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approach to antibodies
recognising cancer specific glycopeptidic
neoepitopes†

Hajime Wakui,a Yoshikazu Tanaka,b Toyoyuki Ose,c Isamu Matsumoto,c Koji Kato,d
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Aberrantly truncated immature O-glycosylation in proteins occurs in essentially all types of epithelial cancer

cells, which was demonstrated to be a common feature of most adenocarcinomas and strongly associated

with cancer proliferation and metastasis. Although extensive efforts have been made toward the

development of anticancer antibodies targeting MUC1, one of the most studied mucins having cancer-

relevant immature O-glycans, no anti-MUC1 antibody recognises carbohydrates and the proximal MUC1

peptide region, concurrently. Here we present a general strategy that allows for the creation of antibodies

interacting specifically with glycopeptidic neoepitopes by using homogeneous synthetic MUC1

glycopeptides designed for the streamlined process of immunization, antibody screening, three-

dimensional structure analysis, epitope mapping and biochemical analysis. The X-ray crystal structure of the

anti-MUC1 monoclonal antibody SN-101 complexed with the antigenic glycopeptide provides for the first

time evidence that SN-101 recognises specifically the essential epitope by forming multiple hydrogen

bonds both with the proximal peptide and GalNAc linked to the threonine residue, concurrently.

Remarkably, the structure of the MUC1 glycopeptide in complex with SN-101 is identical to its solution

NMR structure, an extended conformation induced by site-specific glycosylation. We demonstrate that this

method accelerates dramatically the development of a new class of designated antibodies targeting

a variety of “dynamic neoepitopes” elaborated by disease-specific O-glycosylation in the immunodominant

mucin domains and mucin-like sequences found in intrinsically disordered regions of many proteins.
Introduction

As a pilot study conducted by the National Cancer Institute
(NCI), the Translational ResearchWorking Group rankedMUC1
as the second best potential target out of 75 tumour-associated
antigens,1 and extensive efforts have been made toward the
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development of anticancer antibodies and vaccines targeting
cancer cell-derived MUC1 glycoproteins.2 Cancer cells express
a high level of MUC1 modied with immature truncated O-
glycans such as Tn (GalNAca1/), T (Galb1 / 3GalNAca1/),
STn (Neu5Aca2/ 6GalNAca1/), and ST (Neu5Aca2/ 3Galb1
/ 3GalNAca1/) antigens.2,3 The emerging importance of
aberrantly glycosylated MUC1 in cancer proliferation and
metastasis4–6 has motivated us to develop antibodies targeting
MUC1 extracellular tandem repeats bearing these key glyco-
forms.7–9 The Tn antigen is the simplest and one of the most
important structural motifs found widely in various aggressive
carcinomas.3,10 Despite extensive efforts for the development of
antibodies to MUC1 having the Tn antigen, it is demonstrated
that most anti-MUC1 antibodies do not interact directly with
carbohydrates while binding affinities with the immunodo-
minant MUC1 peptides appear to be enhanced signicantly by
O-glycosylation in this area.8,11,12 Indeed, recent X-ray crystallo-
graphic studies on the structures of anti-MUC1 monoclonal
antibodies (mAbs) such as SM3 (ref. 13) and AR20.5 (ref. 14)
complexed with synthetic MUC1 glycopeptides demonstrated
that carbohydrates do not form any specic polar contacts with
these mAbs.
Chem. Sci., 2020, 11, 4999–5006 | 4999
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Fig. 1 Generation of epitope-defined anti-MUC1 antibodies. (a) A
strategy for the generation of antibodies targeting glycopeptidic
epitopes by using synthetic glycopeptides designed for the stream-
lined process from the immunization of “conformational glycopeptidic
neoepitopes”, antibody selection, and characterization. (b) A list of
compounds used in this study. Compound 1 was conjugated with KLH
by using the Cys residue (red) or aminooxy-functionalized nano-
particles25–27 by using the ketone linker (blue) and used for the
immunization. The first screening was performed by ELISA immobi-
lizing compounds 1 and 2 using Cys residue (red) to collect antibodies
binding selectively with glycopeptide 1. Compound 3 was used for the
co-crystallization with SN-101. Compounds 4–24 were displayed on
the microarray by means of the ketone linker (blue) and employed for
epitopemapping analysis. Compound 25was used for the SPR analysis
by immobilizing with Cys residue (red).
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In contrast, we demonstrated that anti-MUC1/KL6 mAb, an
antibody probing MUC1/KL6 fragments as a sensitive serum
biomarker of interstitial lung diseases (ILDs),15 recognises
specically the trisaccharide ST antigen attached to the Thr
residue of a heptapeptide (Pro-Asp-Thr-Arg-Pro-Ala-Pro) epitope
within MUC1 tandem repeats.16 Strikingly, anti-MUC1/KL6 mAb
discriminates the ST antigen from Tn and T antigens at the same
O-glycosylation site independent of the modications at other
potential sites.11,12,16 NMR study uncovers that sialylation of the T
antigen at theO-3 position of Gal residue induces conformational
alteration of this immunodominant peptide region from b-turn
like cis to an extended trans structure.17 These results suggest that
anti-MUC1/KL6 mAb recognises strictly a glycopeptidic epitope,
an extended trans conformation of this peptide motif modied
specically with the ST antigen. However, it is also revealed that
sugar extensions at the O-6 position of GalNAc residue at the
reducing end of this minimal epitope do not impede the inter-
action of MUC1 with this antibody.12,16 This means that anti-
MUC1/KL6 mAb reacts with MUC1 fragments bearing core 2
type ST variants and disialyl T (dST) found widely in normal
tissues. These results indicate that anti-MUC1/KL6 mAb oen
shows a high level of reactivities with sera of healthy control and
many cancer patients18 in addition to ILDs.15 It should be
emphasized that lack of carbohydrate-binding specicities in
most anti-MUC1 mAbs makes the development of MUC1-based
therapeutic antibodies difficult while Clausen et al. obtained
anti-MUC1 mAbs (5 � 105 and 2D9) interacting GSTA with Tn or
STn moieties.19 Antibodies that bind cancer-relevant glyco-
peptidic neoepitopes with much higher specicities in carbohy-
drate recognition will provide dramatic improvements in the
therapeutic and diagnostic index of anti-MUC1 mAbs toward
clinical translation to patient care.

Our attention has been paid to the development of a new class
of antibodies exhibiting ability to recognise glycopeptidic neo-
epitopes by interacting directly with both carbohydrate epitopes
and the proximal peptide sequence, concurrently. The SN-101
antibody, one of the potential anti-MUC1 mAbs established by
a novel strategy, recognises specically a targeted Tn-glycosylated
MUC1 peptide. Here, we present the rst three-dimensional
structure of anti-MUC1 mAb (SN-101) that interacts with MUC1
fragments through multiple polar contacts both with the carbo-
hydrate side chain and the proximal immunodominant peptide
region. The use of the synthetic glycopeptide library allows for the
development of a new class of antibodies targeting “dynamic
glycopeptidic neoepitopes” elaborated by disease-relevant O-
glycosylation in immunodominant mucin domains.

Results
Generation of antibodies targeting glycopeptidic epitopes

Fig. 1a shows a strategy for the generation of antibodies tar-
geting “glycopeptidic epitopes” by means of homogeneous
synthetic glycopeptides as key materials. MUC1 glycopeptide/
peptide derivatives 1–25 were designed for the development of
antibodies recognizing MUC1 having the Tn antigen at the
immunodominant Asp-Thr-Arg motif and synthesized effi-
ciently according to the method reported previously
5000 | Chem. Sci., 2020, 11, 4999–5006
(Fig. 1b).11,12,16,20–23 To obtain antibodies recognising the MUC1
glycopeptide containing Tn-glycosylated immunodominant
motif, compound 1 conjugated with keyhole limpet hemocy-
anin (KLH) was immunized at the tail base of BDF-1 mice and
the collected iliac lymph node lymphocytes were fused with
myeloma SP2 cells.24 The antibody-producing hybridomas were
screened by using an Enzyme-Linked Immunosorbent Assay
(ELISA) plate immobilizing compounds 1 and 2 to nd whether
antibodies have the ability to discriminate the target MUC1
glycopeptide 1 from non-glycosylated MUC1 peptide 2. Next,
antibodies reacting with MUC1 glycopeptide 1 but not with
naked MUC1 peptide 2 denoted as SN-10X antibodies were
subjected to systematic characterization such as X-ray crystal-
lographic structural assessment by means of an epitope model
MUC1 glycopeptide 3 as a ligand, epitope mapping analysis by
using microarray displaying compounds 4–24, SPR analysis
using a sensor chip immobilizing compound 25, and further
various biochemical tests. Consequently, SN-101 (IgG1) is the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Crystal structures of SN-101 Fab and its complex with theMUC1
glycopeptide 3 (PDB: 6KX0 and 6KX1). (a) Overall structure (left) and an
enlarged picture focusing on the binding site (right) of SN-101 Fab
complexed with 3. (b) Superposition of two SN-101 Fab structures of
the complex (blue) and non-liganded (gray) forms. (c) Surface repre-
sentations of SN-101 in complex with 3 (gray), seen from the back and
front. Glycopeptide 3 is shown as a stick model with carbon atoms in

This journal is © The Royal Society of Chemistry 2020
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rst antibody among anti-MUC1 mAbs selectively recognising
cancer-relevant Tn-glycosylated MUC1 fragments screened by
our approach that enables precise analyses of the crystal
structures of Fab and its complex with a target MUC1 glyco-
peptidic neoepitope (ESI Fig. S1†).
Crystal structures of SN-101 and its complex with Tn-MUC1
glycopeptide

To decipher the structural basis in the recognition of Tn-MUC1
glycopeptide by the SN-101 antibody at the atomic level, a pure
Fab fragment of SN-101 was crystalized in the presence and
absence of synthetic MUC1 glycopeptide 3, Ac-Val-Thr-Ser-Ala-
Pro-Asp-Thr(Tn)-Arg-Pro-Ala-Pro-Gly-Ser-Thr-Ala-NH2. The
results of our previous study provided evidence that compound
3 includes the common epitope region Ala-Pro-Asp-Thr-Arg-Pro-
Ala-Pro recognized by most anti-MUC1 antibodies.11,16 The
crystals of SN-101 complexed with MUC1 glycopeptide 3 and
non-liganded enabled structural analysis at 1.77 �A and 2.40 �A,
respectively (ESI Table S1†). Fig. 2a shows the overall structure
of SN-101 Fab complexed with MUC1 glycopeptide 3 and an
enlarged view focusing on the binding site. The overall struc-
tures of complexed and non-liganded crystals were almost
identical in the main and side chains, and the RMSD value
between the two structures was 0.63 �A (Fig. 2b).

The glycopeptide could be conrmed at the CDRs of the
surface groove of the SN-101 Fab (Fig. 2c) and assigned to Val-
Thr-Ser-Ala-Pro-Asp-Thr(Tn)-Arg-Pro-Ala-Pro-Gly-Ser-Thr-Ala
from the electron density (Fig. 2d). Strikingly, the crystallo-
graphic analysis uncovered that SN-101 forms hydrogen bonds
with O-4 and O-6 of GalNAc residue of the MUC1 glycopeptide 3
by using His98L and Ser32L residues. It was also demonstrated
that Val, Thr, Pro, and Asp residues of the proximal peptide
region are involved in hydrogen bonding with Asp103H,
Val101H, His38L, Asp103H, His31L, and Arg51H as summar-
ised in Table 1. The side chain of Ala is engaged in hydrophobic
contact with Tyr37L. Interestingly, Thr and Ser of the Val-Thr-
Ser-Ala motif in the N-terminal side are inserted deeply into
the binding pocket of SN-101, indicating that additional O-
glycosylation in the Val-Thr-Ser-Ala region may inhibit the
binding of SN-101 with Tn-glycosylated MUC1 fragments. Most
importantly, structural features provide evidence that SN-101
recognizes specically the GalNAc moiety (Tn antigen) and the
immunodominant peptide motif, concurrently. Furthermore,
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
(Fig. 2e), suggesting that SN-101 can discriminate the Tn
green. (d) 2Fo � Fc electron density map represents 10 amino acid
residues of 15 mer MUC1 glycopeptide 3 bound to SN-101. (e) 3D
structures focusing on GalNAc recognition by SN-101. Binding inter-
action is mediated by hydrogen bonds between O-4 and O-6 of
GalNAc (blue) with His98 and Ser32 of the light chain (yellow),
respectively (left). SN-101 surface represents the topology of the
GalNAc binding site (left). (f) Schematic image of the interactions
between SN-101 Fab and MUC1 glycopeptide 3.

Chem. Sci., 2020, 11, 4999–5006 | 5001
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Table 1 Hydrogen bonds between SN-101 and MUC1 glycopeptide 3

Glycopeptide SN-101 Fab Hydrogen bond
Distance
(�A)

Val Asp103H N–Od2 2.94
Thr Val101H Og–N 2.92

His38L O–N3 3.20
Asp103H Og–Od1 2.50

Pro His31L N3–O 2.73
Asp Arg51H Od2–Nh1 2.73

Od1–Nh2 3.09
GalNAc Ser32L O6–Og 2.63

O6–N 2.84
His98L O4–Nd1 2.70

Table 2 Dihedral angle of glycopeptide 3 in crystals and solutiona

Residue

f (�) j (�)

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): f (�)¼O5–C1–O–Cb¼
88.4 and j (�) ¼ C1–O–Cb–Ca ¼ 147.1; (NMR): f (�) ¼ O5–C1–O–Cb ¼
59.2 and j (�) ¼ C1–O–Cb–Ca ¼ 157.8.
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antigen from other glycans such as T, ST, and STn antigens, and
core 2 type O-glycans. Fig. 2f shows the schematic image of the
polar contacts and hydrophobic interaction between SN-101
Fab and the MUC1 glycopeptide 3.
SN-101 recognises specically a dynamic glycopeptidic
neoepitope

We demonstrated that SN-101 interacts directly with both the
GalNAc and peptide portions of Tn-glycosylatedMUC1 fragment 3
through specic polar contacts (Fig. 2 and Table 1). However, the
effect of the site-specic glycosylation-induced conformational
alteration observed in the MUC1 fragments on the molecular
mechanism in antibody recognition remains elusive.8,14,17,28–31 To
assess whether SN-101 recognizes a conformational epitope
generated dynamically by Tn-glycosylation of MUC1 in solution,
Fig. 3 SN-101 recognises 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-Thr-Ala-Pro-Pro-His-Gly-Val-Thr-NH2]12 and
the X-ray crystal structure of 15 mer MUC1 glycopeptide 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, SM3,13 and AR20.5.14 (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.

5002 | Chem. Sci., 2020, 11, 4999–5006
we compared the X-ray crystal structure of MUC1 glycopeptide 3
bound to SN-101 with the solution NMR structure of the synthetic
MUC1 glycopeptide having a Tn antigen at the immunodominant
Asp-Thr-Arg motif12 (Fig. 3a and Table 2). Surprisingly, it was
revealed that the two structures are mostly 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�A. The result clearly demonstrates that SN-101 recognizes
the specically conformational glycopeptidic neoepitope elabo-
rated dynamically in solution by Tn-glycosylation in this peptide
region. As shown in Fig. 3b, 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 b-turn structure of the 9 mer non-glycosylated MUC1
peptide found by solution NMR study.30 However, the present
results uncover that Tn-glycosylated MUC1 fragments identied
within the complexes with SM3 and AR20.5 form apparently
different conformations from that determined in the complex
with SN-101 (Fig. 3b), in which the conformation of the bound
MUC1 glycopeptide 3 is completely merged with that of its solu-
tion NMR structure (Fig. 3a). 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. 3c).13,14,28

These observations clearly demonstrate that the structural basis in
the recognition of Tn-glycosylated MUC1 fragments by SN-101
differs entirely from those by SM3 and AR20.5.
SN-101 binds with Tn-glycosylated MUC1 but not with T-
glycosylated MUC1

To determine an essential epitope of SN-101, we assessed the
binding specicity of this antibody for compounds 4–24 dis-
played on the microarray prepared according to the methods
reported previously.11,12 As shown in Fig. 4a, synthetic MUC1
fragments modied with a reactive ketone linker at the N-
terminus were immobilized directly on the microarray surface
through oxime bond formation with the aminooxy-functional
groups of the coated antifouling copolymer. The antibody
bound to glycopeptides displayed on the microarray can be
detected by probing with a uorescence (Cy3)-labelled goat anti-
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Interaction of SN-101 with synthetic MUC1 glycopeptides and
membrane bound MUC1 of human breast cancer cells. (a) Preparation
and layout of the microarray displaying MUC1 peptide and glycopep-
tides. (b) Epitope mapping analysis of SN-101 using a microarray dis-
playing compounds 4–24. Compounds 4–12 are glycopeptides
whose N-terminal residues decrease one by one. Similarly,
compounds 13–18 are the glycopeptides whose C-terminal residues

This journal is © The Royal Society of Chemistry 2020
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mouse IgG antibody (Fig. 4b). The results showed that SN-101
binds preferentially with an essential/minimal epitope Gly-
Val-Thr-Ser-Pro-Asp-Thr(Tn) within MUC1 tandem repeats.
Intriguingly, SN-101 cannot bind with compounds 20 and 21,
indicating that the glycosylation of the neighbouring Thr and
Ser residues involved in the Val-Thr-Ser-Ala region of the N-
terminal side impedes antibody recognition of this epitope as
highlighted in the minimal epitope structure shown in Fig. 4b.
In contrast, modications of Ser (compound 22) and/or Thr
(compound 23) residues located in the C-terminal side do not
affect the antibody recognition. It is interesting to note that the
conformational impact of glycosylation at Val-Thr-Ser-Ala on
the Pro-Asp-Thr-Arg may inuence the antibody binding.12 Most
importantly, it was demonstrated that SN-101 discriminates the
difference between Tn-glycosylated MUC1 peptide 4 and T-
glycosylated variant 24 (Fig. 4c). To our knowledge, none of
the anti-MUC1 mAbs shows such Tn-glycoform specic recog-
nition in this immunodominant region of MUC1 tandem
repeats.8,9,11,12,32 Intriguingly, these results of epitope mapping
analysis could be mostly predicted using the X-ray crystal
structure of SN-101 in complex with MUC1 glycopeptide 3. As
indicated in Fig. 2c and e, the X-ray structures clearly uncovered
that (a) the N-terminal Val-Thr-Ser-Ala region of MUC1 fragment
3 is inserted deeply into the binding cavity of SN-101 and (b) SN-
101 binds specically GalNAc residue through the critical
hydrogen bonds with the O-4 and O-6 atoms of hydroxyl groups
by using His98L and Ser32L residues. These characteristic
features in the combined structure clearly indicate the above-
mentioned restrictions in the antibody recognition. The disso-
ciation constant of SN-101 Fab with MUC1 glycopeptide 25 was
estimated to be KD ¼ 5.26 � 10�7 M by surface plasmon reso-
nance (SPR) measurements (Fig. 4d), indicating that the
strength of affinity appears to be lower than that for other anti-
MUC1 antibodies32 but further engineering to improve binding
affinity with this target epitope is under way. For example, the
addition of ability to interact with the N-acetyl group of GalNAc
will enhance the affinity of the antibody. However, a preliminary
experiment revealed that SN-101 interacts with native MUC1
expressed on the surface of cultured cancer cells, HER2 negative
human breast cancer OCUB-M cells33 (Fig. 4e), whereas SN-101
shows a weak inhibitory effect on the proliferation of OCUB-M
cells (IC50 ¼ 0.6 mg mL�1).
increase one by one. A naked MUC1 peptide 19, MUC1 fragments
having two Tn antigens 20–23, and compound 24with the T antigen at
immunodominant Pro-Asp-Thr-Arg are also used. The results repre-
sent the average fluorescence intensities of the spots (n ¼ 4) for all
compounds in each concentration (1, 10, and 100 mM). The chemical
structure shows an essential epitope for SN-101 and glycosylation at
the highlighted Thr or Ser residue abrogates the antibody recognition.
(c) Glycan specific binding of SN-101 revealed by glycoform-focused
microarray prepared from 100 mM MUC1 glycopeptides 4, 19, and 24.
The results represent the average fluorescence intensities of spots (n¼
12) for compounds 19 (naked), 4 (Tn antigen), and 24 (T antigen),
respectively. (d) Binding affinity of SN-101 Fab to a MUC1 glycopeptide
25 determined from the SPR binding curve (KD ¼ 5.26 � 10�7 M). (e)
Interaction of SN-101 with cancer cell surface MUC1 illuminated by
fluorescence-labelled anti-mouse IgG mAb.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc00317d


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

1 
12

:4
3:

55
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
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 for diagnosing cancer stages and
monitoring relapse aer treatments.34,35 Importantly, it was re-
ported that extracellular MUC1 tandem repeats of cancer cells
modulate the tumour microenvironment through interaction
with some pivotal lectins in a glycoform-dependent manner.36–41

Our recent results also uncovered that the binding mode of O-
glycans attached to MUC1 fragments with lectins such as galec-
tins42 and macrophage galactose-type lectin (MGL)43 is oen
affected by the characteristic features of the proximal peptide
regions. Although MUC1 is a promising molecular target for
cancer therapy, our understanding of the biosynthetic mecha-
nisms as well as functional roles of MUC1 modied with many
important O-glycans in cancer biology is still highly limited.2,44

Accumulated evidence indicates that the broad binding speci-
cities of most known anti-MUC1 mAbs toward O-glycans of
MUC1 fragments make precise and accurate diagnosis diffi-
cult.11,12,15,18,32 Therefore, the advent of antibodies having the
ability to recognise precisely MUC1 fragments bearing immature
truncated glycoforms both with glycan and peptide sequence
specicities has been strongly required because such antibodies
can greatly contribute to insights into the biological signicance
of glycosylation in MUC1 and development of novel anticancer
therapeutic and diagnostic antibodies.
SN-101 recognizes a conformational glycopeptidic neoepitope

Here we established a rational and straightforward strategy
for the generation of antibodies reacting specically with
designated glycopeptide structures (Fig. 1), namely a novel
class of “glycopeptide epitope-dened antibodies”. The use
of the tailored compound library of homogeneous synthetic
peptide/glycopeptides allows for the seamless scheme of
immunisation of a targeted glycopeptide, antibody
screening, and systematic structural and biochemical char-
acterisation of selected antibodies toward the development
of glycopeptide epitope-dened antibodies. Our results
provide evidence that (a) the X-ray crystal structure of this
glycopeptidic neoepitope in complex with SN-101 is well
converged with its solution NMR structure, (b) SN-101
recognises this glycopeptidic neoepitope by interacting
concurrently with both the GalNAc moiety and the immu-
nodominant 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 recog-
nition of Tn-glycosylated MUC1 fragments by SN-101 differ
entirely from those by SM3 and AR20.5. Intriguingly, it was
reported that 237mAb, an antibody binds dominantly the Tn
antigen of the glycopeptidic neoepitope found in the mouse
tumour-associated glycoprotein podoplanin,45 does not
recognise a conformational epitope. The crystal structure of
237mAb in complex with podoplanin glycopeptide indicates
5004 | Chem. Sci., 2020, 11, 4999–5006
that the specic contacts between the antibody and the
peptide moiety observed in a shallow groove can form only
aer the GalNAc enters the binding cavity.46 Notably, NMR
studies showed that glycosylation does not provide any
conformational effects in solution on the proximal peptide
region of podoplanin. Furthermore, the podoplanin-derived
glycopeptide bound to 237mAb has little regular secondary
structure, demonstrating that the molecular mechanism in
the interaction of 237mAb with the podoplanin glyco-
peptidic epitope differs completely from that of SN-101 with
Tn-glycosylated MUC1 fragments.
Conclusions

Given that many carbohydrate antigens such as Tn, T, ST, Lewis,
and sialyl Lewis antigens are found not only in tumour cells but
in embryonic and normal adult tissues,47 the advantages of
targeting glycopeptidic neoantigens for cancer immunotherapy
are evident.48,49 From the crystal structures of SN-101 and its
complex with a glycopeptidic neoepitope and the results of
epitopemapping analysis, we can now understand fully how SN-
101 recognises cancer-relevant Tn-glycosylated MUC1 frag-
ments. The structure of liganded SN-101 Fab provides
a provocative template for engineering new antibodies exhibit-
ing higher affinity and specicity to improve the clinical
performance of anti-MUC1 mAbs. We believe that the present
approach will accelerate dramatically the development of highly
potential anti-cancer antibodies targeting neoantigens gener-
ated dynamically by aberrant and immature O-glycosylation in
various cancer-relevant mucins and mucin-like domains widely
distributed in the intrinsically disordered regions.49,50
Experimental
Synthesis of MUC1 glycopeptides

Microwave-assisted solid-phase syntheses of MUC1
glycopeptides/peptide derivatives 1–25 were performed with an
EYELA microwave synthesizer Wave Magic MWS-1000A (Tokyo
Rikakikai Co., LTD., Japan) according to the general methods
reported previously.11,20–23 The characterisation data of
compounds 1–25 are described in ESI Fig. S2–S26.†
Generation of anti-MUC1 mAbs recognising glycopeptidic
epitopes

MUC1 glycopeptide antigen 1 was conjugated with keyhole
limpet hemocyanin (KLH) or aminooxy-functionalized nano-
particles25–27 by using the ketone linker and administered at the
tail base of BDF-1 mice according to a protocol reported previ-
ously.51 Additional immunization was performed 17 days later
using the same method. Aer 3 days, cells collected from iliac
lymph nodes were fused with myeloma SP2 cells. The hybrid-
omas were cultured in a HAT selective medium, and the
antibody-producing cells were selected. Next, the hybridoma
culture supernatant was subjected to assay using an ELISA plate
displaying compounds 1 and 2 to test the ability to discriminate
MUC1 glycopeptide epitope 1 from naked peptide 2. SN-101 is
This journal is © The Royal Society of Chemistry 2020
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one of the selected clones to produce antibodies exhibiting the
ability needed for a criterion of the rst screening (Fig. 1). Large-
scale preparation of SN-101 was performed by using the stan-
dard ascites antibody production method.52,53 Briey,
hybridoma cells (0.5 mL) were injected into a BALB/c nu–nu
mouse and the mixture containing the antibody was precipi-
tated from collected ascites by the addition of a 2/3 volume of
saturated ammonium sulphate solution at 4 �C. The precipi-
tates were dissolved in water and dialyzed against a buffer
(0.75 M glycine, 1.5 M NaCl, and pH 8.9). The crude mixture was
applied to a protein A column (Protein A-Sepharose Fast Flow,
GE Healthcare), and the SN-101 antibody was eluted with
a buffer (0.1 M glycine-HCl, 0.1 M NaCl buffer, and pH 3.0) and
the fraction containing the antibody was neutralised by using
2 M Tris–HCl buffer (pH 9.0).

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 immobilised cin (Thermo Scien-
tic) using a ratio of 24 mg of IgG/1 mL of cin resin54 and was
incubated for 5 h with an end-over-endmixer at 37 �C. The reaction
mixture was ltered to remove the resin and dialysed 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. Subsequently, SN-101 Fab was
isolated by size exclusion chromatography using a HiLoad 16/600
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 crystal-
lisation to obtain the crystals of unliganded SN-101 Fab. In addi-
tion, SN-101 Fab was mixed with MUC1 glycopeptide 3 in a 1 : 5
molar ratio for SN-101/MUC1 glycopeptide 3 (SN-101–MUC1). The
crystallisation screening was performed using the sitting-drop
vapor-diffusion method with a series of crystallisation kits from
Qiagen (Hilden, Germany). Protein solution (0.2 mL) wasmixedwith
an equal volume of reservoir solution at 20 �C. Appropriate crystals
of the unliganded form and MUC1-liganded SN-101 Fab were ob-
tained in 300–350 mM NaSCN and 20–30% (w/w) PEG3350.

Data collection, structural determination, and renement

Crystals were soaked in cryo-protectant solution (20% glycerol
in reservoir solution), followed by ash-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 XDS.55 All data collection
statistics are summarized in ESI Table S1.† The structures of the
unliganded form and SN-101–MUC1 complex were determined
by the molecular replacement method with the program
PHASER.56 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
This journal is © The Royal Society of Chemistry 2020
renement were performed using the program Phenix rene57

in the Phenix program suite, alternating with manual tting
and rebuilding based on 2Fo � Fc and Fo � Fc electron density
using COOT.58 Then, water molecules and MUC1 glycopeptide 3
were built based on 2Fo � Fc and Fo � Fc electron densities. The
nal renement statistics and geometry dened by using Mol-
Probity59 are shown in ESI Table S1.† All structural gures were
generated by using PyMol (W. L. DeLano, The PyMOLMolecular
Graphics System, Version 1.7.4 Schrödinger, LLC, 2002).

Binding assay using glycopeptide microarray

According to a procedure reported previously,11,42,43 AO/PC-
coated plastic slides were activated by 2 N HCl treatment for
4 h at 37 �C. Next, MUC1 glycopeptides/peptide derivatives 4–24
were spotted in quadruplicate at three different concentrations
(1, 10, and 100 mM) in 25mM acetate buffer, pH 5.0. The spotted
slides were incubated for 1 h at 80 �C to complete the immo-
bilisation and then dropped into an aqueous solution of suc-
cinic 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 mg
mL�1) in reaction buffer was added through the interstice. Aer
2 h incubation at room temperature in a humidied chamber,
a Cy3-labeled goat anti-mouse IgG antibody (20 mg mL�1) was
added to the interstice, and the slide was incubated for 1 h at
room temperature. Aer incubation, each well was washed
twice. Fluorescence images of the microarray slides were ob-
tained by using a GlycoStation™ Reader 1200 (GlycoTechnica
Ltd., Japan). The digital images of uorescence responses were
analysed using ArrayVision™ soware version 8.0 (GE Health-
care) and GraphPad Prism™ soware version 5 (GrapfPad
Soware, Inc.). The net intensity value was analysed with Array
Vison soware, subtracting the background value. The average
relative uorescence unit (RFU) was plotted as a histogram. The
error bars represent the standard deviation.

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 immobilised on a CM5-sensor
chip using a standard maleimide coupling method. The reso-
nance units (RUs) of the sensor chip increased to 31 RU aer
immobilisation. 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 mM, 2.5 mM, 1.3
mM, 0.63 mM, 0.31 mM, 0.16 mM, 0.08 mM, and 0.04 mM of Fab
solutions were prepared. A Fab solution was injected at a ow
rate of 20 mL min�1. The data were analysed with BIA evaluation
version 4.1 soware (GE Healthcare). The affinity constant (KD)
of SN-101 Fab with MUC1 glycopeptide 25 was calculated from
kinetic parameters (association and dissociation).

Interaction of SN-101 with cancer cell surface MUC1

Human breast cancer cells, OCUB-M established from the pleural
effusion of a 53 year old Japanese female with recurrent breast
Chem. Sci., 2020, 11, 4999–5006 | 5005
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cancer (RRID: CVCL_1621),33 were cultured at 37 �C for 24 h in D-
MEM in the presence of 10% fetal bovine serum (FBS) under a 5%
CO2 atmosphere. The cells were washed with 0.01 M PBS and
treated with 0.01 M PBS containing 4% paraformaldehyde. Aer
10 min, the culture solution was replaced with 0.01 M PBS con-
taining 0.1% Triton X100, and then the cells were treated for
20 min with blocking buffer (0.01 M PBS containing BSA). Next,
the cells were kept in the blocking buffer in the presence or
absence of SN-101 (10 mg mL�1) for 1 h. Aer washing with 0.01M
PBS, the cells were treated with a solution containing an Alexa
FluorR555 labelled anti-mouse IgG antibody (2 mg mL�1). Aer
washing with 0.01 M PBS, the cancer cells were subjected to
observation by using a BZ-9000 all-in-one uorescence micro-
scope (KEYENCE). The inhibitory effect of SN-101 on the prolif-
eration of the OCUB-M cells was assessed preliminarily by using
Cell Titer 96 Aqueous One Solution Cell Proliferation Assay
(Promega). The cultured breast cancer OCUB-M cells (3 � 103

cells) were co-incubated at 37 �C for 48 h with SN-101 (0.565 mg
mL�1 and 1.13 mg mL�1) in D-MEM containing 10% FBS under
a 5% CO2 atmosphere. Then, the cells were added with the above
assay reagent (20 mL) per well and further cultured at 37 �C for 2 h
under a 5%CO2 atmosphere. Finally, cell viability was determined
by measuring the absorbance at 490 nm in comparison with
control wells. The results demonstrated that SN-101 (1.13 mg
mL�1) exhibits 95% growth inhibition when compared with
controls, while this inhibitory effect is reduced to 45% in the
presence of SN-101 (0.565 mg mL�1).
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