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Chapter 1

General Introduction
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1-1 Glycan
Glycosylation is one of the most common posttranslational modifications
involved in a wide range of protein functions and structures. In mammals, glycans consist
of several monosaccharides, such as glucose, galactose, mannose, fucose, xylose, Nacetyl glucosamine, N-acetyl galactosamine, and N-acetyl neuraminic acid, resulting in a
large structural diversity. Besides, glycosylation is a DNA-template independent process
influenced by the expression level of glycosyltransferase and its substrate. Therefore, the
glycan structure has a lot of diversity and changes in species, environment, cell conditions
or type, and disease states1.

Figure 1-1 N and O- Glycosylation in proteins
The glycan structures on protein are classified as N- or O-glycan. N-glycan is
conjugated on an asparagine (N) residue in which is consensus sequences N-X (X can be
any amino acid except for proline)-Serine(S)/Threonine(T). N-glycan shares the typical
pentasaccharide core structure. On the other hand, O-glycans have different initial sugars;
GalNAc, fucose, GlcNAc, mannose, glucose, xylose, and galactose, which can be
attached to serine or threonine1. Hence, O-linked glycan has a lot of structural diversity
resulting in functional diversity, compared with N-glycan. This thesis focuses on
Mucin (like) O-glycans starting with an N-acetyl-galactosamine structure and antibodies
targeting the mucin O-glycoprotein.
10

1-2 Mucin
Mucin (like) protein is a high molecular weight membrane-bound/secret protein
and heavily O-glycosylated in its flexible serine/threonine-rich region. The O-glycans
contribute to many mucin’s primary role, such as retaining water at cell surface exposed
to various environments, forming gel-like form. For example, membrane-bound mucin,
Mucin1 (MUC1) has a 120-225 kDa of core protein including variable tandem repeat
sequence HGVTSAPDTRPAPGSTAPPA, extending 200-500 nm beyond the surface of
the cell.2The repeat sequence contains five potential glycosylation sites and, 250-500 kDa
of sugar chain is attached to the MUC12. These mucins are components of glycocalyx
that is the most outside layer facing the extra-cellular environment3,4.
Immature O-glycosylation such as Tn (GalNAc), TF(Gal → 3GalNAc1),
ST(NeuAc → 3Gal → 3GalNAc1), Sialyl Tn (NeuAc → 6GalNAc1) can be
found in many types of cancers5 (Figure 1-2). These aberrant glycosylations on mucins
cause structural and functional alterations, newly obtaining high immunogenicity2. Autoantibody toward the MUC1 glycopeptides is also detected from human serum from some
cancer patients6. Thus, anti-MUC1 monoclonal antibody (mAb) is a promising candidate
for a new drug. Historically, the most well-studied fields of the aberrant mucins are cancer
antigens and biomarkers8,9. MUC1 having shorts glycans are overexpressed in many
cancers, breast, lung, and ovary2. Therefore, mucins have been recognized as a target for
cancer vaccine and diagnostic reagents such as CA 15-3/MUC1, CA 12-5/MUC16,

KL-

6/MUC1 (for diagnosis of Interstitial lung disease) 8, 10, 11. However, the effects of short
glycosylation have been poorly understood and gradually revealed. Recently it was
demonstrated that Sialyl T antigen generated on MUC1 interacts with immune regulating
11

molecules, Siglec-9, on macrophages, helping cancer immune tolerance12. High MUC1
expression is associated with a poor prognosis for cancer patients. Cancer cells may
aggressively utilize the aberrant glycosylation MUC1 for escaping from the immune
system.

Figure 1-2 Tumor-associated MUC1
When Aberrant glycosylation occurs, core proteins are exposed and easily
accessed to some molecules such as antibodies and proteases. As a result, MUC1 is
cleaved and leaked to the bloodstream, enabling it to be detected from serum by using
anti-MUC1 mAb2.

1-3 Effects of O-Glycosylation in glycoproteins
Our group has studied the structural and functional alteration of proteins induced
by glycosylation by using chemical approaches, for example, chemoenzymatic synthesis,
NMR structural analysis, and mass spectrometry. Our group previously demonstrated that
anti-freeze glycopeptide (AGP) forms amphiphilic structure gifting freezing point
depression ability, caused by periodic glycosylation in specific repeat sequences13. This
result is an example that glycosylation gives a peptide a special function (Figure 1-3A).
Moreover, our group has been interested in antibody binding to glycoprotein and
12

its binding features. It was demonstrated that Anti-KL-6 mAb has an essential epitope; 7mer PDTRPAP having trisaccharide ST antigen (NeuAc→3Gal→3GalNAc1) and
the peptide conformation in epitope is dynamically changed by glycosylation pattern in
the PDTR region and its neighboring glycosylation sites (Figure 1-3B)14,15. The
comprehensive epitope mapping of anti-MUC1 mAbs also reveals that most of the antiMUC1 mAbs cannot discriminate glycan structure16,17. These results suggest that
glycopeptide-specific anti-MUC1 mAb is challenging to generate. Indeed, glycan
detecting antibodies are rare and lectin shows low binding specificity and affinity18,19.
However, glycopeptide-specific mAb is vital for many applications such as diagnosis,
therapeutics because glycosylation patterns are significantly related to disease type20.
In terms of the analogy, we could estimate the reason why glycan detecting
molecules are rare. One of the probable reasons is that glycosylation distributes a lot of
proteins and lipids, sharing similar structures18. Tn antigens or other short glycans are
expressed on embryonic and nonmalignant tissues. Therefore, glycans have low
immunogenicity, resulting in difficulty in generating glycan-specific antibodies. The
second probable reason is glycan’s high hydrophilicity and flexibility. In general, protein
is more hydrophobic than glycans. Glycan likes water, which may decrease the affinity
of glycan-protein interactions in water. To be precise, it is high energy “cost” to remove
hydrated water around glycans when glycan binds to proteins.21 Indeed, the low affinity
of lectins recognizing glycans reflects this limitation in glycan recognitions.
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Figure 1- 3 NMR structure of AFGP (A) and PDTR region MUC1 glycopeptide (B).
Glycan moieties face each other, making an amphiphilic structure. The repeating
peptides form a helical structure. NMR solution structure of MUC1 naked peptide (left),
Core1-MUC1 (center), and SialylT-MUC1 which can bind to KL-6 antibody (right)

1-4 Generation of novel anti-MUC1 mAbs using homogeneous synthetic
glycopeptide
To overcome the lack of antibodies that recognizes glycans, we have tried to
obtain antibodies targeting “glycopeptidic epitopes” utilizing homogeneous synthetic
glycopeptides as key materials22.

Considering the hydrophilicity of glycans, antibodies

that recognize glycopeptides are more likely to have a higher binding affinity than
antibodies that recognize only glycans. Moreover, glycopeptidic neoepitopes generated
by tumor cells are exclusively expressed in malignant cells, obtaining the antigenicity.
Therefore, focusing on glycopeptidic epitopes is an ideal strategy for getting antibodies
that recognize cancer-specific carbohydrate antigens.
Our groups selected MUC1 as the first target for immunization. MUC1
glycopeptide (GVTSAPDT[GalNAc]RPAPGSTAPPAGVTC) containing a certain
glycosylated in immunodominant motif conjugated with adjuvant was immunized at the
14

mice. The antibody-producing hybridomas were screened by using an Enzyme-Linked
Immunosorbent Assay (ELISA) plate immobilizing glycopeptide/peptides to find
whether antibodies can discriminate the target MUC1 glycopeptide from nonglycosylated MUC1 peptide. As a result, our group obtained novel anti-MUC1 mAbs,
SN-10X series.

Figure 1-4 A strategy for the generation of antibodies targeting MUC1 glycopeptide.
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About this thesis
This thesis focuses on anti-MUC1 mAb, recognizing glycopeptide epitope.
Chapter 2 communicates the result of structural and binding analysis of SN-101 antibody
generated by our novel strategy. The data could show that a novel straightforward method
is useful to develop anti-MUC1 mAb recognizing glycopeptide epitopes.

Glycopeptide

specific mAb is limited, preventing a precise understanding of the role of glycosylation.
Recently site-specific glycoproteomics reveals the relationship between glycan structure,
glycosylation position, and diseases. The method and a novel mAb may facilitate
understanding of glycan's function, providing glycan detecting devices. Chapter 3
mentions the concluding remarks.
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2 Chapter 2
A novel Tn antigen specific anti-MUC1
monoclonal antibody recognizing both the glycopeptide
and its conformation
A version of this work is reproduced in a part of “A straightforward approach to antibodies
recognising cancer specific glycopeptidic neoepitopes” Chemical Science, 2020,11,
4999-5006
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2-1 Abstract
Abstract; Aberrantly glycosylated MUC1 is overexpressed in many types of cancer
cells. Hence, numerous anti-MUC1 antibodies have been produced as candidates for
diagnostic and therapeutic agents. However, most of them do not have specificity for
particular sugar chain structures, although glycan structure is strongly related to disease
states. Therefore, glycan-specific anti-MUC1 mAb has been needed. Recently, our group
obtained a novel glycan-specific anti-MUC1 antibody (SN-101) using a homogeneous
synthetic MUC1 glycopeptide containing a disease-related Tn antigen epitope. In this
study, I revealed the binding structure and essential epitope of a novel anti-MUC1 mAb
SN-101, with X-ray structural analysis and glycopeptide microarray. SN-101 showed
high specificity to MUC1 glycopeptide bearing Tn antigen, compared with the
conventional antibodies and, the mAb directly recognizes glycan moiety. Furthermore, it
shows a unique binding profile, that SN-101 is possible to distinguish sugar modification
in the VTSA region and glycopeptide conformation within the SN-101 is very similar to
reported NMR data of MUC1 glycopeptide. Herein, I demonstrated the importance of
direct recognition toward glycan moiety and the availability of the new strategy to obtain
antibodies that have high glycan specificity. SN-101 antibody is a new type of antibody
whose target epitope has been designed beforehand. By using the antibody, it may be
possible not only to understand at the molecular level of the disease-specific antigen but
also to develop a highly accurate diagnosis, quantitative analysis and highly targeted
antibody drugs.
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2-2 Introduction
Tumor cells express a high level of mucin glycoprotein MUC1 modified with
immature truncated O-glycans such as Tn (GalNAc1→), T (Gal1→3GalNAc 1→),
STn(Neu5Ac2→6GalNAc 1→), and ST (Neu5Ac2→3Gal1→3GalNAc
1→)antigens.1,2 Emerging importance of aberrantly glycosylated MUC1 in cancer
proliferation and metastasis3-5 has motivated us to develop antibodies targeting MUC1
extra-cellular tandem repeats bearing these key glycoforms.6-8 The Tn antigen is the
simplest and one of the most important structural motifs found widely in various
aggressive carcinomas. 2,9 Although extensive efforts have been paid toward the
development of anti-cancer antibodies targeting MUC1 having Tn antigen, it is
demonstrated that most anti-MUC1 antibodies do not interact directly with carbohydrates
while binding affinities with the immunodominant MUC1 peptides appear to be enhanced
significantly by O-glycosylation at this area.7,10,11 Indeed, recent X-ray crystallographic
studies on the structures of anti-MUC1 monoclonal antibodies (mAbs) such as SM312
and AR20.5 13 complexed with synthetic MUC1 glycopeptides demonstrate that
carbohydrate does not form any specific polar contacts with these mAbs.
In contrast, our group demonstrated that anti-MUC1/KL6 mAb, antibody probing
MUC1/KL6 fragments as a sensitive serum biomarker of interstitial lung diseases
(ILDs)14, recognizes specifically trisaccharide ST antigen attached to the Thr residue of a
heptapeptide (Pro-Asp-Thr-Arg-Pro-Ala-Pro) epitope within MUC1 tandem repeats.15
Strikingly, anti-MUC1/KL6 mAb discriminates ST antigen from Tn and T antigens at the
same O-glycosylation site independent of the modifications at other potential sites.10,11,15
NMR study uncovers that sialylation of T antigen at O-3 position of Gal residue induces
conformational alteration of this immunodominant peptide region from -turn like cis to
23

an extended trans structure.16 These results suggest that anti-MUC1/KL6 mAb recognizes
strictly a glycopeptidic epitope, an extended trans conformation of this peptide motif
modified specifically with ST antigen. However, it is also revealed that sugar extensions
at O-6 position of GalNAc residue at the reducing end of this minimal epitope do not
impede the interaction of MUC1 with this antibody.11,15 This means that anti-MUC1/KL6
mAb reacts with MUC1 fragments bearing core 2 type ST variants as well as disialyl T
(dST) structure found widely in normal tissues. Although we do not have X-ray crystal
structure of anti-MUC1/KL6 mAb in complex with ST-glycosylated MUC1 glycopeptidic
epitope, these results implicate that anti-MUC1/KL6 mAb often shows high-level
reactivities with sera of healthy control and many cancer patients17 in addition to
inflammatory diseases including ILDs.14 It should be emphasized that lack of
carbohydrate-binding specificities in most anti-MUC1 mAbs makes the development of
MUC1-based therapeutic antibodies difficult. Antibodies that bind disease-relevant
glycopeptidic neoepitopes with much higher specificities in the carbohydrate recognition
will provide dramatic improvements in the therapeutic and diagnostic index of antiMUC1 mAbs toward the clinical translation to patient care. Our attention has been paid
to the development of new class antibodies exhibiting an ability to recognize
glycopeptidic neoepitopes by interacting directly both with carbohydrate epitopes and the
proximal peptide sequence, concurrently. The SN-101 antibody, one of the potential antiMUC1 mAbs established by a novel strategy, recognizes specifically a targeted Tnglycosylated MUC1 peptide. Here, I communicate the three-dimensional structure of SN101 that interacts with MUC1 fragments through multiple polar contacts both with
carbohydrate side chain and the proximal immunodominant peptide region. Use of the
designated glycopeptide library allows for the development of a new class of antibodies
24

targeting “dynamic glycopeptidic neoepitopes” elaborated by disease-relevant Oglycosylation at immunodominant mucin domains. Furthermore, multidisciplinary
binding analysis using glycopeptides revealed the properties of the novel antibody SN101. The effect of glycosylation on the binding process of SN-101 was also discussed.
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2-3 Experiment
2-3.1Construction of MUC1 glycopeptides library
To analyze the antigen recognition mechanism of the novel antibody, MUC1
glycopeptides with various lengths and sugar chain structures were synthesized. This
library is utilized to determine an essential epitope of SN-101 antibody, binding affinity,
and structural analysis. All (glyco)peptides are synthesized using Micro-Wave irradiation
Fmoc Solid-Phase Peptide synthesis methods. The reagents and methods used were those
that have been used in the laboratory10,11,18,19. Glyco amino acids were prepared by
chemical synthesis in our laboratory18 or purchased from Medicinal Chemistry
Pharmaceuticals.

Fig. 2-1 Synthetic MUC1 glycopeptide library.
Compounds 1-21 have a ketone linker at the N-terminal of the peptide to immobilize on
AO/PC coated microarray plate. Compound 22 has Cys at C-terminal of the peptide for
immobilization to CM5 chip of BIACORE analysis. Compound 23 is used for cocrystallization with SN-101
26

2-3.2 Binding assay of SN-101
To determine the essential epitope and to assess the glycan specificity of SN-101,
we tried binding experiments using glycopeptide microarray system. The microarray is a
convenient method of confirming the interaction between many glycopeptides and
proteins at the same time16. Our group reports an epitope mapping analysis of some antiMUC1 mAbs using synthetic glycopeptide library and the microarray system5.
In this study, 21 kinds of glycopeptides were first prepared for the microarray by
chemical synthesis. Compound 1-9s are the glycopeptides whose N-terminal residues
decrease one by one, enabling to determine the essential sequence of SN-101 to bind to
MUC1. Compound 10-15 are the glycopeptides whose C-terminal residues increase one
by one. 16 is a naked peptide, and 17-20 are di-glycosylated peptide (Glycosylated at
PDTR region and another position) to access the effects of neighboring glycosylation.
Compound 21 contains T antigen at PDTR region. For immobilization on microarray
plates with aminooxy group, all glycopeptides include a linker having ketone group at Nterminal respectively. The peptides were spotted as shown in (figure 2-2). Interactions
between immobilized glycopeptides and SN-101 antibody were tagged with Cy3 labeled
goat anti-mouse IgG antibody and detected the fluorescence intensity. As shown in
(figure2-3), SN-101 is firmly bound to compounds 1, 2 10-15, 19, 20. The common
sequence containing these glycopeptides is GVTSAPDT, therefore the data suggested that
the essential epitope of SN-101 is GVTSAPDT[Tn]. As a binding to the naked peptide
(compound 16) was very weak, it was revealed that the glycan moiety is vital for SN-101
to be bound to the antigen. Moreover, another glycosylation at Ser and Thr in the VTSA
region decreased the total interaction. In contrast, C-terminal residue (RPAP….) is not
essential to the binding, suggesting SN-101 recognizes mainly octa-peptides and GalNAc,
27

GVTSAPDT[Tn].
Subsequently, we examined the glycan specificity of SN-101. The peptides having
the same sequence HGVTSAPDTRPAPGSTAPPPA, but different glycosylation patterns
(16: Naked, 1: Tn, 21: T) were prepared. Relative binding specificity of SN-101 and SM3
was confirmed. SN-101 binds to MUC1 glycopeptide having Tn antigen (compound 1)
only. In contrast, SM3 strongly binds to both glycopeptides having Tn and T antigen. This
data indicates that SN-101 has a different binding mode from that of SM3.
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Fig. 2-2 Spotted peptide and Spot design used for this microarray analysis
(Upper) Compounds 1-9 are the glycopeptides whose N-terminal residues
decrease one by one. 10-15 are the glycopeptides whose C-terminal residues increase one
by one.16 is a naked peptide and 17-20 are di-glycosylated peptides (Glycosylated at
PDTR region and another position)
(Lower) Total 20 kinds of peptides that have 3 concentrations (1 M, 10 M, 100
M) were spotted on a microarray plate. Each concertation peptide was spotted 4 times
(left). 100 M of compound 16 (naked), 1 (Tn), 21 (T) solutions were spotted 12 times
for studying glycan specificity (right).
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Fig. 2-3 (A) Result of Epitope mapping analysis of SN-101 antibody
Average fluorescent values of each kind of spots (1-20, [1 M, 10 M, 100 M])
were indicated.
(B) Glycan specificity analysis
Average fluorescent values of each kind of spot (16, 1, 21, [100 M]) were
indicated. SN-101(left), SM3 (right)
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In addition, we assessed the binding affinity of SN-101 mAb for its glycopeptide
antigen. The binding constants to SN-101 were determined by using synthetic
glycopeptide (compound 22) through surface plasmon resonance (SPR) experiments.
Calculated from the kinetic curve and steady-state affinity Kd values were 5.26 × 10-7 M
and 9.56 × 10-7, respectively. In general, a standard Kd value enough to be used for
antibody drugs is 10-9 M order or less than 10-9 M. Accordingly, the Kd value of SN-101
was not so strong.

Fig. 2-4 SPR binding analysis
(A) MUC1 glycopeptide used in SPR binding analysis. Cys residue is added at C-terminal
to be immobilized on CM5 chip, using maleimide coupling.
(B) SPR binding curves and kinetic fitting curve. Calculated Kd: 5.26 × 10-7 M
(C) Steady-state binding levels against the concentrations. Calculated Kd: 9.56 × 10-7 M
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Finally, I performed the ITC (Isothermal Titration Calorimetry) experiments to
determine thermodynamic parameters in the antibody-antigen binding process. ITC is a
convenient tool to directly obtain total enthalpy changes during protein-ligand
interactions in the system. Entropy changes and Gibbs free energy changes also can be
calculated from the enthalpy changes. Non-specific interactions between protein and
ligands are generally not accompanied by caloric changes. For the measurements,
glycopeptide 1 and un-glycosylated peptide 16 were prepared. Both (glyco)peptide share
the same peptide sequence and, the only difference is they have GalNAc or not in the
PDTR region.

According to these experiments (Figure 2-5,6), SN-101 shows a higher

affinity to Tn-glyocopeptide 1 than that to naked peptide 16 (Tn: 1.596 M, Naked: 7.28
M). However, The ITC assay indicated that the GalNAc addition contributes to enthalpy
decreasing with a large entropy penalty in the binding process. Thus, it is revealed that
SN-101 has an enthalpy-driven type binding mechanism. The enthalpy-driven binding
pattern is widely shared by antibodies and lectins. The stoichiometry (n value)
theoretically becomes around two because IgG has two Fab responsible for the binding.
However, the n values in our result are 1.439 and 1.363, respectively. This data suggest
that some antibodies have lost binding activity due to long-time storage.
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Figure 2-5 Results of ITC measurement of SN-101 vs. Tn-glycopeptide 1
(above) Baseline graph in the experiment
(middle) Fitting model of the calculation.
(Below) Analysis result
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Figure 2-6 Results of ITC measurement of SN-101 vs. Naked peptide 1
(above) Baseline graph in the experiment
(middle) Fitting model of the calculation.
(Below) Analysis result
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2-3.3 Crystal structures of SN-101 and its complex with Tn-MUC1 glycopeptide
Next, my attention focuses on the binding mode different from other anti-MUC1
mAbs. To examine the recognition mechanism of the novel anti-MUC1 mAb (SN-101)
by using X-ray structural analysis. Fab fragment was generated by using ficin enzymatic
cleavage and purified by affinity column (Protein G) and size exclusion chromatography.
The pure Fab fragment was mixed with glycopeptide 23 (VTSAPDT[Tn]RPAPGSTA)
and co-crystallized. Previous reports showed that many anti-MUC1 mAbs recognize
PDTRPAP region in MUC1 peptide10,11. Referencing these data, we designed the
glycopeptide (VTSAPDT[Tn]RPAPGSTA) that added four amino acids to both terminals
of PDTRPAP.
The protein crystals were formed in several conditions, and the optimization of
the crystallization condition was performed. After diffraction experiments, crystal
structures of SN-101 complexed with the glycopeptide and non-ligand were determined
to 1.77 Å and 2.40 Å, respectively. One Fab was found in the asymmetric unit. The overall
structure of SN-131 complexed with glycopeptide was shown in (Figfure2-7). Electron
density map derived from the MUC1 glycopeptide 23 was found at the CDR region of
the antibody (Figure 2-7). We can assign the partial sequence of the glycopeptides 23, AcVTSAPDT[Tn]RP.

Two crystal structures (complex and non-liganded) were almost

identical in main and side chains, and the RMSD value between the two structures is 0.63
Å (Figure 2-8), meaning that no conformational alterations occur on SN-101 during
ligand binding. Focusing on the binding site, several hydrogen bonds are formed between
SN-101 and the glyocopeptide. Especially, SN-101 forms hydrogen bonds between O4
and O6 positions of GalNAc, with Ser 32 (L chain) and His 98 (L chain), respectively
(Figure2-9). A schematic image of SN-101 recognizing the glycopeptide is described as
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(Figure2-10) More detail, there is little space for the interaction of SN-101 with longer
and mature O-glycans generated by sugar extension at both the C-3 and C-6 positions of
GalNAc residue of the MUC1 glycopeptide, suggesting that SN-101 can discriminate the
Tn antigen from other glycans such as T, ST, and STn antigens, and core 2 type O-glycans.
The direct interaction between SN-101 and the glycopeptide was described
(Figure 2-9). Arg+1 and Pro+2 of the glycopeptide were stabilized in neighboring Fab and
not related to the binding. The microarray experiment mentioned that the C-terminal Arg
region is not essential for binding. Therefore, it is suggested that an essential epitope of
SN-101 is a seven mer glycopeptide, (G)VTSAPDT[Tn]. The Ser and Thr in VTSA
regions were inserted into the pocket deeply, meaning that SN-101 might be able to
distinguish whether VTSA region was glycosylated or not. Reported crystal structures of
anti-MUC1 mAbs (SM3 [PDB: 5A2K] and AR20.5 [PDB: 5T78]) suggested that both
antibodies do not recognize the glycan directly. On the other hand, SN-101 recognizes
not only the peptide but also glycan moiety. SN-101 is the first antibody that recognizes
MUC1 “glyco”peptide, and I successfully revealed the crystal structure.
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Figure 2-7
(Right) Overall
structure
of SN-101
(Right)
Overall
structurecomplexed
of SN-101with
comthe glycopeptide
(Left) Omit map and assigned glycopeptide.

Figure 2-8 Merged structure of the complex and non-liganded form
There is no significant change in the structure between complex and non-liganded form.
glycopeptide
Gray cartoon is a complex form and cyan cartoon is non-liganded form. (PDB: 6KX0 and
6KX1).
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Figure 2-9 Antigen recognition site of SN-101
(above) SN-101 recognizes MUC1 glycopeptide at its CDR region.
(below) Glycan recognition site of SN-101
SN-101 directly forms hydrogen bonds to O4 and O6 position of GalNAc. The
distances between His 98 (L) and GalNAc O4, and Ser 32 (L) and GalNAc O6
are 2.7 Ã, respectively.
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Figure 2-10 Binding mode of SN-101
(above) SN-101 surface model and binding glycopeptide
(below) Schematic image of the glycopeptide recognition of SN-101 antibody
Binding peptide (Black), GalNAc (Pink), Amino acid in Fab light chain (light
blue), Amino acid in heavy chain (light green)
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Table 2-1 Hydrogen bonds between SN-101 and the glycopeptide
Glycopeptide

SN-101
Fab

Hydrogen

distances

bond

Val

Asp103H

N-O2

2.94

Thr

Val102H

O-N

2.92

His38L

O-N

3.20

Asp103H

O-O1

2.50

Pro

His31L

N-O

2.73

Asp

Arg51H

O2-N1

2.73

O1-N2

3.09

O6-O

2.63

O6-N

2.84

O4-N1

2.70

GalNAc

Ser32L

HIS98L

Table 2-2 Sequence alignment SM3, SN-101 and AR20.5 antiMUC1 mAb.
Complementarity Determining Region (CDR) are colored with light
brown Residues with green background interact with MUC1 peptide
sequences via hydrogen bound.Residues with orange background interact
with glycan (GalNAc).

SM3
SN-101
AR20.5

SM3
SN-101
AR20.5

SM3
SN-101
AR20.5

SM3
SN-101
AR20.5

H chain
1
V Q L Q E S G
V N L E E S G
V K L V E S G
*
* * *
61
Y A E
Y A E
Y P D
*
L chain
1
- - D V V
D V L

S V K G
S V K G
T V K G
* * *

G
G
G
*

G
G
G
*

10
L
L
L
*

V Q P G G
V Q P G G
V A P G G
*
* * *

R
R
R
*

F
F
F
*

70
T
T
T
*

I
I
I
*

S
S
S
*

R
R
R
*

10
- - - - - - - L T T
M T Q T P L S L P V
M T Q T P L S L P V
*

61
P G V P A R F S
S G V P D R F S
S G V P D R F S
* * *
* * *

G
G
G
*

20
S M K L S
S M K L S
S L K L S
*
* * *

C V A S G
C V A S G
C A A S G
*
* * *

80
D D S K S S V Y
D D S K S S V Y
D N A K N T L Y
*
*
*

L
L
L
*

Q
Q
Q
*

F
F
F
*

T
T
T
*

F
F
F
*

30
S N Y W M N W V R
S N Y W M N W V R
S S Y P M S W V R
*
*
*
* * *

90
M N N L R A E D
M N N L R A E D
M S S L K S E D
*
*
* *

20
S P G E T V T L T C R
S L G D Q A S I S C R
S L G D Q A S I S C R
*
*
* *

S
S
S
*

S T G A
S Q S L
S Q T I
*

T G I
T G I
T A I
*
*

Y
Y
Y
*

Y
Y
Y
*

30
V T - - T S N
V H S N G N T
V H S N G K I
*

40
Q S P E K G L E W
Q S P E K G L E W
Q T P E K R L E W
*
* * *
* * *

100
C T G - V G Q
C T G G V - C I R Q Y Y G
*

40

V
T
T
.

50
A E I R L K S N N Y A T
A Q I R L K S D N Y A T
A Y I N N G G G - - N P
*
*

F A Y W G
F D Y W G
F D Y W G
*
* * *

40
Y A N W V Q E K
Y L H W Y L Q K
Y L E W Y L Q K
*
*
*

70
80
90
100
S L I G D K A A L T I T G A Q T E D E A I Y F C A L W Y - S N H W
S G S G T D F T L K I S R V E A E D L G V Y F C S Q S T H V P P W
S G S G T D F T L K I S R V E A E D L G V Y Y C F Q G S H V - P W
*
*
*
*
* *
*
*
*

V
V
V
*

F
F
F
*

Q
Q
Q
*

110
G T
G T
G T
* *

120
T V T V S I V V T
T L T V S S S K T
T L T V S S A K T
*
* * *
*

50
P D H L F T G L
P G Q S P K L L
P G Q S P K L L
*
*

G
G
G
*

G
G
G
*

G
G
G
*

T
T
T
*

K
K
K
*

60
H
H
Y

110
L T V
L E I
L E I
*

60
I G G T N N R A
I Y K V S N R F
I Y R V S K R F
*
*

2-3-4 SN-101 recognizes specifically a dynamic glycopeptidic neoepitope
I demonstrated that SN-101 interacts directly with both the GalNAc and peptide
portions of the Tn-glycosylated MUC1 fragment through specific polar contacts (Fig. 29 and Table 2-3). However, the effect of the site-specific glycosylation-induced
conformational alteration observed in the MUC1 fragments on the molecular mechanism
in antibody recognition remains elusive11,16,21-23. The PDTR sequence is known as an
immunodominant region to which many anti-MUC1 mAbs binds and the conformation
of the PDTR region is dynamically changed by O-glycosylation states.
To assess whether SN-101 recognizes a conformational epitope generated
dynamically by Tn-glycosylation of MUC1 in solution, I compared the X-ray crystal
structure of MUC1 glycopeptide three bound to SN-101 with the solution NMR structure
of the synthetic MUC1 glycopeptide having a Tn antigen at the immunodominant AspThr-Arg motif11 (Fig. 2-11 and Table 2-3). Surprisingly, it was revealed that the two
structures are almost identical, and the RMSD value in the peptide backbone between the
solution NMR structure and X-ray crystal structure within SN-101 is estimated to be 0.67
Å. The result demonstrates that SN-101 recognizes the specifically conformational
glycopeptidic neoepitope elaborated dynamically in solution by Tn-glycosylation in this
peptide region. As shown in Fig. 2-11, it is likely that the conformations of the MUC1
glycopeptides in complex with three antibodies could be denoted as a sort of extended
structures when compared with a type I β-turn structure of the nine mer non-glycosylated
MUC1 peptide found by solution NMR study24. However, the present results uncover that
Tn-glycosylated MUC1 fragments identified within the complexes with SM3 and AR20.5
form apparently different conformations from that determined in the complex with SN101 (Fig. 2-11), in which the conformation of the bound MUC1 glycopeptide 23 is
41

completely merged with that of its solution NMR structure (Fig. 2-11). Notably, SN-101
recognizes the solution structure of this glycopeptidic neoepitope by interacting both with
the GalNAc moiety and the immunodominant peptide concurrently. In contrast, although
both SM3 and AR20.5 bind dominantly with the peptide backbone of the MUC1
fragments, they do not directly interact with GalNAc residue (Fig. 2-11)12,13,28. These
observations clearly demonstrate that the structural basis in recognition of Tnglycosylated MUC1 fragments by SN-101 differs entirely from those by SM3 and AR20.5.
The conformation of the peptide chain in solution and the conformation of the
peptide chain upon binding are very similar, meaning entropic advantage in the binding.
Also, The naked MUC1 peptide has been shown to have a beta-turn structure, suggesting
there is some enthalpic cost for the binding. Therefore, the binding of glycopeptides to
SN-101 was expected to have an entropic advantage over the binding of the naked peptide.
However, contrary to expectations, a closer look from a thermodynamic point of view
shows that SN-101 gains enthalpy through glycosylation and suffers an entropic
disadvantage (Figure 11). It may be due to several reasons describe below. (a) The
glycopeptide binding immobilizes the highly fluctuating glycans and reduces the
randomness of the glycan. (b) The glycans are bonded at different angles. NOE signal of
Tn-MUC1 glycopeptides shows that the NH-group of GalNAc is close to the NH-group
of the bearing threonine in the MUC1 PDTR sequence11. However, the NH-group of
GalNAc gets close to the arginine in the SN-101 crystal structure. This difference may be
a disadvantage for the binding entropy. (Figure12) (c) Compared with the binding to the
MUC1 naked peptide, the longer chains were immobilized by binding, which impaired
the degree of freedom of the glycopeptide and antibody. These results indicate that
glycopeptide recognition by antibody underlies various and complex mechanisms.
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Fig. 2-11 SN-101 recognizes the specifically dynamic glycopeptidic
neoepitope. (a) Superposition of the solution NMR structure of 23 mer MUC1
glycopeptide [Ac-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr(Tn)-Arg-Pro-Ala-Pro-Gly-Ser-ThrAla-Pro-Pro-His-Gly-Val-Thr-NH2]11 and the X-ray crystal structure of 15 mer MUC1
glycopeptide (compound 3) complexed with SN-101. 30 lowest energy NMR structures
in the Ser-Ala-Pro-Asp-Thr(Tn)-Arg region was overlaid. Blue stick represents the
peptide backbone of the NMR structure. (b) Conformations of Tn-glycosylated MUC
fragments bound to SN-101, SM312, and AR20.513. (c) Comparison of the X-ray crystal
structures of SN-101 (this study, PDB: 6KX1), SM3 (PDB: 5A2K), and AR20.5 (PDB:
5T78) in complex with Tn-glycosylated MUC1 fragments.
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Table 2-4 Dihedral angle of MUC1 glycopeptides in crystals and solution
ϕ (°)

ψ (°)

Residue

X-ray

NMR

X-ray

NMR

Ser

−82.9

−117.1

134.0

172.1

Ala

−98.1

−100.5

149.1

147.7

Pro

−68.0

−53.0

138.0

157.0

Asp

−74.3

−79.7

151.4

163.6

Thr

−110.2

−124.7

133.7

71.7

Arg

−141.6

−79.5

70.7

164.3

a The conformation of the glycoside bond (X-ray): ϕ (°) = O5–C1–O–Cβ = 88.4
and ψ (°) = C1–O–Cβ–Cα = 147.1; (NMR): ϕ (°) = O5–C1–O–Cβ = 59.2 and ψ (°) =
C1–O–Cβ–Cα = 157.8.
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kJ/mol

kJ/mol

Figure 2-12 Thermodynamic parameter obtaind from the ITC experiment

Figure 2-13 (Left) NOE spectrum of 23 mer Tn-MUC1, focusing the NHgroup of GalNAc10.
(Light) The GalNAc conformation in the SN-101 crystal.
The conformation of the glycoside bond (X-ray): ϕ (°) = O5–C1–O–Cβ = 88.4
and ψ (°) = C1–O–Cβ–Cα = 147.1; (NMR): ϕ (°) = O5–C1–O–Cβ = 59.2 and ψ
(°) = C1–O–Cβ–Cα = 157.8.

45

2-4 Discussion
MUC1 glycopeptidic neoepitopes are highly potential molecular targets
The circulation of MUC1 fragments shed from a cancer cell surface is used as a
biomarker to diagnose cancer stages and monitor relapse after treatments27,28. Importantly,
it was reported that extra-cellular MUC1 tandem repeats of cancer cells modulate the
tumor microenvironment through interaction with some pivotal lectins in a glycoformdependent manner29-34. Although MUC1 is a promising molecular target for cancer
therapy, our understanding of the biosynthetic mechanisms as well as functional roles of
MUC1 modified with many important O-glycans in cancer biology is still highly
limited2,37. Accumulated evidence indicates that the broad binding specificities of most
known anti-MUC1 mAbs toward O-glycans of MUC1 fragments make precise and
accurate diagnosis difficult10,11,14,17,25. Therefore, the advent of antibodies having the
ability to recognize precisely MUC1 fragments bearing immature truncated glycoforms
both with glycan and peptide sequence specificities has been strongly required because
such antibodies can greatly contribute to insights into the biological significance of
glycosylation in MUC1 and the development of novel anticancer therapeutics and
diagnostic antibodies.
Here I demonstrated a rational and straightforward strategy for the generation of
antibodies reacting specifically with designated glycopeptide structures, namely a novel
class of “glycopeptide epitope-defined antibodies”. The use of the tailored compound
library of homogeneous synthetic peptide/glycopeptides allows for the seamless scheme
of immunization of a targeted glycopeptide, antibody screening, and systematic structural
and biochemical characterization of selected antibodies toward the development of
glycopeptide epitope-defined antibodies. These results provide evidence that (a) the X46

ray crystal structure of this glycopeptidic neoepitope in complex with SN-101 is well
converged with its solution NMR structure, (b) SN-101 recognizes this glycopeptidic
neoepitope by interacting concurrently with both the GalNAc moiety and the
immunodominant peptide region, and (c) SN-101 interacts with Tn-glycosylated MUC1
but not with T-glycosylated MUC1 fragments. These results clearly demonstrate that
structural characteristics and the molecular mechanism in the recognition of Tnglycosylated MUC1 fragments by SN-101 differ entirely from those by SM3 and AR20.5.
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2-5 Conclusions
Given that many carbohydrate antigens such as Tn, T, ST, Lewis, and sialyl Lewis
antigens are found not only in tumor cells but in embryonic and normal adult tissues36,
the advantages of targeting glycopeptidic neoantigens for cancer immunotherapy are
evident37,38. From the crystal structures of SN-101 and its complex with a glycopeptidic
neoepitope and the results of epitope mapping analysis, we can now understand fully how
SN-101 recognizes cancer-relevant Tn-glycosylated MUC1 fragments. The structure of
liganded SN-101 Fab provides a provocative template for engineering new antibodies
exhibiting higher affinity and specificity to improve the clinical performance of antiMUC1 mAbs. I believe that the present approach will accelerate dramatically the
development of highly potential anti-cancer antibodies targeting neoantigens generated
dynamically by aberrant and immature O-glycosylation in various cancer-relevant mucins
and mucin-like domains widely distributed in the intrinsically disordered regions,38,39.
Furthermore, a sister antibody, SN-102 is also studied in a microarray experiment
at same condition as SN-101. SN-102 is developed by the same straightforward method
using synthetic MUC1 glycopeptide bearing Tn antigen. The microarray experiment
showed that SN-102 also has a glycopeptide specific binding mode same as SN-101. SN102 has a shorter essential epitope PDT(Tn)R than that of SN-101 VTSAPDT(Tn).
Neighboring glycosylations are not affected the SN-102 binding. Therefore, SN-102 is a
glycopepetide specific antibody but, it has a different binding mode. The recognition
mechanism is also interesting for me. Our group also reported novel anti-MUC1 mAbs,
1B2 and 12D10, showing high affinity and sialic acid specificity. Especially, the binding
affinity is top-class in reported anti-MUC1 mAbs. I am studying the structure of 1B2 and
12D10 and will communicate the structural basis of the high binding affinity.
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2-6 Experimental section
2-6.1 Synthesis of MUC1 glycopeptides
All (glyco)peptides were synthesized by a microwave-assisted solid-phase
peptide synthesis. Rink amide ChemMatrix resin (0.54 mmol/g,16.2 mol) was swollen
at room temperature in dichloromethane. A mixture of Fmoc-amino acid (4.0 equiv), 1[bis(dimethylamino)methyliumyl]-1H-benzotriazole-3-oxide

hexafluorophosphate

(HBTU) (4.0 equiv), 1-hydroxybenzotriazole monohydrate (HOBt) (4.0 equiv), and N,Ndiisopropylethylamine (DIEA) (6.0 equiv) in DMF was added to the resin and shaking
for 10 min under microwave irradiation. In the case of coupling reaction with glycoamino

acid,

Fmoc-Thr[Ac4Gal(1→3)Ac2GalNAc1→]-OH

or

Fmoc-

Thr[Ac3GalNAc1→]-OH (1.8 e.q.), HBTU(1.8 e.q.), HOBt (1.8 e.q.) and DIEA (3.6
e.q.) were used. At the end of solid phase peptide synthesis, an Amino group at Nterminal of the peptidyl-resin was capped with acetic anhydride or 5-oxohexanoic acid.
Then, the glycopeptide mimic was released from the resin and all acid-sensitive protective
group were removed, using cleavage reagent (95 % TFA, 2.5% TIS, 2.5% H2O) at room
temperature for 2h. In the case of (glyco)peptides having 5-oxohexanoic acid, 95 % TFA
and 5% H2O was used for cleavage cocktail.

The resin was filtrated off, and the

glycopeptide was precipitated with ice-colded tert-butylmethyl ester from the cleavage
reagent. The precipitate was dissolved in 50% aqueous acetonitrile and then lyophilized.
The dried precipitate was dissolved in 10 mL of methanol and, the solution pH was
adjusted to 12.5 with 1 N NaOH aqueous solution to remove the acetyl groups of the
glycan moiety. After 1h, the solution was neutralized with 30% aqueous acetic acid and
remove the solvent under reduced pressure. Finally, the glycopeptide mimic was purified
by preparative HPLC using a Inertsil ODS-3 column (10 mm × 250 mm). HPLC
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conditions were as follows: ambient temperature and flow rate of 3 mL/min, UV detection
at 220. Purity of the glycopeptides were confirmed by analytical HPLC with Inertsil ODS3 column. Exact mass was detected by MALDI-TOF MS.

2-6.2 Preparation of Glyco amino acids
Fmoc Thr(Ac3GalNAc1→)-OH was synthesized using the scheme as below18.

A synthesis scheme (Above) and 1D NMR spectrum of the final compound (below)
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Fmoc-Thr[Ac4Gal(1→3)Ac2GalNAc1→]-OH was synthesized using the scheme as
below18.

A synthesis scheme (Above) and 1D NMR spectrum of the final compound (below)
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2-6.3 Characterization of glyco-amino acid.
Characterization of compound 1. MALDI-TOFMS: C94H149N27O34, theoretical
mass: 2200.076, observed mass: 2202.146 [M+H]+

Characterization of compound 2. MALDI-TOFMS: C88H142N24O33, theoretical
mass: 2063.017, observed mass: 2064.098 [M+H]+

Characterization of compound 3. MALDI-TOFMS: C86H139N23O32, theoretical
mass: 2005.996, observed mass: 2007.132 [M+H]+
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Characterization of compound 4. MALDI-TOFMS: C81H130N22O31, theoretical
mass: 1906.927, observed mass: 1907.954 [M+H]+

Characterization of compound 5. MALDI-TOFMS: C77H123N21O29, theoretical
mass: 1805.880, observed mass: 1806.896 [M+H]+

Characterization of compound 6. MALDI-TOFMS: C74H118N20O27, Theoretical
mass: 1718.884, Observed mass: 1719.861 [M+H]+
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. Characterization of compound 7. MALDI-TOFMS: C71H113N19O26, theoretical
mass: 1647.810, observed mass: 1848.878 [M+H]+

Characterization of compound 8. MALDI-TOFMS: C66H106N18O25, theoretical
mass: 1550.758, observed mass: 1551.800 [M+H]+

Characterization of compound 9. MALDI-TOFMS: C62H101N17O22, Theoretical
mass: 1435.731, Observed mass: 1436.795 [M+H]+
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Characterization of compound 10. MALDI-TOFMS: C50H79N13O21, theoretical
mass: 1197.551, observed mass: 1220.622 [M+Na]+

Characterization of compound 11. MALDI-TOFMS: C56H91N17O22, theoretical
mass: 1353.652, observed mass: 1354.704 [M+H]+

Characterization of compound 12. MALDI-TOFMS: C61H98N18O23, theoretical
mass: 1450.705, observed mass: 1451.743 [M+H]+
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Characterization of compound 13. MALDI-TOFMS: C64H103N19O24, theoretical
mass: 1521.742, observed mass: 1522.805 [M+H]+

Characterization of compound 14. MALDI-TOFMS: C69H110N20O25, theoretical
mass: 1618.795, observed mass: 1619.889 [M+H]+

Characterization of compound 15. MALDI-TOFMS: C71H113N21O26, theoretical
mass: 1675.817, observed mass: 1676.889 [M+H]+
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Characterization of compound 16. MALDI-TOFMS: C86H136N26O29, theoretical
mass: 1996.997, observed mass: 1998.035 [M+H]+

Characterization of compound 17. MALDI-TOFMS: C102H162N28O39, theoretical
mass: 2403.155, observed mass: 2404.232 [M+H]+

Characterization of compound 18. MALDI-TOFMS: C102H162N28O39, theoretical
mass: 2403.155, observed mass: 2404.184 [M+H]+

Characterization of compound 19. MALDI-TOFMS: C102H162N28O39, theoretical
mass: 2403.155, observed mass: 2404.228 [M+H]+
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. Characterization of compound 20. MALDI-TOFMS: C102H162N28O39, theoretical
mass: 2403.155, observed mass: 2404.228 [M+H]+

Characterization of compound 21. MALDI-TOFMS: C100H159N27O39, theoretical
mass: 2362.129, observed mass: 2363.154 [M+H]+

Characterization of compound 22. MALDI-TOFMS: C63H104N20O24, theoretical
mass: 1670.811, observed mass: 1671.765 [M+H]+

Characterization of compound 23. MALDI-TOFMS: C93H148N28O34S, theoretical
mass: 2233.043, observed mass: 2234.048 [M+H]+
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2-6.4 Binding assay using glycopeptide microarray
According to a procedure reported previously10,11 AO/PC-coated plastic slides
were activated by 2 N HCl treatment for 4 h at 37 °C. Next, MUC1 glycopeptides/peptide
derivatives 1–23 were spotted in quadruplicate at three different concentrations (1, 10,
and 100 μM) in 25 mM acetate buffer, pH 5.0. The spotted slides were incubated for 1 h
at 80 °C to complete the immobilization and then dropped into an aqueous solution of
succinic anhydride (10 mg mL−1) for 1 h at room temperature to cap unreacted aminooxy
groups. A silicone rubber sheet with chambers was attached to the slide surface. Then, a
cover glass was set on each well. Subsequently, SN-101 solution (20 μg mL−1) in reaction
buffer was added through the interstice. After 2 h incubation at room temperature in a
humidified chamber, a Cy3-labeled goat anti-mouse IgG antibody (20 μg mL−1) was
added to the interstice, and the slide was incubated for 1 h at room temperature. After
incubation, each well was washed twice. Fluorescence images of the microarray slides
were obtained by using a GlycoStation™ Reader 1200 (GlycoTechnica Ltd., Japan). The
digital images of fluorescence responses were analyzed using ArrayVision™ software
version 8.0 (GE Healthcare) and GraphPad Prism™ software version 5 (GrapfPad
Software, Inc.). The net intensity value was analyzed with Array Vison software,
subtracting the background value. The average relative fluorescence unit (RFU) was
plotted as a histogram. The error bars represent the standard deviation.
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2-6.5 Binding analysis using SPR
The binding affinity of SN-101 was measured with a surface plasmon resonance
instrument (Biacore 2000, GE Healthcare). First, MUC1 glycopeptide 25 was
immobilized on a CM5-sensor chip using a standard maleimide coupling method. The
resonance units (RUs) of the sensor chip increased to 31 RU after immobilization. In
addition, a cell that was blocked with l-cystein was prepared as a reference cell. SN-101
antibody Fab was dissolved in HBS-EP buffer and then 5.0 μM, 2.5 μM, 1.3 μM, 0.63
μM, 0.31 μM, 0.16 μM, 0.08 μM, and 0.04 μM of Fab solutions were prepared. A Fab
solution was injected at a flow rate of 20 μL min−1. The data were analyzed with BIA
evaluation version 4.1 software (GE Healthcare). The affinity constant (Kd) of SN-101
Fab with MUC1 glycopeptide 25 was calculated from kinetic parameters (association and
dissociation).

2-6.6 Preparation and crystallization of SN-101 Fab
SN-101 (IgG1) (10 mL, 4 mg mL−1) was dialyzed for 24 h into a solution of 5 mM
EDTA, 25 mM cysteine and 10 mM citrate (pH 6.5). The solution was added to
immobilized ficin (Thermo Scientific) using a ratio of 24 mg of IgG/1 mL of ficin resin
and was incubated for 5 h with an end-over-end mixer at 37 °C. The reaction mixture was
filtered to remove the resin and dialyzed into 20 mM sodium phosphate buffer (pH 7.0).
Affinity chromatography was performed using a Hi trap Protein G column (1 mL) to
remove the Fc fragments from the reaction mixture. The Fab and undigested IgG1 were
eluted with acidic buffer (0.1 M glycine-HCl, pH 2.7) as a single peak from the column.
Although Hitrap Protein L column and Protein A column were also used for separation of
SN-101, only Protein G column succeeded in separating the Fab fragment clearly.
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Importantly, Fc region was found in flow-through fractions and Fab and undigested IgG
were found in elution fractions. Protein G strongly interacts with the Fc region of IgGs
and weakly binds to Fab region in general. In a previous report40, Ficin treatment decrease
the interaction between IgG Fc region and Protein G. Unexpectedly, I demonstrate the
phenomena and usefulness in Fab generation. Subsequently, SN-101 Fab was isolated by
size exclusion chromatography using a HiLoad 16/60 Superdex 75 column (GE
Healthcare) under 50 mM Tris–HCl buffer (pH 8.0) containing 200 mM NaCl. SN-101
Fab was concentrated to 15 mg mL−1 and used directly for the crystallization to obtain
the crystals of unliganded SN-101 Fab. In addition, SN-101 Fab was mixed with MUC1
glycopeptide 23 in a 1 : 5 molar ratio for SN-101/MUC1 glycopeptide (SN-101–MUC1).
The crystallization screening was performed using the sitting-drop vapor-diffusion
method with a series of crystallization kits from Qiagen (Hilden, Germany). Protein
solution (0.2 μL) was mixed with an equal volume of reservoir solution at 20 °C.
Appropriate crystals of the unliganded form and MUC1-liganded SN-101 Fab were
obtained in 300–350 mM NaSCN and 20–30% (w/w) PEG3350
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Figure 2-12 SDS-PAGE after ficin treatment to SN-101
After Ficin treatment, SN-101 sample was applied to 12.5% SDS-Page gel. The
main two bands are confirmed around 31kDa marker. From above, these bands are
derived from the reduced heavy chain, Fc, Fab, respectively.

Figure 2-13 Purification of SN-101 Fab, using Protein G column
Chromatogram chart showing 280 nm absorbance in Fab separation step using
Protein G column. The result of SDS-page to each fraction. Fc region is detected in flowthrough fraction, and Fab and heavy chain from undigested IgG were found in elution
fractions.
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Figure 2-14 Purification of SN-101 Fab, using SEC
(Left) Chromatogram chart showing UV 280 nm absorption in SEC,
(Right) The result of SDS-Paga to each fraction collected in the SEC
In this step, the undigested IgG was removed from Fab solution.

Figure 2-15 Protein Crystal of SN-101 Fab
Crystals of SN-101 were formed as polycrystals. We broke the crystal and
collected the single crystal portion for X-ray diffraction experiment.
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2-6.7 Isothermal titration calorimetry (ITC) experiment
SN-101 solution was dialyzed into 20 mM phosphate 100 mM NaCl pH 7.0 and
concentrated using Amicon Ultra 15 30k. The dialysate was also collected for the dilutant
and solvent of the peptide/glycopeptide sample. Combinations 13.3 M of SN-101 and
250 nM of glycopeptide 1, and 26.6 M of SN-101 and 550 nM of Naked peptide 16 were
used for the measurements. Cell volume was 350 L, and syringe volume was 52 L,
respectively. 2 L of the (Glyco)peptide were injected 25 times. To compensate for
dilution heat in the measurement, additional measurements that the ligand solutions vs.
the phosphate buffer were performed.
All experiments were performed by nano ITC (TA Instrument), and all analyses
were carried out using Nanoanalyze (TA Instrument). An Independent fitting model was
used for the calculation of thermodynamic parameters. Compensated data [ (Antibody vs.
Ligand) – (Buffer vs. Ligand)] were used for the analysis.

Figure 2- The ligands were applied to the phosphate buffer.
Left is in the case of 550 mM of Naked peptide 16 vs. 20 mM phosphate 100 mM
NaCl pH 7.0, and light is in the case of 250 mM Tn glycopeptide 1 vs. the phosphate
buffer. Constant dilution heats were observed in both measurements.
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2-6.8 Data collection, structural determination, and refinement
Crystals were soaked in cryo-protectant solution (20% glycerol in reservoir
solution), followed by flash-cooling under a stream of liquid nitrogen at −183 °C.
Diffraction data were collected on beamline BL17A at the Photon Factory (Tsukuba,
Japan). All data were processed and scaled using XDS41. All data collection statistics are
summarized in Table 2-4. The structures of the unliganded form and SN-101–MUC1
complex were determined by the molecular replacement method with the program
PHASER42. The structure of the unliganded form was solved using the structure of
antibody SYA/J6 (PDB code: 1PZ5) as a search model. Subsequently, the structure of the
SN-101–MUC1 complex was determined using the structure of the unliganded form as a
search model. Several rounds of refinement were performed using the program Phenix
refine43 in the Phenix program suite, alternating with manual fitting and rebuilding based
on 2Fo − Fc and Fo − Fc electron density using COOT44. Then, water molecules and
MUC1 glycopeptide 3 were built based on 2Fo − Fc and Fo − Fc electron densities. The
final refinement statistics and geometry defined by using MolProbity45 are shown in ESI
Table 2-4. All structural figures were generated by using PyMol (W. L. DeLano, The
PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC, 2002).
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Table 2-4, Data collection and refinement statistics in X-ray structural analysis
SN-101 complex

SN-101 non-Ligand

Beamline

Photon Factory BL17A

Photon Factory BL17A

Space group

C121

C121

Unit cell

a =159.92 b = 39.98 c = 63.87 a = 159.86 b = 40.10 c = 67.78

Data collection

 = 100.56

 =99.83

Resolution range (Å)

50-1.77 (1.88 – 1.77)

50-2.40 (2.55 – 2.40)

Rmeas

(%)

7.1 (92.6)

11.3 (74.2)

Completeness (%)

99.6 (98.5)

99.6 (98.9)

<I/(I)>

15.3(1.97)

12.78 (2.36)

No. unique reflection

38810 (6165)

16818 (2665)

Redundancy

4.98(4.95)

4.99(5.08)

CC1/2 (%)

 ()

 ()

Resolusion (Å)

39.30-1.77 (1.84 – 1.77)

39.38-2.40 (2.49 – 2.40)

No. reflection

38800 (3774)

16813 (1659)

Rwork/Rfree

0.1770/0.2286

0.22536/0.2778

macromolecules

3358

3295

solvet

237

37

RMS (bonds)

0.011

0.003

RMS (angles) (°)

1.12

0.63

outliers

0.00

0.00

allowed

2.56

3.78

favored

97.44

96.22

B-factors (Å2)

31.94

51.59

Macromolecules (Å2)

31.54

51.58

Ligands (Å2)

39.20

-

Solvent (Å2)

36.91

47.72

Refinement

No. of atoms

r.m.s.d (Å)

Ramachandran plot
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2-6.9 Materials
Supplementary Methods General methods and materials All solvents and reagents
were purchased from Aldrich Chemical Co. (Milwaukee, WI), Tokyo Chemical Industry
Co. Inc. (Tokyo, Japan), Wako Pure Chemical Industries Co. Inc. (Tokyo, Japan),
Funakoshi Co., Inc. (Tokyo, Japan), Medicinal Chemistry Pharmaceuticals, Co., Inc.
(Sapporo, Japan), Thermo Fisher Scientific K. K. Co. Inc. (Tokyo, Japan), Kanto
Chemical Co. Inc. (Tokyo, Japan) and used without further purification. Fmoc-based solid
phase peptide synthesis was performed with NovaPEG Rink Amide resin (loading 0.45
mmol/g). Fmoc-L-amino acids, except for glycosylated compounds, were purchased from
Novabiochem (Darmstadt, Germany) and Watanabe chemical industries (Japan).
Cy3TM-labeled goat anti-mouse IgG antibody was purchased from (Jackson
ImmunoResearch). Microarray slides (75×25×1 mm) were supplied from Sumitomo
Bakelite Co., Ltd. (Tokyo, Japan). Fmoc-(Ac3GalNAcα1→) serine/threonine, Fmoc(Ac4Galβ1,3Ac2GalNAcα1→)

serine/threonine

were

synthesized

according

to

previously reported methods. Preparative HPLC purifications were performed using
Hitachi system equipped with L-7100 pump and L-7405 UV detector using a reversephase C18 column Inertsil ODS-3 250×4.6 mm I.D. (GL Sciences Inc., Tokyo, Japan).
Analytical HPLC were performed using a Prominence Shimadzu HPLC system
[(Shimadzu Corporation, Kyoto, Japan) with LC-20B pump, SPD-20A UV/VIS detector
at 220 nm for monitor and Inertsil ODS-3 reversed-phase C-18 column C18 ODS-3
250×20 mm I.D (GL Sciences Inc., Tokyo, Japan). Matrix Assisted Laser Desorption
Ionization time-of-flight mass (MALDI-TOFMS) spectra were obtained with an Ultraflex
III TOF mass spectrometer (Bruker Daltonik GmbsH Co. Inc, Germany) equipped with a
reflector and controlled by the Flexcontrol 3.0 software package.
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3 Concluding remark
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MUC1 is the most famous mucin because of the wide range of expression and
relationship with many cancers1,2. Therefore, numerous anti-MUC1 mAbs have been
generated and studied as a promising candidate for novel therapeutic and diagnostic
reagents3. Indeed, some anti-MUC1 mAbs proceeded to clinical trials. However, all trials
failed due to less effectiveness in single-use of anti-MUC1 mAb4. Recently, new
modalities such as antibody-drug conjugate (ADC)5 and CAR-T (Chimeric Antigen
Receptor T cell)6 have been expanding rapidly. These new modalities need cancerspecific antibodies, little considering the anti-cancer activity of the antibody itself.
Therefore, MUC1 can be an attractive target for these new modalities. Some research
indicated excellent results that MUC1-DM4 ADC showed high anti-tumor activity in
vivo7 and CAR-T targeting MUC1 also indicates a potential for a novel therapeutic
method8. Besides, it has been suggested that MUC1 and its glycan antigen support
cancer’s immune escape through siglecs on immune cells such as macrophages and
monocyte9. Combination use of anti-MUC1 mAb and immune checkpoint blockade
reagent is also reported recently10.
Anti-MUC1 mAb is the only mAb whose crystal structure has been clarified in
many cases such as SM310, AR20.511 SN-101, SN-131, 5E512 and most of them have a
common epitope region Pro-Asp-Thr-Arg. The reason why PDTR region in MUC1 has
high immunogenicity remains unclear. The antibody structures to the same antigens
indicate a wide variety of antibody recognition mechanisms. Accumulation of this
antibody structural library to glycopeptidic epitope would contribute to revealing a
universal recognition mechanism of glycopeptidic antibodies.
In this thesis, I have demonstrated a straightforward method to generate antiMUC1 mAb recognizing glycopeptidic neoepitope. MUC1 is one of the most famous
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mucins, but at least 20 kinds of mucins have been identified and some of the mucins are
related to cancers and disease14. Therefore, our findings would help a person obtain antimucin mAb specific to glycans. Moreover, O-Glycosylation occurs on not only mucins
but many membrane-bound proteins, even in virus15,16. O-glycosylation sites are basically
found in disordered and outside regions in proteins because O-glycosylation occurs after
the protein folding process by accessing some glycosyltransferases15. Thus, our strategy
could be applied for generating novel antibodies toward all O-glycosylation sites. I hope
that this research will contribute to the development of new drugs in the future.
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