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ABSTRACT: Protein O-glycosylation is an essential step for
controlling structure and biological functions of glycoproteins involving
differentiation, cell adhesion, immune response, inflammation, and
tumorigenesis and metastasis. This study provides evidence of site-
specific structural alteration induced during multiple sialylation at Ser/
Thr residues of the tandem repeats in human MUC1 glycoprotein.
Systematic nuclear magnetic resonance (NMR) study revealed that
sialylation of the MUC1 tandem repeating glycopeptide, Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-
Gly-Ser-Thr-Ala with core 2-type O-glycans at five potential glycosylation sites, afforded a specific conformational change at one
of the most important cancer-relevant epitopes (Pro-Asp-Thr-Arg). This result indicates that disease-relevant epitope structures
of human epithelial cell surface mucins can be altered both by the introduction of an inner GalNAc residue and by the distal
sialylation in a peptide sequence-dependent manner. These data demonstrate the feasibility of NMR-based structural
characterization of glycopeptides synthesized in a chemical and enzymatic manner in examining the conformational impact of the
distal glycosylation at multiple O-glycosylation sites of mucin-like domains.

Mucin glycoproteins are widely distributed on epithelial
cell surfaces and in organs as a major component of

mucosa. They play important functional roles in cell differ-
entiation, proliferation, aging, carcinogenesis, cancer metastasis,
and basic immunological systems.1−4 Multiple O-glycosylation
with heterogeneous oligosaccharides at Ser/Thr residues
produces densely glycosylated mucin domains, and the
mechanism of regulation of this unique structural feature appears
to be crucial for controlling biological functions of various mucin
glycoproteins. Importantly, the first carbohydrate residue is a
conserved GalNAc through α-O-glycosidic linkage to Ser/Thr
residues of major mucin glycoproteins, while mature O-glycans of
normal mammalian mucins have been mostly identified as a
mixture of highly complicated oligosaccharide chains.5−7

We have focused on the effect of the O-glycosylation processes
on the conformations of core proximal peptide moieties of
synthetic antifreeze glycoproteins,8 mucin-type glycopeptides
(human MUC1, MUC4, and MUC5AC),9,10 and EGF-like
domain 12 of the mouse Notch-1 receptor.11 The significance
of the first α-O-glycosylation with the GalNAc residue within a
clustered locus has been uncovered in the pioneering work of Live
et al., who used nuclear magnetic resonance (NMR) to determine
the conformation of synthetic glycopeptides, including the N-
terminal mucin-like fragment Ser-Thr-Thr-Ala-Val of human T-cell
surface glycoprotein CD43.12 It was suggested that the inner α-
GalNAc cluster appears to stabilize the peptide core through the
specific interaction between N-acetyl methyl groups of GalNAc

and methyl groups on the amino acid residues located two
residues down the chain. We also revealed a similar mechanism for
α-GalNAc residues at the consecutive Thr-Thr moiety in the
formation of a highly extended conformation of a tandem
repeating peptide, MUC5AC (Pro-Thr-Thr-Val-Gly-Ser-Thr-Thr-
Val-Gly), in which the interaction between the N-acetyl methyl
group of α-GalNAc links to the Thr and methyl group on the Val
residue located two residues down the chain.10 In addition,
Corzana et al. reported that the conformational impact of α-O-
glycosylation with GalNAc at the Thr residue differs significantly
from that at a Ser residue.13−16 In fact, we demonstrated that
hydrogen bonds between the α-GalNAc residue and the threonyl
peptide moiety are crucial for the formation of the active
conformation of one of the synthetic AFGPs (syAFGP3).

8

These findings clearly indicate the importance of hydrogen
bonds between the proximal peptide moiety involving high-
density Thr residue(s) as crucial glycosylation sites and the first
α-GalNAc residue in controlling the orientation of glycans with
respect to the proximal peptide backbone. Thus, it is clear that
conformational impact of glycosylation on the underlying peptide
backbone might be one of the most important factors defining
biological functions as well as the processes of mucin
glycoprotein folding.11,17−22 Considering that O-glycan structures
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primed at potential glycosylation sites of cell surface mucins are
often distinctly altered in the cases of various cancer and immune
diseases,1−7 we hypothesized that glycosylation could affect the
antigenic conformation of core proteins, in which particular
glycoforms may define or abolish the affinities of monoclonal
antibodies (mAbs) with mucins as disease-associated biomarkers.
It is known that α-O-glycosylation at Thr residues by GalNAc

forces the peptide backbone into a stable conformation, which
minimizes the steric effects by further modifications yielding bulky

branched O-glycan chains10,23−25 and serves as the preferred
peptide conformation seen in cancer-relevant antigenic structures
(epitopes) recognized by some mAbs.26 In other words, it seems
likely that sugar elongation from the inner α-GalNAc residue no
longer has any influence on the stable proximal peptide
conformation, even though the Golgi biosynthetic pathway
might produce a highly complicated O-glycan repertoire.
MUC1 is one of the most extensively investigated mucins with

great potential as a cancer-related diagnostic and therapeutic target.

Figure 1. Reactivity of anti-KL-6 mAb with MUC glycopeptides.9 (A) Minimal epitope structure for anti-KL-6 mAb. (B) Reactivity of anti-KL-6
mAb with MUC1 peptides carrying core 2-type O-glycans in this heptapeptide region.
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It involves a tandem repeating 20-amino acid sequence, Pro-
Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-
Pro-Gly-Ser-Thr-Ala.27,28 It is well documented that glycoforms
at five potential O-glycosylation sites in this tandem repeat are
drastically altered during the differentiation, progression, and
metastasis of cancer. However, it was also reported that most
mAbs obtained by immunizing a variety of human cancer cells
expressing MUC1 exhibited similar broad binding affinities for
a few peptide sequences within this tandem repeat.26,29−33

Antibodies recognizing the Pro-Asp-Thr-Arg motif, a well-
characterized MUC1 epitope, are known to have enhanced
affinity for this peptide moiety after introduction of α-GalNAc
(Tn antigen) at the threonine residue.34−40 On the other hand,
MUC1 glycoproteins of healthy human samples carry highly
sialylated O-glycans as major glycoforms such as sialyl T,
disialyl T, and disialyl core 2-based structures, while average
numbers of O-glycosylations at five potential sites seem to
be smaller than the number for breast cancer cell line
T47D.41,42

Recently, we revealed that the minimal epitope for anti-KL-6
mAb, a clinically important probe for diagnosing interstitial
pneumonia, lung adenocarcinoma, breast cancer, colorectal
adenocarcinoma, and hepatocellular carcinoma,43−50 is the
heptapeptide Pro-Asp-Thr-Arg-Pro-Ala-Pro bearing the sialyl T
antigenic trisaccharide (Neu5Acα2,3Galβ1,3GalNAcα1→) of the
MUC1 tandem repeat unit.9 It was demonstrated for the first time
that the anti-KL-6 mAb recognizes both heptapeptide and
trisaccharide moieties concurrently, in which sialic acid modified
at the nonreducing terminus of T antigen (core 1) is an essential
component (Figure 1A) while this mAb cannot discriminate
between linear core 1 and branched core 2 structures (Figure 1B).
Moreover, the binding of anti-KL-6 mAb with this minimal
glycopeptide epitope was found to be disturbed by multiple
glycosylations with mature core 2-type hexasaccharides at four
other potential O-glycosylation sites. Consequently, there was
speculation that highly bulky glycan chains, including terminal
sialic acids at other glycosylation sites near the epitope, might
become a steric hindrance for the specific interaction between anti-
KL-6 mAb and this epitope region.9 Given the fact that normal
human cells also express sialyl T and disialyl core 2 structures as
major class glycoforms of MUC1,41,51 our results seem to make a
general understanding of functional roles of distal sialylation in
mucin antigenicity difficult.
Because a number of anti-MUC1 mAbs require the Pro-Asp-

Thr-Arg moiety bearing an inner α-GalNAc residue (Tn antigen)
as a minimal epitope,26,29−40 it is important to uncover the
conformational impact of the distal sialylation at this common
sequence, as compared with that at other glycosylation sites. We
hypothesized that the effect of distal sialylation on this specific
peptide sequence may differ from those of four other potential O-
glycosylation sites in the MUC1 tandem repeat because
maturation of O-glycans at this area often appears to lead to the
loss of the antigenic nature.
It was clear that the distal sialylation of the T antigen in the

MUC1 (KL-6) heptapeptide is essential for the minimal epitope of
anti-KL-6 mAb.9 However, it is noteworthy that T47D, a human
breast carcinoma cell line, expresses endogenous MUC1 bearing
core 1-based sialyl T antigen as one of its major glycoforms
(45.9%), while MCF-7 and ZR75-1 produced dominantly core 2-
based O-glycans (83% in MCF-7 and 75% in ZR75-1).42

Importantly, there is no systematic approach to investigating the
significance of sialic acid residues in the recognition of MUC1
glycopeptides by known anti-MUC1 mAbs, except the anti-KL-6

mAb.9 Therefore, it is essential to assess the effect of multiple
sialylations on the conformation of individual MUC1 epitopes
by focusing on both peptide sequence and site-specific glycan
structure. In this study, we performed a comprehensive NMR
study to gain insight into the significance of distal
glycosylation from the first GalNAc residue attached to the
proximal peptide backbone, especially modification by a sialic
acid residue, in the conformational regulation of multiple O-
glycosylated core 2-type MUC1 glycopeptides.

■ EXPERIMENTAL PROCEDURES
General Methods and Materials. All commercially

available solvents and reagents were used without further
purification. Recombinant rat α2,3-(O)-SiaT was purchased from
Calbiochem (Merck Millipore, Darmstadt, Germany). CMP-
Neu5Ac was provided by YAMASA Co. Ltd. (Choshi, Chiba,
Japan). All solid-phase reactions for the synthesis were performed
manually in a polypropylene tube equipped with a filter. Swelling,
washing, acetyl capping, and final cleavage procedures in the solid-
phase syntheses were conducted at room temperature. The
reaction vessel for solid-phase synthesis was placed inside a cavity
of a microwave instrument on a Green Motif I microwave
synthesis reactor (IDX Corp., Tochigi, Japan), and the contents
were stirred with a vortex mixer. A single-mode microwave was
irradiated at 2450 MHz using temperature control at 50 °C.52 The
resulting glycopeptidyl resins were cleaved by being treated with a
“cleavage cocktail” solution [TFA/H2O (95/5, v/v)]. Purification
of products was performed on a preparative Hitachi high-
performance liquid chromatography (HPLC) system, equipped
with an L-7150 intelligent pump and an L-7240 UV detector,
using a reversed-phase (RP) C18 column [Inertsil ODS-3, Φ10 ×
250 mm or Φ20 × 250 mm (GL Sciences Inc.)]. In enzymatic
glycosylation, analysis of the products was performed on a
reversed-phase Hitachi HPLC system, equipped with an L-7100
intelligent pump and an L-7405 UV detector, using a reversed-
phase (RP) C18 column [Inertsil ODS-3, Φ4.6 × 250 mm (GL
Sciences Inc.)]. The following conditions were used for analytical
reversed-phase HPLC: elution buffer A, H2O; elution buffer B,
CH3CN containing 0.1% TFA; linear A/B gradient from 0 to 30
min, 98/2 to 90/10 or 98/2 to 85/15; flow rate, 1.0 mL/min; UV
monitoring, 220 nm; column temperature, 40 °C.

NMR Spectroscopy. Glycopeptides were dissolved at a
final concentration of 3.0−9.0 mM in 300 μL of a 90% H2O/
10% D2O mixture or 99% D2O at pH 5.5. The pH was adjusted
to 5.5 by addition of NaOH and HCl. All NMR spectra were
observed on a Bruker Avance 600 spectometer with a cryo-
probe operating at a proton frequency of 600.03 MHz with a
sample temperature of 278 K. For the complete assignments
and the determination of the structure of the glycopeptides,
two-dimensional DQF-COSY, TOCSY with MLEV-17 sequence,
and NOESY spectra were recorded in the indirect dimension using
States−TPPI phase cycling.53 Additionally, two-dimensional
heteronuclear 13C-edited HSQC and HSQC-TOCSY measure-
ments were also taken in the echo−antiecho mode for sensitivity
enhancement. TOCSY experiments were conducted for a spin-lock
time of 60 ms, and NOESY spectra were recorded with mixing
times of 100, 150, 200, and 400 ms. The suppression of the water
signal was performed by presaturation during the relaxation delay
(1 s) and by a 3-9-19 WATERGATE pulse sequence with a field
gradient.54,55 TOCSY and NOESY spectra were acquired with
2048 × 512 frequency data points and were zero-filled to yield
2048 × 2048 data matrices. The DQF-COSY spectrum with
16384 × 512 frequency data points was also recorded and zero-filled
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to yield a 16384 × 16384 matrix to measure the coupling constants.
Sweep widths of 8389.26 Hz were applied. Time domain data in
both dimensions were multiplied by a sine bell window function
with a 90° phase shift prior to Fourier transformation. All NMR
data were processed with NMRPipe55 and analyzed using Sparky.56

Sequence-specific resonance assignments were achieved according
to the standard methods for small proteins established by Wüthrich
and co-workers.57 Stereospecific assignments for methylene protons
were made by analyzing the intensities of intraresidue NOE
between amide and β-protons.
Structure Modeling Based on NMR Data. Three-

dimensional structures were calculated with CNS 1.1.58

Distance restraints for calculations were estimated from the
cross-peak intensities in NOESY spectra with a mixing time of
200 ms for compounds 2 and 3 and 400 ms for naked MUC1
peptide 1; the estimated restraints were then classified as
strong, medium, weak, and very weak and assigned upper limits
of 2.6, 3.5, 5.0, and 6.0 Å, respectively. For NOEs found only in
the NOESY spectra with a mixing time of 200 ms, the upper
bound was set to 6.0 Å. The restraints of dihedral angle Φ were
based on 3JHNα coupling constants measured via high-resolution
DQF-COSY. When 3JHNα was more than 8.0 Hz, dihedral angle
Φ was constricted to −120 ± 30° and −60 ± 30°. All analyses
of root-mean-square deviation (rmsd) values as well as
secondary and tertiary structures were performed with
PROCHECK59 and MOLMOL.60

■ RESULTS AND DISCUSSION

NOEs and Coupling Constants. It was demonstrated that
anti-KL-6 mAb shows a high affinity with the MUC1 peptide
bearing core 2-type glycans involving the minimal epitope
structure such as a disialylated core 2-type hexasaccharide.
Therefore, as indicated in Figure 1, we considered that MUC1
analogues 1−3 might become suitable models for gaining
insight into the conformational impact of distal sialylation on
the individual O-glycosylation sites (Figure 2). Glycopeptides 2
and 3 were synthesized efficiently by the chemical and enzymatic
strategy61−69 using a versatile core 2-sugar amino acid building
block, Fmoc-Thr/Ser[Ac4Galβ1,3(Ac4GlcNAcβ1,6)-
GalNAcα1→]-OH.63,68,69

The 600 MHz NMR spectra were recorded at 278 K and pH
5.5 using the previously reported condition.8,9 Generally, it is
well documented that residues consisting of a β-sheet represent

a 3JαN value of >8.0 Hz and an α-helix produces a 3JαN value of
<6.0 Hz.70,71 In 20 residues of peptide sequences in the naked
MUC1 peptide and glycopeptides 2 and 3, 3JαN values of >8.0
Hz were identified for five residues (Val6, Thr7, Ser8, Thr12,
and Thr19) in the naked peptide and six residues (Val6, Thr7,
Ser8, Thr12, Arg13, and Thr19) in 2 and 3 (Figure 3A). These
residues suggest the presence of interconverting turn structures
and/or an extended structure.72 Differences in the 3JαN coupling
constants of the naked peptide and two glycopeptides also
support the local structural alternations caused by the
attachment of a core 2-based O-glycan involving GalNAcα
linking to Thr residues. Indeed, 3JαN values of Thr7, Thr12, and
Thr19 increased significantly by 0.5−1 Hz after multiple
glycosylations, suggesting that glycosylation involving the
GalNAcα1→Thr moiety induces a more extended peptide
backbone conformation than those at Ser residues.
A significant number of NOE signals between the peptide

core (NH protons of all Ser/Thr residues) and the inner
GalNAc residues (NH protons of N-acetyl groups) were
detected in NOESY spectra of compounds 2 and 3 (Figure 3B).
In addition, NH protons of all Thr residues exhibited the
characteristic NOE connectivities with methyl protons of the
N-acetyl groups of the GalNAc moieties.8,10,12,71 It was
demonstrated that these NH protons of the N-acetyl groups
of GalNAc attached at Thr7, Ser8, Thr12, and Thr19, which
corresponded to the residues with a 3JαN value of >8.0 Hz
(Figure 3A), have significant NOE connectivities with NH
protons of the neighboring amino acid residue, notably
GalNAc7-S8, GalNAc7-A9, GalNAc8-A9, GalNAc12-R13, and
GalNAc19-A20 (Figure 3B).
The presence of these peptide−sugar NOE signals and the

association of GalNAc-attached residues with higher coupling
constants suggest that the N-acetyl groups of the GalNAc
moieties of core 2-based O-glycans might be very sensitive to an
environmental alteration of the neighboring amino acids during
distal glycosylation. As anticipated, the overlay of dNN regions
of NOESY spectra indicated that these MUC1 peptides exhibit
a large number of strong dαN(i, i + 1) connectivities and strong-
to-medium sequential dNN(i, i + 1) connectivities in an
immunodominant motif, 10Pro-Asp-Thr-Arg13 (Figure 4A). By
multiple sialylations at five Thr/Ser residues, some medium and
weak dNN(i, i + 1) connectivities in 5Gly-Val-Thr-Ser-Ala9 and
17Gly-Ser-Thr-Ala20 and some medium sequential dβN(i, i + 1)

Figure 2. Synthetic MUC1 peptide 1 and glycopeptides 2 and 3 having core 2-type O-glycans at five potential glycosylation sites.63
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connectivity in 7Thr-Ser-Ala9 alternatively were also observed.
In the 15Ala-Pro-Gly-Ser-Thr-Ala20 region, NOE signals

corresponding to dαN(i, i + 2) and dβN(i, i + 2) connectivities
between Ala15 and Gly17 were newly detected. More
importantly, compound 3 showed a medium dαN(i, i + 2)
cross-peak between Asp11 and Arg13 and a weak dβN(i, i + 2)
cross-peak between Thr7 and Ala9, evidence of the structural
transition caused by disialylation in this region.

Distal Glycosylation Induces Site-Specific Structural
Alteration of the MUC1 Glycopeptide in the PDTR
Region. To assess the three-dimensional solution structure of
MUC1 (glyco)peptides, we performed structural calculations
using CNS58 with the distance and the dihedral restraints
obtained from the NMR experiments. The statistical analyses of
NMR restraints and a summary of structural statistics are listed
in Table 2. Two hundred-structure ensembles were calculated,
and a family of 30 accepted three-dimensional structures were
selected with the lowest potential energies. The average
dihedral angles and the angle bar plots of ϕ and ψ of these
30 accepted structures are summarized in Table 1 and Figure
4A, respectively. Thus, we compared structural alteration
focusing on the three immunodominant motifs, 5Gly-Val-Thr-
Ser-Ala9 (GVTSA), 10Pro-Asp-Thr-Arg13 (PDTR), and 17Gly-
Ser-Thr-Ala20 (GSTA), during the distal glycosylation from
naked MUC1 peptide 1 into core 2-based 2 and fully sialylated
glycopeptide 3.
In the GVTSA segment of the obtained structures of naked

MUC1 peptide 1 and glycopeptides 2 and 3, the pairwise rmsd
for the backbone heavy atoms of Val6-Thr7-Ser8 exhibited a
descendent tendency (1.80 ± 0.31, 1.19 ± 0.44, and 0.71 ±
0.25 Å, respectively) (Table 2). However, that of Val6-Thr7-
Ser8 bearing both GalNAc7 and GalNAc8 in 3 (2.64 ± 0.66 Å)
was much larger than that observed in 2 (1.90 ± 0.54 Å),
suggesting that core 2-based glycosylation induced a more
stabilized and rigid conformation in the GVTSA region of the
peptide backbone while sialylation might disturb this
conformation.
Differences in the ψ angles of Thr7 and Ser8 among naked

MUC1 peptide 1, 2, and 3 demonstrated this stabilization effect
by glycosylation on the extended peptide backbone structure,
while ϕ angles were quite similar to each other (Figure 4A and
Table 1). The clusters of ψ angles in Thr7 and Ser8 of glyco-
peptide 2 appeared to shift into a single, more converged
cluster in disialylated 3. Similar drastic changes in dihedral
angles were also observed in the adjacent Val6 residue. The ϕ
angle bar plots of Val6 showed good convergence in all
compounds, whereas the ψ angle bar plots showed stepwise
shifting from dispersed to converged plots among naked
MUC1 peptide 1 (35.6 ± 78.3°), 2 (131.2 ± 28.8°), and 3
(166.0 ± 9.5°) in Figure 4A. Furthermore, the χ1 angle of Thr7
revealed a significant change caused by glycosylation. The χ1

angle of unglycosylated Thr7 (−48.4 ± 82.0°) was considerably
different from that of both Thr7 carrying core 2 tetrasaccharide
in 2 (45.9 ± 12.9°) and Thr7 carrying disialylated core 2
hexasaccharide in 3 (47.9 ± 7.5°). Considering that the χ1 angle
is directly related to the particular carbohydrate arrangement, core
2-based O-glycosylation at this Thr7 residue could contribute to
the regulation of the glycan orientation.
In addition, the difference in the pairwise rmsd of 3 between

Val6-Thr7-Ser8 involving GalNAc7 and GalNAc8 suggested
that the disialylated core 2 O-glycan introduced at Ser8 appears
to be more flexible than that at Thr7 (Table 1 and Figure 4A).
Further structural characterizations of the Pro10-Asp11-Thr12-
Arg13 (PDTR), Arg13-Pro14-Ala15-Pro16 (RPAP), and
Gly17-Ser18-Thr19-Ala20 (GSTA) regions were conducted in

Figure 3. (A) Summary of sequential NOE connectivities, 3JNα
coupling constants, and angles for MUC1 naked peptide 1 (a),
asialo-MUC1 glycopeptide 2 (b), and fully sialylated MUC1
glycopeptide 3 (c). The sequential NOE, dNN, dαN, and dβN
connectivities are represented by the thickness of the respective
lines as strong, medium, weak, or very weak. 3JNα values of >8 and <6
Hz are indicated by upward arrows and downward arrows,
respectively. An asterisk indicates the residue bearing the core 2-
based O-glycan. (B) Overlay of the dNN regions of the 600 MHz
NOESY spectra of 1 (400 ms, black), 2 (200 ms, blue), and 3 (200 ms,
red). Both sequential amide−amide cross-peaks in peptide sequences
(normal) and cross-peaks between the amide proton of the N-acetyl
group of the GalNAc moiety and the amide proton of the backbone
peptide (italic) are denoted by solid lines. Intraresidue cross-peaks are
denoted by dashed lines. GalNAcX (X = 7, 8, 12, 18, and 19)
represents the position of the GalNAc residue attached to the
1PPAHGVTSAPDTRPAPGSTA peptide sequence.
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a similar manner. Strikingly, the results clearly show the
evidence of the site-specific conformational alteration during
multiple O-glycosylations of the MUC1 tandem repeating
peptide.
In the PDTR segment, the pairwise rmsd values for the

backbone heavy atoms of both Asp11-Thr12-Arg13 and Asp11-
Thr12-Arg13 involving GalNAc12 were elevated distinctly
during stepwise introduction of the core 2 tetrasaccharide and
disialylated core 2 hexasaccharide (Table 2). This may be due
to the apparent conformational flexibility between Asp11 and
Thr12 as indicated by the fact that the dNN(i, i + 1) connectivity
between Asp11 and Thr12 gradually weakened because of O-
glycosylation by these glycans (Figure 3). In contrast to the result
for the GVTSA region, it was suggested that multiple
modifications of the MUC1 peptide by the core 2 tetrasaccharide
and disialylated hexasaccharide contribute to the destabilization of
the peptide backbone in the PDTR region.
Interestingly, the ϕ and ψ angles of Thr12 were well-ordered in

all ensembles (Table 2); this residue did not exhibit higher ψ
angles (∼60°), while those of Thr7 in GVTSA were −135.8 ±
59.0° (2) and −177.2 ± 10.8° (3). On the other hand, Kinarsky et
al. reported that the ψ angle of Thr in the PDTR motif of MUC1
21-mer naked (unglycosylated) peptide 1 was altered from ∼60°
to ∼160° by enzymatic introduction of the GalNAc residue.20 This
result indicates that an immunodominant DTR motif had an
inherent helical conformation, and the GalNAc attachment for this
region induced an extended conformation. Our observation clearly
demonstrates that the conformational impact of glycosylation by
such bulky core 2-based glycans at this position may be
significantly different from that of simple glycosylation with the
GalNAc residue. The remarkable alternations of dihedral angles
were also observed in the Asp11 and Arg13 residues. As compared
with the ψ angles of Asp11 in naked MUC1 peptide 1 (71.2 ±
13.8°) and glycopeptide 2 (−64.1 ± 14.1°), both were well fixed,
but there was a significant difference.
Furthermore, the ψ angle bar plots of Asp11 in Figure 4A

indicate the drastic dispersion at this residue during the conversion
from 2 to 3 (108.7 ± 101.1°). Although the χ1 angles of Arg13
converged well in all ensembles, they displayed a significant
change with glycosylation (−80.1 ± 0.1° for naked MUC1 peptide
1 and −164.4 ± 7.3° for 2), and no significant changes were
observed after the disialylation (174.9 ± 10.3° for 3). These
observations suggest clearly that multiple core 2-based O-
glycosylations allow for the alteration of both the conformation
of the main chain peptide backbone of Asp11 and the orientation
of the side chain of Arg13, whereas further full sialylation provided
this region with apparent conformational flexibility.
The RPAP segment may often be discussed as the partial

structure involved in the most common epitope sequence,
PDTRPAP, while this tetrapeptide sequence has no potential O-
glycosylation site.26 The pairwise rmsd for the backbone heavy
atoms of Arg13-Pro14-Ala15-Pro16 exhibited no significant
difference among three MUC1 derivatives, namely, 0.87 ± 0.39 Å
(naked MUC1 1), 1.13 ± 0.38 Å (2), and 1.16 ± 0.56 Å (3)
(Table 2). It is noteworthy that multiple glycosylations at
neighboring Thr12 induced characteristic changes in the ψ angles
of Pro14 and Pro16. Although the ψ angles of Pro14 in naked
MUC1 peptide 1 and fully sialylated 3 converged well (178.5 ±
8.5° and 166.5 ± 1.9°, respectively), those of 2 seemed to be more
dispersed (170.4 ± 101.3°). On the other hand, the ψ angles of
Pro16 in naked MUC1 peptide 1 were dispersed (158.0 ± 90.4°)
while those of 2 and 3 converged well (134.8 ± 0.4° and 134.5 ±
0.6°, respectively). It seems likely that multiple glycosylations of

Figure 4. Conformational impact of multiple O-glycosylations of the
MUC1 tandem repeat. (A) Angle bar plots of the 30 obtained structures
of MUC1 naked peptide 1 (black dots) and glycopeptides 2 (green dots)
and 3 (red dots). For all residues except prolines, ϕ and ψ angles are
given, and for prolines, ψ angles are given. (B) The 30 best calculated
structures from NMR data of MUC1 naked peptide 1 (left) and
glycopeptides 2 (middle) and 3 (right). The 5GVTSA9, 10PDTR13,
13RPAP16, and 17GSTA20 regions were individually superimposed on the
backbone atoms of 6VTS8, 11DTR13, 14PAP16, and 18STA20, respectively.
The peptide and glycopeptide structures represent all heavy atoms,
including side chains and GalNAc moieties. The main chain of the
peptide backbone is colored gray neon; the side chain is shown as a blue
line, the GalNAc moiety attached at Thr residue as a red line, and the
GalNAc moiety attached at Ser as a green line.
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naked MUC1 peptide 1 induced a drastic enhancement in the
flexibility of Pro14, in contrast to the decrease in the flexibility of
Pro16 that yields a more extended conformation. Consequently,
disialylation at Thr12 of glycopeptide 2 resulted in the fairly tight
extended backbone conformation for Pro14, as found in naked
MUC1 peptide 1, and maintained the extended conformational
propensity for the Pro16 residue as observed in 2.
In the GSTA segment, the pairwise rmsd's for the backbone

heavy atoms of Ser18-Thr19-Ala20 in naked MUC1 peptide 1,
glycopeptide 2, and glycopeptide 3 were 1.61 ± 0.34, 1.32 ±
0.42, and 0.89 ± 0.45 Å, respectively (Table 2). However, that
of Ser18-Thr19-Ala20 bearing both GalNAc18 and GalNAc19

in 2 (1.61 ± 0.47 Å) was much smaller than that in 2 (2.44 ±
0.73 Å), suggesting that both core 2-based multiple
glycosylations and further disialylation contribute strongly to
the stabilization of the GSTA region’s conformation in terms of
the peptide backbone.
Characteristic alternations in the dihedral angles of Ser18 and

Thr19 were observed, especially in the case of fully sialylated 3.
The ψ angles of Ser18 and Thr19 showed similar dispersions in
naked MUC1 1 and glycopeptide 2, although the ψ angles of
Ser18 in fully sialylated 3 exhibited comparatively small
convergence to a helical conformation for Ser18 and drastic
convergence to an extended conformation for Thr19. The χ1

Table 1. Summary of Dihedral Angles for MUC1 Glycopeptides

naked MUC1 (1) asialo core 2 MUC1 (2) sialyl core 2 MUC1 (3)

Pro1 ψ 109.2 ± 32.4 120.5 ± 82.2 104.1 ± 92.0
Pro2 ψ 116.3 ± 84.4 128.3 ± 78.6 121.0 ± 93.9
Ala3 ϕ −122.0 ± 58.3 −74.4 ± 13.3 −76.2 ± 12.0

ψ 124.8 ± 97.0 94.5 ± 75.1 128.8 ± 34.0
χ1 105.4 ± 100.6 34.2 ± 95.2 −32.0 ± 88.7

His4 ϕ −72.1 ± 10.9 11.5 ± 60.4 −112.5 ± 47.9
ψ 161.4 ± 22.2 106.6 ± 87.1 110.1 ± 100.5
χ1 −83.4 ± 75.5 −114.1 ± 66.1 −135.4 ± 89.3

Gly5 ϕ 129.2 ± 26.3 −174.0 ± 78.5 107.5 ± 64.3
ψ −26.5 ± 12.3 118.6 ± 78.1 71.2 ± 103.9

Val6 ϕ −109.8 ± 18.8 −121.2 ± 10.0 −103.3 ± 6.8
ψ 35.6 ± 78.3 131.2 ± 28.8 166.0 ± 9.5
χ1 153.6 ± 67.1 −172.2 ± 45.4 178.7 ± 34.2

Thr7 ϕ −113.5 ± 19.5 −112.8 ± 20.1 −106.9 ± 18.2
ψ 112.5 ± 93.1 −135.8 ± 59.0 −177.2 ± 10.8
χ1 −43.4 ± 82.0 45.9 ± 12.9 47.9 ± 7.5

Ser8 ϕ −124.7 ± 18.4 −109.7 ± 21.5 −110.8 ± 24.0
ψ 137.5 ± 39.4 −131.5 ± 49.5 −174.8 ± 5.5
χ1 −48.7 ± 76.9 −102.2 ± 76.9 −85.4 ± 85.6

Ala9 ϕ −109.6 ± 28.3 −128.2 ± 106.0 118.3 ± 57.9
ψ 133.7 ± 23.9 136.8 ± 36.7 58.1 ± 9.2
χ1 45.3 ± 90.6 65.4 ± 93.4 167.4 ± 89.6

Pro10 ψ 174.5 ± 10.3 −166.8 ± 0.8 −163.5 ± 3.3
Asp11 ϕ −151.3 ± 89.1 −119.0 ± 33.3 −132.9 ± 70.8

ψ 71.2 ± 13.8 −64.1 ± 14.1 108.7 ± 101.1
χ1 −158.6 ± 25.7 −141.3 ± 24.6 −147.9 ± 52.9

Thr12 ϕ −116.8 ± 15.6 −136.5 ± 14.4 −104.6 ± 18.7
ψ 62.8 ± 8.1 53.2 ± 4.0 57.9 ± 13.2
χ1 55.2 ± 79.0 49.1 ± 13.2 52.9 ± 15.1

Arg13 ϕ −79.0 ± 11.9 −111.4 ± 21.3 −109.5 ± 24.1
ψ 139.7 ± 19.7 −12.1 ± 52.7 −32.5 ± 89.0
χ1 −80.1 ± 0.1 −164.4 ± 7.3 174.9 ± 10.3

Pro14 ψ 178.8 ± 8.5 170.4 ± 101.3 −166.5 ± 1.9
Ala15 ϕ −108.0 ± 27.3 −97.9 ± 60.5 −23.2 ± 77.1

ψ 131.6 ± 34.2 130.4 ± 26.2 138.8 ± 34.0
χ1 17.0 ± 90.2 −105.1 ± 76.7 124.2 ± 92.4

Pro16 ψ 158.0 ± 90.4 134.8 ± 0.4 134.5 ± 0.6
Gly17 ϕ −172.7 ± 66.6 −104.3 ± 66.7 −149.0 ± 65.7

ψ −11.0 ± 47.3 −137.9 ± 84.0 −162.0 ± 92.3
Ser18 ϕ −108.4 ± 95.0 −88.7 ± 30.0 −116.7 ± 94.8

ψ 134.5 ± 85.7 133.5 ± 64.5 −47.0 ± 31.5
χ1 −64.3 ± 77.4 −125.5 ± 51.5 −98.6 ± 27.1

Thr19 ϕ −123.3 ± 19.3 −109.2 ± 17.7 −112.4 ± 23.2
ψ 58.8 ± 77.3 25.8 ± 67.9 179.0 ± 7.5
χ1 37.2 ± 78.1 67.6 ± 14.3 56.8 ± 7.3

Ala20 ϕ −130.9 ± 75.6 −67.0 ± 80.1 −57.9 ± 71.7
χ1 −63.7 ± 89.7 −116.8 ± 93.6 −158.9 ± 91.7
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angles of Thr19 showed similar alternations observed in the
Thr7 residue of the GVTSA region. The χ1 angle of
unglycosylated Thr19 (37.2 ± 78.1°) was considerably different

from those of both Thr19 bearing a core 2-based
tetrasaccharide in 2 (67.6 ± 14.3°) and Thr19 bearing a
disialylated core 2 hexasaccharide in 3 (56.8 ± 7.3°). Thus,

Table 2. Statistical Analysis of NMR Restraints for MUC1 Glycopeptides

naked MUC1 (1) asialo core 2 MUC1 (2) sialyl core 2 MUCl (3)

no. of distance restraints
total 108 343 448
intraresidue

peptide 64 117 113
glycan − 132 231

sequential (|i − j| = 1)
peptide 41 70 82
glycan − 17 16

medium-range (2 < |i − j| < 4)
peptide 3 7 6
glycan − 0 0

long-range (|i − j| > 5)
peptide 0 0 0
glycan − 0 0

peptide to glycan
within the same glycosylated residue − 43 40
glycans on other peptide residues − 20 18

no. of dihedral restraints
total 7 151 266

peptide backbone 6 7 7
peptide side chain 1 4 4
glycans − 140 255

naked MUC1 (1) asialo core 2 MUC1 (2) sialyl core 2 MUC1 (3)

average potential energy (kcal/mol)a

Etotal 9.49 ± 0.29 67.99 ± 3.00 152.8 ± 10.5
Ebonds 0.34 ± 0.03 2.48 ± 0.24 4.91 ± 0.55
Eangle 6.13 ± 0.11 31.04 ± 1.33 64.31 ± 4.33
Eimpr

b 0.57 ± 0.01 9.43 ± 023 17.80 ± 0.56
EVDW

b 2.30 ± 0.16 7.96 ± 1.45 28.82 ± 3.87
ENOE

b 0.15 ± 0.12 3.52 ± 0.84 6.63 ± 1.94
Ecdih

b 0.0023 ± 0.003 0.0029 ± 0.036 0.16 ± 0.18
deviation from idealized geometry

bond lengths (Å) 0.0011 ± 0.0001 0.0018 ± 0.0001 0.0020 ± 0.0001
bond angles (deg) 0.286 ± 0.0026 0.970 ± 0.016 1.063 ± 0.024
impropers (deg) 0.168 ± 0.0011 0.547 ± 0.006 0.614 ± 0.009

average pairwise rmsd (Å)
backbone atoms

Val6−Ser8 0.86 ± 0.31 0.61 ± 0.29 0.31 ± 0.14
Asp11−Arg13 0.26 ± 0.12 0.24 ± 0.10 0.58 ± 0.23
Pro14−Pro16 0.42 ± 0.20 0.62 ± 0.20 0.56 ± 0.28
Ser18−Ala20 0.80 ± 0.25 0.78 ± 0.29 0.47 ± 0.25

heavy atoms
Val6−Ser8 1.80 ± 0.31 1.19 ± 0.44 0.71 ± 0.25
Asp11−Arg13 1.38 ± 0.33 1.46 ± 0.49 1.76 ± 0.49
Pro14−Pro16 0.87 ± 0.39 1.13 ± 0.38 1.16 ± 0.56
Ser18−Ala20 1.61 ± 0.34 1.32 ± 0.42 0.89 ± 0.45
Val6−Ser8 and GaINAc7 1.23 ± 0.36 1.78 ± 0.75
Val6−Ser8 and GaINAc8 1.73 ± 0.57 2.26 ± 0.76
Val6−Ser8, GaINAc7, and GaINAc8 1.90 ± 0.54 2.64 ± 0.66
Asp11−Arg13 and GaINAc12 1.49 ± 0.47 2.05 ± 0.52
Ser18−Ala20 and GaINAc18 2.08 ± 0.68 1.41 ± 0.41
Ser18−Ala20 and GaINAc19 1.45 ± 0.48 1.02 ± 0.38
Ser18−Ala20, GalNAc18, and GaINAc19 2.44 ± 0.73 1.61 ± 0.47

aAll energies and rmsd values were calculated using CNS 1.1 and MOLMOL, respectively. bEimpr, EVDW, ENOE, and Ecdih are the improper torsion
angle energy, the van der Waals repulsion energy, the square-well NOE potential energy, and the dihedral potential energy, respectively. The force
constants for the calculations of EVDW, ENOE, and Ecdih were 4.0 kcal mol−1 Å−4, 50 kcal mol−1 Å−1, and 200 kcal mol−1 rad−2, respectively.
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multiple O-glycosylations could contribute significantly to
control the orientation of the Thr19 side chain and the
attached O-glycans.
Conformational Transition of the PDTR Segment

between γ-Turn and β-Turn Structures. The 30 super-
imposed calculated structures clearly represented the characteristic
features of the PDTR and adjacent PAP region, when compared
with the three-dimensional structures of GVTSA and GSTA
(Figure 4B). The PDTR region of our obtained naked peptide
structure ensemble adopted two overlapping inverse γ-turn-like
conformations, the first spanning PDT and the second DTR, in

which the intraturn hydrogen bond for a γ-turn is formed between
the backbone CO (i) and NH (i + 2) groups.72 The presence of
an intraturn hydrogen bond between the backbone CO (i) and
NH (i + 2) groups was detected in 6 of 30 and 14 of 30 ensembles
in the conformation spanning PDT and DTR, respectively.
Given that the ϕ and ψ angles of the central residue in an

inverse γ-turn adopt a ϕ(i + 1) of −79.0 ± 40° and a ψ(i + 1) of
69.0 ± 40°, the dihedral angles of position i + 1 did not satisfy the
ideal criteria. However, a clear indication of an inverse γ-turn
structure can be made by the Hα(i + 1)−NH(i + 2) distance of
2.4 Å, the NH(i + 1)−NH(i + 2) distance of 3.8 Å, and the

Figure 5. Lowest-energy structure in the 30 calculated models for glycopeptide 3. The left and right structures are −90° and 90° rotations of the
middle structures, respectively. (A) Connolly surfaces of disialyl core 2-based O-glycans colored yellow (at Thr7), magenta (at Ser8), green (at
Thr12), orange (at Ser18), and aqua (at Thr19). (B) van der Waals surface of the peptide backbone (blue) and five disialyl core 2 hexasaccharide
branches indicated by wireframe representations of different colors. (C) van der Waals surface of the backbone peptide with the GalNAc moiety at
the PDTR segment (GalNAc12) and the Connolly surfaces of disialyl core 2-based O-glycans attached at other glycosylation sites, in which peptide
segment 5GVTSAPDTRPAP16 is colored red, other segments (1PPAH4 and 17GSTA20) are colored blue, and the GalNAc12 moiety is colored green.
The Connolly surfaces of other glycan chains are colored white. All of the Connolly surfaces were calculated with a probe radius of 1.4 Å, and these
images were generated with Molfeat, version 3.5 (FiatLux).
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Hα(i)−NH(i + 2) distance of 4.3 Å. In the lowest-energy
ensemble as a representative model, the first conformation
spanning PDT revealed only a small difference (<1.0 Å) from
the definition of the distance criterion for the ideal inverse γ-turn,
an Asp11 Hα(i + 1)−Thr12 NH(i + 2) distance of 2.4 Å, an
Asp11 NH(i + 1)−Thr12 NH(i + 2) distance of 3.0 Å, and a
Pro10 Hα(i)−Thr12 NH(i + 2) distance of 5.3 Å. The second
conformation spanning DTR indicated a distance close to that of
the ideal inverse γ-turn, a Thr12 Hα(i + 1)−Arg13 NH(i + 2)
distance of 2.4 Å, a Thr12 NH(i + 1)−Arg13 NH(i + 2) distance
of 3.5 Å, and an Asp11 Hα(i)−Arg13 NH(i + 2) distance of 4.3 Å.
On the other hand, the widely accepted definition of a β-turn

is that it is comprised of four consecutive residues, where the
distance between Cα(i) and Cα(i + 3) is <7 Å, and that the central
residues in the tetrapeptide chain are not in a helical conformation.
In the well-ordered PDTR region of our 30 calculated structures
of glycopeptide 2, the lowest-energy model exhibits a distance
between Pro10 Cα and Arg13 Cα of 5.9 Å, fulfilling the distance
criterion of a β-turn. This model indicates a distance between
Pro10 CO(i) and Arg13 NH(i + 3) of 4.6 Å, suggesting that
PDTR has no intraturn hydrogen bond between the backbone
CO(i) group and the backbone NH(i + 3) group, which describes
an “open turn” as reported by Lewis et al.73 The dihedral angles of
positions i + 1 and i + 2 are not suited for the classification of an
ideal β-turn [Asp11 ϕ(i + 1) = −90°, Asp11 ψ(i + 1) = −67°,
Thr12 ϕ(i + 2) = −135°, and Thr12 ψ(i + 2) = 52°]. However,
the definitions for the distinct type I and type II β-turns are that
the distances between Hα(i + 1) and NH(i + 2) are 3.6 and 3.3 Å,
respectively.74 The lowest-energy model of 2 predicts a distance of
4.1 Å, indicating that the PDTR region adopts a type I β-turn-like
structure spanning PDTR.
Interestingly, the calculated structures of the PDTR regions

in fully disialylated 3 seem to be flexibly shifting between the
two conformations described above adopted in the same
regions in naked peptide 1 (an inverse γ-turn) and in 2 (type I
β-turn). Indeed, the PDTR regions of the 30 low-energy
structures of 3 were comprised of two clusters that involve 16 and
14 conformers, which were closely similar to naked peptide 1 and
to 2, respectively. As is considered with the PDTR region, the
NMR structure model of 3, therefore, implies that disialylation
induces a flexibly shifting set of conformers between an inverse γ-
turn-like conformation and a type I β-turn-like conformation. In
other words, the distal disialylation of the core 2 tetrasaccharide at
Thr12 in glycopeptide 2 might perturb this well-converged type I
β-turn-like structure to afford conformational shifting into a more
clearly defined extended conformation observed in the 5GVTSA9

or 17GSTA20 region (Figure 4B).
As shown in Figure 5, a representative model given by the

lowest-energy structure of 30 calculated ensembles of
glycopeptide 3 appeared to be well reflected in the structural
features as described above. Although the importance of this
GalNAcα1→Thr motif in the regulation of the conformation of
local peptide segments is evident as indicated in Figure 4B, it
seems likely that the inner GalNAc moieties linking to the Thr
residues exhibit restricted directionalities depending on the
fixed side chain orientations.
These limited orientations of the inner GalNAc moieties may

contribute to the flexibility and localization of further bulky O-
glycan structures forming with Neu5Acα2,3Gal and Neu5-
Acα2,3Galβ1,3GlcNAc chains via β1→3 and β1→6 linkages to
GalNAc residues, respectively. This is because both the O3 and
O6 involving these linkages are constructed on the same
GalNAc framework as well as N-acetyl group. In fact, our

structural model of compound 3 indicates that the distinct
spatial allocations of five individual core 2-based O-glycans
depend significantly on underlying peptide backbone structures
(Figure 5A,B).
In this model, it seemed that the O-glycans linking to Ser8,

Thr12, and Ser18 localize on the same side of the peptide
backbone as they do when forming a consecutive Connolly
surface,75 while those at Thr7 and Thr19 orient toward the
opposite side. More importantly, it was discovered that the van
der Waals surface of heptapeptide 10PDTRPAP16, a common
epitope sequence recognized by various mAbs and represented
here in red, remains mostly exposed at Thr12 even after
glycosylation compared with other epitope regions such as
5GVTSA9 and 17GSTA20. Interestingly, the van der Waals
surface of the GalNAc moiety attached at Thr12 (GalNAc12)
seems to be shielded considerably by the peptide backbone and
other O-glycans (Figure 5C). These conformational alterations
observed specifically in this region should influence significantly
the binding specificity of anti-MUC1 mAbs with an essential
sialylated glycopeptide epitope as discovered in the case of anti-
KL-6 mAb.9 Further investigation of the conformational impact
of distal sialylation on the antigenicity of various mucin
domains is under way by means of a glycopeptide microarray
assay as well as NMR studies.

■ CONCLUSION
Synthetic glycopeptides constructed by a standard protocol
based on a chemical and enzymatic strategy are facilitated
greatly by structural and functional insight into significance of
multiple O-glycosylations in mucin glycoproteins. In this study,
we reveal that the conformational impact of distal sialylation is
strongly dependent on the peptide core sequence in the
tandem repeating domain of MUC1. It was demonstrated that
multiple O-glycosylations of the MUC1 tandem repeating
peptide give rise to the site-specific conformational impact at
the 10PDTRPAP16 sequence, known as the most important
cancer-relevant epitope region. We discovered that the
attachment of a core 2-based tetrasaccharide at Thr12 induces
drastic conformational alteration at the PDTR region from a γ-
turn-like into β-turn-like structure, accompanied by changes in
flexibility in neighboring Pro14 and Pro16 residues. Strikingly,
further sialylation induced an interconversion between a β-turn-
like and γ-turn-like structure, suggesting that distal sugar
modification in this region may greatly influence the essential
epitope structure observed in anti-KL-6 mAb.9

In contrast, the glycosylation at the other Thr residues
contributed only to the stabilization of an extended and rigid
conformation of the 5GVTSA9 or 17GSTA20 region.76 In addition,
further sialylation at these sites did not induce a significant
conformational alteration of these sequences. Unfortunately, the
effect of the modification by core 2-based O-glycans both on the
binding profiles with anti-MUC1 mAbs and on the proximal
backbone peptide conformation is poorly understood when
compared to those of Tn/T antigens as well as sialyl Tn/T
motifs.29−40,71 However, many human breast cancer cells
preferentially express core 2-based O-glycans terminated mostly
with sialic acid with an α2,3 linkage (ZR75-1 and MDA-MB231)
and fucose with an α1,3 linkage (MCF-7).41 Therefore, it is likely
that examining the conformational impact of core 2-based O-
glycans synthesized by C2GnTI77 and the distal modifications of
various mucin motifs is of growing importance for the
identification of new classes of disease-relevant epitopes and
biomarkers. It should be emphasized that the conformational
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impact by distal sialylation of mucin peptides is strongly
dependent on the amino acid sequences involved in the proximal
Thr residues to be glycosylated.
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