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Abstract 
 
Within this dissertation the Tn antigen, alone and engaged in the peptide scaffold of the 
MUC1 mucin, has been conformationally studied. Knowing the structure of this kind of 
glycopeptides is key to improve their interactions with biomolecules such as lectins, 
enzymes or, as in this case, antibodies.  
 
The Tn antigen is classically referred to as N-acetylgalactosamine (GalNAc) a-O-linked to 
either a serine (Ser) or a threonine (Thr) residue, without any distinction. Nonetheless, 
both derivatives present different carbohydrate orientation in solution; whereas GalNAc 
moiety appears perpendicularly oriented with respect to the backbone in the Thr 
derivative, in the case of the Ser, the sugar moiety is arranged in a parallel way over the 
underlying amino acid. Strikingly, an inspiring work conducted, for the first time, in the 
gas phase, conclude that their geometry is indistinguishable from one another, which 
proves the importance of the first hydration shell surrounding Tn antigen in sculpting 
their unique behavior in solution. 
 
Mucin-like glycopeptides and glycoproteins, particularly MUC1, are strongly related in 
the development of some kinds of cancer, representing an ideal candidate to be used as 
part of a cancer vaccine or as an early detection diagnostic tool. Since MUC1 mucin is an 
endogenous glycoprotein, it is perceived as a self-antigen by the immune system, 
leading into immunotolerance and immunosuppression. To overcome this issue, 
unnatural mucins have been synthesized and their binding affinity to antibodies has 
been tested. Once the original structure of the MUC1 is unveiled, modifications over the 
carbohydrate or the underlying amino acid on the Tn antigen have been carried out, 
demonstrating the strong influence that subtle structural modifications may produce in 
their overall biological recognition and vaccine effectiveness. Within this context, a 
vaccine based on unnatural glycopeptide bearing an iminosugar has been tested in mice. 
The results show that the vaccine can boost the immune system, electing antibodies 
able to recognize tumor-associated MUC1 presented on the surface of cancer cell lines. 
 
Besides, improving MUC1-antibody recognition might has implications in the use of 
mucins as tumor biosensors or monitoring therapy. Again, knowing the natural structure 
of the MUC1 mucin allows to choose a particular residue to be modified to enhance 
binding affinity towards antibodies, hence, increasing sensibility of this kind of tests to 
be applied as early detection tools. As a proof-of-concept, a unique antigen featuring a 
fluorinated glycopeptide has been successfully tested to find circulating antibodies in 
patients with prostate cancer. 
 
  
 
 
 
  



Resumen 
 
 El objetivo principal de la presente tesis doctoral es el estudio conformacional del antígeno Tn, 
ya sea solo o incluido en el esqueleto peptídico de la mucina MUC1. Conocer la estructura de 
este tipo de glicoproteínas es clave para poder mejorar su interacción con moléculas de interés 
biológico, tales como lectinas, enzimas o, el caso que nos ocupa, anticuerpos. 
 
El antígeno Tn se define comúnmente como una unidad de N-acetilgalactosamina (GalNAc) 
conectada mediante un enlace a-O-glicosídico a un aminoácido, ya sea una serina (Ser) o una 
treonina (Thr), sin ningún tipo de distinción entre las mismas. Sin embargo, ambos derivados 
presentan diferencias en la orientación del carbohidrato en disolución; mientras que la unidad 
de GalNAc se presenta de manera perpendicular sobre el esqueleto peptídico del residuo Thr, 
en el caso de la Ser ésta se dispone de manera paralela sobre el aminoácido subyacente. 
Sorprendentemente, y observado por primera vez en fase gas, esta diferencia desaparece, 
siendo indistinguible la geometría de ambos aminoácidos glicosilados. Este hecho pone de 
manifiesto la importancia que presentan las moléculas de agua que rodean a este tipo de 
moléculas y su crucial contribución estructural. 
 
Glicopéptidos y glicoproteínas del tipo mucina, en particular la mucina MUC1, están 
relacionados de manera intrínseca con el desarrollo de ciertos tipos de cáncer, y se presentan, 
por tanto, como candidatos prometedores a la hora de diseñar una vacuna o como método para 
el diagnóstico temprano. Dado que la mucina MUC1 es una glicoproteína endógena, el sistema 
inmune la percibe como propia durante el desarrollo de la enfermedad, produciéndose 
circunstancias en las que el sistema inmune tolera su aparición y evita cualquier tipo de 
respuesta inmune contra ella. Para solucionar esta cuestión, durante esta tesis, se han 
sintetizado mucinas no naturales y se ha probado su afinidad con diferentes anticuerpos. Una 
vez se conoce la estructura original de la MUC1, se han llevado a cabo modificaciones sobre el 
carbohidrato o el aminoácido del antígeno Tn, demostrando la influencia que sutiles 
modificaciones estructurales pueden producir en el reconocimiento biológico global de este tipo 
de compuestos o su efectividad como vacunas. En este contexto, una vacuna basada en un 
glicopéptido no natural conteniendo un iminoazúcar ha sido probada en ratones. Los resultados 
muestran que esta vacuna es reconocida por el sistema inmune, siendo capaz de generar 
anticuerpos que reconocen MUC1 natural que aparece en la superficie de células cancerosas. 
 
Además, la mejora del reconocimiento MUC1-anticuerpo puede presentar interesantes 
implicaciones en el uso de las mucinas como sensores tumorales o en el seguimiento del 
tratamiento. De nuevo, conocer la estructura de la mucina MUC1 natural permite poder elegir 
un residuo determinado para ser modificado. Así, la afinidad hacia los anticuerpos será mayor y 
se podrá aumentar la sensibilidad de este tipo de pruebas, que pueden ser aplicadas en el 
diagnóstico precoz del cáncer. Como prueba de concepto, un glicopéptido que incorpora una 
prolina fluorada se ha probado de manera exitosa como sensor para determinar anticuerpos 
anti-MUC1 en el suero de pacientes con cáncer de próstata. 
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3 

1 Introduction 

1.1.  Cancer and the immune system 
 
Human cells grow and divide in an orderly way as the human body requires them. When 
this process grows out of control, due to abnormalities in the genetic material, the 
balance proliferation/death in cells is altered. The ensemble of all the diseases where 
this disruption appears is commonly designated as cancer. 
 
Some causes of cancer might be genetic factors and/or environmental factors, for 
instance physical or chemical agents, such as UV and ionizing radiation, tobacco, alcohol, 
asbestos or air pollution. An unhealthy life style, lack of physical activity and unbalanced 
diet habits are also potentially related to the incidence of cancer. 
 
Cancer is one of the most relevant public health problems all around the world due to 
its incidence, prevalence and mortality rates. It constitutes the second leading cause of 
death in developed countries, only after cardiovascular diseases.1 For example, in 2017, 
1.688.780 new cancer cases and 600.920 cancer deaths were predicted to occur in the 
United States.2  
 
The traditional treatments for cancer include surgery, radiation and chemotherapy. In 
general, radiation and chemotherapy come with many side effects. Unfortunately, they 
attack not only the tumor, but also the surrounding tissues and the rapidly dividing 
normal cells. Therefore, undesired effects, like immunosuppression, ulcers, hair loss and 
fatigue could appear. Despite the efforts put on their improvement, these conventional 
procedures are clearly not sufficient to cure cancer. For this reason, new approaches 
should be envisioned. One of the most promising alternatives is immunotherapy. That 
is, the stimulation of the host’s immune system to identify and destroy cancer cells. 
 
The immune system plays a key role in cancer development, trying to maintain an 
equilibrium between immune recognition and tumor growth. The concept of 
immunoediting3,4 refers to a dynamic process whereby the immune system not only 
protects against cancer development, but also shapes the character of emerging tumors.  
 
Cancer immunoediting is composed of three phases: elimination, equilibrium and 
escape.5–7 During the first stage, the immune system is able to recognize and destroy 
most cancer cells, because they present tumor antigens. Even so, constant tumor cell 
division may elude immune elimination, resulting in a balanced state between 
elimination and production of new cancer cells, designated as equilibrium, which gives 
the appearance of cancer dormancy. The final escape phase occurs when tumor 
progression overcomes immunosurveillance, resulting in clinical cancer. Therefore, the 
most important goals of immunotherapy consist in provide the immunological 
machinery with adequate danger signals when tumor cells develop, to overcome 
immunological tolerance8 and focus just on cancer cells, to avoid secondary effects.  
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In pursuit of an effective cancer treatment, numerous approaches have been envisaged, 
always considering that the basis for it are targeting the appropriate immunizing antigen 
and priming the suitable costimulatory signals.  
 
 

1.2.  Cancer immunotherapy and cancer vaccines 
 
William Bradley Coley, a surgeon in New York, is considered the father of cancer 
immunotherapy.9 At the very end of the 19th century,10 he started treating inoperable 
sarcoma patients with Streptococcus Pyrogenes and Serratia Marcescens, inoculating 
these bacteria directly into the tumor. In that way, he provoked an immune response – 
an acute infection known as Erysipelas. He reported numerous cases,11,12 in many of 
which the patient successfully recovered from cancer. This approach led to the use of 
the “Coley’s toxins”13 as an early immunological treatment of cancer, which was rapidly 
substituted by an emerging radiotherapy, due to the lack of reproducibility and the 
aggressiveness of Coley’s approach.14 
 
Due to the insufficient understanding of immune mechanisms, the development of 
these therapies was stalled for nearly a century. The idea of using immunotherapy in 
cancer was reevaluated when the theory of cancer immunosurveillance was proposed 
in 1957 by Burnet and Thomas.15 They postulated that the immune system can recognize 
and destroy somatic cells transformed by spontaneous mutations.3,16 It was later 
extended into the more acute concept of cancer immunoediting, mentioned above, 
which nowadays is the most accepted approach.   
 
From the 1970s onwards, scientific and methodological innovations included the 
development of the hybridoma technology to produce monoclonal antibodies17 as tools 
to engage immune mechanisms and to increase the understanding of pathways and 
targets of the immune system.  
 
During the past 20 years, multiple different immunotherapeutic treatments have been 
developed, mainly divided into two main categories: passive and active therapies.  
 
Passive immunotherapy involves the administration of exogenously produced 
components to mediate an immune response.18 Serve as an example therapeutic 
antibodies, such as trastuzumab, widely used in clinical practice.19–21 
 
On the other hand, in the active therapies the body is exposed to an antigen that boost 
an immune response and also immunological memory.22 It can also be mediated by 
antibodies, known as immunostimulatory antibodies,23 like ipilimumab, that has been 
used in ovarian cancer clinical studies. 24 
 
Another popular trend in active therapies are anticancer vaccines, which are designed 
to either increase immune recognition of tumor cells or to enhance the anti-tumor 
immune response through lymphocyte activation.25 These come into two variations, 
either prophylactic form, aiming at delaying the relapse of the disease, which have been 
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administrated in cancers of viral origin, such as human papillomavirus, HPV;26,27  or 
therapeutic form, which could trigger immune response to attack existing cancer cells.28  
 
The major end in the development of therapeutic vaccines is to maximize the 
immunogenicity without compromising safety and tolerability. These vaccines must be 
safe, but also able to prime a potent and long-lasting immune response. Key 
characteristics on their synthesis are size, shape and surface molecule organization.29 
 
One of the first attempts to develop a cancer vaccine consisted in the removal of the 
patient’s immune cells to be inactivated and re-injected then into the patient.30 
Unfortunately, this methodology is too expensive in labor and cost of such personalized 
medicine. Another route to obtain vaccines involves a biological source, such as 
engineered bacteria like Salmonella31,32 and Listeria monocytogenes,33 where the 
epitope is isolated. The main drawback of this approach is the fact that immunogenic 
epitopes exist as heterogeneous mixtures of molecules and for the interaction with 
specific antibodies is required a precise structure, high purity and sufficient amount.  
 
Therefore, significant efforts are currently focused on the development of chemical and 
enzymatic methods for the synthesis of structurally well-defined and highly pure 
vaccines in relatively large amounts. In this respect, synthetic cancer vaccination 
encompasses a diverse range of strategies, one of the most important approaches is the 
construction of the so-called subunit vaccines. Their formulation involves an ensemble 
composed by an antigen, an adjuvant and a carrier. 
 
Antigens are preferably molecules only present or overexpressed on cancer cells – 
usually a protein or a synthetic peptide,34,35 oligosaccharide or DNA fragment.36 They 
can be classified as Tumor-Specific Antigens – TSA, only displayed in tumor cells – or 
Tumor-Associated Antigens – TAA, presented in both tumor cells and normal cells. 
Antigens are capable of triggering a selective immune response in the host organism, 
which makes them essential within the scaffold of any vaccine. 
 
The antigen is combined with an adjuvant or adjuvant system, to enhance antigen 
immunogenicity, elicit stronger immune response and to reverse the tumor-mediated 
immunosuppressive mechanisms. They should also be able to create an antigen depot,29 
which results in prolonged exposure of the antigen to the immune system. Some 
classical examples are water-in-oil emulsions, such as Freund’s adjuvant, which has been 
used widely in cancer vaccines, but failed to prove efficacy in clinical trials18 and 
aluminum salts.37,38 More recent strategies involve the use of a family of  
transmembrane proteins known as Toll-like receptors39,40 that recognize conserved 
molecular patterns of microbial origin, priming an immune response. They are able to 
induce strong antitumor activity41 and T cell-mediated responses.42 Toll-like receptors 
are usually linked to the antigen, overcoming side effects while immunogenicity persists, 
since only the cells that interact with the antigen result activated by the adjuvant. 
 
Vaccines also incorporate a delivering system, named carrier. Classical approaches 
involve the conjugation of the antigen to a carrier protein, for example keyhole limpet 
hemocyanin – KLH –, bovine serum albumin – BSA –, ovalbumin – OVA –  or tetanus 
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toxoid  – TTox.43 Other strategies include recombinant viral vectors,44 liposomal 
microspheres45,46 or polymeric47,48 and inorganic nanoparticles.49  
 
The carriers are necessary for the vaccine to be uptaken by the antigen presenting cells 
(APC), they enhance the presentation of the antigen and induce the activation of T 
helper cells.50 Nevertheless, the major drawback of employing carrier proteins is that 
they are inherently immunogenic, eliciting B cell responses, hence leading, in some 
cases, to epitope suppression. 
 
The subunit vaccine strategy presents many advantages, since they can be produced and 
administrated in an easy and inexpensive manner. On the contrary, its major challenge 
is the selection of the appropriate antigen, adjuvant and carrier to boost the optimal 
immune response and ensure the delivery of the vaccine into APC.51  
 
The scope of the present PhD dissertation lies in the design and study of novel antigens 
based on unnatural glycopeptides to be used in cancer treatment. Hence, the rest of 
this chapter will be focused on introducing the glycopeptides used in this work. 
 
 

1.3.  Tumor-Associated Carbohydrate Antigens 
 
Glycans are essential for a vast range of biological functions in the organism. For 
example, glycans are crucial for protein stability and secretion, since they regulate the 
folding process for freshly synthesized proteins, in controlling the proper functioning of 
the endoplasmic reticulum and for protein targeting in the secretory pathway.52 When 
glycans are presented on the cell surface, they participate in a large number of processes 
like cell communication, adhesion and migration, signal transduction, host-pathogen 
interactions and immune surveillance.53,54 Besides, it has been demonstrated the 
implication of glycoproteins in tumor pathology,55–57 since the majority of human 
cancers are characterized by aberrant glycosylation.58–61  
   
The surface of healthy cells is characterized by the presence of long and highly-branched 
carbohydrate chains.62 Nevertheless, as a result of an incorrect or ineffective action of 
the glycosyltransferases, the glycan structures of cancer cells present overexpression of 
the truncated versions of the aforementioned oligosaccharides. The carbohydrates and 
peptide backbones that are normally shielded, in cancer tissues are exposed, becoming 
more accessible to the immune system and acting as tumor antigens or, since they 
involve carbohydrates, Tumor-associated Carbohydrate Antigens, TACA.63–65 (Figure 1.1) 
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Figure 1.1 Different glycosylation patterns in healthy (left) and tumor (right)  cel ls. 
 
TACA are found in the glycocalyx of tumor cells, acting as biomarkers that can be used 
to differentiate cancer cells from normal cells. There are two main divisions of TACA:55,66 
glycolipid antigens, which are carbohydrates linked to lipids, anchored to the lipid 
bilayer on the cell surface, or glycoprotein antigens, where the sugars are attached to a 
protein backbone. 
 
Glycolipid antigen category includes gangliosides, such GD2, GD3, GM2 and GM3; globo 
class, for example Globo-H, and blood group determinants, like Lewisx, Lewisy and their 
sialylated derivatives.63 In glycoproteins, glycans can be bound to proteins involving 
amide linkages to asparagine residues (N-glycosylation) and glycosidic linkages to serine 
(Ser) and threonine (Thr) side chains (O-glycosylation).67–69  
 
Within the wide variety of O-glycans, such as O-galactose, O-glucose, O-fucose, O-
mannose and O-GlcNAc; O-GalNAc represents the most abundant, occurring on at least 
one Ser/Thr residue in more than 85% of secreted proteins.70 In this context, the most 
significant cancer antigens resulting from incomplete O-glycosylation are the Thomsen-
Friedenreich (TF)-related antigens, constituted by short O-GalNAc glycans: TF or T 
antigen, T antigen nouvelle (Tn antigen) and their sialylated derivatives: STF and STn 
antigens. (Figure 1.2) 
 
The Tn antigen features the simplest structure, it comprises the monosaccharide GalNAc 
a-O-linked to a Ser/Thr residue within the peptide backbone, while the T antigen 
consists of the addition of Gal to the GalNAc moiety (Gal-b-1,3-GalNAc-a1-O-Ser/Thr). 
Their sialylated counterparts involve the binding of terminal sialic acid to carbon 6 of 
GalNAc (leading to the STn antigen) and to carbon 3 on Gal (ST antigen), preventing 
further elongation of the glycan.  
 

MUC1 mucin

carbohydrate chain

TACA

phospholipid 
bilayer

Healthy cell Tumor cell
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Figure 1.2 Structures of  some of the simplest TACA. 
 
The aforementioned antigens are rarely exposed in normal tissue, but are 
overexpressed on the majority of human tumor cells – such as breast,71,72 stomach,73–75 
colorectum,76 pancreas,77,78 bladder,79 ovary80 and breast.71 Thus, they represent an 
excellent target for cancer vaccine development.  
 
TACA as described before appear on the surface of diverse glycoproteins, for instance, 
in the family of mucins, described in the next section.  
 
 

1.4.  Mucins 
 
Epithelial cells in the human body use a mucus lining to protect themselves from 
pathogens, lubricate the cell surface and lower the mechanical stress on the epithelium. 
The protein component of this mucus is constituted mainly by the mucin family. These 
glycoproteins can be widely found within the human body, for example, in the airways 
of the respiratory system, the stomach, the intestinal tract and in secretory epithelial 
surfaces of liver, pancreas, bladder and kidney, ocular surface, nasal cavity and salivary 
and lacrimal glands.81,82 They are used as cell-surface receptors and sensors, 
coordinating responses like proliferation, differentiation, apoptosis and secretion.83 
More importantly, mucins are strongly related in the development of cancer. 
 
Mucins are commonly divided into two different categories:84,85 secreted – entirely 
extracellular – and transmembrane mucins, which are anchored to the cell membrane, 
and present both a cytoplasmic tail and extracellular regions. The former type is 
represented by MUC2, MUC5AC, MUC5B, MUC6-8 and MUC19, whereas the 
transmembrane kind is comprised by MUC1, MUC3, MUC4, MUC12-17, MUC20 and 
MUC21 mucins. They present several unique functional domains, specific to each group. 

Ser/Thr, R2 = H/CH3

STn antigen

Tn antigen

T antigen
Core 1

Core 3ST antigen

R1 =

R1 =

R1 =

= R1

= R1
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For the purpose of this thesis, we focused on MUC1 mucin, which is aberrantly 
glycosylated and overexpressed on the surface of several types of carcinoma cells. It 
localizes to the apical membranes of normal secretory epithelial cells,86 mainly in the 
breast, pancreas, eyes membranes, respiratory system gastrointestinal tract and 
internal organs of the female reproductive system.82  
 
As a membrane-tethered mucin, it presents a C-terminal transmembrane subunit – 
MUC1-C – anchored to the cell surface, which is non-covalently complexed with the N-
terminal subunit – MUC1-N. The latter constitutes a physical protecting barrier around 
the cell surface that can shed from it to the circulation,87,88 leaving the former as 
receptor for transformation and tumor progression pathways.89 (Figure 1.3) 
 

 
Figure 1.3 MUC1 mucin transmembrane structure.90 

 
The N-terminal subunit, the extracellular domain, is comprised by highly conserved 
tandem repeats of 20 amino acids each (HGVTSAPDTRPAPGSTAPPA),84,91,92 containing 
five potential primary O-glycosylation sites – three Thr and two Ser residues. Both acting 
as linkage amino acids through GalNAc, constitute the first anchoring site for the rest of 
the glycan structure. The goal of the present research is focused on the N-terminal 
subunit, which from this point forward will be designated just as MUC1 mucin. 
 
As mentioned in the previous section, when the glycosyltransferases fail to elongate the 
saccharide chain, the truncated sugars appear exposed to the immune system, behaving 
as TACA.  
 
In MUC1 mucin, O-glycosylation begins with GalNAc-Ser/Thr (Tn antigen) in the Golgi 
apparatus, the subsequent sugars are then individual and sequentially added.93,94 First, 
galactose is attached building the Core 1 or T antigen, acting in turn as a substrate for 
the GlcNAc residue, creating Core 2 from where the chain elongation commences 
(Figure 1.4). The oligosaccharide is terminated by sialic acid or fucose.95 
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Figure 1.4 The O- linked glycosylation biosynthetic pathway. 

 
Nevertheless, as a result of the down-regulation of glycosyltransferases, in cancer cells 
T and Tn antigens are expressed in MUC1, since transformation of Core 1 into Core 2 is 
severely reduced.90 Besides, sialic acid is prematurely added to Core 1, terminating chain 
extension and yielding into the formation of ST and STn antigens.93 
 
In addition to the presence of the aforementioned TACA, MUC1 expression appears 
exclusively on the apical surface in normal epithelial cells, bordering a lumen. In tumor 
cells, however, MUC1 mucin is highly expressed all over the surface, being found across 
the plasma membrane and in the cytoplasm.84,93    
 
 

1.5.  Glycopeptide-based cancer vaccines 
 
Based on these findings, MUC1 mucin represents an ideal candidate to be used as part 
of a cancer vaccine or as an early detection diagnostic tool. Actually, the glycopeptide-
based vaccines34,96 are one of the best-known modalities of active cancer vaccination. 
They elicit endogenous tumor-specific response, representing an attractive cancer 
treatment, since their ease of use and low toxicity in clinical trials.35,97  
 
Nevertheless, TACA-based antitumor vaccines development remains a challenge due to 
their inherently T cell independent nature.63,98 This means that they do not bind to major 
histocompatibility complexes (MHC), hence they cannot activate T cells by themselves. 
On the contrary, TACA are prompted to trigger B cell responses, by cross-linking the B 
cell receptor (BCR) without any MHC-II interaction,96 producing only low-affinity IgM 
antibodies (Figure 1.5 upper panel). 
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Figure 1.5 Simplif ication of the process of  the immune response. 

 
To solve this issue, carbohydrate-based vaccines need to be bound to peptides that can 
be captured and internalized by APCs, for instance, dendritic cells, DCs (Figure 1.5 lower 
panel). This kind of cells cleave the vaccine into short peptide epitopes to be presented 
onto the cell surface complexed to the MHC-II, activating helper T cells. These 
interaction triggers the release of chemical substances – cytokines – to attract 
macrophages to the site of infection, which activate both cytotoxic T cells, that control 
the infection, and B cells. When B cells are stimulated this way, antibody class-switching 
occurs, producing high-affinity IgG antibodies and memory cells, which are key to induce 
a robust and long-lasting immune response.  
 
However, even if TACA are overexpressed in malignant cell surfaces, they are still 
endogenous host cells and appear presented in small amounts on normal cells. This fact 
leads into immunotolerance and immunosuppression, since they are perceived as self-
antigens by the immune system. To overcome immunotolerance there have been used 
immunostimulant components, such as carriers, or chemically modified TACA.99–101 
 
Hence, the main goal of the present PhD dissertation is to study the structure of both 
MUC1 mucin and Tn antigen and analyze their interactions with anti-MUC1 antibodies. 
Understanding molecular recognition processes would allow us to modify selectively 
the antigen structure to enhance binding affinity. 

T cell independent response

T cell dependent response
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Considering the relevance of MUC1 mucin and the Tn antigens in cancer, the primary 

goal of the present dissertation is to study in deep both their structure in solution and 

in the bound state with some anti-MUC1 antibodies. This research will help us to 

rationally adjust the glycopeptide backbone, as well as the sugar moiety to improve the 

binding affinity against these antibodies and to synthesize subrogates more resistant to 

enzymatic degradation. These two features are desirable for the construction of either 

cancer vaccines or diagnostic tools, such as cancer biomarkers. 

 

Within this context, the study of the conformational preferences of the Tn antigens (α-

O-GalNAc-Ser and α-O-GalNAc-Thr) will be performed, updating the studies conducted 

by our group more than 10 years ago. To confirm  the active role of water molecules in 

the conformational preferences of these important  molecules unambiguously, an 

unprecedented experimental and theoretically study of these derivatives in the gas 

phase will be conducted. 

 

The role in molecular recognition antigen-antibody of the b-methyl group of threonine 

residue located in the most immunogenic fragment of MUC1 will be analyzed. To this 

purpose, novel glycopeptides incorporating  either the epimer of Thr at the Cb, allo-

threonine (allo-Thr), or (2S,3R)-hydroxynorvaline (Hnv), which displays an ethyl-by-

methyl substitution at the position mentioned above, will be exanimated in the free 

state and in complex to two anti-MUC1 antibodies. Additionally, the relevance of the 

hydroxymethyl group of the GalNAc unit for the binding will be investigated by replacing 

this sugar by the corresponding iminosugar. A vaccine based on an unnatural 

glycopeptide with this surrogate will be designed and tested in mice. 

 

The strength of a proline residue at the most immunogenic fragment of MUC1 will be 

tuned by introducing fluorine atoms to this amino acid. These innovative derivatives will 

be tested as biosensors to detect antibodies in true samples of patients with prostate 

cancer. 

 

The synthesis of the STn antigens, both with serine and threonine, in a gram scale and 

ready to use in solid-phase peptide synthesis will be carried out. To this purpose an 

international short-stay in the Dr. Westerlind’s lab will be done. 

 

 

  



 
 
 
 
 
 
 
 
 
  

 
 
 
 
 

3.1. Introduction  
3.1.1. The Tn antigen  

3.1.2. Introduction to conformational analysis in solution  

3.1.3. Previous conformational studies of Tn antigen in solution  

3.2. Objectives  

3.3. Tn antigen benzylamide derivatives  
3.3.1. Synthesis  

3.3.2. Conformational analysis in solution  

3.3.3. Conformational analysis in the gas phase  

3.3.4. First hydration shell  

3.4. Fluorinated glycopeptides  
3.4.1. Conformational analysis in the solid state  

3.5. Conclusions  

3.6. References  
 

 



Different shape of Tn antigen: GalNAc-Ser vs. GalNAc-Thr 
 

 23 

3. GalNAc-Ser vs GalNAc-Thr 

3.1.  Introduction 
 

3.1.1. The Tn antigen 
 
As mentioned in the Introduction section, Tumor-Associated Cancer Antigens, TACA 
allow the differentiation among normal and cancer cells. One of the most studied of 
these antigens is the so-called Tn antigen1–3 (a-O-GalNAc-Ser/Thr) shown in Figure 3.1. 
It consists of a N-acetylgalactosamine (GalNAc) unit linked to a serine (Ser) or threonine 
(Thr) residue through a a-O-linkage. 
 

 
 

Figure 3.1 Tn antigen structure. 
 
The discovery of the Tn antigen is not associated to cancer disease, but to a 
hematological disorder: Tn polyagglutination syndrome.4 This illness was first reported 
more than fifty years ago5,6 and it is characterized by the tendency of red blood cells to 
autoagglutinate due to the exposure of Tn antigen on the surface of a portion of blood 
cells.7 Since a similar phenomenon was observed previously with T antigen,8 this new 
molecule received the name of T nouvelle – new – antigen, Tn antigen. In the cluster 
differentiation nomenclature is designated CD175.9 
 
The Tn antigen structure was described in 1975 using coelution in gas-liquid 
chromatography to identify the carbohydrate as GalNAc. The presence of GalNAc-
Ser/Thr was demonstrated on the carbohydrate moiety of tryptic erythrocyte 
glycopeptides from people with Tn syndrome.10 
 
At the same time, Springer et al observed for the first time the presence of unmasked 
Tn antigen in the cell membranes of breast cancer, but not in healthy tissues or benign 
tumors.11 They postulated later the presence of this antigen on about 90% of the most 
common human malignant tumors, including colon, breast, lung and pancreas; and 
correlated the density of Tn receptors with carcinoma aggressiveness and tumor 
invasiveness.12 Tn antigen was later related to bladder, cervix, ovary, prostate and 
stomach cancer.13,14 
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Regarding to GalNAc-Ser/Thr synthesis, many approaches appear in bibliography 
concerning O-glycosylation reactions. In some examples mercuric salts are employed as 
coupling agent, including Helferich15,16 or Kaifu-Osawa17 reactions (Scheme 3.1). 
 

 
 

Scheme 3.1 Helferich methodology for O-glycosylation and stereoselectivity rates.1 8 
 
Additionally, the Koenigs-Knorr reaction has been widely employed as a glycosylation 
methodology (Scheme 3.2 upper panel).19 It consists in the use of carbohydrate halides, 
commonly bromine20 or chlorine20,21, as glycosyl donors, and the hydroxyl group of the 
Ser or Thr as glycosyl acceptor. Silver carbonate and silver perchlorate serve as 
promoters to form the a anomer stereoselectively.22 
 

 
 

Scheme 3.2 Koenigs-Knorr reaction and stereoselectivity rates observed by our group,2 3 ,2 4   
upper panel,  and subsequent reduction of the azido group,  bottom panel. 

 
The presence of an azido group at C2 of the glycosyl donor is also crucial, since it 
promotes a selective a-glycosylation reaction. This group is reduced to primary amine 
and acetylated in a subsequent one-pot reaction, yielding the GalNAc moiety. (Scheme 
3.2 bottom panel). Variations to this methodology also appear in bibliography.25–27 
 
Different leaving groups on the azidosugar donor have been reported, such as 
trichloroacetimidate28,29 or thiophenyl,30 and many different chemical glycosylation 
strategies have been conducted to date.25,26,28–36 Koenigs-Knorr methodology has been 
applied in this thesis to obtain Tn antigen in a similar fashion, as previously reported by 
our group.23,24 
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One relatively recent strategy, developed by Schmidt and co-workers, is based on a 
Michael addition reaction.37 (Scheme 3.3) 
 

 
 

Scheme 3.3 Schmidt methodology for O-glycosylation and stereoselectivity rates.3 8 

Traditionally, the Tn antigen is referred indistinctively to GalNAc a-O-linked to either 
serine or threonine, without any specification to the amino acid. Nevertheless, biological 
targets have shown differences on the recognition of Tn antigen. For example, in 
glycopeptides carrying GalNAc-Ser or GalNAc-Thr,39 their recognition varies when 
interact with cancer antibodies,40–43 lectins44,45 or in antimicrobial peptides.46 This 
distinction is also related to some illnesses, for instance Kanzaki disease, associated to 
an enzyme that hydrolyzes differently the a-O-GalNAc glycosidic linkage when bound 
either to serine or threonine,47,48 and structural changes of protein tau in Alzheimer’s 
disease.49 In the context of antifreeze glycoproteins, whose tandem repeat is 
(Thr(Galb(1,3)-GalNAc)-Ala-Ala)n, the replacement of threonine by serine involves the 
loss of the antifreeze activity.50 
 
Considering the aforementioned examples, serine and threonine amino acids within Tn 
antigen appear to be nonequivalent. To shed some light on this issue, a-O-GalNAc-
Ser/Thr conformation, previously studied in our group,51–53 has been revised and 
updated with new techniques in the present chapter. 
 
Prior to a detailed description of Tn antigen structure, some explanations regarding to 
conformational analysis in solution must be provided. 
 
 

3.1.2. Introduction to conformational analysis in solution 
 
In general, two main techniques are combined to obtain the conformational preferences 
of a given molecule in solution: nuclear magnetic resonance (NMR), particularly nuclear 
Overhauser effect spectroscopy (NOESY), coupled with modeling, and particularly 
molecular dynamics (MD) simulations. 
 
NOESY is a 2D NMR methodology that correlates protons that are spatially close to each 
other (< 5 Å). The magnitude of the NOE depends on the distance separation of the 
interacting spins (r) and its motional properties (tC):54  
 

!"#	~	&!" · ((*#) 
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The study of the NOESY cross-peaks in a molecule is very useful to experimentally 
determine  those H-H distances that are relevant for the conformational analysis.  Within 
this context, ROESY (Rotating frame nuclear Overhauser effect spectroscopy) 
experiments are employed in the present dissertation alternatively to NOESY, since the 
rotational correlation time of molecules analyzed herein appears in a range where NOE 
signals are close to zero due to their molecular weight. ROESY experiments have a 
different dependence between the correlation time and cross-relaxation rate constant. 
Indeed, whereas in NOESY these properties go from positive to negative values, in ROESY 
the cross-relaxation rate constant is always positive. 
 
Vicinal coupling constants are also relevant for the conformational analysis, as they 
provide valuable stereochemical information via Karplus equation and related 
equations.55 In particular, 3J coupling constants are widely used in the conformational 
analysis of (glyco)peptides.  
 
Concerning the dihedral angles required to define the conformational behavior of a 
peptide, the peptide backbone is described, as shown in Figure 3.2, by yP and fp 

torsional angles, which define the rotation around Ca-C1 and Ca-N2 bonds, respectively. 
Additionally, the rotation of the side chain is described by c1. 
 

 
 

Figure 3.2 Dihedral  angles in structural  analysis of  proteins . 

 
When working with glycopeptides, two additional angles must be considered: ys and fs, 
which define the rotation around Cb-O1S and  O1S-C1S, respectively (Figure 3.3).56 
 

 
 

Figure 3.3 Signif icant angles in glycosidic l inkage conformational analysis. 
 
Although many combinations of values could be ascribed to y and f angles, only some 
of them are energetically stable secondary structures, for instance, a-helix and b-sheet. 
Both dihedral angles, yP and fP, of each residue may also be represented graphically, in 

fP = C1-Ca-N2-C2
yP = N1-C1-Ca-C2
c1 = N2-Ca-Cb-O1S
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the so-called Ramachandran plots,57 where energetically allowed regions of amino acids 
in protein structure are shown. 
 
On the other hand, MD simulations study the dynamic properties of molecules in a 
theoretical way, providing structural, dynamical and thermodynamical information at 
atomic level. In this type of calculations, atoms are considered as rigid spheres with a 
fixed partial charge and chemical bonds as springs, so bond order is associated to an 
elastic constant. 
 
The force field chosen to perform the simulations is a crucial step. It is composed by 
mathematical equations that describe the potential energy (V) of the given molecule 
based on atomic coordinates and a set of parameters (Figure 3.4), which are obtained 
either from experimental data (X-ray, NMR, IR…) or Quantum Mechanical (QM) 
calculations. From the different force fields available on literature, in this thesis AMBER 
and GLYCAM force fields are employed. The former is needed to perform the 
conformational analysis of peptides and proteins and the latter is required to accurately 
reproduce the dynamics and conformational behavior of carbohydrates or 
glycoproteins. In addition, since MD experiments are conducted for molecules in 
solution (water), interactions with solvent must be also considered. There have been 
developed two models to represent the solvent. The simplest one, which considers the 
solvent as just a dielectric constant (implicit model), or a more sophisticated one that 
includes real molecules of solvent (explicit model). In this latter case, several models to 
describe water molecule have been developed. One of the most studied and popular is 
TIP3P water model,58,59 which will be used along this thesis. 
 

Potential energy (V) = Ebonding terms + Enon-bonding terms 
 

 
 

Figure 3.4 Force field general  equations. 

 
In general, to obtain more accurate MD results, particularly when unnatural residues are 
studied, NMR experimental data are introduced as restraints. Thus, proton-proton 
distances relevant for the conformational analysis, obtained from the NOE experiments, 
together with 3JH-H coupling constants, are used as experimental restraints. It is 
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important to notice that these experimental data are averaged over all the possible 
conformations present in solution for a given molecule. Consequently, the use of 
experiment-guided MD simulations,60 that is, MD simulations with time-averaged 
restraints are mandatory to  study flexible molecules in solution employing NMR data. 
This type of calculations renders an experimental ensemble of low energy conformers 
(at a given temperature) able to reproduce all experimental data. 
 
 

3.1.3. Previous conformational studies of Tn antigen in solution 
 
Conformational analyses on the Tn antigen in solution performed previously by our 
group51 using MD-tar calculations showed remarkable differences between a-O-
GalNAc-Ser and a-O-GalNAc-Thr entities (Figure 3.5).  
 

 
 

Figure 3.5 Ser and Thr diamide derivatives synthetized. 
 
Regarding to the distribution of the glycosidic linkage, fS adopts a value around 80º  for 
the two derivatives, which is quite rigid due to the exo-anomeric effect.61,62 On the 
contrary, yS torsional angles are noticeably different for Tn antigen derivatives. In fact, 
while in a-O-GalNAc-Thr, yS is rather rigid, presenting a value of 120º, where Cb-O1S 
bond presents an eclipsed conformation, in GalNAc-Ser this torsional angle is more 
flexible, with values close to 180º. In this case, the typical staggered conformation for 
the glycosidic linkage is observed. This conclusion concurs with the finding that in Ser 
derivative 3JHa,Hb value is larger than in glycopeptide derived from Thr, suggesting that 
rotation of the side-chain in the latter, defined by c1, is restricted to a value close to 60º. 
In Tn-Ser, this torsional angle takes the three possible staggered values, being gg 
conformer the main populated. 
 
As a result, the orientation of the sugar moiety is considerably distinct for both 
molecules. While in Ser compound the carbohydrate adopts a parallel disposition; in the 
Thr molecule the GalNAc unit is almost perpendicular to the peptide backbone, allowing 
the GalNAc group to be located closer to the peptide backbone (Figure 3.6). 
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Figure 3.6 Main conformation in solution of  Tn-Thr ( left)  and Tn-Ser (right) , as well  as a  
Newman projection for the Cb-O1 S  bond for both derivatives. 

 
For a better understanding, these computational results appear summarized on Table 
3.1. 
 

Table 3.1 Most relevant results derived from MD-tar simulations on Tn antigen. 
 

 c1 FS YS 
Conformation 

Cb-O1S 
Carbohydrate 

orientation 

a-O-GalNAc-Ser 60º ~80º 180º Staggered Parallel 

a-O-GalNAc-Thr ~60º 80º 120º Eclipsed Perpendicular 

 
 
In general, a-O-glycosylation with GalNAc forces an extended conformation of the 
peptide backbone. This feature has been attributed to steric effects that GalNAc unit 
exerts on the peptide backbone35,63 or to specific hydrogen bonds between the 
carbohydrate and the underlying amino acids, which fix the sugar orientation over the 
peptide chain,64 forcing it into an extended conformation. Within this context, our group 
has proposed  the presence of ‘water pockets’ connecting the sugar and peptide 
moieties in the Tn antigens.51,52,65 In Tn-Ser, a water bridge has been proposed 
connecting the NH of GalNAc to the carbonyl group of the glycosylated amino acid. In 
contrast, in the Thr derivative, the water-bridging molecule appears between the NH 
groups of the sugar and the amino acid residue (Figure 3.7). These observations deduced 
from MD-tar simulations are, at least partially, experimentally supported by the 
presence of a medium-size NOE cross-peak between NH group of Thr and NH proton of 
the GalNAc moiety, corroborating also the eclipsed conformation above mentioned. This 
NOE contact does not appear in the Ser derivative, showing the different behavior of the 
two Tn antigens in solution. 
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Figure 3.7 Different accommodation of  the water pocket in Tn antigen derivatives. 
 
A powerful tool to experimentally demonstrate the presence of the aforementioned 
water pocket in GalNAc-Thr glycopeptides would be X-ray crystallography. Actually, 
crystal structures of MUC1-like glycopeptides bound to anti-MUC1 antibodies present 
this hydrophilic pocket,41,66 although the water molecule has never been captured. 
 
Interestingly, several X-ray structures evidence that the water bridging molecule might 
be substituted by an oxygen atom, either within the backbone structure of the ligand or 
the receptor, binding NH groups of sugar and Thr residue. For instance, the antibody 237 
in complex with its glycopeptide epitope (pdb ID: 3IET)66 presents this kind of linkage 
with Thr92 of the antibody. Also PDT(a-O-GalNAc)R epitope (pdb ID: 4D69)67 when 
bound to Soybean agglutinin lectin is folded so that carbonyl oxygen of Asp within the 
own ligand bridges GalNAc and Thr NH groups. The same kind of linkage has been 
observed in GalNAc-Transferase 2 in complex with MUC5AC-13 (pdb ID: 5AJP) and 
MUC5AC-3-13 (pdb ID: 5AJO). The former involves a Ser residue from the ligand as the 
bridge and the later forms this interaction with Glu33468 (Figure 3.8). 
 

Tn-Ser Tn-Thr
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Figure 3.8 Zoom-in of  the crystal structures of  GalNAc-Transferase 2 in complex with UDP and 
MUC5AC-13 (a) and MUC5AC-3-13 (c),  Soybean agglutinin with the glycopeptide  

PDT(a-O-GalNAc)R (b)  and antibody 237 with its glycopeptide epitope (d). 
 
 
The presence of a bridging oxygen atom in a specific region of the binding pocket leads 
to the idea of the importance of this particular non-bonding interaction, where the 
water molecule, if not an oxygen-assistant molecule, apparently stabilizes the bound 
state and helps the antigen to display the bioactive conformation, hence facilitating 
molecular recognition. 
 
Despite our structural observations regarding Tn antigen structure have been endorsed 
by later investigations,65,69 a direct experimental demonstration of the aforementioned 
water pocket has not been provided yet.  
 
 

3.2.  Objectives 
 
a-O-GalNAc-Ser and a-O-GalNAc-Thr moieties are classically designated as Tn antigen, 
without any distinction. Nevertheless, as previously reported by our group,51 they both 
present different conformation in solution, proved by MD-tar simulations and NMR 
experiments. Our goal is to provide experimental support for this observation, as well as 
recheck our theoretical findings and contribute with new ones.  
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We firstly synthesized Tn antigen-like derivatives incorporating a benzylamide group, 
required for the conformational analysis in the gas phase (see below).  
 
These compounds were then analyzed in solution by NMR experiments and MD-tar 
simulations, observing that they behave similarly to corresponding methylamide 
variants.   
 
They were then studied in the gas phase, by means of laser spectroscopy and quantum 
chemical calculations. 
 
Additionally, fluorinated Tn antigen derivatives were synthesized and incorporated to 
the MUC1 APDTRP epitope. Fluorinated glycopeptides were crystallographically studied, 
complexed to SM3 antibody, trapping, for the first time, the proposed bridging water 
molecules in Tn-Thr analogs.  
 
 

3.3.  Tn antigen benzylamide derivatives 
 
For the purpose of studying Tn antigen derivatives in the gas phase, avoiding any solvent 
interference, compounds described in the following section were prepared. These were 
synthesized as benzylamide derivatives to facilitate their detection through mass-
selected ultraviolet photoionization. 
 

3.3.1. Synthesis 
 
Tn antigen derivatives, denoted as Tn-Thr’ and Tn-Ser’, were synthesized as described 
in Scheme 3.4, using Fmoc-(a-O-GalNAc)-Ser/Thr-OH building-blocks, whose syntheses 
have been previously described in our group.23,24 See also Experimental section 8.9.1. 

 

 
 

Scheme 3.4 Synthetic route fol lowed to obtain Tn-Ser' and Tn-Thr’  derivatives. 
 
Compounds 3-II and 3-VI were synthesized by treatment of derivatives 3-I and 3-V with 
benzylamine in presence of the base DIPEA and the coupling agent HBTU. After 
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purification by column chromatography, Fmoc was removed by adding a solution of 
piperidine in CH3CN to give products 3-III and 3-VII in good yield. The  amine group was 
then acetylated using a solution of Ac2O in pyridine to obtain compounds 3-IV and 3-VIII 
in relatively good yields after purification. Finally, acetyl groups of the carbohydrate 
were removed using MeOH/MeONa and adjusting pH value at 9.5. The treatment with 
a Dowex resin allowed to obtain the pure compounds Tn-Ser’ and Tn-Thr’ without 
further purification.  
 

3.3.2. Conformational analysis in solution 
 

3.3.2.1. NMR studies 
 
Tn-Thr’ and Tn-Ser’ structures were studied in solution by NMR. Apart from the usual 
1H, 13C, COSY and HSQC experiments (See Supplementary information 9.1.), 2D-ROESY 
studies were conducted. Amide region of these compounds is shown in Figure 3.9 and 
Figure 3.10, respectively. As can be observed, both compounds present low-size cross-
peaks between benzylic amide (NHBn) and the NH of Ser or Thr. A medium size cross-
peak was detected between NHBn and Ha of the amino acids. Also, between Ser or Thr 
amide H and Ha. Finally, within the carbohydrate, ROE contacts have been observed 
among NH of GalNAc and H1 and H3.  
 

 
Figure 3.9 ROESY spectrum of Tn-Ser’ together with its structure and ROE interactions. 
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In the case of Tn-Thr’ derivative, an additional ROE signal appears between the NH of 
the threonine and the NH of GalNAc (highlighted in Figure 3.10). This signal is 
representative of the eclipsed conformation of the glycosidic linkage in Tn-Thr antigen. 

 

 
Figure 3.10 ROESY spectrum of Tn-Thr’  together with its structure and ROE interactions. 

 
It also should be noted that same cross-peaks were previously observed in the Tn- 
derivatives with methylamide.51  
 
From these ROESY experiments it is possible to obtain H-H distances that are relevant 
for the conformational analysis. These data were used as restraints in MD-tar analysis 
described in the next section.  
 

3.3.2.2. MD-tar simulations 
 
As presented in Table 3.2, there is a good agreement between the experimental and 
theoretically derived distances, validating the MD-tar calculations. 
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Table 3.2 Comparison of  experimental and simulated distances for Tn-Ser’  and Tn-Thr’ antigens. 
 
 Distances Experimental 

values (Å) 
Experiment-guided 
MD simulations (Å) 

Tn-Ser’ 

NH(Ser)-Ha(Ser) 3.1 3.0 

NHBn-Ha(Ser) 2.4 2.3 
NH(Ser)-NHBn > 3.55 4.3 

NH(Ser)-NH(GalNAc) > 3.5 3.8 

Tn-Thr’ 

NH(Thr)-Ha(Thr) 2.9 3.0 

NHBn-Ha(Thr) 2.3 2.3 
NH(Thr)-NHBn 3.1 3.1 

NH(Thr)-NH(GalNAc) > 3.5 4.4 
 

 
The relevant fs, ys and c1 torsional angles were analyzed (Figure 3.11). 
 

 
 

Figure 3.11 Representation of  fs and ys torsional angles in Tn-Ser’  and Tn-Thr’ derivatives. 
 
The fs/ys distribution of the glycosidic linkage in solution for both compounds was 
studied. As in previous investigations,51 fS adopts a value around 60º-80º for the two 
derivatives; whereas yS value for the Thr derivative is 120º and for the Ser compound 
presents a value ca. 180º. We can conclude that Tn-Thr’ presents eclipsed conformation, 
while Tn-Ser’ shows a staggered conformation for the glycosidic linkage (Figure 3.12). 
 

O1S
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C1S

O5S

Ca
N2
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Figure 3.12 f s and y s torsional angles for the glycosidic l inkage in Tn-Ser’ and Tn-Thr’ 

derivatives.  The main conformer populated observed in gas phase is emphasized as a red dot 
 
Regarding to c1 torsional angle, the side-chain distribution for the Thr derivative 
presents only a value of 60º. Conversely, in the case of the more flexible Tn-Ser’ antigen, 
c1 may adopt three different values, 60º, -60º and, the less populated, 180º (Figure 3.13). 
 

 
Figure 3.13 c1 torsional angle values in Tn-Ser’ and Tn-Thr’ derivatives. 

 

Structural ensembles derived from MD-tar simulations of both studied derivatives are 
depicted in Figure 3.14. As expected, the orientation of the carbohydrate in the Tn-Thr’ 
antigen is nearly perpendicular to the peptide backbone, while in the Ser derivative the 
GalNAc moiety presents a parallel disposition. This observation also supports previous 
results.51 Hence, we can conclude that benzylamide moiety does not interfere with 
glycosyl amino acid conformation. 
 

Tn-Ser’Tn-Thr’

Tn-Ser’ Tn-Thr’
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Figure 3.14 Structural   ensembles of Tn-Thr’  and Tn-Ser’ antigens  

derived from MD-tar calculations. 
 
In conclusion, conformational analysis in solution demonstrates that Tn antigen 
structure is closely connected with the underlying amino acid moiety, either serine or 
threonine. To clarify whether this structural variation resides in intrinsic steric 
interactions related to the structure itself or the effect of water, conformational studies 
in the gas phase were conducted to observe molecular preferences free of the 
interference of solvent. 
 
 

3.3.3. Conformational analysis in the gas phase 
 
The conformation of Tn-Ser’ and Tn-Thr’ derivatives was evaluated in the gas phase in 
order to study the structure of both molecules in the absence of solvent. In this case, 
mass- and conformer-selected infrared laser spectroscopy, complemented with QM 
calculations, were employed. (Both described in Experimental section 8.9.2. and 8.9.3.). 
The use of the benzylamide derivatives facilitates the detection through mass-selected 
ultraviolet (UV) photoionization. This study was conducted in collaboration with 
researchers from the Biofisika Institute (University of the Basque Country, Spain). 
 
Once the samples were vaporized by laser desorption, the infrared ion-dip (IRID) spectra 
in the gas phase were recorded. The region in the range 2800-3800 cm-1, corresponding 
to N-H and O-H stretching vibrational modes, is the most relevant for the conformational 
analysis, since this region is highly sensitive to the presence of hydrogen bonds. As can 
be seen in Figure 3.17 (see below), the recorded spectra a virtually identical for both 
molecules, which indicates that both antigens displayed the same pattern of hydrogen 
bonds in the gas phase. 
 
In parallel, a conformational search was conducted for both derivatives following a 
Monte Carlo algorithm70 and using several force fields (MMFFs,71 AMBER72 and 
OPLS200573). Only those structures with the lowest energy (<15 kJ·mol-1) were re-
optimized through density functional theory calculations. The most populated 
conformers of Tn-Thr’ and Tn-Ser’ are shown in Figure 3.15 and Figure 3.16, respectively.  
In addition, their associated harmonic OH and NH vibrational spectra were predicted 
and compared to the experimental spectrum (Figure 3.15 and Figure 3.16 left panel). 

Tn-Thr’ Tn-Ser’
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The best fitting between experiment and theory corresponds to the molecules 
designated as 01* in both Figure 3.15 and Figure 3.16 (red spectrum on the left panel) 
and is further discussed below. 
 

 
 

Figure 3.15 Analysis of  the main conformers of Tn-Thr’  antigen in the gas phase. 
 

 
 

Figure 3.16 Analysis of  the main conformers of Tn-Ser’ antigen in the gas phase. 
 
The lowest free energy conformers calculated for both derivatives using different QM 
methods are very similar and show an excellent agreement between experimental and 
calculated spectra (Figure 3.17).  
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Figure 3.17 Experimental  and simulated IRID spectra of Tn-Thr’ and Tn-Ser’ compounds. 
 

 

 
 

Figure 3.18 Lowest energy conformers calculated for Tn-Thr’  and  Tn-Ser’   
at the M06-2X/6-31G(d,p) level and intramolecular hydrogen bonds as red dashed l ines. 

 
In these preferred conformations, the amino acid backbone adopts an inverse γ-turn 
stabilized by a strong hydrogen bond between the amino acid C-terminal amide and the 
N-terminal acetamide carbonyl group (band at 134 ∼3370 cm−1 for NH) (Figure 3.18). 
Synergistically with the amino acid conformation, the N-acetyl group of the 
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carbohydrate -essential for biological activity- is engaged in two strong hydrogen  
bonds that constitute the main driving force for the special architecture of the glycosidic 
bond in the Tn antigens in the gas phase: one connecting the carbonyl and the hydroxyl 
O3H groups of the GalNAc moiety and the other involving the NH of GalNAc to the 
carbonyl group of each amino acid. The occurrence of these common stabilizing 
interactions is in good agreement with the bands observed within the ∼3200−3350 cm−1 
region for the O3H and the NH of the carbohydrate. Additional weaker hydrogen bonds 
of the carbohydrate appear engaging OH4 with O3 and also O6H is connected to the 
endocyclic oxygen O5. Strikingly, in the gas phase, Tn-Ser’ and Tn-Thr’ present a 
staggered conformation for the glycosidic linkage. They both present similar values for 
the torsional angles (Figure 3.18); yS is close to 164 º, fS to 90º and the c1 torsional angle 
is around 60º.  These outcomes point out the crucial role of surrounding water molecules 
in the conformational preferences of these entities in solution. Therefore, first hydration 
shell will be studied in the next section.  
 
 

3.3.4. First hydration shell  
 
As aforementioned, both molecules (Tn-Ser’ and Tn-Thr’) display the same 
conformation in the gas phase. The values of the most relevant torsional angles are 
shown in Figure 3.19.  

 

 
 

Figure 3.19 Lowest energy conformers calculated at the M06-2X/6-31+G* level for Tn-Thr’  
(upper panel) and Tn-Ser’  (lower panel) combined with the first hydration shel l. 

 
When these Tn antigen derived conformers are combined with the first hydration shell 
derived from the 200 ns MD-tar simulations (Figure 3.19 right side), their structure 
varies. In Tn-Ser derivative the first hydration shell promotes the extended arrangement 
of the peptide backbone and staggered conformation observed in vacuum is retained. A 
water pocket connects the NH of GalNAc to the carbonyl group of the glycosylated 
amino acid (Figure 3.20-A). In contrast, Tn-Thr molecule is forced to turn over O1-Cb 
bond to accommodate the complete solvation of the antigen, otherwise it would be 
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interrupted by the b-methyl group of Thr. ys torsion angle rotates 60º, from staggered 
conformation in the gas phase (ys= 180º) to the eclipsed form (ys= 120º) observed in 
solution. In this case, the water pocket appears between the NH groups of the sugar and 
the amino acid (Figure 3.20-B) 

 

 
 

Figure 3.20 Tn-Ser (A)  and Tn-Thr (B) lowest energy conformers together with the f irst   
hydration shell  derived from MD-tar simulations. 

 
Therefore, Tn antigen conformation relies upon both its first hydration shell and the 
presence of a methyl group on Cb. In vacuum, Tn-Thr and Tn-Ser depict a staggered 
form; whereas when they are studied surrounded by water molecules the b-methyl 
group of Thr disrupts the first hydration shell forcing this antigen into an eclipsed 
conformation. 
 

3.4.  Fluorinated glycopeptides 
 
The presence of a bridging water molecule, connecting the NH groups of GalNAc and 
Thr, has not been experimentally demonstrated yet, probably due to the low residence 
time of the water molecule. We hypothesized that a more hydrophilic water pocket 
would capture the water molecule as a crystallization water, so it could be observed by 
X-ray. Thus, the hydrogen-bonding donor character of the sugar N-acetyl fragment could 
be enhanced by replacing its constituent methyl group  by fluoromethyl groups. 
 
In this respect, previously in our group, mono- and difluorinated Tn antigen derivatives, 
compounds Tn-fThr*’ and Tn-2fThr*’, respectively, were synthesized and subsequently 
engaged into MUC1-related glycopeptides,74 F-Thr*’ and 2F-Thr*’, to be studied in the 
solid state (Figure 3.21). 
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Figure 3.21 Fluorinated glycopeptide synthetized. 
 
 

3.4.1. Conformational analysis in the solid state 
 
Quantum mechanical calculations were performed on a reduced model of 2F-Thr*’ 
(Figure 3.22, left panel). These evidenced that the water molecule is stabilized through 
an O-H···F contact, in addition to the bridging contact between NH groups of sugar and 
Thr residue. Besides, water oxygen distances to NH-GalNAc (1.97 Å) and NH-Thr (1.91 Å) 
are in agreement with those previously observed in MD-tar simulations for its natural 
counterpart (2.03 Å and 1.95 Å, respectively).51  

 
Furthermore, 200 ns MD simulations performed on glycopeptide 2F-Thr*’ bound to 
scFv-SM3 fragment showed a high-water density placed where the water pocket is 
commonly observed in Tn-Thr antigen (Figure 3.22, right panel). This finding suggests 
that the fluorinated GalNAc unit configures a more hydrophilic environment, thus water 
molecule would be more easily captured in the crystal structure.  
 

 
 

Figure 3.22 QM calculations (M06-2X/6-311G(d,p))  performed on a reduced model of  2F-Thr*’ 
( left)  and f irst  hydration shel l  over 2F-Thr*’ complexed with scFv-SM3 derived from MD 

simulations (right) . 
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X-Ray crystallography studies were conducted as previously described.41 (See also 
Experimental section 8.8.). Fluorinated glycopeptides F-Thr*’ and 2F-Thr*’ complexed to 
scFv-SM3 antibody were solved at high resolution (<2.0 Å). As shown in Figure 3.23, 
interfacial water molecules were observed for the first time. As was anticipated in 
solution,51,75 water molecules appear bridging the NH groups of GalNAc and the Thr 
moiety. The surface groove nicely fits all the peptide residues in  both cases, irrespective 
of the presence of the fluorine atom, retaining the overall conformation of the natural 
glycopeptide. The stabilizing contacts are mostly hydrogen bonds, some of them 
mediated by water molecules, and also stacking interactions, again similar to that found 
in the natural variant. Finally, the glycosidic linkage of fluorinated compounds retains 
the “eclipsed” conformation (y » 120º) previously reported for its natural counterpart 
in solid phase.41 
 

 
 

Figure 3.23 Crystal  structure of  glycopeptides F-Thr*’  (pdb ID: 6FZR,  left picture) and 2F-Thr*’ 
 (pdb ID: 6FZQ, right picture)  bound to scFv-SM3 antibody. 

 
 

3.5.  Conclusions 
 
The work compiled in this chapter provides new insight in Tn antigen conformation. 
Herein we have demonstrated the nonequivalence of Tn-Ser and Tn-Thr, both 
experimental and theoretically.  
 
Initially, Tn antigen benzylamide derivatives, Tn-Thr’ and Tn-Ser’, were synthesized. 
Their structure was then studied in solution by NMR experiments and MD-tar 
simulations. Supporting our previous observations, both compounds present different 
carbohydrate orientation. Thus, whereas GalNAc moiety appears perpendicularly 
oriented over the peptide backbone in the Thr derivative; in the case of the Ser moiety 
it is arranged in a parallel way over the underlying peptide. 
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Tn-Thr’ and Tn-Ser’ conformational behavior was also analyzed in the gas phase through 
IRID spectroscopy combined with QM calculations. Strikingly, the geometry that both 
derivatives present is indistinguishable from one another. This finding states the 
importance of the water molecules surrounding Tn antigen in sculpting their unique 
behavior in solution. 
 
Consequently, first hydration shell was studied by extensive MD calculations, revealing 
a ys torsion angle rotation of 60º for the Tn-Thr derivative. This turn serves to 
accommodate the complete solvation of the antigen, otherwise it would be interrupted 
by the b-methyl group of Thr. In this way, this molecule turns from staggered 
conformation in the gas phase (ys = 180º) to the eclipsed form (ys = 120º) observed in 
solution. Conversely, Tn-Ser derivative retains the staggered conformation shown in the 
gas phase. 
 
Finally, the structure of the Tn-Thr antigen  in the solid state was investigated. To that 
end mono- and difluorinated Tn-Thr antigen moieties were synthesized and 
incorporated in the APDTRP epitope. In this way, a more hydrophilic water pocket could 
be stablished, as supported by QM and MD calculations. Certainly, the crystal structures 
reveal a structural water molecule located between the amino group of the GalNAc and 
the NH group of the glycosylated Thr residue, as we have proposed earlier for the natural 
Tn-Thr antigen in solution.51 To the best of our knowledge, this is the first confirmation 
of a commonly accepted hypothesis in the field of O-glycopeptides. 
 
In conclusion, Tn-Ser and Tn-Thr structures have been proved nonequivalent. Different 
arrangement of the glycosidic linkage is due not only to the b-methyl group of Thr, but 
also to the key role of water in the modulation of the conformational preferences of 
both antigens. 
 
This work has been published as an article entitled Water Sculpts the Distinctive Shapes 
and Dynamics of the Tn Antigens: Implications for their Molecular Recognition in the 
Journal of American Chemical Society, DOI: 10.1021/jacs.8b04801.74 
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4. Non nat 

4.1.  Introduction and background 
 
As previously mentioned, MUC1 represent an attractive target in the field of cancer 
therapy because while it features long carbohydrate chains when presented on the 
surface of healthy epithelial cells, in cancer cells sugar chains appear truncated and 
overexpressed. In the latter case, carbohydrate antigens are exposed to the immune 
system and can boost an immune response. In order to take advantage of this particular 
hallmark; MUC1 mucin, in combination with diverse TACA, has been extensively 
employed as a cancer vaccine.1–4 Nevertheless, glycoproteins are poorly immunogenic, 
hence unable to prime a potent and long-lasting immune response. Although numerous 
examples have been reported in the literature where synthetic MUC1-based 
glycopeptide vaccines are capable of eliciting an antibody response, this is in general 
only humoral immune response, lacking an immunological memory.4–6 As a 
consequence, they usually end up failing in clinical trials due to the tolerance of the 
immune system towards endogenous structures. To overcome this problem, a variety 
of different approaches have been employed to elicit an improved immune response. 
Proposed alternatives are, for instance, multivalent presentation of TACA, as 
dendrimeric structures7–14 or RAFT (Regioselectively Addresable Functionalised 
Template) cyclopeptide scaffolds.15–20 
 
Also, to enhance immunogenicity, MUC1 glycopeptides have been conjugated with T-
cell epitope peptides, carrier proteins or lipopeptide ligands, used as immunostimulants. 
Resulting from this approach, we can find synthetic glycopeptide vaccines combining 
two or three of these constituents. A popular trend has been the so-called two-
component vaccines (Figure 4.1), consisting of a MUC1 glycopeptide, as B cell stimulant, 
together with a T cell epitope, included to induce an immunoglobulin class-switching 
from IgM to IgG antibodies, hence immunological memory.  
 
 

 
 

Figure 4.1 Design of two-components synthetic vaccines. 

 
T-cell epitope peptides derived from Tetanus toxoid (TTox),21 ovoalbumin (OVA)22,23 or 
Pan DR (PADRE)24,25 have been used in this approach. Most common carrier proteins are 
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bovine serum albumin (BSA),6,26–28 Keyhole limpet hemocyanin (KLH)29–32 and TTox 
protein.33–36 Finally, immunoadjuvants such as the lipopeptides dipalmitoyloxypropyl-N-
palmitoylcysteine (Pam3Cys)37–41 or MALP242 have been coupled to MUC1 mucin B cell 
epitopes to enhance their immunogenicity.  
 
Considering that carrier proteins boost an antibody response themselves, hindering the 
effect of the saccharide antigen, fully synthetic vaccines arose as an alternative. The 
predictable next step was the development of three-component vaccines, consisting of 
B cell - the MUC1 (glyco)peptide - and T cell helper epitopes as well as the 
immunoadjuvant Pam3Cys.  
 
The first tripartite vaccine was reported more than ten years ago and is presented in 
Figure 4.2Figure 4.2,43 it is composed of a fragment of the MUC1, a T cell epitope peptide 
derived from Poliovirus and the Pam3Cys moiety. This scaffold showed an efficient 
humoral and cellular immune response, as well as the installation of an immunological 
memory. Derived from this strategy, similar vaccines have been reported, either from 
the same group,44–46 or others.41,47,48 
 

 
 

Figure 4.2 First  three-component vaccine reported. 

 
Another different strategy to elicit a robust immune response involves the introduction 
of unnatural variants within vaccine construction. In this way, in vivo biostability may be 
improved, since unnatural epitopes are more resistant to chemical and enzymatic 
degradation. Besides, the exogenous nature of these derivatives would overcome the 
tolerance that their natural counterparts present. 
 
Owing to this thesis is focused on Tn antigen, just unnatural variants of this moiety will 
be detailed herein. Despite that, modifications over other cancer antigens, such as STn 
and T antigens, have also been reported.49–54 
 
Possibly, the most common modification has been the so-called sulfa-Tn antigen, where 
the oxygen in the O-glycosidic bond is substituted by a sulfur atom. Three main 
strategies have been employed to obtain this building block. The first synthetic route 
uses cysteine conveniently protected as nucleophile and an azidosugar as glycosyl 
donor.55  
 
The other two approaches utilize a nucleophilic substitution where C1-thio-GalNAc56 
acts as a nucleophile over either b-bromoalanine57,58 or a,b-dehydroalanine as a 
Michael acceptor.59–62 (Scheme 4.1) 

immunoadjuvant Pam3Cys T-cell epitope B-cell epitope

a
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Scheme 4.1 Synthetic routes employed to synthetize sulfa-Tn antigen. 

 
Regretfully, all the aforementioned compounds are only Tn-Ser antigen mimetics, since 
a-S-GalNac-Thr has not been described to date.  
 
On the other hand, C-glycoside analogs of Tn-Ser antigen have also been reported. One 
of the strategies proposes the condensation of anomeric organosamarium of GalNAc 
with a convenient aldehyde precursor derived from aspartic acid, which is followed by a 
deoxygenation step.63 The other suggests a Wittig-Horner reaction of a C-aldehyde 
glycoside with a phosphorylglycine moiety.64 (Scheme 4.2) 
 

 
 

Scheme 4.2 Synthetic routes employed to synthetize C-Tn antigen. 

 
A different modification consists in the elongation of the side chain of the amino acid, 
for example, replacement of serine by hydroxynorleucine65–67 or homoserine.68 A similar 
approach was conducted through hydrothiolation reaction of  a glycosyl-thiol and a 
double bond included in the side chain of Ser, Thr or Cys derivatives.58 (Figure 4.3) 
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Figure 4.3 Diverse non-natural mimetics of  hydroxynorleucine ( left), 
homoserine (center)  and glycosyl-thiol derivatives (right) . 

 
Otherwise, an oxyme moiety between an a-O-GalNAc residue and the amino acid within 
the peptide backbone has been stablished, preparing this linker via reductive ozonolysis 
of dehydroleucine selectively condensed with aminooxy sugars69 (Scheme 4.3). 
Furthermore, an oxyme linker has been employed to bond a C-glycosyl Tn antigen to a 
T cell epitope to construct a vaccine.70,71  
 

 
 

Scheme 4.3 Oxime-l inked analogues of the Tn antigen. 

 
Besides, triazol moiety resulting from Cu(I)-catalyzed Huisgen azide-alkyne cycloaddition 
has been employed to couple carbohydrate and amino acid derivatives. The synthesis 
of this linker has been reported, either using peptides containing one or more 
propargylglycines and azido-sugars72,73 or, on the contrary, azido alanine and 
propargylated GalNAc74 (Scheme 4.4). Click cycloaddition strategy has also been use in 
the synthesis of a multiantigenic vaccine construction.75  
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Scheme 4.4 Synthetic routes to obtain triazol-l inked Tn antigen derivatives. 

 
The substitution of the underlying amino acid of the Tn antigen by a unnatural residue 
has also been explored. One representative example corresponds to the quaternary 
amino acid a-methylserine (MeSer)76,77 and another to b-amino acid isoserine, whose 
O-glycosylation is accomplished by a ring-opening reaction of isoserine sulfamidate with 
the carbohydrate.78 (Figure 4.4) 

 

 
 

Figure 4.4 a-methyl-serine ( left)  and isoserine (right) derivatives. 

 
There are other variants using b-amino acids. In one of the cases, the Tn antigen 
analogue bearing a b-amino acid is accomplished through the modification of an aspartic 
acid and its subsequently use as glycosyl acceptor,79,80 and in the other the Arndt-Eistert 
homologation is employed as a key step.81 (Scheme 4.5) 
 

 

 

Scheme 4.5 Synthetic routes to obtain b-amino acid analogues. 
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Regarding to carbohydrate modifications; iminosugar-, thiosugar- or carbasugar-
containing vaccines have not yet been reported, since they suffer from low stability or 
high synthetic complexity.82,83  
 
The most remarkable sugar modification over the Tn antigen is represented by a sp2-
iminosugar glycomimetic replacing the a-O-GalNAc moiety. In this derivative, the 
hydroxymethyl group of the sugar is part of a cyclic carbamate, which limits the 
conformational flexibility of the system and promotes complete a-stereoselectivity in 
the glycosylation reaction.82 (Figure 4.5) 
 

 
 

Figure 4.5 sp2- iminosugar mimetic of  the Tn antigen. 

 
Also, a fluorine atom have been used to substitute the hydroxyl group at position C6 on 
the Tn-Thr antigen.84 It has been reported the synthesis of N-mono- and difluoroacetyl 
galactosamide derivatives, obtained through reduction of the azide group of the sugar 
moiety after glycosylation reaction and subsequent coupling of N-acetyl modified 
groups.49 (Figure 4.6) 
 

 
 

Figure 4.6 Fluorinated derivatives of  Tn antigen,  either replacing OH6 (left)   
or over N-acetyl  group (right) . 

 
Finally, the synthesis of the mimetic 2-deoxy-2-thio-a-O-galactoside that retains the 4C1 
chair conformation of the native Tn antigen, shown in Figure 4.7, has also been 
described.15,85 
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Figure 4.7 Conformationally restricted Tn antigen mimetic. 

 
Some of these unnatural Tn-antigen mimetics have been incorporated and tested in vivo 
within vaccine constructions, leading to results comparable to those obtained from their 
natural counterparts. 
 
Earliest attempts correspond to multiantigenic glycopeptide vaccines.29,30,86,87 This kind 
of scaffolds, designated as cassettes, was comprised by multiple TACA displayed on a 
single peptide backbone and bound to it though a hydroxynorleucine amino acid (Figure 
4.8). These constructions, subsequently bound to KLH protein, elicited IgG and IgM 
antibody titers.   
 

 
 

Figure 4.8 N-terminal protected B-cell  epitope of  glycosylamino acids cassette approach.86 

 
In another example, a fully synthetic vaccine composed of the Tn antigen mimetic 
conjugated to a RAFT scaffold and a OvaPADRE as T-cell epitope (Figure 4.9),15 induced 
significant levels of IgG/IgM antibodies, which were still present in the serum 240 days 
after the last immunization. Moreover, tumor size and mouse survival were monitored, 
showing a notable reduction in tumor volume and enhanced survival rate compared to 
controls. 
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Figure 4.9 Ful ly synthetic vaccine composed of the Tn antigen mimetic conjugated  
to a RAFT scaffold and a OvaPADRE as T-cel l  epitope. 

 
Diverse N-acyl fluorinated Tn saccharide analogs were used as vaccines in mice. 
Modified derivatives shown in Figure 4.10 were conjugated to the carrier protein 
CRM19788–90 and their immunogenicity was tested.91 N-monofluoroacetyl compound 
elicited higher IgG titers than the natural moiety, and also the other conjugates. In 
addition, antibodies generated by the aforementioned modified vaccine are able to 
recognize the tumor cells that express the natural Tn antigen on their surface. 
 

 

 
 

Figure 4.10 Different N-acyl  fluorinated Tn saccharide analogs. 

 
Finally, reported by our group, a fragment of MUC1 tandem repeat containing the 
synthetic amino acid a-GalNAc-MeSer, together with a Pam3Cys lipopeptide and a T-
helper cell epitope, comprised the first unnatural three-component vaccine ever 
tested77 (Figure 4.11). This construction elicited humoral and cellular immune response. 
Moreover, antisera obtained from immunizations with this vaccine displayed 
recognition of MUC1 expressed in tumor cells. Yet, it did not improve the effectiveness 
of its natural counterpart,44 which includes a Thr residue instead of the unnatural amino 
acid, MeSer-containing vaccine presents better stability in serum. 
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Figure 4.11 Three-component non-natural  vaccine. 

 
Aiming to provide with a rational explanation of the immune response elicited by the 
later vaccine, we decided to study the conformational behavior of its B cell epitope, that 
is the MUC1 glycopeptide, and how the unnatural moiety influences the presentation of 
the glycopeptide. 
 
Thus, the shorter fragment of this mucin mimicry, PDMeSer*R, was synthesized and its 
conformational behavior studied by combining NMR experiments and MD-tar 
simulations. 
 
According to these experiments, side chain of the MeSer is rather flexible and the 
glycosidic linkage adopts a staggered conformation, presenting a value around 80º for 
the f torsional angle and close to 180º for the y dihedral angle. This outcome indicates 
that the conformational preferences of GalNAc-MeSer are similar to those reported for 
the Tn-Ser derivative.92 
 
In summary, the MeSer derivative displays a higher flexibility at the sugar moiety, 
distorting the native conformation of the glycopeptide, which probably leads to a 
decrease of the recognition by the immune system.  
 
In addition, from our previous research,93 we can infer the key binding interactions in 
the bound state between the MUC1 epitopes APDT*RP (Figure 4.12) or APDS*RP and 
the anti-MUC1 antibody SM3 from the analysis of the X-ray structures.  
 
 

immunoadjuvant Pam3Cys T-cell epitope B-cell epitope

a
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Figure 4.12 Key binding interactions of APDT*RP with SM3 antibody (PDB id: 5a2k). Dashed 
orange l ines represent GalNAc-SM3 contacts and dashed blue l ines peptide backbone-SM3 

hydrogen bonds. 

 
This analysis reveals that the glycosidic linkage on threonine glycopeptide adopts an 
‘eclipsed’ conformation, allowing the formation of an intermolecular hydrogen bond 
between the O6 group of the sugar moiety and the hydroxyl group of Tyr32L of the 
antibody. Besides, we detected two CH/p interactions, between the methyl group of the 
GalNAc unit and the b-methyl group of Thr with the aromatic ring of Trp 33H and Tyr32L, 
respectively (Figure 4.12 orange dashed lines). 
 
Conversely, the GalNAc unit of APDS*RP adopts a different conformation, characterized 
by y close to -90 degrees. This conformation, rarely populated in water, impedes the 
occurrence of stabilizing contacts between the sugar moiety and the antibody. This 
unusual conformer cannot be displayed by the threonine residue due to the steric 
hindrance that its b-methyl group prompts with the sugar unit in this conformation. 
 
Considering the divergence between serine and threonine, both in the geometry of the 
glycosidic linkage93,94 and in the affinity towards SM3 antibody,93 we decided to focus 
on the influence that the b-methyl group of the Tn-Thr antigen brings to the overall 
glycopeptide, and the effect that it might provide regarding to antibody recognition. 
These outcomes will render useful information regarding the appropriate design of 
coming anti-cancer vaccines. 
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4.2.  Objectives 
 
In this chapter, glycosylated Thr9 within the MUC1 20-amino acids tandem repeat would 
be substituted by diverse unnatural moieties. 
 
Firstly, we have studied the structural differences caused by  the substitution of the b-
methyl group at Thr, maintaining sugar moiety. To this purpose, the unnatural amino 
acids allo-threonine (allo-Thr), which is the epimer of Thr at the Cb, and (2S,3R)-hydroxy-
L-norvaline (Hnv), which bears an ethyl-by-methyl substitution at the aforementioned 
position, have been employed. 
 
Both adequately protected allo-Thr and Hnv were glycosylated and incorporated within 
the peptide backbone of MUC1-like (glyco)peptides following SPPS methodology. NMR 
and MD-tar structural studies of the unnatural variants were then accomplished in 
solution. Furthermore, binding affinity studies were performed with two anti-MUC1 
antibodies, SM3 and VU3C6, employing microarray and biolayer interferometry 
techniques. Also, dissociation constants were measured at diverse temperatures by 
surface plasmon resonance (SPR), allowing to carry out thermodynamic parameters 
estimations. Finally, crystal structure of the glycosylated Hnv derivative was studied 
complexed to the SM3 antibody to observe the structure in the associated state.  
 
Secondly, maintaining the Thr residue, GalNAc moiety is substituted by a sp2-iminosugar 
derivative. This derivative is engaged within MUC1 mucin backbone, coupled to the KLH 
carrier protein and tested as a cancer vaccine in mice. 
 
 

4.3.  Modifications in the amino acid 
 

4.3.1. Synthesis of unnatural glycosyl amino acids 
 
The strategy used to obtain Tn-Hnv (Scheme 4.6) and Tn-alloThr (Scheme 4.7) building 
blocks involved the Koenigs-Knorr methodology described in Chapter 3. (See also 
experimental details in Experimental section 8.10.1.). 
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Scheme 4.6 Synthetic route fol lowed to obtain the Tn-Hnv  derivative. 

 
Firstly, naked amino acid 4-I was conveniently protected. Thus, the amino group was 
protected with Fmoc to give derivative 4-II with good yield, which was then reacted with 
tert-butyl trichloroacetimidate in AcOEt/cyclohexane to yield derivative 4-III as a white 
foam after purification by column chromatography. As mentioned before, Koenigs-
Knorr reaction was employed, leading to a mixture of a and b anomers, 4-Va and 4-Vb, 
respectively in a 8:2 ratio. Once purified by column chromatography, compound 4-Va 
was transformed into 4-VI following a one-pot reduction and subsequent acetylation of 
the resulting amino group of the carbohydrate moiety, giving the desired compound 
with an 82% overall yield in this step. Finally, the removal of the tert-butyl group in acid 
media yielded Tn-Hnv, which was ready-to-use in SPPS without further purification. 
 
In parallel, Tn-alloThr derivative was synthesized following the synthetic route shown in 
Scheme 4.7: 

a b

a
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Scheme 4.7  Synthetic route followed to obtain the Tn-alloThr  derivative. 

 
Thus, the amino group was protected with Fmoc to give 4-VIII with a 90% yield. This 
compound was protected as a benzyl ester obtaining the convenient protected amino 
acid 4-IX as a white foam. Koenigs-Knorr glycosylation was then used, giving a mixture 
of both anomers (with a 4-Xa/4-Xb ratio = 7:3). After separation by column 
chromatography, the azido group in 4-Xa was reduced and then acetylated to give 
compound 4-XI in a good yield. Finally, the carboxylic acid was deprotected through a 
hydrogenation reaction with Pd/C to afford the desired Tn-alloThr derivative. 
 
 

4.3.2. Synthesis of unnatural glycopeptides 
 
The synthesis of (glyco)peptides shown in Figure 4.13 was carried out using the MW-
SPPS protocol with a Rink amide MBHA resin, Fmoc methodology and commercially 
available side chain protected natural amino acids (See Experimental section 8.10.2.). 

ba

a
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Figure 4.13 MUC1-like peptides and glycopeptides synthesized and studied. 

 
As in previous cases, the building blocks with the unnatural residues, compounds Tn-
Hnv and Tn-alloThr, were manually coupled to reduce the number of equivalents 
employed and the reaction time was extended to three hours to increase the yield of 
this step. The reaction progress was checked by the classical Kaiser test.95 Once the 
peptide sequence was synthesized, the O-acetyl groups of the carbohydrate were 
removed in a mixture of NH2NH2/MeOH (7:3). Afterwards, glycopeptides were detached 
from the resin, simultaneously with all the acid-labile side-chain protecting groups, using 
a cleavage cocktail consisting of a mixture of TFA/TIS/H2O (95:2.5:2.5). Lastly, all 
glycopeptides were purified by semi-preparative HPLC, lyophilized and characterized. 
 
 

4.3.3. NMR studies 
 
The conformational analysis of short glycopeptides (Thr*’, alloThr*’ and Hnv*’) were 
studied by NMR spectroscopy. To this purpose, the full assignment of the protons in 
these compounds were carried out first by using COSY and HSQC experiments 
(Supplementary information 9.2.). Then, 2D-ROESY experiments in H2O/D2O (9:1) and at 
20 ºC were carried out. 
 
 

4.3.3.1. ROESY experiments 
 
Figure 4.14 shows amide regions of Hnv*’ and alloThr*’ glycopeptides. The most 
relevant cross-peaks of the unnatural amino acid with the sugar moiety have been 
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signaled. As can be observed in Figure 4.14, both spectra present ROE contacts between 
GalNAc amide proton and H2 and H3 of the sugar moiety, in agreement with a 4C1 chair 
conformer for this sugar. In addition, medium size cross-peaks were observed between 
the NH of both Hnv and allo-Thr and their respective Ha and Hb protons, which provides 
information related to the glycosidic geometry. 
 

 
 
 

Figure 4.14 ROESY spectrum of Hnv*’ and alloThr*’  g lycopeptides. 

 
Interestingly, in glycopeptide Hnv*’, an extra medium-size ROE contact, highlighted in 
red in the structure, has been detected between the Hnv amide proton and GalNAc 
amide proton. As in natural variants, this cross-peak contact is representative of the 
‘eclipsed’ conformation of the glycosidic linkage.94,96 Conversely,  this cross-peak has not 
been observed in the alloThr*’ analogue, where the Cb presents a (S)-configuration. This 
observation points towards the idea that the glycosidic bond of GalNAc-allo-Thr may 
display a staggered geometry, as observed in GalNAc-Ser derivatives.  
 
 

4.3.4. MD simulations with time-averaged restraints (MD-tar) or experiment-
guided MD simulations 

 
Those H-H distances relevant for the conformational analysis and obtained from the 
ROESY spectra, together with 3JH-H’ distances, were used as experimental restraints in 
experiment-guided MD simulations. We use time-averaged restraints to avoid the 
production of virtual conformations and to obtain a theoretical ensemble in the free-
state of these glycopeptides able to reproduce the experimental data.  
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Figure 4.15 Representation of  torsional angles in alloThr*’  and Hnv*’  derivatives. 

 
The distribution of the backbone (represented by dihedral f and y in Figure 4.15), for 
both glycopeptides is shown in Figure 4.16. 
 

 
 

Figure 4.16 f and y  torsional angles for the unnatural glycopeptides  
alloThr*’  (upper panel)  and Hnv*’ ( lower panel) . 

 
While an extended conformation is the most populated for glycopeptide alloThr*’, the 
glycopeptide containing Hnv displays also a b-turn conformation for the Asp residue, as 
it occurs in the Thr-containing variant.93  
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Figure 4.17 fs and ys torsional angles for the glycosidic l inkage (left panel) and MD-tar derived 

conformational ensembles (right panel) of  alloThr’  and Hnv’  derivatives.  

 
Concerning the glycosidic linkage (Figure 4.17),  in both cases fS adopts a value around 
60º, in agreement with the exo-anomeric effect.97,98 The value for the ys torsional angle 
in the Hnv*’ compound (around 120º) is comparable to that observed in its natural 
counterpart; hence the unnatural moiety presents the same structural behavior, a 
eclipsed conformation for the glycosidic linkage. Conversely, the alloThr*’ glycopeptide 
displays a value close to -180º, with the sugar adopting a parallel orientation of the 
carbohydrate with respect to the peptide backbone. This 3D disposition resembles the 
one displayed by the GalNAc-Ser glycosidic linkages. The value of the yS is negative due 
to the change on the configuration at Cb of the glycosylated amino acid.  
 
The conformational ensembles derived from the simulations of both glycopeptides are 
shown in Figure 4.17 right panel, with the peptide backbone as a grey ribbon, except for 
the unnatural amino acid that is highlighted in blue, and the GalNAc moiety in purple. 
 
Additionally, the presence of a high-water density placed between NH-GalNAc and NH-
Hnv has been detected (Figure 4.18). This water pocket, equivalent to that observed in 
the GalNAc-Thr derivative, reinforces the idea that peptide backbone and glycosidic 
linkage of Thr*’ and Hnv*’ are comparable. 
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Figure 4.18 MD-tar derived conformation of  Hnv*’ showing a water pocket  
between NH-GalNAc and NH-Hnv. 

 
In conclusion, as previously observed in NMR spectra, Hnv*’ short epitope displays a 
conformation in solution similar to that observed in the Thr*’ variant. On the contrary, 
alloThr*’ derivative presents a glycosidic bond that behaves similarly to the natural 
GalNAc-Ser counterpart. 
 
Next, the conformation of the Hnv*’ derivative was also studied bound to the anti-
MUC1 antibody scFv-SM3 fragment by X-ray crystallography as well as STD experiments. 
 
 

4.3.5. Crystallographic studies  
 
Crystals of the complex scFv-SM3:Hnv*’ were grown by sitting drop diffusion at 18 ºC 
(see Experimental section 8.8 and 8.10.3.), as previously described,93 allowing the 
acquisition of a structure at high resolution (<2.0 Å). Crystal structure of Hnv*’ fragment 
in complex with scFv-SM3 is shown in Figure 4.19. 
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Figure 4.19 Key binding interactions of Hnv*’ with scFv-SM3 fragment. Dashed l ine in pink 
indicates the CH/p interaction between the b-ethyl group of  the Hnv residue and the aromatic 

ring of  Tyr32L of SM3 antibody and dashed blue lines indicate antigen-antibody hydrogen bonds.  
Peptide backbone carbon atoms appear in yel low, GalNAc carbon atoms are shown in cyan and 

carbon atoms of  key residues of  the antibody are highl ighted in purple and the rest of  the 
antibody is show as grey ribbons.   

 
The stabilizing contacts found in this complex are mainly intermolecular hydrogen 
bonds, many of them water-mediated (see Experimental section 8.10.3.), as well as CH/p 
interactions. Contrary to previous observations on its Thr counterpart,93 GalNAc moiety, 
which is also exposed to the solvent, does not stablished a hydrogen bond with Tyr32L. 
Its methyl group is, however, engaged in a CH-p interaction as in the threonine variant. 
 
Regarding to the peptide backbone, Hnv*’ derivative shows resemblance to the 
threonine derived glycopeptide. The unnatural peptide is involved in stacking 
interactions of Pro7 with indole ring of Trp91L and the side chains of Asp8 and Arg10 are 
also hydrophobically engaged with Trp33H and Tyr32H, respectively. In addition, several 
hydrogen bonds between the peptide fragment and the antibody are found (dashed 
blue lines in Figure 4.19). For instance, the carbonyl groups of Hnv9 and Pro11 form 
hydrogen bonds with Gln97H and Tyr32H, respectively, and the NH group of Ala6 with 
Tyr32L.  
 
Most important is the CH-p interaction established between the b-ethyl group of the 
Hnv residue and the aromatic ring of Tyr32L on the SM3 antibody. As expected, 
elongation of the alkyl group at Cb with respect to Thr results in a shortening of the 
hydrophobic contact in the bound state, from 4.5Å to 4.2Å. However, as previously 
mentioned, this substitution can be the responsible for the disappearance of the 
hydrogen bond between the hydroxymethyl group of GalNAc and the side chain of 
Tyr32L, observed in the natural derivative.  
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Glycosidic bond angles in the bound state are similar. Thus, yS torsional angle is 81º in 
the Hnv*’ derivative, whereas the same angle for the glycosidic bond on threonine 
variant is 91º. Values of fS and c1 in the unnatural glycopeptide are 65º and 50º, 
respectively, also close to those of its natural counterpart. 
 
In conclusion, changing the b-methyl group on the threonine for a slightly longer 
aliphatic chain, such as a b-ethyl group, involves the decrease of some intermolecular 
interactions. This loss would apparently be counteracted by the enhancement of the 
CH/p interaction between the b-ethyl group of Hnv residue and the aromatic ring of 
Tyr32L of SM3 antibody. 
 
 

4.3.6. STD experiments 
 
Saturation transfer difference (STD) NMR is a technique widely employed to 
characterize and identify binding contacts between a ligand and its receptor in solution. 
It is very sensitive for weak to medium binders, as it occurs in our antigen-antibody 
complexes, and highly accurate for detecting the hydrogen atoms of a ligand that are in 
close contact with those of the receptor. 
 
Actually, previous examples of STD experiments have been reported regarding to the 
glycosylated MUC1 epitope PDT(a-O-GalNAc)RP bound to either SM399 or VU3C6100 
anti-MUC1 antibodies. Briefly, the results from both works point out to different 
recognition patterns over the peptide backbone of this epitope. The DTRP fragment 
presents medium STD signals, with an enhanced signal for Pro7, when bound to SM3. 
Conversely, in complex with VU3C6, the higher STD signals correspond to the TRP motif.  
 
In relation to antibody-carbohydrate contacts, in the case of the SM3 antibody, the 
signals of the GalNAc ring protons are of lower intensity than each of the amino acids 
and only the N-acetyl methyl group presents a high STD effect. The interaction between 
GalNAc and VU3C6 is verify through a strong STD signal in the H2 proton and a medium 
intensity signal in the N-acetyl methyl group, while the rest of the sugar protons present 
low STD signals. 
 
Although, we could not obtain a good STD spectrum for Hnv*’ bound to SM3, we were 
able to study by STD experiments the binding of this unnatural glycopeptide with VU3C6. 
We compared the epitope binding of the glycopeptide with that reported for the natural 
variant.100  
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Figure 4.20 STD-derived epitope mapping of both glycopeptides with VU3C6 antibody. 

 
Epitope mapping of the Thr*’ and Hnv*’ derivatives, presented in Figure 4.20, showed 
a strong STD effect for the RP amino acids and the b-methyl group of GalNAc-Thr moiety, 
denoted as T*. The same contacts, but of lower intensity, were observed in the 
unnatural epitope, except for the b-ethyl group of the Hnv residue, which maintains a 
high STD signal. STD signals over the GalNAc moiety of the Hnv*’ glycopeptide show a 
similar binding profile compared to that of the natural epitope, presenting all protons 
of them a medium intensity. The most remarkable difference appears on H2: whereas 
STD effect is quite high in the Thr*’ glycopeptide, it disappears in the non-natural 
derivative. 
 
In conclusion, STD contacts of Hnv*’ with the anti-MUC1 antibody VU3C6 present a 
similar binding patter than the Thr*’ epitope, but of lower intensity; excluding the 
terminal methyl of the ethyl group, whose STD signal is comparable to that observed in 
the natural epitope. Therefore, peptide conformation appears to be quite like that 
observed in the natural derivative. Besides, the interaction of the b-ethyl group with the 
antibody seems to be equivalent to the b-methyl group in the Thr*’ derivative. 
 
 

4.3.7. Affinity assays 
 
We tested the impact of the chemical nature of the unnatural residues in the binding 
affinity to anti-MUC1 antibodies. To this end we employed biolayer interferometry and 
microarray techniques with peptides and glycopeptides containing the tandem repeat 
sequence of MUC1 and antibodies SM3 and VU3C6. This study was completed with a 
Surface Plasmon Resonance (SPR) assay conducted with glycopeptide Hnv*’ and the 
antibody SM3. 
 
 

4.3.7.1. Microarray assays 
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Microarray assays were performed to qualitatively estimate the affinity of derivatives 
shown in Figure 4.21 against the commercially available antibodies SM3 and VU3C6.  

 
Figure 4.21 (Glyco)peptides subjected to aff inity assays. 

 
These (glyco)peptides were spotted on microarray slides at different concentrations, 
from 500 µM to 15.6 µM. (See Experimental section 8.6.). The fluorescent image scans 
of both anti-MUC1 antibodies, SM3 and VU3C6, at 50 µg/mL, are shown in Figure 4.22. 
 

 
 

Figure 4.22 Fluorescent image scan of SM3 and VU3C6 (50 mg/mL both). 

 
According to these assays, antibody SM3 recognizes only (glyco)peptides where Thr has 
been substituted by Hnv. In these cases the fluorescence intensity is a bit higher for the 
glycosylated derivatives, which is in agreement with the binding studies previously 
reported by our group.93 Conversely, compounds carrying a allo-Thr residue are not 
recognized by SM3 at detectable levels. Conversely, VU3C6 antibody shows binding with 
all the unnatural derivatives studied in this work. Fluorescence intensity is slightly higher 
for the glycosylated peptides, which qualitatively present an antibody recognition 
comparable to the Thr* derivative. This finding suggests a different recognition profile 
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for both anti-MUC1 antibodies, as previously inferred from the STD experiments (see 
Section 4.3.6).  
 
In order to obtain a quantitative affinity value, these (glyco)peptides were subjected to 
biolayer interferometry experiments. 
 
 

4.3.7.2. Biolayer interferometry (BLI) assays 
 
To study binding affinity of the MUC1 antigens shown previously in Figure 4.21 with the 
scFv-SM3 antibody, the latter was immobilized on amine-reactive biosensors to perform 
BLI experiments. (Experimental section 8.7 and 8.10.5.). Dissociation constants (KD) for 
each glyco(peptide) are shown in Figure 4.23. 

 
 

Figure 4.23 KD  constants (µM) observed for the diverse (glyco)peptides  
obtained by BLI experiments. 

 
The BLI results highlight that both glycosylated and naked peptide derived from the 
unnatural Hnv amino acid show lower KD values (that is, higher affinity) than their 
natural counterparts, Thr and Thr*. Of note, derivative Hnv* displayed ca. 3-fold 
enhancement with respect to the naked Thr-variant. 
 
In contrast, the binding of the allo-Thr derived peptide is ca. 3-fold lower than that 
presented by the natural derivative. Moreover, the affinity of alloThr* derivative could 
not be determined, likely due to its low affinity. This outcome is line with the result 
derived from antibody SM3 microarray experiments presented in previous section. 
  
 

4.3.7.3. Surface Plasmon Resonance (SPR) 
 
Herein, a thermodynamic analysis of the antigen-antibody binding was performed using 
SPR technique.101–103 It was applied to Thr*’ and Hnv*’ derivatives; additionally, the 
natural non-glycosylated peptide APDTRP, denoted as Thr’, was also compared to 
observe the effect of the glycosidic moiety. The anti-MUC1 antibody chosen for this 
experiment was the commercially available SM3 antibody. 
 
In the context of ligand-receptor binding, the affinity of the interaction can be 
represented as the binding free energy difference, DG, between the associated and 
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unassociated states of the interacting molecules. It is related to the dissociation 
constant, KD through Equation 4.1. 
 

!" = $% &'(!			
Equation 4.1 

 
From the aforementioned expression, it follows that high-affinity interactions (low KD 
values) would yield into a negative free binding difference. The forces driving the 
interaction are comprised by two terms, enthalpy change (DH) and entropy change (DS), 
Equation 4.2: 
 

Δ" =	∆, − %∆. 
 

Equation 4.2 

 
On the one hand, the change in enthalpy refers to the heat emitted or absorbed due to 
the formation or disruption of hydrogen bonds network surrounding both reactants, as 
well as intramolecular hydrophobic interactions, such as van der Waals interactions and 
salt bridges, and how they vary from free to bound state. Hence, a negative change in 
enthalpy would favor the binding. On the other hand, entropy is defined as the 
“disorder” of the system or, in other words, as the measure of the change in the degree 
of freedom of mobility, rotation or vibration of the interacting molecules and the 
surrounding solvent. Roughly, it can be represented as the flexibility of the 
(glyco)peptides; a higher ligand mobility is expected in the free state, which is reduced 
when the derivative bounds to the receptor. Therefore, a flexible (glyco)peptide would 
yield into a higher entropy penalty than a more rigid variant than present the bioactive 
conformation in solution. However, other players, such as water molecules must be 
considered. Indeed, solvent reorganization modifies DS when it is displaced from the 
binding groove to the bulky solvent or trapped between two interacting surfaces. For 
instance, the displacement of water molecules from a hydrophobic surface would favor 
entropy. 
 
To estimate the thermodynamic parameters associated to the binding of the studied 
glycopeptides to antibody SM3, the dissociation constant KD was obtained at different 
temperatures for each complex (see Experimental Section 8.10.6.). Afterwards, 
thermodynamic parameters, such as enthalpy and entropy changes, were determined 
by a linear regression combining Equation 4.1 and Equation 4.2 in the following 
expression, denoted as the linear form of the van’t Hoff equation: 
 

R	ln(! = 	Δ, ·	 1% −	∆. 
 

Equation 4.3 

 
where R is the universal gas constant and T the temperature of each measurement. By 
plotting R·ln KD against 1/T, DH and DS may be calculated, respectively, as the slope and 
Y-axis intercept of the resulting straight line. 
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Thermodynamic parameters for each antigen at physiological conditions (T = 310.15 K) 
are shown in Figure 4.24 as a bar chart. DG has been deduced as the sum of enthalpy 
and entropy parameters using Equation 4.2. 
 

 
 

Figure 4.24 Thermodynamic parameters deduced from SPR for each MUC1 epitope at 310.15 K  
(all  figures in Kcal/mol). 

 
Most evident conclusion drawn from the thermodynamic results shown in Figure 4.24 is 
that bindings for all peptides are favored, meaning that free energy difference is 
negative, as a result of an unfavorable entropy contribution and a favorable enthalpy 
contribution. A closer look, however, would reveal clear differences. 
 
Firstly, enthalpy contribution is quite in high in the three cases, being more significant 
for the unnatural glycopeptide Hnv*’. On the other hand, unfavorable entropy change 
may arise from the flexibility of each (glyco)peptide. Merely speculative, the most 
flexible molecule in the unbound state corresponds to Hnv*’ derivative. As a result of 
the decrease in its high mobility, in particular the ethyl group, the most unfavorable 
entropic change arises from its binding. Even though, enthalpy and entropy 
contributions yield into a favorable binding affinity for Hnv*’.  
 
Worth noticing also the influence of the carbohydrate on the natural threonine 
derivatives. Enthalpy change is more favored in the non-glycosylated derivative, 
suggesting an increase in the number of interactions in the bound state. On the contrary, 
entropy change is smaller for the glycopeptide, probably due to an enhanced stiffness 
caused by the carbohydrate moiety. 
 
 

4.4.  Modifications in the GalNAc moiety 
 
In a previously reported work,82 a battery of diverse Tn mimics incorporating sp2-
iminosugars were incorporated into the APDTRP epitope of MUC1 and their binding 
affinity to SM3 anti-MUC1 antibody was tested.  
 

Thr' Thr*' Hnv*'
-30

-20

-10

0

10

20

kc
al

/m
ol

ΔH

-T·ΔS

ΔG 

-16.47
-11.55

-19.68

13.62
7.47

15.71

-2.85 -4.08 -3.98



Replacement of GalNAc-Thr9 by unnatural moieties: amino acid and sugar modifications 
 

 78 

 
 

Figure 4.25 Structure of sp2-Thr*’ ( left panel),  together with sp2-Thr*’:SM3  
complex crystal  structure (right panel). 

 
Attending to the binding affinity studies, the most promising candidate for a MUC1-
based vaccine scaffold would be glycopeptide sp2-Thr*’, shown in Figure 4.25. Hence, to 
test its potential application as a cancer drug, the synthesis of a sp2-iminosugar 
containing vaccine was performed.104  
 
Within this context, we synthesized the 20-amino acids tandem repeat of MUC1 mucin 
incorporating the sp2-iminosugar, as a B cell epitope; which was subsequently coupled 
to the KLH carrier protein and tested in mice. 
 
 

4.5.  Design of an unnatural cancer vaccine 
 

4.5.1. Glycopeptide synthesis 
 
The synthesis of unnatural glycopeptide Cys-sp2-Thr*, together with the natural variants 
Cys-Thr* and Cys-Thr (Figure 4.26), was accomplished through MW-SPPS protocol with 
a Rink amide MBHA resin, Fmoc methodology and commercially available side chain 
protected amino acids (See Experimental section 8.10.2.). The Cys residue at the N-
terminal position, instead of the typical Ala amino acid, permits further conjugation 
through a maleimide scaffold previously installed on the surface of the KLH carrier 
protein. 
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Figure 4.26 MUC1-like peptide and glycopeptides synthesized and studied. 

 
Following our own methodology, glycosylated building blocks were manually coupled to 
reduce the number of equivalents employed and the reaction time was extended 
compared to the in-machine synthesis and the end of the coupling was checked by 
Kaiser test.95 
 
Once synthesized, we proceeded as previously described removing the O-acetyl groups 
of the carbohydrate. Glycopeptides were then detached from the resin, using a cleavage 
cocktail consisting TFA/TIS/H2O/EDT (92.5:2.5:2.5:2.5), and finally purified by semi-
preparative HPLC, lyophilized and characterized. 
 
 

4.5.2. Protein carrier conjugation 
 
Having successfully synthesized the aforementioned (glyco)peptides, those were 
conjugated to commercially available KLH protein and carrier through a Michael 
reaction.105  
 
Maleimide heterobifunctional linker was coupled to the amino groups of Lys residues of 
each protein and is then reacted with the thiol component of Cys residue at the N-
terminal position of MUC1 glycopeptides. (Figure 4.27, see Experimental Section 
8.10.7.). 
 
KLH conjugates, KLH-Cys-Thr* and KLH-Cys-sp2-Thr*, were subsequently used to 
immunize the mice. 
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Figure 4.27 General  procedure for (glyco)peptide conjugation to KLH. 

 
We proved that the conjugation of glycopeptides Cys-Thr* and Cys-sp2-Thr* to KLH was 
efficient by immunoassay experiments using commercially available anti-MUC1 
antibodies. 
 
Once vaccine scaffolds were synthesized and confirmed, mice immunization was carried 
out. 
 
 

4.5.3. Immunization experiments 
 
Pairs of Balb/c mice were immunized four times at biweekly intervals with both vaccines, 
KLH-Cys-sp2-Thr* and KLH-Cys-Thr*, as a control experiment with comparative 
purposes. These compounds were administered with complete or incomplete Freund’s 
adjuvant depending on the immunization session.  
 
One week after the last immunization, the mice were sacrificed, and serum harvested. 
The induction of antibodies was checked by analyzing this serum by ELISA assay, coating 
the plates with Cys-Thr* derivative (See Experimental section 8.10.9.). 
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Figure 4.28 Antibody response observed after immunization with vaccines KLH-Cys-sp2-Thr*  and 
KLH-Cys-Thr* (n=2 both).  Asterisk indicate statist ical ly significant difference (* P < 0.05)  and NS 

indicates no signif icant difference. 

 
As shown in Figure 4.28, humoral response was higher for those mice immunized with 
the unnatural vaccine KLH-Cys-sp2-Thr* in all cases. Of note, IgG1 sub-type and total IgG 
antibody cases show significantly different responses from those mice treated with the 
natural vaccine KLH-Cys-Thr*. Additionally, IgM antibody values were low and not 
significantly different each other, indicating a T cell-mediated class-switching. 
 
In parallel, a similar study was repeated coating ELISA plates with Cys-Thr, instead of the 
natural glycopeptide. It can be inferred from Figure 4.29 that the antibodies produced 
by the unnatural vaccine, in particular IgG1, could recognize glycosylated and 
unglycosylated MUC1 mucins in a similar way, indicating that antibodies recognize 
mainly the peptide and not the glycan moiety. 
 

 
 

Figure 4.29 IgG1 antibody response observed after immunization with vaccines KLH-Cys-sp2-Thr*  
and KLH-Cys-Thr* (n=2 both).  ELISA plates were coated with Cys-Thr* ( left)   and Cys-Thr  ( right)  

derivatives.  Asterisks indicate statist ically signif icant difference (* P < 0.05, ** P < 0.01). 

 
 

4.6.  Conclusions 
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We have studied the influence that the b-methyl group of Thr9 glycopeptide asserts on 
both, the conformation in the unbound and bound states of mucin-like glycopeptides 
and on the recognition by antibodies. To this purpose, Thr9 residue was replaced by its 
epimer at the Cb, alloThr, and the Hnv amino acid, which displays a b-ethyl group 
instead of the b-methyl one. 
 
Firstly, both unnatural amino acids were glycosylated following Koenigs-Knorr approach 
and incorporated within the peptide backbone. To check the effect of the sugar moiety, 
the naked unnatural variants were also prepared. Additionally, for comparative 
purposes, Thr derived peptides were obtained. Complete MUC1 tandem repeat, as well 
as shorter 6-amino acids variants, were synthesized incorporating these compounds. 
 
The structure of the aforementioned short epitopes was studied in solution, combining 
NMR experiments, such as NOESY and STD, and experiment-guided MD simulations. The 
study suggests that Hnv derived glycopeptide presents a closer conformational behavior 
to the natural Thr compound than the allo-Thr glycosylated variant. In fact, the latter 
ones exhibited a behavior similar to that previously described for the Ser analog.  
 
Binding affinity of the whole MUC1 mucin tandem repeat was then obtained from micro 
arrays and BLI experiments, showing a comparable KD values for both Thr and Hnv 
derived (glyco)peptides, in contrast with their allo-Thr counterparts, which present low 
affinity for the SM3 anti-MUC1 antibody. 
 
STD experiments showed a similar conformation for both epitopes. Besides, the 
recognition of the b-ethyl group of Hnv seems to be equivalent to the b-methyl group 
of the Thr derivative. 
 
Thermodynamic parameters of short epitopes were studied by SPR technique, 
measuring the dissociation constant at different temperatures. The obtained results are 
in accordance to those derived from the microarrays and BLI experiments.  
 
Finally, bound state of the Hnv derived glycopeptide complexed with scFv-SM3 antibody 
fragment was studied by X-ray crystallography. Hydrogen bonds, as well as hydrophobic 
contacts, were observed displaying a similar pattern of interactions than in the Thr 
variant. Most remarkable differences were associated to the ethyl-by-methyl 
substitution, which provokes a small deviation on the glycosidic linkage. 
 
Herein, we can conclude that subtle modifications on MUC1 mucin structure may yield 
into great differences in antibody recognition. We have demonstrated that a change in 
the stereochemistry of Cb on Thr leads to a decrease in binding affinity, whereas an 
ethyl-by-methyl substitution maintains conformational behavior, which is translated 
into a similar binding affinity. 
 
On the other hand, an unnatural sp2-iminosugar derived vaccine has been synthesized 
and tested in mice. The main conclusion drawn from the immunological study derived 
from this construction points out that a unnatural MUC1-based cancer vaccine that 
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emulates conformational features of its natural counterpart is able to slightly improve 
humoral response of the later.  
 
Altogether, the results derived from the (glyco)peptides investigated herein set up the 
basis for a rational design of synthesized variants with enhanced immunological activity. 
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5. UC1 

5.1.  Introduction and background 
 
As previously commented, within the glycocalyx of epithelial cells we can find the MUC1 
mucin, comprised by two subunits:1–3 MUC1-C and MUC1-N. The former is a 
transmembrane protein anchored to the cell membrane, whereas the later appears 
exposed to the cytoplasm. As a result of a loss of apical-basal polarity in the outer of 
carcinoma cells,4,5 MUC1-N can be shed form the surface and, therefore, detected in the 
circulation of cancer patients.6,7     
 
Within this context, the release of substances from cancer cells into blood and tissues 
are of considerable clinical importance since their presence can be used as an early 
diagnosis tool, for determining prognosis and monitoring disease course.8,9 This 
approach presents many advantages over traditional techniques, such as 
mammography and biopsy, because of its minimal invasiveness and cost. These 
substances are termed tumor biomarkers and are produced either by the tumor or by 
the host in response to the tumor.10 Their detection should be both specific and sensitive 
to allow early diagnosis. Biomarkers can come from diverse molecular origins, i.e. DNA, 
RNA or proteins (hormones, antibodies, tumor suppressors and enzymes).11,12 
 
Many examples of peptide antigens used as cancer biomarkers appear in the 
bibliography.13–16 For example, Cancer Antigen 15.3 (CA15.3), whose structure 
corresponds to MUC1-N mucin,17 has been widely employed mainly in breast cancer 
monitoring therapy.18–21 Nevertheless, most of antigenic biomarkers have not yet 
demonstrated sufficient sensitivity and specificity for treatment monitoring or clinical 
use. In addition to this, due to the abundance of non-specific serum proteins their 
detection is still challenging.22  
 
Conversely, tumor-associated autoantibodies (AAbs)23 represent an appealing 
alternative to the detection of cancer antigens, since they are more sensitively detected 
than the latter. AAbs are defined as antibodies produced against host substances that 
can be an indicative of autoimmune disease or cancer.24  
 
AAbs present many useful features as biomarkers. Firstly, they develop during early 
stages in tumorigenesis, being measurable several years before the development of 
symptoms25–28 and remain long time in the circulation. Secondly, they are produced in 
relatively high concentrations and can be detected at high titers in patients with early 
stages of cancer.29 Finally, antibodies are stable in serum samples, compared to other 
polypeptides, and not subject to proteolysis.30 
 
Regarding to the use of MUC1 as tool to detect and measure AAbs in human serum 
samples, many studies can be found in the bibliography, several of them referring to 
breast cancer. In all the examples quoted below, ELISA tests are employed to detect the 
concentration of these AAbs and MUC1 appears coating the plate in different manners. 
In most cases, the peptide backbone appears naked, but in some examples a 
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glycosylated MUC1 mucin is employed.31–33 In many of the investigations the isotype of 
the Ab is also studied, being IgG and IgM the most frequent. Alternative methodologies 
used to detect AAbs are protein microarrays32–34 and it has been recently reported a 
nanoplasmonic-based biosensor.35  
 
In order to provide a better understanding, examples have been classified according to 
the type of cancer they analyze and the similarities they may present on the proposed 
work methodology or results. 
 
Regarding to ovarian cancer, the presence of AAbs has been observed in the serum of 
patients suffering from this disease as well as healthy36,37 and pregnant women.37 In fact, 
there has been reported notably higher concentration of anti-MUC1 IgG AAbs in ovarian 
cancer patients compared to healthy and pregnant women, but similar IgM AAbs levels 
in the three scenarios.37 Other authors noted that IgM36 and IgG38 levels were 
significantly superior in early than in late stage of the disease, which might play a role in 
controlling disease spread and early diagnosis. It has also been observed the decrease 
of AAb levels with age, called immunosenescence.36,39,40 The explanation to this 
phenomenon is attributed to the formation of circulating immune complexes between 
the AAbs and the MUC1, so in middle-aged women (over 40 years) high MUC1 and low 
free AAb levels are due to an augmented release of MUC1 into circulation.36 More 
interestingly, events related to the formation of anti-MUC1 AAbs are inversely 
associated with ovarian cancer risk and the amount of ovulation cycles has been directly 
connected with a higher incidence for this illness. For instance, women who developed 
ovarian cancer were more likely to be nulliparous, have a family history of this disease 
and a relatively shorter durations of oral contraceptive use.39 
 
It is argued that events related to stoppage on the ovulation cycles, such as pregnancy 
or breast-feeding; contraceptive methods, like tubal ligation39 or IUD use; or even 
infection episodes, for example bone fracture, osteoporosis or mastitis;41 are linked to 
the triggering of an immune response,39,40,42 since the shed of MUC1 into the circulation 
provokes the development of protective anti-MUC1 AAbs. 
 
Finally, MUC1-specific AAbs have been pointed as prognostic immune biomarkers in 
platinum-resistant ovarian cancer, due to their elevated concentration in the platinum-
resistant and platinum-refractory tumors studied.43  
 
Significant efforts have been made on the development of an efficient methodology to 
detect anti-MUC1 AAbs in the serum of breast cancer patients, since their apparition is 
usually related to a better prognosis.44–47 As in ovarian cancer studies, differences in 
anti-MUC1 AAbs levels between early-stage breast cancer patients and healthy controls 
have been observed. Various authors have reported that rates of circulating anti-MUC1 
AAbs in patients with benign breast tumors and breast cancer were higher than those in 
healthy women.45,48–50 Conversely, other authors claim that these antibodies are 
present in both healthy controls and breast cancer patients.34,51–54 
 
The presence of anti-MUC1 AAbs has also been studied in other body fluids. For 
instance, in nipple aspirate fluids no significant difference between benign breast lesions 
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and healthy women was observed.52 On the contrary, in saliva there has been reported 
a higher expression of salivary AAbs when compared to healthy controls.49 
 
In addition, the progression on the concentration of IgG AAbs in serum with cancer 
phases has been studied. Slightly higher level of this isotype has been found in patients 
with stage II compared to stage I, it decreases in stage III and rises again in stage IV.46,48,55 
Nevertheless, other studies only found IgG AAbs in stages I and II, but not in late stage 
patients.32 Conversely, different authors point that the presence of these antibodies is 
characteristic in later stages of breast cancer.56 Regarding to IgM AAbs, their levels in 
stages II, III, IV are slightly higher compared to phase I.48 
 
Due to the presence of breast cancer antibodies in healthy controls, again, as in ovarian 
cancer, their apparition was related to reproductive events in women. For example, an 
increased IgM and IgG MUC1 circulating AAbs levels were demonstrated in non-
pregnant versus pregnant individuals and IgG in lactating respect to non-lactating 
women. Besides, no differences were found on both antibody isotypes levels among the 
trimesters of pregnancy.57 
 
Actually, detection of anti-MUC1 IgG is frequently related to a previous event that 
stimulates the immune system, such as pregnancy or lactation.48,54,57 This happens 
because of the access of MUC1 antigens to the circulation during pregnancy and 
lactation, and also in benign breast diseases.53 
 
The formation of circulating immune complexes between the AAbs and the MUC1 has 
also been observed in breast cancer. Their presence has been confirmed not only in 
healthy patients,57 but also in breast cancer patients.53,55 According to bibliography, 
MUC1 can circulate complexed with both IgG and IgM AAbs.55,57 
 
Eventually, there is a recent study stating that even if AAbs to MUC1 may be useful for 
determining prognosis in women with early-stage breast cancer, this kind of experiment 
is unlikely to be useful as a screening test for cancer within the general population. They 
extend this assertion to ovarian, lung and pancreatic cancer.34 
 
Concerning to colorectal cancer (CRC), there have not been addressed differences 
between the incidence of anti-MUC1 AAbs in early (I and II) and later clinical stages (III 
and IV), suggesting that this kind of study might be used for the screening of CRC in the 
early stages of the disease.58–60 
 
The relevance of the carbohydrate within the peptide backbone was reported in CRC, 
showing the relevance of this scaffold in the detection of MUC1-specifc IgG AAbs using 
glycopeptide microarray libraries.61 
 
Most recent studies demonstrate an increased sensitivity when the assay combines 
MUC1 with another cancer antigen, like p53 protein,62 or when a multi-marker 
combination is employed.63 These authors propose a multi-marker blood test for early 
detection of colorectal cancer. 
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The rest of cancer types have attracted less attention. For example, in lung cancer, the 
highest level of AAb sensitivity was found to MUC1 antigen among a cohort of 7 different 
ags.64 As in other kinds of cancer, the presence of IgG AAbs in healthy individuals has 
been reported.65  
 
It has been demonstrated that circulating anti-MUC1 AAbs could be a favorable 
prognosis factor in pancreatic cancer cases.66 In gastric cancer patients IgG immune 
response to MUC1 is significantly enhanced in patients than in healthy controls, which 
suggests a better outcome.44 Also in gastric cancer, it has also been found that in 
Helicobacter pylori infected individuals the IgG immune response to MUC1 is up 
regulated in gastric cancer patients.67 
 
Lastly, in multiple myeloma, yet IgM and IgG AAbs were detected in patients, the mean 
levels of both circulating AAbs were lower than those detected in healthy donors.68 It 
has also been observed an anti-MUC1 AAbs response in cervical carcinogenesis69 and 
prostate cancer.33 
 
The main conclusion that can be drawn from all the mentioned data is that, regardless 
of the vast research done, there is not yet a clear protocol to be applied on the 
determination of anti-MUC1 AAbs for early detection of cancer or treatment 
evolution. 
 
Nowadays, prostate cancer has become one of the major cancer types diagnosed in 
men, presenting an elevated mortality rate. Besides, at early stages it is generally 
asymptomatic and classic diagnostic procedures are highly invasive.70 A common 
prostate cancer biomarker found in serum is Prostate Specific Antigen, PSA,71–73 a 
glycoprotein enzyme secreted by the epithelial cells of the prostate gland. Nevertheless, 
PSA detection lacks of sensitivity and specificity, added to the observation of elevated 
levels of PSA in nonmalignant conditions, results in a high false positive rate.74–76 For 
these reasons, alternative tests based on the detection of prostate cancer AAbs have 
been recently reported,77–79 as well as our own research presented herein. 
 
We hypothesized that the election of the best antigen to be bound to the ELISA plate 
would be crucial to improve the sensibility of AAb detection, which is directly related to 
the antigen-antibody affinity.  
 
To enhance antibody recognition in serum of patients suffering from cancer, and 
consequently, detect small amounts of AAbs, in this investigation we propose to modify 
the structure of the antigen (MUC1). By means of the thorough study of the antigen-
antibody complex binding, most relevant interactions can be found and they may also 
be improved by substituting key atoms within antigen peptide backbone.  
 
Regarding this issue, within our research group, X-ray structures of diverse small 
(glyco)peptides in complex to the SM3 antibody have been recently published.80 In 
particular, the complexes between this antibody and the most immunogenic epitope of 
MUC1,81,82 the MUC1 fragment APDTRP,83 and its glycosylated counterpart, APDT(a-O-
GalNAc)RP, were examined.  
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Crystallographic analysis revealed that the surface groove of the antibody fits all of the 
peptide residues in each of the three substrates, whereas the presence of the GalNAc is 
not critical in the conformation of the peptide backbone complexed to SM3. Moreover, 
the stabilizing contacts observed include numerous hydrogen bonds, some of them 
mediated by water molecules, together with various staking interactions. The most 
significant interactions involving the peptide backbone (Figure 5.1) correspond to Pro7, 
staking against aromatic units of Trp91L, Trp96L and Tyr32L; and Asp8 and Arg10, whose 
side-chains are engaged in hydrophobic contacts with Trp33H and Tyr32H, respectively. 
Hydrogen bonds have been also observed in both glycopeptides between the NH group 
of Ala6 and the carbonyl group of Thr9/Ser9 with Tyr32L and Gln97H, respectively. 

 
 

Figure 5.1 Key binding interactions of glycopeptide APDT*RP in complex with antibody SM3 (pdb 
ID: 5a2k).  Dashed orange line represent Pro7-Trp91L stacking interaction and dashed blue l ines 

glycopeptide-SM3 hydrogen bonds. 
 
As a first approach to improve antigen-antibody affinity, hence, sensibility on AAb 
recognition, we proposed to modify the natural peptide structure of the MUC1 mucin. 
We decided to modify one particular residue to evaluate stabilizing interactions on the 
unnatural peptide. 
 
In this particular case, we have chosen Pro7 to be modified. Since this amino acid 
presents, as aforementioned, several staking interactions with the aromatic rings of 
diverse residues of the SM3 antibody, we proposed that increasing the polarization of 
bonds in the interacting C-H moieties , will be translated into a significantly enhanced of 
the corresponding CH/p interaction, as shown previously in blibliography.84–88 
Consequently, we speculated that by means of the substitution of one or two particular 
hydrogens of the Pro7 by a highly electronegative atom, for instance fluorine, the CH/p 
interaction would be reinforced, since the fluorine atom withdraws electronic density 
making hydrogens more electropositive (Figure 5.2). As unnatural residues, we chose 
(4S)-4-fluoro-L-proline and 4,4-difluoro-L-proline.  
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Figure 5.2 Util ization of  a f luorine atom to enhance the CH/p  

interaction between Pro7 and Trp91L. 
 
To provide theoretical support for this hypothesis, we previously calculated the 
electrostatic potential surface of a proline residue as a diamide and its fluorinated 
derivatives (Figure 5.3). Their interaction energies with an indole ring were also 
evaluated at the M06-2X/6-31+G(d,p) level of theory.89 The interacting Pro face displays 
a significantly larger positive electrostatic potential in both fluorinated derivatives.  

 

 
 

Figure 5.3 Electrostatic potential surfaces ( in au)  calculated at the 
 M0-2X/ 6-31+G(d,p)  level  in vacuum, showing re faces of  the Pro derivatives.  

Blue/red indicates positive/negative potentials. 
 
In the same way, this polarization effect is reflected in the theoretical interaction 
energies, decreasing binding energy in more than 1 kcal/ mol, meaning that the complex 
stabilization is larger than 1 kcal/mol, and also reducing theoretical distance Pro-indole 
in 1 Å. (Table 5.1). 
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Table 5.1 Binding energy calculated at the M06-2X/6-31+G(d,p) level in vacuum 
for the three Pro derivatives with an indole residue,  together with 

the optimized distance Pro-indole ring for the complexes. 
 

 
Binding 
Energy 

(kcal·mol-1) 

Distance 
Pro-indole 

(Å) 
L-proline -14.7 3.7 
(4S)-4-fluoro-L-proline -16.0 3.6 
4,4-difluoro-L-proline -15.9 3.6 

 
 

5.2.  Objectives 
 
Herein, our aim is to study how hydrogen-by-fluorine substitution at Pro7 within the 
MUC1 mucin backbone influences antigen-antibody binding affinity. Besides, we would 
like to analyze (glyco)peptide structures bound to the SM3 anti-MUC1 antibody, to 
provide with a rational explanation for the differences observed in recognition. Finally, 
we also desire to test the sensibility of our derivatives in serum of prostate cancer 
patients, in order to validate their use as tumor biomarkers. 
 
With this purpose, both mono- and difluorinated derivatives of the MUC1 mucin and 
their glycosylated counterparts were synthesized. To determine their binding affinity to 
two different anti-MUC1 antibodies, SM3 and VU3C6, microarray and BLI experiments 
were performed. 
 
Detailed structural studies of the fluorinated antigens were carried out on a shorter 
version of the MUC1 mucin. This fragment was studied crystallographically in complex 
with a single-chain variable fragment of the SM3 anti-MUC1 antibody (scFv-SM3) and 
also by NMR and MD simulations. 
 
In the end, as a proof-of-concept, we performed a serologic assay to study antigen-
antibody affinity by indirect ELISA; using the unnatural mucins synthesized by us as 
antigens and circulating anti-MUC1 AAbs in serum samples of patients presenting 
benign and malignant prostate tumors. 
 
 

5.3.  Synthesis 
 
The synthesis of all the peptides and glycopeptides shown in Figure 5.4, as well as their 
simplified version, fP*’, P*’ and 2fP*’, was performed using the MW-SPPS protocol with 
a Rink amide MBHA resin, Fmoc methodology and commercially available side chain 
protected amino acids. (See Experimental section 8.11.1). 
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Figure 5.4 MUC1-l ike peptides and glycopeptides synthesized and studied. 

 
The protected glycosyl amino acid (a-O-GalNAc-Thr) and fluorinated prolines ((4S)-4-
fluoro-L-proline and 4,4-difluoro-L-proline) were coupled manually as described in 
Experimental section 8.2., in order to reduce the number of equivalents required. The 
reaction time was extended compared to the in-machine synthesis and the end of the 
coupling was checked by Kaiser test.90 The O-acetyl groups of the carbohydrate were 
removed in a mixture of NH2NH2/MeOH (7:3). Afterwards, peptides were released from 
the resin, simultaneously with all the acid-labile side-chain protecting groups, using a 
cocktail cleavage consisting of TFA/TIS/H2O (95:2.5:2.5). Finally, the (glyco)peptides 
were purified by semi-preparative HPLC, lyophilized and characterized. 
 

5.4.  Affinity assays 
 
With these compounds in hand, we performed diverse affinity studies to evaluate the 
impact of the hydrogen-by-fluorine substitution on the antigen in association with the 
anti-MUC1 antibodies SM3 and VU3C6. 
 

5.4.1. Microarray assays 
 
Microarray assays were performed to determine the affinity of MUC1 mucin antigens 
with commercially available antibodies SM3 and VU3C6.91  

 
(Glyco)peptides were spotted on microarrays slides in quadruplicate at six different 
concentrations, from 500 µM to 15.6 µM. (See Experimental Section 8.6.). The 
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fluorescent image scans of both anti-MUC1 antibodies, SM3 and VU3C6, at 50 µg/mL, 
are shown in Figure 5.5. 

 

 
 

Figure 5.5 Fluorescent image scan of SM3 and VU3C6 (50 mg/mL both). 
 
In general, microarray experiments show an enhancement of antigen-antibody affinity 
for the fluorinated peptides. Both SM3 and VU3C6 antibodies recognize the mucins in a 
similar manner, yet affinity to SM3 is slightly higher for the unnatural glycosylated 
derivatives, compared to VU3C6. For instance, the affinity of both fP* and 2fP* (500 µM) 
for SM3 is approximately two-fold compared to the natural mucin, whereas the same 
scenario is less than 1.5-fold for VU3C6. To confirm these results the same 
(glyco)peptides were subjected to biolayer interferometry experiments from which 
quantitative binding data can be obtained. 
 
 

5.4.2. Biolayer interferometry (BLI) 
 
To determine affinity of the MUC1 antigens fP, fP*, 2fP and 2fP* with the scFv-SM3 
antibody,  the later were immobilized on amine-reactive biosensors to perform BLI 
experiments. (Experimental section 8.11.2.). Dissociation constants (KD) for each 
glyco(peptide) are shown in Figure 5.6.  
 
As previously reported by our group,80 the glycosylated counterpart, P*showed better 
affinity, more than 3-fold, than the naked peptide, P. The same observation is applicable 
to the fluorinated derivatives. In fact, MUC1 mucins containing (4S)-4-fluoro-L-proline 
(fP and fP*) and 4,4-difluoro-L-proline (2fP and 2fP*) displayed enhanced affinity 
compared to their natural counterparts (P and P*). Of note, in the case of the 
glycosylated antigens, both fP* and 2fP* present 3-fold enhancement with respect to 
the natural P*. 
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Figure 5.6  kD  constants obtained from BLI experiments for studied peptides.   

 
 

5.5.  Crystallographic studies  
 
To study the conformation of fluorinated peptides in complex with anti-MUC1 
antibodies, and consequently validate the aforementioned binding affinity experiments, 
crystallographic studies on the MUC1 mucins in complex with scFv-SM3 antibody were 
also carried out.  
 
To facilitate the crystallization, a shorter model of the MUC1 antigen was synthesized, 
comprising the sequence GVTSAfPDT*RPAP, denoted as fP*’. This fragment was 
complexed to scFv-SM3 antibody, as previously described.80 Crystals were grown by 
sitting drop diffusion at 18 ºC. (See Experimental section 8.11.3.), enabling the 
acquisition of a structure at high resolution (<2.0 Å).  
 

 
 

Figure 5.7 Crystal  structure of fP*’bound to scFv-SM3 (pdb ID: 5OWP). Peptide backbone carbon 
atoms appear in yel low, GalNAc carbon atoms are shown in cyan and carbon atoms of key 

residues of SM3 are highl ighted in purple.  The rest of  the antibody is show as grey ribbons. 
Fluorine atom appears in pink.  Dashed l ines indicating hydrogen bonds between peptide 

backbone and SM3 antibody. 
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Crystal structure of fP*’ fragment complexed with scFv-SM3 is shown in Figure 5.7 (pdb 
ID: 5OWP). Only SAPDTRP residues from the whole fP*’ peptide could be resolved, 
probably due to the higher flexibility of the rest of the amino acids. 
 
In general, the interactions between the unnatural glycopeptide and scFv-SM3 antibody 
are the same as those found for the natural glycopeptide described above (Figure 5.1). 
Key hydrogen bonds within the peptide backbone and the antibody have been 
highlighted as dashed lines in Figure 5.7. In addition, there is an intermolecular hydrogen 
bond between the hydroxymethyl group of GalNAc and the side chain of Tyr32L of the 
SM3. Besides, the N-acetyl group of the sugar stacks with the aromatic ring of Trp33H, 
which explains the enhanced affinity of anti-MUC1 antibodies for glycosylated antigens. 
As expected, a stacking interaction is also observed between the hydrogens 3 and 5 from 
the pyrrolidine (4S)-4-fluoro-L-proline ring and Trp91L. Both hydrogens appear 
perpendicularly presented over the indole ring of Trp91L. 
 
In Figure 5.8, experimental distances between the center of the Pro7 ring and Trp91 of 
diverse antigen-antibody complexes previously reported by us80 and others83 have been 
represented. The effect that fluorine plays on the reduction of the aforementioned 
distance is noticeable, since it has been shortened 0.2 Å compared with its natural 
counterpart, this is, APDT(a-O-GalNAc)RP, denoted as 5a2k. The same feature has been 
observed for the non-glycosylated peptide and the distance is 0.3 Å longer when 
fluorinated glycopeptide is compared with APDS(a-S-GalNAc)RP, denoted as 5a2j. 
Therefore, the hydrogen-by-fluorine substitution, in position 4 reinforces CH/p 
interaction with the tryptophan residue.  
 

 

  
 

Figure 5.8 Experimental  distances Pro−Trp91L obtained from X-ray structures  
of  various MUC1-l ike derivatives in complex with antibody SM3. 

 
Additionally, to verify the perfect fitting of fP*’ in the surface groove of the scFv-SM3 
antibody, its structure has been superposed to that of its natural counterparts. As can 
be observed in Figure 5.9, the superposition of the peptide backbone of glycopeptides 
fP*’ and APDT(a-O-GalNAc)RP,80 together with SAPDTRPAP peptide83 in complex with 
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SM3, remains unchanged. This fact suggests that the incorporation of a fluorine atom 
does not significantly modify the structure of the peptide in the bound state. 
 

 
 

Figure 5.9 Superposition of X-Ray structure of  fP*’,  APDT(a-O-GalNAc)RP  
and SAPDTRPAP (glyco)peptides. 

  
This implies that the antigen-antibody hydrogen-bonding network is identical for the 
unnatural glycopeptide presented herein, fP*’, and the previously reported 
complexes.80,83  
 

5.6.  Molecular Dynamics (MD) simulations 
 
As we couldn’t obtain de crystal structure of the 2fP*’ in the bound state with antibody 
SM3, we envisioned a theoretical study based on MD simulations. These calculations 
were also performed on fP*’/SM3 and P*’/SM3 complexes for comparative purposes. 
The 200 ns MD simulations in explicit solvent indicated that three complexes were stable 
through the whole simulation time.  
 

 
 

Figure 5.10 Representation of  f  and y  torsional angles for Af/2fPD(a-O-GalNA)RP  
fragment of fP*’  and 2fP*’ glycopeptides. 

 
First, we analyzed fs, ys and c1 torsional angles for the glycosidic linkage (GalNAc-Thr, 
shown in Figure 5.10) in glycopeptides fP*’ and 2fP*’ in complex with SM3 antibody. As 
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depicted in Figure 5.11, both present a similar conformational behavior, with ys ranging 
from 90 to 180º.92 It is important to note that the glycosidic linkage in the natural 
counterpart bound to SM3 displays a value of ys around 90º, likely to favor a CH/p 
interaction between the N-acetyl group of GalNAc and Trp33H and a hydrogen bond 
between the hydroxymethyl group of the sugar and Tyr32L.80 
 
For the glycopeptide fP*’ in complex with SM3 antibody, the main conformer populated 
observed in the crystal structure (pdb ID: 5OWP) is highlighted as a red dot in Figure 
5.11, which is different from that observed in solution by MD. 
 

 
Figure 5.11 f s and y s torsional angles for the glycosidic l inkage (GalNAc-Thr)  

in  glycopeptides fP*' and 2fP*' bound to SM3 antibody. 
 
 
In the same way, f and y torsional angles (Figure 5.10) for the backbone of fluorinated 
glycopeptides, fP*’ and 2fP*’, were monitored (Figure 5.12 and Figure 5.13, 
respectively). For both derivatives, Ala6, Asp8, Arg10 and both Pro7 and Pro11 exhibit 
an extended conformation, whereas GalNAc-Thr9 displays a folded conformation. 
 
As in the previous case, for the glycopeptide fP*’ bound to SM3, the main conformer 
observed in the X-Ray structure is depicted as a red dot (Figure 5.12). This is in fully 
agreement with that calculated in solution for all the residues, except for Pro11, which 
is slightly diverted. This results concerning to the peptide conformation are also 
concordant with previous studies performed by our group over the natural peptide 
APDT(a-O-GalNAc)RP in complex with SM3.80 
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Figure 5.12 f and y   torsional angles for the AfPDT(a-O-GalNAc)RP 

fragment in glycopeptide fP*' bound to SM3 antibody.   
 

 
Figure 5.13 f and y  torsional angles for the A2fPDT(a-O-GalNAc)RP 

fragment in glycopeptide  2fP*' bound to SM3 antibody. 
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We monitored then the distances between Pro and Trp91L through the MD simulations. 
Interestingly, this distance was shorter in the case of the fluorinated glycopeptides: 4.0 
± 0.4 Å was found in the case of the derivative fP*’, which is in agreement with X-ray 
structure previously described, and 4.1 ± 0.6 Å distance was observed for 2fP*’; whilst 
for the natural glycopeptide P*’ the distance Pro-Trp91L was 4.7 ± 0.4 Å. (Figure 5.14) 

 

 
 

Figure 5.14 Distance distribution of  Pro-Trp91L obtained for glycopeptide P*’ ( left panel),  
fP*’(middle panel)  and 2fP*’ (right panel)  bound to the antibody SM3. 

 
We can infer from these results that both mono- and difluorinated peptide 
conformations remain as in the natural derivative, therefore binding affinity would not 
be conformationally influenced by the hydrogen-by-fluorine substitution.  
 
Conversely, the enhancement in the fluorinated proline/tryptophan staking interaction, 
shortens the distance between these residues, providing with a theoretic explanation 
for the improvement in the antigen-antibody binding observed in the microarray and 
BLI experiments. 
 

5.7.  Serologic assay 
 
In order to check if the fluorinated mucins could detect anti-MUC1 AAbs in a more 
sensible way than their natural counterparts, we established an indirect Enzyme Linked 
Immunosorbent Assay (ELISA) protocol using human serum samples obtained from 
Biobanco-iMM, Lisbon Academic Medical Center (Lisbon, Portugal). (Table 5.2). 
 

Table 5.2 Age distribution of sera donors used for human anti-MUC1 AAbs detection. 

 
Therefore, in this indirect ELISA experiment, both natural MUC1 mucin, denoted as P*, 
and the difluorinated moiety 2fP* were checked on different serum samples from 
prostatic adenocarcinoma and prostatic benign hyperplasia, as well as healthy controls.  
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Diagnostic Age distribution (years) Number of 
samples 

Prostatic adenocarcinoma 65.3 ± 6.0 (p=0.0947, n.s.) 9 
Prostatic benign hyperplasia 71.6 ± 8.1 (p=0.0092, **) 11 

Male controls 60.2 ± 2.5 5 
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We chose to limit this study only to glycosylated peptides due to their enhanced binding 
affinity compared to their naked counterparts, as previously demonstrated by both BLI 
and microarray experiments. 
 
The experiment proceeded as described in Experimental Section 8.11.4. 
 

 
Figure 5.15 Serologic assay results of P*  and 2fP*  MUC1 antigens in human  
serum of prostate cancer patients at different stages. *p < 0.05; **p < 0.02. 

 
In Figure 5.15, ELISA experiment results for the natural MUC1 mucin, P*, and the 
fluorinated derivative, 2fP*, are shown. The values obtained have been normalized to 
healthy controls, disclosing a 6-fold increased binding affinity for 2fP* compared to P* 
in benign hyperplasia cases and more than 2-fold enhancement in adenocarcinoma 
serum. 
 
ELISA experiments have demonstrated that hydrogen-by-fluorine substitution positively 
alters antigen-antibody binding, enhancing sensibility of the recognition. Therefore, 
previous affinity assays and structural studies have been proved trustworthy, since they 
are supported by serologic assay. 
 

5.8.  Conclusions 
 
In this chapter, our starting hypothesis has been that the replacement of one specific 
residue within the most immunogenic epitope of MUC1 mucin, APDTRP, would 
contribute to stabilize the interactions with anti-MUC1 antibodies, improving their 
recognition. 
 
In this case, we decided to substitute Pro in position 7 by two fluorinated derivatives, 
either (4S)-4-fluoro-L-proline or 4,4-difluoro-L-proline. We postulated that this 
replacement would reinforce staking interactions that Pro7 presents with the aromatic 
ring of various residues of the SM3 antibody. Due to an increase in the polarization of 
the interacting CH moieties, the CH/p bonds would be significantly enhanced. 
 
Binding assays, such as BLI and microarray experiments, showed that effectively 
antigen-antibody interaction is higher when fluorine modified peptides are tested. We 
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compared mono- and difluorinated (glyco)peptides with their natural derivatives using 
two different anti-MUC1 antibodies, SM3 and VU3C6, obtaining in all cases better 
response in the two former cases. We also observed that KD constants were 3-fold lower 
in case of fluorinated glycopeptides. 
 
These results have been supported by the crystal structure of the APDTRP epitope of 
MUC1 bound to scFv-SM3 antibody. We could experimentally observe the staking 
interactions among hydrogens 3 and 5 from fluoroproline ring and indole ring of Trp91L, 
as we previously hypothesized. This influence reduces the Pro-Trp distance, as we have 
measured, but does not modify the peptide conformation, in comparison with natural 
peptides.  
 
Besides, X-ray structure of the fluorinated epitope in the bound state was superposed 
to that of natural peptides, showing no significant differences on their disposition. 
Consequently, the antigen−antibody hydrogen-bonding network is identical to that 
found in the previously reported complexes 
 
Backbone structure in complex with SM3 antibody was also studied by MD simulations. 
In line with crystal structure, peptide conformation remains unchanged for the 
fluorinated peptides. The most relevant difference was the shortening in the distance 
distribution of Pro7-Trp91L due to the influence of hydrogen-by-fluorine substitution. 
 
Finally, to validate aforementioned experiments, serologic assays, were conducted 
experiments on serum samples from prostatic adenocarcinoma, prostatic benign 
hyperplasia and healthy controls. ELISA experiment confirmed that the fluorinated 
glycopeptide 2fP* presents enhanced sensibility for AAbs than natural MUC1 mucin P*. 
 
In light of these results, we state that hydrogen-by-fluorine substitution in Pro7 within 
MUC1 mucin backbone successfully enhances antigen-antibody binding affinity. 
Therefore, this kind of derivatives might be applied on the determination of anti-MUC1 
AAbs for early detection or monitoring of cancer disease. 
 
This work has been published as an article entitled The Use of Fluoroproline in MUC1 
Antigen Enables Efficient Detection of Antibodies in Patients with Prostate Cancer in the 
Journal of American Chemical Society, DOI: 10.1021/jacs.7b09447.93 
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6. Short stay STn antigen 

6.1.  Synthesis of the STn antigen 
 
To expand the scope of this dissertation beyond the Tn antigen, we proposed as the 
main goal for a short-term stay the synthesis of the STn antigen and its further 
incorporation into a MUC1-like peptide epitope. This work was conducted in the lab of 
Dr. Westerlind (Leibniz-Institut für Analytische Wissenschaften, ISAS) in Dortmund, 
Germany. 
 
As mentioned in Introduction section, the STn antigen (a-Neu5Ac- 
2,6-GalNAc-a-O-Ser/Thr, Figure 6.1) is a truncated O-glycan containing a sialic acid a-
2,6 linked to the Tn antigen (a-O-GalNAc-Ser/Thr). In healthy cells sialic acid terminates 
the carbohydrate chain, hence paying a fundamental role in cellular recognition and cell 
adhesion and signaling;1,2 whereas the STn antigen appears exposed to the immune 
system on the surface of tumor epithelial cells, in a similar fashion as the Tn antigen. For 
this reason, the STn antigen has also been extensively applied in cancer therapy.3–9 Of 
note, STn is often co-expressed with the Tn antigen in cancer tissues, but in contrast to 
this one, the STn antigen is not a normal synthetic bioprecursor, meaning that its 
expression is necessarily pathologic.10,11 
 

  
 

Figure 6.1 STn antigen structure. 

 
The synthetic route followed to obtain both STn-Ser and STn-Thr proceeds as follows: 
first the Tn antigen skeleton is synthesized and then sialic acid is incorporated. To learn 
a different procedure from that of our own laboratory, we decided to start the synthesis 
from the beginning. Therefore, the azidosugar donor was obtained as described in 
Scheme 6.1.12,13 Carbohydrate halide 6-I was reduced to compound 6-II with zinc and 
copper sulfate, which was then treated with ammonium cerium (IV) nitrate (CAN) and 
sodium azide (NaN3) in acetonitrile under argon atmosphere. After the purification of 
compound 6-III by column chromatography, it was treated with lithium bromide (LiBr) 
to yield azidosugar donor 6-IV. 
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Scheme 6.1 Synthesis of  the azidosugar moiety. 

This sugar moiety was then reacted with either Ser (6-VIII) or Thr (6-VII) amino acids, 
conveniently protected, through the Koenigs-Knorr methodology to give derivatives 6-
IX and 6-X, respectively. Azide group was subsequently transformed into the acetamide 
group of the GalNAc unit after treatment with thioacetic acid in pyridine, allowing to 
obtain compounds Tn-Thr’’ and Tn-Ser’’ after purification by column chromatography. 
(Scheme 6.2). 
 

 
 

Scheme 6.2 Synthetic route fol lowed to obtain Tn-Ser’’ and Tn-Thr’’  derivatives. 

 
In parallel, commercially available sialic acid was protected as described in Scheme 6.3 
to yield glycosyl donor 6-XV, which was used to form the disaccharide building block. 
Firstly, hydroxyl groups were protected as acetyl groups (6-XII) and carboxylic acid as 
benzyl ester to obtain compound 6-XIII, which was subsequently transformed into sialyl 
chloride 6-XIV. Compound 6-XIV was allowed to react with O-ethyl S-potassium 
dithiocarbonate in ethanol to obtain a-sialyl xanthate 6-XV.14 
 

 
 

Scheme 6.3 Synthetic route fol lowed to obtain a-sialyl  xanthate (XV ). 

 
Prior to glycosylation, acetyl groups of Tn-Thr’’/Ser’’ were removed with MeONa/MeOH 
to give derivatives 6-XVI and 6-XVII, respectively. Next, glycosyl donor 6-XV was coupled 
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to them in the presence of silver triflate and methanesulfenyl bromide to obtain 
respective derivatives 6-XVIII and 6-XIX, in an anomeric ratio of a/b 4:1 for both 
compounds.15 Hydroxyl groups of the GalNAc moiety were acetylated again to give 
compounds 6-XX and 6-XXI. Finally, the removal of the tert-butyl group in acid media 
gave STn-Thr and STn-Ser, which were ready-to-use in SPPS without further purification. 
(Scheme 6.4). 
 

 
 

Scheme 6.4 Synthetic route fol lowed to obtain STn-Ser  and STn-Thr derivatives. 

 
STn-Thr and STn-Ser were subsequently incorporated into the APDT/SRP epitope 
through an in-machine coupling, but with an extended reaction time compared to the 
naked amino acids. Once the peptide synthesis was completed, derivatives were cleaved 
from the resin, using a mixture of TFA/TIS/H2O (15:0.9:0.9). The carboxylic acid was then 
deprotected through a hydrogenolysis reaction with Pd/C in MeOH, followed by 
deacetylation with MeONa/MeOH. Glycopeptides STn-Thr*’ and STn-Ser*’ (Figure 6.2) 
were finally purified by semi-preparative HPLC and lyophilized. 
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Figure 6.2 MUC1 epitopes containing the STn antigen synthesized. 

 
Out of the scope of this Thesis, the next step will be the thorough study of the 
conformational preferences of both glycopeptides, STn-Thr*’ and STn-Ser*’, in solution, 
using NMR and MD simulations, as well as in the SM3-bound state, applying X-ray 
crystallography. This study will result in a deeper comprehension of the STn antigen 
conformational preferences, thus, allowing us to understand the molecular basis of 
antigen-antibody recognition process as we previously showed with the Tn antigen. We 
also envision the synthesis of unnatural STn derivatives, conveniently modified in 
specific positions, with an enhanced binding affinity for antibodies. The ultimate goal of 
this research will be a rational design of refined tools in cancer treatment or diagnosis 
including modified STn moieties within their structure. 
 
  

STn-Thr*’ APDTRP

APDSRPSTn-Ser*’

T S

a-Neu5Ac-2,6-a-O-GalNAc-Thr a-Neu5Ac-2,6-a-O-GalNAc-Ser
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7. Conclusions 
7.1.  Conclusions 

 GalNAc 
The following conclusions can be drawn from the work described along this dissertation:  
 

v Benzylamide derivatives of both Tn antigens  (a-O-GalNAc-Ser and a-O-GalNAc-
Thr) have been synthesized and their conformational preferences studied in 
solution. As it occurs with the methylated variant, whereas the sugar moiety 
appears perpendicularly oriented with respect to the backbone in the Thr 
derivative, in the case of the Ser analogue, the sugar moiety adopts a parallel 
arrangement over the backbone of the underlying peptide. This work has been  
completed with the study of these compounds in the gas phase by analyzing their 
infrared ion-dip spectra. The data revealed that the two Tn antigen variants 
present identical geometry free of any interference of solvent. This fact 
highlights the strong influence that the water molecules within the first 
hydration shell plays in sculpting the 3D structure of these determinants in 
solution. Thus, water molecules prompt the rotation around the glycosidic 
linkage in the threonine derivative, forcing the eclipsed conformation of this 
linkage to shield the hydrophobic methyl group and allow an optimal solvation 
of the polar region of the antigen. The unusual arrangement of 
α-O-GalNAc-Thr features a water molecule bound into a “pocket” between 
the sugar and the threonine. This mechanism is supported by trapping such 
localized water in the crystal structures of the SM3 antibody 
bound to two glycopeptides that comprise fluorinated Tn antigens in their 
structure  

 
v The impact that a change in the b-methyl group of Thr9 causes on the 20-mer 

MUC1 mucin conformation and its recognition by antibodies has been studied. 
To this purpose, Thr9 residue was replaced by its epimer at the Cb, alloThr, and   
(2S,3R)-hydroxy-L-norvaline (Hnv), which displays a b-ethyl group instead of the 
b-methyl one. The binding studies conducted on several synthesized MUC1-like 
glycopeptides point out the significance that the the b-methyl group of Thr has 
in shape complementary with the antibodies. In fact , the allo-Thr analogue, in 
which the methyl group is located in a different region, the CH/p interaction is 
not possible, causing a significant drop in the affinity. Notably, a comparable 
binding affinity was observed for the glycosylated Hnv derivative and its natural 
counterpart. The crystal structure of this unnatural epitope in complex to scFV-
SM3 antibody revealed a similar pattern of interactions than in the natural Thr 
variant, with a CH/p interaction between the ethyl group and Tyr32L of the SM3. 
Altogether, this study indicates that a MUC1-like peptide containing the 
glycosylated Hnv moiety may be a promising candidate for the designing an 
efficacious anti-cancer vaccine. 

 
v An unnatural Tn glycomimetic incorporating a sp2-iminosugar was used to 

synthesize an anti-cancer vaccine. The in vivo experiments performed with the 
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novel vaccine showed that this scaffold was more immunogenic than its natural 
Thr-derived counterpart. The study also demonstrated that the antibodies 
elicited by the unnatural vaccine were capable of recognizing natural MUC1 
glycopeptides, which represent an essential feature in vaccine design. 
 

v The stacking of Pro7 in the antigen against aromatic residues of the SM3 
antibody is a crucial feature of the antibody–antigen complex. The substitution 
of Pro7 within MUC1 mucin backbone by two fluorinated derivatives, either (4S)-
4-fluoro-L-proline or 4,4-difluoro-L-proline allowed to enhance the strength of 
this interaction. Besides, crystallographic studies proved that fluorinated 
glycopeptides conformation remains unchanged compared to the natural Thr 
epitope. A shortening in the in the distance distribution of Pro7-Trp91L, due to 
the influence of hydrogen-by-fluorine substitution, was observed. The 
fluorinated derivatives also presented improved sensibility for antibodies on 
serum samples from prostatic adenocarcinoma, compared to natural MUC1 
mucin. 
 

v In a short-time research stay in the lab of Dr. Westerlind (Leibniz-Institut für 
Analytische Wissenschaften, ISAS, Germany) the STn antigens (a-Neu5-2,6-a-O-
GalNAc-Thr and a-Neu5-2,6-a-O-GalNAc-Ser) were synthesized and 
incorporated into the short epitope of MUC1. Out of the scope of this 
dissertation, the conformation of these glycopeptides will be studied in solution 
and complexed to the SM3 anti-MUC1 antibody by X-ray diffraction. 
 

v  The research outcomes herein presented were deduced by a multidisciplinary 
approach that involves the use of diverse techniques, such as Nuclear Magnetic 
Resonance (NMR), Molecular Dynamics simulations (MD), Quantum Mechanical 
calculations (QM), X-ray diffraction, Bio-Layer Interferometry (BLI), Surface 
Plasmon Resonance (SPR), micro array and Enzyme-Linked Immunosorbent 
Assays (ELISA). 
 

v The results compiled in this dissertation demonstrate, firstly, the non-
equivalence of Ser and Thr residues when are part of the Tn antigen and the key 
role of water in the modulation of their conformational preferences. Secondly, 
based on a rational design derived from structural data, the incorporation of 
unnatural residues, either within Tn antigen moiety or substituting a MUC1 
mucin amino acid, has proved to enhance binding affinity towards antibodies, 
resulting in an improved vaccination outcome or more sensible tumor 
biomarkers. 
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7.2.  Conclusiones 

 
Las conclusiones derivadas del trabajo recogido en la presente Tesis Doctoral son las 
siguientes: 
 

v Han sido sintetizados derivados del antígeno Tn, a-O-GalNAc-Ser y a-O-GalNAc-
Thr, cuyo extremo amino se encuentra protegido con benzilamida. Se ha 
analizado su conformación en disolución, mostrando que el carbohidrato se 
presenta de manera diferente para ambos. Mientras que el GalNAc se dispone 
de manera perpendicular con respecto a la cadena peptídica en el derivado de 
Thr, en el caso de la Ser éste adopta una disposición paralela sobre el esqueleto 
peptídico. Este trabajo se ha completado con el estudio de estos compuestos en 
fase gas, analizándolos mediante espectroscopia infrarroja, en la cual presentan 
la misma geometría. Este hecho pone de manifiesto la fuerte influencia que la 
solvatación del agua ejerce sobre el antígeno Tn, conformando la estructura 
tridimensional de estos compuestos en disolución. Así, las moléculas de agua 
provocan un giro alrededor del enlace glicosídico en el caso del derivado de 
treonina, forzando una conformación eclipsada que oculta el grupo metilo 
hidrofóbico y permite una solvatación óptima de la región polar del antígeno. 
Esta disposición inusual de la α-O-GalNAc-Thr permite la aparición de una 
molécula de agua puente entre el azúcar y la treonina, cuya presencia ha sido 
demostrada mediante la captura de ésta en las estructuras cristalinas del 
anticuerpo SM3 unido a dos glicopéptidos que incluyen derivados fluorados del 
antígeno Tn en su estructura. 

 
v Se ha estudiado la influencia que un cambio en el grupo metilo en posición b de 

la treonina 9 causa en la conformación de la mucina MUC1 de 20 residuos y su 
reconocimiento molecular mediante anticuerpos. El residuo de Thr9 fue 
reemplazado por su epímero en el carbono b, alloThr, y por el aminoácido 
(2S,3R)-hidroxy-L-norvalina (Hnv), el cual presenta un grupo etilo en b en vez de 
un metilo. Estudios de afinidad llevados a cabo en diversos glicopéptidos de tipo 
MUC1 señalan la importancia que el grupo b-metilo de la Thr tiene en el 
reconocimiento mediante anticuerpos. De hecho, el análogo de allo-Thr, en el 
que el grupo metilo se localiza en una región diferente, carece de una interacción 
CH/p fundamental, causando una notable disminución de la afinidad. Sin 
embargo, en el derivado glicosilado de Hnv se observa una afinidad comparable 
a la del derivado natural. La estructura cristalina de este epítopo no natural 
acomplejado con el anticuerpo scFV-SM3 presenta un patrón de interacciones 
muy similar al del derivado de treonina natural, observándose una interacción 
CH/p entre el grupo etilo y la Tyr32L del SM3. Por estos motivos, un péptido 
derivado de MUC1 que contenga un aminoácido de Hnv glicosilada representa 
un candidato prometedor en el diseño de una vacuna contra el cáncer. 

 
v Un glicomimético del antígeno Tn derivado de iminoazúcares de tipo sp2 ha sido 

incorporado en una vacuna derivada de MUC1.  Ensayos in vivo han demostrado 
que este derivado es más inmunogénico que el derivado natural de Thr con la 
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misma estructura. Además, los anticuerpos que fueron generados tras el 
tratamiento con la vacuna no natural han sido capaces de reconocer 
glicopéptidos de tipo MUC1 naturales, siendo ésta una característica esencial 
para el diseño de vacunas de este tipo. 
 

v La interacción de la Pro7 del antígeno sobre residuos aromáticos del anticuerpo 
SM3 es fundamental en el complejo antígeno-anticuerpo. La sustitución de la 
Pro7 dentro del esqueleto peptídico de la mucina MUC1 por dos derivados 
fluorados, bien sea (4S)-4-fluoro-L-prolina o 4,4-difluoro-L-prolina, permite 
aumentar su interacción en este tipo de sistemas. Además, posteriores estudios 
cristalográficos han probado que los glicopéptidos fluorados mantienen la 
misma conformación que su equivalente natural. También se ha observado una 
disminución en la distancia de la interacción Pro7-Trp91L, debido a la influencia 
de la sustitución de hidrógeno por flúor. Así mismo, los derivados fluorados han 
presentado una mejora en la sensibilidad a la hora de reconocer anticuerpos 
obtenidos en muestras de suero de pacientes de cáncer de próstata, en 
comparación con las mucinas naturales. 
 

v Durante una estancia breve de investigación en el laboratorio de la Dr. 
Westerlind (ISAS, Alemania) se llevó a cabo la síntesis de los antígenos STn (a-
Neu5-2,6-a-O-GalNAc-Thr y a-Neu5-2,6-a-O-GalNAc-Ser), los cuales fueron 
incorporados en el epítopo de la MUC1. Fuera de las competencias de esta tesis, 
la conformación de estos glicopéptidos será estudiada en disolución o formando 
un complejo con el anticuerpo anti-MUC1 SM3 mediante difracción de rayos X. 

 
v Los resultados de esta investigación han sido obtenidos mediante una 

aproximación multidisciplinar que comprende el empleo de diversas técnicas 
como por ejemplo, Resonancia Magnética Nuclear, cálculos de Dinámica 
Molecular y Mecánica Cuántica, difracción de rayos X y experimentos para 
conocer afinidad entre sistemas como Bio-Layer Interferometry (BLI), Surface 
Plasmon Resonance (SPR), micro arrays y Enzyme-Linked Immunosorbent Assays 
(ELISA). 

 
v Los resultados derivados de esta Tesis demuestran, en primer lugar, que los 

residuos de serina y treonina, componentes del antígeno Tn, no son equivalentes 
y el agua circundante juega un papel crucial en la modulación de su 
conformación. En segundo lugar, que basándonos en un diseño racional a partir 
de datos estructurales, es posible incorporar aminoácidos no naturales, ya sea 
modificando la estructura del antígeno Tn o sustituyendo otro aminoácido de la 
mucina MUC1; de manera que estos cambios permitan mejorar la afinidad hacia 
anticuerpos, dando como resultado una mejora en su uso como vacunas o 
marcadores tumorales más sensibles. 
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8.  Experimental section 

8.1.  Reagents and general procedures 
 
Commercial reagents were used without further purification. Analytical thin layer 
chromatography (TLC) was performed on glass plates precoated with a 0.25 mm 
thickness of silica gel. TLC plates were visualized with UV light and by staining with 
phosphomolibdic acid (4.5 g) in ethanol (100 mL) or 10% H2SO4 in ethanol  solutions. 
Column chromatography was performed on silicagel (230-400 mesh). Mass 
spectrometry analyses were performed on HP 59987B, using electron impact ionization. 
Electrospray-mass spectrometry (ESI-MS) were performed on the same equipment with 
HP 59987A interface and were registered in positive or negative ion mode. A Bruker 
Microtof-Q spectrometer was also used. 
 
 

8.2.  Solid Phase Peptide Synthesis (SPPS) 
 
All (glyco)peptides were synthesized by a micro-wave assisted solid-phase peptide 
synthesis on a Liberty Blue synthesizer, using the Fmoc strategy on Rink Amide MBHA 
resin (0.1 mmol) and oxyma Pure and DIC as coupling agents. 
 
Unnatural and glycosylated amino acids were coupled manually as follows: 1.5 equiv. of 
the corresponding amino acid together with HBTU (0.9 equiv.) and 0.25 mL of DIPEA (2.0 
M in NMP) were dissolved in 1 mL of DMF. Reaction mixture was added to the resin and 
vortex shacked for usually 3 h, until the coupling was completed as deduced by Kaiser 
test.1 The resin was then placed in the reactor vessel of the peptide synthesizer again to 
complete the sequence. Once the synthesis was completed, the resin was removed from 
the peptide synthesizer. In glycopeptides, acetate groups of the carbohydrate were 
deprotected using 5 mL of a hydrazine/MeOH (7:3) solution. Afterwards, resin is rinsed 
with MeOH and DCM. 
 
(Glyco)peptides were released from the resin, as well as acid sensitive side-chain 
protecting groups, using 3 mL of TFA/TIS/H2O (95:2.5:2.5), followed by precipitation 
with cold diethyl ether (10 mL). The resin was placed in the peptide synthesizer again 
and microwaved for 40 min at 38 ºC. In Cys-containing (glyco)peptides, a solution of 
TFA/TIS/H2O/EDT (92.5:2.5:2.5:2.5) was used for 3 h at 25 ºC without microwave 
irradiation. (Glyco)peptides were centrifuged for 6 min at 6500 rpm and the supernatant 
solution was discarded, this process was repeated three times. Finally, (glyco)peptides 
were dried and redissolved in water to be purified by reverse phase HPLC on a 
Phenomenex Luna C18(2) column (10 µm, 250 mm x 21.2 mm) with a flow rate of 10 or 
20 mL/min. UV detection was done at 212 nm. 
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8.3.  NMR studies 
 
1H NMR experiments were performed at 300 or 400 MHz, 13C NMR experiments were 
conducted at 75.5 or 100.6 MHz and decoupled 19F{1H} NMR experiments at 282 MHz. 
 
Magnitude-mode ge-2D COSY spectra were acquired with gradients by using the 
cosygpqf pulse program with a pulse width of 90º. Phase-sensitive ge-2D HSQC spectra 
were acquired by using z-filter and selection before t1 removing the decoupling during 
acquisition by using of the invigpndph pulse program with CNST2 (JHC)=145. 
 
ROESY experiments were recorded on a Bruker Avance 400 spectrometer at 298 K and 
pH 6.5 in H2O/D2O (9:1). The experiments were conducted by using phase-sensitive ge-
2D ROESY with the WATERGATE method. ROESY intensities were normalized with 
respect to the diagonal peak at zero mixing time. The number of scans used was 32 and 
the mixing time was 500 ms. Distances involving NH protons were semi-quantitatively 
determined by integrating the volume of the corresponding cross-peaks.  
 
Chemical shifts are given in ppm (d) and coupling constants (J) in Hz. Chloroform, with 
TMS as internal reference, methanol and water were used as deuterated solvents. The 
results were processed using MestReNova software. 
 
 

8.4.  Unrestrained molecular dynamics (MD) simulations 
 
All molecular dynamics (MD) simulations were carried out on in-house GPU clusters. The 
starting geometries for the complexes were generated from the available data 
deposited in the Protein Data Bank (pdb IDs: 5A2K –scFv-SM3–) and modified 
accordingly. Each model complex was immersed in a 10 Å-sided cube with pre-
equilibrated TIP3P water molecules.2,3 
 
Firstly, only the water molecules are minimized, and then heated to 300 K. The water 
box, together with ions, was then minimized, followed by a short MD simulation. A two-
stage geometry optimization approach was performed. The first stage minimizes only 
the positions of solvent molecules and the second stage is an unrestrained minimization 
of all the atoms in the simulation cell. The systems were then gently heated by 
incrementing the temperature from 0 to 300 K under a constant pressure of 1 atm and 
periodic boundary conditions. Harmonic restraints of 30 kcal·mol-1 were applied to the 
solute, and the Andersen temperature-coupling scheme was used to control and 
equalize the temperature. The time step was kept at 1 fs during the heating stages, 
allowing potential inhomogeneities to self-adjust. Long-range electrostatic effects were 
modelled using the particle-mesh-Ewald method.4 An 8 Å cut-off was applied to 
Lennard-Jones interactions. MD simulations were performed with the Sander module of 
AMBER 12 (parm99 force field),5 which was implemented with GAFF parameters,6 and 
AMBER 16 package,7 implemented with ff14SB,8 GAFF6 and GLYCAM06j9 force fields. 
The parameters and charges for the unnatural amino acids were generated with the 
antechamber module of AMBER, using GAFF force field and AM1-BCC method for 
charges.10  



Experimental section 

 

 139 

 
Each system was equilibrated for 2 ns with a 2 fs time step at a constant volume and 
temperature of 300 K. Production trajectories were then run for (usually) additional 200 
ns under the same simulation conditions. 
 
 

8.5.  MD simulations with time-averaged restraints or Experiment-
guided MD simulations 

 
The MD simulations with time averaged restraints were performed with AMBER 16 
package,7 implemented with ff14SB,8 GAFF6 and GLYCAM06j9 force fields. The specific 
simulation conditions were also similar to those described previously by our group.11  
 
The ROESY-derived distances were imposed as time-averaged constraint, applying an r−6 
averaging. The equilibrium distance range was set to: rexp − 0.2 Å ≤ rexp ≤ rexp + 0.2 Å. 
Trajectories were run at 298 K, with usually a decay constant of 100 ns and a time step 
of 1 fs. The force constants rk2 and rk3 used in each case were 10 kcal·mol−1·Å−2. The 
overall simulation length was 1 µs. The coordinates were saved each 1 ps, obtaining MD 
trajectories of 1000000 frames each. A convergence within the equilibrium distance 
range was obtained in the simulations.  
 
 

8.6.  Microarray binding assay 
 
Microarray binding experiments were carried out by Dr. Fayna Garcia-Martin in the 
Hokkaido University (Hokkaido, Japan). Plastic microarrays slides (75 mm long, 25 mm 
wide and 1 mm thick) were purchased from Sumitomo Bakelite Co., Ltd. (Tokyo, Japan), 
as well as hybridization covers (60 × 25 × 0.7 mm). (Glyco)peptides were spotted by 
MicroSys 5100 (Cartesian Technologies, CA, USA). Anti-MUC1 mouse mAbs clon SM3 
(0.2 mg/mL) was purchased from Santa Cruz Biotechnology (TX, USA) and VU-3C6 (0.86 
mg/mL) from Exalpha (MA, USA). FluoroLinkTM CyTM3-labeled goat anti-mouse IgG was 
from Amersham Biosciences (Buckinghamshire, UK). 
 
For the binding assay the next buffers and solutions were employed: buffer for the 
solution of mAb: 50 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, MnCl2, MgCl2, 0.05% 
Tween-20, 0.1% BSA, pH 7.4. Washing buffer: 50 mM Tris-HCl, 100 mM NaCl, 1 mM 
CaCl2, MnCl2, MgCl2, 0.05% Triton X-100, pH 7.4. 
 

8.6.1. Microarray printing 
 
(Glyco)peptides were covalently immobilized to their N-terminal amino group with a 
0.6-mm pitch using a Filgen solid spin (200 μm pin diameter). Each compound was 
printed in quadruplicate with 0.3 mm distance between spots of same compound and 
0.6 mm gap among different compounds (Figure 8.1, left panel). Each (glyco)peptide 
was printed at six different concentrations from 15.6 µM to 500 µM (Figure 8.1, right 
panel). Cy3 labeled BSA protein (25 µg/mL) was used as grid.  



Experimental section 

 

 140 

 

 
 

Figure 8.1 Microarray slides,  schematic microarray printing on chamber sl ide (left panel) and 
printing pattern of  each compound group (right panel).   

 
Spotting conditions were 23 °C and 60% of humidity. After printing, slides were 
incubated overnight on dry conditions. Non-reacted groups were inactivated by blocking 
buffer at 37 °C for 1 h under slow agitation. Finally, slides were rinsed by washing buffer 
(3 x 5 min) and dried by centrifugation and then used for further binding assay of mAb. 
 

8.6.2. Microarray mAb binding assay 
 
For the mAb incubation, 20 μL of mAb solution in buffer (50.0 μg/mL) was carefully 
added onto each chamber of slides and they were kept at room temperature for 2 h on 
humid conditions. Afterwards, 3 x 2 min washing buffer washing steps and 
centrifugation drying were followed by incubation with secondary Ab (Cy3-labeled Ab), 
diluted to 1 μg/mL in buffer. It was infused between hybridization covers and slides for 
1 h at room temperature in the absence of light. 
 
Slides were then washed by different methods (stated for each case): (a) washing buffer 
(3 x 2 min) and dried up by centrifugation; (b) previous method (a) followed by washing 
buffer (2 x 2 min), water washing (2 x 2 min) and dried up by centrifugation. To storage 
the slides, they were degassed under vacuum and kept at 4 °C.  
 
Slides were subjected to fluorescent image scanning on a Tryphoon Trio Plus instrument 
(GE Healthcare). Array Vision software was used to quantify the fluorescence of each 
spot. The average value of relative fluorescence intensity (RFU) was used; spot 
intensities were determined by subtracting the average pixel intensity from the median 
pixel intensity of the local background within the spots. 
 
 

8.7.  Bio-layer Interferometry  
 
BLI experiments were conducted by Dr. Gonçalo Bernardes in Cambridge University 
(Cambridge, United Kingdom).  
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Binding assays were performed on an Octet Red Instrument (fortéBIO). Ligand 
immobilization, binding reactions, regeneration and washes were conducted in wells of 
black polypropylene 96-well microplates.  
 
(Glyco)peptides (10 mg/mL) were immobilized on amine-reactive biosensors (AR2G 
biosensors) in 10 mM sodium acetate pH 5.5 buffer, using 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide and N-hydroxysuccinimide as coupling agent for 10 
min at 1000 rpm at 25 ºC. The excess of reactive esters was then blocked with a solution 
of ethanolamine hydrochloride (1M, pH 8.5), followed by regeneration (glycine pH 2.0 
buffer) and washing.  
 
Binding analyses were carried out at 25 ºC, 1000 rpm in 10 mM sodium phosphate buffer 
(pH 7.4) containing 150 mM NaCl, using different concentrations of the recombinant 
SM3 antibody to obtain the association curves, with a 120 s of association followed by 
a 180 s of dissociation. The surface was thoroughly washed with the running buffer 
without regeneration solution.  
 
Data were analyzed using Data Analysis (fortéBIO), with Savitzky-Golay filtering. Binding 
was fitted to a 2:1 heterogeneous ligand model. Steady state analysis was performed to 
obtain the binding kinetics constants (KD). 
 
 

8.8.  Crystallization 
 
Crystal structures were successfully obtained by Dr. Ramón Hurtado-Guerrero in the 
Instituto de Biocomputación y Física de Sistemas Complejos and the University of 
Zaragoza (Zaragoza, Spain). 
 
Expression and purification of scFv-SM3 has been described previously.12  
 
Crystals were grown by sitting drop diffusion at 18 ºC. The drops were prepared by 
mixing 0.5 μL of protein solution, containing 15 mg/mL of scFv-SM3 and 10 mM of 
respective glycopeptides with 0.5 μL of the mother liquor.  
 
Crystals of scFv-SM3 with the aforementioned glycopeptide were grown in 20% PEG 
3350, 0.2 M disodium hydrogen phosphate. The crystals were cryoprotected in mother 
liquor containing 15% ethylene glycol and frozen in a nitrogen gas stream cooled to 100 
K. 
 
The data was processed and scaled using XDS package13 and CCP4 software.14 The crystal 
structures were solved by molecular replacement with Phaser15 and using PDB entry 
1SM3 as the template. Initial phases ware further improved by cycles of manual model 
building in Coot63 and refinement with REF-MAC5.16 The final models were validated 
with PROCHECK.17 
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8.9.  Experimental section chapter 3 
 

8.9.1. Synthesis 
 
Synthesis of compound 3-II 

 

 
 

To a solution of derivative 3-I,31  (600 mg, 0.89 mmol) in CH3CN (15 mL), DIPEA (311 µL, 
1.79 mmol) and HBTU (339 mg, 0.89 mmol) were added. After stirring the reaction 
mixture for approximately 10 min, NH2Bn (98 µL, 0.89 mmol) was added. After 1 h, 
EtAcO (25 mL) was added and the subsequent solution was washed with a saturated 
solution of K2CO3 (25 mL) and 0.5 M HCl (25 mL), filtered and concentrated in vacuum. 
The residue was purified by silica gel column chromatography (CH2Cl2/MeOH, 95:5) to 
give compound 3-II (485 g, 71%) as a white solid.  
 
HRMS (m/z): [M]+ calcd. for C40H46N3O12, 760.3076; found, 760.3072. 
 
1H NMR (400 MHz, CDCl3) d (ppm): 1.26 (d, 3H, J = 4.3 Hz, MeThr), 1.91 (s, 3H, NHCOCH3), 
2.00 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 2.16 (s, 3H, COCH3), 4.03 – 4.09 (m, 2H, 2H6S), 
4.16 – 4.31 (m, 4H, CHFmoc, H5S, Ha, Hb), 4.33 – 4.61 (m, 5H, H2S, CH2Fmoc, CH2Ph), 4.91 
(s, 1H, H1S), 5.03 (d, 1H, J = 11.0, H3S), 5.36 (s, 1H, H4S), 7.18 – 7.24 (m, 2H, Fmoc), 7.28 – 
7.43 (m, 7H, Fmoc, Ph), 7.56 – 7.64 (m, 2H, Fmoc), 7.73 – 7.78 (m, 2H, Fmoc).  
 
13C NMR (100 MHz, CDCl3) d (ppm): 17.5 (MeThr), 20.7 (CH3CO), 20.8 (CH3CO), 20.9 
(CH3CO), 23.0 (NHCOCH3), 43.8 (CH2Ph), 47.2 (CHFmoc), 47.7 (C2S), 58.8 (Cα), 62.0 (C6S), 
67.3 (CH2Fmoc), 67.5 (C4S), 67.7 (C5S), 68.8 (C3S), 77.4 (Cβ), 100.1 (C1S), 120.1, 125.0, 
127.2, 127.9 (Fmoc), 127.6, 127.6, 127.9, 129.0, 129.0, 137.2 (Ph), 141.4, 143.5, 143.6 
(Fmoc), 156.8 (NCOO), 169.9, 170.3, 170.4, 170.7, 170.9 (CO). 
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Synthesis of compound 3-III 
 

 
 

Compound 3-II (356 mg, 0.47 mmol) was dissolved in CH3CN/piperidine (4 mL, 3:1). After 
stirring the mixture for 30 min at room temperature, the solvent was removed, and the 
crude product was purified by silica gel column chromatography (hexane/ethyl acetate, 
1:1, then CH2Cl2/MeOH, 9:1) to give building block 3-III (229 mg, 91%) as a white solid.  
 
HRMS (m/z): [M]+ calcd. for C25H36N3O10, 538.2395; found, 538.2396.  
 
1H NMR (400 MHz, CDCl3) d (ppm): 1.31 (d, 3H, J = 6.4 Hz, MeThr), 1.93 (s, 3H, NHCOCH3), 
1.99 (s, 3H, COCH3), 2.04 (s, 3H, COCH3), 2.16 (s, 3H, COCH3), 3.34 (d, 1H, J = 2.7 Hz, Ha), 
4.08 (d, 2H, J = 6.6 Hz, 2H6S), 4.27 (td, 1H, J = 6.6, 1.3 Hz, H5S), 4.39 – 4.47 (m, 2H, Hb, 
CH2Ph), 4.53 – 4.61 (m, 2H, CH2Ph, H2S), 4.95 (d, 1H, J = 3.5 Hz, H1S), 5.02 (dd, 1H, J = 
11.3, 3.2 Hz, H3S), 5.37 (dd, 1H, J = 3.1, 1.3 Hz, H4S), 7.25 – 7.31 (m, 3H, Bn), 7.32 – 7.37 
(m, 2H, Bn). 
 
13C NMR (100 MHz, CDCl3) d (ppm): 16.9 (MeThr), 20.7 (CH3CO), 20.8 (CH3CO), 20.9 
(CH3CO), 22.9 (NHCOCH3), 43.4 (CH2Ph), 47.8 (C2S), 59.0 (Cα), 62.0 (C6S), 67.4 (C4S), 67.5 
(C5S), 68.9 (C3S), 77.4 (Cβ), 98.9 (C1S), 127.6, 127.6, 128.8, 128.8, 138.0 (Ph), 170.5, 170.8, 
170.9, 172.8 (CO). 
 
Synthesis of compound 3-IV 
 

 
 

Compound 3-III (229 mg, 0.43 mmol) was dissolved in Ac2O/pyridine (4.5 mL, 2:1). After 
stirring the mixture for 1 h at room temperature, the solvent was removed, and the 
crude product was purified by silica gel column chromatography (CH2Cl2/MeOH, 9:1) to 
give building block 3-IV (185 mg, 75%) as a white solid.  
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HRMS (m/z): [M]+ calcd. for C27H38N3O11, 580.2501; found, 580.2501.  
 
1H NMR (400 MHz, CDCl3) d (ppm): 1.27 (d, 3H, J = 6.5 Hz, MeThr), 1.96 (s, 3H, NHCOCH3), 
1.99 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 2.03 (s, 3H, NHCOCH3 Thr), 2.16 (s, 3H, COCH3), 
4.02 – 4.11 (m, 2H, 2H6S), 4.15 (m, 1H, Hb), 4.20 (m, 1H, H5S), 4.34 – 4.45 (m, 2H, CH2Ph), 
4.57 (ddd, J = 11.1, 9.4, 3.6 Hz, 1H, H2S), 4.66 (dd, 1H, J = 9.0, 2.4 Hz, Ha), 4.88 (d, 1H, J 
= 3.7 Hz, H1S), 5.06 (dd, 1H, J = 11.3, 3.2 Hz, H3S), 5.35 (d, 1H, J = 3.1 Hz, H4S), 7.18 – 7.24 
(m, 2H, Bn), 7.27 –  7.37 (m, 3H, Bn). 
 
13C NMR (100 MHz, CDCl3) d (ppm): 18.2 (MeThr), 20.6 (CH3CO), 20.7 (CH3CO),  20.8 
(CH3CO), 23.0 (NHCOCH3 s), 23.2 (NHCOCH3 Thr), 43.7 (CH2Ph), 47.5 (C2S), 56.6 (Cα), 62.2 
(C6S), 67.3 (C4S), 67.4 (C5S), 69.0 (C3S), 78.2 (Cβ), 100.7 (C1S), 127.6, 127.6, 129.9, 127.9, 
137.2 (Ph), 170.1, 170.4, 170.5,  170.8, 171.0, 171.3 (CO). 
 
Synthesis of Tn-Thr’ 
 

 
 

Compound 3-IV (189 mg) was dissolved in MeONa/MeOH (6 mL, 1:2), adjusting pH value 
at 9.5. After stirring for 1 h at room temperature, Dowex resin is added until neutral pH 
is obtained. The reaction mixture is then filtered and concentrated, yielding final 
product Tn-Thr’ as a pure white solid (86 mg, 58%).  
 
HRMS (m/z): [M]+ calcd. for C21H32N3O8, 454.2184; found, 454.2173.  
 
1H NMR (400 MHz, D2O) d (ppm): 1.15 (d, 3H, J = 6.3 Hz, MeThr), 1.81 (s, 3H, NHCOCH3), 
2.01 (s, 3H, NHCOCH3 Thr), 3.61 (m, 2H, 2H6S), 3.67 (dd, 1H, J = 11.0, 2.6 Hz, H3S), 3.80 – 
3.86 (m, 2H, H4S, H5S), 3.93 (dd, 1H, J = 11.0, 3.6 Hz, H2S), 4.15 – 4.23 (m, 2H, Hb, CH2Ph), 
4.41 – 4.35 (m, 2H, Ha, CH2Ph), 4.70 (d, 1H, J = 3.6 Hz, H1S), 7.16 – 7.30 (m, 5H, Ph).  
 
13C NMR (100 MHz, D2O) d (ppm): 17.9 (MeThr), 21.7 (NHCOCH3), 22.1 (NHCOCH3), 43.0 
(CH2Ph), 49.8 (C2S), 58.0 (Cα), 61.2 (C6S), 68.0 (C3S), 68.5 (C4S), 71.3 (C5S), 75.5 (Cβ), 98.7 
(C1S), 127.1, 127.1, 127.5, 128.8, 128.8, 137.8 (Ph), 171.5, 174.2, 174.8 (CO). 
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Synthesis of compound 3-VI 
 

 
 

Following the same methodology as described for 3-II but starting from derivative 3-V 
(900 mg, 1.37 mmol), compound 3-VI was obtained as white solid in a 55% yield (560 
mg).  
 
HRMS (m/z): [M]+ calcd. for C39H44N3O12, 746.2920; found, 746.2917. 
 
1H NMR (400 MHz, CDCl3) d (ppm): 1.93 (s, 3H, NHCOCH3), 1.97 (s, 3H, COCH3), 2.04 (s, 
3H, COCH3), 2.20 (s, 3H, COCH3), 3.88 (m, 1H, Hb), 3.96 – 4.05 (m, 4H, 2H6S, Hb, H5S), 4.24 
(t, 1H, J = 6.5 Hz, CHFmoc), 4.42 – 4.55 (m, 5H, CH2 moc, CH2Ph, Ha), 4.56 – 4.63 (m, 1H, 
H2S) 4.86 (d, 1H, d, J = 3.7 Hz, H1S), 5.04 (dd, 1H, J = 11.4, 3.2 Hz, H3S), 5.26 (d, 1H, J = 3.2 
Hz, H4S), 7.26 – 7.30 (m, 2H, Fmoc), 7.31 – 7.38 (m, 5H, Ph), 7.42 – 7.47 (m, 2H, Fmoc), 
7.58 – 7.63 (m, 2H, Fmoc), 7.77 – 7.81 (m, 2H, Fmoc). 
 
13C NMR (100 MHz, CDCl3) d (ppm):20.6, 20.7, 20.8 (CH3CO), 23.1 (NHCOCH3), 43.7 (CH2 
Ph), 47.0 (CHFmoc), 47.6 (C2S), 54.7 (Cα), 62.0 (C6S), 67.1 (CH2Fmoc), 67.2 (C4S), 67.3 (C5S), 
68.3 (C3S), 77.2 (Cβ), 99.5 (C1S), 120.1 (Fmoc), 124.9 (Fmoc), 127.1, 127.1 (Ph), 127.7 
(Fmoc), 127.9 (Fmoc), 128.9, 128.9 (Ph), 137.7 (Ph), 141.4 (Fmoc), 143.6 (Fmoc), 143.5 
(Fmoc), 156.2 (NCOO), 169.1, 170.3, 170.4, 170.5, 170.9 (CO). 
 
Synthesis of compound 3-VII 
 

 
 
Following the same methodology as described for 3-III but starting from derivative 3-VI 
(500 mg, 0.67 mmol), compound 3-VII was obtained as white solid in a 93 % yield (325 
mg).  
 



Experimental section 

 

 146 

HRMS (m/z): [M]+ calcd. for C24H34N3O10, 524.2239; found, 524.2239. 
 
1H NMR (400 MHz, CDCl3) d (ppm): 1.95 (s, 3H, NHCOCH3), 2.05 (s, 3H, COCH3), 2.08 (s, 
3H, COCH3), 2.21 (s, 3H, COCH3), 3.68 (t, 1H, J = 4.3 Hz, Ha), 3.94 (dd, 1H, J = 9.8 Hz, 3.6 
Hz, Hb), 4.03 (dd, 1H, J = 9.8, 4.9 Hz, Hb), 4.12 (dd, 2H, J = 6.5, 1.9 Hz, 2H6S), 4.23 (td, 1H, 
J = 6.4, 1.1 Hz, H5S), 4.52 (d, 2H, J = 6.0 Hz, CH2Ph), 4.63 (ddd, 1H, J = 11.3, 9.6, 3.6 Hz, 
H2S), 4.94 (d, 1H, J = 3.6 Hz, H1S), 5.12 (dd, 1H, J = 11.4, 3.2 Hz, H3S), 5.39 (dd, 1H, J = 3.2, 
1.2 Hz, H4S), 7.31 – 7.35 (m, 3H, Ph), 7.37 – 7.42 (m, 2H, Ph).  
 
13C NMR (100 MHz, CDCl3) d (ppm): 20.6 (CH3CO), 20.7 (CH3CO), 20.8 (CH3CO), 23.1 
(NHCOCH3), 43.3 (CH2Ph), 47.7 (C2S), 54.9 (Cα), 61.9 (C6S), 67.2 (C4S), 67.3 (C5S), 68.5 (C3S), 
72.3 (Cβ), 99.1 (C1S), 127.6, 127.6, 127.6, 128.8, 128.8, 138.1 (Ph), 170.4, 170.5, 170.6, 
170.9, 171.9 (CO). 
 
Synthesis of compound 3-VIII 
 

 
 

Following the same methodology as described for 3-IV but starting from derivative 3-VII 
(360 mg, 0.69 mmol), building block 3-VIII was obtained as white solid in an 85 % yield 
(330 mg).  
 
HRMS (m/z): [M]+ calcd. for C26H36N3O11, 566.2344; found, 566.2336.  
 
1H NMR (400 MHz, CDCl3) d (ppm): 1.93 (s, 3H, NHCOCH3), 2.00 (s, 3H, NHCOCH3), 2.02 
(s, 6H, COCH3, COCH3), 2.16 (s, 3H, COCH3), 3.78 – 3.90 (m, 2H, 2Hb), 3.99 – 4.09 (m, 3H, 
H5S, 2H6S), 4.43 (d, 2H J = 5.7 Hz, CH2Ph), 4.56 (ddd, 1H, J = 11.2, 9.5, 3.7 Hz, H2S), 4.73 
(m, 1H, Ha), 4.84 (d, 1H, J = 3.6 Hz, H1S), 5.02 (dd, 1H, J = 11.3, 3.3 Hz, H3S), 5.25 (d, 1H, 
J = 3.3 Hz, H4S), 7.24 – 7.36 (m, 5H, Ph).  
 
13C NMR (100 MHz, CDCl3) d (ppm):20.6 (CH3CO), 20.7 (CH3CO), 20.8 (CH3CO), 23.1 
(NHCOCH3), 23.2 (NHCOCH3), 43.7 (CH2Ph), 47.5 (C2S), 52.7 (Cα), 62.0 (C6S), 67.2 (C4S), 
67.3 (C5S), 68.5 (C3S), 69.53 (Cβ), 99.3 (C1S), 127.8, 127.8, 127.9, 128.9, 128.9, 137.5 (Ph), 
169.3, 170.3, 170.5, 170.6, 170.7, 171.0 (CO). 
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Synthesis of Tn-Ser’ 
 

 
 

Following the same methodology as described for Tn-Thr’ but starting from derivative 
3-VIII (330 mg, 0.58 mmol), compound Tn-Ser’ was obtained as white solid in a 62 % 
yield (159 mg).  
 
HRMS (m/z): [M]+ calcd. for C20H30N3O8,  440.2027; found, 440.2028.  
 
1H NMR (400 MHz, MeOD) d (ppm): 1.98 (s, 3H, NHCOCH3), 2.05 (s, 3H, NCOCH3), 3.61 
– 3.67 (m, 2H, H3S, H6S), 3.68 – 3.79 (m, 3H, H6S, H4S, H5S), 3.79 – 3.94 (m, 2H, 2Hb ), 4.27 
(dd, 1H, J = 10.9, 3.7 Hz, H2S), 4.35 – 4.50 (m, 2H, CH2Ph), 4.63 (t, 1H, J = 5.1 Hz, Ha), 4.81 
(d, 1H, J = 3.8 Hz, H1S), 7.22 – 7.39 (m, 5H, Ph). 
 
13C NMR (100 MHz, MeOD) d (ppm): 21.2 (NHCOCH3), 21.4 (NHCOCH3), 42.8 (CH2Ph), 
50.0 (C2S), 53.6 (Cα), 61.5 (C6S), 68.4 (C3S), 68.5 (Cb), 68.9 (C4S), 71.5 (C5S), 98.8 (C1S), 
127.0, 127.3, 127.3, 128.2, 128.2, 138.4 (Ph), 170.6, 172.0, 172.5 (CO). 
 
 

8.9.2. IRID spectra 
 
Experimental system has been previously described.18–21 Briefly, Tn-Ser’ and Tn-Thr’ 
antigens were mixed with carbon nanotubes (Multi-Walled Carbon Nanotubes, purity 
>90%, 10-30 mm diameter, Sun NanoTech Co Ltd) and were deposited in a cylindrical 
sample holder (4.5 mm diameter, 15 mm long) by pressing the cylinder against the 
desired mixture. They were then vaporized by a laser desorption system (1064 nm, 
Quantel Ultra) coupled to a pulsed valve into a supersonic jet of argon that passed 
through a 4 mm skimmer to create a collimated molecular beam. This was crossed by 
two tunable laser beams, UV ionization and IR depopulation lasers, in the extraction 
region of a linear time-of-flight mass spectrometer (Jordan Inc.). 
 
One color mass-selected photoionization spectra, recorded using a frequency-doubled 
pulsed Nd:YAG-pumped dye laser operating at 10 Hz, were followed by conformer-
specific spectroscopy in the IR using IR-UV ion dip (IRID) double resonance spectroscopy. 
The tunable IR radiation was provided by an OPO/OPA laser system (LaserVision).  The 
delay between the pump and the probe laser pulses was ~150 ns in the IRID double 
resonance experiments. 
 



Experimental section 

 

 148 

8.9.3. Conformational search and QM calculations on Tn-Thr’ and Tn-Ser’ 
derivatives 

 
The conformational search followed an iterative approach. The spectroscopic 
calculations began with completely unrestricted and exhaustive surveys of the 
conformational landscapes of each of the Tn-Thr’ and Tn-Ser’ antigens, and their 
hydrated complexes, using a fast molecular mechanics method (with several force fields 
MMFFs,22 AMBER23 and OPLS200524) until no additional new structures were obtained. 
Their conformers were identified with the advanced hybrid25 Large-Scale Low-
Mode26/Monte Carlo algorithm27 (LM/MC) implemented in MacroModel (v.9.2), 
Schrödinger, LLC21.28 These surveys, generated 2000-5000 structures depending on the 
system (<20 kJ·mol-1). The initial sets of structures were grouped into families.  
 
The ~400 lowest-lying energy conformers (<15 kJ·mol-1) and a representative member 
of each group that might have a significant population in the cooled adiabatic expansion 
(typically ~150 structures), were re-optimized through density functional theory 
calculations [M06-2X/6-31+G(d)] using the Gaussian 09 program package29  to provide 
more accurate structures and energies. In addition, their associated harmonic 
vibrational spectra were predicted. The superposition error was also corrected by BSSE 
calculations for hydrated antigens.  
 
The optimized geometries were ordered by relative Gibbs free energy at 298K (Equation 
1). The energy at 0 K (Equation 2) is also reported: 
 

Equation 1: DG298K= Elec. + ZPE + BSSE + DH298K - T·DS298K 
Equation 2: DG0K= Elec. + ZPE + BSSE 

 
Conformational assignments were based primarily on the level of correspondence 
between the experimental and computed OH and NH vibrational spectra, scaled by the 
‘anharmonicity’ factor, 0.95. The best agreement between experiment and theory 
corresponded with the calculated minimum free energy structures. 
 
 

8.10. Experimental section chapter 4 
 

8.10.1.  Synthesis 
 
Synthesis of compound 4-III 
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Commercially available compound 4-I (200 mg, 1.50 mmol) was dissolved in H2O (7 mL) 
and NaHCO3 (252 mg, 3 mmol) was then added. The resulting mixture was stirred at 
room temperature until complete dissolution was achieved. The reaction mixture was 
diluted with acetonitrile (13 mL), followed by the addition of Fmoc–OSu (761 mg, 2.25 
mmol). The white suspension was stirred vigorously at room temperature overnight. 
Acetonitrile was then removed under reduced pressure and the aqueous solution was 
extracted with Et2O, followed by acidification and subsequent extraction with a mixture 
of CHCl3/iPrOH (3:1). The organic layer was concentrated, and the corresponding amino 
acid 4-II (420 mg, 79%) was obtained without further purification. 
 
Tert-Butyl 2,2,2-trichloroacetimidate (423 µL, 2.36 mmol) dissolved in cyclohexane (2.50 
mL) was added drop-by-drop to a solution of derivative 4-II (420 mg, 1.18 mmol) in 
AcOEt (6.30 mL) and stirred vigorously overnight. Reaction mixture was then washed 
twice with a saturated solution of NaHCO3 (10 mL). Byproducts were recrystallized over 
CH2Cl2 and supernatant was concentrated and purified by column chromatography 
(hexane/AcOEt, 6:4) to give amino acid 4-III fully protected as white foam (413 mg, 85%). 
 
HRMS (ESI+) m/z: calcd. for C24H29NNaO5 [M+Na]+: 434.1938; found: 434.1920. 
 
1H NMR (300 MHz, CDCl3) δ (ppm): 0.99 (t, 3H, J = 7.3 Hz, CH3 Hnv), 1.48 – 1.52 (m, 11H, 
CH2 Hnv, C(CH3)3), 4.00 (t, 1H, J = 5.9 Hz, Hb), 4.21 – 4.26 (m, 1H, CHFmoc), 4.30 (d, 1H, 
J = 9.3 Hz, Ha), 4.41 (m, 2H, CH2Fmoc), 7.29 – 7.34 (m, 2H, Fmoc), 7.38 – 7.43 (m, 2H, 
Fmoc), 7.59 – 7.63 (m, 2H, Fmoc), 7.75 – 7.78 (m, 2H, Fmoc). 
 
13C NMR (75 MHz, CDCl3) δ (ppm): 10.1 (CH3 Hnv), 26.9 (CH2 Hnv), 28.0 (C(CH3)), 47.2 
(CH-Fmoc), 58.0 (Cα), 67.1 (CH2-Fmoc), 73.8  (Cβ), 82.6 (C(CH3)), 119. 9, 120.0, 125.1, 
125.1, 127.1, 127.1, 127.7, 127.7, 143.3, 143.3, 143.8, 143.9 (Fmoc), 156.7 (NCOO), 
170.6 (COO). 
 
Synthesis of compound 4-Va 
 

 
 

Compound 4-III (900 mg, 2.26 mmol) was dissolved in a mixture of dry toluene/CH2Cl2 
(18 mL, 1:1) under argon atmosphere with molecular sieves (4 Å). After stirring for 1 h, 
silver salts, Ag2CO3 (936 mg, 3.39 mmol) and AgClO4 (25 mg, 0.12 mmol), were added at 
0 ºC. Reaction mixture is kept under vigorous stirring for 30 min and glycosidic donor 4-
IV (1.38 g, 3.94 mmol)30 was finally added in a mixture of toluene/CH2Cl2 (11 mL, 4:7). 
Reaction then stirred overnight at room temperature in the absence of light. Once it had 
finished, reaction mixture was filtered through Celite, concentrated and purified by 

a
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chromatography column toluene/acetone (9:1) yielding a mixture of both a and b 
anomers (887 mg, 56%) as a white foam that was used in the following step without 
further purification. 
 
HRMS (ESI+) m/z: calcd. for C36H45N4NaO12 [M+H]+: 725.3028; found: 725.3020. 
 
Synthesis of compound 4-VI 
 

 
 

Compounds 4-Va and 4-Vb (230 mg, 0.317 mmol) were dissolved in a mixture of 
THF/AcOH/Ac2O (8 mL, 3:2:1). Keeping the mixture at 0 ºC, activated Zn (210 mg, 3.21 
mmol) and 0.27 mL of a saturated solution of CuSO4 were added and reaction was stirred 
for 2 h. After that time, it was filtered through Celite, then washed with a saturated 
solution of NaHCO3 (2x5 mL), dried and evaporated. After column chromatography 
(hexane/AcOEt, 7:3), building block 4-VI was finally obtained as a white foam (179 mg, 
76%). 
 
HRMS (ESI+) m/z: calcd. for C38H49N2O13 [M+H]+: 741.3229; found: 741.3230. 
 
1H NMR (400 MHz, CDCl3) δ (ppm): 0.98 (t, 3H, J = 7.3 Hz, CH3 Hnv), 1.47 (s, 9H, C(CH3)3), 
1.61 – 1.70 (m, 2H, CH2 Hnv), 2.00 (s, 3H, NHCOCH3), 2.01, 2.05, 2.17 (s, 9H, 3COCH3), 
3.86 – 3.94 (m, 1H, Hb), 4.10 (m, 2H, CH2Fmoc), 4.24 – 4.30 (m, 2H, H5S, CHFmoc), 4.40 
(d, 1H, J = 8.7 Hz, Ha), 4.44 – 4.51 (m, 2H, H6S), 4.61 – 4.68 (m, 1H, H2S), 4.92 (d, 1H, J = 
3.4 Hz, H1S), 5.10 (dd, 1H, J = 11.3, 2.9 Hz, H3S), 5.38 – 5.41 (s, 1H, H4S), 7.31 – 7.36 (m, 
2H, Fmoc), 7.39 – 7.43 (m, 2H, Fmoc), 7.61 – 7.67 (m, 2H, Fmoc), 7.76 – 7.80 (m, 2H, 
Fmoc).  
 
13C NMR (101 MHz, CDCl3) δ (ppm): 10.0 (CH3 Hnv), 20.6, 20.7, 20.8 (CH3CO), 23.3 
(NHCOCH3), 24.8 (CH2 Hnv), 28.1 (C(CH3)), 47.2 (CH-Fmoc), 47.3 (C2S), 55.6 (Cα), 62.2 
(CH2-Fmoc), 67.3 (C6S), 67.4 (C4S), 67.5 (C5S), 68.8 (C3S), 82.5 (Cβ), 83.5 (C(CH3)), 99.8 (C1S), 
120.0, 120.1, 125.0, 125.1, 127.0, 127.1, 127.7, 127.8 (Fmoc), 141.3, 141.4, 143.7, 143.9 
(Fmoc), 156.3 (NCOO), 170.2, 170.3, 170.4, 170.5, 171.0 (COO). 
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Synthesis of compound Tn-Hnv 
  

 
 

A solution of derivative 4-VI (179 mg, 0.242 mmol) in a mixture of CH2Cl2/TFA (10 mL, 
1:1) was stirred for 2 h. It was then concentrated until TFA was removed. Final 
compound Tn-Hnv was obtained as a white foam (152 mg, 92%), ready to be coupled 
into a peptide. 
 
HRMS (ESI) (m/z): cald. for C34H41N2O13+[M+H]+: 685.2603; found: 685.2599. 
 
Synthesis of compound 4-IX 
 

 
Following the same methodology as described for 4-II but starting from derivative 4-VII 
(1.00 g, 8.39 mmol), compound 4-VIII was obtained as white solid in a 91 % yield (2.60 
g). Compound 4-VIII (2.60 g, 7.62 mmol) was subsequently dissolved in DMF (15 mL) 
under argon atmosphere. Cs2CO3 (3.72 g, 11.42 mmol) was added at room temperature 
and stirred for 1 h, followed by the addition of benzyl bromide (1.09 mL, 9.14 mmol) and 
stirred at room temperature overnight. The reaction mixture was poured onto a 
saturated solution of LiBr (100 mL), extracted with ethyl acetate (50 mL), and washed 
with water (50 mL) and brine (25 mL). The organic layer was dried (Na2SO4), filtered and 
the filtrate was concentrated in vacuum. The residue was purified by silica gel column 
chromatography (hexane/ethyl acetate, 1:1) to give compound 4-IX (3.12 g, 86%) as a 
white solid. 
 
HRMS (ESI+) m/z: calcd. for C26H25NO5 [M+H]+: 432.1805 found: 432.1810. 
 
1H NMR (CDCl3) δ (ppm): 1.17 (d, 3H,  J = 6.1 Hz, CH3 alloThr), 2.79 (s, 1H, OH), 4.10 – 
4.26 (m, 2H, Hb alloThr, CH-Fmoc), 3.36 – 4.46 (m, 2H, CH2-Fmoc ), 4.49 (d, 1H, J = 3.8 
Hz, Hα alloThr), 5.08 – 5.31 (m, 2H, CH2-Bn), 7.19 – 7.47 (m, 9H, Arom.), 7.51 – 7.67 (m, 
2H, Arom.), 7.70 – 7.81 (m, 2H, Arom.).  
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13C NMR (CDCl3) δ (ppm): 18.9 (CH3 alloThr), 47.2 (CH-Fmoc), 59.5 (Cα alloThr), 67.3 
(CH2-Fmoc), 67.6(CH2-Bn), 69.0(Cb alloThr), 120.0, 120.1, 125.1, 127.1, 127.8, 128.2, 
128.3, 128.4, 128.5, 128.6, 128.7, 135.0, 141.4, 143.7, 143.7 (Arom.), 156.65, 170.17 
(COO).  
 
Synthesis of compound 4-Xa 

 

 
 

Following the same methodology as described for 4-III but starting from derivative 4-IX 
(869 mg, 2.01 mmol), compound 4-Xa was obtained as white foam (928 mg, 62%). 
 
HRMS (ESI+) m/z: calcd. for C38H40N4O12+ [M+H] +: 745.2715 found: 745.2746. 
 
1H NMR (CDCl3) δ (ppm): 1.40 (d, 3H,  J = 6.5 Hz, CH3 alloThr), 1.95 (s, 3H, COCH3), 2.09 
(s, 3H, COCH3), 2.18 (s, 3H, COCH3), 3.62 (dd, 1H, J = 11.2, 3.3 Hz, H2S), 4.00 – 4.10 (m, 
2H, 2H6S), 4.10 – 4.21 (m, 1H, Hb alloThr), 4.25 (dd, 1H, J = 15.4, 8.5 Hz, CH-Fmoc), 4.32 
– 4.47 (m, 2H, CH2-Fmoc, H5S), 4.49 – 4.66 (m, 2H, CH2 Fmoc, Hα alloThr), 4.99 (d, 1H, J = 
3.3 Hz, H1S), 5.21 – 5.37 (m, 3H, CH2-Bn, H3S), 5.40 – 5.48 (m, 1H, H4S), 7.18 – 7.50 (m, 9H, 
Arom.), 7.63 – 7.72 (m, 2H, Arom.), 7.73 – 7.85 (m, 2H, Arom.).  
 
13C NMR (CDCl3) δ (ppm): 16.9 (CH3 alloThr), 20.5, 20.6, 20.7 (3 COCH3), 47.2 (CH Fmoc), 
57.4 (C2S), 58.6(Cα alloThr), 61.9(C6S), 67.1 (CH2 Fmoc), 67.4(C5S,), 67.7, 67.7, 67.8 (CH2-
Bn, C4S, C3S), 78.2(Cb alloThr), 98.5 (C1S), 120.0, 125.1, 125.2, 127.1, 127.7, 128.3, 128.7, 
128.7, 128.7, 129.1, 134.9, 141.4, 143.8, 143.9 (Arom.), 155.9, 168.9, 169.6, 170.0, 170.4 
(COO).  
 
Synthesis of compound 4-XI 
 

 
 

a



Experimental section 

 

 153 

Compound 4-Xa (620 mg, 0.832 mmol) was dissolved in a mixture of THF/AcOH/Ac2O 
(12 mL, 3:2:1). Keeping the mixture at 0 ºC, activated Zn (707 mg, 10.82 mmol) and 1.25 
mL of a saturated solution of CuSO4 were added and reaction is stirred for 2 h. After that 
time, it was filtered through Celite, then washed with a saturated solution of NaHCO3 
(2x15 mL), dried and evaporated. After column chromatography (hexane/AcOEt, 7:3), 
building block 4-XI was finally obtained as a white foam (580 mg, 91%). 
 
HRMS (ESI+) m/z: calcd. for C40H44N2O13 [M+H] +: 761.2916 found: 761.2914. 
 
1H NMR (CDCl3) δ (ppm): 1.27 (d, 3H, J = 6.0 Hz , CH3 alloThr), 1.92 (s, 3H, COCH3), 1.97 
(s, 3H, COCH3), 2.05 (s, 3H, COCH3), 2.20 (s, 3H, COCH3), 3.97 – 4.12 (m, 3H, 2CH2 6S, Hb 

alloThr), 4.18 – 4.30 (m, 2H, CH-Fmoc, H5S), 4.41 – 4.61 (m, 4H, CH2-Fmoc, Hα alloThr, 
H2S), 4.92 (s, 1H, H1S), 4.95 – 5.05 (m, 1H, H3S), 5.14 – 5.36 ( m, 3H, CH2-Bn, H4S) , 5.45 (d, 
1H, J = 8.7 Hz, NHAc ), 7.27 – 7.49 (m, 9H, Arom.), 7.55 – 7.68 (m, 2H, Arom.), 7.75 – 7.84 
(m, 2H, Arom.).  
 
13C NMR (CDCl3) δ (ppm): 17.1 (CH3 alloThr), 20.6, 20.7, 20.8, 23.2 (4 COCH3), 47.2 (CH-
Fmoc), 47.9 (C2S), 58.7 (Ca alloThr), 62.1 (C6S), 67.4 (CH2-Fmoc), 67.6, 68.1 (CH2-Bn, C3S), 
97.4 (C1S), 120.0, 125.0, 127.1, 127.7, 128.8, 128.9, 135.0, 141.4, 143.7 (Arom.), 169.9, 
170.5, 170.9 (COO).  
 
Synthesis of compound Tn-alloThr 
 

 
 

A solution of derivative 4-XI (580 mg, 0.762 mmol) in 20 mL of MeOH, together with 3-
4 drops of HCl 37.5%, was treated with 10% Pd/C (116 mg) and shaken under H2 
atmosphere for 1 h at 25ºC. Catalyst was then removed through Celite filtration and the 
solution was concentrated prior to column chromatography in CH2Cl2/MeOH (9:1, 0.1% 
AcOH), yielding compound Tn-alloThr as a white foam (460 mg, 89%) ready to be 
coupled in a peptide backbone. 
 
HRMS (ESI+) m/z: calcd. for C33H38N2O13+ [M+H] +: 671.2447 found: 671.2443.  
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8.10.2.  (Glyco)peptide synthesis 
 
Synthesis of peptide alloThr 
 
Peptide alloThr was synthesized as previously described.31 
Semipreparative HPLC gradient Rt = 25.1 min. 
 

 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 5 95 

35 10 23 77 
 
HRMS (ESI+) m/z: calcd. for C83H133N27O28: [M+2H]2+: 978.9906 found: 978.9912. Calcd. 
for [M+3H]3+: 652.9938 found: 652.9946. 
 
Synthesis of glycopeptide alloThr* 
 
Natural amino acids were coupled following SPPS-MW methodology, whereas 
glycosylated moiety was coupled manually (100.5 mg, 0.15 mmol). After deprotection 
of acetyl groups and cleavage, glycopeptide alloThr* was purified by reverse-phase 
HPLC and lyophilized. 
 
Semipreparative HPLC gradient Rt = 16.7 min. 
 

 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

30 10 18 82 
 
HRMS (ESI+) m/z: calcd. for C91H146N28O33: [M+3H]3+: 720.6869 found: 720.6875. 
 
Synthesis of peptide Hnv 
 
Peptide Hnv was synthesized as previously described.31 
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Semipreparative HPLC gradient Rt = 27.2 min. 
 

 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 5 95 

35 10 23 77 
 
HRMS (ESI+) m/z: calcd. for C84H138N27O28: [M+3H]3+: 658.0011 found: 658.0016. 
 
Synthesis of glycopeptide Hnv* 
 
Natural amino acids were coupled following MW-SPPS methodology using 0.05 mmol of 
resin, whereas glycosylated moiety was added manually through a double coupling 
strategy (41.1 mg, 0.06 mmol, then 33 mg, 0.05 mmol). After deprotection of acetyl 
groups and cleavage, glycopeptide Hnv* was purified by reverse-phase HPLC and 
lyophilized. 
 
Semipreparative HPLC gradient Rt = 19.2 min.   
 

 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

20 10 14 86 
 
HRMS (ESI+) m/z: calcd. for C92H151N28O33: [M+3H]3+: 725.3658 found: 725.3666. 
 
Synthesis of glycopeptide alloThr*’ 
 
Natural amino acids were coupled following SPPS-MW methodology, whereas 
glycosylated moiety was coupled manually (100.5 mg, 0.15 mmol). After deprotection 
of acetyl groups and cleavage, glycopeptide alloThr*’ was purified by reverse-phase 
HPLC and lyophilized. 
 
Semipreparative HPLC gradient Rt = 11.0 min.   
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Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

14 10 12 88 
 
HRMS (m/z): [M]+ calcd. for C35H60N11O14, 858.4316; found 858.4289.  
 
1H NMR (400 MHz, D2O) δ (ppm): 1.04 (d, 3H, J = 6.1 Hz, MealloThr), 1.23 (d, 3H, J = 7.1 
Hz, MeAla), 1.51 – 1.57 (m, 2H, 2HgArg), 1.72 – 1.81 (m, 2H, 2HbArg), 1.81– 2.02 (m, 12H, 
NHCOCH3 alloThr, NHCOCH3 Ala, 2HgPro7, 2HgPro11, HbPro7, HbPro11), 2.14 – 2.23 (m, 2H, HbPro7, 
HbPro11), 2.71  – 2.84 (m, 2H, 2HbAsp), 3.08  – 3.12 (m, 2H, 2HdArg), 3.49  – 3.57 (m, 5H, 
HdPro7, HdPro11, H5S, 2H6S), 3.62 (m, 1H, J = 7.1, 4.0 Hz, H3S), 3.67 – 3.74 (m, 3H, HdPro7, 
HdPro11, H4S), 3.90 – 3.97 (m, 1H, HbThr), 4.02 (dd, 1H, J = 11.1, 3.8 Hz, H2S), 4.26 – 4.33 
(m, 2H, HaPro11, HaPro7), 4.35 (d, 1H, J = 8.4 Hz, HaalloThr), 4.41 – 4.47 (m, 1H, HaAla), 4.55 
(t, 1H, J = 6.7 Hz, HaAsp), 4.63 – 4.64 (m, 1H, HaArg), 4.91 (d, 1H, J = 3.9 Hz, H1S). 
 
1H NMR (400 MHz, D2O/H2O, 1:9, amide region) δ (ppm): 7.02 (s, 1H, NH2 Pro11), 7.16 – 
7.19 (m, 1H, NH Arg), 7.74 (s, 1H, NH2 Pro11), 8.04 (d, 1H, J = 9.1 Hz, NHCOCH3), 8.24 – 8.28 
(m, 2H, NH Ala, NH Thr), 8.52 – 8.57 (m, 2H, NH Asp, NH Arg). 
 
13C NMR (101 MHz, D2O) δ (ppm): 14.8 (MealloThr), 15.3 (MeAla), 21.4 (NHCOCH3 Ala), 21.9 
(NHCOCH3 alloThr), 24.0 (CgArg), 24.6 (CgPro11), 24.7 (CgPro7), 28.0 (CbArg), 29.3 (CbPro11), 29.6 
(CbPro7), 35.2 (CbAsp), 40.5 (CdArg), 47.7, 47.8, 47.9 (CdPro7, CdPro11, CaAla), 49.8 (C2S), 50.1 
(CaAsp), 50.8 (CaArg), 57.9 (CaalloThr), 60.2 (CaPro11), 60.4 (CaPro7), 60.5 (C6S), 67.5 (C3S), 
68.3 (C4S),71.1 (C5S), 71.2 (CballoThr), 94.0 (C1S), 156.8 (CeArg), 170.8, 171.1, 172.0, 173.4, 
173.7, 173.8, 174.0, 174.6, 176.7 (COO).  
 
Synthesis of glycopeptide Hnv*’  
 
Natural amino acids were coupled following MW-SPPS methodology, whereas 
glycosylated moiety was added manually through a double coupling strategy (82.2 mg, 
0.12 mmol, then 68.5 mg, 0.1 mmol). After deprotection of acetyl groups and cleavage, 
glycopeptide Hnv*’ was purified by reverse-phase HPLC and lyophilized. 
 
Semipreparative HPLC gradient Rt = 12.7 min.   
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Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 8 92 

14 10 14 86 
 
HRMS (m/z): [M]+ calcd. for C36H62N11O14, 872.4472; found 872.4446.  
 
1H NMR (400 MHz, D2O) δ (ppm): 0.87 (t, 3H, J = 7.4 Hz, MeHnv), 1.47 – 1.64 (m, 5H, 
MeAla), 1.69 – 2.07 (m, 12H, NHCOCH3, HbPro7, HbPro11, 2HgPro7, 2HgPro11, 2HbArg, 2HgArg), 
2.28 – 2.39 (m, 2H, HbPro7, HbPro11), 2.84 – 3.06 (m, 2H, 2HbAsp), 3.21 – 3.26 (m, 2H, 
2HdArg), 3.62 – 3.68 (m, 2H, HdPro7, HdPro11), 3.71 – 3.78 (m, 4H, HdPro7, HdPro11, 2H6S), 3.86 
(dd, 1H, J = 11.0, 3.0 Hz, H3S), 3.98 (d, 1H, J = 2.6 Hz, H4S), 4.05 (t, 1H, J = 6.1 Hz, H5S), 4.13 
(dd, 1H, J = 11.0, 3.8 Hz, H2S), 4.16 – 4.22 (m, 1H, HbHnv), 4.34 – 4.41 (m, 2H, HaPro11, 
HaAla), 4.48 – 4.52 (m, 1H, HaPro7), 4.61 – 4.68 (m, 2H, HaArg, HaHnv), 4.85 – 4.92 (m, 2H, 
H1S, HaAsp),  
 
1H NMR (400 MHz, D2O/H2O, 1:9, amide region) δ (ppm): 6.99 (s, 1H, NH2 Pro11), 7.21 – 
7.23 (m, 1H, NH Arg), 7.73 – 7.76 (m, 2H, NHCOCH3, NH2 Pro11), 8.40 (d, 1H, J = 7.2 Hz, NH 
Arg), 8.46 (d, 1H, J = 8.9 Hz, NH Hnv), 8.72 (d, 1H, J = 7.2 Hz, NH Asp). 
 
13C NMR (75 MHz, D2O) δ (ppm): 9.0 (MeHnv), 15.04 (MeAla), 22.30 (NHCOCH3), 25.3 (CH2 
Hnv), 24.2 (CgArg), 24.6 (CgPro7), 24.7 (CgPro11), 27.4 (CbArg), 29.4 (CbPro6), 29.5 (CbPro2), 35.1 
(CbAsp), 40.5 (CdArg), 47.6 (CdPro7), 47.7 (CdPro11), 48.0 (CaAla), 49.5 (CaAsp), 49.7 (C2S), 51.2 
(CaArg), 53.9 (Ca Hnv), 60.1 (CaPro11), 60.2 (CaPro7), 61.3 (C6S), 68.2 (C3S), 68.5 (C4S), 71.5 
(C5S),79.7 (Cb Hnv), 98.3 (C1S),156.7 (CeArg), 169.2, 170.0, 171.5, 172.7, 173.3, 173.8, 174.1, 
176.8 (CO).  
 
Synthesis of peptide Cys-Thr 
 
Amino acids were coupled following MW-SPPS methodology. After cleavage, peptide 
Cys-Thr was purified by reverse-phase HPLC and lyophilized. 
 
Semipreparative HPLC gradient Rt = 15.4 min.   
 
 



Experimental section 

 

 158 

 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

17 10 17 83 
 
HRMS (ESI+) m/z: calcd. for C83H135N27O28S: [M+2H]2+: 994.9840 found: 994.9840. 
 
Synthesis of glycopeptide Cys-Thr* 
 
Natural amino acids were coupled following MW-SPPS methodology, whereas 
glycosylated moiety was coupled manually (100.5 mg, 0.15 mmol). After deprotection 
of acetyl groups and cleavage, glycopeptide Cys-Thr* was purified by reverse-phase 
HPLC and lyophilized. 
 
Semipreparative HPLC gradient Rt = 15.6 min.   
 

 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

20 10 17 83 
 
HRMS (ESI+) m/z: calcd. for C91H148N28O33S: [M+2H]2+: 1096.5237 found: 1096.5197. 
 
 Synthesis of glycopeptide Cys-sp2-Thr* 
 
Natural amino acids were coupled following MW-SPPS methodology, whereas 
glycosylated moiety was coupled manually (95 mg, 0.15 mmol). After deprotection of 
acetyl groups and cleavage, glycopeptide Cys-sp2-Thr* was purified by reverse-phase 
HPLC and lyophilized. 
 
Semipreparative HPLC gradient Rt = 8.5 min.   
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Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

17 10 17 83 
 
HRMS (ESI+) m/z: calcd. for C92H147N29O33S: [M+2H]2+: 1109.0213 found: 1109.0232. 
 

8.10.3.  Crystal structure 
 
X-ray structure of Hnv*’ was obtained as previously described in Experimental section 
8.8. Electron density map of glycopeptide Hnv*’ in complex with scFV-SM3 antibody was 
FO–FC syntheses (blue) contoured at 2.0 σ (Figure 8.2).  
 

 
Figure 8.2 Electron density map of glycopeptide Hnv*’  in  complex with scFV-SM3 antibody. 

 
Hydrogen bonds found in the X-ray structures between Hnv*’ epitope and scFv-SM3 
anti-MUC1 antibody were summarized in  
Table 8.1.  
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Table 8.1 Hydrogen bonds found in the X-ray structures between Hnv*’  epitope  
and scFv-SM3 fragment. 

 

Hnv*’ scFv-SM3 Hydrogen bond 

 
distances 

(Å) 

 

Ala6 
Tyr32H N-Oh 3.5 

Arg52H O-water-NH2 2.8, 2.8 

Asp8 

Gln97H O-Ne 3.0 

Trp33H Od2-N 2.9 

Gly96H O-water-N 3.3, 2.8 

Gly96H O-water-N 3.5, 2.8 

Asn31H Od1-water-O 2.7, 2.6 

Asn31H Od2-water-O 3.3, 2.6 

Val95H Od2-water-N 2.7, 2.8 

Trp33H Od2-water-O 2.7, 2.7 

Arg10 

Asn31H Ne-O 3.6 

Asn31H NH1-Nd 3.1 

Asn31H NH2-Nd 3.9 

Gly96H O-water-N 2.8, 2.8 

Pro11 
Tyr32H O-Oh 2.8 

Tyr32H N-Oh 3.7 

 
 

8.10.4.  STD experiments 
 
STD experiments were carried out by Dr. Filipa Macerlo in the Faculdade de Ciências e 
Tecnologia da Universidade Nova de Lisboa (Lisbon, Portugal).  
 
STD experiments were recorded on a Bruker Avance 600 MHz spectrometer as 
previously reported.32 The samples were prepared in 20 mM PBS (pH = 7.1) in D2O and 
the experiments were performed in a 40:1 glycopeptide:mAb molar ratio at 310 K with 
8 µM of mAb. Commercial VU3C6 mAb was purchased from Abcam. A series of 
Gaussian-shaped pulses of 50 ms each one was employed with a total saturation time 
for the protein envelope of 2 s and a maximum B1 field strength of 60 Hz. An excitation 
sculpting module with gradients was employed to suppress the water proton signals. 
Selective saturation of the protein resonances (on-resonance spectrum) was performed 
by irradiating at δ = −0.5 ppm and for the reference spectrum (off-resonance) the 
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samples were irradiated at  δ = 100 ppm. A total number of 4864 scans were acquired. 
The STD intensities were then normalized to that with the highest response. The signal 
of the anomeric proton of as well as, the Ha protons of the amino acids could not be 
analyzed due to their close distance to the H2O signal. 
 
STD spectrum (blue) and the off-resonance spectrum (red) for the STD-NMR experiment 
of the Hnv*’ glycopeptide in presence of mAb VU-3C6 is shown in Figure 8.3. The 
interaction of the natural Thr*’ derivative was previously reported.32 
 

 
Figure 8.3 STD spectrum (blue)  and the off-resonance spectrum (red) for the STD-NMR 

experiment of  the Hnv*’  derivative in presence of mAb VU-3C6. 

 
 

8.10.5.  BLI experiments  
 
(Glyco)peptides at different concentrations (0 to 10 µM), were immobilized on amine-
reactive biosensors following the protocol described in the Experimental section 8.7 
Figure 8.4 shows the typical BLI curves and the corresponding fit. 

 

77

7
Pro11

6
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Figure 8.4 BLI  curves and f it obtained for the (glyco)peptides. 

 
Steady state analyses were then performed using each maximal binding response versus 
each range of concentrations to obtain the dissociation curves for the different 
(glyco)peptides. Dissociation constants (KD) were consequently deduced from each 
chart. (Figure 8.5). 
 

 
 

Figure 8.5 Steady state analyses and KD  constants obtained for the studied (glyco)peptides. 

 
 

8.10.6.  Surface Plasmon Resonance (SPR) 

SPR experiments were performed with a Biacore X-100 apparatus (Biacore GE) using 25 
mM PBS buffer with 0.005% tween as running buffer at a range of temperatures of 7-35 

alloThr

Hnv Hnv*

alloThr*

not
determined

KD = 4.42 ± 1.31 µM

KD = 1.12 ± 0.08 µM KD = 0.50 ± 0.02 µM

alloThr

Hnv Hnv*

alloThr*

not
determined
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°C. Flow cells (CM5 sensor chip; Biacore) were activated for 7 min by injecting 140 μL of 
50 mM N-hydroxysuccinimide (NHS): 200 mM ethyl-3(3-
dimethylamino)propylcarbodiimide (EDC). mAb SM3 (ABCAM) was immobilized on the 
activated gold chip in flow cell 2 by injection of a 100 μg/mL protein solution diluted 
with 10 mM sodium acetate buffer with a flow rate of 10 μL/min for 7 min followed by 
an injection of 130 μL ethanolamine to block any remaining activated groups on the 
surface. The level of immobilization reached was about 3000 RUs. Flow cell 1, used as 
reference, was blocked with ethanolamine at the same conditions of flow cell 2 without 
immobilization of protein. Affinity experiments were made using a series of different 
concentrations of each epitope the range of 0.025–5 mM with a flow rate of 30 μL/min 
during 60 s. Each injection was followed by a 100 s injection of running buffer 
(dissociation phase). No regeneration steps were performed between injections. 
Response data were collected at real time and analyzed with the Biacore® X-100. 
Evaluation software and plotted as response shift versus analyte concentration.  

SPR curves obtained and respective steady states analyses for each derivative, Thr’, 
Thr*’ and Hnv*’, at different temperatures are gathered in Supplementary information 
9.3. 

For a better understanding, KD values of analysed (glyco)peptides at each temperature 
are collated in Table 8.2; together with the reverse temperature and the product of R 
and ln KD , which are used to obtain thermodynamic values by using Van’t Hoff 
equation:33 
 

R	ln%! = 	Δ( ·	 1+ −	∆. 
 

Equation 8.1 

 
Table 8.2 KD  values of  analysed (glyco)peptides determined by SPR at different temperatures. 

 
 Thr’ Thr*’ Hnv*’ 

T (ºC) KD (M) R ln (KD) KD (M) R ln (KD) KD (M) R ln (KD) 
37 - - 0.001377 -54.77447823 0.001989 -51.776306 
25 0.003480 -47.065923 0.0006189 -61.42371772 0.0003036 -67.422731 
15 0.001180 -56.058173 0.0002721 -68.25633515 0.0001264 -74.716716 
10 - - - - 0.00009427 -77.065355 
7 0.0005872 -61.860878 0.0001967 -70.95429751 - - 

 

 
By plotting the product of R and ln KD against reverse temperature, DH and DS may be 
calculated, respectively, as the slope and Y-axis intercept of the resulting straight line. 
Both thermodynamic values for Thr’, Thr*’ and Hnv*’ are respectively shown in Figure 
8.6, Figure 8.7 and Figure 8.8. 
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Figure 8.6 Thermodynamic values obtained  for Thr’. 

 

 
Figure 8.7 Thermodynamic values obtained  for Thr*’. 

R	ln%&

1
( · 10

4

Thr’

Δ- = -(16.47 ± 1.28) kcal/mol

∆/ = -(0.044 ± 0.004) kcal/mol·K

Δ- = -(6.88982 ± 0.5352)·104 J/mol

−∆/ = 183.7 ± 18.5 J/mol·K

1
" · 10

4

Thr*’

Δ' = -(4.83519 ± 0.42273)·104 J/mol

−∆* = 100.8 ± 14.4 J/mol·K

Δ' = -(11.56 ± 1.01) kcal/mol

∆* = -(0.024 ± 0.003) kcal/mol·K
R	ln/0
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Figure 8.8 Thermodynamic values obtained  for Hnv*’. 

 
Finally, thermodynamic parameters for each antigen at physiological conditions (T = 
310.15 K) are shown in Table 8.3. DG has been deduced as the sum of enthalpy and 
entropy parameters using Equation 8.2: 
 

Δ/ =	∆( − +∆. 
 

Equation 8.2 
 

Table 8.3 Thermodynamic parameters for each antigen at physiological  conditions,  
T  = 310.15 K (al l f igures in Kcal/mol) . 

 
 Thr’ Thr*’ Hnv*’ 

∆( -(16.47±1.28) -(11.55±1.01) -(19.68±2.96) 
−310.15 · ∆. 13.62±1.37 7.47±1.07 15.71±3.11 

Δ/	(+ = 310.15	%) -(2.85±0.09) -(4.08±0.06) -(3.98±0.16) 
 
 

8.10.7.  Conjugation  
 
Conjugation of MUC1 derivatives was conducted by INYCOM Biotech (Zaragoza, Spain) 
following a standard procedure as follows. First, m-maleimidobenzoyl-N-
hydroxysuccinimide (3 mg) ester (MBS) was dissolved in 200 µL DMF. 70 µL of that 
mixture were then added to a KLH solution (5 mg KLH in 0.5 ml 10 mM phosphate buffer, 
pH 7.0). After stirring gently for 30 min at room temperature, the non-coupled 
(glyco)peptides were removed using a Sephadex G25 size exclusion column, which was 
equilibrated in 50 mM phosphate buffer (pH 6.0). The reaction mixture was then loaded 
and eluted using 50 mM phosphate buffer (pH 6.0). Purified KLH/MBS was obtained (3.5 
mL) and 0.5 mL of water were then added. (Glyco)peptides (5 mg) were respectively 
dissolved in 100 μL of DMF and purified KLH/MBS (1 mL) was added. Reaction mixture 

1
" · 10

4

Hnv*’

Δ' = -(8.23575 ± 1.23691)·104 J/mol

−∆* = 211.9 ± 42.0 J/mol·K

Δ' = -(19.68 ± 2.96) kcal/mol

∆* = -(0.051 ± 0.010) kcal/mol·K
R	ln/0
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was shacked and NaOH 2 M (11 μL ) was added (pH = 7.5). Stirring is kept for 3 hours at 
room temperature or overnight at 4°C. Finally, ammonium bicarbonate 0.1 M (3 mL) was 
added prior to lyophilization. The conjugation of glycopeptides to KLH was proved to be 
efficient by immunoassay experiments. 
 

8.10.8.  Immunizations 
 
Immunizations were carried out by INYCOM Biotech (Zaragoza, Spain) in the following 
way. Eight to 12-week-old MUC1.Tg mice (Balb/c) that express human MUC1 at 
physiological level were immunized four-times at biweekly intervals at the base of the 
tail intradermally with KLH-Cys-Thr* or KLH-Cys-sp2-Thr* vaccines (25 µg), together with 
complete or incomplete Freund’s adjuvant. Endpoint was one week after 4th 
immunization. 
 

8.10.9.  Serologic assays 
 
Anti-MUC1 IgG, IgG1, IgG2a, IgG2b, IgG3 and IgM antibody titers were determined by 
enzyme-linked immunosorbent assay, which were conducted by INYCOM Biotech 
(Zaragoza, Spain) as follows. ELISA plates (JetBioFil, China) were coated with 75 µL of a 
5 µg/mL solution of either Cys-Thr* or Cys-Thr antigens in PBS and incubated for 1 h at 
37 ºC. Unreacted sites were blocked with 225 µL of BSA 1% in washing buffer (0.05% 
Tween-20 in PBS 1x) for 1 h at 37 ºC. Afterwards, wells were washed twice with washing 
buffer. 75 μL of sera samples (blood taken from each mouse’s tail diluted in 800 μL of 
BSA 1% solution) were allowed to bind to immobilized antigens for 30 min at 37 ºC. Wells 
were then washed twice with washing buffer, prior to incubation with 75 μL of 
biotinylated anti-mouse antibodies (1:1000 dilution in conjugated solvent, INYCOM 
BIOTECH) for 30 min at 37 ºC. After washing three times with washing buffer, incubation 
with 75 μL streptavidin-HRP (Sigma), 1:500 dilution in conjugation solvent (INYCOM 
BIOTECH), was carried out for 30 min at 37 ºC. Wells were washed five times with 
washing buffer. 75 μL of TMB (INYCOM BIOTECH) were then incubated for 5 min at room 
temperature. For the final color-developing step, 75 μL of 0.2 M HCl were added to stop 
the reaction. Absorbance at 450 nm was read, using a iMark™ BIO RAD Microplate 
Reader. 
 
Background absorbance values were subtracted from each measurement, i.e. 
absorbance obtained for wells coated with a different antigen to MUC1 mucin. KLH-Cys-
sp2-Thr* groups were compared to equivalent KLH-Cys-Thr* for each antibody isotype 
using a paired T-test with two-tailed correction; * P < 0.05, ** P < 0.01. 
 
Raw data obtained for detection of circulating human antibodies against MUC1 
vaccines, where plates were coated with Cys-Thr* glycopeptides, are shown in Table 
8.4. Corresponding charts are depicted in Figure 4.28 chapter 4, except for IgG2b, whose 
titers are not recognized at detectable levels. 
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Table 8.4 Data obtained for detection of  circulating human antibodies against  
KLH-Cys-Thr* and  KLH-Cys-sp2-Thr*. 

 
 Total IgG IgG1 IgG2a IgG2b IgG3 IgM 

KLH-Cys-
Thr* 

0.529 0.282 0.729 0.304 0.015 0.001 -0.003 -0.007 0.230 0.051 0.014 -0.004 

KLH-Cys-
sp2-Thr* 

1.744 1.660 4.641 4.583 0.153 0.361 0.005 -0.004 0.894 0.160 0.040 0.001 

 

 
On the other hand, IgG1 antibody response observed after immunization with MUC1 
vaccines, where plates where coated either with Cys-Thr* or Cys-Thr are shown in Table 
8.5.  
 

Table 8.5 Data obtained for detection of  circulating human antibodies against  
KLH-Cys-Thr* and  KLH-Cys-sp2-Thr*with different antigens coating the plates. 

 
 Cys-Thr* Cys-Thr 

KLH-Cys-Thr* 0.729 0.304 0.331 0.263 

KLH-Cys-sp2-Thr* 4.641 4.583 4.317 4.208 

 

 
8.11. Experimental section chapter 5 

 
8.11.1.  (Glyco)peptides synthesis 

 
Synthesis of peptide fP 

 
Semipreparative HPLC gradient Rt = 15.5 min 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 10 10 90 

18 10 20 80 
 
HRMS (ESI+) m/z: calcd. for C83H132FN27O28: [M+3H]3+: 658.9979 found: 658.9991.  
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Synthesis of glycopeptide fP* 
 

 
 
Semipreparative HPLC gradient Rt: 7.9 min. 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 20 11 89 
9 20 15 85 

 
HRMS (ESI+) m/z: calcd. for C91H145FN28O33: [M+3H]3+: 726.6838 found: 726.6871. 
 
Synthesis of peptide 2fP 

 
 
Semipreparative HPLC gradient Rt: 6.6 min. 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 20 13 87 
8 20 19 81 

 
HRMS (ESI+) m/z: calcd. for C83H131F2N27O28: [M+3H]3+: 664.9948 found: 664.9973. 
 
Synthesis of glycopeptide 2fP* 
 

 
 
Semipreparative HPLC gradient Rt: 7.9 min. 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 20 12 88 
9 20 17 83 
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HRMS (ESI+) m/z: calcd. for C91H144F2N28O33: [M+3H]3+: 732.6806 found: 732.6880. 
 
Synthesis of glycopeptide P*’ 

 
Semipreparative HPLC gradient Rt: 15.6 min. 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 20 5 95 

20 20 15 85 
 
HRMS (ESI+) m/z: calcd. for C57H95N17O22: [M+H]+: 1370.6838 found: 1370.6885. 
 
1H NMR (400 MHz, D2O) d (ppm): 0.95-0.97 (m, 6H, Val3g), 1.21-1.26 (m, 6H, Thr4g, 
Thr9g), 1.31-1.41 (m, 6H, Ala6b, Ala12b), 1.69-2.34 (m, 20H, Ac, Pro7b, Pro11b, Pro13b, 
Pro7g, Pro11g, Pro13g, Arg10b, Arg10g, Val3b), 2.83-3.04 (m, 2H, Asp8b), 3.17- 3.27 (m, 
2H, Gly2a).  
 
Synthesis of glycopeptide fP*’ 
 

 
Semipreparative HPLC gradient Rt: 15.2 min. 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 20 5 95 

20 20 15 85 
 
HRMS (ESI+) m/z: calcd. for C57H94FN17O22: [M+2H]2+: 694.8444 found: 694.8455. 
 
1H NMR (400 MHz, D2O) d (ppm): 0.95-0.97 (m, 6H, Val3g), 1.21-1.25 (m, 6H, Thr4g, 
Thr9g), 1.31-1.43 (m, 6H, Ala6b, Ala12b), 1.69-2.69 (m, 18H, Ac, Pro7b, Pro11b, Pro13b, 
Pro11g, Pro13g, Arg10b, Arg10g, Val3b), 2.84-3.07 (m, 2H, Asp8b), 3.17-3.27 (m, 2H, 
Gly2a), 5.33-5.52 (m, 1H, Pro7g).  
 



Experimental section 

 

 170 

 
 
Synthesis of glycopeptide 2fP*’ 

 
 
Semipreparative HPLC gradient Rt: 17.8 min. 
 

Time (min) Flow (mL/min) Acetonitrile (%) H2O+0.1% TFA (%) 
0 20 5 95 

20 20 15 85 
 
HRMS (ESI+) m/z: calcd. for C57H94F2N17O22: [M+H]+: 1406.6449 found: 1406.6703.  
 
1H NMR (400 MHz, D2O) d (ppm): 0.95-0.97 (m, 6H, Val3g), 1.19-1.28 (m, 6H, Thr4g, 
Thr9g), 1.31-1.42 (m, 6H, Ala6b, Ala12b), 1.69-3.05 (m, 20H, Ac, Pro7b, Pro11b, Pro13b, 
Pro11g, Pro13g, Arg10b, Arg10g, Val3b, Asp8b), 3.17-3.27 (m, 2H, Gly2a). 
 
 

8.11.2.  BLI experiments  
 
(Glyco)peptides at different concentrations (0 to 10 µM), were immobilized on amine-
reactive biosensors (AR2G biosensors). Reactive sites were subsequently blocked. 
Following the protocol described in the Experimental section 8.7, antibody binding step 
was then performed. Figure 8.9 shows the typical BLI curves and the corresponding fit. 
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Figure 8.9  BLI curves and f it  obtained for the (glyco)peptides. 

 
Steady state analyses were then performed using each maximal binding response versus 
each range of concentrations to obtain the dissociation curves for the different 
(glyco)peptides. Dissociation constants (KD) were consequently deduced from each 
chart (Figure 8.10). 
 

 
 

Figure 8.10  Steady state analyses and KD  constants obtained for the studied (glyco)peptides. 
 



Experimental section 

 

 172 

 
8.11.3.  Crystal structure 

 
X-ray structure of fP*’ (pdb ID: 5OWP) was obtained as previously described in 
Experimental section 8.8. Electron density maps are FO–FC syntheses (blue) contoured at 
2.2 s for glycopeptide fP*’ (Figure 8.11). The amino acid residues and the GalNAc moiety 
are colored in blue and green, respectively. The fluorine atom is in magenta. It is 
important to note that Pro at the C-terminal region could not be resolved.  
 

 
 

Figure 8.11 Electron density maps for glycopeptide fP*’ (pdb ID: 5OWP). 

 
 

8.11.4.  Serologic Assay 
 
High-binding ELISA plates (JetBioFil, China) were coated with 100 μL of a 20 μM solution 
(in PBS buffer, pH 7) of each glycopeptide and incubated for 2 h at 37 ºC. Wells were 
washed three times with washing buffer (0.05% Tween-20 in PBS 1x) and blocked for 1 
h at 37 ºC with 100 μL of ELISA buffer (1% BSA in washing buffer).  
 
The wells were again washed 3 times with washing buffer, before incubation with sera 
samples (dilution 1:50 in ELISA buffer), performed at room temperature, for 90 min. 
After incubation, three washing buffer washing steps followed before incubation with 
donkey anti human IgG H&L antibody conjugated to HRP (Abcam, UK) for 1 h at room 
temperature (final concentration 300 ng/mL).  
 
After washing, incubation with 90 μL of 3,3’,5,5’-tetramethylbenzidine (TMB) 1x solution 
(eBiosciences, ThermoFisher Scientific, USA) was carried out for 10 min at room 
temperature. For the final color-developing step 50 μL of 2N H2SO4 were added to stop 
the reaction. Absorbance at 450 nm was read within the next 10 min, using a Tecan 
Infinite M200 plate-reader.  
 
Background absorbance values were subtracted, i.e. absorbance obtained for wells 
coated with the same MUC1 mucin variant but incubated only with the secondary 
antibody. Values were normalized to those obtained for healthy controls.  
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All groups were compared to P* using Wilcoxon matched-pairs signed rank test; 
Experimental groups were compared to equivalent healthy controls using an unpaired 
T-test with Welch’s correction (one-tailed); * p<0.05; ** p<0.02. 
 
Raw data obtained for detection of circulating human antibodies against MUC1 
glycopeptides are shown in Table 8.6. Data are shown as absorbance at 450 nm to which 
the background absorbance value was subtracted. “Signal-to-noise” corresponds to the 
average of absorbance values of each group normalized to the values obtained for 
“healthy controls”. 
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Table 8.6 Data obtained for detection of  circulating human antibodies against P* and 2fP* . 
 

Diagnostic 
Age 

Absorbance at 450 nm 
(corrected for "blank") "Signal-to-noise" ratio 

 
 
 
 
 
 
 
 

Prostatic Adenocarcinoma 

P* 2fP* P* 2fP* 
60 0.3171 0.1736 1.4806 2.4892 

61 0.1407 0.0431 0.6573 0.6178 

61 0.0385 -0.0026 0.1800 -0.0380 

62 0.2853 0.1971 1.3321 2.8254 

63 0.1354 0.0381 0.6323 0.5469 

64 2.2600 1.9428 10.5546 27.8491 

68 0.9091 0.5183 4.2456 7.4298 

71 2.3987 2.3477 11.2021 33.6532 

78 0.8835 0.3914 4.1260 5.6107 

Average 
0.8187 * 

(p=0.0424 vs 
Healthy) 

0.6277 * 
(p=0.0484 vs 

Healthy) 
3.8234 8.9982 * 

(p=0.0273 vs P*) 

Prostatic Benign Hyperplasia 

64 0.2351 0.1880 1.0982 2.6950 

65 0.2384 0.3711 1.1136 5.3197 

65 0.1864 0.2030 0.8707 2.9100 

65 0.1055 0.2215 0.4927 3.1759 

67 0.0781 0.1462 0.3650 2.0958 

68 0.3628 0.6662 1.6945 9.5492 

72 0.0511 -0.0236 0.2389 -0.3390 

72 0.5257 0.1613 2.4548 2.3115 

78 0.3893 0.2420 1.8178 3.4698 

84 0.0408 -0.0878 0.1908 -1.2593 

87 0.7009 0.4896 3.2735 7.0183 

Average 
0.2649 N.S. 
(p=0.2646 vs 

Healthy) 

0.2343 * 
(p=0.00234 vs 

Healthy) 
1.2373 3.3588 ** 

(p=0.0068 vs P*) 

Healthy Male Controls 

56 0.2068 0.0015 0.9658 0.0215 

60 0.2738 0.1211 1.2787 1.7360 

61 0.2408 0.1148 1.1248 1.6456 

62 0.3064 0.1542 1.4307 2.2097 

62 0.0428 -0.0427 0.2001 -0.6128 

Average 0.2141 0.0698 1.0000 1.0000 
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9. Supplementary information 
9.1.  NMR experiments chapter 3 

 
Compound 3-II 
1H NMR 400 MHz in CDCl3 registered at 298K 
 

 
 

13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 

 
 

 
 
 

HSQC in CDCl3 registered at 298K 
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Compound 3-III 
1H NMR 400 MHz in CDCl3 registered at 298K 
 

 
 

13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 
 

 
 

HSQC in CDCl3 registered at 298K 
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Compound 3-IV 
1H NMR 400 MHz in CDCl3 registered at 298K 

 

 
 

13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 
 

 
 

HSQC in CDCl3 registered at 298K 
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Tn-Thr’ 
1H NMR 400 MHz in D2O registered at 298K 

 

 
 

13C NMR 100 MHz in D2O registered at 298K 
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COSY in D2O registered at 298K 
 

 

 
 

HSQC in D2O registered at 298K 
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Compound 9 
1H NMR 400 MHz in CDCl3 registered at 298K 

 

 
 

13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 
 

 
 
 

HSQC in CDCl3 registered at 298K 
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Compound 3-VII 
1H NMR 400 MHz in CDCl3 registered at 298K 
 

 
 

13C NMR 100 MHz in CDCl3 registered at 298K 
 

 
 



Supplementary information 
 

 190 

COSY in CDCl3 registered at 298K 
 

 

 
 

HSQC in CDCl3 registered at 298K 
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Compound V-III 
1H NMR 400 MHz in CDCl3 registered at 298K 

 

 
 

13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 
 

 

 
 
 

HSQC in CDCl3 registered at 298K 
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Tn-Ser’ 
1H NMR 400 MHz in MeOD3 registered at 298K 

 

 
 

13C NMR 100 MHz in MeOD3 registered at 298K 
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COSY in MeOD3 registered at 298K 
 

 

 
 

HSQC in MeOD3 registered at 298K 
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9.2.  NMR experiments and chromatograms chapter 4 
 
Compound 4-III
1H NMR 400 MHz in CDCl3 registered at 298K 
 

 
 
13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 
 

 
 

HSQC in CDCl3 registered at 298K 
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Compound 4-VI  
1H NMR 400 MHz in CDCl3 registered at 298K 
 

 
 
13C NMR 100 MHz in CDCl3 registered at 298K 
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COSY in CDCl3 registered at 298K 
 

 
 
HSQC in CDCl3 registered at 298K 
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Compound 4-IX 
1H NMR 400 MHz in CDCl3 registered at 298K  
 

  
 
13C NMR 100 MHz in CDCl3 registered at 298K  
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COSY in CDCl3 registered at 298K 
 

 
 
 
HSQC in CDCl3 registered at 298K 
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Compound 4-XI 
1H NMR 400 MHz in CDCl3 registered at 298K 
 

 
 
13C NMR 100 MHz in CDCl3 registered at 298K  
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COSY in CDCl3 registered at 298K 
 

 
 

HSQC in CDCl3 registered at 298K 
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Glycopeptide Hnv*’ 
 

 
 
 
HPLC chromatogram 
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1H NMR 400 MHz in D2O registered at 298K 
 

  
 
13C NMR 75 MHz in D2O registered at 298K 
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COSY in D2O registered at 298K 
 

 
 
HSQC in D2O registered at 298K 
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ROESY in D2O registered at 298K 
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Glycopeptide alloThr*’ 
 

 
 
 
HPLC chromatogram 
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1H NMR 400 MHz in D2O registered at 298K 
 

 
 

13C NMR 75 MHz in D2O registered at 298K 
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COSY in D2O registered at 298K 
 

 
 
HSQC in D2O registered at 298K 
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9.3. SPR curves and steady states analyses of compounds Thr’, 

Thr*’ and Hnv*’ 
 

9.3.1. Thr’ analysis. 
 

SPR curves obtained at 7 ºC 

 

 
 

Steady state analysis obtained at 7 ºC 
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SPR curves obtained at 15 ºC 

 
 

 
Steady state analysis obtained at 15 ºC 
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SPR curves obtained at 25 ºC 

 

 
 
 
Steady state analysis obtained at 25 ºC 
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9.3.2. Thr*’ analysis. 
 
SPR curves obtained at 7 ºC 

 
 

 
Steady state analysis obtained at 7 ºC 
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SPR curves obtained at 15 ºC 

 

 
 

 
Steady state analysis obtained at 15 ºC 
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SPR curves obtained at 25 ºC 

 

 
 
 
Steady state analysis obtained at 25 ºC 
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SPR curves obtained at 37 ºC 

 
 
 
Steady state analysis obtained at 37 ºC 
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9.1.1. Hnv*’ analysis. 
 
SPR curves obtained at 10 ºC 

 
 

Steady state analysis obtained at 10 ºC 
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SPR curves obtained at 15 ºC 

 

 
 

 
Steady state analysis obtained at 15 ºC 
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SPR curves obtained at 25 ºC 

 

 
 
 
Steady state analysis obtained at 25 ºC 
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SPR curves obtained at 37 ºC 

 
 
 
Steady state analysis obtained at 37 ºC 
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9.4. NMR spectra and chromatograms chapter 5 
 
Glycopeptide P*’ 
 

 
 
 
HPLC chromatogram 
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1H NMR 400 MHz in D2O registered at 298K 
 

 
 
13C NMR 75 MHz in D2O registered at 298K 
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Glycopeptide fP*’ 
 

 
 
 
HPLC chromatogram 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary information 
 

 224 

1H NMR 400 MHz in D2O registered at 298K 
 

 
A second set of signals (in a small percentage) is observed. They correspond to the cis 
disposition of the amide bond of proline residues.  

 
13C NMR 75 MHz in D2O registered at 298K 
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Decoupled 19F{1H} NMR 282 MHZ in D2O registered at 298K 
 

 
 

A second set of signals (in a small percentage) is observed. They correspond to the cis 
disposition of the amide bond of proline residues.  
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 Glycopeptide 2fP*’ 

 
 
 
HPLC chromatogram 
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1H NMR 400 MHz in D2O registered at 298K 
 

 
 
 
 
13C NMR 75 MHz in D2O registered at 298K 
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Decoupled 19F{1H} NMR 282 MHZ in D2O registered at 298K 
 

 
A second set of signals (in a small percentage) is observed. They correspond to the cis 
disposition of the amide bond of proline residues.  

 
 
 
 




