
1 
 

 
Conformational Study of Small Peptides Using 

Spectroscopy and Quantum Chemistry 
Calculations 

 

 

A report submitted to Indian Institute of Science Education and Research 

Pune in partial fulfillment of the requirements for the Integrated BS-MS 

programme 

Supervisor: Prof. Aloke Das (IISER, Pune) 

 

By 

Kaarthik RS 

20151014 

21/05/2020 

 

 

Indian Institute of Science Education and Research Pune 

Maharashtra, 411008, India 



2 
 

 

Certificate 

 

This�is�to�certify�that�this�dissertation�entitled�“Conformational study of small 

peptides using Spectroscopy and quantum chemistry calculations" towards the partial 

fulfillment of the BS-MS dual degree programme at the Indian Institute of Science 

Education�and�Research,�Pune�represents�study/work�carried�out�by�“Kaarthik�RS�at�

Indian Institute of Science Education and Research, Pune”�under�the�supervision of  

“Prof. Aloke Das, Professor,�Department�of�Chemistry”�during�the�academic�year�2019-

2020.   

 

 

 

 

 

 

 

21/05/2020            Prof. Aloke Das 

         (Thesis Supervisor) 

 

 

 



3 
 

 

Declaration 

 

I hereby declare that the matter embodied in the report entitled “Conformational study of 

small peptides using Spectroscopy and quantum chemistry calculations” are the results 

of the work carried out by me at the Department of Chemistry, Indian Institute of 

Science Education and Research, Pune, under the supervision of Prof. Aloke Das and 

the same has not been submitted elsewhere for any other degree. 

 

 

 

 

 

 

 

 

 

21/05/2020               Kaarthik RS 

        20151014 

 

 

 



4 
 

 

Acknowledgment 

I would like to thank my parents for their love, kindness, and constant motivation, 

support, and blessings. 

I express my gratitude towards my supervisor, Prof. Aloke Das, for providing me an 

opportunity to carry out the project in his lab, considering me a part of the lab and giving 

timely suggestions during the project. 

I would like to thank my lab-seniors, Dr. Kamal Kumar Mishra, for teaching me the 

basics, explaining the concepts patiently. I would like to thank Mr. Satish Kumar,        

Mr. Kshetrimayum Borish, for teaching me all the experiment related concepts, clearing 

my doubts, and giving suggestions throughout my project. I thank Mr. Surajit Metya for 

helping me with the software issues and motivating me during my time in the lab. I also 

thank Mr. Prakash Panwaria for being more concerned about my work, always 

reminding me of my duties, and amazing me with his extensive expertise. 

I would like to thank my friends Pawandeep Singh, Jaideep Mahajan, for being there for 

me, waiting, and motivating me towards my project. 

 

 

 

 

 

 

 

 



5 
 

  

Table of Content 

Contents 

List of Figures and Tables ….………………………………………………………………….7 

Abstract…………………………………………………………………………………………..8 

1. Introduction…………………………………………………………………………………...8 

1.1 Proteins……………………………………………………………………………………...8 

1.2 Secondary Structure of proteins………………………………………………………….9 

1.3 Studying the Secondary structure……………………………………………………….12 

2. Methods……………………………………………………………………………………...14 

2.1. Experimental Setup………………………………………………………………………14 

2.1.1. Laser Desorption Technique …………………………………………………………14 

2.1.2. Supersonic Jet Expansion ……………………………………………………………15 

2.1.3. Time of flight (TOF) chamber ………………………………………………………...16 

2.2. Spectroscopic Techniques………………………………………………………………17 

2.2.1. Resonant Two-Photon Ionization (R2PI)…………………………………………….17 

2.2.2. Resonant ion-dip infrared Spectroscopy (RIDIRS)…………………………………18 

2.3. Computational Methods….……………………………………………………………...19 

3. Results and Discussion………………………………………….…………………………20 

3.1. Dipeptide…………………………………………………………………………………..20 

3.1.1. Conformational analysis of BGLPOMe……………………………………………....21 

3.1.2. NBO analysis…………………………………………………………………………...27 



6 
 

3.1.3. Mass spectrum of BGLPOMe………………………………………………………...29 

3.1.4. Electronic Spectra of BGLPOMe……………………………………………………..30 

3.2. Tripeptide………………………………………………………………………………….31 

3.2.1. Conformational analysis of the tripeptide……………………………………………32 

3.2.2. NBO Analysis …………………………………………………………………………..35 

4. Conclusion…………………………………………………………………………………..36 

5. Future Direction……………………………………………………………………………..38 

5. References…………………………………………………………………………………..38 

 

 

 

 

 

 

 

 

 



7 
 

 

List of Figures and Tables 

Figure 1: Different levels of protein structure………………………………..………………9 

Figure 2: Secondary structure of protein showing beta-sheet structure………………..11 

Figure 3: Secondary structure showing Hairpin loop or tight turn ……….……………...11 

Figure 4: Schematics of the Experimental setup……………………..…………………...15 

Figure 5: Schematic of the Desorption setup………………………..…………………….17 

Figure 6: Schematic of the R2PI and the RIDIRS technique……..………………….…..19 

Figure 7: Structure of the dipeptide………………………………..………………….…….21 

Figure 8: a) Gibbs free energy of different conformers at 300 …………...…………......23 

      b) Change in the relative Gibbs free energy with a change in temperature....23 

Figure 9: Grouping the conformers of the dipeptide and their relative energy…...…….25 

Figure 10: Solution phase IR spectrum of the dipeptide…...……………………………..26 

Figure 11: NBO analysis of the conformers………………………………………….….....28 

Figure 12: The mass scan of the dipeptide…....………………………………….….…....29 

Figure 13: 1C-R2PI spectrum of the dipeptide …………………………………….…..….30 

Figure 14: Structure of the tripeptide ……………...……………………………….…..…..32 

Figure 15: The molecular structure of the inward and outward puckering conformer ...33 

Figure 16: Classification of the conformers into curved and folded conformers   ……..34 

Figure 17: NBO analysis of the lowest energy conformers of the tripeptide.…………..36 

Table 1: The relative energy and the geometrical parameters of the different             

conformers of the dipeptide ………….………………………………………………………22 



8 
 

Table 2: The scaled stretching frequency of the dipeptide……………………………….27 

Table 3: The second-order perturbation energy of all non-covalent interactions 

observed from the NBO analysis of the different conformers of the dipeptide...………..29 

 

Abstract 

Structure-function relationship found in protein helps us to understand the function 

that a protein is capable of by knowing its structure. Understanding the secondary 

structure of a small peptide will give more information on the structure of the protein, 

which can be used to understand the functions of the protein in detail. Apart from 

covalent bonds, these secondary structures are shaped by non-covalent interactions 

like hydrogen bonds, hydrophobic interactions, and n→π* interactions. Though these 

non-covalent interactions are individually weak, many such interactions cumulatively 

contribute to stabilizing the conformation of a peptide. Gas-phase studies on small 

peptides are carried out to study such non-covalent interactions that are stabilizing the 

peptides when there is no effect from the solvent medium or any other nearby 

molecules. 

  

1. Introduction 

1.1. Proteins 

The human body has carbohydrates, proteins, fats, and water as the major 

components.2 Proteins act as the building block, giving shape to the human body.3  

They also carry other processes like i) catalyzing reactions (by acting as enzymes),      

ii) transporting signals in and out of the cell. Proteins are made of small building units 

called the amino acids.4 The protein structure, on the whole, has many interactions 

involved in stabilizing the structure, hence understanding its 3-dimensional structure 

becomes tedious.  Protein structure can be studied by studying its substructures, 

namely: i) primary structure, ii) secondary structure, iii) tertiary structure, and iv) 
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quaternary structure. The 20 essential amino acids and other unnatural amino acids 

bind to each other through amide bonds forming the linear primary structure of the 

amino acid sequence. The secondary structure is formed when the primary structure 

changes its orientation in three-dimensional space, bringing the side chain groups 

closer, forming hydrogen bonds. The geometry of the secondary structure is held 

throughout the protein structure. The secondary structure consists only of a small part of 

the whole amino acid sequence. When the complete sequence changes in the 

geometry orientation, they form the tertiary structure. Different tertiary structures come 

closer and form a quaternary structure that makes up the fully functional protein 

structure. 

 

1.2 Secondary Structure of protein 

The geometry of the secondary structure governs the geometry of the protein 

structure, which plays a vital role in the functions they carry out.5,6 Understanding the 

geometry of secondary structure thus helps us in understanding the structure-function 

relationship.7 The common types of secondary structure are the α-helix, the β-sheets, 

Figure 1: Different levels of protein structure. Figure 1: Different levels of protein structure.1  
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and the turns.8 The α-helix is the most common secondary structure,9 where the amino 

acid sequence forms a helical geometry having hydrogen bonds between the carbonyl 

and the amide group (C=O…N-H) of every i and i+4th residue, respectively. 310 helix10,11 

and n-helix12 are the other common helix type of secondary structures observed. 

The β-sheet is the second major secondary structure,13 in which a linear sequence of 

amino acid residue forms multiple hydrogen bonds with another linear sequence, 

resulting in a sheet-like structure. The linear sequences can be parallel or antiparallel to 

each other. The terminal functional groups determine the direction of a sequence. A 

sequence starts with N-terminal (amide group) and ends at the C-terminal (carbonyl 

group). When two antiparallel sequences form a sheet, the secondary structure is called 

a β-hairpin.14 The loop connecting the sequences is the turn. The sequence of a turn 

varies between proteins, but if they carry out a specific function, then the sequence will 

be maintained15 along with the structure. 
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Figure 2: Secondary structure of protein showing Beta-sheet structure.15 

Figure 3: Secondary structure showing Hairpin loop or tight turn.15 

 

The turns are classified into δ-turn, γ-turn, β-turn, α-turn, and π-turn based on the 

hydrogen bond formed between the carbonyl group (C=O) in the ith position and the 

amide group (N-H) in the i+1, i+2, i+3, i+4 and i+5th position of the amino acid 

sequence.16 The β-turn is the most common turn observed and studied extensively due 
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to their effect in the function of different proteins and smaller peptides. They have nine 

sub-classes based on the dihedral angles (Ψ and Φ) of the residues in the i+1 and i+2 

position of the peptide sequence.15 The γ-turn is the second most observed17 and 

studied turn after the β-turn and forms hydrogen bond between the carbonyl group of 

the ith residue and amide group of the i+2th residue. They have two sub-classes            

i) the classic and ii) the inverse, based on the dihedral angles. The inverse type is the 

commonly observed type of γ-turn. The classic type is responsible for the reversal of the 

direction of the peptide sequence.18 The other types of secondary structure are not 

studied extensively but also have an effect on the structure and the functioning of the 

peptide. During the project, I worked on smaller peptides like di- and tri-peptide to find 

their structure and understand the different turns they form. The structure of the small 

peptides and their functional properties can be found in the results and discussions 

section. 

 

1.3. Studying the secondary structure 

The protein structure is governed by the orientation of all the amino acid residues 

and their side chains. The non-covalent interactions between the residues change the 

orientations, giving rise to different secondary structures (like the α-helix, β-sheets, and 

turns). These structures lead to the exposure of specific amino acid residues on the 

surface of the protein structure, enabling the protein to carry out a specific function. By 

studying the secondary structure of the small peptides in the protein, we get closer to 

understanding the complete structure of the protein. If the protein is observed to be 

involved in a specific function, then the small peptides in the protein and their orientation 

are essential for the protein to carry out that function. In such cases, by understanding 

the secondary structure of the small peptides, we can say that the structure plays a role 

in enabling the protein to carry out the function.  

The secondary structure of the peptides is studied by different techniques like Nuclear 

Magnetic Resonance (NMR)19, X-ray crystallographic technique20, Electron 

Paramagnetic Resonance (EPR) spectroscopy21. Studying non-covalent interactions in 
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the secondary structure of the peptide in the absence of any external perturbations like 

the solvent molecules and intermolecular interactions can be done in the gas-phase 

spectroscopy.  

We have studied the secondary structure of Boc-Gly-L-Pro-NH-Bn-OMe (a dipeptide) 

and Boc-Phe-SAA-Val-OMe (a tripeptide) using the gas-phase spectroscopic studies 

along with quantum chemical calculations. The dipeptide is found to be a part of an 

enzyme that is involved in treating Alzheimer’s disease.22 The function of the enzyme is 

studied in detail, but the structure of the enzyme is not fully understood. Understanding 

the structure of the dipeptide will be a step towards understanding the enzyme’s 

structure. It is also reported that the intra-residue C5 hydrogen bonding shown by the 

dipeptide has a significant contribution towards stabilizing the peptide.23 One of the low 

energy conformers obtained from the calculation shows intra-residue C5 hydrogen bond 

having bond distance comparable with the report. The tripeptide is found to show self-

assembling property and capable of transporting ions across membrane barriers.24 The 

intra-residue C5 hydrogen bond is observed from the calculations in case of the 

extended conformations of the tripeptide. The structure of the sugar-amino acid residue 

containing tripeptide is studied in solution-phase.25 However, very less work is done in 

studying such structures in gas-phase, so gas-phase study on the tripeptide is 

attempted. A window of different conformations is possible, due to the conformational 

flexibility of the dihedral angle between the peptide bonds. All the possible relatively low 

energy conformers were screened down through quantum chemistry calculations and 

are expected to be observed in the experiment. Spectroscopic techniques like laser 

desorption, Resonantly Enhanced Multi-photon Ionization, and Resonant Ion Dip 

Infrared Spectroscopy are used for the study.26,27   
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2. METHODS 

2.1. Experimental Setup 

The gas-phase spectroscopy experiment was carried out in the home-built Time 

of flight-Mass spectrometer-Resonantly enhanced multi-photon Ionization setup (TOF-

MS-REMPI) coupled with supersonic jet expansion technique.28 The experimental setup 

has two vacuum chambers i) molecular beam chamber and ii) ionization chamber. 

These chambers are connected by a skimmer having a 2 mm diameter. The two 

chambers are pumped by separate diffusion pumps to generate a vacuum of range 10-8 

Torr. The desorption setup is placed behind the skimmer in the molecular beam 

chamber just in front of the pulse valve. The ionization chamber is also connected to the 

1 m long TOF chamber (Jordan TOF, USA), which has a Micro-channel plate (MCP) 

detector on the top. The schematic of the setup is shown in figure 5. The mixture of Gly-

L-Pro and graphite powder (Sigma Aldrich, size ~20 µm) in the ratio 8:4 was made into 

a pellet of 2 mm thickness and 8 mm diameter using the KBr Press by applying ~3 tons 

of pressure.   

 

2.1.1 Laser Desorption Technique 

 The pellet was attached to a 9 mm diameter graphite rod and attached to a motor that 

is fixed to the desorption sample holder. The motor rotates during the laser desorption 

bringing new surface for desorption. The peptide from the solid phase is brought into the 

gas phase by the Laser Desorption technique29, where a 532 nm laser (150 µJ/pulse) 

from an Nd: YAG laser (continuum, Minilite-1, 10 Hz, 10 ns) is focused on a small part 

of the peptide with the help of lenses as shown in figure 4. In this technique, the peptide 

gets vaporized due to the rise in temperature by ~1000 K in ~10 ns on the sample 

surface, which is fast enough to bring the sample to the vapor phase without disrupting 

any peptide bonds. This technique succeeds in crossing the barrier of limitation in 

bringing peptide samples into the vapor phase, which is not possible by regular heating. 
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The peptide molecule has low vapor pressure and can decompose upon heating at high 

temperatures.   

 

 

2.1.2 Supersonic Jet Expansion 

 Argon (Ar) is used as the carrier gas, which undergoes supersonic jet expansion at the 

pulsed nozzle, cooling the vaporized sample and carrying the sample into the ionization 

chamber through the skimmer. The Argon gas is released from the cylinder at 4.1 x 103 

Torr pressure, which comes out of the pulsed valve into the molecular beam chamber, 

which is at 10-8 Torr pressure. The vast difference in pressure results in the collision, 

followed by the expansion of the gas in the molecular beam chamber. This collision 

converts the internal energy of the molecules into a directed mass flow,30 which causes 

Figure 4: The schematic explaining the desorption mechanism. The desorption laser comes 
perpendicular to the molecular beam and falls vertically on the surface of the desorption sample. 
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internal cooling. There is an increase in the Mach number of the gas (M = u/a, where M 

is the Mach number, the mass flow velocity is given by ‘u,’ and ‘a’ denotes the classical 

speed of sound). The gas flow is termed supersonic jet as M > 1, the speed of the gas is 

faster than the speed of the sound. The population of Ar atoms in higher translational, 

vibrational, and rotational energy levels is cooled down the ground vibrational and 

rotational energy level. Such concentration of the population in the ground state of the 

vibrational and rotational energy level is known as the internal cooling. This internally 

cooled Ar gas serves as a bath for the peptide sample resulting in cooling the peptide 

internally, concentrating the population of the peptide molecule in the ground 

translational, vibrational, and rotational energy level.31  The molecular beam consists of 

the Argon gas and the sample vapor. The coldest region of the molecular beam is 

selected using the skimmer. 

 

2.1.3 Time of flight (TOF) chamber 

The molecular beam, reaches the ionization chamber, after passing the skimmer, where 

the beam is ionized upon interaction with the UV beam. The ionized molecular beam is 

repelled towards the detector by the voltage from the plate below the molecular beam. 

The repelled beam is extracted and accelerated towards the detector by the other two 

plates in the ionization chamber (above the molecular beam). These plates make sure 

that all the ions leave from the plates at the same time. The ions accelerated towards 

the detector travels through the field-free zone of the 1m long time of flight (TOF) 

chamber and reaches the detector after a specific time. The time the ion takes to reach 

the detector depends on only the mass of the ion. The detector records the intensity of 

ions reaching the detector at a different time. The intensity is amplified and recorded 

using a pre-amplifier and the oscilloscope, which is connected to a computer. Home-

built LabView program (National Instruments), is used to collect the data and also to 

control the laser programs. The time to mass-scale conversion is done based on the 

time indole ion takes to reach the detector. The molecular mass of indole is 117.14 

g/mol, and the time it takes to reach the detector is 15.66 µs. 
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2.2. Spectroscopic Techniques 

2.2.1. Resonant Two-Photon Ionization (R2PI) 

Two photons are utilized in the spectroscopic technique Resonant Two-Photon 

Ionization (R2PI). The molecule from the ground state (S0) is excited by one photon to 

the excited state (S1). Subsequently, the molecule from the excited state is ionized to 

the ionized state continuum (D0), by the second photon has the same wavelength as the 

first photon.32 R2PI spectrum is recorded in the UV region. The UV laser of desirable 

wavelength (200 – 300 µJ/pulse) is produced using a tunable dye laser (ND6000, 

Continuum), which is pumped by the doubled output (532 nm) of Nd: YAG laser (10 ns, 

10 Hz, Surelite II-10, Continuum). 

 

Figure 5: Schematics of the experimental setup showing the Molecular beam, the 
ionization beam, and the TOF chamber. 
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2.2.2. Resonant ion-dip infrared Spectroscopy 

(RIDIRS) 

In the case of the Resonant Ion-Dip Infra-Red Spectroscopy (RIDIRS) technique, 

a tunable IR laser is used to excite the molecule from the ground vibrational state (v0) to 

the excited vibrational level (v1) of the ground electronic level (S0). The IR laser (Laser 

Vision, pulse energy ~4-5 mJ/pulse, resolution ~2.5 cm-1), was pumped by an unseeded 

Nd: YAG laser (Continuum, Surelite II-10, 10 ns, 10 Hz). After 160 ns, a single photon 

from the UV laser of fixed energy excites the population in the ground vibrational level 

(v0) of the ground electronic level (S0) to the excited electronic level (S1), which is 

followed by ionization due to another UV photon. The UV energy is fixed at one of the 

peaks obtained from the R2PI spectrum, which corresponds to the electronic transition 

from the ground state to a higher electronic level of a certain conformer. The energy of 

the IR laser beam is in the range of the N-H stretching frequency region (3100 to 3500 

cm-1). Since the ground state population is already excited by the IR laser, there will be 

less excitation by the UV laser resulting in less number of ions produced when the IR 

laser energy matches any vibrational transition of the molecule, which results in a dip in 

the ion signal recorded by the detector.32 By this technique, we get the IR spectrum of a 

specific conformer in the NH stretching region.  
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2.3. Computational Methods 

Different possible conformers were obtained through computation, which is 

compared with the experimental data to find the preferred conformation, and the 

interactions that stabilize the conformer is observed. Few conformers having energy 

within 20 kcal/mol from the lowest energy conformer is selected, and the geometry 

optimization is carried out at the HF/6-31G level of theory using the Gaussian 09 

software33. The frequency of the conformers having relative energy less than 20 kJ/mol 

is calculated after geometry optimization using the M05-2X/6-31+G(d) level of theory 

using the Gaussian 09 software. Gibbs free energy was calculated for a range of 

temperatures to correct the electronic energy of the different conformers. The Natural 

Bond Orbital (NBO) analysis for the frequency calculated conformers was performed 

using the NBO6.0 program package34 at the M05-2X/6-31+G(d) level of theory using the 

Gaussian 09 software. In NBO, localized natural bond orbitals are obtained from the 

delocalized molecular orbitals and are visualized in the Lewis structure of the molecule. 

Figure 6: Schematic of R2PI and RIDIRS, the mechanism is explained in the experimental 
section. The violet arrow indicates the UV laser, and the red arrow indicates the IR laser. 
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From NBO analysis, the interaction energy between the donor and the acceptor orbitals 

can be obtained from the second-order perturbation energy. All the interactions that 

stabilize the conformer can be seen observed from the NBO calculation. 

 

3. Result and Discussion 

3.1. Dipeptide 

The dipeptide I worked on is the Boc-Gly-L-Pro-NH-Bn-OMe (BGLPOMe), which 

is made up of the amino acids Glycine (Gly) and L-Proline (L-Pro). The N-terminal of the 

dipeptide is protected using the tert-Butyloxycarbonyl (BOC) group, and the C-terminal 

is protected using NHBnOMe (Bn = Benzyl), where the benzyl group acts as a 

chromophore for the study. There are three complete amide bonds (C-N) in the 

dipeptide. The protected group is similar to -OMe substituted phenylalanine (Phe) amino 

acid residue, hence the end-protected dipeptide can be treated as a tripeptide model 

and the folding of the benzyl group could be studied. Glycine is the most straightforward 

amino acid sequence with no side chain at the Cα position. The maximum number of 

different conformers that the glycine can form on its own is less due to its size and non-

availability of any side groups. The proline group is a rigid amino acid sequence and 

can also form a very less number of conformers35 due to the ring constrains but gives 

rise to puckering effect.36,37 The addition of the protecting groups increases the possible 

conformers by many folds. 

 Gly-L-Pro is found in nature as a cyclic dipeptide, inducing disease resistance in the 

Arabidopsis plant.36 The cyclic dipeptide is also found to have acaricidal properties.38 

Weak intra-residue hydrogen bond being the major contributor towards stabilizing Z-

Gly-Pro-OH dipeptide is reported.23 The tripeptide Gly-L-Pro-Glu (GPE) is used in the 

treatment of Alzheimer's disease because of its anti-inflammatory effects.39 Knowing the 

conformational preferences will help us understand the functions of the peptide due to 

the structure-function relationship.  
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Figure 7: Structure of the dipeptide: Boc-Gly-L-Pro-NH-Bn-OMe and the numbering. The 

dihedral angles Φ1 (C6-N8-C10-C11), Ψ1 (N8-C10-C11-N13), Φ2 (C11-N13-C14-C18) and Ψ2 

(N13-C14-C18-N20) are the Ramachandran angles.40 

 

3.1.1. Conformational analysis of BGLPOMe 

CONFLEX conformational analysis software gave all possible conformations 

(280 conformers) of BGLPOMe having potential energy within 25 kcal/mol of the lowest 

energy conformer, using the MMFF94s41  force field. The conformers having similar 

structures and having an energy difference less than 0.1 kcal/mol were grouped, and 

the geometry of the conformers was optimized at the HF/6-31G level of theory using 

Gaussian 09 software. The geometry optimized conformers were grouped into 40 

conformers, which were then optimized at M05-2X/6-31+G(d)42 level of theory.          

The frequency was also calculated at the same level of theory. The calculation at a 

higher level of theory was not attempted as the computation at the level of the theory 

mentioned above took more time to complete (3 – 4 days). Eleven conformers having 

potential energy less than 20 kJ/mol from the lowest conformer, were obtained. 

Grouping the conformers based on the relative energy and the structural similarity gave 

seven conformers, which were grouped into three different types namely, Type A, Type 

B, and Type C, based on the type on interactions that are found to be similar in the 

groups. All the conformers obtained showed folded conformation23, thus given a 

nomenclature as Fn/Ci/Cj where n tells the position of the conformer based on the 
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relative energy of the conformer at 0 K and i,j tells the number of atoms involved in the 

closed cycle formed due to the hydrogen bond. For example, the lowest energy 

conformer is named as F1/C5/C7, where F1 says that the conformer is folded and the 

lowest in energy at 0 K and C5, C7 says that due to hydrogen bonding, C5 and C7 cycle 

is observed in the F1 conformer. The relative energy of different conformers and the 

Ramachandran angles are shown in table 1.  

 

Table 1: The relative energies of the different conformers and the geometrical parameters 
observed at the M05-2x/6-31+G(d) level of theory. 
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From the thermal analysis shown in Figure 8, it is observed that the type A conformer 

F1 is the lowest energy conformer till 300 K. The conformer E1 becomes lowest above 

300 K, which may be because the rise in temperature affects the hydrogen bonds of 

other conformers, which reduces their stability at a higher temperature.43 The stability of 

the extended conformation is enhanced by the entropic effects at higher temperatures. 

Such stabilization of the extended conformer over the folded conformer of different 

peptides has been reported in the literature.44,45,46,23 Type A shows the C5 and C7 cycle 

formed due to the bifurcated hydrogen bond between the carbonyl group (C=O) of the 

Gly residue and the nearby amine group (N-H) groups. The C5 cycle is due to the intra-

residue hydrogen bond formed by the glycine (Gly) residue. The C7 cycle is formed by 

the γ-turn between the carbonyl group (C=O) of the Gly residue, and the amine (N-H) 

group found next to the proline residue. The hydrogen bond shows a bifurcated 

Figure 8: The left figure shows the relative Gibbs free energy of the different conformers at 
300K. The Type-A conformers (represented by red color for the folded and purple color for the 
extended) appear to be the preferred orientation due to their low Gibbs free energy. The figure 
on the right shows the change in the relative Gibbs free energy with an increase in 
temperature. The energy of the extended conformer (represented by purple color) decreases 
upon the increase in the temperature, showing that the peptide prefers extended conformation 
at the higher temperature. 
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interaction sharing the same lone pair of the oxygen atom with the two amine groups. 

The lowest energy conformer also shows type A kind of structure. There is also a 

hydrogen bond between the carbonyl group (C=O) of the Boc group and the hydrogen 

from the C-H bond of the OMe group, which makes the structure into a closed structure. 

Six out of eleven conformers belong to the A-type, but only four of them have the 

C=O…H-C hydrogen bond. One of the structures of the group shows extended 

conformation despite having the bifurcated hydrogen bonding interaction. The 

orientation of the protecting group (benzyl group) determines if the structure is closed or 

extended, giving rise to different conformers. As the benzyl group act as the 

chromophore, the change in the orientation will be reflected in the electronic absorption 

spectrum.  

The B-type shows C10 cycle conformation forming hydrogen bond between the 

carbonyl (C=O) of the Boc group and amine (N-H) group at the C-terminal of the proline 

residue resulting in a β-turn, the commonly observed turns in peptides. The orientation 

of the glycine residue plays a role in forming the C10 cycle. The NH group next to the 

benzyl is involved in the hydrogen bonding, which will induce an effect in the benzyl 

group, thus altering the S0 to S1 transition. It is expected to give rise to different 

conformers in the spectrum. 

The C-type shows the C7 cycle, similar to the one observed in the type-A. Along with 

the C=O…H-N hydrogen bond, N-H…C=C (NH-π) hydrogen bond is observed between 

the NH group of the Gly residue and the benzyl group. Energetically lowest conformer of 

the group has a relative energy of 9 kJ/mol more than the lowest conformer of Type-A. 

Among all the groups, type-C has direct interaction with the benzene ring, so it is 

expected to find a conformer of this group in the electronic spectrum. The lowest energy 

conformers from different groups are shown in figure 9.  
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Figure 9: Conformers representing different types and their relative energy at 0 K. 

 

The solution phase IR spectrum of the dipeptide was recorded in CDCl3 solvent. The IR 

spectrum in the NH stretching frequency region (3200 - 3550 cm-1) is shown in figure 

10. The two distinct NH bands can be seen from the spectrum; the broad peak at 3338 

cm-1 corresponds to the NH of the C-terminal protecting group, and the peak at 3434 

cm-1 corresponds to the NH of the glycine residue. The glycine NH is in resonance with 

the carbonyl group with an electronegative oxygen group on the other side. The 

electronegativity of the oxygen results in an inductive effect towards the oxygen atom, 

strengthening the N-H bond and giving rise to a higher stretching frequency. The glycine 

NH is connected to an ester group (-COO), whereas the NH of the C-terminal protecting 

group is not, which results in the red-shift. The difference between the two bands (96 
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cm-1) is closer to the difference of the unscaled frequencies of the type-B conformer F3 

(98 cm-1). It can be speculated that the conformer F3 is the most stable conformer in the 

solution phase. The stabilization of the type-B conformer is probably due to the 

intermolecular interaction and solvent effect.  

 

Figure 10: Solution phase IR spectrum of the dipeptide in the NH stretching frequency region 
(3200 - 3500 cm-1). 
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The scaled frequency obtained from the frequency calculation of different conformers is 

listed in table 2. The frequencies are scaled by 0.944, which was used as a scaling 

factor for a different Gly-Pro dipeptide.23 From table 2, it is observed that the frequency 

for the groups is different and thus can be used to find the stable conformation along 

with the spectroscopic IR data obtained from the RIDIRS. 

 

3.1.2. NBO Analysis 

The Natural Bond Orbital Analysis of the different groups is performed to 

measure the interaction energy of all the interactions that are involved in stabilizing the 

structure. From the analysis, we can see all the non-covalent interactions that are found 

in the different groups from the figure 10, and their second-order perturbation energy is 

measured and is shown in the table. From the NBO analysis, the interaction energy of 

the hydrogen-bond forming the C5 cycle is observed to be in the range of ~15 – 18 

kJ/mol and C7 cycle are observed in the range of ~10 – 20 kJ/mol and C10 cycle is 

observed in the range of ~14 – 15 kJ/mol. The NH-π hydrogen bond is equally strong as 

a C7 cycle having energy in the range of ~13 – 16 kJ/mol. 

Both type-A (Fn/C5/C7) and type-C (Fn/C7/ NH-π) have a common hydrogen bond that 

shows the C7 cycle due to the γ-turn. However, it is observed that type-A conformers 

showing bifurcated H-bonding interaction, has less orbital overlap interaction energy 

Table 2: The scaled stretching frequency of the conformers of different groups.   
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(𝐸𝑛→𝜎∗
(2)

) in the C7 H-bond. This decrease in interaction energy is due to the bifurcated 

hydrogen bond in type-A, where the lone pair from the oxygen atom is shared with both 

σ* of the N-H bond of the glycine residue forming C5 cycle and the N-H bond of C-

terminal protecting group forming C7 cycle. In the case of type-C, the oxygen lone pair 

is donated only to σ* of the N-H bond of the C-terminal protecting forming C7 cycle.  

  

Figure 11: NBO analysis of conformers of the different groups showing all the overlapping 
orbitals involved in forming hydrogen bonds. 
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Table 3: The table shows the NBO analysis of the conformers calculated at the M05-2X/6-
31+G(d) level of theory and the second-order perturbation energy of all the non-covalent 
interactions observed in different conformers.  

 

3.1.3. Mass spectrum of BGLPOMe

 

Figure 12:  The mass scan of the dipeptide observed at the 28 µs mass channel in the 
oscilloscope. 
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The signal of BGLPOMe was observed in the oscilloscope at 28 µs mass 

channel, which corresponds to the molecular mass of 391 amu. 

 

3.1.4. Electronic Spectrum of BGLPOMe 

 

The R2PI of the BGLPOMe recorded for the range 35200 – 35700 cm-1 in the 

mass channel of the dipeptide (391.25 amu) is shown in the figure 13. The S0-S1 

transition is observed at 35421 cm-1 and  𝐴0
0 + 37, 𝐴0

0 + 73, 𝐴0
0 + 109 are considered to 

be the bands of the same conformer, tentatively. The other small bands may 

correspond to different conformers or belong to a single conformer, which can be 

concluded from the double resonance spectroscopic techniques like the hole-burning 

spectroscopy. From UV-UV and IR-UV hole-burning techniques, we can get the 

conformer specific UV and IR spectra of the BGLPOMe dipeptide.  

 

 

Figure 2: 1C-R2PI spectrum of the dipeptide showing 𝐴0
0 transition at 35421 cm-1. Figure 13:1C-R2PI spectrum of the dipeptide showing 𝐴0
0 transition at 35421 cm-1. 
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3.2. Tripeptide 

I have also worked on a tripeptide, Boc-Phe-SAA-Val-OMe, which has two 

natural amino acids, namely phenylalanine (Phe) and Valine (Val) and an unnatural 

amino acid called the Sugar amino acid (SAA). This sugar amino acid was made by 

adding amino acid functional groups to a sugar unit. The sugar amino acid is a newly 

synthesized unnatural amino acid unit; hence its properties and natural availability are 

not thoroughly studied. This amino acid has the rigidity of a sugar unit and versatile in 

function as an amino acid unit.47 It is also a γ-amino acid which has a turn inducing 

property. The N-terminal is protected by the tert-Butyloxycarbonyl (BOC) group, and the 

OMe group protects the C-terminal. There are four amide bonds (C-N) in the tripeptide. 

Unlike other γ-amino acids, the sugar amino acid is rigid and induces a specific turn on 

the tripeptide, which is observed in all the conformers. The structure of the tripeptide in 

solution-phase and its self-assembling property is already studied.24,25 Since this 

tripeptide has a Phe residue, which acts as the chromophore, this tripeptide can be 

studied in gas-phase. Very less work is done in studying sugar-amino-acid containing 

tripeptides in the gas phase,48,49 as producing sugar-amino acid involves more 

synthesis, and to study the R2PI spectrum, the residue should be attached to a 

chromophore, and the sample should be stable for an extended period. There are six 

stereocenters which increase the possibility of having different conformers by many 

folds.  
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Figure 14: Structure of the tripeptide Boc-Phe-SAA-Val-OMe 

 

3.2.1. Conformational analysis of the tripeptide 

The structure of the Sugar Amino Acid (SAA) residue in the Gaussian software 

was made, with random bond length and bond angle, but only maintaining the valency 

of all the atoms in the residue. The structure was optimized at the HF/3-21G level of 

theory. Once the SAA residue is optimized, the tripeptide is constructed around this 

optimized geometry. The tripeptide is then optimized at the HF/3-21G level of theory. 

From the optimized tripeptide structure, 100 possible conformers were obtained using 

the MMFF94 force field available in the MarvinSketch software. The conformers were 

grouped, and 50 conformers having energy less than 10 kcal/mol were optimized at the 

HF/6-31G level of theory, which was grouped, and 28 conformers were obtained. Out of 

the 28 conformers, 16 conformers were obtained after optimization at the M05-2X/6-

31+G(d) level of theory for which the frequency was then calculated. These conformers 

were grouped into three categories Hairpin shaped, S-Shaped, and extended, based on 

the shape of the backbone of the tripeptide. The Hairpin shaped conformer was found to 
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have the lowest energy of all the predicted conformers. All three categories, though, 

differ in shape, expressed turns at the SAA residue, implying that the turn-inducing 

effect of the residue is superior to the other interactions present in the different 

conformers.  

 

 

When the structure of the most stable conformer obtained computationally was 

compared with the structure reported in the solution phase, it is observed that the SAA 

residue was showing a different kind of bending (puckering). Another structure was 

made showing similar puckering effect as the structure in the solution phase and 

optimized at M05-2X/6-31+G(d) level of theory. It was observed that the newly found 

Figure 15: The molecular structure and the 2D structure of conformers showing a 
difference in the puckering of the SAA residue. The turn inducing property can be 
seen in both cases. 
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conformer was far lower in energy, indicating that it is more stable than all the 

previously calculated conformers. Fifty new conformers were obtained using the 

MMFF94 force field in the MarvinSketch software, which was optimized in the HF/6-31G 

level of theory and gave 29 conformers after grouping. The 29 conformers at M05-2X/6-

31+G(d) level of theory were optimized, and the frequency of the geometry optimized 

conformers was calculated. Seventeen conformers were obtained that were categorized 

into two groups the curved structure and the extended structure. The differentiation of 

the groups is based on the folding along the Cα of the Phe group. In the case of the 

extended conformations, there is a C5 intra-residue hydrogen bond formed in the Phe 

residue. Only three conformers showed extended conformation.  

 

Figure 16: Classification of the conformers of the tripeptide into Curved and Extended 

conformation 
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All the conformers, similar to the previous conformers, showed a turn at the SAA 

residue again, showing that the turn inducing property of the SAA is strong enough to 

be present in all the conformers. The sugar amino acid has three oxygen atoms, making 

the residue electronegative and always ready to form a hydrogen bond with the N-H of 

the amino acid residues. Unlike the turn inducing property due to H-bond in the peptide 

chain, due to the tetrahedral geometry of the C-atom, the five-membered ring of SAA 

residue induces turns in the geometry of the peptide. The Phe residue is flexible, which 

results in forming different kinds of curved structures.  

 

3.2.2. NBO Analysis 

From the NBO analysis, it is observed that the hydrogen bonds forming C5 and 

C7 cycle is present in all conformers. One of the oxygen atoms in the SAA residue also 

forms a hydrogen bond with the NH group of the valine residue giving rise to the C6 

cycle. Due to the number of conformers and the hydrogen bonds present the NBO 

analysis of all conformers is not shown. The participation of the electronegative oxygen 

atoms of the sugar amino acid residue in the hydrogen bonding can be seen. The NBO 

analysis of the lowest energy conformer of both groups is shown in the figure. 
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Figure 17: NBO analysis of the lowest energy conformers of the folded and the extended type 
and the second-order perturbation energy of the hydrogen-bonds 

 

Understanding the conformational preferences from the experiment was attempted. 

Since it is a tripeptide, the sample could not be heated to get into the vapor phase, as 

heating will disrupt all the non-covalent interactions50. When the sample was subjected 

to laser desorption, the sample readily fragmented getting low-intensity ion signal at the 

desired mass channel (34 µs, molecular mass of the tripeptide is 577.3 amu). The setup 

was not able to handle (burn marks were observed on the glass window of the system) 

when tried to increase the signal intensity by increasing the desorption energy.  

 

4. Conclusion 

The R2PI spectrum of the dipeptide Boc-Gly-L-Pro-NH-Bn-OMe was recorded, 

and the energy corresponding to the transition from S0 to S1 for the most stable 
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conformer is obtained. More sharp peaks in the R2PI spectrum make it possible to have 

more than one conformer in the ground state.  Recording the RIDIRS and IR-UV hole-

burning spectrum will confirm the number of conformers present in the ground state. 

The conformational preference of the dipeptide is also studied through quantum 

chemistry calculations and is observed that the folded conformation is more stable at 

temperatures lower than 350K from the Gibbs free energy calculation. The extended 

structure getting stabilized at higher temperatures shows that the extended structures 

are entropically favored. The frequency calculation could be carried out in the different 

levels of theory and different basis sets to see the change in stability of the conformers 

and also to get more accurate energies and vibrational stretching frequencies.  

From the conformational analysis of the tripeptide, the turn inducing property of the SAA 

residue is predicted to be due to the presence of the electronegative oxygen atoms that 

tend to form hydrogen bonds resulting in turns in the secondary structure. Such 

residues can be added in making peptides having turns at desirable positions. However, 

it is observed that the puckering effect of the residue plays a role in stabilizing the 

conformation. If the SAA residue preferentially forms one type of puckering, then the 

residue can be used to make desirable peptides that are rigid, multifunctional, and turn 

inducing. The gas-phase spectroscopic study of the tri-peptides and other higher 

peptides are available to be explored in detail. 

The conformational study of the di- and tri- peptide shows the peptide prefers to be in 

folded conformation at lower temperatures and is the global maxima in the case of the 

Gly-L-Pro and Phe-SAA-Val peptides. At absolute zero (0 K), the population of the 

molecule in vibrational and rotational ground state will be maximum having deficient 

vibrational energy and rotational energy, freezing the position of all atoms in the 

molecule. The electronegative atoms in the molecule try to form non-covalent bonds to 

stabilize the structure; thus, the whole conformation is folded to enable such interactions 

stabilizing the overall structure at low temperature. At high temperature (above 300 K), 

the energy from the external environment increases the vibrational and rotational 

energy of the molecule, causing an increase in the intensity of vibrational stretching 

frequency. The electronegative atoms in the molecule try to form bonds to lower the 
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overall energy by forming inter-molecular bonds, which is enabled when the molecule 

adapts into an extended conformation. 

 

5. Future Directions 

The electronic absorption spectrum of the dipeptide shows multiple bands, which 

may correspond to a single or different conformer. The double-resonance spectroscopic 

experiments UV-UV and IR-UV hole-burning experiments have to be done to find all the 

stable conformers of the dipeptide. The Resonant Ion-Dip Infrared Spectroscopy 

(RIDIRS) has to be done to get the IR spectrum of the dipeptide in the NH stretching 

frequency region.  
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