→j∗
(2)

  values for the C5 

hydrogen-bond in the E1-C5 (14.15 kJ/mol) and E2-C5 (14.57 kJ/mol) conformers are similar. 

Figure 3.12. (a)-(c) Natural Bond Orbital (NBO) views of the experimentally observed 

conformers of Z-Gly-Pro-OH showing the interactions between various orbitals as well as 

their respective second order perturbation energy  (Ei→j∗
(2)

) values. See Figure 1 for atom 

numbering scheme. 
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Raines and co-workers have shown that the C5 hydrogen-bond in the -sheet structures of 

proteins indeed involves delocalization of the p-type lone pair on the carbonyl oxygen into the 

neighbouring N-H group of the same residue of the peptide backbone. Figure 3.12c shows the 

NBO overlap and Ei→j∗
(2)

 values for the delocalization of the electrons in the C=C orbital of the 

phenyl group into the * orbital of the O-H group, i.e. C=C*
O-H interaction in the O-H… 

hydrogen-bond in the F1- conformer of Z-Gly-Pro-OH. It should be noted that the Ei→j∗
(2)

  value 

for the C5 hydrogen-bond in the extended conformer is slightly larger than that for the O-H… 

hydrogen-bond in the folded conformer (F1-).  

3.3.5 Non-Covalent Interaction (NCI) calculations 

Recently, NCI calculations have been found to be very useful for visualization of weak non-

covalent interactions present in molecules as well as weakly bound molecular complexes.137, 

138 NCI calculations show the co-relation between reduced density gradient (RDG) and electron 

density (ρ) for identification and characterization of favorable or unfavorable interactions of 

different strength in a semi-quantitative and visual manner.137 The RDG is represented as 

follows: 

𝑅𝐷𝐺 =
1

2(3𝜋2)1/3

|∇𝜌|

𝜌4/3
 

The RDG between the interacting atoms changes when a weak inter- or intra-molecular 

interaction present in the molecular systems produces density critical points creating iso-

surface. The sign of the Laplacian of the density (ρ), 2ρ, is a widely used tool to distinguish 

the strength of the interactions. The Laplacian is decomposed into three components along the 

principal axis of maximum variations. These components are the eigenvalues of the electron 

density Hessian matrix, such that 2ρ = λ1+ λ2+ λ3. At the nuclei, the density reaches maxima 

and all the three eigen values are negative. The weaker non-covalent interactions, whether 
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bonding or We have generated the RDG isosurfaces using the NCIPLOT program137 and 

visualized with VMD.194 A density cut-off of 0.05 a.u. has been applied and the NCI figures 

have been generated with an isosurface value of 0.042 and colored in the [-4.00, 4.00] a.u. ρ 

range. Here, the NCI calculations are performed only for the experimentally observed 

conformers of Z-Gly-Pro-OH, i.e. E1-C5, E2-C5, and F1- to confirm the presence of the non-

covalent interactions revealed by the NBO calculations. 
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Figure 3.13a-b shows the NCI isosurface and RDG vs sign (λ2).ρ plot for the E1-C5 and E2-

C5 extended conformers, respectively, while the same for the F1- conformer has been 

provided in Figure 3.13c. The RDG minima at a similar value (~ -0.02) of sign (λ2).ρ for both 

the extended and folded conformers indicate that the strength of the C5 hydrogen-bond and 

OH…π interaction present there, respectively, is quite similar. 

3.3.6 Structure, energetic and Frequency comparison of high energy conformers.  

The structure of 12 low energy conformers lying within the energy limit of 6 kcal/mol with 

respect to the global minimum conformer has been shown in figure 3.14 after optimization at 

ωB97X-D/6-31++G(d,p) level. The conformers having extended conformation having an intra-

residue C5 hydrogen bond in glycine residue are the most stable conformers.  

 

 

 

Figure 3.13. (a)-(c) The NCI isosurface and plots of RDG as a function of sign(λ2)ρ for the 

lowest energy conformers (E1-C5, E2-C5 and F1-) of Z-Gly-Pro-OH. The surfaces are 

colored on a blue-green-red scale according to the values of sign(λ2)ρ ranging from -0.05  

to 0.05 a.u. Blue color indicates strong attractive interactions and red indicates strong 

repulsive interactions. The geometries are obtained from B97XD/631++g(d,p) level. 
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3.3.7 Crystal structure analysis of Z-Gly-Pro-OH 

The crystal structure of the Z-Gly-Pro-OH molecule was grown in a 2 ml glass vial by keeping 

the Z-Gly-Pro-OH solution in ethyl acetate and n-hexane for slow evaporation for 5 days. The 

X-ray diffraction of the crystal of Z-Gly-Pro-OH was performed using APEX(II) DUO CCD 

Figure 3.14. Optimized geometries of the low energy conformers of Z-Gly-Pro-OH 

with relative Gibbs free energy (∆Grel) values within 6 kcal/mol from the global 

minimum calculated at the ωB97X-D/6-31++G(d,p) level of theory. ∆Grel values are 

calculated at 300 K. 
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diffractometer. The X-ray diffraction data were collected at 100 K. The structure obtained after 

diffraction of the Z-Gly-Pro-OH molecule has been presented in figure 3.1 

 

  

 

The crystal structure of the Z-Gly-Pro-OH molecule shows an extended structure like one 

observed experimentally in gas-phase spectroscopy although C5 interaction is missing in the 

case of crystal. This could be due to the tight packing of peptide molecules in the crystal 

packing. The hydrogen bond angle (730) and bond distance (286pm) in the crystal don’t allow 

the formation of intra-residue C5 hydrogen bond in the case of the Z-Gly-Pro-OH molecule.                          

3.4 Conclusion 

Conformational preferences of Z-Gly-Pro-OH have been investigated in an isolated gas-phase 

experiment using resonant 2-photon ionization and IR-UV double resonance spectroscopy 

techniques combined with quantum chemistry calculations. Two conformers of the peptide 

observed in the experiment are assigned to E1-C5/E2-C5 and F1- structures based on their 

Gibbs free energies at 300 K or higher as well as vibrational frequencies. It has been found that 

populations of the conformers of the molecules in the laser desorption experiment are best 

described in the 300-500 K temperature range. The E1-C5 and E2-C5, which have an extended 

Figure 3.15. ORTEP representative structure of Z-Gly-Pro-OH crystal. Thermal 

ellipsoid has been kept at 50% level. 
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-strand type structure stabilized by an intra-residue C5 hydrogen-bonding interaction (N-

H…O), are nearly isoenergetic while E1-C5 is the global minimum. The F1- conformer, 

which is about 1.5 kcal/mol higher in energy from the global minimum, has a folded structure 

stabilized by an O-H… interaction. Interestingly, both the extended and folded structures of 

the peptide are observed in the experiment. The higher stability of the extended structure over 

the folded one obtained from the Gibbs free energy calculation at 300 K or higher temperature 

indicates a significant contribution of larger entropy in the stabilization of the former structure. 

The NBO calculations indeed show that the C5 hydrogen-bond interaction in the amide 

backbone involves delocalization of the electrons in the p-type lone-pair orbital of the carbonyl 

oxygen atom to the * orbital of the N-H group. The presence of weak C5 hydrogen-bond and 

O-H… interaction in the two observed structures of the peptide is further validated by the 

NCI calculations. The solution phase FTIR suggests that the Z-Gly-Pro-OH molecule can either 

exist in a folded or extended conformation. The crystal structure of the peptide molecule shows 

extended conformation devoid of an intra-residue C5 hydrogen bond. 
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Chapter 4 

Sequence-dependent Folding Motifs of the Secondary 

Structures of Gly-Pro and Pro-Gly Containing 

Oligopeptides 
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4.1 Introduction 

Primary structures of proteins are based on the sequence of the amino acid residues while the 

secondary structures are formed through hydrogen bonding interactions of the backbone amide 

hydrogens and carbonyl oxygens in the polypeptide chains.146, 195, 196 Although protein folding 

is a global phenomenon, the secondary structures, which are local in nature, play an important 

role in the stability and shape of the proteins.139, 142, 196-199 The secondary structures of proteins 

and peptides are generally categorized as helices, sheets, and turns depending on their 

hydrogen-bonding network along the backbone peptide chain.2, 15, 30, 52, 144, 200  

Turns are one of the most important secondary structures in proteins as they change the overall 

direction of the polypeptide chains and also provide their compact folded structures.200 Based 

on the hydrogen bonding patterns along the polypeptide chains, commonly observed turn 

structures are , , and which are classified in terms of the hydrogen-bonded rings C7, C10, 

and C13, respectively, formed through the backbone N-H and C=O groups of the ii+2, 

ii+3, and ii+4 residues, respectively.15, 16, 64, 201, 202 -turns are one of the most common 

secondary structures in proteins and peptides while the and turns are less prevalent.69, 203 

-turns are very often present in the loop region of the -hairpin structure made of two anti-

parallel -strands, which are again the building blocks of the -sheet structures.204  

Propensities of distinct turn structures in proteins and small peptides are closely related to the 

specific amino acid residues present there as well as their particular sequences. The specific 

sequence of the residues permits the polypeptide chain to acquire the requisite Ramachandran 

(, ) angles to form the particular turn.83, 205 It has been reported in the literature that the most 

common amino acid residues which favor the -turn formation in proteins and polypeptides 

are Gly, Pro, Asn, and Asp while the propensity of these residues in helices and -sheet is 

negligible.140 Moreover, Gly and Pro are unique among all the amino acid residues as there is 
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no side chain in the former one while the side chain of the latter one forms a five-membered 

ring with the nitrogen atom in the peptide bond. Thus, the combination of the most flexible 

amino acid Gly and the most rigid amino acid Pro is found to be favorable for the formation of 

the -turn and -bend structures in proteins.70, 140 However, it has been reported that the Pro-

Gly sequence has a higher propensity for the formation of the -turn conformation in proteins 

but it is very low for the Gly-Pro sequence, which prefers to form an extended polyproline II 

type conformation.21, 83, 97 It is also demonstrated that the -turn is the conformational 

requirement of the enzymatic hydroxylation of the specific proline residue of the Pro-Gly 

segment in procollagen for formation of the stable triple helical structure of collagen.14 

Balaram and co-workers have illustrated the efficient formation of -hairpin conformations in 

the crystals of Hexa- to decapeptides exploiting the DPro-Gly segment at the central position 

to adopt type II -turn conformations.67, 98, 206, 207 Gellman and co-workers have also validated 

that peptides having DPro-Gly segment have a propensity of -hairpin formation through -

turn at the loop.208 Scheraga and co-workers have studied the conformational properties of end-

protected Gly-Pro as well as –Pro-Gly- dipeptides using FTIR, CD, and temperature-dependent 

NMR spectroscopy. They have concluded that the dominant conformation observed for the 

Gly-Pro peptide is -strand orextended polyproline II type while the same for the Pro-Gly is 

-turn.21 They reported from their data that other minor conformations of Gly-Pro and Pro-Gly 

dipeptides were also present in their experiments. Later, it has been shown from the X-ray 

crystallography study that both t-Boc-Gly-LPro-OH and t-Boc-Gly-LPro-OBz peptides indeed 

exhibit extended conformations.209 Recently, Kang et al. have demonstrated from DFT and 

implicit solvation model calculation that DPro-Gly containing peptides have a strong preference 

for -hairpin and -turn structures.99  
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Intrinsic folding motifs of small peptides have also been explored using isolated gas phase laser 

spectroscopy techniques to probe different low-energy conformations as well as various non-

covalent interactions present there.8, 9, 23, 25, 81, 92, 103, 122, 210-214 However, gas-phase 

conformational studies on peptides consisting of Gly and Pro residues are explored to some 

extent in the literature but a detailed study combining gas-phase and condensed phase studies 

is required.163, 215-217 An advantage of gas-phase spectroscopy over the solution or solid-state 

spectroscopy is that one can obtain quantitative information on the structures of several low-

energy conformations of small peptides which are important for the secondary structures of 

various neighbouring states including the global minimum of polypeptides or proteins.8, 23, 218,1, 

27, 159, 219 More specifically, gas phase study of the structures of small peptides will resemble 

the folding motifs of the secondary structures of polypeptides or proteins, which are local and 

embedded in a hydrophobic environment.  

In this work, we have studied sequence-dependent folding motifs of capped dipeptides, Boc-

Gly-DPro-NHBn-OMe and Boc-DPro-Gly-NHBn-OMe employing gas-phase UV/IR laser 

spectroscopy, quantum chemistry calculations, solution-phase IR, NMR spectroscopy and X-

ray crystallography. The aim is to connect the data on the conformations of the peptides 

revealed from the gas phase with those from the condensed phase. 

4.2 Methods 

4.2.1 Experimental methods 

The end-protected dipeptides Boc-Gly-DPro-NHBn-OMe and Boc-DPro-Gly-NHBn-OMe 

were synthesized and characterized following standard methods provided in the supporting 

information.175  Solution phase IR and 1D/2D NMR spectra of the peptides were measured in 

a dilute CDCl3 solution using standard FTIR-Bruker Vertex 70 spectrometer and 400 MHz 

NMR (Bruker-400) spectrometer, respectively, to determine the structures of the 
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conformations. Single crystal X-ray diffraction (XRD) of the peptides is performed using 

APEX(II) DUO CCD diffractometer. A detailed description of the solution phase spectroscopy 

and single-crystal XRD analysis has been provided in the supporting information. 

Conformation-specific electronic and IR spectra of the peptides were measured using various 

gas-phase laser spectroscopic techniques in a home-built jet-cooled laser desorption Time of 

Flight (TOF) mass spectrometer, which has been described in detail, previously and also in 

supporting information.171, 173, 174, 220-222 In brief, a pellet consisting of the peptide sample and 

graphite powder was mounted in a rotating sample holder placed in the vacuum chamber. A 

laser beam of 532 nm (Nd:YAG laser, Continuum, Minilite-I, 10 Hz, 10 nanoseconds) was 

mildly focused on the rotating pellet to desorb the peptide molecules, which were seeded into 

the supersonic expansion of Ar (~5 bar) carrier gas. The molecular beam of the peptide was 

ionized by the second harmonic output (0.2–0.3 mJ) of a tunable dye laser (ND6000, 

Continuum) pumped by the frequency-doubled output of an Nd:YAG laser (10 nanoseconds, 

10 Hz, Surelite II-10, Continuum) and the ions were analyzed in the TOF mass spectrometer 

(Jordan TOF, USA).  

Mass-selected electronic spectra of the peptides were recorded using the one-color resonant 2-

photon ionization (1C-R2PI) method. Resonant ion dip infrared (RIDIR) spectroscopy was 

used to measure the IR spectra of the peptide molecules. A tunable IR laser (Laser Vision, 

pulse energy ~ 4-5 mJ, resolution ~ 2.5 cm-1) based on an optical parametric oscillator (OPO)/ 

optical parametric amplifier (OPA) pumped by an unseeded Nd: YAG laser (Continuum, 

Surelite II-10, 10 nanoseconds, 10 Hz) was used for the IR spectroscopy experiment. IR-UV 

hole-burning and UV-UV hole-burning spectroscopy were performed to discriminate the 

presence of different conformers present in the gas-phase experiments.  

4.2.2 Computational methods 
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Quantum chemical calculations were performed to predict the structures of the conformers of 

the peptides observed in the gas phase spectroscopy experiments. Conformation-specific 

vibrationally resolved IR spectra obtained from the experiment were compared with the 

theoretical IR spectra of low-energy conformations. Various types of non-covalent interactions 

present in the conformers were also visualized through the theoretical calculations. Initially, a 

large number of conformers (~140) of both Boc-Gly-DPro-NHBn-OMe and Boc-DPro-Gly-

NHBn-OMe peptides were generated using a conformational search software called 

CONFLEX based on the MMFF94 force field. 179, 223 The conformers within the energy range 

of 40 kJ/mol with respect to the lowest energy one were grouped by applying a cut-off of 0.4 

kJ/mol. About 60 groups with each containing a few conformers were formed for both the 

peptides. The conformer with the lowest energy in each group was then subjected to 

preliminary optimization using the HF/6-31G(d) level of theory. A few more conformers within 

a group showing different conformation were also considered for optimization at HF/6-31G(d). 

Overall 89 and 83 conformers were optimized at HF/6-31G(d) level of theory for Gly-Pro and 

Pro-Gly sequence, respectively. Afterward, 52 and 68 non-redundant conformers were re-

optimized at the M05-2X/6-31+G(d), B3LYP-D3/def2TZVPP, B97-D3/def2TZVPP, and 

ωB97XD/def2TZVPP level of theory for Gly-Pro and Pro-Gly sequence, respectively. The 

conformers within 12 kJ/mol relative energy compared to the global minimum structure after 

optimization at the B3LYP-D3/def2TZVPP level of theory were further optimized at the M06-

2X/6-311++G(2d,2p) level of theory. All calculate ions were performed using Gaussian 09 

package135 and except at  M06-2X/6-311++G(2d,2p) level of theory which was carried out 

using Gaussian 16 package.180  

4.3 Results and Discussions 

4.3.1 Synthesis procedures and characterization of the peptides 
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 Synthesis method 

Both the peptides Boc-DPro-Gly-NHBn-OMe and Boc-Gly-DPro-NHBn-OMe were 

synthesized by a standard synthetic procedure reported in the literature.175  

Synthetic procedure of Boc-D-Pro-Gly-NHBn-OMe: Commercially available Boc-D-Pro-

COOH was coupled with N-Hydroxysuccinimide (NHS) in the presence of N,N’-

Dicyclohexylcarbodiimide (DCC), tetrahydrofuran (THF) in a round bottom flask kept at ice 

condition and left at room temperature for 12 h. The product was then coupled with Glycine in 

the presence of NaHCO3, and THF and then acidified with 10% HCl and this resulted in the 

formation of Boc-DPro-Gly-OH. Boc-DPro-Gly-OH was then mixed with 4-

Methoxybenzylamine in the presence of EDC.HCl, HOBt, DIPEA, and DMF at 00 C. The final 

product was received after 12 hours of reaction at room temperature. The final compound was 

purified by column chromatography using ethyl acetate and hexane as a solvent in a 65% yield.  

The synthetic procedure has been shown also in Figure S1 provided below.  

 
 

 

 

Figure 4.1. Synthetic Scheme of Boc-DPro-Gly-NHBn-OMe 
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Synthetic procedure of Boc-Gly-DPro-NHBn-OMe: Commercially available Boc-Gly-

COOH was coupled with N-Hydroxysuccinimide (NHS) in the presence of N, N’-

Dicyclohexylcarbodiimide (DCC), tetrahydrofuran (THF) in a round bottom flask kept at ice 

condition and then left at room temperature for 12 h. The product was then coupled with the 

Boc-DPro-OH in the presence of NaHCO3, and THF and then acidified with 10% HCl and this 

resulted in the formation of Boc-Gly-DPro-OH. The product Boc-Gly-DPro-OH was then 

coupled with 4-Methoxybenzylamine in the presence of EDC.HCl, HOBt, DIPEA, DMF at 00 

C. Afterwards, the reaction was maintained at room temperature and kept for 12 hours with the 

continuation of the stirring. The final compound was purified by column chromatography using 

ethyl acetate and hexane as a solvent with a 72% yield. The synthetic procedure has also been 

depicted in Figure S2 provided below. 

 
 

 

 

 

 

4.3.2 1H NMR Characterization 

Figure 4.2. Synthetic Scheme of Boc-Gly-DPro-NHBn-OMe 
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1H NMR of Boc-DPro-Gly-NHBn-OMe (400 MHz, CDCl3, 298.15 K): δ 6.80-7.50 (m,6H, 

NHGly, NHNHBn, CHAr) 3.4-4.5 (m, 10H, CHGly, OCH3, CHNHBn, CHPro) 1.8-2.2 (m,4H, CHPro) 

1.37 (s, 9H, CHBoc)  

1H NMR of Boc-Gly-DPro-NHBn-OMe (400 MHz, CDCl3, 298.15 K): δ 6.80-7.50 (m,5H, 

NHNHBn, CHAr), 5.37(s, 1H, NHGly) 3.4-4.5 (m, 10H, CHGly, OCH3, CHNHBn, CHPro) 1.8-2.2 

(m,4H, CHPro) 1.43 (s, 9H, CHBoc) 

 

 

 

 

Figure 4.3.  1H NMR spectrum of Boc-Gly-DPro-NHBn-OMe recorded in CDCl3 solvent.  
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Figure 4.4.  1H NMR spectrum of Boc-DPro-Gly-NHBn-OMe recorded in CDCl3 solvent. 
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4.3.3 HRMS spectra of peptides 

 

 
Figure 4.5. HRMS mass spectrum of Boc-DPro-Gly-NHBn-OMe.  
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4.3.4. Electronic spectroscopy of Boc-Gly-DPro-NHBn-OMe and Boc-DPro-Gly-NHBn-

OMe 

Figure 4.7 depicts the chemical structures of Boc-Gly-DPro-NHBn-OMe and Boc-DPro-Gly-

NHBn-OMe peptides with marking of the Ramachandran angles (,).  The NHBn-OMe 

group at the C- terminal not only acts as a protecting group but also functions as a chromophore 

for the electronic excitation.92 

Figure 4.6. HRMS mass spectrum of Boc-Gly-DPro-NHBn-OMe.  
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The mass-selected electronic spectrum of Boc-Gly-DPro-NHBn-OMe measured using the 1C-

R2PI method is provided in Figure 4.8a, which shows a large number of sharp well-resolved 

bands in the 35250-35600 cm-1 region. Figure 4.8b-d presents UV-UV hole-burning spectra by 

probing the electronic bands in Figure 4.8a marked with A0
0, B0

0, and C0
0, respectively. Three 

conformers of the peptide are observed in the experiment and the origin bands, A0
0, B0

0, and 

C0
0, show up at 35416 cm-1, 35276 cm-1, and 35267 cm-1, respectively. The conformer A is  

Figure 4.9a depicts the electronic spectrum of Boc-DPro-Gly-NHBn-OMe recorded using the 

1C-R2PI technique. The spectrum shows many sharp electronic bands in the 35400-35550 cm-

1 region. The discrimination of the bands due to the presence of different conformers of this 

peptide is performed using IR-UV hole-burning spectroscopy. The IR-UV hole-burning spectra 

shown in Figure 4.9b-3c are obtained by probing the N-H vibrational bands of conformers A 

rich in vibronic structures while the conformers B and C have very limited and weak vibronic 

features. and B, respectively. The hole-burning spectroscopy reveals that the electronic 

transitions of the two observed conformers A and B of the Pro-Gly peptide are quite 

Figure 4.7. Chemical structures of Boc-Gly-DPro-NHBn-OMe and Boc-DPro-Gly-NHBn-

OMe marking the Ramachandran angles.  
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overlapping unlike those of the Gly-Pro peptide. The origin bands of the two conformers of the 

Pro-Gly peptide, A0
0, and B0

0, appear at 35416 cm-1 and 35440 cm-1, respectively. 

 

 

Figure 4.8. (a) Electronic spectrum of Boc-Gly-DPro-NHBn-OMe measured using 1C-R2PI 

spectroscopic technique. (b)-(d) UV-UV hole-burning spectra of Boc-Gly-DPro-NHBn-OMe 

measured by fixing the pump UV laser at 35416, 35276 and 35267 cm-1, respectively.  
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4.3.5 Conformational landscape of Gly-Pro and Pro-Gly peptides 

The energy landscapes of the lowest energy conformers of Boc-Gly-DPro-NHBn-OMe and 

Boc-DPro-Gly-NHBn-OMe obtained from the M06-2X/6-311++G(2d,2p) level of calculation 

are provided in Figure 4.10a and b, respectively. The conformers are sorted into different 

groups in terms of the specific backbone hydrogen bonding interactions present there.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. (a) Electronic spectrum of Boc-DPro-Gly-NHBn-OMe measured using 1C-R2PI 

spectroscopic technique. (b)-(c) IR-UV hole-burning spectra of Boc-DPro-Gly-NHBn-OMe 

measured by fixing the pump IR laser at 3346 and 3365 cm-1, respectively.  
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For the Gly-Pro peptide, the conformers are arranged into three main categories namely C5-

C7, F-C7, and F-C10 while the Pro-Gly peptide has C7-F/F-C7, C7-C7, and F-C10 structures. 

Apart from that, the benzyl group orientation gauche + ( g+), gauche – ( g-) and trans (t) have 

been used to differentiate the conformers.167 The OMe group orientation with respect to the 

benzyl group has been either denoted as cis (c) or trans (t).  The nomenclature of the conformers 

is provided by the hydrogen bonding status of the N-H groups of Gly and Bn i.e. whether they 

are hydrogen-bonded (C5, C7, etc.) or free (F). The C7 hydrogen bond can have two distinct 

orientations named C7D and C7L based on the Ramachandran dihedral angles.20, 224 The first 

N-H group considered in the nomenclature is Gly. In the case of Boc-Gly-DPro-NHBn-OMe, 

the global minimum conformer is GP1-C5-C7D-g--c, where the Gly N-H is C5 hydrogen-

bonded and the Bn N-H group is C7D hydrogen bonded. The global minimum conformer of 

Boc-DPro-Gly-NHBn-OMe is PG1-C7D-C7L-g+-c while the low energy C10 structure (PG4-F-

C10-g--c) is about 2.19 kJ/mol higher in energy from the global minimum. A statistical survey 

of the crystal structures of Gly-Pro and Pro-Gly containing peptides (Figure 4.19) deposited in 

the Cambridge Structural Database (CSD) demonstrates that there is a significant number of 

C5 structures apart from the C7 and C10 structures for the Gly-Pro peptides.225, 226 On the other 

hand, the Pro-Gly peptides have greater propensities for the C10 and C7 structures compared 

to forming a C5 structure.   

4.3.6 Gas-phase and solution phase IR spectroscopy of Boc-Gly-DPro-NHBn-OMe and 

Boc-DPro-Gly-NHBn-OMe 

4.3.6.1 Boc-Gly-DPro-NHBn-OMe 

Figure 4.10. Energy landscape of a few low energy conformers of (a) Boc-Gly-DPro-NHBn-

OMe and (b) Boc-DPro-Gly-NHBn-OMe at 300 K calculated at the M06-2X/6-311++G(2d,2p) 

level of theory based on zero-point energy corrected Gibbs free energies (∆Grel) relative to the 

most stable conformer. The conformers, which are color coded, are observed in the experiment. 

See the text for the assignment. 



103 
 

The structures of the observed conformers of the two peptides are determined from the 

comparison of the experimental gas-phase IR spectra with those obtained from the theoretical 

calculations. Figure 4.11 (a), (b), and (c) shows the experimental IR spectra of Boc-Gly-DPro-

NHBn-OMe measured in the N-H stretching region by probing the A0
0 , B0

0, and C0
0 bands, 

respectively, in the electronic spectra provided in Figure 4.8a using RIDIR spectroscopy. The 

theoretical IR spectra [M06-2X/6-311++G(2d,2p)] of the five conformers GP1-C5-C7D-g--c, 

GP2-C5-C7D-g--c, GP3-C5-C7D-g--t, GP4-C5-C7D-g--t, GP5-C5-C7D-g--c and GP6-C5-C7D-g-

-t among the low energy conformers which best fit with the experimental IR spectra are 

provided in Figure 5(d)-(i) respectively along with the corresponding optimized structures. A 

detailed comparison of the experimental IR spectra with the theoretical IR spectra of the low 

energy conformers calculated at the M06-2X/6-311++G(2d,2p) level of theory is provided in 

Figure 4.12. The harmonic N-H stretching frequencies are scaled using a factor obtained from 

the ratio of the experimental to the theoretical N-H frequency of Z-Gly-OH.1  
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 All the experimental conformers conformer A, Conformer B, and conformer C has their first 

set of IR bands of around 3437-3450 cm-1, and the second set of IR bands lie in the region of 

around 3313-3324 cm-. Three experimentally observed conformers could not be assigned to 

any specific theoretically calculated structure. Any of the six theoretically calculated low-

energy conformers cab be assigned to the experimental conformers. A comparison of 

experimental IR spectra with theoretically scaled conformers suggests that all three conformers 

have an extended C5-C7D conformation. The experimental IR set of bands around 3313-3324 

could be assigned to the C7D hydrogen-bonded N-H group of the NHBn group whereas an 

experimental set of IR bands around 3437-3450 cm-1 could be assigned to the C5 hydrogen-

bonded glycine N-H groups. C5 hydrogen-bonded N-H group has been found to have a similar 

N-H frequency value as we have observed in our case.1, 19, 112, 159, 160, 167  

Further, we have measured the FTIR spectrum of Boc-Gly-DPro-NHBn-OMe in CDCl3, which 

has been provided in Figure 11(k) to compare it with the gas phase IR spectra of the three 

observed conformers of the peptide. The IR spectral bands in the solution phase are quite broad. 

However, the positions of the Gly and Bn N-H bands centered at 3324 and 3434 cm-1 in the 

solution phase IR spectrum of the peptide are quite similar to those observed in the gas phase 

IR spectra. The closely spaced IR bands of the three conformers observed in the gas phase are 

probably merged under the broad envelope of the solution phase IR band. Thus, the IR 

spectrum obtained in the solution phase most likely represents the average spectrum due to the 

Figure 4.11. (a), (b) and (c) IR spectra of conformers A, B, and C of Boc-Gly-DPro-NHBn-OMe, 

respectively, in the N-H stretching region measured in the gas phase using RIDIR spectroscopy. 

(d)-(i) Scaled theoretical IR spectra of the conformers GP1-C5-C7D-g--c, GP2-C5-C7D-g--c, GP3-

C5-C7D-g--t, GP4-C5-C7D-g--t, GP5-C5-C7D-g--c and  respectively, calculated at the M06-2X/6-

311++G(2d,2p) level of theory. The theoretical harmonic N-H stretching frequencies of all the 

conformers are scaled with a scaling factor of 0.948. (g) Solution phase IR spectrum of the Boc-

Gly-DPro-NHBn-OMe peptide in the N-H region measured in CDCl3 solution.   
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three conformers of the peptide. Scheraga and co-workers have studied the Gly-Pro dipeptide 

with slightly different protecting groups i.e. Ac-Gly-Pro-NHMe using NMR, IR, and CD 

spectroscopic techniques.21 Interestingly, the IR bands in the N-H range of the capped Gly-Pro 

peptide reported by them in the CD2Cl2 solution appear at 3340 and 3440 cm-1. They have 

concluded from their combined study that the dominant conformation of this dipeptide in the 

solution phase has extended the C5-C7 structure while other conformations are also present 

there to a small extent. Recently, Aitken and co-workers have demonstrated a nice correlation 

between the IR spectra of different conformers of several peptides measured in the solution 

and gas phase.7, 227 A comparison between other theoretically low energy conformers  and 

experimentally observed conformers IR has been shown in figure 4.12 
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As we can see from figure 4.11 the conformers apart from GP1-GP6 are either relatively higher 

in energy or their theoretical frequency is not correlating with the experimental conformer's N-

H frequencies. 

4.3.6.2 Boc-DPro-Gly-NHBn-OMe 

The experimental gas-phase IR spectra of Boc-DPro-Gly-NHBn-OMe were measured in the N-

H stretching region by probing the A0
0  and B0

0 bands of the conformers A and B in the electronic 

spectra (Figure 4.9a) are provided in Figure 4.13a and c, respectively. The theoretical IR 

spectra of the two conformers PG1-C7D-C7D-g+-c and PG2-C7D-C7D-g+-t, which match closely 

with the experimental IR spectra, calculated at the M06-2X/6-311++G(2d,2p) level of theory 

are presented in Figure 4.13b and d, respectively. The IR spectra presented in Figures 4.13a, c, 

b, and d demonstrate that both the conformers A and B of Boc-DPro-Gly-NHBn-OMe have a 

C7-C7 structure. The structures of these two assigned conformers are provided in the figure. 

The transitions for the Bn and Gly N-H groups of conformer A appear at 3391 and 3346 cm-1, 

respectively, while the same transitions for the conformer B are observed at 3411 and 3365 cm-

1, respectively. A thorough comparison of the theoretical IR spectra of other low-energy 

conformers with the experimental IR spectra is provided in Figure 4.14. It is noteworthy from 

this comparison that the C10 structure is not a probable candidate for the observed conformers 

of the Pro-Gly peptide in the gas phase. The same scaling factor obtained for the N-H 

frequencies of the Gly-Pro peptide has been used for the Pro-Gly peptide. 

Figure 4.12. Comparison of the experimental IR spectra with the theoretical IR spectra of 

twelve low energy conformers of Boc-Gly-DPro-NHBn-OMe calculated at the M06-2X/6-

311++G(2d,2p) level of theory. Scaling factor is 0.948 at this particular level of theory. 
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The solution phase IR spectrum of the Boc-DPro-Gly-NHBn-OMe peptide in the N-H region 

measured in CDCl3 solution is presented in Figure 4.13e. Both the N-H bands (centered 

positions at 3336 and 3436 cm-1) in the solution phase IR spectra are extremely broad but 

appear qualitatively in the similar spectral region of the gas phase IR spectra. The signature for 

the existence of different low-energy conformers of the Pro-Gly peptide in the solution phase 

is smeared under the broad envelope of the FTIR spectra. The IR spectrum of the Ac-Pro-Gly-

NHMe peptide measured by Scheraga and coworkers in CD2Cl2 solution shows the NH bands 

at 3340 and 3440 cm-1.21 Thus, it is intriguing to note that the different protecting groups of the 

Figure 4.13. (a) and (c) IR spectra of conformers A, and B of Boc-DPro-Gly-NHBn-OMe, 

respectively, in the N-H stretching region measured in the gas phase using RIDIR spectroscopy. 

(b) and (d) Scaled theoretical IR spectra of the conformers PG1-C7-C7 and PG8-C7-C7, 

respectively, calculated at the M06-2X/6-311++G(2d,2p) level of theory. The theoretical harmonic 

N-H stretching frequencies of all the conformers are scaled with a scaling factor of 0.948. (e) 

Solution phase IR spectrum of the Boc-DPro-Gly-NHBn-OMe peptide in the N-H region measured 

in CDCl3 solution.   
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peptides i.e. Boc and NHBn-OMe used in our study do not affect the IR transition frequencies 

of the NH groups. From combined NMR, CD, and FTIR spectroscopic studies, Scheraga and 

coworkers surmised that the Pro-Gly peptide in the solution phase exists as various 

conformations including C10 and C7 structures.21 

 

 

 

 

4.3.7 NMR spectroscopy 

4.3.7.1 2D NMR spectroscopy 

Figure 4.14. Comparison of the experimental IR spectra with the theoretical IR spectra of the 

twelve low energy conformers of Boc-DPro-Gly-NHBn-OMe calculated at the M06-2X/6-

311++G(2d,2p) level of theory. Scaling has been done by taking Z-Gly-OH molecule as 

reference. Scaling factor is 0.948 at this particular level of theory. 
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To get further insight into the structures of the conformations observed in the solution phase, 

we have measured both 1D and 2D NMR spectra of the Gly-Pro and Pro-Gly peptides in the 

CDCl3 solution. 1D NMR spectra of Boc-Gly-DPro-NHBn-OMe and Boc-DPro-Gly-NHBn-

OMe are provided in Figures 4.3 and 4.4 respectively. Figure 4.15a shows the partial ROESY 

(Rotating frame Overhause Effect SpectroscopY) spectrum of Boc-Gly-DPro-NHBn-OMe 

measured in CDCl3 solution. The ROESY spectrum provides correlations between the 

proximal protons in the molecule, which help to determine the 3-D spatial structures of the 

molecules as well as the possible non-covalent interactions present there.228-230 The ROESY 

spectrum in Figure 4.15a shows cross-correlations between glycine CH2 (3.92 ppm) and proline 

CH2 (3.39 ppm) protons. These correlations indicate that the glycine NH is involved in the 

intra-residue C5 hydrogen bond and the N-H of the NHBn protecting group is involved in the 

C7 hydrogen bond.  

Additionally, NMR titration of Boc-Gly-DPro-NHBn-OMe in CDCl3 solution with stepwise 

addition of DMSO-D6 is performed to monitor the chemical shift positions of Gly N-H and Bn 

N-H, and the corresponding spectra are provided in Figure 4.16. The chemical shift () values 

for the Gly N-H and Bn N-H in CDCl3 are 5.36 and 7.07 ppm, respectively, before the addition 

of DMSO-D6. Upon addition of 30 L DMSO-D6 in a step of 5 L, there is a very small 

downfield shift of both the N-H protons. The downfield shift () values for the Gly N-H and 

Bn N-H protons are 0.04 and 0.11 ppm, respectively. Thus, the titration data indicate that both 

NHGly and NHNHBn protons are involved in intramolecular hydrogen bonding and are not 

affected much by DMSO-D6. The overall NMR spectral data substantiate the finding of the 

most stable conformer of the Gly-Pro peptide i.e. GP1-C5-C7D-g--c, which is observed from 

the solution as well as gas phase IR spectroscopy. Figure 4.15b depicts the partial ROESY 

spectrum of Boc-DPro-Gly-NHBn-OMe measured in CDCl3 solution. The spectrum shows 

cross-correlations between GlyNH (6.93 ppm) and GlyCH2 (3.90, 4.00 ppm) protons as well as 
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GlyNH (6.93 ppm) and ProCH (4.20 ppm) protons. A C10 structure of Boc-DPro-Gly-NHBn-

OMe, which is compatible with the correlations observed in the ROESY spectrum, is provided 

in Figure 4.15b. The correlations between the protons in the structure are marked with double-

headed arrows. DMSO-d6 induced NMR titration of the Pro-Gly peptide by probing the 

chemical shift positions of the NHGly and NHNHBn protons presented in Figure S8 corroborate 

with the 2D NMR results.50 The NMR titration data show that the downfield shift of the NHGly 

proton ( = 0.68 ppm) is much larger than that of the NHNHBn proton ( = 0.37 ppm). This 

result indicates that the NHGly is free and involved in strong intermolecular hydrogen bonding 

with DMSO while the DMSO-induced intermolecular hydrogen bonding of NHNHBn is weak 

as it is engaged in intramolecular hydrogen bonding. 
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The NMR data bespeak the presence of a C10 structure of Boc-DPro-Gly-NHBn-OMe in the 

solution phase. However, the two conformers of the Pro-Gly observed in the gas phase 

experiment are found to have a C7-C7 structure. The reason for not observing the C10 structure 

in the gas phase could be the absence of the solvent which may play a role in the preferential 

stabilization of the C10 structure over the C7-C7 in the solution phase. The C10 structure (PG4-

F-C10-g--c) obtained from the M06-2X/6-311++G(d,p) level of calculation is 2.19 kJ/mol 

higher in energy than the global minimum structure (PG1-C7D-C7L-g+-c). It is worth 

Figure 4.15. Partial ROESY spectra of (a) Boc-Gly-DPro-NHBn-OMe and (b) Boc-DPro-Gly-

NHBn-OMe measured in CDCl3 solution. 
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mentioning here that the statistics from the CSD search of the Pro-Gly peptide presented in 

Figure 4.19 shows a significant number of C10 as well as C7 structures.  

4.3.7.2 DMSO-d6 titration 

NMR titration with DMSO-d6 by probing the chemical shift positions of the N-H groups in the 

peptides is performed to determine whether the N-H group is free or intramolecular hydrogen-

bonded. The chemical shift positions of the N-H groups were monitored by successive addition 

of 5 L DMSO-d6 in the CDCl3 solution of the peptides. If there is a significant downfield 

chemical shift or deshielding of the N-H proton by the addition of DMSO-d6, the N-H group 

in the peptide is free and involved in intermolecular hydrogen bonding with DMSO.  
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 On the other hand, the change in the chemical shift of the N-H proton will be minimal or 

negligible on the addition of DMSO-d6 if the N-H group is already involved in intramolecular 

hydrogen bonding in the peptide. DMSO-d6 titration of Boc-Gly-DPro-NHBN-OMe sequence 

shows both NH are involved in intra-molecular hydrogen bond as the chemical shift of both 

the NH upon addition of DMSO-d6 is very minimal. 

In the case of Boc-DPro-Gly-NHBn-OMe NHBn NH shows a very less chemical shift 

compared to glycine NH upon the addition of DMSO-d6. It shows that in solution glycine NH 

is free whereas NHBn NH is involved in hydrogen bonding. 

4.3.8 X-ray single-crystal structure  

Figure 4.16. NMR titration of Boc-Gly-DPro-NHBn-OMe in CDCl3 with stepwise addition 

of DMSO-d6 by monitoring the chemical shift positions of the Gly and Bn N-H protons. 

 

Figure 4.17. NMR titration of Boc-DPro-Gly-NHBn-OMe in CDCl3 with stepwise addition 

of DMSO-d6 by monitoring the chemical shift positions of the Gly and Bn N-H protons. 
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A good quality crystal was obtained for the Boc-Gly-DPro-NHBn-OMe peptide while the 

quality of the crystal obtained for the Boc-DPro-Gly-NHBn-OMe peptide was not suitable for 

the X-ray diffraction. The crystal of Boc-Gly-DPro-NHBn-OMe was grown in a mixed solvent 

of ethyl acetate and n-hexane. The crystals were grown through slow evaporation of ethyl 

acetate and n-hexane solvent mixture. X-ray diffraction of the crystal of Boc-Gly-DPro-NHBn-

OMe was performed using APEX(II) DUO CCD diffractometer. The X-ray data were collected 

at 100 K temperature. The crystal structure of Boc-Gly-DPro-NHBn-OMe has been provided 

in Figure 4.18 while the details of the structure refinement and crystallographic data are 

provided in Table 4.1. The details of the Ramachandran angles and hydrogen bond parameters 

of the crystal structure of the Boc-Gly-DPro-NHBn-OMe peptide have been listed in Table 4.2.  

 

 

 

Table 4.1 The details of the crystal structure refinement and crystallographic data for Boc-Gly-

DPro-NHBn-OMe 

CCDC 2157775 

Figure 4.18. ORTEP drawing of the crystal structure of Boc-Gly-DPro-NHBn-OMe. Thermal 

ellipsoids have been shown at the 50% level. Only the N-H hydrogen atoms have been shown 

for the clarity. 
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Empirical formula C20H29N3O5 

Mr 391.46 

Crystal size, mm3 0.12x0.16x0.20 

Crystal system Monoclinic 

Space group P 21 

a, Å 11.7946(9) 

b, Å 9.3562(8) 

c, Å 18.9259(16) 

α, ° 90 

β, ° 105.551(2) 

γ, ° 90 

Cell volume, Å3 2012.1(3) 

Z ; Z’ 4 

T, K 100 

Radiation type; wavelength 

Å 

MoKα, 0.71073 

F000 840 

µ, mm–1 0.093 

θ range, ° 2.234 - 30.170 

Reflections collected 11923 

Reflections unique 5555 

Rint 8.35 

Parameters 514 

wR2 (all data) 0.1413 

 

The crystal structure was obtained by direct methods using SHELXS-97.231 

4.3.9 Structural parameters of the assigned structures of the conformers observed in the 

experiment 

Hydrogen bond parameters and Ramachandran angles of the calculated structures assigned for 

the observed conformers of the Gly-Pro and Pro-Gly peptides are listed in Table 4.2. In the 

case of the Boc-Gly-DPro-NHBn-OMe peptide, the C5 hydrogen bond distance for all the 
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theoretical structures is around 215 pm whereas the C7 hydrogen bond distance is around 200 

pm. 

Table 4.2. Important geometrical parameters of the observed conformers of Boc-Gly-DPro-

NHBn-OMe calculated at the M06-2X/6-311++G(2d,2p) level of theory 

 

The Ramachandran angles 1 (~155) and 1 (~173) of the Gly residue of six theoretical 

structures are commensurate with those which are the characteristics of the C5 hydrogen bond 

reported in the literature.1, 23, 27, 118, 159 The dihedral angles 2 and 2 of the Pro residue of all 

the three conformers having C7 hydrogen bond are comparable (~ 80 and ~ -70, respectively). 

Similar Ramachandran angles of an amino acid residue involved in C7 hydrogen bonding are 

reported for various small peptides studied in the literature.1, 23, 27, 159  

The structural parameters of the crystal of Boc-Gly-DPro-NHBn-OMe are also provided in 

Table 4.2. It is worthwhile to note that the Ramachandran angles 1 and 1 of the Gly residue 

in the crystal, which represents the extended C5 structure, corroborate well with those in the 

most stable conformers of the peptide observed in the solution/gas phase experiment. However, 

Conformer Crystal-

structure 

GP1-C5-

C7D-g--c 

GP2-C5-

C7D-g--c 

GP3-C5-

C7D-g--t 

GP4-C5-

C7D-g--t 

GP5-C5-

C7D-g--c 

GP6-C5-

C7D-g--t 

 150 -155 -155 -167 -154 -154 -167 

 -177 174 173 175 173 173 176 

 -79 84 84 82 84 84 82 

 143 -72 -72 -80 -72 -72 -80 

NHBn -99 -68 -67 -83 -68 -68 -83 

OMe 9 -2 -2 176 178 -2 175 

C5 H-bond 

distance (pm) 

243 215 215 220 215 215 220 

C5 H-bond angle 

(0) 

99 106 106 105 106 106 105 

C7 H-bond 

distance (pm) 

376 198 198 203 198 198 203 

C7 H-bond angle 

(0) 

85 148 147 142 147 147 142 
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the 2 angle of the Pro residue in the crystal deviates from that in the observed GP1-C5-C7D-

g--c conformer. Thus, the distance and angle parameters for the C7 hydrogen bond involving 

the Pro residue in the crystal are out of the range of any regular hydrogen bond. This could be 

due to crystal packing forces which drive the other unit of the peptide to interact through 

intermolecular hydrogen bonding. Nevertheless, the overall extended linear structural motif of 

the Gly-Pro peptide is present in both the crystal and gas/solution phase structures.  

Table 4.3. structural parameters of Boc-DPro-Gly-NHBn-OMe 

 

 

 

 

 

 

 

For the Boc-DPro-Gly-NHBn-OMe peptide, the Ramachandran angles involving the Pro and 

Gly residues of both the observed conformers PG1-C7-C7 and PG8-C7-C7 in the gas phase 

corroborate well with those in any peptide residue having C7 hydrogen bond reported in the 

literature. 1, 23, 27, 159  

4.3.10 A Cambridge Structural Database (CSD) study of peptide sequences 

A statistic of various non-covalent interactions (C5, C7, and C10) present in the Gly-Pro and 

Pro-Gly containing peptides was obtained using CCDC conquest 2020 2.0 software.232 The 

Cambridge structural database contains numerous structures of organic and inorganic 

Conformers PG1-C7D-C7D-g+-c PG1-C7D-C7D-g+-t 

 86 87 

 -64 -71 

 -80 -82 

 72 66 

NHBn 86 72 

OMe -1 -174 

C7 H-bond distance Gly (pm) 196 198 

C7 H-bond angle Gly (0) 149 147 

C7 H-bond distance NHBn (pm) 203 203 

C7 H-bond NHBn angle (0) 145 146 
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materials.233 CSD studies show for the Gly-Pro-X and Pro-Gly-X sequence have been shown 

in figure 4.19. We can see that the Gly-Pro-X sequence has a significant number of C5 

hydrogen bond interactions compared to the Pro-Gly-X sequence. However, the C10 (β-turn) 

is significantly higher in the case of the Pro-Gly-X sequence. This further concludes that Gly-

Pro-X sequence has a higher propensity for extended conformation whereas the Pro-Gly-X 

sequence has higher propensity for the folded β-turn conformation in crystals as well. 

 

 

      

    

 

 

4.4 Conclusion 

Sequence-dependent folding motifs, as well as the conformational landscape of Gly-Pro and 

Pro-Gly containing dipeptides, have been investigated by employing gas phase laser 

spectroscopy, quantum chemistry calculations, solution-phase IR, and NMR spectroscopy, and 

XRD technique. In the gas phase experiment, three low-energy conformers of Boc-Gly-DPro-

NHBn-OMe are observed where all the conformer has extended -strand or PP-II type structure 

with C5 and C7 hydrogen-bonded rings. Interestingly, the C5-C7 extended structures of the 

Gly-Pro peptide in the gas phase has a one-to-one correspondence with the structure observed 

in the solution phase FTIR, NMR spectroscopy as well as solid-state XRD. In the case of the 

Figure 4.19. Statistics of the number of CSD structures having different non-covalent 

interactions in (a) Gly-Pro-X and (b) Pro-Gly-X containing peptides. 
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Pro-Gly peptide, both the conformers observed in the gas phase have C7-C7 i.e. 27-ribbon 

structure. However, the solution phase NMR and FTIR spectroscopy indicates the presence of 

the C10 or -turn structure of the Pro-Gly peptide, which is not observed in the gas phase 

probably due to the absence of the solvent. Overall, the present study demonstrates that the 

extended -strand structure of the Gly-Pro peptide changes to the C10 (-turn) structure when 

the sequence is changed to the Pro-Gly peptide. The C7-C7 conformation of the Pro-Gly 

peptide observed in the gas phase is one of the structural motifs of the Pro-Gly-containing 

peptides present in the CSD. The gas-phase study has the advantage of exploring multiple low-

energy conformations of small peptides and the combination of this investigation with that in 

the solution phase and solid-state will render a comprehensive picture of the understanding of 

the folding motifs of peptides containing a variety of residues. 
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Chapter 5 

Effect of Neighbouring Residue on the -turn in Pro-Gly-

Ala sequence 
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5.1 Introduction 

 The specific sequences as well as the secondary structures formed by the hydrogen bonding 

interactions in the amide backbone plays an important role in specific folding patterns of 

polypeptides and proteins.3, 11, 12 Among several types of secondary structures, turns are very 

important as they provide reversal of the polypeptide chain direction and consequently the 

compactness in the folded structures. β-turns are the most commonly occurring secondary 

structures in polypeptides and proteins.14, 22, 69, 84, 200 Different types of β-turn structures are 

classified according to the Ramachandran angles in the amide backbone.15, 86 β-turn 

conformations adopted by the peptide sequences are found to be very important sites for 

various enzymatic reactions as these sites are mostly located in the exterior regions of the 

proteins.14 In the previous chapter, it has been mentioned that there is a requirement for the β-

turn conformation of the Pro-Gly segment in procollagen for selective hydroxylation of the Pro 

residue by prolyl hydroxylase enzyme to form the triple helical structure of collagen.14, 234-236 

β-turns are also the sites for phosphorylation and attachment of the sugar residues to 

glycoproteins.237-239   

The formation of the β-turns in peptides or proteins is very sensitive to the presence of a 

particular sequence of amino acids. It has been found that the Pro-Gly sequence compared to 

Gly-Pro has more propensity for the formation of the β-turns in peptides and proteins.21, 97 

Brahmachari and co-workers demonstrated the formation of type II β-turn conformations in 

small peptides i.e., Ac-Pro-Gly-X-OH (X=Ala, Leu, Gly, Ile, and Phe) using NMR, IR, and 

CD spectroscopy as well as X-ray crystallography technique.22, 236 Further, they showed that 

the stability of the β-turn in the Pro-Gly structure increases due to the presence of a specific 

neighbouring residue X in the order of X=Leu > Ala > Gly, Ile > Phe. It was also concluded 

from their study that the extent of the enzymatic hydroxylation of the Pro residue in the Pro-

Gly-X sequence would follow a similar trend. They analyzed the structures of 20 tripeptides of 
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Z-Pro-Gly-X sequences for studying the effect of residue X on the stabilization of the β-turn.  

Studies by Prockop and co-workers revealed that the extent of the hydroxylation of the Pro 

residue in the peptide segment Pro-Pro-Gly-NHCH3 was the same as that in the ideal substrate 

protocollagen.240 Stimson and co-workers have reported from their solution-phase 

spectroscopic studies that the Ac-Pro-Gly-NHCH3 exists in β-turn conformation.21 Bhatnagar 

and Rapaka have shown that the hydroxylation of Pro in the tripeptide unit of (Pro-Gly-X)n is 

quite considerable when the residue X is Leu, Pro, and Ala but is negligible when the residue 

X is Val.13 The amino acids such as Val and others do not stabilize the β-turn due to their 

relatively large side chain.  

In the previous chapter, we performed a comprehensive study on the sequence-dependent 

folding motifs of Boc-DPro-Gly-NHBn-OMe and Boc-Gly-DPro-NHBn-OMe peptides using 

solution-phase FTIR, NMR spectroscopy, X-ray crystallography as well as gas-phase UV/IR 

laser spectroscopy and quantum chemistry calculations. Combined gas phase and solution 

phase spectroscopy along with the X-ray crystallography data reveal that the most stable 

conformer of the Gly-Pro peptide has an extended -strand or polyproline-II (PP-II) structure 

having C5-C7 hydrogen bonding interactions. On the other hand, the Pro-Gly peptide is found 

to have a C10/-turn structure in the solution phase although the observed structure in the gas 

phase is C7-C7 i.e. 27-ribbon. In this work, we have studied the Boc-DPro-Gly-Ala-NHBn-

OMe peptide to probe the effect of the neighbouring residue Ala on the strength of the β-turn 

in the peptide using solution-phase IR, 2D-NMR spectroscopy, and X-ray crystallography in 

combination with quantum chemistry calculations. Figure 5.1 shows the chemical structure of 

the Boc-DPro-Gly-Ala-NHBn-OMe peptide.  
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5.2 Results and Discussions 

5.2.1 Synthesis and characterization of Boc-DPro-Gly-Ala-NHBn-OMe  

Boc-Ala-OH (1.0 g, 5.3 mmol) was converted to Boc-Ala-NHBn-4-OMe by treating it with 1 

equiv. of HBTU, 1 equiv. of HOBt, 1.1 equiv. of H2NBn-4-OMe and 5 equiv. of DIPEA in 

DMF at 0 °C to room temperature for 12 hrs. Progress of the reaction was monitored using 

TLC. After completion of the reaction, the reaction mixture was acidified using 10% HCl. 

Using EtOAc (3×50 mL), the product was extracted which was then washed with 10% Na2CO3 

(3×50 mL) and with brine solution (3×50 mL) and finally dried over anhydrous Na2SO4. The 

white color compound was collected after concentrating the solution in a vacuum. The reaction 

yield was 90%. Further, it was purified using column chromatography by EtOAc and hexanes 

as mobile phase.  

Boc-Ala-NHBn-4-OMe (1.23g, 4 mmol) was converted to H-Ala-NHBn-4-OMe by treating it 

with 50% TFA-DCM (1:1) for 20 minutes at room temperature. Reaction progress was 

monitored using TLC. After completion of the reaction, DCM and the remaining TFA were 

evaporated in a vacuum to get the product. The reaction yield was 98%.  

 

Figure 5.1. Chemical structure of Boc-DPro-Gly-Ala-NHBn-OMe peptide.  
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Boc-Pro-Gly-OH (1.0 g, 3.6 mmol) was initially activated with 1 equiv. of HBTU, 1 equiv. of 

HOBt, 5 equiv. of DIPEA in DMF at ice-cold conditions. After 10 minutes of activation, 1.1 

equiv. of H-Ala-NHBn-4-OMe was added to the reaction mixture, and the reaction was allowed 

to stir for 12 hrs. Progress of the reaction was monitored using TLC. After completion of the 

reaction, the reaction mixture was diluted, and using EtOAc (3×80 mL) the product was 

extracted, which was then washed with 10% HCl (3×60 mL), 10% Na2CO3 (3×60 mL), and 

brine solution (3×60 mL) finally dried over anhydrous Na2SO4. The colorless liquid 

compound was collected after concentrating the solution in a vacuum. The reaction yield was 

86%. Further, it was purified using column chromatography by EtOAc and hexanes as mobile 

phase. 

 

 

 

 

 

 

 

5.2.1.2 1H NMR spectrum of Boc-DPro-Gly-Ala-NHBn-OMe  

Figure 5.2. Synthetic Scheme of Boc-DPro-Gly-Ala-NHBn-OMe 
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The 1H NMR spectrum of Boc-DPro-Gly-Ala-NHBn-OMe recorded in CDCl3 solvent has been 

presented in figure 5.3. The assigned 1H NMR peaks have been provided below.  

1H NMR of Boc-DPro-Gly-Ala-NHBn-OMe (400 MHz, CDCl3, 298.15 K): δ 6.80-6.82 

(m,2H, CHAr) 7.16-7.18 (m,2H, CHAr) 3.75 (s, OCH3) 1.37 (s, 9H, CHBoc) 

5.2.1.3 ESI-MS spectrum of Boc-DPro-Gly-Ala-NHBn-OMe 

Figure 5.3. 1H NMR spectrum of Boc-D-Pro-Gly-Ala-NHBn-OMe in CDCl3 in a 400 MHz 

NMR spectrometer (Bruker-400). 
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The high-resolution mass spectrum (HRMS) of Boc-DPro-Gly-Ala-NHBn-OMe has been 

recorded using the ESI-MS technique. The sharp intense peak at 463.2563 m/z in figure 5.4 

corresponds to the peptide+Na+ combined molecular weight. 

 

5.2.2 X-ray Crystal Structure  

Boc-DPro-Gly-Ala-NHBn-OMe was dissolved in ethyl acetate taken in a 1ml glass vial and 

kept for slow evaporation of solvent molecules for ~ 5 days. A good quality needle-like crystal 

was observed after five days. APEX(II) DUO CCD diffractometer was used to record the X-

ray diffraction of the crystal at a temperature of 100 K. The crystal structure of Boc-DPro-Gly-

Ala-NHBn-OMe has been provided in Figure 5.5.  

Figure 5.4. ESI-MS mass spectrum of Boc-DPro-Gly-Ala-NHBn-OMe.  
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Interestingly, the crystal structure reveals that the tripeptide exists in a C10-C10 helical fashion 

in the crystalline form.241 The amide N-H group of the Ala residue forms a C10 hydrogen bond 

(β-turn) with the carbonyl group of the “Boc” protecting group while the amide N-H group of 

the NHBn moiety forms a C10 hydrogen bond (β-turn) with the carbonyl group of the Pro 

residue. The amide N-H group of the Gly residue remains free from any intramolecular 

hydrogen bond. The Ramachandran angles of the peptide backbone and selected hydrogen 

bond parameters of the crystal structure are marked listed in Table 5.1 The ,  angles of the 

backbone involving the three residues forming the C10 hydrogen bond represent typical type-

Figure 5.5. ORTEP diagram of the X-ray crystal structure of Boc-DPro-Gly-Ala-NHBn-

OMe with 50 % ellipsoid probability. 
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II’ and type I  β-turn structure as reported in the literature.86 The hydrogen bond parameters 

listed in the table point out that the C10 hydrogen bond (β-turn) involving the C=O group of 

Pro and N-H group of NHBn moiety is much stronger than that involving the N-H group of 

Ala and C=O group of the Boc moiety.  

Table 5.1. Selected geometrical parameters of the crystal structure of Boc-DPro-Gly-Ala-

NHBn-OMe 

 

 

 

 

 

 

 

 

 

 

5.2.3 Solution-phase NMR spectroscopy studies of Boc-DPro-Gly-Ala-NHBn-OMe 

peptide 

Various NMR spectroscopy techniques in the solution phase were used to get the structural 

information of the Boc-DPro-Gly-Ala-NHBn-OMe peptide. All the NMR spectroscopy 

experiments were carried out in CDCl3 solvent. 1D 1H NMR spectrum of this peptide has been 

Parameter Value 

 650 

 -1380 

 -630 

 -170 

 -840 

 30 

NH(Ala)…O=C(Boc) 225 pm 

NH(Bn)…O=C(Pro) 206 pm 

∠NH(Ala)…O=C(Boc) 1370 

∠NH(Bn)…O=C(Pro) 1600 
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provided in Figure 5.3 of section 5.2.1.2 of the current chapter. Apart from the 1D 1H NMR 

spectroscopy, 2-D NMR spectroscopy and DMSO-d6 NMR titration were performed to obtain 

detailed structural information about the peptide in the solution phase.  

5.2.3.1 2D NMR Spectroscopy 

Various 2D NMR spectroscopic techniques are extensively used to predict the structures of the 

compounds in the solution phase. The partial ROESY (Rotating frame Overhause Effect 

SpectroscopY) spectrum of Boc-DPro-Gly-Ala-NHBn-OMe measured in CDCl3 solution has 

been shown in figure 5.6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. ROESY spectra of Boc-DPro-Gly-Ala-NHBn-OMe in CDCl3 showing 

correlation between various protons using 400 MHz NMR spectrometer. 
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The partial ROESY spectra shown in figure 5.6a includes three cross-diagonal contour peaks. 

The cross-diagonal contours in the ROESY spectrum usually arise due to the spatial interaction 

of two protons even when they are separated by two or more bonds. The top two contours 

correspond to the correlation between glycine CH2 proton and GlyNH proton as they are only 

separated by a bond. The third contour arises as GlyNH comes spatially close to the Proline αCH 

proton. This correlation suggests that the peptide molecule in the solution has the C10-C10 

confirmation as shown in figure 5.7. The solution phase NMR experiments suggest that the 

peptide molecule exists in the C10-C10 conformation where Alanine and NHBn NH are 

involved in the C10 hydrogen bond and the Glycine NH is free from any intramolecular 

hydrogen bonding. 

 

 

 

 

 

 

 

5.2.3.2 DMSO-d6 NMR titration of Boc-DPro-Gly-Ala-NHBn-OMe 

DMSO-d6 titration of Boc-DPro-Gly-Ala-NHBn-OMe is performed to determine the nature of 

the NH group i.e., whether it is free or involved in intramolecular hydrogen bonding. In this 

technique, the relative chemical shift of the concerned proton is monitored upon sequential 

Figure 5.7. Structure of Boc-DPro-Gly-Ala-NHBn-OMe peptide deduced from ROESY 

performed in CDCl3 solvent. 
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addition of DMSO-d6 in the deuterated solvent CDCl3. If a proton is involved in an 

intramolecular hydrogen bonding, the change in the chemical shift upon the addition of DMSO-

d6 is quite less compared to a proton that is free from any intramolecular hydrogen bonding or 

weakly hydrogen-bonded. 

Figure 5.8 shows the results obtained by performing DMSO-d6 titration on Boc-DPro-Gly-Ala-

NHBn-OMe in CDCl3. In this experiment, initially, 1H NMR of the peptide molecule was 

recorded in CDCl3 solvent and then 5 µL DMSO-D6 was added at each step. After each addition 

of DMSO-D6, the 1H NMR spectrum of the peptide molecule was recorded for comparison. 

All these 1H NMR spectra were stacked vertically in the MNOVA program to have a clear 

comparison of chemical shifts of concerned protons. We can see from figure 5.8 that the change 

in the chemical shift of Gly N-H is quite significant compared to that of the other two N-H 

groups. The glycine N-H chemical shift changes its value f 7.35 ppm to around 7.90 ppm upon 

the addition of 50 µL of DMSO-d6. The change in the chemical shift for NHBn NH and Ala 

NH is from 7.1 to 7.26 ppm and 7.41 to 7.45 ppm, respectively. The plot of the change in the 

chemical shift vs. the volume of DMSO-d6 added has been shown in figure 5.9. 
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The relative chemical shift of amide proton upon addition of DMSO-d6 in figure 5.10 suggests 

that GlyNH is free while the AlaNH and NHBnNH are involved in an intramolecular hydrogen 

bond. Hence, the ROESY spectra as well as DMSO-d6 NMR titration in the solution phase 

corroborate the C10-C10 structure of the peptide obtained from X-ray crystallography. 

 

 

 

 

 

 

 

 

 

5.2.4 Solution Phase FTIR studies of peptides  

Solution phase IR spectra of the peptides were measured in CDCl3 solvent at 293 K using a 

Fourier-Transform IR spectrometer. The FTIR spectra of Boc-DPro-Gly-Ala-NHBn-OMe and 

Boc-DPro-Gly-NHBn-OMe measured in the N-H stretching frequency region are shown in 

Figure 5.8 DMSO-d6 
1H NMR titration of Boc-DPro-Gly-Ala-NHBn-OMe in CDCl3 using 

a 400 MHz NMR spectrometer. 

Figure 5.9. A plot of change in the chemical shift of different amide protons vs. volume of 

DMSO-d6 added in the original solution of Boc-DPro-Gly-Ala-NHBn-OMe in CDCl3. 5 µL 

of DMSO-d6 was added in each step and 1H NMR spectra were recorded thereafter. 
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figure 5.10. The observed IR bands in both spectra are quite broad. The C10-C10 structure of 

Boc-DPro-Gly-Ala-NHBn-OMe predicted from single-crystal XRD and NMR spectroscopy 

analysis is shown next to its IR spectra. In the case of Boc-DPro-Gly-NHBn-OMe, we didn’t 

obtain any good quality crystal which could be diffracted by X-ray. Thus the C10 structure of 

Boc-DPro-Gly-NHBn-OMe provided next to its IR spectrum is derived from the 2D NMR 

spectrum and DMSO-d6 NMR titration in CDCl3. The peak, which appears at almost the same 

position i.e., 3436/3439 cm-1 of both the IR spectra, corresponds to the free N-H group of the 

Gly residue of the peptides. The band at 3336 cm-1 in the IR spectrum of the Pro-Gly peptide 

could be assigned as the hydrogen-bonded N-H group of the NHBn moiety which forms C10 

or β-turn.  The corresponding IR band for the Boc-DPro-Gly-Ala-NHBn-OMe peptide is much 

broader than that for the Boc-DPro-Gly-NHBn-OMe peptide and this additional broadening in 

the former one could be due to overlap of the unresolved two N-H peaks for the NHBn and Ala 

moieties. Based on the X-ray crystal structure of Boc-DPro-Gly-Ala-NHBn-OMe (Figure 5.13), 

the hydrogen bond formed by the Ala N-H group is weaker than that by the NHBn N-H group. 

Thus, the most red-shifted peak at 3323 cm-1 is assigned as NHBn N-H while the Ala N-H 

group appears at ~3400 cm-1. A comparison of the IR spectra of the two peptides indicates that 

the frequency of the NHBn N-H forming the β-turn in Boc-DPro-Gly-Ala-NHBn-OMe is red-

shifted by 13 cm-1 compared to that in Boc-DPro-Gly-NHBn-OMe. Thus it is demonstrated 

directly from the solution phase FTIR spectra that the strength of the β-turn of the Pro-Gly 

sequence increases due to the presence of the neighbouring Ala residue. 
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5.2.5 Theoretical calculations 

Both gas and solution phase calculations of the peptides have been performed to further probe 

their detailed structures.  

5.2.5.1 Gas phase calculations 

Conformation search for the Boc-DPro-Gly-Ala-NHNn-OMe was executed by force field 

method (MMFF94) incorporated in MarvinSketch software. The MarvinSketch software 

generated around 200 conformers and those conformers were arranged in terms of the relative 

energies to the global minimum structure. The conformers having similar structures and within 

the energy difference of 0.5 kJ/mol were kept in a group and the lowest energy conformer in 

Boc-
D

Pro-Gly-NHBN-OMe 

Figure 5.10. A comparison of the FTIR spectra of the peptides Boc-DPro-Gly-Ala-NHBn-

OMe (top) and Boc-DPro-Gly-NHBn-OMe recorded in CDCl3 solvent. The concentration 

of the peptide molecules was 8mM. 
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the group was optimized at the HF/6-31G level of theory. After optimization at the HF/6-31G 

level of theory, conformers were arranged relative to the global minimum conformer. The 

structures obtained from the HF/6-31G level of calculation were further optimized at the B97-

D/6-31+G(d) level of theory. Thermal corrections were done by calculating the Gibbs free 

energy at temperatures ranging from 0 to 1000 K with an interval of 50 K.  

The energy landscape of the low energy conformers after optimization at the B97-D/6-31+G(d) 

level of theory has relative Gibbs free energy of 30 kJ/mol from the global minimum conformer 

of Boc-DPro-Gly-Ala-NHBn-OMe has been provided in figure 5.11. The most stable conformer 

of Boc-DPro-Gly-Ala-NHBn-OMe is named PGA1-F-C10-C10.242 The conformers have been 

named based on the hydrogen bonding pattern of the three N-H groups (starting from N-

terminus of peptide) present in the peptide molecule. For example, the conformer named 

PGA1-F-C10-C10 indicates that the glycine NH is free while the alanine NH and NHBn NH 

groups are involved in type II’ β-turn and type I β-turn, respectively. One of the most important 

findings from the calculations is that most of the low-energy conformers for this peptide 

sequence are folded in nature. The extended conformation of the backbone is observed in 

conformer PGA19-C5-C5-F having a C5-C5-F type of hydrogen bonding network which is 

quite high in energy in comparison to the global minimum. In the case of conformer PGA19-

C5-C5-F, the glycine and alanine N-H are involved in the intra-residue C5 hydrogen bond 

whereas the NHBn N-H is free from any hydrogen bond. This conformer has an extended 

conformation similar to the conformation adopted by Z-Gly-Pro-OH and Boc-Gly-DPro-

NHBn-OMe in isolated gas-phase conditions. 
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The most stable conformer PGA1-F-C10-C10 shows that it has a helical nature with C10-C10 

conformation. Thus, the calculation further validates the argument that the propensity to form 

a β-turn in Pro-Gly-X residue further increases if the X residue is alanine. Apart from the 

conformers having β-turn, some conformers are solely stabilized by C7 or C7-C7-C7 (PGA3-

C7-C7-C7, PGA8-C7-C7-C7, and PGA10-C7-C7-C7) hydrogen-bonded network. The 

Conformers PGA2-F-F-C13 and PGA9-F-F-C13 even show the existence of α-turn along the 

main peptide chain. The structures of twelve low-energy conformers optimized at the B97-D/6-

31+G(d) level of theory have been shown in figure 5.12. 

Figure 5.11. Energy landscape of a few low energy conformers of Boc-DPro-Gly-Ala-

NHBn-OMe, having energies within 30 kJ/mol compared to the global minimum 

conformer, calculated at 300 K at the B97-D/6-31+G(d) level of theory. The conformers are 

classified into different categories based on their hydrogen bonding patterns such as C13, 

C10, C7, C5 etc.  
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Most of the conformers of Boc-DPro-Gly-Ala-NHBn-OMe exist in folded conformation due to 

the presence of different types of turns such as α, β, and γ. In conformer PGA2-F-F-C13 and 

PGA9-F-F-C13, there is an α-turn (C13) formation between the carbonyl group of Boc residue 

and the amide group of NHBn residue. Conformers such as PGA3-C7-C7-C7, PGA4-C7-C7-

C7, and PGA8-C7-C7-C7 have structures where all the N-H groups are involved in γ-turn. A 

comparison of the energetics of the low energy conformers of Boc-DPro-Gly-NHBn-OMe and 

Boc-Gly-DPro-NHBn-OMe calculated at 300 K at the B97-D/6-31+G(d) level of theory has 

been provided in Table 5.2. 

 

Figure 5.12. Structures of low-energy conformers of Boc-DPro-Gly-Ala-NHBn-OMe 

calculated at 300 K at the B97-D/6-31+G(d) level of theory. 
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Table 5.2. Comparison of relative Gibbs free energy of low energy conformers of Boc-DPro-

Gly-Ala-NHBn-OMe and Boc-DPro-Gly-NHBn-OMe at 300 K after optimization at B97-D/6-

31+G(d) level of theory 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be noticed from Table 5.2 that the most stable conformer in the case of Boc-DPro-Gly-

NHBn-OMe is the PG1-C7-C7 conformer while PG1-F-C10-C10 is the most stable conformer 

in the case of Boc-DPro-Gly-Ala-NHBn-OMe. Although β-turn is not the most preferred 

structure in the case of the Pro-Gly dipeptide in the gas phase, this structure becomes the 

Pro-Gly-Ala Pro-Gly 

Conformers ∆Grel (300 K) Conformers ∆Grel (300 K) 

PGA1-F-C10-C10 0 PG1-C7-C7 0.00 

PGA2-F-F-C13 3.05 PG4-C7-F 4.69 

PGA3-C7-C7-C7 4.39 PG3-F-C10 3.95 

PGA4-C7-C7-C7 5.02 PG2-F-C7 3.58 

PGA5-C7/C5-F-C7 5.84 PG5-F-C10 5.88 

PGA6-C7/C5-F-C7 6.22 PG7-C7-F 8.95 

PGA7-C7/C5-F-C7 6.28 PG8-C7-C7 9.11 

PGA8-C7-C7-C7 6.53 PG9-F-C10 9.24 

PGA9-F-F-C13 6.54 PG6-F-C10 8.14 

PGA10-C7-C7-C7 6.71 PG10-C7-F 10.93 
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prominent one as the Ala residue is added after the Pro-Gly sequence in the Boc-DPro-Gly-Ala-

NHBn-OMe peptide. This finding demonstrates that the Ala residue increases the strength of 

the β-turn in the Pro-Gly peptide and makes the β-turn structure most favorable without the 

presence of any solvent molecule. A comparison of the hydrogen bond parameters in the β-

turn structures of Boc-DPro-Gly-Ala-NHBn-OMe (PGA1-F-C10-C10) and Boc-DPro-Gly-

NHBn-OMe (PG3-F-C10) optimized at the B97-D/6-31+G(d) level of theory is shown in 

Figure 5.13. It is safe to say from the comparison that the hydrogen bond in the β-turn structure 

of Boc-D-Pro-Gly-Ala-NHBn-OMe is slightly stronger than that of Boc-D-Pro-Gly-NHBn-

OMe.  

 

The strength of the C10 hydrogen bond in Boc-D-Pro-Gly-Ala-NHBn-OMe (PGA1-C7-F-

C10) and Boc-D-Pro-Gly-NHBn-OMe (PG3-F-C10) has been probed further through NBO 

calculations. The NBO view for the overlap between the orbitals involved in the C10 hydrogen 

bond in the two peptides is shown in figure 5.14. The NBO 2nd order perturbation energies 

Figure 5.13. A comparison between the β-turn forming conformers of Pro-Gly-Ala and 

Pro-Gly sequence calculated at 300 K at the B97-D/6-31+G(d) level of theory. 
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again point out that the C10 hydrogen bond in Boc-D-Pro-Gly-Ala-NHBn-OMe is stronger 

than that in Boc-D-Pro-Gly-NHBn-OMe.  

 

The NBO interaction energy between oxygen lone pair and N-H antibonding in the case of the 

pro-gly-ala sequence is significantly higher (31.18 kJ/mol) compared to the Pro-Gly sequence 

(26.12 kJ/mol). This further highlights the importance of residue X in a Pro-Gly-Ala sequence 

in the β-turn stabilization. 

5.2.5.2 Gas phase conformational preferences of tri-peptides 

There have been significant studies regarding the conformational preferences of tri-peptides in 

gas phase by various spectroscopic groups.1, 10, 121, 123, 242, 243 A summary of the relevant reported 

structures of various tri-peptides consisting of α-amino acids has been presented in the table 

5.3. 

Figure 5.14. Figure shows the NBOs overlap in case of β-turn formation for (a) Boc-DPro-Gly-

Ala-NHBn-OMe and (b) Boc-DPro-Gly-NHBn-OMe with their respective 2nd order perturbation 

energies. Calculations were performed at B97-D/6-31+G(d) level of theory. 
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Table 5.3. A summary of the conformation adopted by most stable conformer of various tri-

peptides studied in the gas phase 

 

 

 

 

 

 

a Mons and co-workers, 2005123. b Zwier and co-workers, 20121. c Mons and co-workers, 

2005243. d Mons and co-workers, 2007242, e Fujii and co-workers, 2013120 

Literature reports of the study of a few protected tripeptides in the gas phase summarized in 

Table 5.3 show that the conformation adopted by the most stable conformer can be categorized 

in mainly three types. The most common conformation preferred by the tripeptides is C10-C10 

(β-β turn) while another favorable conformation is the mixed C10-C7. C7-C7-C7 (γ-γ-γ turn) 

or  27 ribbon structure is also observed for some peptides. The DPro-Gly-Ala peptide studied in 

the current chapter of the thesis through FTIR, solution phase NMR spectroscopy, X-ray 

crystallography and DFT calculations reveals that the most preferred conformation of the 

tripeptide is C10-C10. Thus, a comparison of the observed conformation of the DPro-Gly-Ala 

peptide studied here in the condensed phase with the preferred conformation of a few 

tripeptides reported in the literature (Table 5.3) suggests that the most stable conformer of the 

DPro-Gly-Ala sequence might adopt a C10-C10 conformation in the gas phase as well. 

5.2.5.3 Solution phase calculations 

Tri-peptide sequence 
Hydrogen bond network 

of most stable structure 

Ac-Phe-Gly-Gly-NH2
a C10-C10 

Z-(Gly)3-OHb C7-C7-C7 

Ac-Phe-Ala-Ala-NH2
c C5-C7-C7 

Ac-Ala-Phe-Ala-NH2
c C10-C10 

Ac-Ala-Ala-Phe-NH2
c C7-C10 

Ac-Aib-Phe-Aib-NH2
d C10-C10 

Z-Pro-Leu-Gly-NH2
e C10-C7 
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The Polarizable Continuum Model (PCM) in Gaussian 09 has been used to calculate the 

conformers energetics of Boc-DPro-Gly-Ala-NHBn-OMe in CHCl3 solvent.135, 244 The PCM 

method uses a countless number of solutes having a cavity and apparent surface charges 

(ASCs).244-246 The solvent molecules are represented as the polarizable continuum having a 

dielectric constant ε. The PCM calculation results for Boc-DPro-Gly-Ala-NHBn-OMe in 

CHCl3 solvent have been shown in figure 5.15. Results from the PCM calculation show that 

the conformer PGA1-F-C10-C10 is the global minimum conformer. Energetics from PCM 

calculations in CHCl3 solvent follows a similar trend compared to the gas phase DFT 

calculations at the same level of theory. It is interesting to note that the conformation of the 

Boc-DPro-Gly-Ala-NHBn-OMe peptide observed in the solution phase through the NMR and 

IR spectroscopy analysis as well as in the crystal form through the XRD analysis is similar. 

The extended conformer PGA19-C5-C5-F is significantly higher in energy (around 12 kJ/mol) 

compared to the global minimum conformer PGA1-F-C10-C10. This further strengthens the 

trend that Pro-Gly-Ala residue has a very high propensity to form β-turn in solution. 
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5.3 Conclusion  

Conformational preferences of Boc-DPro-Gly-Ala-NHBn-OMe have been studied through 

solution-phase NMR spectroscopy, X-ray crystallography, solution-phase FTIR spectroscopy, 

and quantum chemistry calculations. The observed conformer of the peptide from various 

solution-phase spectroscopy and XRD results has been found to have a C10-C10 structure. It 

is found that the Gly N-H group is free while the N-H groups of Ala and NHBn moieties are 

C10 hydrogen bonded. The C10 hydrogen bond between the N-H group NHBn and C=O of 

Pro is stronger than that between the N-H group of Ala and the C=O group of Boc. A 

comparison of the solution phase FTIR spectra of the Boc-DPro-Gly-Ala-NHBn-OMe and Boc-

DPro-Gly-NHBn-OMe peptides in the N-H stretching frequency region indicates that the C10 

hydrogen bond (β-turn) involving the Pro-Gly sequence is stronger in the Pro-Gly-Ala 

tripeptide than the Pro-Gly dipeptide. Thus, the FTIR spectra demonstrate that the presence of 

the Ala residue increases the strength of the β-turn of the Pro-Gly peptides. The results obtained 

from the quantum chemistry calculations of the Boc-DPro-Gly-Ala-NHBn-OMe and Boc-DPro-

Figure 5.15. Structures of low-energy conformers of Boc-DPro-Gly-Ala-NHBn-OMe 

calculated at 300 K at the B97-D/6-31+G(d) level of theory. 
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Gly-NHBn-OMe peptides in solution, as well as gas-phase, corroborate the finding from the 

FTIR, NMR, and XRD data. Interestingly, the gas phase calculations show that β-turn is the 

most preferred structure for the Pro-Gly-Ala peptide but the same is not true for the Pro-Gly 

dipeptide. However, the β-turn structure of the Pro-Gly dipeptide is observed in the solution 

phase IR and NMR experiments. In the future, it will be interesting to study the Boc-DPro-Gly-

Ala-NHBn-OMe peptide using various gas-phase laser spectroscopic techniques and compare 

the results with the condensed phase data obtained by NMR, XRD, and FTIR. 
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Chapter 6 

Summary and Future Direction 
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6.1. Conclusion 

We have studied the conformational preferences of small peptides containing glycine, proline, 

and alanine in the gas as well as condensed phase. Gas-phase conformational preferences of 

selected peptides were analyzed with the help of gas-phase spectroscopic techniques such as 

R2PI, RIDIRS, IR-UV hole-burn, and UV-UV hole-burn spectroscopy combined with 

quantum chemistry calculations at various levels. Condensed phase conformational preferences 

of the peptides were studied with the help of spectroscopic techniques such as 2D-NMR, FTIR, 

and XRD spectroscopy. The peptides studied in this chapter are Z-Gly-Pro-OH, Boc-DPro-Gly-

NHBn-OMe, Boc-Gly-DPro-NHBnOMe, and Boc-DPro-Gly-Ala-NHBn-OMe. Only the Z-

Gly-Pro-OH is unprotected at one terminal while the rest of the peptides are protected at both 

terminals. 

Stabilization of the conformers of a dipeptide exclusively by a weak intra-residue C5 hydrogen 

bond has been studied by taking the Z-Gly-Pro-OH molecule as a model peptide in isolated 

gas-phase conditions. The role of the C5 hydrogen bond in the stabilization of extended 

conformations of proteins and polypeptides is emphasized in the literature only recently. Unlike 

other hydrogen bonds present in proteins such as C13 (α-turn), C10 (β-turn), C7(γ-turn), and 

C6 (δ-turn), which are inter-residue, the C5 hydrogen bond exists within a single amino acid 

residue of proteins and peptides. Our study on Z-Gly-Pro-OH in gas phase conditions reveals 

that the most stable structure of the peptide exists in an extended conformation which is solely 

stabilized by the intra-residue C5 hydrogen bond. The other observed conformation of Z-Gly-

Pro-OH in the gas phase has a folded conformation having an O−H ⋯π hydrogen bond 

interaction. The gas-phase studies have been performed by spectroscopic techniques such as 

resonant 2-photon ionization and IR-UV double resonance spectroscopy along with DFT 
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calculations using Gaussian 09. However, the study of the peptides protected at both terminals 

will be mimicking much better the structural prediction of the peptide segment containing Gly 

and Pro residues in polypeptides and proteins. 

We chose to study the conformational preferences of capped gly-pro and pro-gly sequences in 

the gas phase as well as the condensed phase. It was earlier established through solution-phase 

NMR, CD, and IR spectroscopic studies of several dipeptides that the gly-pro sequence has 

more propensity to form extended conformation whereas the pro-gly sequence prefers the 

folded β-turn conformation. Similar conformational preferences of the gly-pro and pro-gly 

sequences have been observed in the proteins. Boc-DPro-Gly-NHBn-OMe and Boc-Gly-DPro-

NHBn-OMe peptides were used to study the sequence-dependent effect on conformational 

preferences of peptides in the gas-phase as well as condensed phase. The gas-phase 

spectroscopic techniques such as R2PI, RIDIR, IR-UV hole burning, and UV-UV hole burning 

spectroscopy along with DFT calculations at various levels (B3LYP-D3/def2TZVPP, ωB97X-

D/def2TZVPP, B97-D3/def2TZVPP, and M062-X/6-311++G(2d,2p) level of theory) were 

used to predict the conformers observed experimentally in the gas-phase. The gas-phase studies 

revealed that all three observed conformers of the gly-pro peptide exist in an extended β-strand 

C5-C7 conformation whereas both the observed conformers of the pro-gly sequence adopt a 

27-ribbon structure (C7-C7). The solution phase studies through 2-D NMR and FTIR 

spectroscopy suggest that Boc-Gly-DPro-NHBn-OMe exists in an extended C5-C7 

conformation similar to the conformer observed in the gas phase. On the other hand, Boc-DPro-

Gly-NHBn-OMe exists in a β-turn conformation in the solution phase contrary to the 27-ribbon 

structure observed in the gas phase.  The crystal structure of the gly-pro sequence again shows 

extended C5-C7 conformation where the glycine NH group is involved in the intra-residue C5 

hydrogen bond and the NHBn NH group forms a C7 (γ-turn) hydrogen bond. The overall study 

presents the conformational preferences of pro-gly and gly-pro sequences in the gas phase and 
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condensed phase. The missing β-turn conformation in the gas phase in the case of pro-gly could 

be due to the small peptide chain or lack of solvent. The propensity to form β-turn can be 

further studied in larger peptide sequences such as Pro-Gly-X (where X=Gly, Ala, Ile, and 

Leu). 

The effect of residue X on the stabilization of the β-turn conformation in the Pro-Gly-X 

sequence has been explored by Brahmachari and co-workers. It has been shown that the X 

residue has an increasing order of stabilization on β-turn conformation in the Pro-Gly-X 

sequence as X=Leu > Ala > Gly, Ile > Phe. We have studied the conformational preferences of 

the Pro-Gly-X (X=Ala) sequence in the condensed phase employing techniques such as X-ray 

crystallography, DFT calculations, NMR spectroscopy, and FTIR spectroscopy in solution. 

The X-ray analysis of Boc-DPro-Gly-Ala-NHBn-OMe reveals that the molecule exists in a 

double helical C10-C10 structure where the Glycine NH is free and the alanine and NHBn NH 

groups are involved in type-II’ and type I β-turn hydrogen bond, respectively. The 2D NMR 

and DMSO-d6 titration of the peptide sequence in CDCl3 solvent reveal that it has a similar 

conformation in the solution phase. The FTIR spectroscopy in CDCl3 further credits the 

increase of the strength of β-turn conformation as compared to the pro-gly sequence. Various 

conformers of the molecules generated from MarvinSketch were subjected to DFT calculations 

at the B97-D/6-31+G(d) level of theory. The calculations performed at the B97-D/6-31+G(d) 

level of theory show that the global minimum structure has a similar conformation (PGA1-F-

C10-C10) as compared to the crystal structure. The PCM calculations at the B97-D/6-31+G(d) 

level of theory in chloroform solvent (CHCl3) also corroborate the structure of the Boc-DPro-

Gly-Ala-NHBn-OMe peptide obtained from the XRD and solution phase spectroscopy.  

6.2. Future perspectives 
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 In chapter 5 we have shown that the peptide Boc-DPro-Gly-Ala-NHBn-OMe shows a helical 

double β-turn conformation in solution as well as crystal structure. The DFT calculations at the 

B97-D level of theory also show that the most stable conformer at 300 K has C10-C10 helical 

conformation. The gas-phase experiments on this peptide will further reveal whether the helical 

C10-C10 conformation is stable due to the solvent effect or it is an intrinsic property. Further, 

we would like to study the effect of the D/L configuration of proline residue by studying the 

conformational preferences of Boc-LPro-Gly-Ala-NHBn-OMe in the gas-phase as well as 

solution-phase. This study will enable us to directly compare the strength of the β-turn 

formation of peptides by D and L residues of the chiral amino acids. 

In future, it will be intriguing to compare the folding motif of the Boc-Gly- DPro-Ala-NHBN-

OMe peptide in the solution as well as gas phase with that of the Boc- DPro-Gly-Ala-NHBN-

OMe peptide already reported here in the solution phase. We have already observed that the 

Gly-Pro sequence in the dipeptide forms an extended structure in the gas phase as well as 

condensed phase. This study will reveal conformational preferences of Gly-Pro-X where 

X=Ala, in the gas-phase and condensed phase. Figure 6.1 shows one of the optimized structures 

of Boc-Gly-DPro-Ala-NHBn-OMe obtained from the B3LYP/6-31+G(d) level of calculation. 

The optimized structure shows an extended structure having a C5-C7 hydrogen bond network 

similar to the preferred conformation of Boc-Gly-DPro-NHBn-OMe peptide observed from our 

gas and condensed phase studies.  
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It has been earlier discussed that the strength of the β-turn depends on the residue X in a 

sequence of Pro-Gly-X, where the order of the stability is according to X=Leu > Ala > Gly, Ile 

> Phe. We want to further study the conformational preferences of these peptides in the gas 

phase as well as the condensed phase. Figure 6.2 shows the skeletal structures of the peptides 

we want to study in the future. 

 

It will be interesting to explore the strength of the β-turn in all of these capped tripeptides or 

model tetrapeptides. This study will enable us to understand the role of the neighbouring group 

Figure 6.1. The optimized structure of Boc-Gly-DPro-Ala-NHBn-OMe showing C5-C7 

hydrogen bond network after optimization at B3LYp/6-31+G(d) level of theory. 

Figure 6.2. Skeletal structures of capped Gly-Pro-Ala, Gly-Pro-Leu, Gly-Pro-Ile and 

Gly-Pro-Phe sequences. 
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residue or its side chain on the stabilization of the β-turn involving the Pro-Gly sequence. In 

the case of the Pro-Gly-Ala sequence, the side chain of Ala is small (hydrogen) compared to 

that of the other neighbouring residues in the sequences such as Pro-Gly-Leu, Pro-Gly-Ile, and 

Pro-Gly-Phe, where the side chain is much bulkier.  

It has been also reported that the Pro-Gly-Val sequence has a very less propensity for the β-

turn formation. Although the Valine and Leucine differ very slightly in their side-chain moiety, 

the effect on the β-turn stabilization by these two residues is completely opposite. It would be 

interesting to study the effect of the side-chain residue on the stabilization of the β-turn in the 

gas phase as well as condensed phase.  

Incorporation of aromatic amino acids such as tyrosine, phenylalanine and tryptophan at 

position X in Pro-Gly-X sequence would also enable us to study the conformational preference 

of these sequences that will be free from any effect from the chromophore group NHBn-OMe, 

which is used for electronic excitation to obtain both electronic and vibrational spectra in the 

gas phase. 
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