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Recent structural studies regarding the core 2 MUC1 glycopeptide showed remarkable 

changes in structural conformations between naked, asialylated and completely sialylated 

core 2 glycopeptide. Core 2 sialylated MUC1 glycopeptide have shown conserved structure 

at the PDTR sequence due to which KL6 interaction was possible, whereas the naked and 

asialylated core 2 glycopeptide have shown extended or complete changes at the PDTR 

sequence and also proved that the attachment of Sialyl group played a very important role for 

the KL6 mAb interaction. Taking this into consideration, the structural conformation during 

MUC1 peptide with completely glycosylated by core 1 T antigen, and MUC1 peptide 

completely glycosylated by core 1 sialylated and a slight change in MUC1 peptide 

comprising of four O-glycosylation sites with core 1 sialylated T glycans except the Thr at 

the PDTR motif comprising of Tn antigen, MUC1 comprising of T antigen at the PDTR Thr 

amino acid surrounded by Tn antigen at neighbouring 4 glycosylation sites and  MUC1 

completely glycosylated by Tn antigen would be an required assessment to be a good target 

for future MUC1 studies and as an immunotherapeutic agent. 

 

1-2. Objective of Thesis 

To elucidate the structural correction and alteration between binding of MUC1 glycopeptide 

and certain known antibody this demanded for a long time. However the understanding of in-

depth details about the changes seen in the structure during certain O glycosylation has not 

been studied.  

In this thesis, the author has challenged to elucidate the importance of certain glycosylation 

patterns which involves changing the structural orientation due to which certain compounds 

bind with antibodies and why certain glycopeptides do not bind with same antibodies. In 

chapter 2, a library of MUC1 glycopeptides bearing different glycan moieties at O 

glycosylation sites were synthesised. In chapter 3, these synthesised compounds were used 











15 
 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

 

Solid Phase Peptide Synthesis of MUC1 Glycopeptides 
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2.1. Introduction 

Solid phase peptide synthesis or SPPS1-3 is a method designed to synthesise peptides in which 

multiple amino acids are linked by amide bonds or also known as peptide bonds. SPPS allows 

for synthesis of natural peptides which can be either be synthesised at room temperature or by 

microwave irradiation for faster synthesis. 

In nature, peptide synthesis commences from N terminal and terminates at the C terminal 

which primarily takes part in ribosome with the help of other factors, whereas in case of 

chemical synthesis the process is mostly initiated from the C terminal and terminates in N 

terminal. In case of SPPS the functionality of the resin is responsible for in the initial 

formation of peptide bond following with the elongation of the respective amino acid 

sequence formation as shown in figure below. Commercially different types of resin are 

available according to the functionality required. As an energy source Microwave irradiation 

is used to fasten the peptide bond formation along with the coupling reagents at with constant 

stirring. 

 

 

Figure 1: Solid Phase Peptide Synthesis 
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1: Naked Peptide

 

  
    

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula: C86H136N26O29 Exact Mass 1996.997, Observed 

mass 1998.000 [M+H]+ 

2.Tn

 

  

 

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C94H149N27O34 Exact Mass 2200.076 , Observed 

mass  2201.088 [M+H]+ 
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3:T9

 

 

  

 

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C100H159N27O39 Exact Mass 2362.129 , Observed 

mass  2363.127 [M+H]+ 

4:T4

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C100H159N27O39 Exact Mass 2362.129 , Observed 

mass  2363.109 [M+H]+ 
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5:T16

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C100H159N27O39 Exact Mass 2362.129 , Observed 

mass  2363.130 [M+H]+ 

6:T5

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C100H159N27O39 Exact Mass 2362.129, Observed 

mass 2363.129 [M+H]+ 
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7:T15

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C100H159N27O39 Exact Mass 2362.129 , Observed 

mass  2363.135 [M+H]+ 

8:TTTTT

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula C156H251N31O79 Exact Mass 3822.658 , Observed 

mass  3823.654 [M+H] + 
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9: ST9

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C111H176N28O47 Exact Mass 2653.224 , Observed 

mass  2654.234 [M+H]+ 

10:ST4

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C111H176N28O47 Exact Mass 2653.224 , Observed 

mass  2654.236 [M+H]+ 
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11:ST16

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C111H176N28O47 Exact Mass 2653.224 , Observed 

mass  2654.222 [M+H]+ 

12:ST5

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C111H176N28O47 Exact Mass 2653.224 , Observed 

mass  2654.231 [M+H]+ 



26 
 

13:ST15

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C111H176N28O47 Exact Mass 2653.224, Observed 

mass 2654.218 [M+H]  + 

14:STSTSTSTST

 

 

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C211H336N36O119 Exact Mass 5278.1347 ,m/z 

1759.3782 Observed mass  1758.3756 [M-3H]3- 



27 
 

15:TTTnTT

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula: C150H241N31O74 Exact Mass 3660.605 , Observed 

mass  3660.594 [M+H]+ 

16:TnTnSTTnTn

 

 

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C143H228N32O67 Exact Mass 3465.5417,m/z 

1155.1805 Observed mass 1156.1905 [M+3H]3+ 
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17:TnTnTTnTn

 

  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

30% (B). MALDI TOF chemical formula: C132H211N31O59 Exact Mass3174.446, Observed 

mass  3175.459 [M+H]+ 

18:STSTTnSTST

 

 

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C194H309N35O106  Exact Mass 4824.9864 , m/z 

1608.3288 Observed mass  1607.3267 [M-H]3- 
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21:ST12

 

 

Analytical UPLC (gradient condition B): tR = 10.577 min, peak area ratio 100%. ESI-HRMS: 

C111H176N28O47 [M-2H]- calcd (m/z) 1327.6194, found (m/z) 1327.6204 

 

22:SC2STSC2 

Analytical UPLC (gradient condition B): tR = 8.740 min, peak area ratio 100%. ESI-HRMS: 

C189H302N34O103 [M-3H]- calcd (m/z) 1564.3074, found (m/z) 1564.3103
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23: TnSC2STSC2Tn

 

 

Analytical UPLC (gradient condition B):  tR = 8.103 min, peak area ratio 100%. ESI-HRMS: 

C205H328N36O113 [M-3H]- calcd (m/z) 1699.6936, found (m/z) 1699.6995. 

2-2.2. Synthesis of MUC2 Glycopeptides for NMR studies. 

After synthesising the glycopeptides analogues for micro array studies, we synthesised 6 

glycopeptides to study the structure by NMR. These glycopeptide were synthesised similarly 

from C terminus to N terminus. The synthesis was completed by coupling the N terminus by 

acetyl capping which was a preferable method for NMR data analysis. 

 The following table shows the compounds synthesised for NMR studies: 

The Synthesised compounds library were confirmed by MALDI TOF analysis and purified 

by reverse phase analytical HPLC as shown below: 
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8:TTTTT  

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C152H245N31O78 Exact Mass 3752.6157 ,m/z 

1250.8719 Observed mass 1251.8845 [M+3H]3+ 

14:STSTSTSTST

 

 

Analytical HPLC A:B(H2O in 0.1%TFA: CH3CN in 0.1%TFA) A/B gradient 0-50min, 5-

25% (B). MALDI TOF chemical formula: C207H330N36O118 Exact Mass 5208.0928 ,m/z 

1302.232 Observed mass  1301.0221 [M-4H]4- 
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2-3. Conclusion 

In summary, we successfully synthesised MUC1 peptides single glycosylated, 

homogeneously glycosylated and heterogeneously glycosylated bearing Tn antigen structure, 

core 1 structure, sialylated core 1 structure , sialylated core 2 structures. Totally 21 MUC1 

glycopeptides which were used for micro array studies and 6 MUC1 glycopeptides for NMR 

studies. During synthesis of heavily glycosylated glycopeptides the yield was reduced when 

compared with naked peptide or singly glycosylated glycopeptides. All glycopeptides were 

purified by reverse phase analytical HPLC with >95% purity. Detection of all glycopeptides 

were carried out by MALDI TOF analysis, and confirmed by accepting within 5ppm 

difference of exact mass calculated by chemdraw software. 
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CHAPTER 3 

 

Micro Array Studies 
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Thr amino acids at the PDTR sequence glycosylated by Tn antigen showed no interaction 

against the KL6 mAb as observed by micro array image and corresponding data analysis this 

results indicate the evidence that multiple O glycosylation at other ser/thr residues with Tn or 

ST antigens do not influence the interaction of anti KL6 mAb with the epitope region. 
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3-2.2. DF3: 

DF3, mAb membrane enriched fractions of human metastatic breast carcinoma. In case of 

mAb, it was revealed that the broad binding characteristics of DF3 towards PDTR region are 

affected strongly by O glycosylation states at other ser/thr residues. Because as observed the 

binding affinity of DF3 with most MUC1 fragments used herein were reduced drastically 

when four other O-glycosylation sites are occupied by Tn (glycopeptides 16, 17, and 19) or T 

antigen (glycopeptides 8 and 15). However, glycopeptides 14 and 18 modified with ST 

antigen at these four amino acid residues allowed exceptionally for the recognition by DF3. 
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3-2.3. SM3: 

Deglycosylated purified milk mucin mAb were also tested against the series of glycopeptides 

synthesised. SM3 mAb interaction results showed binding affinity against MUC1 

glycopeptides that were single glycosylated at the PDTR motif by either Tn antigen, T 

antigen or Sialyl T antigen. It was observed that multiple O glycosylation at adjacent ser/thr 

residue disturb significantly the interaction between SM3 and glycopeptides 14-19 in a 

glycoform dependent manner when compared with glycopeptides 2, 3 and 9. 
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did not affect the interaction between these antibodies and this epitope region. Importantly, it 

was clearly demonstrated that multiple O-glycosylations at neighbouring Thr/Ser residues did 

not disturb this specific epitope recognition by anti-KL6 mAb even when MUC1 fragments 

were modified with sterically hindered core2 type pentasaccharide moieties (SC2) seen in 

cases for the glycopeptides 22 and 23. It is not surprising that multiple O-modification at 

Ser/Thr residues of the compounds 22 and 23 abrogated markedly the binding ability of SM3 

toward this epitope region detected in the MUC1 fragments 20 and 21. As anticipated, the 

modifications at the neighbouring O-glycosylation sites of the PDTR region with SC2 and Tn 

antigen can interrupt drastically the interaction of SM3 with these MUC1 fragments. This 

result is quite similar to the binding profiles of SM3 obtained by means of the microarray 

displaying MUC1 A series compounds, suggesting that the binding of SM3 against MUC1 

extracellular tandem repeats might be influenced significantly by the stearic hindrance rather 

than the conformational effects of the multiple O-glycosylation states in the MUC1 tandem 

repeats. Surprisingly, the affinity of DF3 directing the essential KL6-epitope region of the 

compound 21, PDTR having ST antigen, was enhanced markedly in the MUC1 fragments 22 

and 23 bearing bulky SC2 19 moiety at two Ser residues within the tandem repeat. These 

results clearly indicate that the enhanced binding of DF3 to MUC1 fragments involving the 

KL6-epitope region is mediated only when they are modified with the sialic acid-containing 

glycoforms, ST (glycopeptides 14 and 18 of MUC1 A series) and SC2 moieties 

(glycopeptides  22 and 23 of MUC1 B series), respectively. Therefore, it was considered that 

the conformation of the proximal peptide backbone at the immunodominant PDTR motif may 

be altered by the O-glycosylation at two adjacent Ser residues to afford more preferred 

structure for the binding with DF3. However, these multiple glycosylation with ST or SC2 

moiety did not influence the binding mode of the anti-KL6 mAb with the MUC1 fragments 

having an essential glycopeptidic epitope, Pro-Asp- 
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3-4. Conclusion 

 

In this chapter, micro array revealed interesting results which trigger to study the 

conformational analysis using NMR.  

In case of micro array with mAb KL6 it was confirmed that interaction is possible only with 

glycopeptides bearing minimal sialylated core 1 structure at Thr amino acid at the crucial 

epitope PDTR motif even though the neighbouring O glycosylation sites were glycosylated 

by any type of glycans. 

In case of DF3 mAb it was observed clearly that single glycosylated by Tn, T or sialylated T 

antigen at the PDTR motif showed binding interaction. Heavily glycosylated Glycopeptide 

bearing sialylated T antigen at all glycosylated sites also shows strong binding interaction 

whereas other multiple glycosylated glycopeptides showed decrease binding interaction 

against DF3mAb. 

SM3 mAb showed specific interaction with all single glycosylated glycopeptides at the 

PDTR epitope and with naked peptide. Whereas no interaction was observed with singly 

glycosylated glycopeptides at any other O glycosylation sites than Thr of PDTR motif and 

also no interaction with glycopeptides glycosylated at multiple sites.  
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CHAPTER 4 

 

NMR Studies 
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Glycopeptide 8 

NO of distance restraints  

total 163 

intraresidue 
 

peptide 77 

glycan 34 

sequential 
 

peptide 41 

glycan 11 

medium range 
 

peptide 0 

glycan 0 

long range 
 

peptide 0 

glycan 0 

peptide to glycan 
 

within the same 

glycosylated  residue 
33 

glycan on other peptide 

residues 
12 

No. of dihedral 

restraints  

total 84 

peptide backbone 14 

glycan 70 
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The best 30 calculated structures from NMR data. The 2GVTSA6, 7PDTR10 , 10RPAP13, 

14GSTA17 regions are superimposed on  backbone atoms 3VTS5,8DT9,11PAP13, 15STA17 resp. 

The main chain of the Glycopeptide backbone is colored in Grey,side chain is blue, and 

GalNAc  attached to Thr amino acid is red color, and the GalNAc  attached to Ser amino acid 

is green color.  
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Lowest energy structure in the 30 calculated models for the glycopeptide8. The left and the right 

structures are -90° and 90° rotations of the middle structures respectively. 

A: Connolly surfaces of the Sialyl core 1 O glycans colour yellow at Thr 4, magenta at Ser5, green at 

Thr9, orange at Ser 15 and aqua at Thr 16.B:van der Waals Surfaces of the peptide backbone (blue) 

and five Sialyl core 1  branches indicated by wireframe representation: van der walls surface of the 

backbone peptide with the GalNAc moiety at the PDTR segment (GalNAc9) and the Connolly 

surfaces of the Sialyl core 1 based O glycans attached at the other glycosylation sited in which the 

peptide GVTSAPDTRPAP is red colour and other segments (PPAH and GSTA) are colour blue and 

the GalNAc 9 moiety is green colour. All images were generated by Mol feat version 5.0(FiatLux) 
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Analysing the statistical information about the glycopeptide the impact about binding and non 

binding with antibodies could be explained. 

Statistical analysis: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Glycopeptide 8 
average potential 
energy(kcal/mol)a  

  
Etotal 110.83± 10.09 
Ebond 3.37 ± 0.41 
E angle 20.67 ± 2.79 
E impr 6.79± 0.71 
EVDW 12.3 ± 2.42 
ENOE 18.83 ± 1.92 
E cdih 0.06 ± 0.03 

  
deviation from idealized 

geometry  
bond length(A°) 0.0026 ± 0.00021 
bond angle (deg) 0.927 ± 0.051 
Improper (deg) 0.557 ± 0.029 

  
Average pairwise rmsd (A°)  

  
Backbone atoms  

Val 3 -Ser5 0.66  ±  0.35 
Asp8 -Thr 9 0.36  ±  0.20 

Pro11- Pro 13 0.73  ±  0.29 
Ser15-Ala 17 0.76  ±  0.29 

  
Heavy atoms  
Val 3 -Ser5 1.45  ±  0.52 
Asp8 -Thr 9 1.24  ±  0.34 

Pro11- Pro 13 1.40  ±  0.55 
Ser15-Ala 17 1.47  ±  0.46 

  
Val 3 -Ser5 and GalNAc 4 1.72  ±  0.60 
Val 3 -Ser5 and GalNAc 5 2.45  ±  0.82 

Val 3 -Ser5, GalNAc 4, 
GalNAc 5 2.75  ±  0.83 

Asp8 -Thr 9 and GalNAc 9 2.03  ±  0.61 
Ser15-Ala 17 and GalNAc 15 2.53  ±  0.58 
Ser15-Ala 17  and GalNAc 16 2.29  ±  0.69 
Ser15-Ala 17 , GalNAc 15 and 

GalNAc 16 3.01  ±  0.65 
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Glycopeptide 14: 

MUC1 20 mer amino acid sequence bearing sialylated T antigen at all O glycosylation sites 

was analysed by NMR machine to determine the 3D structure. 

 

After all the spectra was derived from NMR analysis. Peaks were labelled corresponding 

using NOESY COSY TOCSY HSQC spectra of each amino acid. Totally 280 restraints were 

labelled successfully and 135 dihedral angle restraints were labelled as mentioned in the table 

below which is further used to determine the 3D structure. 

Once the labelling of peaks was completed 3D structure was obtained by CNS software.  The 

number of peaks labelled inter residue, intra residue of amino acids and glycans are given as 

table below. 
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Glycopeptide 14 

NO of distance restraints  

total 280 

intraresidue  

peptide 76 

glycan 141 

sequential  

peptide 46 

glycan 16 

medium range  

peptide 1 

glycan 0 

long range  

peptide 0 

glycan 0 

peptide to glycan  

within the same glycosylated  

residue 
32 

glycan on other peptide 

residues 
19 

no of dihedral restraints  

total  

peptide backbone 135 

glycan 15 

 120 
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The best 30 calculated structures from NMR data. The 2GVTSA6, 7PDTR10 , 10RPAP13, 

14GSTA17 regions are superimposed on  backbone atoms 3VTS5,8DT9,11PAP13, 15STA17 resp. 

The main chain of the Glycopeptide backbone is colored in Grey,side chain is blue, and 

GalNAc  attached to Thr amino acid is red color, and the GalNAc  attached to Ser amino acid 

is green color.  
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Lowest energy structure in the 30 calculated models for the glycopeptide14. The left and the right 

structures are -90° and 90° rotations of the middle structures respectively. 

A: Connolly surfaces of the Sialyl core 1 O glycans colour yellow at Thr 4, magenta at Ser5, green at 

Thr9, orange at Ser 15 and aqua at Thr 16.B:van der Waals Surfaces of the peptide backbone (blue) 

and five Sialyl core 1  branches indicated by wireframe representation: van der walls surface of the 

backbone peptide with the GalNAc moiety at the PDTR segment (GalNAc9) and the Connolly 

surfaces of the Sialyl core 1 based O glycans attached at the other glycosylation sited in which the 

peptide GVTSAPDTRPAP is red colour and other segments (PPAH and GSTA) are colour blue and 

the GalNAc 9 moiety is green colour. All images were generated by Mol feat version 5.0(FiatLux). 
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Analysing the statistical information about the glycopeptide the impact about binding and non 

binding with antibodies could be explained. 

Statistical analysis: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Glycopeptide 14 
average potential 
energy(kcal/mol)a  

  
Etotal 140.76± 20.33 
Ebond 7.58 ± 1.05 
E angle 46.57 ± 6.45 
E impr 12.74 ± 1.02 
EVDW 25.92 ± 7.49 
ENOE 30.54 ± 5.89 
E cdih 1.4 ± 1.13 

  
deviation from idealized 

geometry  
bond length(A°) 0.0037 ± 0.0003 
bond angle (deg) 1.099 ±0.096 
Improper (deg) 0.666 ± 0.022 

  
Average pairwise rmsd (A°)  

  
Backbone atoms  

Val 3 -Ser5 0.68  ±  0.28 
Asp8 -Thr 9 0.35  ±  0.26 

Pro11- Pro 13 0.46  ±  0.21 
Ser15-Ala 17 0.38  ±  0.18 

  
Heavy atoms  
Val 3 -Ser5 1.46  ±  0.49 
Asp8 -Thr 9 1.15  ±  0.32 

Pro11- Pro 13 0.87  ±  0.35 
Ser15-Ala 17 0.77  ±  0.34 

  
Val 3 -Ser5 and GalNAc 4 1.82  ±  0.89 
Val 3 -Ser5 and GalNAc 5 2.06  ±  0.61 

Val 3 -Ser5, GalNAc 4, 
GalNAc 5 2.36  ±  0.78 

Asp8 -Thr 9 and GalNAc 9 1.93  ±  0.85 
Ser15-Ala 17 and GalNAc 15 1.31  ±  0.52 
Ser15-Ala 17  and GalNAc 16 1.07  ±  0.86 
Ser15-Ala 17 , GalNAc 15 and 

GalNAc 16 1.55  ±  0.75 
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Glycopeptide 17: 

MUC1 20mer amino acid sequence bearing T antigen at thr of PDTR motif whereas 

neighbouring O glycosylation sites glycosylated by Tn antigen was analysed by NMR 

machine to determine the 3D structure. 

 

After all the spectra was derived from NMR analysis. Peaks were labelled corresponding 

using NOESY COSY TOCSY HSQC spectra of each amino acid. Totally 238 restraints were 

labelled successfully and 62 dihedral angle restraints were labelled as mentioned in the table 

below which is further used to determine the 3D structure. 

Once the labelling of peaks was completed 3D structure was obtained by CNS software.  The 

number of peaks labelled inter residue, intra residue of amino acids and glycans are given as 

table below. 
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Glycopeptide 17 

NO of distance restraints  

total 238 

intraresidue  

peptide 111 

glycan 76 

sequential  

peptide 44 

glycan 7 

medium range  

peptide 0 

glycan 0 

long range  

peptide 0 

glycan 0 

peptide to glycan  

within the same glycosylated  

residue 
28 

glycan on other peptide 

residues 
10 

no of dihedral restraints  

total  

peptide backbone 62 

glycan 14 

 46 
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The best 30 calculated structures from NMR data. The 2GVTSA6, 7PDTR10 , 10RPAP13, 

14GSTA17 regions are superimposed on  backbone atoms 3VTS5,8DT9,11PAP13, 15STA17 resp. 

The main chain of the Glycopeptide backbone is colored in Grey,side chain is blue, and 

GalNAc  attached to Thr amino acid is red color, and the GalNAc  attached to Ser amino acid 

is green color.  
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Lowest energy structure in the 30 calculated models for the glycopeptide17. The left and the right 

structures are -90° and 90° rotations of the middle structures respectively. 

A: Connolly surfaces of the Sialyl core 1 O glycans colour yellow at Thr 4, magenta at Ser5, green at 

Thr9, orange at Ser 15 and aqua at Thr 16.B:van der Waals Surfaces of the peptide backbone (blue) 

and five Sialyl core 1  branches indicated by wireframe representation: van der walls surface of the 

backbone peptide with the GalNAc moiety at the PDTR segment (GalNAc9) and the Connolly 

surfaces of the Sialyl core 1 based O glycans attached at the other glycosylation sited in which the 

peptide GVTSAPDTRPAP is red colour and other segments (PPAH and GSTA) are colour blue and 

the GalNAc 9 moiety is green colour. All images were generated by Mol feat version 5.0(FiatLux) 
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Analysing the statistical information about the glycopeptide the impact about binding and non 

binding with antibodies could be explained. 

Statistical analysis: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Glycopeptide 17 
average potential 
energy(kcal/mol)a  

  
Etotal 99.78±4.24 
Ebond 7.52±0.33 
E angle 31.26±1.31 
E impr 4.49±0.5 
EVDW 7.82±2.23 
ENOE 42.89±1.53 
E cdih 0.14±0.1 

  
deviation from idealized 

geometry  
bond length(A°) 0.0044±0.0001 
bond angle (deg) 1.038±0.299 
Improper (deg) 0.474±0.029 

  
Average pairwise rmsd (A°)  

  
Backbone atoms  

Val 3 -Ser5 0.60 ± 0.29 
Asp8 -Thr 9 0.44 ±  0.28 

Pro11- Pro 13 0.68 ±  0.25 
Ser15-Ala 17 0.64 ± 0.46 

  
Heavy atoms  
Val 3 -Ser5 1.39 ±  0.60 
Asp8 -Thr 9 1.35± 0.42 

Pro11- Pro 13 1.32 ± 0.47 
Ser15-Ala 17 1.14 ± 0.56 

  
Val 3 -Ser5 and GalNAc 4 2.07 ±  1.00 
Val 3 -Ser5 and GalNAc 5 1.93 ±  0.87 

Val 3 -Ser5, GalNAc 4, 
GalNAc 5 2.59 ±  1.08 

Asp8 -Thr 9 and GalNAc 9 1.46 ±  0.49 
Ser15-Ala 17 and GalNAc 15 1.70 ±0.57 
Ser15-Ala 17  and GalNAc 16 1.54 ±  0.84 
Ser15-Ala 17 , GalNAc 15 and 

GalNAc 16 2.20 ±  0.76 
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Glycopeptide 18: 

MUC1 20mer amino acid sequence bearing Tn antigen at thr of PDTR motif whereas 

neighbouring O glycosylation sites glycosylated by sialylated T antigen was analysed by 

NMR machine to determine the 3D structure. 

 

After all the spectra was derived from NMR analysis. Peaks were labelled corresponding 

using NOESY COSY TOCSY HSQC spectra of each amino acid. Totally 214 restraints were 

labelled successfully and 114 dihedral angle restraints were labelled as mentioned in the table 

below which is further used to determine the 3D structure. 

Once the labelling of peaks was completed 3D structure was obtained by CNS software.  The 

number of peaks labelled inter residue, intra residue of amino acids and glycans are given as 

table below. 
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Glycopeptide 18 

NO of distance restraints  

total 214 

intraresidue  

peptide 75 

glycan 79 

sequential  

peptide 43 

glycan 16 

medium range  

peptide 1 

glycan 0 

long range  

peptide 0 

glycan 0 

peptide to glycan  

within the same glycosylated  

residue 27 

glycan on other peptide 

residues 11 

no of dihedral restraints  

total  

peptide backbone 114 

glycan 14 

 100 
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 The best 30 calculated structures from NMR data. The 2GVTSA6, 7PDTR10 , 10RPAP13, 

14GSTA17 regions are superimposed on  backbone atoms 3VTS5,8DT9,11PAP13, 15STA17 resp. 

The main chain of the Glycopeptide backbone is colored in Grey,side chain is blue, and 

GalNAc  attached to Thr amino acid is red color, and the GalNAc  attached to Ser amino acid 

is green color.  
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Lowest energy structure in the 30 calculated models for the glycopeptide18. The left and the right 

structures are -90° and 90° rotations of the middle structures respectively. 

A: Connolly surfaces of the Sialyl core 1 O glycans colour yellow at Thr 4, magenta at Ser5, green at 

Thr9, orange at Ser 15 and aqua at Thr 16.B:van der Waals Surfaces of the peptide backbone (blue) 

and five Sialyl core 1  branches indicated by wireframe representation: van der walls surface of the 

backbone peptide with the GalNAc moiety at the PDTR segment (GalNAc9) and the Connolly 

surfaces of the Sialyl core 1 based O glycans attached at the other glycosylation sited in which the 

peptide GVTSAPDTRPAP is red colour and other segments (PPAH and GSTA) are colour blue and 

the GalNAc 9 moiety is green colour. All images were generated by Mol feat version 5.0(FiatLux) 
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Analysing the statistical information about the glycopeptide the impact about binding and non 

binding with antibodies could be explained. 

Statistical analysis: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Glycopeptide 18 
average potential 
energy(kcal/mol)a  

  
Etotal 140.45 ± 9.99 
Ebond 7.11 ± 0.46 
E angle 46.43 ± 3.02 
E impr 13.23 ± 0.48 
EVDW 21.09 ± 5.16 
ENOE 36.29 ± 2.35 
E cdih 0.47 ± 0.24 

  
deviation from idealized 

geometry  
bond length(A°) 0.0034 ± 0.00013 
bond angle (deg) 1.108 ± 0.032 
Improper (deg) 0.696 ± 0.012 

  
Average pairwise rmsd (A°)  

  
Backbone atoms  

Val 3 -Ser5 0.57  ±  0.31 
Asp8 -Thr 9 0.10  ±  0.07 

Pro11- Pro 13 0.45  ±  0.26 
Ser15-Ala 17 0.30  ±  0.14 

  
Heavy atoms  
Val 3 -Ser5 1.39  ±  0.58 
Asp8 -Thr 9 0.81  ±  0.34 

Pro11- Pro 13 0.89  ±  0.46 
Ser15-Ala 17 0.59  ±  0.23 

  
Val 3 -Ser5 and GalNAc 4 1.99  ±  1.04 
Val 3 -Ser5 and GalNAc 5 2.30  ±  0.75 

Val 3 -Ser5, GalNAc 4, 
GalNAc 5 2.72  ±  0.95 

Asp8 -Thr 9 and GalNAc 9 1.65  ±  0.72 
Ser15-Ala 17 and GalNAc 15 1.20  ±  0.53 
Ser15-Ala 17  and GalNAc 16 1.04  ±  0.66 
Ser15-Ala 17 , GalNAc 15 and 

GalNAc 16 1.44  ±  0.60 
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Glycopeptides 19 

MUC1 20 mer amino acid sequence bearing Tn antigen at all O glycosylation sites was 

analysed by NMR machine to determine the 3D structure. 

 

After all the spectra was derived from NMR analysis. Peaks were labelled corresponding 

using nosey cosy tocsy hsqc spectra of each amino acid. Totally 134 restraints were labelled 

successfully and 54 dihedral angle restraints were labelled as mentioned in the table below 

which is further used to determine the 3D structure. 

Once the labelling of peaks was completed 3D structure was obtained by CNS software.  The 

number of peaks labelled inter residue, intra residue of amino acids and glycans are given as 

table below. 
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Glycopeptide 19 

NO of distance restraints  

total 134 

intraresidue  

peptide 67 

glycan 35 

sequential  

peptide 32 

glycan 0 

medium range  

peptide 0 

glycan 0 

long range  

peptide 0 

glycan 0 

peptide to glycan  

within the same glycosylated  

residue 

16 

glycan on other peptide 

residues 

15 

no of dihedral restraints  

total  

peptide backbone 54 

glycan 14 

 40 
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The best 30 calculated structures from NMR data. The 2GVTSA6, 7PDTR10 , 10RPAP13, 

14GSTA17 regions are superimposed on  backbone atoms 3VTS5,8DT9,11PAP13, 15STA17 resp. 

The main chain of the Glycopeptide backbone is colored in Grey,side chain is blue, and 

GalNAc  attached to Thr amino acid is red color, and the GalNAc  attached to Ser amino acid 

is green color 
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Lowest energy structure in the 30 calculated models for the glycopeptide19. The left and the right 

structures are -90° and 90° rotations of the middle structures respectively. 

A: Connolly surfaces of the Sialyl core 1 O glycans colour yellow at Thr 4, magenta at Ser5, green at 

Thr9, orange at Ser 15 and aqua at Thr 16.B:van der Waals Surfaces of the peptide backbone (blue) 

and five Sialyl core 1  branches indicated by wireframe representation: van der walls surface of the 

backbone peptide with the GalNAc moiety at the PDTR segment (GalNAc9) and the Connolly 

surfaces of the Sialyl core 1 based O glycans attached at the other glycosylation sited in which the 

peptide GVTSAPDTRPAP is red colour and other segments (PPAH and GSTA) are colour blue and 

the GalNAc 9 moiety is green colour. All images were generated by Mol feat version 5.0(FiatLux) 
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Analysing the statistical information about the glycopeptide the impact about binding and non 

binding with antibodies could be explained. 

Statistical analysis: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Glycopeptide19 
average potential 
energy(kcal/mol)a 

 

  
Etotal 79.98 ± 4.03 
Ebond 6.61±0.41 
E angle 15.22± 0.89 
E impr 2.51±0.16 
EVDW 8.96±1.69 
ENOE 42.3±1.96 
E cdih 0.06±0.02 

  
deviation from idealized 

geometry 
 

bond length(A°) 0.0040±0.0001 
bond angle (deg) 0.716±0.015 
Improper (deg) 0.372±0.012 

  
Average pairwise rmsd (A°)  

  
Backbone atoms  

Val 3 -Ser5 0.72 ±  0.35 
Asp8 -Thr 9 0.42 ±  0.38 

Pro11- Pro 13 1.14 ±  0.63 
Ser15-Ala 17 1.14 ±  0.65 

  
Heavy atoms  
Val 3 -Ser5 1.34 ±  0.60 
Asp8 -Thr 9 1.28 ±  0.49 

Pro11- Pro 13 1.76 ±  0.69 
Ser15-Ala 17 1.72 ±  0.69 

  
Val 3 -Ser5 and GalNAc 4 1.33 ±  0.49 
Val 3 -Ser5 and GalNAc 5 2.08 ±  0.68 

Val 3 -Ser5, GalNAc 4, 
GalNAc 5 2.38 ±  0.74 

Asp8 -Thr 9 and GalNAc 9 2.03 ±  0.83 
Ser15-Ala 17 and GalNAc 15 2.39 ±  1.01 
Ser15-Ala 17  and GalNAc 16 2.55 ±  0.91 
Ser15-Ala 17 , GalNAc 15 and 

GalNAc 16 3.12 ±  1.08 
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Glycopeptide 24: 

MUC1 24mer amino acid sequence bearing Tn antigen at Thr O glycosylation site of PDTR 

motif was analysed by NMR machine to determine the 3D structure 

 

 

After all the spectra was derived from NMR analysis. Peaks were labelled corresponding 

using NOESY COSY TOCSY HSQC spectra of each amino acid. Totally 153 restraints were 

labelled successfully and 19 dihedral angle restraints were labelled as mentioned in the table 

below which is further used to determine the 3D structure. 

Once the labelling of peaks was completed 3D structure was obtained by CNS software.  The 

number of peaks labelled inter residue, intra residue of amino acids and glycans are given as 

table below. 

 



95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Glycopeptide 25 

NO of distance restraints  

total 153 

intraresidue  

peptide 90 

glycan 11 

sequential  

peptide 41 

glycan  

medium range  

peptide 0 

glycan 0 

long range  

peptide 0 

glycan 0 

peptide to glycan  

within the same glycosylated  

residue 
11 

glycan on other peptide 

residues 
0 

no of dihedral restraints  

total 19 

peptide backbone 11 

glycan 8 
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The 30 lowest energy NMR structure of 24-mer MUC1 glycopeptide carrying Tn antigen at 

Thr8 in 6PDTR9 region. The 1GVTSA5, 6PDTR9, 9RPAP12, and 13GSTA16 regions were 

individually superimposed on the backbone atoms of 2VTS4, 7DTR9, 10PAP12, and 14STA16, 

respectively. The glycopeptide structures represent all heavy atoms, including side chains and 

GalNAc moiety. The main chain of the peptide backbone is colour gray neon; the side chain 

is shown as a blue line, the GalNAc moiety attached at Thr residue as a red line. 
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Statistical analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Tn 

average potential 

energy(kcal/mol)a 
 

  

Etotal 32.35 ± 0.66 

Ebond 2.56 ± 0.11 

E angle 7.66 ± 0.44 

E impr 0.71 ± 0.02 

EVDW 3.3 ± 0.32 

ENOE 17.58 ± 0.53 

E cdih 0.03 ± 0.006 

  

deviation from idealized 

geometry 
 

bond length(A°) 0.002 ± 6.39 

bond angle (deg) 0.41  ± 0.006 

Improper (deg) 0.199 ± 0.003 

  

Average pairwise rmsd (A°)  

  

Backbone atoms  

Val 3 -Ser5 0.77 ±  0.26 

Asp8 -Thr 9 0.24 ± 0.14 

Pro11- Pro 13 0.61 ±  0.30 

Ser15-Ala 17 0.52 ±  0.25 

  

Heavy atoms  

Val 3 -Ser5 1.73 ±  0.44 

Asp8 -Thr 9 0.81 ±  0.31 

Pro11- Pro 13 1.15 ±  0.58 

Ser15-Ala 17 1.07 ±  0.32 

  

Asp8 -Thr 9 and GalNAc 9 0.83 ± 0.31 
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relating to the attachment of the glycan moiety it was observed that glycopeptide 14 show 

more stability in the chi angle than glycopeptide 18 because glycopeptide 18 had (31.6 ±76.5) 

glycopeptide 14 (42.0 ±43.3), regarding the chi angle glycopeptide 8 and glycopeptide 17 

show similar orientation and stability. 

The psi angles of the Thr 4 showed similar stability but change in bond conformation could 

be visible. The psi angle of the Ser5 residue determined that the glycopeptide 19 has a 

comparatively stable amino acid structure when compared with other glycopeptides. 

Similarly in the Val3 of the GVTSA motif where psi angle was observed that in the 

glycopeptide 19 was comparably more stable than same Val3 in glycopeptide 8, glycopeptide 

18, glycopeptide14 and glycopeptide 17.Further analysis of the glycopeptide comprising of 

crucial epitope i.e. Pro-Asp-Thr-Arg motif was conducted in the similar manner as explained 

before. Analysis of the 3D structure with the statistical value showed evidences of site 

specific alteration during core 1 glycosylation and enzymatic sialylation in the MUC1 tandem 

repeating peptide. 

In the PDTR sequence segment, statistical analysis of the backbone heavy atoms pair wise 

r.m.s.d values before and after glycosylation could be seen to be elevated. The glycopeptide 8 

with the absence of GalNAc showed (1.24 ± 0.34) where as in the presence of GalNAc 

showed (2.03 ± 0.61). The glycopeptide 18 with the absence of GalNAc showed (0.81 ± 0.34) 

where as in the presence of GalNAc showed (1.65 ± 0.72). The glycopeptide 14 with the 

absence of GalNAc showed (1.15 ± 0.32) where as in the presence of GalNAc showed (1.93 

± 0.85). The glycopeptide 17 with the absence of GalNAc showed (1.35 ± 0.42) where as in 

the presence of GalNAc showed (1.46 ± 0.49) .The glycopeptide 19 with the absence of 

GalNAc showed (1.28 ±  0.49) where as in the presence of GalNAc showed (2.03 ± 0.83) 

This showed that even minimum glycosylation in the peptides could change r.m.s.d value.  
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change in bond angle orientation comparing with other peptides at Pro 11. The Ala12 amino 

acid psi angles glycopeptide 8 (121.3 ±85.0), glycopeptide 18 (-63.1 ±19.7), glycopeptide 

14(-65.0 ±2.3) and glycopeptide 17(121.1±70.9), glycopeptide 19(132.6 ±   91.6) revealed 

that fully sialylated glycopeptide 14 was stable compared to the other 4 glycopeptide. This 

shows the centre Ala 12 residue of the RPAP segment have shown good stability structure 

variation which also related due to the presence of sialylated Thr9 of the PDTR segment.  

Analysis of the final segment of the MUC1 peptide was the GSTA segment,  the pair wise 

backbone heavy atoms of the Ser15,Thr16 and Ala17 with no glycans  in glycopeptide 

8,18,17,14 and 19 were observed to be  (1.47  ±  0.46, 0.59  ±  0.23, 1.14 ± 0.56 , 0.77  ±  

0.34, 1.72 ±  0.69) respectively.  When either one of Ser15/Thr16 residue bearing the 

GalNAc residue rmsd value were compared i.e. rmsd during presence of GalNAc at only 

Ser15 of glycopeptide 8  (2.53  ±  0.58), glycopeptide 18 (1.20  ±  0.53), glycopeptide 14 

(1.31  ±  0.52), glycopeptide (1.70 ± 0.57), glycopeptide 19 (2.39 ±  1.01) or during the 

presence of GalNAc at only Thr16 of glycopeptide 8 (2.29  ±  0.69), glycopeptide 18( 1.04  ±  

0.66), glycopeptide 14  (1.07  ±  0.86), glycopeptide 17(1.54±0.84), glycopeptide19(2.55 ±  

0.91) minimal decrease in rmsd value could be observed in all glycopeptides. 

Further, the pair wise backbone rmsd value including the GalNAc in both Ser15 and Thr16 

residue of the GSTA motif was glycopeptide 8 (3.01 ± 0.65), glycopeptide 18 (1.44 ± 0.60), 

glycopeptide 14 (1.55 ± 0.75), glycopeptide 17(2.20±0.76), glycopeptide 19(3.12 ± 1.08). It 

was observed that sialylated structures glycopeptide 14, glycopeptide 18 values was similar 

suggesting that core1 sialylation at both Ser15 and Thr16 residues contributed strongly for 

the stabilization of the GSTA segment.   

Dihedral angle of the GSTA segment showed striking r.m.s.d value changes in the Ser15 phi 

angle of glycopeptide 8 (-111.1 ±22.3), glycopeptide 18(-139.3 ± 3.9), glycopeptide 14          
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18 than compound 16 and 19, the multiple modification with ST antigens may provide the 

immunodominant PDTR motif of the MUC1 tandem repeats with a trans- like extended 

conformation as well as the fixed carbohydrate directionalities to be more preferred antigenic 

structure for DF3 recognition. In contrast, it is noteworthy that multiple O-glycosylation 

states in the MUC1 tandem repeats did not affect entirely the binding mode of anti-KL6 mAb 

when the MUC1 fragment contains an essential KL6-epitope (PDTRPAP with ST antigen) 

such as compound 14, 16, 22, and 23 as shown in its respective data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 









111 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

 

Docking Studies 
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5-1. Introduction  

 

Molecular docking is a method used to predict the orientation between one molecule to 

another and determine whether they form a strong or weak complex1. The binding affinity 

can be determined using this method. Docking of small molecules into a known binding 

socket i.e. receptor, can be designed which can be helpful for drug designing 2-7. 

PyMol is software used to perform docking studies; it is a structure based prediction tool 

highly efficient to understand the binding alignment8-10. The method involves compilation of 

an extensive library of structural motif templates based on well characterized enzyme 

structures with active sites that are defined. 

In our laboratory we used this software to check the interaction and alignment between SM3 

antibodies against the MUC1 glycopeptides synthesised for NMR studies. In this docking 

study we used the crystallographic structure of SM3 antibody docked against a hexa peptide 

sequence of MUC1 peptide, but we replaced our structure with the hexa peptide and analysed 

the alignment between each other11 . 
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S3: PyMol 
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