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Abstract 
Rheumatoid arthritis (RA) is an autoimmune inflammatory disease that leads to degradation 
of cartilage and bone mainly in peripheral joints. In collagen-induced arthritis (CIA), a mouse 
model for RA, activation of autoimmune CD4+ T cells depends on a molecular recognition 
system where T-cell receptors (TCRs) recognize a complex between the class II MHC Aq 
protein and CII259-273, a glycopeptide epitope from type II collagen (CII). Interestingly, 
vaccination with the Aq/CII259-273 complex can relieve symptoms and cause disease 
regression in mice. This thesis describes the use of modified glycopeptides to explore 
interactions important for binding to the Aq protein and recognition by autoimmune T-cell 
hybridomas obtained from mice with CIA. 

The CII259-273 glycopeptide was modified by replacement of backbone amides with 
different amide bond isosteres, as well as substitution of two residues that anchor the 
glycopeptide in prominent pockets in the Aq binding site. A three-dimensional structure of the 
Aq/glycopeptide complex was modeled to provide a structural basis for interpretation of the 
modified glycopeptide’s immunological activities. Overall, it was found that the amide bond 
isosteres affected Aq binding more than could be explained by the static model of the 
Aq/glycopeptide complex. Molecular dynamics (MD) simulations, however, revealed that the 
introduced amide bond isosteres substantially altered the hydrogen-bonding network formed 
between the N-terminal 259-265 backbone sequence of CII259-273 and Aq. These results 
indicated that the N-terminal hydrogen-bonding interactions follow a cooperative model, 
where the strength and presence of individual hydrogen bonds depended on the neighboring 
interactions.  

The two important anchor residues Ile260 and Phe263 were investigated using a designed 
library of CII259-273 based glycopeptides with substitutions by different (non-)natural amino 
acids at positions 260 and 263. Evaluation of binding to the Aq protein showed that there was 
scope for improvement in position 263 while Ile was preferred in position 260. The obtained 
SAR understanding provided a valuable basis for future development of modified 
glycopeptides with improved Aq binding. Furthermore, the modified glycopeptides elicited 
varying T-cell responses that generally could be correlated to their ability to bind to Aq. 
However, in several cases, there was a lack of correlation between Aq binding and T-cell 
recognition, which indicated that the interactions with the TCRs were determined by other 
factors, such as presentation of altered epitopes and changes in the kinetics of the TCR’s 
interaction with the Aq/glycopeptide complex.  

Several of the modified glycopeptides were also found to bind well to the human RA-
associated DR4 protein and elicit strong responses with T-cell hybridomas obtained from 
transgenic mice expressing DR4 and the human CD4 co-receptor. This encourages future 
investigations of modified glycopeptides that can be used to further probe the 
MHC/glycopeptide/TCR recognition system and that also constitute potential therapeutic 
vaccines for treatment of RA. As a step towards this goal, three modified glycopeptides 
presented in this thesis have been identified as candidates for vaccination studies using the 
CIA mouse model. 
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1. Introduction 

The survival of the human body depends on a continuous struggle between the 
immune system’s sophisticated defense mechanisms and various threats from the 
microbial world. A crucial feature of this struggle is the ability of the immune 
system to distinguish foreign pathogens from the body’s endogenous tissues. From 
time to time, the strict control governing the immune system fails, with the 
consequence that it directs its brutal forces towards the body’s self-constituents, 
leading to so-called autoimmune diseases such as rheumatoid arthritis (RA), 
multiple sclerosis, and type 1 diabetes. This thesis deals with the autoimmune 
recognition of “self” at a molecular level in a model system for RA.  

1.1. Rheumatoid arthritis 
In a group of one thousand people in the industrialized world, between five and ten 
individuals may suffer from RA.1 This autoimmune disease, which can be 
considered as a collection of symptoms defined by a set of classification criteria,2 
affects mainly peripheral joints, resulting in painful chronic inflammation that 
destroys cartilage and bone.3 If insufficiently treated, the disease will not only 
severely disable the joints, with loss of mobility and function as a consequence, but 
can also cause premature death due to increased risk of developing, e.g., 
cardiovascular diseases and infections.4,5 The underlying cause of the disease is still 
unknown but smoking has been verified as an environmental risk factor.6 However, 
it has been shown that a strong genetic link exists with the expression of certain 
class II major histocompatibility complex (MHC) proteins, especially HLA-DR1 
and HLA-DR4 (henceforth referred to as DR1 and DR4).7,8 Class II MHC proteins 
present peptide antigens to CD4+ T lymphocytes implying that the latter participate 
in disease pathogenesis, although their exact role is not fully understood. 

1.2. Class II MHC proteins9,10 
Class II MHC proteins are expressed in antigen-presenting cells (APCs), such as 
dendritic cells, macrophages and B cells. Their function is to bind peptide fragments 
derived from exogenous protein antigens that have been endocytosed and 
proteolyzed in endosome-type compartments in the APC (Figure 1). The 
MHC/peptide complex is transported to the APC cell surface where it is presented to 
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the T-cell receptor (TCR) on circulating CD4+ T cells. The TCR recognizes if the 
peptide originates from a non-self (foreign) antigen, such as a bacterium, and 
activates the T cell, initiating an immune response with release of cytokines that 
affect, e.g., antibody production. Class II MHC proteins also present peptides that 
originate from endogenous proteins, but the naïve T cells that recognize these 
peptides are eliminated in the thymus to prevent an autoimmune reaction.11 

 
Figure 1. In the APC, the class II MHC is synthesized in the endoplasmatic reticulum (ER) 
where it is immediately associated with the invariant chain (Ii), a protein that blocks the MHC 
binding site. After transport of the complex through the golgi to the endosomes, Ii is degraded 
by proteases leaving a 15-residue peptide fragment, the class II-associated invariant chain 
(CLIP), in the MHC binding site. Exchange of CLIP for an antigenic peptide is thereafter 
facilitated by the chaperone HLA-DM. This is a protein that associates with the class II MHC 
and increases the rate of peptide association and dissociation, thereby favoring binding of 
peptides that form more stable complexes with the MHC. The resulting peptide/MHC 
complex is transported to the cell surface of the APC where it is presented to TCRs on CD4+ 
T cells. 

In 1994, structural details of peptide binding at the atomic level were revealed by 
a crystal structure of the class II MHC DR1 in complex with an influenza 
hemagglutinin peptide.12 Since then, several hundred class II MHC structures have 
been determined, providing insight into their structure and function. Class II MHC 
proteins are glycoproteins of approximately 60 kDa consisting of two non-
covalently associated heterodimer chains, α and β (Figure 2). Both α and β form the 
peptide-binding site, which is elongated and open at both ends, allowing peptides of 
up to 20 residues to bind in an extended conformation by protruding from either end 
of the groove. 

Each class II MHC protein is able to efficiently bind a variety of different 
peptides and this is enabled by an array of sequence-independent hydrogen bonds 
formed between the peptide’s backbone and the MHC. The binding specificities 
observed for different MHC proteins are due to allele-specific pockets with 
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preferences for different amino acid side chains. Studies of the mouse Ad protein 
have shown that hydrogen bonds formed to the backbone of the N-terminal part of 
the peptide are strongly coupled to each other and contribute more to the binding 
stability than hydrogen bonds formed to the C-terminal part of the peptide.13,14  

 
Figure 2. A) Schematic ribbon representation of a class II MHC protein that is composed of 
the α (blue) and β (red) chains. The α1 and β1 domains form the peptide-binding site while α2 
and β2 are immunoglobulin (Ig)-like domains. The hydrophobic region, which is anchored in 
the cell membrane of the APC, is not included. B) The class II MHC binding site has a 
secondary structure consisting of two α helices on parallel sides of a β sheet. The peptide 
(colored green) is bound in a characteristic extended conformation. The figure was based on a 
crystal structure of a TCR in complex with a murine class II MHC/peptide complex15 (here 
only showing the MHC/peptide complex) and was produced using UCSF Chimera.16 

A second group of antigen-presenting proteins is the class I MHC proteins,9,10 
which are closely related to class II MHC proteins, but they are not associated with 
RA and thus not a focus of this thesis. However, both MHC groups have contributed 
to the knowledge concerning, e.g., TCR signaling, and therefore, class I MHC 
proteins are briefly described. Class I MHC proteins are found on all nucleated cells 
and present peptides derived from protein antigens expressed within the cell. Hence, 
they are involved in the immune response towards, e.g., virus infections and cancer. 
The class I MHC/peptide complex interacts with CD8+ T cells that induce cytolytic 
responses upon activation. Although the structures of class I MHC proteins are very 
similar to those of class II MHC proteins, there are some distinct differences. The 
class I MHC binding site is closed at both ends, limiting the bound peptides to 7-10 
amino acid residues. This often causes the peptide to bulge out in the center while 
important MHC anchor pockets and hydrogen-bonding networks are primarily 
located at each of the termini. 
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1.3. T-cell activation9,17 
The interactions between the MHC/peptide complex and the TCR play a critical role 
in determining the activity and specificity of the T cell. Hence, both the peptide’s 
binding to the MHC and the binding of the MHC/peptide complex to the TCR 
influence the T-cell response. This is further complicated by the presence of several 
costimulatory receptors; for instance, CD4 (class II MHC) or CD8 (class I MHC) 
together with the co-receptor CD3 interact with the MHC/peptide/TCR complex to 
form a supramolecular complex that influences the outcome of the immune 
response. The mechanisms governing the TCR-signaling events are not fully 
understood, although substantial knowledge has been gained from binding kinetics 
data, affinity measurements and crystallization studies. 

Both CD4+ and CD8+ T cells, which interact with class I and class II MHC 
proteins respectively, have αβ TCRs on their cell surfaces. These are composed of 
two different chains, α and β, that both contain a variable (V) and a constant Ig-like 
domain, a transmembrane domain, and a short cytoplasmic tail. The TCR interacts 
with the MHC/peptide complex through six complementarity-determining region 
(CDR) loops located in the Vα and Vβ domains (Figure 3).  

 
Several studies have shown that the dissociation rate of the TCR and 

MHC/peptide complex affects the magnitude of the T-cell response.18-22 Therefore, a 
MHC/peptide complex which has a low dissociation rate interacts with the TCR for 
a sufficient duration to allow completion of the signaling cascade leading to T-cell 
activation thus acting as a full agonist. On the contrary, a MHC/peptide complex that 
dissociates from the TCR more rapidly, only manages to stimulate some of the T-

Figure 3. Schematic ribbon representation 
of a class II MHC/peptide/TCR complex  
(here only showing the variable domains of 
the TCR). The Vα (red) and Vβ (blue) 
domains are generally positioned above the 
N- and C-terminal half of the peptide, 
respectively. The CDR loops 1-3 of Vα 
and Vβ are indicated with numbers, which 
are color-coded according to the domain 
they belong to. The CDR1 and CDR2 
loops primarily interact with the MHC 
(grey) while the CDR3 loops primarily 
interact with the peptide (green). The 
figure was based on a crystal structure of a 
TCR in complex with a murine class II 
MHC/peptide complex,15 and was 
produced using UCSF Chimera.16 
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cell effector functions and therefore acts as a partial agonist. There are, however, 
examples where the binding half-life and T-cell activation do not correlate.23-25 
Hence, there is still a lack of knowledge of what parameters govern T-cell 
activation. 

Very small changes in the peptide, e.g., substitution of a single peptide residue 
from Glu to Asp,26 can give rise to drastically different T-cell responses. A 
comprehensive analysis of the 24 class I and class II MHC/peptide/TCR crystal 
structures published up to 2005 concluded that there was no common structural 
feature that could account for the different T-cell signaling outcomes.17 In other 
words, it was not possible to distinguish between agonists and antagonists merely by 
visual inspection of their crystal structures. A variety of TCR docking orientations 
have been observed and no well-conserved interactions have been found between the 
TCRs and the MHC/peptide complexes. For example, four crystal structures of the 
human TCR A6 interacting with different HLA-A2/peptide complexes have 
indicated that there was no correlation between the conformational change of the 
TCR and the induced T-cell signal.27  

1.4. Antigen-specific T-cell immune therapy 
Disease-modifying antirheumatic drugs (DMARDs), including methotrexate and 
TNF-α blockers, form an important group of therapeutics for treating RA.28,29 
DMARDs interfere with the underlying inflammation process to slow down disease 
progression and reduce joint destruction. These drugs have greatly relieved disease 
symptoms in many RA patients, but they do not offer a cure for the disease and can 
cause side effects. The therapeutic effect also varies between patients, with some 
patients showing little benefit from the drug treatment. This highlights the need for 
development of more effective and selective therapies. 

One such approach could be to specifically target the autoimmune T cells and 
induce tolerance towards the self-antigens that they recognize.30 Although the 
initiating agent in RA is unknown, there are some indications that type II collagen 
(CII) might act as an autoantigen.31 This protein is the main constituent of joint 
cartilage, the self-tissue attacked in RA. It has been shown that oral administration 
of CII can induce tolerance in an animal model for RA.32 Clinical trials of oral CII 
administration in human patients have also been performed with some positive 
effects, although the reported improvements were minor and not comparable to the 
standard treatments in clinical use.33 

Another strategy to induce tolerance could be to immunize with peptide epitopes 
or altered peptide ligands (APLs),30,34 i.e., analogue peptides with substitution of one 
or several amino acids. The mechanism of action of APLs is not completely 
understood, but it is believed that they elicit altered T-cell activation states caused 
by suboptimal activation of the TCR.30 This could induce anergy in the autoimmune 
T cells, which is a state of unresponsiveness with lack of proliferation and cytokine 
production.35 It has also been shown that APLs can induce regulatory T cells, which 
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actively suppress an antigen-specific immune response.36 Furthermore, the T-cell 
response could be altered to shift the cytokine profile from inflammatory to anti-
inflammatory.37 CII peptide epitopes have, for example, been used to suppress 
arthritis in an animal model for RA,38-40 and effects have also been demonstrated in a 
DR4-transgenic mouse model for RA.41 Some potential drawbacks of this approach 
are the risk of stimulating the autoimmune responses and the difficulty in predicting 
epitope spreading,30 which refers to when the immune responses, triggered by a 
single epitope on a self-antigen at the start of the autoimmune disease, spread to 
other related epitopes at later stages of the disease. 

1.5. Collagen-induced arthritis 
Autoimmune arthritis that resembles RA can be induced in a genetically susceptible 
strain of mice by immunization with rat CII and complete Freund’s adjuvant.42 This 
collagen-induced arthritis (CIA) mouse model shares many similarities with RA and 
has been used in preclinical evaluation of RA drugs currently used in the clinic (e.g., 
etanercept43). Like RA, CIA is genetically linked to the expression of specific class 
II MHC proteins, e.g., H-2Aq (henceforth referred to as Aq).44,45 It has been shown 
that a panel of T-cell hybridomas derived from Aq-expressing mice with CIA 
specifically recognize the glycopeptide epitope CII256-270, a fragment from 
CII.46,47 No X-ray crystal structure of the Aq/glycopeptide complex has been 
described in the literature. However, experimental binding studies have shown that 
the residues Ile260 and Phe263 in the glycopeptide are important MHC anchors,48,49 
while the β-D-galactopyranosyl hydroxylysine (GalHyl) residue on position 264 is a 
critical TCR contact that displays high specificity for individual hydroxyl groups50,51 
and the O-glycosidic linkage.52,53 A quantitative structure-activity relationship 
(QSAR) model for binding to Aq has also been established for the amino acids in 
positions 261, 262, and 265-267 in the minimal T-cell epitope54 CII260-267.55 
Furthermore, it has been shown that replacement of the Ile260-Ala261 amide in 
CII260-267 with a methylene ether isostere significantly weakened Aq binding and 
resulted in only a few weakly-responding T-cell hybridomas.56  

Importantly, neonatal vaccination of mice with CII259-273 (1, Figure 4) can 
protect against CIA.39 An even stronger vaccination effect was obtained by 
pulmonary administration of CII259-273 in complex with recombinant, soluble Aq 
protein.40 In that case, even symptoms in mice with an established chronic relapsing 
disease could be relieved. The CII259-273 glycopeptide also binds to the RA-
associated DR4 protein and is recognized by both T-cell hybridomas generated from 
transgenic mice expressing human DR4 and the human CD4 co-receptor as well as T 
cells isolated from a cohort of RA patients.57 This gives some hope that the results 
with CIA can be transferred to humans to treat and perhaps cure RA. 
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1  
Figure 4. CII259-273 (1) is recognized by T-cells obtained from mice with CIA and can also 
be used either alone or in complex with the Aq protein in vaccination of mice to prevent 
development of the disease. 
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2. Objectives 

The work presented in this thesis is based on the identification of CII259-273 (1) as 
an epitope recognized by autoimmune T-cell hybridomas obtained from mice with 
CIA. The overall aim was to combine structure-based investigations of molecular 
interactions in Aq/glycopeptide/TCR complexes with synthesis of modified 
glycopeptides and immunological evaluation to explore the requirements for Aq 
binding and T-cell recognition. More specifically, the aims were as follows: 
• Model the structure of the Aq protein and use it as a basis for the design of 

modified glycopeptides and interpreting their biological activity in terms of Aq 
binding and recognition by autoimmune TCRs.  

• Explore molecular interactions in Aq/glycopeptide/TCR complexes using 
structurally modified glycopeptides to find structure-activity relationships 
(SARs).  

• Investigate the dynamics of molecular interactions in the modeled 
Aq/glycopeptide complex using molecular dynamics (MD) simulations. 

• Introduce non-peptidic structural elements in 1 that could increase the stability 
towards degradation. 

• Explore the effects of substituting the two crucial anchor residues Ile260 and 
Phe263 in 1.  

These studies were based on the CII259-273 glycopeptide sequence rather than 
CII260-267, the latter being the minimal epitope for Aq binding and T-cell 
recognition. Use of the extended sequence enabled parallel evaluations of binding to 
the human RA-associated DR4 protein and recognition by T-cell hybridomas 
obtained from transgenic mice expressing DR4 and the human CD4 co-receptor. 

A final aim was to design and synthesize modified glycopeptide analogues of 1 
as candidates for evaluation in vaccination studies using CIA as a model system. In 
the longer term, results from such studies could be important for development of a 
therapeutic for RA. 
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3. Tools to design modified peptides and 
evaluate receptor interactions 

Numerous biologically active peptides interact with various receptors to influence a 
range of vital physiological processes, including immune defense, respiration, and 
sensitivity to pain. By changing the structure of a bioactive peptide and evaluating 
the biological activity one can obtain knowledge of its mode of action and selectivity 
for different receptor proteins. Furthermore, conclusions regarding SARs can guide 
the design of novel compounds with improved affinity and selectivity. Structural 
modifications could also circumvent some of the undesirable properties associated 
with peptides when using them in vivo, including low membrane permeability, low 
stability due to proteolytic degradation via amide-bond cleavage, rapid clearance 
rate, and short plasma half-life. 

3.1. Computational methods for investigating protein-
ligand interactions 

Detailed information of the molecular interactions between the ligand, e.g., a 
peptide, and the target protein is important for establishing SARs. The molecular 
recognition process whereby a ligand binds noncovalently to a target protein, 
forming a complex, is intricate and involves a multitude of attractive and repulsive 
interactions. The process is further complicated by the fact that the binding event 
takes place in an aqueous environment and involves interactions between the water 
molecules and the ligand/protein being replaced by interactions between the ligand 
and the protein. The free energy of binding, ΔG, describes the change in energy 
upon formation of a protein-ligand complex according to: ΔG = ΔH - TΔS. Here the 
enthalpic term, ΔH, describes the change in energy upon formation and breaking of 
noncovalent interactions,58 such as hydrogen bonds, hydrophobic interactions, and 
π-system interactions. The entropic term, TΔS (where T is the temperature in 
Kelvin), describes the change in energy associated with the molecule’s freedom of 
movement. 

Computational chemistry has provided several methods to model and explore the 
structure, dynamics, and energetics of protein-ligand interactions.59,60 The approach 
can be structure- and/or ligand-based, i.e., use information of the three-dimensional 
(3D) structure of the target protein or the ligand(s), respectively. The 3D structure of 
a protein can be determined experimentally, e.g., by X-ray crystallography61 or 
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NMR spectroscopy. In cases where such structures are unavailable, e.g., due to 
difficulty in crystallizing the protein, it may be possible to instead create a computer 
model of the target protein’s 3D structure by comparative (or homology) 
modeling.62-64 In this approach, an unknown protein structure is modeled using an 
existing experimentally determined protein structure as a template. The modeled 
protein should preferably have high sequence identity with the template protein. It is 
particularly difficult to model side chains that differ from the template and missing 
residues/loops. Use of multiple homology models constructed from different crystal 
structures may provide a better representation in cases of uncertainty.  

The ligand can be modeled into the protein’s binding site by comparative 
modeling or by using molecular docking.65 The latter method  predicts the binding 
modes of a virtual ligand in the binding site of the protein 3D structure. Different 
approaches include pre-generating ligand conformations that are subsequently 
docked rigidly into the protein or generating the ligand conformations within the 
binding site. A scoring function66 is then used to estimate the binding affinity by 
considering protein-ligand interactions in order to rank the docking solutions. In 
some cases several scoring functions are combined in the evaluation, which is 
referred to as consensus scoring.67,68 Docking is fast and so, in most cases, can be 
used to efficiently explore the conformational space of the ligand. However, large 
ligands with many rotational bonds are challenging since it becomes increasingly 
difficult to sample their conformational space as the molecular size increases. One 
shortcoming is also that most docking algorithms only treat the ligands as flexible, 
while the proteins are considered to be mainly rigid. Docking can be used in a 
virtual screening69 (VS) where large databases of molecules are docked to identify 
those that are likely to bind to the target protein. 

A dynamic representation of the protein-ligand complex can be obtained by 
performing MD simulations.70-73 These simulations are capable of treating both the 
ligand and the protein as flexible as well as including explicit solvent molecules and 
counter ions around the protein-ligand complex. The MD technique calculates the 
atom positions and velocities as a function of time, hence generating different 
conformations of the protein-ligand complex with time. Snapshots, i.e., single 
conformations of the system at specific time points, are extracted during the 
simulation trajectory, which is the path that the system follows during the 
simulation. There are several applications of MD simulations, e.g., it can be used to 
explore dynamics to explain or predict binding properties and account for induced-
fit effects. It can also be performed to sample conformational space to refine an 
experimentally determined or modeled protein structure and evaluate its stability. 
Furthermore, it can be used to explore structural and motional properties of the 
system at equilibrium and estimate thermodynamic properties, such as binding free 
energies. However, compared to molecular docking, MD simulations are far more 
time-consuming, which may limit their application. 

QSAR models correlate chemical features of a series of compounds, described by 
calculated structural and/or property descriptors, to their biological activity. The aim 
is to evaluate how the chemical structure affects the biological activity and also to 
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predict the biological activity for novel compounds. To obtain a useful and reliable 
QSAR model it should be built on a training set of molecules that have a balanced 
variation in their chemical features as well as their biological responses. 
Furthermore, it is important that the molecule’s biological response data is of good 
quality and that the final QSAR model is validated by successfully predicting the 
activities of compounds that were not included in the model building. Statistical 
molecular design74 (SMD) is an efficient strategy where statistical experimental 
designs, e.g., factorial design or D-optimal design, use uncorrelated calculated 
chemical features as design factors to select a balanced set of molecules for 
subsequent synthesis, biological evaluation, and QSAR modeling. The compound’s 
chemical features are often characterized by a large number of molecular 
descriptors, which describe, e.g., steric, topologic, electronic and hydrophobic 
properties. Several descriptors are often used to describe each property to obtain a 
better characterization, and thus many descriptors are correlated. Principal 
component analysis75 (PCA) can then be used to compress the descriptor data into 
new uncorrelated variables, so-called principal components, which describe most of 
the variation in the original data. After synthesis and biological evaluation, a linear 
regression model, such as partial least square projections to latent structures 
(PLS),76,77 is used to correlate the variation in the principal properties with the 
biological response data. An important advantage of SMD is that the number of 
molecules to be synthesized can be minimized while maintaining statistical 
robustness in the (Q)SAR model. 

3.2. Amide bond isosteres 
Modifying the structure of a biologically active peptide while maintaining or 
improving its affinity for the target protein is a very challenging process.78,79 A 
general approach involves first truncating the peptide to identify the smallest 
possible fragment with retained activity. The amino acids in this fragment are then 
substituted with, e.g., Ala or D-amino acids to investigate the influence of their side 
chains on the biological activity. Structural constraints can thereafter be introduced 
that reduce the conformational flexibility. As a final step, a non-peptidic scaffold 
can be employed that holds the essential amino acid side chains in the required 
positions to retain biological activity. A central concept in the design of modified 
peptides is to replace the labile amide bonds with non-peptidic structures and this 
was also a main focus of the work upon which this thesis is based. 

A peptide is composed of a chain of amino acids that are linked to each other by 
amide bonds (Figure 5). The amide group generally adopts a planar or near-planar 
conformation due to its partial double bond character,80 resulting from the amide 
nitrogen lone pair donating π-electron density into the carbonyl group. The amide 
bond is rigid because of its high rotational energy barrier (of the order of 16-20 
kcal/mol).81 The bonds connected to the Cα however grant the high degree of 
overall flexibility generally observed for peptides. Most amides adopt a trans 
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conformation, with the exception of Xaa-Pro (where Xaa represents an arbitrary 
amino acid), which largely can exist as the cis isomer. The peptide backbone 
conformation (Figure 5) is characterized by the torsion angles of the Cα-N bond (φ), 
the Cα-C bond (ψ) and the amide bond (ω).82 
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Figure 5. A) Amide bond resonance structures. B) Torsion angles in a peptide backbone. 

A variety of non-peptidic structural moieties, amide bond isosteres, have been 
developed to mimic certain physicochemical properties of the amide bond, while 
other properties are altered (Table 1).82,83 These isosteres can replace the amide 
functionality to modify several properties, such as size, conformation, flexibility, 
polarizability, pKa, solubility, hydrophobicity, stability, and the ability to form 
hydrogen bonds. The nomenclature used for amide bond isosteres is based on the 
standard three-letter code for amino acids where Xaa-Xaa corresponds to a dipeptide 
with the hyphen representing the amide bond. When the amide bond is replaced by 
an isostere, e.g., an (E)-alkene moiety, the hyphen is exchanged by ψ[(E)-CH=CH] 
with the type of isostere indicated within the brackets.  

Other less amide-like and more conformationally restricted moieties have also 
been used to replace amides in peptide backbones, e.g., rigid heterocyclic rings such 
as tetrazoles.82,83  
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Table 1. Examples of amide bond isosteres and their properties compared to the amide 
bond.82,83 

Structure Amide bond isostere  Properties compared to amide 

O

H
N

R1

R2X

 

(E)-Alkene  
ψ[(E)-CH=CH] (X = H) 
 
 
(E)-Fluoroalkene  
ψ[(E)-CF=CH] (X = F) 

Similar geometry, rigidity, bond 
length, and angle. Lacks H-bond1 
properties. 
 
Similar properties as the (E)-alkene 
but also mimics the electronic 
properties of the amide bond.  

O

O

H
N

R1

R2

 
Ketomethylene ψ[COCH2] 

H-bond acceptor but no H-bond 
donor properties, flexible. 

O

H
N

R1

R2

 
Ethylene (“carba”) ψ[CH2CH2] 

Flexible, lipophilic, no H-bond 
properties. 

OH

O

H
N

R1

R2

 
Hydroxyethylene ψ[CHOHCH2] 

Flexible, H-bond acceptor and donor 
properties (transition state analogue) 

O

O

O

H
N

R1

R2

 
Ester ψ[CO2] 

Similar geometry, weaker H-bond 
acceptor and lacks H-bond donor 
properties. 

N
H

S

O

H
N

R1

R2

 
Thioamide ψ[CSNH] Stronger H-bond donor and weaker 

H-bond acceptor 

S N
H O

H
N

R1

R2O O

 
Sulfonamido ψ[SO2NH] Polar, tetrahedral structure 

(transition state analogue). 

X
O

H
N

R1

R2

 

Methyleneamine ψ[CH2NH]  
(X = NH) 
 
Methyleneoxy ψ[CH2O]  
(X = O) 

Flexible, basic (can be positively 
charged at physiological pH). 
 
Polar, flexible, similar Ci

α-Ci+1
α 

distance. 
1 “Hydrogen bond” is abbreviated to H-bond in the table. 

3.2.1. Modified peptides targeting class II MHC proteins and 
TCRs 

The class II MHC/peptide/TCR interaction is a potential target for modulating the 
immune response if two criteria are fulfilled. First, the modified peptide must bind 
to the class II MHC protein, and second, it should interact with the TCR that 
recognizes the native peptide and induce a similar or altered response. The latter 
criteria is complicated by the fact that TCRs usually display low affinity in the order 
of µM for their class II MHC/peptide complexes, and the affinity of agonists, 
antagonists, and inactive peptides can differ by as little as 10-fold.10,18,22 Hence, 
small structural modifications in the peptide can produce large differences in their 
ability to elicit a T-cell response even in cases of equivalent MHC binding.  

There are different strategies for modifying the peptide, including, e.g., 
substitution of one or several of the amino acids that are either MHC anchors84 or 
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TCR contacts.85 In the first case, the aim is to improve the affinity to the class II 
MHC protein and thereby increase the stability of the MHC/peptide complex to 
improve the presentation. In the second case, the interactions between the 
MHC/peptide complex and the TCR is modified, e.g., to induce altered T-cell 
activation states. Such side chain modifications often include use of unnatural amino 
acids.52,53,86,87 Several backbone modifications have been used to improve the 
stability of peptides and investigate interactions within the MHC/peptide/TCR 
complexes. Examples include N-methylation,88 azapeptides,89 cyclic moieties,90-94 
and introduction of different amide bond isosteres, such as retro-inverso,95-97 
peptoids,85,86 (E)-alkene,98 ketomethylene,99 or methyleneamine.88,91,98 There are also 
examples of completely unnatural ligands that compete with autoimmune peptides 
for binding to the class II MHC protein, but they do not induce or modulate the T-
cell response since their structures are very different to the native peptide.87,91,93,100-

102 

3.3. Biological evaluation 
Peptides can be evaluated by in vitro assays to assess their ability to bind to the class 
II MHC protein and form a complex that is recognized by different TCRs.  

Peptide binding to class II MHC proteins can be investigated using, e.g., 
dissociation assays or competitive inhibition assays.10 The latter technique was 
employed in papers I-IV where glycopeptide binding to soluble, recombinant Aq 
protein was evaluated. In this competitive binding assay, the glycopeptide and a 
tracer peptide labeled with biotin compete for binding to the Aq protein. Antibodies 
were used to capture the Aq/peptide complexes and the amount of Aq-bound tracer 
peptide was quantified in a sandwich enzyme-linked immunosorbent assay (ELISA). 
The same type of assay was used to evaluate binding to the DR4 protein. 

The recognition of an MHC/peptide complex by autoimmune TCRs can be 
investigated using T-cell hybridomas. These are T-cell clones that have been fused 
with tumor cells. The T-cell hybridomas used in papers I-IV were derived from 
CIA-susceptible mice immunized with rat CII and they specifically recognized 
CII259-273 with GalHyl at position 264.47,56 If the T-cell hybridomas are activated 
upon recognition of the glycopeptide/Aq complex presented on the cell surface of 
mouse spleen APCs the cytokine signaling molecule interleukin-2 (IL-2) is secreted 
into the media, which can be quantified in a sandwich ELISA. The same type of 
assay was used to evaluate recognition by DR4-restricted T-cell hybridomas 
obtained from transgenic mice expressing DR4 and the human CD4 co-receptor.57 
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4. Results  

4.1. Exploring molecular interactions in 
Aq/glycopeptide complexes 

A central focus of the work presented in this thesis was to investigate the molecular 
interactions in Aq/glycopeptide/TCR complexes to obtain knowledge of SARs. Since 
the structure of the Aq protein had not been solved by X-ray crystallography or 
NMR spectroscopy, we set out to model it in paper I using comparative 
modeling.62-64 The different TCRs were not included in these models due to lack of 
template crystal structures of glycopeptide/MHC binding TCRs. 

 
Comparative modeling of the Aq/glycopeptide complex 
The quality and usefulness of a comparative model strongly depends on the 
sequence identity between the target and template proteins as well as the alignment 
of their sequences.62 Three crystal structures in the Protein Data Bank103,104 (PDB) 
shared more than 90% sequence identity with Aq at the time of modeling. These 
were structures determined at resolutions between 2.15 and 2.50 Å of the murine 
class II MHC proteins Ab and Ad in complex with peptides.105-107 These templates 
were attractive starting points due to their high sequence identity, which made 
alignments straightforward. To put this in perspective, models based on about 30% 
sequence identity generally have the correct fold and models based on >50% 
sequence identity are considered to be comparable to low resolution X-ray crystal 
structures (3 Å) and medium resolution NMR structures.62 

It can be beneficial to use multiple templates in model building.64 For the Aq 
model, the template crystal structure with highest resolution (PDB code: 1MUJ107) 
was used to model the coordinates of the backbone and conserved amino acid side 
chains for the aligned Aq residues. All three crystal structures105-107 were used to 
guide the selection of side-chain conformations for the non-conserved Aq residues 
from a rotamer library.108 However, the crystal structures could not guide the 
selection of conformations for four side chains in the Aq binding site (αTrp73, 
αPhe79, βAsn28, and βTrp37) due to large structural differences (Figure 6). Several 
rotamers were therefore investigated, and a final model was selected after 
refinement by energy minimization based on the ability of the four amino acid side 
chains to participate in favorable interactions. The refinement step, where the 
geometry of the structure is improved, e.g., by removing unfavorable contacts, can 
be performed by energy minimization or MD simulations.62 Evaluating the Aq model 
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by analyzing, e.g., backbone bond lengths and Ramachandran φ-ψ dihedral plots, 
showed that the model overall was consistent with typical values found in crystal 
structures.  

Comparative modeling was also used to model the minimal T-cell epitope54 
CII260-267 (paper I) and the longer CII259-270 sequence (paper III and Figure 6) 
into the Aq binding site using the coordinates of the CLIP peptide in the template 
crystal structure.107 The resulting Aq/glycopeptide complexes were finally refined by 
energy minimization before being used for structural interpretations and as a basis 
for the design of modified glycopeptides in papers I-IV. 

Modeling the modified glycopeptides in complex with the Aq protein 
Molecular docking was employed to predict the binding modes of the native and 
modified glycopeptide in the binding site of the Aq protein and to explore the 
molecular interactions within the complexes. The docked structures were based on 
the minimal T-cell epitope54 CII260-267 in papers I and IV (or CII259-267 in 
paper III) with Lys in position 264 instead of GalHyl. The reason for not including 
longer peptide sequences was to minimize the conformational space to be sampled 
since even these truncated peptides contained a large number of rotatable bonds. 
Further, although the GalHyl moiety is critical for T-cell recognition, it has been 
shown to have a minimal influence on Aq binding.54 The docked poses of CII260-
267 in the Aq binding site contributed to the initial exploration of the protein-ligand 
interactions in paper I. The different poses of CII260-267 in this study indicated 
that the N-terminal part of the glycopeptide was firmly anchored in the Aq binding 
site via interactions of Ile260 and Phe263 with the P1 and P4 pockets of Aq, 
respectively, and an extensive hydrogen-bonding network, whereas the C-terminal 
part was more flexible. In paper III, docking was used to investigate if three 
oxazole-modified glycopeptides potentially could adopt similar binding modes as 
the native glycopeptide. Finally, docking also played a central role in paper IV 
where a virtual peptide library was docked into the Aq comparative model in VS to 
identify anchor-modified CII259-273 glycopeptides that were likely to bind to the 
protein. 

Docked poses of the backbone-modified glycopeptides were used for estimating 
their relative free energy of binding upon formation of the corresponding 
Aq/glycopeptide complexes using the molecular mechanics Poisson–Boltzmann 
surface area109 method (MM-PBSA). The relative free energy of binding correlated 
well to experimental binding data for the Ala260-Gly261 modifications reported in 
paper I.110 In contrast, no correlation could be found when extending this 
methodology to the (E)-alkene-, ethylene-, and oxazole-modified glycopeptides 
(data not shown). Further attempts to link interaction energies between the modified 
glycopeptides and Aq, calculated using the GRID software,111 to experimental 
binding data were also unsuccessful (data not shown).  

MD simulations (paper II) were performed to further investigate the effects of 
flexibility on the molecular interactions within complexes between Aq and CII259-
270 as well as the (E)-alkene- and ethylene-modified glycopeptides. Several 
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parameters were considered when setting up the MD simulations. The system was 
simplified by only including the α1 and β1 subunits, which constitute the Aq binding 
site, in complex with the respective glycopeptide. Thus, α2 and β2 subunits were 
excluded to reduce the number of atoms and minimize the computational time. 
Although there is no general consensus on the effects of such truncations on 
MHC/peptide dynamics, such simplification have been reported previously without 
detecting any large differences.112 Here, two simulations of the Aq/CII259-270 
complex, which included either both the α1-α2 and β1-β2 or only the α1 and β1 
domains, were performed for 1.5 ns, and showed almost no differences for the 
glycopeptide and the Aq binding site. Hence, all simulations were performed 
including only the Aq binding site, enabling the simulations to be run for longer 
times since a smaller number of atoms were included. The starting structure can also 
have a large influence on the outcome of the simulation. All simulations started from 
the same initial structure of the truncated Aq/CII259-270 complex, for which the 
different backbone-modifications were manually mutated and energy minimized 
prior to the MD simulation. The orientation and flexibility of the GalHyl264 side 
chain was investigated by running two simulations of the Aq/CII259-270 complex 
with the galactose moiety facing the N- or C-terminal. These showed that under the 
conditions employed the GalHyl side chain did not appear to rotate, but remained in 
approximately the initial orientation. None of the orientations could be identified as 
more favorable, and the N-terminal orientation of the galactose moiety was used as 
starting structure in all simulations. The full 18 ns simulations were run using no 
structural constraint for the Aq/glycopeptide complexes and were assessed by 
monitoring the root-mean-square deviation (RMSD) for the complexes. It is difficult 
to determine whether a simulation has run for a sufficiently long duration to enable 
accurate interpretations to be drawn. RMSD is one measure that describes the 
stability of the complexes and it was found that the investigated Aq/glycopeptide 
complexes generally were stable after 6 ns. The MD simulations revealed interesting 
dynamics that, e.g., affected the hydrogen-bonding networks between the 
glycopeptide backbones and Aq, which was related to experimental binding data 
discussed in more detail in Section 4.   
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Figure 6. Comparative model of Aq in complex with CII259-270 (carbon colored green) after 
refinement by energy minimization. A) The positions of the four amino acids (αTrp73, 
αPhe79, βAsn28, βTrp37, colored orange) in Aq (blue ribbon) were modeled using a rotamer 
library. B) The glycopeptide binds with an extended backbone conformation where the side 
chains of anchor residues Ile260 and Phe263 are accommodated in the P1 and P4 pockets, 
respectively. The GalHyl264 residue at the P5 position, which protrudes into the solution, is an 
important TCR recognition site. The Aq surface is colored blue for hydrophilic, white for 
intermediate, and orange for hydrophobic properties. The figures were produced using UCSF 
Chimera.16 

4.2. Backbone-modified glycopeptides 
Different amide bond isosteres (Figure 7) were synthesized and introduced at three 
positions in 1 to explore the interactions in the Aq/glycopeptide/TCR complexes 
(papers I-III). These isosteres were selected for their different properties, which 
will be discussed in more detail related to their biological activities in the following 
sections. The amide bonds in-between the two important anchor residues Ile260 and 
Phe263 in the backbone of 1, which are included in the minimal T-cell epitope 
CII260-267,54 were selected for isosteric replacement. Thus, such modifications 
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prevent a potential cleavage of the peptide at the modified position in-between the 
essential Ile260 and Phe263 residues. 

 
Figure 7. The three highlighted amides in the backbone of 1 were modified by (E)-alkene 
ψ[(E)-CH=CH], ethylene ψ[CH2CH2], ketomethylene ψ[COCH2], hydroxyethylene 
ψ[CHOHCH2], methyleneamine ψ[CH2NH2

+], and oxazole moieties in papers I-III. The 
numbers refer to the complete glycopeptide sequences, i.e., CII259-273, with the indicated 
modifications. 

4.2.1. Synthesis of amide bond isosteres 
The isosteres were synthesized as dipeptide building blocks suitably protected for 
use in Fmoc-based solid-phase peptide synthesis (SPPS).113 The syntheses, which 
were based on strategies reported in the literature for related compounds, are 
described in this section and illustrated with selected examples.  

Synthesis of Ala-Gly ketomethylene derivative 19 was based on a strategy 
reported by Déziel et al.114 (Scheme 1, paper I). The key step was a Horner-
Wadsworth-Emmons reaction between tert-butyl glyoxylate115 and β-
ketophosphonate 17114 in the presence of triethylamine and lithium chloride.115,116 
The resulting mixture of alkenes (97%, E/Z 3:1 according to 1H NMR) was reduced 
to 18 followed by deprotection of the Boc and tBu groups with TFA and Fmoc 
protection to give the target derivative 19.  

The corresponding Ala-Gly hydroxyethylene derivatives 25 and 27 were 
synthesized from the intermediate 18 (Scheme 1 and Appendix for experimental 
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details). The choice of reducing agents employed in the diastereoselective reductions 
of ketone 18 was guided by the work of Hoffman et al.117 and Våbenø et al.115 Using 
LiAlH(O-tBu)3 in EtOH,115,117 alcohol 20 (75%) was produced with an excellent 
diastereomeric ratio (dr) 4S:4R of 1:99, according to 1H NMR analysis. 
Alternatively, by using (S)-Alpine-Hydride in THF,115 alcohol 21 (84%) was 
obtained, but with a disappointing dr 4S:4R of 2:1. Since the mixture of 
diastereomers 21 were difficult to separate at this stage, additional transformations 
were performed. Both 20 and 21 were treated with TFA to remove the Boc and tBu 
protecting groups followed by Fmoc protection to produce lactone 22 and a 2:1 
mixture of lactones, respectively. The mixture of lactones was separated by chiral 
HPLC chromatography, affording 23 with a dr 4S:4R of 99:1. The final steps 
included treatment with tBuSH-AlMe3 to convert the lactones into the corresponding 
γ-hydroxy thioesters, immediate silylation to prevent relactonization,118 and thioester 
hydrolysis to the carboxylic acids, generating the target molecules 25 and 27. 
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Scheme 1. Synthesis of the Ala-Gly ketomethylene and hydroxyethylene derivatives. 
Reagents and conditions: (a) see Déziel et al.114; (b) i) tert-butyl glyoxylate115, TEA, LiCl, 
MeCN, 0 °C, 97% as an isomeric mixture E/Z of 3:1; ii) H2, Pd/C, EtOAc, rt, 81%; (c) i) 
TFA, CH2Cl2, rt; ii) FmocOSu, NaHCO3, acetone, H2O, rt, 88% from 18; (d) LiAlH(O-tBu)3, 
EtOH, -78 ºC, 75%; (e) (S)-Alpine-Hydride, THF, -78 ºC, 84%; (f) i) TFA, CH2Cl2, rt; ii) 
FmocOSu, Na2CO3, dioxane, H2O, 0 ºC →  rt, 86% for 22 from 20, 49% for 23 from 21 after 
separation of the diastereomers by chiral chromatography; (g) i) tBuSH, AlMe3, CH2Cl2, 0 ºC; 
ii) TBDMSCl, imidazole, DMF, rt, 55% for 24 from 22 and 85% for 26 from 23; (h) LiOH, 
H2O2, THF, 0 ºC → rt, 75% for 25 from 24 and 82% for 27 from 26. 
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In the synthesis of the Ala-Gly methyleneamine derivative 32, Fmoc-L-alanine 
28 was first converted into the corresponding mixed iso-butyl anhydride that was 
reduced with sodium borohydride,119 producing alcohol 29120 (Scheme 2 and paper 
I). Subsequent Dess-Martin oxidation121 gave aldehyde 30, which was kept cold 
under workup and used immediately to minimize racemization.122,123 Sodium 
triacetoxyborohydride was employed as reducing agent in the following reductive 
amination122 of glycine tert-butyl ester with 30, generating amine 31 in a modest 
yield (43% from 29). Final ester hydrolysis followed by Boc-protection gave the 
target molecule 32. 
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Scheme 2. Synthesis of the Ala-Gly methyleneamine derivative. Reagents and conditions: (a) 
see Kokotos119 and Boeijen et al.120; (b) Dess-Martin periodinane, CH2Cl2/DMSO 1:1, rt; (c) 
Glycine t-butyl ester hydrochloride, NaBH(OAc)3, CH2Cl2, MeOH, rt, 43% from 29; (d) i) 
TFA, CH2Cl2, rt; ii) Boc2O, DIPEA, CH2Cl2, rt, 89% from 31. 

The Ile-Ala and Ala-Gly (E)-alkene and ethylene derivatives (papers I and II) 
were synthesized using a strategy developed by Wiktelius et al.,124 which is 
illustrated for the Ile-Ala derivatives in Scheme 3. The alkene moiety was generated 
via a Wittig reaction in which phosphonium salt 36 was treated with two equivalents 
of n-butyllithium (to deprotonate both the phosphonium salt and the amide) 
followed by reaction with aldehyde 37125,126 to give (E)-alkene 38 as a single isomer 
(87%). This method takes advantage of observations that an increased E selectivity 
can be obtained for ylides that contain an anionic group near the reacting 
center.127,128 The final steps included deprotection of the alcohol and oxidation to 40 
followed by exchange of the N-protecting group to Fmoc, affording the desired 
target 41. Reduction of the alkene in 41 by hydrogenation then gave a direct route to 
the saturated analogue 42. 

For the Ala-Gly (E)-alkene derivative, the E/Z selectivity in the Wittig reaction 
varied between 3:2 and 2:3. However, since the E and Z isomers could be separated 
by flash column chromatography, this was still considered a useful approach. As a 
consequence of the low selectivity, the Ala-Gly (Z)-alkene derivative was obtained 
and it was also included in the study. Attempts to synthesize the Gly-Phe (E)-alkene 
derivative using this strategy were, however, unsuccessful. In this case, the Wittig 
reaction produced only low yields, probably due to the poor solubility of the 
phosphonium salt, and therefore an alternative strategy was sought. 
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Scheme 3. Synthesis of the Ile-Ala (E)-alkene and ethylene derivatives. Reagents and 
conditions: (a) TFAA, Et3N, CH2Cl2, 0 °C, 100%; (b) CBr4, PPh3, MeCN, 0 °C → rt, 85%; 
(c) PPh3, toluene, reflux, 97%; (d) i) n-BuLi, THF, -78 °C, ii) 37, THF, -78 °C → 0 °C, 87%; 
(e) TBAF, THF, rt, 94%; (f) CrO3, H2SO4, acetone/H2O, rt, 75%; (g) i) K2CO3, MeOH/H2O, 
rt; ii) FmocOSu, Na2CO3, MeCN/H2O, rt, 89% from 40; (h) H2, Pd/C, MeOH, rt, 77%. 

An alternative route to the Gly-Phe (E)-alkene derivative 51 established the C-
terminal stereocenter via Evans alkylation of an oxazolidinone enolate as described 
by Fu et al.129 (Scheme 4, paper II). Alkylation of 46 mainly resulted in 
decomposition, so the protecting group was changed from Boc to a benzophenone 
imine. Alkylation of 47 then proceeded with 70% yield, giving 48 as a mixture with 
a dr of 93:7, which could not be separated at this stage. After performing the final 
steps, including hydrolysis of the oxazolidinone and benzophenone imine followed 
by Fmoc protection, purification with flash chromatography and chiral HPLC, the 
(E)-alkene derivative 50 was produced with >99% enantiomeric excess (ee). Again, 
the saturated analogue 51 could be obtained directly via reduction of the alkene. 
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Scheme 4. Synthesis of the Gly-Phe (E)-alkene and ethylene derivatives. Reagents and 
conditions: (a) and (b) see Allan et al.130;  (c) i) Et3N, tBuCOCl, THF, -78 °C, ii) (4R,5S)-4-
methyl-5-phenyl-2-oxazolidinone, n-BuLi, THF, -78 °C → rt, 82%; (d) i) TFA, CH2Cl2, rt; ii) 
benzophenone imine, CH2Cl2, rt, 72% from 46; (e) LDA, BnBr, THF, -78 °C → 0 °C, 70% as 
a mixture with dr 93:7; (f) LiOH, H2O2, THF/H2O, 0 °C; (g) i) citric acid, THF/H2O, rt; ii) 
FmocOSu, NaHCO3, acetone/H2O, rt; iii) chiral chromatography, 66% from 48 (99% ee); (h) 
H2, Pd/C, MeOH, rt, 84%. 

In the synthesis of Gly-Phe oxazole derivative 57, Schiff base 52 was 
deprotonated by sodium hydride and reacted with phenylacetaldehyde (Scheme 5, 
paper III). Immediate acidic aqueous hydrolysis gave 53, which was coupled with 
Boc-protected glycine to afford 54 (50% yield from 52). Subsequent Dess-Martin 
oxidation produced ketone 55, which was treated with triphenylphosphine, iodine, 
and triethylamine in a cyclodehydration reaction, generating 56.131 Simultaneous 
cleavage of the Boc and tBu groups with TFA followed by N-Fmoc protection gave 
the target 57. The Boc-protected Ile-Ala132 and Ala-Gly131,133 oxazole derivatives 
were synthesized via published procedures followed by exchange of the N-
protecting group to Fmoc. 
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Scheme 5. Synthesis of the Gly-Phe oxazole derivative. Reagents and conditions: (a) i) NaH, 
phenylacetaldehyde, THF, -78 → 0 °C; ii) HCl (1 M aq), THF, 0 °C; (b) Boc-Gly-OH, EDC 
hydrochloride, HOAt, Et3N, CH2Cl2, rt, 50% from 52; (c) Dess-Martin periodinane, CH2Cl2, 
rt, 69%; (d) PPh3, I2, Et3N, CH2Cl2, 0 °C → rt, 83%; (e) i) TFA, CH2Cl2, rt; ii) FmocOSu, 
NaHCO3, H2O, acetone, rt, 58%. 
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All dipeptide building blocks were incorporated into the CII259-273 sequence 
using Fmoc-based SPPS113 under standard conditions. A Fmoc-protected GalHyl 
building block with O-acetyl protective groups was employed in these syntheses, 
which was synthesized according to a published procedures134 but with slight 
modifications described in paper I. After cleavage of the backbone-modified 
glycopeptides from the solid support and purification by reversed-phase HPLC, the 
galactose moieties were deacetylated using methanolic sodium methoxide. Final 
purification was achieved by reversed-phase HPLC, generating the trifluoroacetate 
salts of 2-15 (Figure 7) in 7-33% overall yield based on the resin capacities and with 
>95% purity. All syntheses proceeded in a straightforward fashion except for the 
ketomethylene-modified glycopeptide 3, which underwent epimerization of the 
stereocenter in the isostere moiety during the deacetylation. However, by keeping 
the reaction time as short as possible, the epimerization was minimized and the 
unwanted diastereomer could be removed in the following purification step. All 
glycopeptides were homogenous according to analytical reversed-phase HPLC, and 
their structures were confirmed by 1H NMR spectroscopy and MALDI-TOF mass 
spectrometry. 

4.2.2. Structure-activity relationships 
Ala261-Gly262 amide bond isosteres (Paper I) 
Glycopeptide analogues of 1, with the Ala261-Gly262 amide bond replaced by 
different isosteres, were initially used to probe the effects on Aq binding and T-cell 
recognition. The replacements included ketomethylene (3), methyleneamine (4) and 
(E)-alkene (7) isosteres as well as a (Z)-alkene modification (14, Figure 7). The 
latter is not considered to be an amide bond isostere, but was included since it was 
obtained in the synthesis of the corresponding (E)-alkene.  

The comparative model of Aq in complex with CII260-267 refined by energy 
minimization was used as a basis for structural interpretation of the experimental 
binding data. The model indicated the presence of two hydrogen bonds formed 
between the Ala261-Gly262 amide carbonyl group and the Aq residues βAsn82 and 
αHis24 (Figure 8). Both of these hydrogen bonds could potentially be retained by 
the flexible ketomethylene isostere 3, which was found to bind equally well to Aq as 
the native 1 (Figure 8). The rigid (E)-alkene isostere mimics the geometry of the 
amide bond but is unable to participate in any hydrogen-bonding interactions at the 
modified position. (E)-Alkene 7 bound well but displayed a loss of binding strength 
at lower concentrations, which could be a consequence of the loss of hydrogen-
bonding interactions. The even weaker Aq binding observed for methyleneamine 4 
could, e.g., be due to the charged nitrogen being located in an unfavorable position 
in the binding site as well as solvation effects. The (Z)-alkene 14 was not able to 
bind to Aq, which was expected since the alkene stereochemistry prevents an 
extended backbone conformation and likely hinders simultaneous positioning of the 
Ile260 and Phe263 side chains in the P1 and P4 pockets. 
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Figure 8. A) Inhibition of binding of a fixed concentration of biotinylated CLIP peptide to the 
Aq protein in competitive binding assays with increasing concentrations of native 1 or the 
Ala-Gly backbone-modified glycopeptides 3, 7, 4 and 14. The data are displayed as percent 
inhibition compared to biotinylated CLIP in the absence of test glycopeptide. The values 
represent the average from duplicates. B) The hydrogen-bonding network, illustrated with 
dashed lines, between the 260-264 sequence of the CII260-267 backbone and Aq observed in 
the comparative model of the complex.  

Evaluation of the ability of different T-cell hybridomas to recognize the modified 
glycopeptides showed that the small structural changes in their backbones had 
dramatic effects on their ability to activate the TCRs. As expected, all T-cell 
hybridomas elicited strong responses upon recognition of the native 1 in complex 
with Aq (Table 2). The ketomethylene isostere 3 was recognized by eight 
hybridomas, which generally elicited somewhat weaker responses compared to 1, 
while the HCQ.10 hybridoma did not respond at all. Somewhat surprisingly, the (E)-
alkene isostere 7, which also bound well to Aq, was only weakly recognized by three 
out of the nine hybridomas. These effects cannot be entirely explained by the loss of 
Aq binding but indicates that interactions with the TCRs were altered. This could be 
due to changes in the presented epitope affecting T-cell recognition and/or changes 
in the kinetics of the TCR’s interactions with the Aq/glycopeptide complex. As could 
be expected, methyleneamine 4, which bound even weaker to Aq, and (Z)-alkene 14, 
which did not bind at all, were unable to stimulate any of the hybridomas. 
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Table 2. The immune response of T-cell hybridomas when incubated with antigen-presenting 
spleen cells expressing Aq and increasing concentrations of glycopeptides 1, 3, 4, 7, and 14 
modified with Ala-Gly amide bond isosteres modified.a 

Hybridoma 1 
ψ[CONH] 

3 
ψ[COCH2] 

4 
ψ[CH2NH2

+] 
7 

ψ[(E)-CH=CH] 
14 

ψ[(Z)-CH=CH] 

HD13.9 +++ +++ – – – 
HD13.10 ++++ +++ – – – 
HNC.1 ++++ ++ – – – 
HCQ.10 +++ – – – – 
HCQ.2 ++++ +++ – + – 
HCQ.3 +++++ +++ – + – 
HCQ.6 +++++ +++ – + – 
HM1R.2 +++ ++ – – – 
22a1-7E +++(+) ++ – – – 

a In each case, the magnitude of the response was determined from the concentration of antigen required 
to induce secretion of IL-2 corresponding to 6% of the max response for the native CII259-273 
glycopeptide 1: – = no response, + = 20 µM, ++ = 4 µM, +++ = 0.8 µM, ++++ = 0.16 µM, +++++ = 
0.032 µM, ++++++ = 0.0064 µM, (+) = just below the threshold. 

Ala261-Gly262 hydroxyethylene isosteres (Appendix) 
The Ala-Gly ketomethylene-modified glycopeptide 3 was found to bind well to Aq 
and was recognized by most T-cell hybridomas. However, one drawback of this 
isostere was its sensitivity towards epimerization during synthesis, especially in the 
deacetylation of the glycopeptide. Therefore, the Ala261-Gly262 position was further 
investigated by introducing two different hydroxyethylene isosteres, which were 
flexible and had hydrogen-bond acceptor properties similar to the ketomethylene 
moiety, but did not suffer from sensitivity towards epimerization.  

T-cell recognition assays showed that the two hydroxyethylene-modified 
glycopeptides 11 and 12 were able to activate two out of four T-cell hybridomas 
(Table 3). Hence, although competitive Aq binding experiments have not been 
performed yet, it can be concluded that both 11 and 12 bind to Aq. The two activated 
hybridomas (i.e., HCQ.3 and HM1R.2) produced moderate responses compared to 
the native 1 (and ketomethylene 3, see Table 2), indicating that the modified 
glycopeptides 11 and 12 likely bind weaker to Aq than 1. However, the lack of 
response observed for HCQ.10 and 22a1-7E could not entirely be explained by loss 
of Aq binding but instead indicated that the interactions with these specific TCRs 
were altered. Both 11 and 12 elicited very similar T-cell responses with HCQ.3, 
whereas 12 induced a stronger response with the HM1R.2 hybridoma than 11. 
Hence, the stereochemical identity of the isostere did not seem to have a major 
influence on the immunological activity.  



 31 

Table 3. The immune response of T-cell hybridomas when incubated with antigen-presenting 
spleen cells expressing Aq and increasing concentrations of native 1 or Ala-Gly 
hydroxyethylene-modified glycopeptides 11 and 12.a 

Hybridoma 1 
ψ[CONH] 

11 
ψ[CHOHCH2] 

12 
ψ[CHOHCH2] 

HCQ.10 +++++++ – – 
HCQ.3 +++++++ +++ +++ 
HM1R.2 +++++++ +++ +++++ 
22a1-7E +++++++ – – 

a In each case, the magnitude of the response was determined from the concentration of antigen required 
to induce secretion of IL-2 corresponding to 6% of the max response for the native CII259-273 
glycopeptide 1: – = no response, + = 150 µM, ++ = 75 µM, +++ = 37.5 µM, ++++ = 18.75 µM, +++++ = 
9.38 µM, ++++++ = 4.69 µM, +++++++ = 2.34 µM. 

(E)-alkene and ethylene isosteres (Paper II) 
An extensive hydrogen-bonding network is formed between the peptide backbone 
and residues in the class II MHC protein. For the Ad protein, McFarland et al. have 
previously shown that the hydrogen bonds involving the N-terminal part of the 
peptide are cooperative in studies using selected amino acid mutations,10,13,14 
implying that individual interactions are influenced by those neighboring. Hence, if 
one hydrogen bond is destabilized, it can in turn cause destabilization of adjacent 
interactions. The effect of removing possibilities of forming hydrogen bonds to the 
backbone of 1 on binding to the Aq protein was systematically investigated by 
replacing the amide bonds in the Ile260-Phe263 sequence one at a time with (E)-alkene 
or ethylene isosteres. Neither of these isosteres are able to form hydrogen bonds but 
can mimic the geometry of the amide bond.82,83  

The modified glycopeptides showed varying losses of Aq binding compared to 1 
(Figure 9). All three (E)-alkenes (2, 7, and 5) and Gly-Phe ethylene 9 displayed 
moderate Aq binding, while the remaining Ile-Ala and Ala-Gly ethylenes 6 and 8 
bound weakly. Hence, the more flexible ethylenes bound weaker than their 
corresponding (E)-alkenes on the Ile-Ala (c.f. 2 and 6) and Ala-Gly (c.f. 7 and 8) 
positions, whereas the opposite relationship was unexpectedly observed for the Gly-
Phe position (c.f. 5 and 9). Although more flexible ligands generally are assumed to 
experience a higher energy cost upon binding to a protein due to loss in entropy, 
several studies have shown that the enthalphic and entropic contributions to the total 
energy of binding are intricately coupled.135-137 
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Figure 9. A) Inhibition of binding of a fixed concentration of biotinylated CII259-273 with 
Lys264 to the Aq protein in competitive binding assays with increasing concentrations of native 
1 or the (E)-alkene- or ethylene-modified glycopeptides 2, 5, and 6-9. The data are displayed 
as percent inhibition compared to the biotinylated peptide in the absence of test glycopeptide. 
The points represent the average of triplicates and error bars are set to ± one standard 
deviation. The Ala-Gly (E)-alkene 7 displayed somewhat weaker binding compared to the 
data presented in paper I, which could be an effect of experimental conditions. This data 
however agree with results from the MD simulations. B) Recognition by the HCQ.3, HCQ.10, 
HM1R.2, and 22a1-7E hybridomas after incubation with antigen-presenting spleen cells 
expressing Aq and increasing concentrations of native 1 or the backbone-modified 
glycopeptides 2, 5, and 6-9. The points represent the average of duplicates. 
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The experimental binding data was related to the motions of the Aq/glycopeptide 
atoms over time by MD simulations. Eleven different hydrogen bonds involving the 
backbone of native CII259-270 and Aq residues were observed during the last ns of 
the 18 ns simulation. Several of these had also been identified in the static model of 
the energy minimized Aq/CII260-267 complex used in the structural interpretations 
of the results in paper I. Six out of the eleven hydrogen bonds were identified as 
strong interactions since they were present in more than 40% of the snapshots. Five 
of these were found in the 259-265 sequence, emphasizing the importance of N-
terminal interactions. On average only 5.18 hydrogen bonds were present 
simultaneously in one snapshot in the dynamic model of the Aq/CII259-270 
complex.  

Each amide in the Ile260-Phe263 sequence of the native CII259-270 formed one 
hydrogen bond to residues in Aq. However, removal of one out of eleven hydrogen 
bonds could not explain the magnitude of the loss of binding or the observed 
differences between the modified glycopeptides. A more detailed analysis of the MD 
simulations revealed that the introduced amide bond isosteres substantially altered 
the hydrogen-bonding network between the N-terminal part of the glycopeptide 
backbone and Aq compared to the native 1. Both the pattern and strength of the 
hydrogen bonds were affected. For example, the 259-265 backbone sequences of the 
modified glycopeptides formed between one and three strong hydrogen bonds (with 
occupancy >40%) compared with five strong interactions for the native 1. These 
alterations of the hydrogen-bonding network support that there is a cooperative 
effect10,13,14 where introduction of an isostere removes one hydrogen bond 
interaction at the modified position, which in turn affects other hydrogen bonds.  

Unexpectedly, the Gly-Phe ethylene isostere 9 bound stronger to Aq than the 
corresponding (E)-alkene 5 (Figure 9). This difference was linked to two main 
observations in the MD simulations. Firstly, the N-terminal hydrogen-bond 
networks were very similar except that the strength of the hydrogen bond between 
Phe263 and αAsn62 of Aq was similar to native 1 in ethylene 9 but not in (E)-alkene 
5. Two hydrogen bonds formed to the Gly259 and Ile260 residues were at the same 
time weakened for 9 compared to 5. Secondly, the side chain conformation of Phe263 
in ethylene 9 differed from all other modified glycopeptides due to a shift of the Phe 
side chain in the P4 pocket, likely enabled by the isostere’s flexibility. This 
relocation altered the interactions between the Phe side chain and Aq residues 
forming the P4 pocket, which together with the maintained hydrogen bond probably 
favored Aq binding of 9 over 5.  

The (E)-alkene- and ethylene-modified glycopeptides generally elicited weaker 
T-cell responses than native 1 when presented to four different hybridomas (Figure 
9). The modified glycopeptide’s weaker Aq binding contributed significantly to their 
weaker T-cell recognition. However, there were also several indications that the 
interactions between the different TCRs and Aq/glycopeptide complexes were 
altered since very different response profiles were obtained for the individual 
hybridomas. For example, all modified glycopeptides except Ile-Ala ethylene 6 
elicited reponses with HCQ.3 while none were recognized by HCQ.10. Also, mainly 
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the Ala-Gly (E)-alkene 7 and ethylene 8 were recognized by HM1R.2 while only the 
Gly-Phe (E)-alkene 5 and ethylene 9 induced responses with 22a1-7E. These results 
indicate altered epitope presentations that had different effects on the individual 
hybridomas.  

Oxazole isosteres (Paper III) 
Oxazole moieties were explored as conformationally restricted backbone 
modifications in 1. Oxazoles are structurally more different to an amide than 
conventional amide bond isosteres, but they have still been used as a template in 
peptidomimetic design.138-140 An oxazole-modified peptide has also been reported to 
inhibit antigens from binding to DR proteins associated with RA.101 Molecular 
docking indicated that the oxazole-modified glycopeptides could position the side 
chains of Ile260 and Phe263 in the P1 and P4 pockets in the Aq comparative model. 
Furthermore, the oxazole heteroatoms in the Ile-Ala and Ala-Gly positions matched 
reasonably well with the positions of the corresponding atoms in the original amide 
bonds. This was not the case for Gly-Phe oxazole 13 where there was an oxygen-
nitrogen atom mismatch. Disappointingly, only the Ala-Gly oxazole 15 was able to 
compete with the biotinylated CLIP peptide weakly for binding to Aq at the highest 
concentration, whereas no binding was observed for either Ile-Ala oxazole 10 or 
Gly-Phe oxazole 13 (Figure 10). The same trend was observed for the T-cell 
hybridoma HCQ.3, which was activated only weakly by Ala-Gly oxazole 15. Thus, 
the investigated oxazole modifications severely affected both Aq binding and T-cell 
recognition, especially when the isostere contained an anchor residue.  

 
Figure 10. A) Inhibition of binding of a fixed concentration of biotinylated CII259-273 Lys264 
to Aq proteins in a competitive binding assay with increasing concentrations of native 1 or the 
oxazole-modified glycopeptides 10, 15, and 13. The data are displayed as percent inhibition 
compared to the biotinylated peptide in the absence of the test glycopeptide. The values 
represent the average from triplicates and error bars are set to ± one standard deviation. B) 
Recognition by the HCQ.3 hybridoma after incubation with antigen-presenting spleen cells 
expressing Aq and increasing concentrations of native 1 or the oxazole-modified 
glycopeptides 10, 15, and 13. The points represent the average of triplicates and error bars are 
set to ± one standard deviation. 
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4.2.3. DR4 binding and T-cell recognition 
The glycopeptides modified with amide bond isosteres were primarily designed to 
explore binding to the Aq protein with subsequent T-cell recognition. However, 
since 1 might also have a role in human RA it was of interest to evaluate the 
modified glycopeptides in parallel in the DR4 system (paper III and Appendix). 

It has been reported that glycopeptide 1 binds to DR4 with Phe263 as the major 
anchor residue interacting with the P1 pocket, while the side chain of Ile260 is located 
in the P-3 position on the flanking region of the binding site (Figure 11).141 This 
means that the modifications in the Ile-Ala and Ala-Gly positions were located 
distant from the P1 pocket, whilst the Gly-Phe modifications were close to this 
pocket. This was reflected in the DR4 binding data for modified glycopeptides 2-10 
and 13-15, which showed that the main factor influencing binding was the location 
of the modification (Figure 11). DR4 was found to be more sensitive to 
modifications in the Gly-Phe position, whereas those in the Ile-Ala and Ala-Gly 
positions were better tolerated. The type of modification was of minor importance 
since all Ile-Ala and Ala-Gly modified glycopeptides displayed similar binding. In 
addition, most of the modified glycopeptides were strongly recognized by the DR4-
restricted T-cell hybridoma mDR17.2 (Figure 11). However, it was noteworthy that 
the Gly-Phe (E)-alkene 5 and ethylene 9, which bound weakly to DR4, still elicited 
strong responses, whereas the Ala-Gly oxazole 15 did not induce a response despite 
moderate DR4 binding. Hence, in these cases T-cell activation was not directly 
correlated with the glycopeptide’s binding affinity for DR4, suggesting that 
interactions between the TCR and the glycopeptide/DR4 complexes were important 
in influencing T-cell activation. 
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Figure 11. A) DR4 crystal structure142 with CII259-270 modeled in the binding site (paper 
III). The glycopeptide binds with Phe263 inserted in the P1 pocket, while Ile260 is located in 
the P-3 position. The DR4 surface is colored blue for hydrophilic, white for intermediate and 
orange for hydrophobic properties. The figure was produced using UCSF Chimera.16 B) 
Binding of a fixed concentration of biotinylated CLIP peptide to DR4 proteins in a 
competitive binding assay with increasing concentrations of native 1 or modified 
glycopeptides 2-10 or 13-15. The data are displayed as percent inhibition compared to 
biotinylated CLIP in the absence of the test glycopeptide. The values represent the average 
from duplicates and error bars are set to ± one standard deviation. C) Recognition by the 
mDR17.2 hybridoma after incubation with syngeneic spleen cells and increasing 
concentrations of native 1 or modified glycopeptides 2-10 or 13-15. The points represent the 
average of triplicates and error bars are set to ± one standard deviation. 
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4.3. Anchor-modified glycopeptides 
The two important anchor residues Ile260 and Phe263 in 1 interact with the P1 and P4 
pockets in the Aq binding site (Figure 6).48,49 P1 is a mainly lipophilic, medium-sized 
pocket, while P4 is larger and deeper than P1 and has medium polarity. Phe263 is also 
a major anchor residue when 1 binds to the RA-associated DR4 protein by 
interacting with the P1 pocket, whereas the Ile260 residue is found in the P-3 position 
on the flanking region of the binding site (Figure 11).141 The DR4 P1 pocket is 
mainly lipophilic and even larger than the Aq P4 pocket. To explore the 260 and 263 
positions and obtain SAR knowledge of binding to Aq/DR4 and subsequent T-cell 
recognition, a library of anchor-modified glycopeptides were designed in paper IV 
using a combination of structure-based VS and ligand-based SMD followed by 
immunological evaluation.  

Docking of a virtual library of 11025 anchor-modified CII260-267 peptides with 
Lys264 into the Aq comparative model was performed using tuned settings in the 
FRED143 software. The aim of the VS was to identify amino acids and their 
combinations in positions 260 and 263 that were likely to bind to Aq without altering 
the presented T-cell epitope. The latter criterion was addressed by geometrical 
filtration of the docked peptides based on their 260-263 backbone RMSD values 
compared to the native 1 where conformations that differed by less than 1.5 Å after 
energy minimization with the Aq protein were considered to present an epitope 
similar to the Aq/1 complex. The binding affinities of the 260-263 fragments to Aq 
were then estimated by scoring with seven different scoring functions. The effects of 
individual amino acids on the peptide’s binding to Aq were investigated by 
extracting the frequency, the highest score, the mean score and the standard 
deviation for the different scoring functions. By analyzing this data with PCA, 46 
and 52 amino acid substitutions at positions 260 and 263, respectively, were 
identified as being frequently present in highly scored peptides. 

SMD was then used to select physicochemically diverse combinations of the 
amino acids that were identified in the VS for substitution at the 260 and 263 
positions in 1. This was achieved by characterizing the amino acids with 
physicochemical descriptors followed by PCA analysis of this data to extract the 
main variations in their properties. Seven amino acids that varied mainly in their 
size, hydrophobicity, flexibility, and density were selected for each position. A small 
library of 20 glycopeptides (Figure 12) was subsequently chosen by D-optimal 
design from the 49 theoretical glycopeptides. Each amino acid was present in two or 
three peptides to enable robust conclusions regarding SAR. 
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Figure 12. Glycopeptides 58-77 were synthesized with substitutions of the anchor residues in 
position 260 and 263 using SPPS. 

The anchor-modified glycopeptides were synthesized by Fmoc-based SPPS113 in 
26-51% yield. Binding studies revealed that 11 of the 20 designed glycopeptides 
bound to Aq. The quantitative influence of the different amino acids in position 260 
or 263 on Aq binding was assessed by evaluating regression coefficients from a 
linear PLS-regression model that linked the presence of the different amino acids to 
the Aq binding (Figure 13). It was found that the P1 pocket preferred the original Ile, 
while introduction of a smaller side chain (i.e., cyclopropylalanine) or larger side 
chains (e.g., cyclohexylglycine and homoleucine) were unfavorable for binding. 
Substitution with 4-thiazolylalanine was also unfavorable, while glycopeptides that 
contained either the indane derivative or Gln showed complete lost of binding. A 
similar analysis for the P4 pocket revealed that 4-fluorophenylalanine, m-
methylphenylalanine and 4-thiazolylalanine were more favorable for Aq binding 
compared to the original Phe. In addition, while 3-cyclohexylalanine was 
comparable to Phe, both tyrosine and 4-pyridylalanine were highly unfavorable in 
the P4 pocket.  

The SAR analysis for binding to DR4 showed that replacement of the original 
Phe in position 263 with 3-cyclohexylalanine, m-methylphenylalanine, 4-
fluorophenylalanine or Tyr was comparable or slightly more favorable for DR4 
binding (Figure 13). In contrast, both 4-pyridylalanine and 4-thiazolylalanine had 
detrimental effects on DR4 binding. As expected, the influence of the amino acids in 
position 260 was minor, most likely because these are located in the P-3 position. 
However, substitution with the large, hydrophobic indane derivative favored DR4 
binding. 
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Figure 13. Coefficient plots from PLS models that correlate the presence of a specific amino 
acid to Aq (A) or DR4 (B) binding, where black and grey bars represent position 260 and 263, 
respectively. Amino acids that are favorable for binding are represented by positive 
coefficients and vice versa. Aic is used to abbreviate the indane derivative (2-aminoindane-2-
carboxylic acid). 

Several anchor-modified glycopeptides that bound to Aq (Table 4) or DR4 
elicited strong T-cell responses, while others induced responses of weak or medium 
strength. These responses were generally correlated with the glycopeptide’s MHC 
binding. Within the group of glycopeptides with moderate Aq binding, two groups 
were identified that either elicited weak/medium responses from most hybridomas 
(e.g. 61 and 63, Table 4), or elicited weak responses from only a few hybridomas 
(e.g. 62 and 65). The presence of a large, bulky side chain, such as 
cyclohexylalanine and m-methylphenylalanine, in position 263 was generally 
associated with weak or non-existent T-cell responses. This was further investigated 
by MD simulations of selected Aq/glycopeptide complexes that displayed similar  Aq 
binding but differed in their T-cell responses. A weak T-cell response was linked to 
alterations of the glycopeptide epitope that resulted in it being positioned deeper in 
the binding site of Aq or a lower degree of flexibility for the Aq/glycopeptide 
complex compared to the Aq/1 complex.  

Several of the anchor-modified glycopeptides with different Aq binding and T-
cell response profiles (see Table 4 for examples) could be interesting to evaluate in 
vaccination studies using the CIA mouse model. As a first step, the two 
glycopeptides 58 and 60 (with Ile in position 260 and either p-fluorophenylalanine 
or 4-thiazolylalanine in position 263) that bound strongly to Aq and induced strong 
T-cell responses have been identified as vaccination candidates.  
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Table 4. Aq binding and T-cell recognition by Aq-restricted T-cell hybridomas of native 1 and 
anchor-modified glycopeptides 58, 60-63, or 65.  

 Aq bindinga T-cell responsesb 

Glycopeptide % inhibition at 
100 / 500 µM 22a1-7E HCQ.3 HCQ.10 HM1R.2 HD13.9 HNC.1 

1 90 ± 1 / 97 ± 0 ++++ +++++ ++++ ++++++ +++++ +++++ 
58 87 ± 1 / 95 ± 0 ++++ +++ +++ +++++ ++++ ++++ 
60 86 ± 1 / 94 ± 0 +++ +++++ ++ +++++ ++++ ++ 
61 29 ± 2 / 58 ± 2 ++ + + ++ +++ ++ 
62 46 ± 1 / 75 ± 0 – – + ++ – – 
63 39 ± 2 / 67 ± 1 + +++ – +++ ++ ++ 
65 38 ± 6 / 70 ± 1 –  – – + – – 

a Data are expressed as the percentage of biotinylated CII259-273 bound in the absence of competitor 
glycopeptide (mean values of triplicates ± one standard deviation). b The magnitude of the responses were 
determined from the concentration of antigen required to induce secretion of IL-2 corresponding to 10% 
of the max response for the native CII259-273 glycopeptide 1: - = no response, + = 150 µM, ++ = 30 µM, 
+++ = 6.0 µM, ++++ = 1.2 µM, +++++ = 0.24 µM, ++++++ = 0.0064 µM. 
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5. Discussion 

The recognition of “self” in CIA, where autoimmune T cells are activated by a 
glycopeptide fragment from CII, provides a valuable model system for RA in 
humans. Insight into the structural determinants that govern autoimmune T-cell 
activation at a molecular and atomic level could have important implications for 
understanding the disease development and be used in the design of novel 
therapeutics. The work presented in this thesis describes the design and synthesis of 
modified glycopeptides that were used to explore binding to the class II MHC Aq 
protein and subsequent recognition by autoimmune TCRs in CIA. The investigated 
modifications included amide bond isosteres introduced in the glycopeptide 
backbone and substitutions of two anchor residues that are important for binding to 
Aq and presentation to TCRs. A comparative model of the Aq/glycopeptide complex 
provided a structural basis for interpretation of immunological results, and was also 
used as a tool in the design of new glycopeptides. Overall these investigations 
provided insight into the complex pattern of molecular interactions that govern 
formation of the Aq/glycopeptide/TCR complexes. This knowledge forms a basis for 
future design of synthetic glycopeptides that can be used to further probe this 
molecular recognition system. Such glycopeptides also constitute potential 
therapeutic vaccines for treatment of RA.  

Binding to the class II MHC protein is a prerequisite for a peptide to be able to 
interact with a TCR. Hence, an overall aim of the work presented in this thesis was 
to design glycopeptides that bind well to Aq in order to further explore their effect on 
T-cell activation. Important interactions that govern peptide binding to class II MHC 
proteins include an extensive hydrogen-bonding network to the peptide backbone, 
which is independent of the peptide’s sequence, and specific pockets in the MHC 
binding site with preferences for certain amino acid side chains in the peptide.10 The 
effects of different backbone-modifications in 1 on Aq binding was explored by 
replacing the three amides in-between the two important anchor residues Ile260 and 
Phe263 with amide bond isosteres (Figure 14). In general, the introduced 
modifications affected Aq binding more than initially expected. Experimental 
binding experiments revealed that the Ala-Gly ketomethylene isostere (3) was well 
tolerated, while the other modifications ((E)-alkene, ethylene, methyleneamine, 
oxazole, and (Z)-alkene) on all three positions were accompanied by some degree of 
loss of Aq binding.  

Similar observations of introduced amide bond isosteres significantly affecting 
murine class II MHC binding have been reported.85,88,98,99 In some cases the 
introduced isosteres, including peptoids,85 N-methylation,88 and methyleneamine88 
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moieties, were used to probe multiple positions in the peptide which showed that the 
site of modification was of major importance. That the effects on class II MHC 
binding vary for different amide positions in the peptide backbone is by no means 
surprising and could among other things be related to the pattern of hydrogen bonds 
formed between the peptide and the class II MHC protein. However, in view of the 
extensive hydrogen-bond network generally present in these complexes it could be 
considered somewhat surprising that modifying a single position affected binding to 
the observed extent. The “static” picture of the molecular interactions between 1 and 
Aq that was provided by the comparative model agreed well with the binding 
capacity of the ketomethylene-modified glycopeptide 3. However, it could not fully 
account for the loss of binding observed for some of the other modifications, 
especially the (E)-alkene and ethylene isosteres.  

 
Figure 14. The three highlighted amides in the backbone of 1 were replaced by the different 
modifications listed below in papers I-III. 

A more comprehensive understanding of the interactions that govern 
glycopeptide binding to the Aq protein was, however, obtained by performing MD 
simulations. The dynamic MD trajectory for the Aq/1 complex revealed a large 
network of eleven hydrogen bonds that may be formed between the backbone of 1 
and Aq during the simulation. A significantly smaller number of 5.18 hydrogen 
bonds was, however, present on average in each snapshot. This should have an 
important implication for the ability of the modified glycopeptides to bind to Aq and 
be presented to circulating T-cells because removing possibilities of hydrogen 
bonding from a less extensive network is likely to have a large influence on the 
binding strength. MD simulations of the complexes between Aq and the (E)-alkene- 
and ethylene-modified glycopeptides also provided a structural basis for these 
glycopeptide’s varying loss of Aq binding determined in an experimental binding 
assay. It was found that the (E)-alkene and ethylene moieties affected not only the 
interactions at the modified position, but also the patterns and strengths of other 
hydrogen bonds along the glycopeptide backbone. This cooperative effect observed 
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for the hydrogen bonds involving the N-terminal part of the glycopeptides 
highlighted the importance of a maintained hydrogen-bonding network for 
successful Aq binding. Our observations were further supported by reports of 
cooperativity in the hydrogen-bonding network of the N-terminal part of a peptide 
binding to the Ad protein.13,14 

Modifications of the glycopeptide backbone should stabilize the glycopeptide 
towards degradation and thus potentially increase its half-life in vivo. One of the 
reasons for modifying the amides in the 260-263 sequence of 1 was to prevent a 
potential cleavage of the peptide in between the two important anchor residues Ile260 
and Phe263. Although efforts have been directed towards investigating the relative 
stabilities of the backbone-modified glycopeptides compared to the native 1 in 
mouse serum, no conclusive results have been obtained so far. The apparent 
drawback of backbone modifications is, however, that they can alter the hydrogen-
bonding network to the class II MHC protein, as was found for almost all of the 
backbone-modified glycopeptides described in this thesis. This means that the 
modified amides need to be carefully selected just as the type of modification to be 
introduced in order to maintain as many interactions as possible. The 260-263 
sequence of 1 is critical for its biological activity but is also sensitive to backbone 
modifications. It would therefore be interesting to introduce similar modifications in 
the vicinity of the glycopeptide’s C-terminus to probe whether they affect Aq 
binding and T-cell recognition to the same extent. It has been shown for the Ad 
protein that hydrogen bonds formed to the C-terminal part of the bound peptide are 
less coupled to each other and contribute less to the binding stability compared to 
hydrogen bonds formed to the backbone of the N-terminal part of the peptide.13,14 If 
this also holds for the Aq/1 system it could open up for C-terminal backbone 
modifications as a more efficient strategy.  

Instead of modifying the backbone, a second approach is to substitute one or 
several of the amino acid side chains in 1. This was investigated by substituting the 
anchor residues Ile260 and Phe263 by different (non-)natural amino acids, which 
showed that while the Ile side chain was preferred in the P1 pocket there was scope 
to improve binding in the P4 pocket. It was found that three out of seven 
investigated substitutions in position 263 were more favorable for binding to Aq than 
the original Phe residue. These included m-methyl- and p-fluorophenylalanine 
derivatives and a thiazolylalanine derivative. Based on the library of anchor-
modified glycopeptides with varying Aq binding, a SAR understanding was 
established that provides a powerful platform for future development of modified 
glycopeptides with improved Aq binding. Furthermore, a QSAR model has been 
reported that described the preferred molecular properties for Aq binding of the 
amino acids in positions 261, 262, and 265-267 in the CII260-267 sequence.55 This 
model indicated that it could be beneficial for Aq binding to substitute the Gly265 
residue for a larger amino acid with a flexible and hydrophobic side chain (e.g. Ile, 
Leu, or Met). The comparative model of the Aq/1 complex also shows a distinct P6 
pocket in this position that is relatively large and could accommodate a larger side 
chain. Furthermore, it has been shown that substitution of Glu266 by Ala gives 
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somewhat stronger Aq binding.49 Hence, apart from modifying the Phe263 anchor 
residue further it could also be interesting to explore position 265 and 266 as a 
potential site for optimization of Aq binding. 

T-cell activation depends on both the peptide’s ability to bind to the class II 
MHC and the TCR’s ability to recognize the formed MHC/peptide complex. In line 
with this, the investigated backbone- and anchor-modified glycopeptide’s Aq 
binding could generally also be correlated to their elicited responses with the 
different T-cell hybridomas derived from mice with CIA. However, in several cases, 
there was a lack of correlation between Aq binding and T-cell recognition that 
indicated that the interactions with the TCRs were determined by other factors. For 
example, within the group of anchor-modified glycopeptides with medium Aq 
binding two different subgroups were identified; one that elicited weak/medium 
responses from most hybridomas and another that elicited weak responses from only 
a few hybridomas. These differences could be linked to the presented epitope and 
glycopeptide/MHC dynamics derived from MD trajectories for Aq/glycopeptide 
complexes selected from these subgroups. The MD simulations indicated that a 
lower degree of flexibility for the glycopeptide/Aq complex, or positioning of the 
glycopeptide deeper in the binding site, was linked to a weak T-cell response. A 
future extension of this MD study to include all of the anchor-modified 
glycopeptides should provide more information of the generality of these 
observations. Importantly, it needs to be emphasized that all of the structural 
interpretations of T-cell responses presented in this thesis are based solely on the 
modeled Aq/glycopeptide complexes and do not include the structure of the different 
TCRs. The latter were not modeled due to the lack of appropriate template 
structures. It can e.g. not be ruled out that binding of a TCR to the glycopeptide/Aq 
complex leads to structural changes of the presented epitope that have not been 
considered in the presented interpretations. Furthermore, the lack of TCR structures 
also precludes investigations of the TCR’s interaction with the glycopeptide/Aq 
complex. Although the mechanisms that govern T-cell activation are not fully 
understood the dynamics of the TCRs interaction with the peptide/MHC complex, in 
terms of the dissociation rate of the complex, has been shown to have a large 
influence.18-22 Faster dissociation rates of the TCR’s interaction with the class II 
MHC/peptide complex are associated with partial agonistic responses, whereas 
slower dissociation rates lead to agonistic responses. Thus, the differences in TCR 
signaling that was observed for the modified glycopeptides presented in this thesis 
could also be an effect of different dissociation rates. 

A long-term focus of the investigations described in this thesis was to develop 
modified glycopeptides for vaccination in the CIA mouse model. Glycopeptides 
with different properties could qualify for such experiments, depending on the 
strategy for the in vivo vaccination study. In the case when the glycopeptide alone is 
used for vaccination, it would be desirable that it either binds well to the MHC 
protein but induces an altered T-cell response, or binds weaker to the MHC protein 
than the native glycopeptide. Otherwise, there is a risk that the presentation by class 
II MHC proteins on professional antigen-presenting cells, which also provide the 
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second co-stimulatory signal, could activate the disease-promoting T cells and make 
an already established disease worse. If the glycopeptide alone is used for 
vaccination it may be beneficial to improve its stability, e.g., by employing amide 
bond isosteres or non-natural amino acids, which could potentially stabilize the 
glycopeptide towards in vivo degradation. A second option is to use the 
Aq/glycopeptide complex for vaccination. This strategy favors a glycopeptide with 
good MHC binding, forming a stable Aq/glycopeptide complex with a strong ability 
to be recognized by the autoimmune TCRs. The lack of a second co-stimulatory 
signal could then lead to T-cell anergy or activation of regulatory T-cell clones.  

Three modified glycopeptides presented in this thesis have been identified as 
candidates for vaccination studies using the CIA mouse model. These include the 
Ala-Gly ketomethylene 3 and the anchor-modified glycopeptides 58 and 60. The 
latter two glycopeptides have Ile in position 260 and either p-fluorophenylalanine or 
4-thiazolylalanine in position 263. These three glycopeptides bind equally well to Aq 
as the native 1 and also induce strong T-cell responses. The vaccination studies 
planned for in the near future will provide insight into if such modified 
glycopeptides can be used as therapeutic vaccines in the CIA mouse model. 

Even though the modified glycopeptides described in this thesis were designed 
for the murine Aq system, they still provided an insight into the presentation and 
recognition of glycopeptides in the human RA-associated DR4 system. Most of the 
backbone-modified glycopeptides bound to DR4 but the position of the introduced 
modification was found to be more important than the type of modification. Loss of 
DR4 binding was specifically observed for the glycopeptides in which the P1 anchor 
residue Phe263 was included in the isostere. However, several of the anchor-modified 
glycopeptides were able to both bind well to DR4 and elicit strong responses with T-
cell hybridomas obtained from transgenic mice expressing DR4 and the human CD4 
co-receptor. Other reports that have explored the DR4 P1 pocket by introducing 
(non-)natural amino acids have indicated that even larger side chains can fit.84,93,100 
All together, this is encouraging for future investigations of glycopeptides that are 
specifically designed to interact with DR4 to further explore the role of CII-based 
glycopeptides in RA and hopefully bring us a step closer towards the development a 
therapeutic vaccine.    
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6. Appendix 

Experimental section for synthesis of hydroxyethylene derivatives 
General. All reactions were carried out under an inert atmosphere with dry solvents 
under anhydrous conditions, unless otherwise stated. Dry solvents were distilled 
under the following conditions; CH2Cl2 from calcium hydride, THF from potassium, 
DMF under reduced pressure and then dried over 3 Å molecular sieves. EtOH was 
dried over 3 Å molecular sieves. TLC analysis was performed on silica gel 60 F254 
(Merck) with detection by UV light and staining with alkaline aqueous KMnO4 
followed by heating. After workup, organic solutions were dried over Na2SO4 before 
being concentrated under reduced pressure. Flash column chromatography was 
performed on silica gel (grade 9385, 60 Å, 230-400 mesh, Sigma Aldrich).  

Optical rotations were measured with a Perking-Elmer model 343 polarimeter at 
20 °C. 1H and 13C NMR spectra of the isostere dipeptide derivatives were recorded 
at 298 K on a Bruker DRX-400 spectrometer at 400 MHz and 100 MHz, 
respectively. Calibration was done using the residual peak of the solvent as internal 
standard [CDCl3 (CHCl3 δH 7.26 ppm, CDCl3 δC 77.0 ppm) or CD3OD (CD2HOD δH 
3.31 ppm, CD3OD δC 49.0 ppm)]. Spectra of glycopeptides 11 and 12 were recorded 
at 298 K on a Bruker Avance spectrometer at 500 MHz in H2O/D2O (9:1) with H2O 
(δH 4.76) as internal standard. HRMS data were recorded with fast atom 
bombardment (FAB+) ionization.  

Analytical reversed-phase HPLC was performed on a Beckman System Gold 
HPLC equipped with a Supelco Discovery® Bio Wide Pore C18 column (250 × 4.6 
mm, 5 µm) using a flow-rate of 1.5 mL/min and detection at 214 nm. Preparative 
reversed-phase HPLC was performed on a Supelco Discovery® Bio Wide Pore C18 
column (250 × 21.2 mm, 5 µm) using the same eluent as for the analytical HPLC, a 
flow-rate of 11 mL/min, and detection at 214 nm. 

 
(4R,5S)-5-tert-Butoxycarbonylamino-4-hydroxy-hexanoic acid tert-butyl 

ester (20). Ketone 18 (160 mg, 0.531 mmol) dissolved in dry EtOH (8.0 mL) was 
added dropwise to a solution of LiAlH(O-tBu)3 (278 mg, 1.06 mmol) in dry EtOH 
(5.5 mL) at -78 ºC. After stirring for 150 min at -78 ºC, a second portion of 
LiAlH(O-tBu)3 (28 mg, 0.107 mmol) was added. After stirring an additional 60 min, 
citric acid (10%, aq) was added followed by partitioning between EtOAc and H2O. 
The aqueous phase was extracted with EtOAc and the combined organic layers were 
washed with H2O and brine, dried and concentrated under reduced pressure. The 
crude was purified by flash chromatography (n-heptane/EtOAc 3:1) to afford 20 
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(4S:4R 1:99, 122 mg, 75%) as a white solid. [α]D
20 = -19.5 (c = 1.0, CHCl3); 1H NMR 

(CDCl3) δ 4.77 (br s, 1H, NH), 3.76-3.63 (m, 1H, NCH), 3.63-3.56 (m, 1H, HOCH), 
2.48-2.32 (m, 2H, CH2CO2), 1.73-1.57 (m, 2H, CH2CH2CO2), 1.43 (s, 9H, C(CH3)3), 
1.42 (s, 9H, C(CH3)3), 1.10 (d, J = 6.8 Hz, 3H, CH3); 13C NMR (CDCl3) δ 173.8 
(NCO), 156.0 (CO2), 80.6 (C(CH3)3), 79.5 (C(CH3)3), 74.3 (HOCH), 51.0 (NCH), 
32.4 (CH2CO2), 28.4 (C(CH3)3), 28.1 (CH2CH2CO2), 28.0 (C(CH3)3), 14.9 (CH3).  
 

(4S/R,5S)-5-tert-Butoxycarbonylamino-4-hydroxy-hexanoic acid tert-butyl 
ester (21). Ketone 18 (269 mg, 0.892 mmol) was dissolved in dry THF (22 mL) and 
cooled to -78 ºC followed by dropwise addition of (S)-Alpine-Hydride (0.5 M in 
THF, 1.96 mL, 0.980 mmol). After stirring for 80 min at -78 ºC, citric acid (10%, 
aq) was added followed by partitioning between Et2O and brine. The aqueous phase 
was extracted with Et2O and the combined organic layers were dried and 
concentrated under reduced pressure. The crude was purified by flash 
chromatography (n-heptane/EtOAc 5:1→2:1) to afford 21 (4S:4R 2:1, 227 mg, 84%) 
as a colorless oil. (4S)-21 (major isomer): 1H NMR (CDCl3) δ 4.74 (br s, 1H, NH), 
3.66-3.57 (m, 1H, NCH), 3.53-3.47 (m, 1H, HOCH), 2.47-2.20 (m, 2H, CH2CO2), 
1.81-1.60 (m, 2H, CH2CH2CO2), 1.43 (s, 18H, C(CH3)3), 1.17 (d, J = 6.8 Hz, 3H, 
CH3); 13C NMR (CDCl3) δ 173.9 (NCO), 156.2 (CO2), 80.7 (C(CH3)3), 79.4 
(C(CH3)3), 74.6 (HOCH), 51.0 (NCH), 32.3 (CH2CO2), 29.3 (CH2CH2CO2), 28.4 
(C(CH3)3), 28.1 (C(CH3)3), 18.3 (CH3). (4R)-21 (minor isomer): 1H NMR (CDCl3) δ 
4.74 (br s, 1H, NH), 3.75-3.66 (m, 1H, NCH), 3.66-3.57 (m, 1H, HOCH), 2.47-2.20 
(m, 2H, CH2CO2), 1.81-1.60 (m, 2H, CH2CH2CO2), 1.43 (s, 18H, C(CH3)3), 1.10 (d, 
J = 6.8 Hz, 3H, CH3); 13C NMR (CDCl3) δ 173.8 (NCO), 156.2 (CO2), 80.7 
(C(CH3)3), 79.5 (C(CH3)3), 74.4 (HOCH), 51.0 (NCH), 32.4 (CH2CO2), 29.3 
(CH2CH2CO2), 28.4 (C(CH3)3), 28.1 (C(CH3)3), 14.9 (CH3). 
 

(5S)-5-[(1R)-1-(9H-fluoren-9-ylmethoxycarbonylamino)-ethyl]-dihydro-
furan-2-one (22). Alcohol 20 (137 mg, 0.452 mmol) dissolved in CH2Cl2 (2.2 mL) 
was treated with TFA (0.9 mL) at rt for 24 h. The solution was concentrated under 
reduced pressure, the resulting residue was concentrated from CHCl3 three times and 
was thereafter dissolved in dioxane (2.2 mL) and H2O (0.8 mL). FmocOSu (187 mg, 
0.543 mmol) was added and the mixture was cooled to 0 ºC followed by dropwise 
addition of Na2CO3 (58 mg, 0.547 mmol) dissolved in H2O (0.35 mL). The mixture 
was allowed to reach rt and was stirred for 24 h before the dioxane was removed 
under reduced pressure. CHCl3 was added and the aqueous phase was acidified by 
addition of HCl (10 %, aq) at 0 ºC to pH 1. The phases were separated and the 
aqueous phase was extracted with CHCl3. The combined organic layers were 
washed with brine, dried and concentrated under reduced pressure. The resulting 
crude was purified by flash chromatography (n-heptane/EtOAc/AcOH 
2:1:1%→1:1:1%) to afford 22 (136 mg, 86%). [α]D

20 = -32.8 (c = 1.0, CHCl3); 1H 
NMR (CD3OD) δ 7.78 (d, J = 7.4 Hz, 2H, Fmoc-arom), 7.62 (d, J = 7.4 Hz, 2H, 
Fmoc-arom), 7.40-7.34 (m, 2H, Fmoc-arom), 7.33-7.26 (m, 2H, Fmoc-arom), 4.47-
4.31 (m, 3H, Fmoc-CH2, OCH), 4.18 (t, J = 6.43 Hz, 1H, Fmoc-CH), 3.85-3.75 (m, 
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1H, NCH), 2.56-2.46 (m, 2H, CH2CO2), 2.28-2.14 (m, 1H, OCHCH2), 2.05-1.92 (m, 
1H, OCHCH2), 1.17 (d, J = 7.0 Hz, 3H, CH3); 13C NMR (CD3OD) δ 179.5 (CO2), 
158.2 (NCO), 145.1 (splitted), 142.5, 128.6, 128.0, 126.0 (splitted), 120.8, 84.2 
(HOC), 67.4 (Fmoc-CH2), 50.7 (NCH), 48.4 (Fmoc-CH), 29.0 (CH2CO2), 24.8 
(OCHCH2), 16.5 (CH3).  

 
(5S)-5-[(1S/R)-1-(9H-fluoren-9-ylmethoxycarbonylamino)-ethyl]-dihydro-

furan-2-one (23). Alcohol 21 (188 mg, 0.620 mmol) dissolved in CH2Cl2 (3.0 mL) 
was treated with TFA (1.3 mL) at rt for 19 h. The solution was concentrated under 
reduced pressure, the resulting residue was concentrated from CHCl3 three times and 
was thereafter dissolved in dioxane (3.0 mL) and H2O (1.2 mL). FmocOSu (257 mg, 
0.747 mmol) was added and the mixture was cooled to 0 ºC followed by dropwise 
addition of Na2CO3 (79 mg, 0.745 mmol) dissolved in H2O (0.3 mL). The mixture 
was allowed to reach rt and was stirred for 22 h before the dioxane was removed 
under reduced pressure. CHCl3 was added, the phases were separated and the 
aqueous phase was extracted with CHCl3. The combined organic layers were 
washed with brine, dried and concentrated under reduced pressure. The resulting 
crude was purified by flash chromatography (n-heptane/EtOAc 2:1 → 1:1) followed 
by purification by chiral preparative HPLC (Chiralpak AD column, 250 × 20 mm, 5 
µm, with n-heptane/EtOH 70:30 as eluent, 18 mL/min flow rate and UV detection at 
300 nm) to afford 23 (4S:4R 99:1, 174 mg, 49%). H1 NMR (CD3OD) δ 7.79 (d, J = 
7.6 Hz, 2H, Fmoc-arom), 7.65 (d, J =7.5 Hz, 2H, Fmoc-arom), 7.41-7.36 (m, 2H, 
Fmoc-arom), 7.34-7.27 (m, 2H, Fmoc-arom), 4.52-4.45 (m, 2H, Fmoc-CH2, OCH), 
4.39-4.32 (m, 1H, Fmoc-CH2), 4.25-4.18 (m, 1H, Fmoc-CH), 3.87-3.79 (m, 1H, 
NCH), 2.61-2.47 (m, 1H, CH2CO2), 2.46-2.35 (m, 1H, CH2CO2), 2.26-2.15 (m, 1H, 
CH2CH2CO2), 1.99-1.85 (m, 1H, CH2CH2CO2), 1.19 (d, J = 6.9 Hz, 3H, CH3). A 13C 
NMR spectrum could not be obtained due to degradation during the NMR analysis.  
 

(4R,5S)-4-(tert-Butyl-dimethyl-silanyloxy)-5-(9H-fluoren-9-ylmethoxy-
carbonylamino)-hexanethioic acid tert-butyl ester (24). AlMe3 (1M in heptane, 
2.50 mL, 2.50 mmol) was added dropwise to a solution of t-BuSH (0.28 mL, 2.48 
mmol) in CH2Cl2 (3.6 mL) at 0 ºC. The mixture was stirred for 10 min at 0 ºC, 10 
min at rt followed by 10 min at 0 ºC. Lactone 22 (106 mg, 0.301 mmol) dissolved in 
CH2Cl2 (1.9 m L) was added dropwise followed by stirring for 3 h and 30 min at 0 
ºC. The reaction was cooled to -78 ºC and Et2O (11 mL) was added followed by 
dropwise addition of HCl (1M, 3 mL). The resulting mixture was then stirred for 10 
min before it was allowed to reach 0 ºC. The workup was performed under cold 
conditions to prevent relactonization, using ice-cold solvent and aqueous solutions. 
After addition of Et2O and HCl (1M), the layers were separated, and the aqueous 
layer was extracted with Et2O. The combined organic layers were washed with HCl 
(1M, aq), NaHCO3 (satd, aq) and brine, dried and concentrated under reduced 
pressure under cold conditions. The resulting crude was mixed with TBDMSCl (197 
mg 1.27 mmol) and imidazole (173 mg, 2.54 mmol), and dissolved in DMF (0.27 
mL). After stirring for 20 h and 30 min at rt, NaHCO3 was added followed by 
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addition of H2O and CH2Cl2. The phases were separated and the aqueous layer was 
extracted with CH2Cl2. The combined organic layers were washed with H2O and 
brine, dried, and concentrated under reduced pressure. Purification by flash 
chromatography twice (first using n-heptane/EtOAc 8:1, then using n-
heptane/EtOAc 1:0→8:1) gave 24 (93 mg, 55%) as a colorless oil. [α]D

20 = -7.2 (c = 
1.0, CHCl3); 1H NMR (CDCl3) δ 7.76 (d, J = 7.4 Hz, 2H, Fmoc-arom), 7.62-7.56 
(m, 2H, Fmoc-arom), 7.43-7.37 (m, 2H, Fmoc-arom), 7.35-7.28 (m, 2H, Fmoc-
arom), 4.85-4.76 (m, 1H, NH), 4.44-4.32 (m, 2H, Fmoc-CH2), 4.21 (t, J = 6.7 Hz, 
1H, Fmoc-CH), 3.78-3.65 (m, 2H, NCH, OCH), 2.60-2.39 (m, 2H, CH2COS), 1.80-
1.70 (m, 2H, CH2CH2COS), 1.46 (s, 9H, C(CH3)3), 1.10 (d, J = 5.5 Hz, 3H, CH3), 
0.91 (s, 9H, C(CH3)3), 0.08 (s, 3H, SiCH3), 0.04 (s, 3H, SiCH3); 13C NMR (CDCl3) δ 
199.7 (COS), 155.6 (NCO), 144.0 (splitted), 141.3, 127.6, 127.0, 125.0, 120.0, 73.5 
(HOCH), 66.5 (Fmoc-CH2), 50.1 (NCH), 48.0 (C(CH3)3), 47.3 (Fmoc-CH), 40.5 
(CH2COS), 29.8 (C(CH3)3), 29.4 (CH2CH2COS), 25.9 (C(CH3)3), 18.1 (Si-C(CH3)3), 
14.2 (CH3), -4.2 (SiCH3), -4.6 (SiCH3). 
 

(4S,5S)-4-(tert-Butyl-dimethyl-silanyloxy)-5-(9H-fluoren-9-ylmethoxy-
carbonylamino)-hexanethioic acid tert-butyl ester (26). AlMe3 (2M in heptane, 
1.15 mL, 2.30 mmol) was added dropwise to a solution of t-BuSH (0.26 mL, 2.31 
mmol) in CH2Cl2 (2.5 mL) at 0 ºC. The mixture was stirred for 10 min at 0 ºC, 10 
min at rt followed by 10 min at 0 ºC. Lactone 23 (96 mg, 0.273 mmol) dissolved in 
CH2Cl2 (1.7 mL) was added dropwise followed by stirring for 3 h at 0 ºC. The 
reaction was cooled to -78 ºC and Et2O (10 mL) was added followed by dropwise 
addition of HCl (1M, 2.7 mL). The resulting mixture was then stirred for 10 min 
before it was allowed to reach 0 ºC. The workup was performed under cold 
conditions to prevent relactonization, using ice-cold solvent and aqueous solutions. 
After addition of Et2O and HCl (1M), the phases were separated, and the aqueous 
layer was extracted with Et2O. The combined organic layers were washed with HCl 
(1M, aq), NaHCO3 (satd, aq) and brine, dried and concentrated under reduced 
pressure under cold conditions. The resulting crude was mixed with TBDMSCl (182 
mg 2.67 mmol) and imidazole (157 mg, 2.30 mmol) and dissolved in DMF (1.0 
mL). After stirring for 16 h min at rt, NaHCO3 was added followed by addition of 
H2O and CH2Cl2. The phases were separated and the aqueous layer was extracted 
with CH2Cl2. The combined organic layers were washed with H2O and brine, dried, 
and concentrated under reduced pressure. Purification by flash chromatography (n-
heptane/EtOAc 1:0 → 8:1) gave 26 (102 mg, 85%) as a colorless oil. [α]D

20 = +8.9 (c 
= 1.0, CHCl3); 1H NMR (CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H, Fmoc-arom), 7.60 (d, J = 
7.5 Hz, 2H, Fmoc-arom), 7.43-7.37 (m, 2H, Fmoc-arom), 7.34-7.29 (m, 2H, Fmoc-
arom), 4.87 (d, J = 8.9 Hz, 1H, NH), 4.46-4.39 (m, 1H, Fmoc-CH2), 4.39-4.31 (m, 
1H, Fmoc-CH2), 4.25 (t, J = 7.0 Hz, 1H, Fmoc-CH), 3.83-3.73 (m, 1H, NCH), 3.68-
3.61 (m, 1H, OCH), 2.50 (t, J = 7.5 Hz, 2H, CH2CO), 1.82-1.67 (m, 2H, CH2CH2O), 
1.45 (s, 9H, SC(CH3)3), 1.15 (d, J = 6.7 Hz, 3H, CH3), 0.93 (s, 9H, SiC(CH3)3), 0.11 
(s, 3H, SiCH3) 0.10 (s, 3H, SiCH3); 13C NMR (CDCl3) δ 199.9 (COS), 155.9 (CO2), 
144.0, 141.3, 127.6, 127.0, 125.1 (splitted), 119.9, 73.4 (CHO), 66.6 (Fmoc-CH2), 
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49.1 (NCH), 47.9 (SC(CH3)3), 47.3 (Fmoc-CH), 40.5 (CH2CO), 29.8 (SC(CH3)3), 
29.2 (CH2CH2CO), 25.9 (SiC(CH3)3), 18.1 (SiC(CH3)3), 17.9 (CH3), -4.3 (SiCH3), -
4.6 (SiCH3). 

 
(4R,5S)-4-(tert-Butyl-dimethyl-silanyloxy)-5-(9H-fluoren-9-ylmethoxy-

carbonylamino)-hexanoic acid (25). A premixed solution of H2O2 (30% aq 
solution, 2.70 mL) and LiOH (0.2 M, 1.38 mL, 0.276 mmol) was added dropwise to 
24 (81 mg, 0.146 mmol) in THF (10 mL) at 0 ºC. The mixture was allowed to reach 
rt followed by stirring for 3.5 h and then it was cooled to 0 ºC. Na2SO3 (2 M, 5 mL) 
was added dropwise followed by stirring for 40 min at 0 ºC. The mixture was 
acidified by addition of HCl (10%, aq), Et2O was added, the phases were separated 
and the aqueous layer was extracted with Et2O. The combined organic layers were 
washed with NaHCO3 (satd, aq), dried and concentrated under reduced pressure. 
Purification by flash chromatography (n-heptane/EtOAc/AcOH 6:1:1% → 3:1:1%) 
gave 25 (53 mg, 75 %) as a white solid. HRMS (FAB+) calcd for C27H36NNa2O5Si+ 
(M-H+2Na)+ 528.2153, found 528.2178. [α]D

20 = -7.7 (c = 0.5, CHCl3);  H1 NMR 
(CD3OD) δ 7.78 (d, J = 7.4 Hz, 2H, Fmoc-arom), 7.65 (d, J = 7.4 Hz, 2H, Fmoc-
arom), 7.41-7.35 (m, 2H, Fmoc-arom), 7.33-7.27 (m, 2H, Fmoc-arom), 6.73 (d, J = 
8.0 Hz, 1H, NH), 4.43-4.28 (m, 2H, Fmoc-CH2), 4.19 (t, J = 6.6 Hz, 1H, Fmoc-CH), 
3.79-3.70 (m, 1H, OCH), 3.66-3.55 (m, 1H, NCH), 2.43-2.30 (m, 2H, CH2CO2), 
1.80-1.72 (m, 2H, CH2CH2CO2), 1.10 (d, J = 6.6 Hz, 3H, CH3), 0.90 (s, 9H, 
C(CH3)3), 0.07 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3); 13C NMR (MeOD) δ 177.3 
(CO2H), 158.2 (splitted, NCO), 145.4, 142.6, 128.7, 128.1, 126.2, 120.9, 74.8 
(OCH), 67.5 (Fmoc-CH2), 51.5 (splitted, NCH), 48.5 (Fmoc-CH), 30.3 (CH2CO2), 
29.7 (CH2CH2CO2), 26.4 (C(CH3)3), 18.9 (C(CH3)3), 16.1 (CH3), -4.2 (SiCH3), -4.3 
(SiCH3). 

 
(4S,5S)-4-(tert-Butyl-dimethyl-silanyloxy)-5-(9H-fluoren-9-ylmethoxy-

carbonylamino)-hexanoic acid (27). A premixed solution of H2O2 (30% aq 
solution, 3.0 mL) and LiOH (0.2 M, 1.5 mL, 0.300 mmol) was added dropwise to 26 
(91 mg, 0.165 mmol) in THF (11 mL) at 0 ºC. The mixture was allowed to reach rt 
followed by stirring for 3.5 h and then it was cooled to 0 ºC. Na2SO3 (2 M, 5.6 mL) 
was added dropwise followed by stirring for 40 min at 0 ºC. The mixture was 
acidified by addition of HCl (10%, aq), Et2O was added, the phases were separated 
and the aqueous phase was extracted with Et2O. The combined organic layers were 
washed with NaHCO3 (satd, aq), dried and concentrated under reduced pressure. 
Purification by flash chromatography (n-heptane/EtOAc/AcOH 6:1:1%) gave 27 (65 
mg, 82 %) as a white solid. HRMS (FAB+) calcd for C27H36NNa2O5Si+ (M-H+2Na)+ 
528.2153, found 528.2175. [α]D

20 = +5.5 (c = 1.0, CHCl3);  H1 NMR (CD3OD) δ 7.79 
(d, J = 7.5 Hz, 2H, Fmoc-arom), 7.68-7.63 (m, 2H, Fmoc-arom), 7.41-7.35 (m, 2H, 
Fmoc-arom), 7.33-7.27 (m, 2H, Fmoc-arom), 6.73 (d, J = 8.1 Hz, 1H, NH), 4.42 (dd, 
J = 10.5, 6.8 Hz, 1H, Fmoc-CH2), 4.32 (dd, J = 10.4, 6.8 Hz, 1H, Fmoc-CH2), 4.23-
4.18 (m, 1H, Fmoc-CH), 3.76-3.67 (m, 2H, NCH and NCHCH), 2.42-2.26 (m, 2H, 
CH2CO2), 1.80-1.69 (m, 1H, CH2CH2CO2), 1.69-1.58 (m, 1H, CH2CH2CO2), 1.09 
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(d, J = 6.5 Hz, 3H, CH3), 0.92 (s, 9H, C(CH3)3), 0.11 (s, 3H, SiCH3), 0.10 (s, 3H, 
SiCH3); 13C NMR (MeOD) δ 177.4 (CO2H), 158.2 (NCO, splitted), 145.3 (splitted), 
142.6, 128.7, 128.1 (splitted), 126.2 (splitted), 120.9, 74.5 (NCHCH), 67.5 (Fmoc-
CH2), 51.4 (NCH, splitted), 48.6 (Fmoc-CH), 31.3 (CH2CO2), 28.4 (CH2CH2CO2), 
26.4 (C(CH3)3), 18.9 (C(CH3)3), 15.4 (CH3), -4.3 (SiCH3), -4.4 (SiCH3). 

 
General procedure for solid-phase peptide synthesis. Glycopeptides 11 and 12 
were synthesized in mechanically agitated reactors on Tentagel-S-PHB-Thr(tBu)-
Fmoc resins (40 µmol) using standard solid-phase methodology essentially as 
described elsewhere.144 All couplings were performed in DMF. Nα-Fmoc amino 
acids with standard side-chain protecting groups (4 equiv) were activated with 1-
hydroxybenzotriazole (HOBt, 6 equiv) and 1,3-diisopropylcarbodiimide (DIC, 3.9 
equiv) and the couplings were monitored using bromophenol blue as indicator. (5R)-
Nα-(Fluoren-9-ylmethoxycarbonyl)-Nε-benzyloxycarbonyl-5-O-(2,3,4,6-tetra-O-
acetyl-β-D-galactopyranosyl)-5-hydroxy-L-lysine (see Syed et al.134 and Supporting 
Information for paper I) (1.5 equiv) and the isostere building blocks 25 and 27 (1.5 
equiv) were activated with O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate (HATU, 1.5 equiv) and 2,4,6-collidine (3.0 equiv) and coupled 
for 24 h. Fmoc deprotection after each coupling cycle was accomplished by 
treatment with 20% piperidine in DMF for 10 min. The glycopeptides were cleaved 
from the resin with trifluoroacetic acid/H2O/thioanisole/ethanedithiol (35:2:2:1) for 
3 h at 40 °C with workup performed essentially as described elsewhere.144 
Purification by reversed-phase HPLC was followed by deacetylation with NaOMe in 
MeOH (20 mM, 1 mL/mg peptide) for 2-3 h at rt (monitored by analytical reversed-
phase HPLC). Neutralization by addition of AcOH and concentration under reduced 
pressure, and the residue was purified using reversed-phase HPLC and 
lyophilization. 

Glycyl-L-isoleucyl-L-alanylψ [CHOHCH2]glycyl-L-phenylalanyl-5-O-(β-D-
galactopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glutaminylglycyl-
L-prolyl-L-lysylglycyl-L-glutam-1-yl-L-threonine (11). Synthesis was performed 
with building block 27 according to the general procedure described above. This 
afforded the trifluoroacetate salt of 11 (12.4 mg, 18% yield based on the amount of 
resin used) as a white amorphous solid after lyophilization. MS (MALDI-TOF) 
calcd 1654.81 for [M+H]+, found 1654.82. 1H NMR data are given in Table 5. 

Glycyl-L-isoleucyl-L-alanylψ [CHOHCH2]glycyl-L-phenylalanyl-5-O-(β-D-
galactopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glutaminylglycyl-
L-prolyl-L-lysylglycyl-L-glutam-1-yl-L-threonine (12). Synthesis was performed 
with building block 25 according to the general procedure described above. This 
afforded the trifluoroacetate salt of 12 (22.5 mg, 28% yield based on the amount of 
resin used) as a white amorphous solid after lyophilization. MS (MALDI-TOF) 
calcd 1654.81 for [M+H]+, found 1654.81. 1H NMR data are given in Table 6. 
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Table 5. 1H NMR chemical shifts for CII259-273 with Ala261ψ[CHOHCH2]Gly262 (11).a 
Residue NH Hα Hβ Hγ Others 
Gly259  3.86b    
Ile260 8.39 4.17 1.81 1.41, 1.14, 0.88 

(CH3) 
0.84 (Hδ) 

Ala261 

ψ[CHOHCH2] 
7.92 3.86 1.10  3.41 ψ[CHOHCH2], 1.55b ψ[CHOHCH2] 

Gly262  2.31b    
Phe263 8.20 4.62 3.10, 2.98  7.25 (Hδ), 7.35 (Hε), 7.31 (Hζ) 
Hyl264 8.40 4.29 2.04, 1.75  1.61b 4.02 (Hδ), 3.18 and 2.98 (Hε), 7.62 (εNH2), c 
Gly265 8.00 3.92b    
Glu266 8.23 4.37 2.10, 1.94  2.43b  
Gln267 8.49 4.37 2.10, 1.96  2.35b 7.50 and 6.83 (δNH2) 
Gly268 8.27 4.11, 

3.98 
   

Pro269  4.40 2.26, 1.90  2.00b 3.58b (Hδ) 
Lys270 8.45 4.29 1.84, 1.75  1.43b 1.65b (Hδ), 3.00b (Hε), 7.50 (εNH2) 
Gly271 8.35 3.94b    
Glu272 8.21 4.47 2.14, 1.96  2.45b  
Thr273 8.09 4.33 4.33 1.16  

a Measured at 500 MHz and 298 K in water containing 10% D2O with H2O (δH 4.76 ppm) as internal 
standard. b Degeneracy has been assumed. c Chemical shifts for the galactose moiety: δ 4.43 (H1), 3.91 
(H4), 3.76 (H6), 3.68 (H5), 3.64 (H3), and 3.55 (H2). 
 

Table 6. 1H NMR chemical shifts for CII259-273 with Ala261ψ[CHOHCH2]Gly262 (12).a 
Residue NH Hα Hβ Hγ Others 
Gly259  3.84b    
Ile260 8.41 4.13 1.81 1.43, 1.16, 0.88 

(CH3) 
0.84 (Hδ) 

Ala261 

ψ[CHOHCH2] 
8.11 3.82 1.08  3.49 ψ[CHOHCH2], 1.67 and 1.47 

ψ[CHOHCH2] 
Gly262  2.33, 

2.24 
   

Phe263 8.19 4.60 3.06, 2.98  7.25 (Hδ), 7.34 (Hε), 7.30 (Hζ) 
Hyl264 8.39 4.29 2.00, 1.75  1.59b 4.02 (Hδ), 3.16 and 2.98 (Hε), 7.62 (εNH2), c 
Gly265 7.94 3.88b    
Glu266 8.22 4.37 2.10, 1.94  2.43b  
Gln267 8.49 4.37 2.10, 1.96  2.35b 7.50 and 6.83 (δNH2) 
Gly268 8.27 4.13, 

4.00 
   

Pro269  4.40 2.26, 1.90  1.98b 3.58b (Hδ) 
Lys270 8.45 4.29 1.84, 1.75  1.43b 1.65b (Hδ), 2.98b (Hε), 7.50 (εNH2) 
Gly271 8.35 3.94b    
Glu272 8.20 4.47 2.14, 1.96  2.45b  
Thr273 8.10 4.33 4.33 1.16  

a Measured at 500 MHz and 298 K in water containing 10% D2O with H2O (δH 4.76 ppm) as internal 
standard. b Degeneracy has been assumed. c Chemical shifts for the galactose moiety: δ 4.43 (H1), 3.92 
(H4), 3.76 (H6), 3.68 (H5), 3.64 (H3), and 3.52 (H2). 

 

DR4 binding assay 
The abilities of the backbone-modified glycopeptides 2-9 and 14 to bind to DR4 
were determined relative to a biotinylated CLIP peptide in a competitive inhibition 
assay performed in 96-well microtiter assay plates essentially as described 
elsewhere.49,145 The binding evaluation for oxazole-modified glycopeptides 10, 13 
and 15 is reported in paper III. Briefly, purified soluble recombinant DR4 proteins 
(1 µM) were incubated with a fixed concentration of the CLIP-bio (3 µM, sequence 
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KPVSKMRMATPLLMQALPM) and increasing concentrations of test peptides 2-9 
and 14 (0, 0.8, 4, 20, 100 and 500 µM) in PBS for 48 h at room temperature. This 
mixture also contained a cocktail of protease inhibitors (Complete, Boehringer, 
Mannheim). During this incubation, new 96-well microtiter assay plates were 
precoated with L243 mAb (10 µg/mL) by incubating for 2 h at room temperature or 
overnight at 4 °C followed by blocking with PBS containing 2% low fat milk and 
washing with PBS containing 0.1% Tween 20. 100 µL of the incubated mixtures 
containing DR4 proteins, CLIP-bio, and test peptides in PBS were then transferred 
to the plates precoated with mAb followed by incubation for 2 h at room 
temperature or overnight at 4 °C. After washing with PBS, containing 0.1% Tween 
20, the amount of CLIP-bio bound to the recombinant DR4 proteins captured in the 
wells was quantified using the dissociation-enhanced lanthanide fluoroimmunoassay 
(DELFIA®) system based on the time-resolved fluoroimmunoassay technique with 
europium labeled streptavidin (Wallac, Turku), according to the manufacturers 
instructions. The experiments were performed in duplicates. 
 
T-cell activation assays 
Responses of the Aq or DR4 restricted T-cell hybridoma lines, that is, the amount of 
IL-2 secreted following incubation of the hybridoma with antigen-presenting spleen 
cells expressing Aq or DR4 and increasing concentrations of the glycopeptides, was 
determined essentially as described elsewhere,146 with slight modifications. The 
backbone-modified glycopeptides 2-9 and 14 were evaluated with the DR4-
restricted T-cell hybridoma50,57 mDR17.2, whereas the hydroxyethylene-modified 
glycopeptides 11 and 12 were evaluated with the Aq-restricted T-cell hybridomas47,56 
HCQ.3, HCQ.10, HM1R.2 and 22a1-7E. In brief, 5 × 104 T-cell hybridomas were 
co-cultured with 5 × 105 syngeneic spleen cells and increasing concentrations of the 
test glycopeptides (Aq-restricted T-cell hybridomas: 0, 0.01, 0.048, 0.24, 1.2, 6.0, 30, 
and 150 µM; DR4-restricted T-cell hybridomas: 0, 2.34, 4.69, 9.38, 18.75, 37.5, 75, 
and 150 µM) in a volume of 200 µL in 96-well flat-bottom microtiter plates. After 
24 h, aliquots of the supernatants (Aq-restricted T-cell hybridomas: 140 µL; DR4-
restricted T-cell hybridomas: 100 µL) were removed and either frozen in order to 
kill any transferred T-cell hybridomas, or spun down to avoid transfer of T-cell 
hybridomas. The contents of IL-2 in the culture supernatant were measured by 
sandwich ELISA (Aq-restricted hybridomas: capturing mAb: purified rat anti-mouse 
IL-2, JES6-IA 12; detecting mAb, biotinylated anti-Mouse Interleukin-2 mAb 5H4, 
Mabtech AB. DR4-restricted hybridomas: purified rat anti-mouse IL-2 as capturing 
mAb and the biotin rat anti-mouse IL-2 as detecting mAb, both from PharMingen, 
Los Angeles, CA) using the DELFIA® system (Wallac, Turku, Finland), according 
to the manufacturers instructions. Recombinant mouse IL-2 served as a positive 
control. 
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