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Abstract 
Rheumatoid arthritis (RA) is an autoimmune disease causing inflammation and 

subsequent destruction of cartilage and bone in peripheral joints. Although the 

symptoms of the disease can be treated, a cure is yet to be found. Vaccination of mice 

with a galactosylated peptide fragment from type II collagen, CII259-273, has shown 

to prevent development of arthritis in a mouse model for RA. This glycopeptide also 

binds to the human class II major histocompatibility complex (MHC)-protein DR4 

which presents antigens to the immune system. DR4 is genetically linked to RA and 

CII259-273 is recognized by T-cells isolated from patients suffering from the disease. 

In this work, analogues of CII259-273 have been investigated by computer-aided 

molecular design with the aim to find glycopeptides with an increased affinity to 

DR4. A molecular docking protocol was applied to 15876 glycopeptides having 

(un)natural amino acids at the anchor residue positions 263 and 266. Geometrical 

filtering of the docked poses decreased the number of candidates to 7542. The two 

positions were thereafter investigated separately based on a docking score 

resemblance approach. This resulted in the selection of seven promising amino acid 

building blocks. Six new anchor modified glycopeptides with these amino acids 

incorporated were obtained through solid-phase peptide synthesis following the 

Fmoc-protocol. Finally, the binding mode and dynamics of the complexes was further 

investigated through molecular dynamics simulations. 
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List of Abbreviations 
APC Antigen presenting cells 

BFB Bromophenol blue 

Boc tert-Butyloxycarbonyl 

Cbz Benzyloxycarbonyl 

CHARMM Chemistry at Harvard molecular mechanics 

CIA Collagen-induced arthritis 

CLIP Class II–associated invariant chain 

CPU Central Processor Unit 

DIC N,N'-diisopropylcarbodiimide 

DMF N,N-Dimethyl formamide 

DMSO Dimethyl sulfoxide 

ER Endoplasmatic reticulum 

Fmoc 9-Fluorenylmethyloxycarbonyl 

FRED Fast rigid exhaustive docking 

GLIDE Grid based ligand docking with energetics 

GOLD Genetic optimization for ligand docking 

HA Hemaglutinin 

HATU 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uranium 

hexafluorophosphate Methanaminium 

HLA Human leukocyte antigen 

HOBt Hydroxybenzotriazole 

HPC2N High performance computing centre north 

HPLC High performance liquid chromatography 

Ii Invariant chain 

LRMS Low resolution mass spectrometry 

MD Molecular dynamics 

MHC Major histocompatibility complex 

MOE Molecular operating environment 

NMR Nuclear magnetic resonance 

OtBu tert-Butyloxy 

PCA Principal component analysis 

pdb Protein data bank 

RA Rheumatoid arthritis 

RMSD Root mean square deviation 

sd Standard deviation 

tBu tert-Butyl 

TCR T-cell receptor 

TFA Trifluoroacetic acid 

TFAA Trifluoroacetic anhydride 

THF Tetrahydrofuran 

TMSN3 Trimethylsilyl azide 

Trt Trityl 
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1. Introduction 

1.1. Biological Background 

1.1.1. Rheumatoid Arthritis and Class II MHC Proteins 

The human body is constantly exposed to bacteria and other pathogens. Thus the 

immune system has developed in order to protect against these threats and has the 

ability to distinguish between foreign material and the body’s own constituents. 

Sometimes, however, this recognition fails resulting in an autoimmune disease where 

the immune system attacks the body itself. 

Rheumatoid arthritis (RA) is one such painful disease, mainly affecting the 

peripheral joints of hands and feet, causing inflammation that destroys cartilage and 

bone. It affects approximately 1 % of the population and can lead to swelling and 

stiffness in the joints as well as loss of mobility and premature death.
1,2

 The 

symptoms can be treated, but no cure has been discovered.
3
  

The cause of the disease is not yet known but genetic similarities found in patients 

suffering from RA have revealed a link to the expression of class II major 

histocompatibility complex (MHC) proteins, particularly the human leukocyte antigen 

(HLA)-DR1 and -DR4.
3
 The MHC proteins are synthesized in the endoplasmatic 

reticulum (ER) of antigen presenting cells (APC) where they are associated with the 

invariant chain (Ii) (Figure 1). The Ii stabilizes the complex at the same time as it is 

preventing peptides from binding to the MHC protein during transport to the 

endosome. After arrival to this compartment of the cell Ii is degraded leaving the 

Class II–associated invariant chain (CLIP), a peptide fragment, in the binding groove. 

With the aid of the HLA-DM chaperone CLIP is exchanged with endocytosed 

antigens and the resulting complex is thereafter transported to the surface of the APC 

where the peptide is presented to T-cell receptors (TCR) found on circulating CD4
+
 T 

cells. If the TCR recognize the peptide as an antigen, an immune response will be 

initiated.
3-6

  

 

 
Figure 1. The class II MHC protein transports Ii from the ER to the endosome in 

the APC. Here Ii is degraded into fragments, leaving the CLIP in the binding site, 

which is exchanged with endocytosed antigenic peptides that are presented to the 

TCR at the surface of the cell.
7
  



2 
 

1.1.2. CII259-273 

Type II collagen has been proposed as an autoantigen in RA. The protein is derived 

from cartilage that has proven to be able to sustain the inflammatory response.
8,9

 A 

complex between a glycopeptide fragment from type II collagen, CII259-273 (Figure 

2), and the class II MHC protein A
q
 has shown potential as a vaccine against collagen-

induced arthritis (CIA), which is a commonly used mouse model for preclinical 

evaluation of drugs against RA.
10-13

 This glycopeptide also binds to DR4 and 

recognition is maintained by T-cells isolated from patients suffering from RA.
14

  

The peptide is anchored in the binding groove of the protein with the aid of an 

extensive hydrogen bonding network and interactions of side chains with binding 

pockets. For DR4 (Figure 2) studies have shown that Phe263, Lys264 and Glu266 are 

particularly important for the affinity, while Gln267, Pro 269 and Lys270 are mainly 

acting as contacts for the TCR. It should be pointed out, however, that incoherent 

results have been observed in different studies regarding the importance of 

Glu266 and Pro269.
15-21

 Also, after being posttranslationally hydroxylated and 

glycosylated with a β-D-galactopyranosyl residue (as can be seen in Figure 2) Lys264 

serves as an important contact point for TCR.
12,14,22-24

  
 

A. 

 
 

B.     C. 

 
Figure 2. A: Chemical structure of CII259-273. B, C: The secondary structure of 

the class II MHC protein DR4 consisting of two dimers forming the binding groove 

where the bound peptide is located between the α1 and β1 helices. Phe263 and Glu266 

are important anchor residues interacting with the P1 and P4 pocket respectively and 

are thereby crucial for the affinity. The structure is based on a prepared homology 

model, see Experimental Section. 
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1.2. Computational Background 

1.2.1. Molecular Docking 

Today, molecular docking is a tool commonly used in drug discovery to predict 

binding poses of known active ligands in a binding site, identify new active ligands 

and predict binding affinities. The ligand can be treated as rigid or flexible by 

different software packages, while the receptor is usually kept rigid.
25,26

 In the case of 

FRED
27 

(Fast Rigid Exhaustive Docking), one such docking software, conformations 

of the ligand are generated independently of the docking program using for example 

OMEGA
28

. The pregenerated low energy conformations are then rigidly placed within 

the active site. 

The poses collected after a docking job must be evaluated in order to differentiate 

between successful and unsuccessful ones. In case of an existing crystal ligand, 

calculation of RMSD (Root-Mean-Square-Deviation) values is a good approach. 

However, if new ligands are being investigated, a crystal ligand is not available and 

another procedure is needed. Scoring functions have therefore been developed as a 

way to rank the poses and thereby, in theory, identify the most likely candidate for the 

real structure. However, these scoring functions are far from flawless and critical 

visual inspection is thus of great importance.
25,26

  

1.2.2. Principal Component Analysis 

Principal component analysis (PCA) can be used to extract important information 

from a multivariate data table and represent it in a low dimensional plane. The goal is 

to get an overview over the chemical diversity and find groupings, trends, outliers and 

relationships among the observations and variables. The relationship between 

variables is identified by the score plots and explained by the loading plots.
29,30

  

For the evaluation of a docking study PCA can be very useful to give an overview 

based on a multiple of different scoring functions and comparing their performance 

instead of only taking one into account.
31

 

1.2.3. Molecular Dynamics Simulations 

Molecular dynamics (MD) simulation is a very useful tool for studies of proteins 

and protein dynamics at different timescales.
 
Previously, MD simulations have not 

been widely applied due to the high computer effort and low number of available X-

ray structures, but today the number of crystal structures of macromolecules are 

increasing rapidly and the simulations are operable for large systems at comparatively 

low Centratl Processor Unit (CPU) time costs.
32

 There are currently a number of 

established MD codes to choose from, such as AMBER, CHARMM, Gromacs or 

Desmond.
33
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2. Aim of the Master’s Thesis 
The aim of this master’s thesis is to design and synthesize analogues of the CII259-

273 glycopeptide 1 (Figure 2) with improved binding affinity for DR4. Different 

computational methods are to be investigated and applied prior to synthesis. 

In the project, Phe263 and Glu266, the important anchor residues at positions P1 

and P4 (Figure 2c) will be exchanged for other natural or unnatural amino acids and 

be examined. A molecular docking protocol for the prediction of binding affinity for 

these peptides will initially be developed and validated based on previously obtained 

biological results. The protocol will be used as a filter to single out the most 

promising anchor modified analogues from a virtual library. Thereafter each position 

will be examined separately with the aid of PCA as a consensus scoring approach in 

order to select a few of the most promising amino acids. A small selection of 

glycopeptides will be chosen based on these results and solid phase peptide synthesis 

following an Fmoc-protocol will subsequently be performed. Potential binding modes 

and the dynamics of the synthesized glycopeptides in complex with DR4 will be 

further investigated using MD simulations. Knowledge previously obtained of the A
q
 

system will be considered in comparison to the results obtained for DR4. 

 

3. Results and Discussion 

3.1. Structure-Based Design 

3.1.1. Molecular Docking for the Filtration of Peptide Analogues 

Molecular docking was used as a filter to find glycopeptides with higher 

probability of binding to DR4. Different docking software such as Glide (grid based 

ligand docking with energetics) and GOLD (genetic optimization for ligand docking) 

were investigated, but FRED proved to be producing the most reliable results when 

comparing known binders and non-binders.  

The docking protocol included a number of different steps and filters (Scheme 1). 

An RMSD cut off was applied since previous research has shown that small 

conformational changes of the backbone can lead to substantial differences 

concerning T-cell stimulation.
34

 The remaining top 20 poses were extracted and 

submitted to energy minimization, a crucial step since FRED rigidly docks 

pregenerated conformations into a rigid binding site. An additional lower RMSD cut-

off was applied after the energyminimization for the same reason as previously stated. 

Since the amino acids at the P1 and P4 positions are believed to be crucial for 

binding, a geometrical filter was also added to the procedure discarding poses with 

unsatisfying positioning of side chains at P1 and P4. 

 

Scheme 1. Overview over the docking protocol 
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As validation of the docking protocol, the previously synthesized and biologically 

evaluated peptides in Figure 3 were investigated to see how they survived the filtering 

steps. Compound 1-5 are known binders and 6-7 are non-binders. There were some 

difficulties for the scoring functions to differentiate between 2 and 6, therefore 6 

turned out to survive the filters while 2 did not. There is also, of course, a possibility 

that the bioactive binding modes are different from the predicted binding modes and 

thus leading to poor scoring. 

 

 
 

Figure 3. Known binders (1-5) and non-binders (6-7) investigated by I. E. 

Andersson and C. D. Andersson et al.
35

  

 

In total, 126 amino acids were studied for the two anchor postions. 105 of these are 

the same as in a study directed towards A
q
 performed by I. E. Andersson and C. D. 

Andersson et al
35

. The amino acids are all commercially available and suitable for 

peptide synthesis following the Fmoc-protocol. In addition to those, a few carboxylic 

acid bioisosteres were added as well as other building blocks with larger side chains 

(see Experimental Section and Supplementary Information). This resulted in an initial 

number of 15876 unique anchor modified analogues that were reduced to 7542 using 

the described post-docking filters. Rescoring of the 44771 surviving poses was 

performed using eight different scoring functions available in FRED. Statistical 

measures were thereafter extracted (see Experimental Section), and used for the 

analysis of the amino acids fit at the two positions. 

3.1.2. Evaluation of Amino Acid Building Blocks by Principal Component 

Analysis 

PCA was performed to evaluate the use of multiple scoring functions for each of 

the two varied positions in order to select building blocks to incorporate into the 

peptides. The number of times a specific amino acid occurred among the docked 

binding poses (frequency) as well as scoring values including average and standard 

deviations were taken into account. A highly ranked building block should have a 

high frequency, low scoring values and preferably low standard deviations. 

For P1 five different amino acids were chosen for synthesis (Figure 4). 1016, the 

native amino acid, as well as 1027 are structurally similar. The center point in all four 

components was calculated for the known binders and 1027 was the amino acid 

closest to this point. 1100 was highly ranked in the score plot as well and is of a 
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biological interest since it results from posttranslational modification of tyrosine and 

has been identified in collagen fragments in an ongoing collaboration.
36

 1042 and 

1105 are larger than previously investigated building blocks, but with a favorable 

positioning in the score plot where they have low scoring values.  

 

      A.       B. 

 

      C. 

 
 

Figure 4. Score and loading plots for P1 including the chemical structure of 

interesting amino acid building blocks. A: Red dots in the scatter plot represent amino 

acids present in the known non binders (Figure 3). Green dots represent known 

binders and blue dots are the selected building blocks. B: The loading plot visualizes 

the statistical measures used for the evaluation: Top 10 standard deviation (purple), 

standard deviation (orange), frequency (yellow), best scoring values (green), mean 

scoring values (blue) and top 10 mean scoring values (grey). C: Chemical structure of 

interesting amino acid building blocks. 

 

The model for the P4 position could not be validated in the same manner as P1, 

since this position has not been varied previously. However, according to the model, 

1004 that is the native amino acid was not a highly ranked building block (Figure 5) 

which might indicate room for improvement. Three out of the five different 

carboxylic acid bioisosteres that were investigated (hydroxamic acid, sulfonic acid 

and the tetrazole) were positioned in the highly ranked area in the score plot. Out of 
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these three, the tetrazole 1085 was chosen as a suitable representative and assessed 

synthetically feasible in terms of incorporation into the glycopeptides. 1004, the 

native amino acid, was also included, and 1027 was chosen since it has an increased 

lipophilicity compared to glutamic acid, which may increase the affinity. 

An additional important requirement for the selection of building blocks was that 

there should be surviving poses from the docking study of the final combinations 

chosen for synthesis. Thus a visual inspection of the results from the docking was 

performed to make sure that the interesting peptides had surviving poses with a likely 

binding mode, resulting in the eight peptides visible in Table 1. For many other 

remaining promising building block candidates, the combinations of interest had not 

survived the filtering steps. However, they might still be of interest in a future study.  
 

A.       B. 

 
      C. 

 
Figure 5. Score and loading plots for P4 including the chemical structure of 

interesting amino acid building blocks. A: The green dot in the scatter plot represent 

the amino acid present in the known binders (Figure 3). Blue dots are the selected 

building blocks. B: The loading plot visualizes the statistical measures used for the 

evaluation: Top 10 standard deviation (purple), standard deviation (orange), 

frequency (yellow), best scoring values (green), mean scoring values (blue) and top 

10 mean scoring values (grey). C: Chemical structure of interesting amino acid 

building blocks. 

 

A small library was constructed, where all possible combinations with the two 

native amino acids 1016 and 1004 were included. It should therefore be possible to 

draw conclusions from biological results about each new building block. Since 

additive effects are possible, combinations with 1027 were also added. 
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Table 1. Glycopeptides selected for synthesis based on molecular docking studies 

and principal component analysis. 
 

 
 

Entry Compound R1 R2 
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3.1.3. Molecular Dynamics Simulations of DR4/Glycopeptide Complexes 

MD simulations of the glycopeptides in complex with DR4 were performed in 

order to investigate the dynamics over time. Initial simulations revealed obvious 

deviations at the α2 and β2 helices that should likely not be possible since this part of 

the protein is membrane bound. Hence constraints in terms of allowed movements of 

this part of the protein were added to ensure the stability during the simulations. 

Each simulation was run for 18 ns, the same time as for glycopeptide-A
q
 

complexes in a study performed by I. E. Andersson et al.
37

 RMSD values were used 

as a measure of the stability of the complexes. Stabilization was obtained after 

approximately 13 ns except in the cases of 1 and 10 that did not stabilize during this 

time period (see Supplementary Information). For A
q
 stabilization is obtained after 

approximately 6 ns according to the RMSD values. An unfolding of the α1 helix was 

observed for all the DR4 complexes (Figure 6). The rate and degree of unfolding 

differentiates, but the phenomenon is observed already in the first frame collected 

after the initial relaxation of the system. One theory could be that the TCR is 

important for the stabilization of the complex, which would be of great interest to 

study in future simulations. Since the unfolding of the α1 helix is observed also for the 

native ligand, it is not necessarily an indication of reduced affinity. Longer simulation 

times would also be interesting to see what happens to the α1 helix. Will it stabilize, 

completely unfold or might it start to refold again? 

 

 
Figure 6. Three frames extracted from the simulation of the native ligand 1. The 

ligand is stable in the binding area, but the α1-helix above is unfolding. White = 0 ns, 

green = 9 ns, red = 18 ns. 

 

The anchor residues investigated in this study are positioned in their respective 

pockets. The stability of the backbone of the ligand is also of importance, since small 

deviations can greatly affect T-cell stimulation.
34

 It differentiates between the 

complexes, but for the native ligand the backbone is stable during the observed time. 

The same is true for 8 and 13. When investigating 9-12 however this changes. For 9, 

10 and 12 a dramatic change in the binding mode was observed for the C-terminal 
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part of the ligand. For 11 the corresponding happens mainly at the N-terminal. This is 

worrisome since the important contact points for the TCR is positioned at the C-

terminal and this might lead to a decrease or even loss of recognition. The deviation at 

the N-terminal for 11 might be due to the amino acid in the P1 position, 1105, that 

could potentially be too extended in its shape. 

The hydrogen bond pattern between the backbone of the peptides and DR4 was 

also studied. In general, the majority are observed at the N-terminal part of the ligand. 

For 1, five out of seven of the strong bonds are found in the 259-267 sequence, 

according to Table 2. A hydrogen bond is defined to have a donor-acceptor distance 

of less than 3.3 Å and donor hydrogen – acceptor angle of less than 20°. To be 

included, the frequency must be > 5 % of the snapshots over the simulation time. A 

strong hydrogen bond is defined to have a frequency > 40 %. 

 

Table 2. The hydrogen bond occupancy between the backbone of the CII256-273 

glycopeptides and DR4 during the last ns of the MD-simulations.
a
  

Glycopeptide 

residue 

DR4 

residue 
1 8 9 10 11 12 13 

Ile260 (d) αPhe51 (m) – 24 – – – – – 

Ala261 (a) αSer53 (s) – 36 46 24 17 46 11 

Ala261 (d) αPhe51 (m) – 22 46 8 5 40 – 

p263 (d) αSer53 (m) 14 68 57 74 38 68 52 

Lys264 (a) αGlu55 (m) 62 – – – 27 – – 

Lys264 (a) βAsn82 (s) 73 63 69 67 70 – 33 

Lys264 (d) αGlu55 (m) 16 – 85 17 – – – 

Lys264 (d) βHis81 (s) – 9 – – – 53 – 

Lys264 (d) βAsn82 (s) 23 32 17 43 22 – 49 

Glu266 (a) αGln9 (s) 53 – 56 – 48 59 73 

p266 (a) αAsn62 (s) – – 53 – – 68 – 

p266 (d) αGln9 (s) 45 – 34 – 56 56 27 

Gln267 (a) βLys71 (s) 45 9 55 – 12 – – 

Gly268 (d) αAsn62 (s) – 56 – – – – – 

Pro269 (a) βTyr30 (s) – – – – – – 45 

Lys270 (a) βTrp61 (s) 72 68 – – – 8 58 

Lys270 (a) βGln64 (s) – – – – 8 – – 

Lys270 (d) βGln64 (s) – – – – 8 – – 

Lys270 (d) αAsp66 (s) – – – 9 – – – 

Gly271 (d) αAsn69  (s) – – – – – – 23 

Glu272 (a) αArg76 (s) – – – – – – 28 

Glu272 (d) βAsp57 (s) 51 64 – – – – 62 

Glu272 (d) βTyr60 (s) – – – – – 19 – 
 

a
 The occupancy was calculated with VMD

38
 and reported in %. d =donor, a = acceptor, m = main 

chain, s = side chain, – = no hydrogen bond observed. 

 

Biological evaluation will be performed with the purpose to investigate 

correlations to the stability of the complexes and also to the hydrogen bond patterns, 

since the hydrogen bond network is of importance for the affinity. Hopefully this will 

also increase the understanding of the interactions. 
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3.2. Synthetic Chemistry 

3.2.1. Solid Phase Peptide Synthesis 

The solid phase peptide synthesis was rather straight forward, basically following a 

previously developed Fmoc-protocol with adjustments due to the GalHyl building 

block.
12

 Cleavage from the solid support as well as simultaneous deprotection of the 

amino acid side chains was performed by treatment with a mixture of trifluoroacetic 

acid (TFA), H2O, ethanedithiol and thioanisole. TFA since the protecting groups for 

the amino acid side chains are acid sensitive. The remaining constituents of the 

mixture are acting as scavengers for cations that otherwise could have affected 

sensitive side chains of the peptides. Thioanisole is also important as nucleophile, 

needed for cleavage of the amine protecting group of the GalHyl building block.
39

 

Partial deprotection of the benzyl protected serine residue for 11 during the cleavage 

from the solid support was observed according to LCMS, but the largest amount was 

kept intact. Usually these benzyl protecting groups are rather stable, demanding 

hydrogenation or treatment with hydrobromic acid at elevated temperatures. Here 

however, thioansole was probably contributing to the deprotection. The purification of 

the final glycopeptides through preparative HPLC was of great importance, since 

shorter peptide fragments can disturb the biological assay. Six glycopeptides, 8 – 13, 

were successfully synthesized with more than 95 % purity (see Experimental Section, 

Table 6). 

3.2.2. Attempts at the Synthesis of the Tetrazole 

All the amino acids chosen for investigation were commercialy avalilable, except 

for the carboxylic acid bioisosteres. Therefore synthesis of the tetrazole had to be 

performed, which turned out to be a challenge. The first step of the chosen synthetic 

pathway, conversion of Fmoc-protected aspargine into the corresponding nitrile, 

proceeded successfully (Scheme 2). To minimize the risk of Fmoc-deprotection, 

which is usually performed by treatment with base, the temperature was kept at 0°C. 

The second step turned out to be more challenging. A few different procedures were 

examined, Table 3.  Different azides and Lewis acids acting as catalysts as well as 

solvents were investigated. 

After treatment with NaN3 and ZnBr2 in water and isopropanol, Entry 1 in Table 3, 

the nitrile was hydrolyzed back to the amide according to LCMS and 
1
H NMR. If the 

nitrile was instead reacted with TMSN3 and ZnBr2 in dry MeOH (Entry 2, Table 2), 

only starting material was observed. Reaction with NaN3 and ZnBr2 or NH4Cl in dry 

MeOH or DMF (Entries 3-4, Table 2) resulted in cleavage of the Fmoc-protecting 

group. Similar procedures using other lewis acids or azides could of course be 

investigated. An optional synthetic pathway would be to start from asparagine with 

another protecting group that would be stable against these conditions, convert the 

amide into a tetrazole and exchange this protecting group with Fmoc in the last step. 

However, due to time constraints no further investigations were made. 
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Scheme 2. The synthetic pathway investigated for the synthesis of the tetrazole 18. 
 

 

Table 3. Synthetic procedures investigated for the synthesis of the tetrazole 18. 

 

Entry Reagents Solvent Results 

1 NaN3, ZnBr2 H2O/2-Propanol Hydrolysis to amide 

2 TMSN3, ZnBr2 MeOH Starting material 

3 NaN3, ZnBr2 MeOH Fmoc-cleavage 

4 NaN3, NH4Cl DMF Fmoc-cleavage 

 

4. Conclusions and Future Perspectives 
In conclusion, eight anchor modified glycopeptides have been designed with the 

aim to increase the binding affinity to DR4. The amino acids at the anchor positions 

P1 and P4 have been exchanged with natural and unnatural ones and a molecular 

docking protocol was developed to single out the glycopeptides with increased 

probability to display a high affinity. This decreased the number with approximately 

50 %. Thereafter PCA was applied to investigate the consensus scoring of the amino 

acids for each position separately. Seven building blocks were selected and a library 

of eight glycopeptides was designed. 

Solid phase peptide synthesis was performed following the Fmoc-protocol and six 

of the designed glycopeptides were successfully synthesized. For the two remaining 

ones, the problem was that the tetrazole building block could not be successfully 

synthesized. A few attempts were made, but other synthetic pathways could be 

investigated in the future. 

The molecular dynamics simulations were performed in order to investigate the 

dynamics of the complexes. Longer simulations would be of interest to perform to see 

what happens to the α-helix that is unfolding. Will it continue to completely unfold, 

start to stabilize or maybe even refold again? A simulation with the TCR included 

would also be interesting in order to investigate if this can stabilize the complex. 

Biological evaluation is of great importance and will shortly be performed for the 

six synthesized glycopeptides. This includes binding as well as T-cell activation 

assays. Hopefully correlations between the results obtained in this study and the 

biological data can be found and help increase the understanding of the interactions 

between the peptides and the protein as well as the stability of the entire complex. 
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6. Experimental Section 

6.1. Molecular Modeling Methods 

6.1.1. Protein Preparation 

Proteins were prepared with the Protein Preparation Wizard incorporated in the 

Maestro
40

 environment. Disulfide bonds were created, missing side chains were filled 

in using Prime
41

 and water was deleted. The H-bond assignment was optimized and 

the hydrogens wee energy minimized using the OPLS2005 force field. 

A comparative model of DR4 in complex with CII259-270 prepared by I. E. 

Andersson et al.
42

 was used for the docking studies. For the MD simulations a new 

model was prepared containing CII259-273 (see Section 7.1.5). 

6.1.2. Ligand Preparation 

Amino acids were constructed in Chemdraw and transferred to the MOE
43

 software 

as chiral smiles. The library of peptides with two positions varied was assembled with 

the aid of QuaSAR-CombiGen, also within the MOE software. Lys264 was used in 

the place of GalHyl264 since the galactose moiety does not influence the affinity to 

the protein. A total of 126 amino acids were investigated, see Supplementary 

Information. In addition to those included in a study directed towards A
q
 performed 

by I. E. Andersson and C. D. Andersson et al.
35

, five carboxylic acid bioisosteres were 

added (hydroxamic acid, sulfonic acid, phosphonic acid, tetrazole and 

hydroxyisoxazole) and also other building blocks with larger side chains (see 

Supplementary Information). The ligands were energy minimized using the 

MMFF94x force field. 

6.1.3. Molecular Docking 

Low energy conformations of CII262-269 were generated with OMEGA
28

 using 

modified settings (Table 4) and thereafter rigidly docked into the binding site of the 

protein with FRED
27

 using tuned settings (Table 5). These settings were developed in 

the study performed by I. E. Andersson and C. D. Andersson et al.
35

 

The grid generation was performed with Fred Receptor
44

, where a geometrical 

constraint for Lys264 was added to make sure the correct position where it is pointing 

out from the binding pocket was obtained. BABEL
45

 was used for file format 

conversion. 

 

Table 4. Tuned parameter settings for the conformational search in OMEGA. 

 

Entry Parameter Setting 

1 ewindow 35 

2 rms 0.8 

3 maxconfs 1000 

4 buildff mmff94s_trunc 
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Table 5. Tuned parameter settings for the molecular docking in FRED. 

 

Entry Parameter Setting 

1 clash scale 0.7 

2 opt none 

3 num_poses 100 

4 num_alt_poses 100 

 

RMSD values for the backbone of the peptides compared to the ligand in the 

comparative model were calculated. Poses with RMSD values < 3.0 Å were retained 

and a maximum number of top 20 top ranked poses according to Chemgauss3 were 

kept for the next filtering step. The remaining poses were energy minimized in the 

binding pocket using DOCK within the MOE software and the MMFF94x force field. 

A weight of 100 kJ mol
-1

 Å
2
 was put on the protein residues.  RMSD values for the 

backbone were calculated for the resulting poses with a cut off of 2.3 Å. Geometrical 

filtering steps for the side chains located in the P1 and P4 positions were thereafter 

executed with the aid of a pharmacophore query within MOE. For P1 a sphere with 

the radius 2.9 Å was used (x = -1.649, y = 95.999, z = 29.688) and for P4 three 

spheres with the radius 2.3, 2.3 and 2.0 were used ((x = 3.143, y = 96.604, z = 

43.337), (x = 3.130, y = 96.273, z = 44.826), (x = 3.130, y = 95.273, z = 41.826) 

respectively). Rescoring of the remaining poses was performed using FRED with the 

following scoring functions: Shapegauss, PLP, Chemgauss2, Chemgauss3, 

Chemscore, Screenscore, OEChemscore and Zapbind. An overview over the docking 

protocol can be seen in Scheme 1. The top one ranked poses according to 

Chemgauss3 were then preserved for a PCA. 

6.1.4. Principal Component Analysis 

For each unique amino acid in the two varied positions and every scoring function, 

five statistical measures were considered: the best scoring value, the average scoring 

value for all poses and the ten top poses, the standard deviation of the scoring values 

for all poses and the ten top poses. In addition, the number of times a specific amino 

acid occurred among the docked poses (frequency) was also calculated. 

A PCA, using SIMCA P+
46

, was performed for each position in order to visualize 

the extracted data, resulted in two four component models with R
2
X of 0.77 and 0.83 

and Q
2
 of 0.65 and 0.76 for P1 and P4, respectively. Data was centered and scaled to 

unit variance prior calculations. The decision of what amino acids to choose for 

incorporation into the glycopeptides was then based on the resulting PCAs. The 

position of each unique amino acid in the score plots are correlated to the loading 

plots where frequency, mean score values and standard deviations are visible. A 

highly ranked building block should have a high frequency, low scoring values and 

preferably a low standard deviation. 

6.1.5. Preparation of the CII259-273 DR4 Model 

A new model of the complex between CII259-273 and DR4 was constructed based 

on the pdb file 1J8H. The backbone coordinates for the peptide were sampled from 

the Influenza hemaglutinin (HA) peptide present in 1J8H. The two sequences were 

aligned with Phe263 overlapping Tyr308 positioned in the P1-pocket of DR4. With 

the aid of the Homology model tool implemented in MOE a homology model was 

constructed. The maximum number of models was set to 10 and C-terminal & N-

terminal outgap modeling was disabled. 
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Hydroxylation and glycosylation of Lys264 was thereafter manually performed 

and the resulting complex was energy minimized in two steps using MacroModel
47

 

within Maestro and the OPLS-AA 2005 force field. The first minimization was 

accomplished with the protein backbone constrained with a force constant of 100 kJ 

mol
-1

 Å
2
 and the maximum number of iterations set to 1000. The second one was 

performed without any constraints and the maximum number of iterations set to 5000. 

6.1.6. Molecular Dynamics Simulations 

The MD simulations were performed using the Desmond
33

 software implemented 

within Maestro. The atomic coordinates were taken from the prepared comparative 

model. The complexes were solvated using a cubic box shape (15 Å) and TIP3P as a 

water model. Neutralization was performed with Na
+
 as counter ions and a salt 

concentration of 0.15 M. A default relaxation protocol within Maestro was used for 

minimization and NVT simulations of 18 ns with recording intervals of 2 ps for both 

the trajectory and the energy. The α2 and β2 domains (Asn78 – Asp181 and Gln92 – 

Ala190 respectively) were constrained with a force constant of 100 kJ mol
-1

 Å
2
. 

The calculations were executed on the High Performance Computing Centre North 

(HPC2N)
48

 using implemented Desmond MD code. 

6.2. Synthetic Chemistry 

6.2.1. General Methods 

Chemicals were purchased from Sigma-Aldrich Co., Acros Organics, PolyPeptide 

Group or Rapp Polymere and used without further purification. THF and DMF were 

dried using a PPT / Glass Contour Solvent Purification System. MeOH was dried 

using 3 Å molecular sieves. Except for the solid phase peptide synthesis, reactions 

were done under a nitrogen atmosphere in dried glassware. Silica gel 60 F254 was used 

for TLC. Flash column chromatography was performed using a Biotage SNAP 

cartridge KP-Sil (10 g or 25 g) attatched to a Biotage Isolera. Infrared spectra were 

recorded using a customized Perkin Elmer Spectrum BX FT-IR/ATR 

spectrophotometer. 
1
H NMR spectra and 

13
C NMR spectra were recorded on a Bruker 

DRX-400 in DMSO-d6 solution (residual DMSO (H 2.50 ppm, C 39.52 ppm)) as 

internal standard at 298 K. Liquid chromatography mass-spectroscopy 

chromatograms and spectra were recorded on a Waters Micromass ZG 2000 

instrument with an electro-spray ion source (ES+ and ES−), coupled to an XTerra
® 

MS C-18 4.6 × 50 mm, 5 µm particle size column, using a water/acetonitrile/formic 

acid eluent system. Melting points were measured using a Büchi/Dr. Tottoli melting 

point determination apparatus and are uncorrected. 

6.2.2. General Procedure for Solid Phase Glycopeptide Synthesis 

The glycopeptides were synthesized in mechanically agitated reactors with 

Tentagel-S-PHB-Thr(tBu)-Fmoc as solid support (capacity: 0,24 mmol/g). The 

couplings were performed in a minimal volume of DMF with BFB (0.75×10
-3

 eq.) as 

an indicator for monitoring of the reactions. Fmoc protected amino acids (4 eq.) with 

standard protecting groups (tBu for Thr, OtBu for Glu, Boc for Lys, Trt for Gln) were 

activated with HOBt (6 eq.) and DIC (3.9 eq.). For the coupling of GalHyl (((5R)-N
α
-

(Fluoren-9-ylmethoxycarbonyl)-N
ε
-benzyloxycarbonyl-5-O-(2,3,4,6-tetra-O-acetyl-β-

D-galactopyranosyl)-5-hydroxy-L-lysine), 1.5 eq.), HATU (1.5 eq.) and  2,4,6-

Collidine (3 eq.) were instead used and the reactions were allowed to proceed for at 
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least 24 hours. Fmoc deprotection was performed by treatment with 20 % piperidine 

in DMF after each coupling. 

Cleavage from the solid phase was accomplished through treatment with a mixture 

of TFA:H2O:Ethanedithiol:Thioanisole (35:2:1:2, 40 ml / 100 µmol) for 3 hours at 

40°C after which the resin was filtered off and washed with AcOH. The filtrate was 

concentrated from AcOH × 5 and triturated with cold Et2O × 4. Deacetylation of the 

carbohydrate moiety was accomplished by treatment with a solution of NaOMe in 

MeOH (20 mM, 1 ml / 1 mg crude glycopeptide) at room temperature under a 

nitrogen atmosphere after which AcOH was added for neutralization. Monitoring was 

performed with LC/MS. The glycopeptides were purified with preparative reversed-

phase HPLC before and after deacetylation. 

Preparative reversed-phase HPLC was performed with a Gilson HPLC system 

equipped with a Machery-Nagel Nucleodur C18 HTec Column (250 × 21.0 mm, 5 

µm) and a gradient of H2O and MeCN with 0.005 % Formic acid or 0.1 % TFA (0-

100% over 60 minutes, flow rate: 11-20 ml/min, detection at 214 nm) or a Supelco 

Discovery Bio Wide Pore C18 Column (250 × 21.2 mm, 5 µm) and a gradient of H2O 

and MeCN with 0.005 % Formic acid (0-100% over 60 minutes, flow rate: 30  

ml/min, detection at 214 nm). 

Analytical reversed-phase HPLC was performed with a Beckman System Gold 

HPLC equipped with a Supelco Discovery® Bio Wide Pore C18 column 

(250×4.6mm, 5m) and a gradient of H2O and MeCN with 0.1 % TFA (0-100 % over 

60 minutes, flow rate: 1.5 ml/min, detection at 214 nm).  
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6.2.3. HPLC Purity and MALDI-TOF Data of the Synthesized Glycopeptides 
 

Table 6. Purity and yield for the six synthesized glycopeptides. 
 

Glycopeptide Isolated  

Yield (%) 

HPLC 

Purity (%) 

MALDI-TOF 

Calculated Mass 

[M+Na]
+
 

MALDI-TOF 

Observed Mass 

[M+Na]
+
 

 

 

8 

 

 

5.0 mg 

(6 %) 

 

 

97 

 

 

1693.77 

 

 

1693.78 

 

 

9 

 

 

5.9 mg 

(6 %) 

 

 

97 

 

 

1736.76 

 

 

1736.83 

 

 

10 

 

 

0.9 mg 

(1 %) 

 

 

>99 

 

 

1725.79 

 

 

1725.87 

 

 

11 

 

 

6.8 mg 

(8 %) 

 

 

97 

 

 

1705.79 

 

 

1705.81 

 

 

12 

 

 

1.0 

(1 %) 

 

 

96 

 

 

1711.80 

 

 

1711.83 

 

 

13 

 

 

2.1 mg 

(2 %) 

 

 

96 

 

 

1729.79 

 

 

1729.78 
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6.2.4. Experimental Procedures 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-cyanopropanoic acid (17) 

 
Fmoc-Asn-OH (0.9 mmol, 318.9 mg) was dissolved in THF and cooled to 0°C. Pyridine 

(1.8 mmol, 0.15 ml) and trifluoroacetic anhydride (0.99 mmol, 1.51 ml) were carefully added. 

Stirring for 3 hours when 1 additional eq. of pyridine and trifluoroacetic anhydride was added. 

Stirring was thereafter continued for 1 hour before ether (20 ml) was added to the mixture. 

The organic phase was washed with H2O (2 × 10 ml) and brine (10 ml), dried with Na2SO4 

and concentrated. Purification with column chromatography (EtOAc:Heptane 1:1) yielded the 

product (197 mg, 65 %) as colourless flakes; νmax/cm
-1 

3206.6 (OH), 2324.9 (C≡N), 1703.5 

(C=O), 1689.07 (NH); δH (400 MHz, DMSO) 11.23 (bs, 1H, COOH),7.92-7.88 (m, 3H, H11 

NH), 7.68 (d, J=7.6 Hz, 2H, H8), 7.42 (t, J=7.6 Hz, 2H, H10), 7.33 (t, J=7.6 Hz, 2H, H9), 

4.39-4.30 (m, 3H, H5, 6), 4.23 (t, J=6.7 Hz, 1H, H2), 2.87 (dd, J=17.8, 9.4 Hz, 1H, H3), 2.46 

(dd, J=18.1, 5.5 Hz, 1H, H3); δC (400 MHz, DMSO) 178.3 (C1), 176.7 (CN), 156.2 (C4), 

144.3 and 144.2(C7),141.2 (C12), 128.1 (C10), 127.6 (C9), 125.6 and 125.6 (C8), 120.6 

(C11), 66.2 (C5), 51.0 (C6), 47.1 (C2), 36.6 (C3); m/z LRMS [M-H]
-
 calculated 

 
335.10, 

found 334.96. 
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Supporting Information 
S1 
Incorporated amino acids used in the docking study. 
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S2 

RMSD-values from the MD-simulations. Included are the entire complex, the ligand as 

well as the α1- and β1-helices. The α1- and β1-helices corresponds to Glu53-Ser75 and 

Leu230-Gly263 respectively. 
1 
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S3 

Three frames extracted from the simulation of the complexes. White = 0 ns, green = 9 ns, 

red = 18 ns. 
1       8 

    
9       10  

 
11       12 
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