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ABSTRACT: MUC1 mucin is a large transmembrane glycoprotein, of which the extracellular domain is
formed by a repeating 20 amino acid sequence, GVTSAPDTRPAPGSTAPPAH. In normal breast epithelial
cells, the extracellular domain is densely covered with highly branched complex carbohydrate structures.
However, in neoplastic breast tissue, the extracellular domain is underglycosylated, resulting in the exposure
of a highly immunogenic core peptide epitope (PDTRP in bold above) as well as the normally cryptic
core Tn (GalNAc), STn (sialylR2-6 GalNAc), and TF (Galâ1-3 GalNAc) carbohydrates. In the present
study, NMR methods were used to correlate the effects of cryptic glycosylation outside of the PDTRP
core epitope region to the recognition and binding of a monoclonal antibody, Mab B27.29, raised against
the intact tumor-associated MUC1 mucin. Four peptides were studied: a MUC1 16mer peptide of the
sequence Gly1-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Ala11-Pro12-Gly13-Ser14-Thr15-Ala16,
two singly Tn-glycosylated versions of this peptide at either Thr3 or Ser4, and a doubly Tn-glycosylated
version at both Thr3 and Ser4. The results of these studies showed that the B27.29 MUC1 B-cell epitope
maps to two separate parts of the glycopeptide, the core peptide epitope spanning the PDTRP sequence
and a second (carbohydrate) epitope comprised of the Tn moieties attached at Thr3 and Ser4. The
implications of these results are discussed within the framework of developing a glycosylated second-
generation MUC1 glycopeptide vaccine.

Mucins are attracting real interest as potential targets in
the development of vaccines for adenocarcinomas expressing
mucin 1 (MUC1),1 particularly for breast cancer but also
for pancreatic, lung, colorectal, and ovarian cancers (1-4).
MUC1 mucin is a large transmembrane glycoprotein, of
which the extracellular domain is formed by a repeating 20
amino acid sequence (GVTSAPDTRPAPGSTAPPAH)n. In
normal breast epithelial cells, the extracellular domain is
densely covered with highly branched complex carbohydrate
structures, attached to the proximal serine and threonine
residues within the peptide sequence (5-8). However, in the
tumor-associated state, MUC1 becomes an autoantigen as a
result of incomplete glycosylation and sparse distribution of
these carbohydrate structures (9). This is believed to result
in the exposure of a highly immunogenic core peptide

sequence (PDTRP in bold above) (10) identified as the
immunodominant B-cell epitope from monoclonal antibody
studies in mice (11-16). Abnormal glycosylation is also
believed to result in the exposure of the normally cryptic
core Tn (GalNAc), STn (sialylR2-6 GalNAc), and TF (Gal
â1-3 GalNAc) carbohydrates (17, 18). All three carbohy-
drate epitopes are strongly expressed on human carcinoma
cells (17, 19-22) and may be associated with cancer
progression and metastasis (23-25).

There are five potential O-glycosylation sites in each
tandem repeat of the MUC1 sequence (GVTSAPDTRPA-
PGSTAPPAH). Identifying which of these sites remains
glycosylated in the tumor-associated state is important for
MUC1 vaccine design, as the vaccine should approximate
as closely as possible the glycosylation state and peptide
backbone exposure of the intact tumor. In vitro glycosylation
studies using human tumor cell extracts (26, 27) and three
different recombinant GalNAc transferases identified from
human tumor cell lines (28) have demonstrated glycosylation
at three separarate sites (GVTSA and GSTAP) but not at
the threonine within the PDTRP core peptide epitope region.
These findings are significant insofar as reduced glycosyl-
ation of MUC1 is assumed to permit the immune system
access to this region of the peptide sequence. However, recent
in vivo studies have demonstrated that all five sites on the
MUC1 tandem repeat are glycosylation targets (29, 30),
although there is no evidence to suggest that all sites are
actually glycosylated.
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In a recent study by this group, NMR methods were used
to probe the structural and dynamical consequences of
glycosylation at the central threonine within the PDTRP core
epitope region of MUC1 synthetic peptides (31). This study
showed that a well-populated type Iâ-turn was adopted by
residues PDTR in the unglycosylated MUC1 sequence and
that attachment of a Tn carbohydrate to the central threonine
within this sequence resulted in a destabilization of theâ-turn
and a shift in the conformational equilibrium of the underly-
ing peptide backbone toward a more rigid and extended state.
The existence of a similarâ-turn within the PDTRP core
peptide epitope of the underglycosylated tumor-associated
MUC1 mucin protein might explain the immunodominance
of this region in vivo, as the presence ofâ-turn structure
has been correlated with increased immunogenicity in other
systems.

In the present study, we use NMR methods to probe the
structural and dynamical consequences of glycosylation at
serine and threonine residues upstream of the PDTRP core
epitope region of MUC1 synthetic peptides and correlate
these effects to the recognition and binding of a monoclonal
antibody, Mab B27.29,2 raised against the intact tumor-
associated MUC1 mucin. Four peptides were studied: a
MUC1 16mer peptide of the sequence Gly1-Val2-Thr3-Ser4-
Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Ala11-Pro12-Gly13-Ser14-
Thr15-Ala16, two singly Tn-glycosylated versions of this
peptide at either Thr3 or Ser4, and a doubly Tn-glycosylated
version at both Thr3 and Ser4. Included in the study are two-
dimensional1H NMR TRNOESY studies of the binding of
the doubly glycosylated MUC1 16mer to the Fab fragment
of B27.29, so as to allow a mapping of the MUC1 B-cell
epitope, and an assessment of the contribution of the PDTRP
core peptide epitope versus the Tn core carbohydrate epitope
to Mab B27.29 recognition and binding. The results of these
studies are discussed within the framework of developing a
glycosylated second-generation MUC1 glycopeptide vaccine.

EXPERIMENTAL PROCEDURES

MUC1 Peptides and Fab B27.29.MUC1 peptides and
glycopeptides were provided by Biomira Inc., Edmonton,
Alberta, Canada. These included an unglycosylated 16mer
(Gly1-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-
Ala11-Pro12-Gly13-Ser14-Thr15-Ala16), two singly glyco-
sylated versions of this 16mer, one with a Tn carbohydrate
R-linked to theâ-hydroxyl of Thr3 (Tn3-glycosylated 16mer)
and the other with the Tn carbohydrateR-linked to the
â-hydroxyl of Ser4 (Tn4-glycosylated 16mer), and a doubly
glycosylated version of the 16mer, with Tn carbohydrates
R-linked to theâ-hydroxyls of both Thr3 and Ser4 (Tn3,Tn4-
glycosylated 16mer). The Fab fragment of anti-MUC1
monoclonal antibody B27.29 was prepared by papain diges-
tion of the purified intact IgG and was also provided in
lyophilized form by Biomira Inc.

2D 1H NMR Spectroscopy of MUC1 Peptides Free in
Solution.Peptide NMR samples of the unglycosylated 16mer,

Tn3-glycosylated 16mer, Tn4-glycosylated 16mer, and
Tn3,Tn4-glycosylated 16mer were prepared by dissolving
the lyophilized peptides in 450µL of 90% H2O/10% D2O
PBS buffer to a concentration of 1 mM by mass. DSS was
then added as an internal chemical shift reference, and the
final pH was adjusted to 7.0.1H NMR experiments were
acquired at 500 MHz on a Varian Inova 500 spectrometer
equipped with an actively shieldedz-axis gradient and a triple
resonance probe. The hypercomplex method (35) was used
for acquisition of all 2D data sets. DQFCOSY (36, 37) and
TOCSY (38) data sets typically included 6000 Hz spectral
widths, 64 transients, 300 increments, and 4096 points along
F2, whereas NOESY (39, 40) data sets typically included
6000 Hz spectral widths, 256 transients, 256 increments, and
2048 points alongF2. TOCSY experiments utilized a spin
lock field of 7.12 kHz. NOESY experiments were acquired
with a mixing time of 300 ms. All 2D data sets were collected
in duplicate at two separate temperatures: 5°C to retard
rapid backbone amide proton exchange and 25°C to
temperature shift the water peak and allow observation of
carbohydrate resonances between 4.7 and 5.0 ppm. Water
suppression was achieved using a gradient-tailored echo pulse
sequence incorporating two selective pulses around the 180°
pulse of the echo that prevent the water signal from
refocusing. In addition, a water selective 90° pulse followed
by a gradient was used to diffuse water. 2D data sets were
processed on a SGI Octane workstation using NMRPipe/
NMRDraw software (41). Typical processing utilized 90°-
shifted sine-bell squared window functions and zero filling
to 4K × 4K prior to Fourier transformation.

Temperature coefficients (-∆δ/∆T, ppb) for all back-
bone amide (NH) protons of the unglycosylated and Tn-
glycosylated MUC1 16mers were calculated from linear plots
of NH chemical shift versus temperature. The NH chemical
shifts were measured from DQFCOSY spectra acquired at
5 and 25°C and from one-dimensional spectra acquired at
5, 10, 15, 20, and 25°C. 3JNR coupling constants were
obtained from the backbone NH proton region of the one-
dimensional spectra acquired at 5°C, where the individual
resonances were curve-fitted using a program written by R.
Boyko (University of Alberta; xcrvfit program available at
www.pence.ualberta.ca.ftp) which utilizes an iterative fitting
procedure. Where overlap of the NH resonances in the one-
dimensional spectrum precluded analysis,3JNR coupling
constants were obtained from theRCH-NH fingerprint
region of the 4K× 4K (F2 × F1) DQFCOSY spectrum
acquired at 5°C. The DQFCOSY spectrum was zero filled
to 16K in theF2 dimension and processed using 90°-shifted
sine-bell weighting in theF1 dimension and no weighting
in theF2 dimension. Traces were taken inω2 and then curve-
fitted as described above.

Natural Abundance13CR Relaxation Measurements of
MUC1 Peptides Free in Solution. 500 MHz13CR T1 and13CR
T1F relaxation times and steady-state{1HR}-13CR hetero-
nuclear NOE values were measured for the unglycosylated
and Tn3,Tn4-glycosylated 16mers to determine the effect
of glycosylation on local backbone motion. NMR samples
were prepared by dissolving the peptides in 500µL of 99.9%
D2O PBS buffer, pH 7.0, to a concentration of 10 mM. The
pulse sequences of Yamakazi and co-workers (42) were used
for these measurements, modified to remove15N and 13C′
decoupling.13C broad-band decoupling during acquisition

2 Monoclonal antibody B27.29 was raised against ovarian tumor cell
derived mucin and displays specificity for MUC1 expressing tumors
of the ovaries and breast (32). Epitope fingerprinting studies identify
the B27.29 epitope as PDTRPAP (GVTSAPDTRPAPGSTAPPAH)
within the immunodominant PDTRP epitope region (33). B27.29 is
used as a diagnostic antibody for cancer expressing the MUC1 mucin
(34).

Effect of Glycosylation on MUC1 Immune Recognition Biochemistry, Vol. 41, No. 31, 20029947
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was achieved using GARP, with a field strength of 8.2 kHz.
Relaxation delays of 5, 50, 100, 150, 200, 300, 400, 500,
and 600 ms were used for theT1 experiments, and delays of
4.0, 8.0, 12.1, 16.1, 24.1, 40.2, 56.3, and 80.0 ms were used
for the T1F experiments. Both theT1 and T1F experiments
used a recycling delay of 1.2 s between transients. The
{1HR}-13CR NOE was obtained by recording spectra with
and without 3 s of 1H saturation. In the case of spectra
acquired without NOE, a net recycling delay of 5 s was
employed, whereas a recycling delay of 2 s prior to 3 s of
1H saturation was employed for spectra with NOE. AllT1,
T1F, and NOE spectra were recorded at 5°C using spectral
widths of 6000 and 2500 Hz for1H and 13C, respectively,
105 increments in the13C dimension, and 1024 complex
points per FID.

13CR T1, T1F, and NOE data sets were processed on a SGI
Octane workstation using NMRPipe/NMRDraw software
(41). The FID’s in the13C dimension were doubled using
forward linear prediction. Typically, spectra were processed
in the acquisition and indirect dimensions with 90°-shifted
sine-bell squared window functions. For the13C T1 andT1F

data sets, a Lorentz-to-Gauss transformation was performed.
NMRPipe/NMRDraw software was used to pick peaks and
fit the measured peak heights to a two-parameter exponential
decay function of the form

whereI(t) is the intensity after a delay of timet andI0 is the
intensity at timet ) 0. The uncertainties in theT1 andT1F

values from nonlinear least-squares fit were calculated using
the assumption that the RMS noise in each spectrum gives
a good estimation of the error in the measured intensities of
the peaks. This assumption was validated by comparison of
two experiments with identical relaxation times, where the
standard deviation of the peak heights was shown to
approximatex2 × RMS noise in each of the spectra.

The steady-state{1H}-13C NOE values were determined
from the ratios of the average intensities of the peaks with
and without1H saturation. The standard deviation of the NOE
value, σNOE, was determined on the basis of measured
background noise levels using the relationship

where Isat and Iunsat represent the measured intensities of a
resonance in the presence and absence of proton saturation,
respectively. The standard deviations of these values, esti-
mated from the root-mean-square noise of background
regions, are represented byσIsat andσIunsat.

Fluorescence Measurements of MUC1 Peptides Binding
to Fab B27.29.Fluorescence measurements were used to
determine the equilibrium dissociation constants (KD) and
off-rates (koff) for the binding of the unglycosylated 16mer,
Tn3-glycosylated 16mer, Tn4-glycosylated 16mer, and
Tn3,Tn4-glycosylated 16mer peptides to Fab B27.29. Fab
B27.29 (0.86µM stock solution) was titrated with small
aliquots of peptide and glycopeptide to a final concentration
greater than 200-fold in excess of Fab concentration. The
change in Fab fluorescence intensity was monitored, and the
concentration of bound ligand was calculated (percent of
maximum fluorescence change). The natural log of the free

ligand concentration was plotted against the concentration
of the bound ligand, and the curve was fit to the equation

according to Michaelis-Menten kinetics, where the capacity
is the concentration of the Fab and theKD is the equilibrium
dissociation constant.

1H NMR-Monitored Titrations of MUC1 Peptides with Fab
B27.29.1H NMR-monitored titrations of the unglycosylated
16mer and the Tn3,Tn4-glycosylated 16mer with Fab B27.29
were next undertaken. These included forward titrations
(peptide NMR sample titrated with Fab) and reverse titrations
(Fab NMR sample titrated with peptide), so as to correct
for any nonspecific line broadening of peptide resonances
caused by Fab-induced increases in sample viscosity. The
forward titrations used the 1 mM peptide NMR samples
prepared above in 90% H2O/10% D2O PBS buffer. Lyo-
philized Fab was added to these peptide NMR samples in
small aliquots of a few milligrams at a time to a final
concentration of 400µM (0.4 molar equiv of Fab/peptide).
In the reverse titration, lyophilized Fab was dissolved in 450
µL 90% H2O/10% D2O PBS buffer, pH 7.0, to a concentra-
tion of 200µM by mass. Peptide was then added in aliquots
of 10-20 µL from an 8 mM stock solution to a final
concentration of 1.4 mM (0.14 molar equiv of Fab/peptide).
All NMR samples contained DSS as an internal chemical
shift reference, and the pH was adjusted to within 7.0(
0.05 after each aliquot of peptide or Fab was added.

One-dimensional1H NMR data sets were collected at four
points in each of the forward and reverse titrations. In the
forward titration, these points represented 0µM Fab (1 mM
free peptide), 100µM Fab (0.1 molar equiv of Fab/peptide),
200µM Fab (0.2 molar equiv of Fab/peptide), and 400µM
Fab (0.4 molar equiv of Fab/peptide). In the reverse titration,
these points represented 0µM peptide (200µM free Fab),
400 µM peptide (0.5 molar equiv of Fab/peptide), 800µM
peptide (0.25 molar equiv of Fab/peptide), and 1.4 mM
peptide (0.14 molar equiv of Fab/peptide). NOESY and
TRNOESY data sets were acquired at 5 and 25°C for the
beginning and end point of the forward titration and for all
four points in the reverse titration. DQFCOSY data sets were
acquired at 5, 10, 15, 20, and 25°C for the beginning and
end points of the forward titration. Data acquisition and
processing details for these NMR experiments have been
described earlier in Experimental Procedures, as have the
methodologies for calculation of temperature coefficients and
3JNR coupling constants from the DQFCOSY data sets.

Determination of Exchange Time Scales for the Binding
of the MUC1 Peptides to Fab B27.29.Interpreting1H NMR
results for systems undergoing chemical exchange (for
example, the MUC1 peptides binding to Fab B27.29) requires
a determination of exchange time scales with respect to both
chemical shift andT1 relaxation. BIAcore analysis of the
binding of a one-repeat unglycosylated MUC1 peptide to
Mab B27.29 has measured aKD ) 63 nM (43). Since most
Fab fragments haveKD’s 10-20-fold higher than their parent
IgG’s (reflecting differences in avidity due to monovalent
binding;44), theKD for the binding of the same one-repeat
peptide to Fab B27.29 is expected to be in the range of 0.1
e KD e 1 µM. Our own fluorescence measurements of the

I(t) ) I0 exp(-t/T1,1F) (1)

σNOE/NOE ) [(σIsat
/Isat)

2 + (σIunsat
/Iunsat)

2]1/2 (2)

[bound]) (capacity[free ligand])/(KD + [free ligand])
(3)

9948 Biochemistry, Vol. 41, No. 31, 2002 Grinstead et al.
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MUC1 16mer peptides and glycopeptides binding to Fab
B27.29 have producedKD’s in the range of 10( 10 µM, in
rough agreement with these calculations. Assuming aKD ≈
1 µM and a diffusion-controlled on-rate (kon ) 108 M-1 s-1),
koff is then calculated to be∼100 s-1, or 100 Hz. Typical
differences between free and bound chemical shifts are 100-
1000 Hz (45), so akoff ) 100 Hz places the MUC1 system
into intermediate exchange on the chemical shift time scale.
In this regime, resonances do not shift with varying
concentration of ligand but instead experience a loss in signal
intensity due to line broadening (45). This is the behavior
exhibited in our NMR titrations of MUC1 peptides and
glycopeptides binding to Fab B27.29 (see Results).

It is appropriate to note here that the line broadening
observed in the MUC1 peptide-Fab titrations is only partly
caused by intermediate exchange chemical shift behavior.
Changes in the relaxation properties of MUC1 peptide
backbone and side chain resonances as these regions are
bound and partially immobilized within the antibody com-
bining site also contribute to line broadening effects. Indeed,
NMR relaxation measurements of MUC1 peptides in the
presence of Fab have demonstrated a strong correlation
between Fab-induced line broadening and Fab-induced
decreases inT1 (manuscript in preparation), indicating
decreased mobilities for broadened resonances and, more
importantly, fast exchange on the relaxation time scale. The
existence of these two exchange regimes for the MUC1
system, intermediate on the chemical shift time scale but
fast on the relaxation time scale, allows implementation of
TRNOESY experiments (see below) which rely on changes
in T1 to relay information of the bound state.

TRNOESY Studies of the Binding of MUC1 Peptides to
Fab B27.29. The transferred nuclear Overhauser effect
(TRNOE) is an extension of the nuclear Overhauser effect
(NOE) to exchanging systems such as peptide-protein
complexes (46). In the presence of chemical exchange, NOEs
conveying conformational information of the bound peptide
are “transferred” to the free peptide resonances. Equation 4
diagrammatically represents a system undergoing chemical
exchange, in this case a MUC1 16mer peptide binding to
Fab 27.29. Here,PF andPB are the free and bound peptide,
k1[Fab] andk-1 are the exchange rates,τF and τB are the
correlation times which modulate the interaction between
protons in the free and bound peptide, andWF andWB are
the dipolar cross-relaxation rates between protons in the free
and bound peptide (proportional to the measured NOE
intensities, NOEF and NOEB, at short mixing times):

The only necessary condition for the transfer of magnetiza-
tion is that the exchange rate be faster than theT1 longitudinal
relaxation rate of the bound peptide (k-1 > 1/T1B), i.e., fast
exchange with respect to relaxation. This condition is met
in the MUC1 system studied. Under these conditions, the
TRNOE is dominated by the bound peptide conformation
(even forPF > PB), since the cross-relaxation rates for the
bound peptide are so much faster than they are for the free

(WB . WF). However, since the MUC1 system is also in
intermediate exchange with respect to chemical shift, the
measured TRNOE cannot be simply deconvoluted into a
populated weighted average of free and bound NOEs (46).
Thus, a qualitative as opposed to a quantitative approach
must be adopted in analyzing the TRNOE results obtained
for the MUC1 system.

Modeling of a Proposed Antibody Binding Interface on
the MUC1 Glycopeptide.Peptide-Fab and sugar-Fab NOEs
observed in the TRNOESY studies of the Tn3,Tn4-glyco-
sylated 16mer binding to Fab B27.29 were used to model a
proposed antibody binding interface on the MUC1 glyco-
peptide. Modeling was performed on a SGI Octane using
the BIOPOLYMER and DISCOVER modules within the
Insight II program (Molecular Simulations Inc., San Diego,
CA). The protocol involved the following three steps:

(1) Select residues in the Tn3,Tn4-glycosylated 16mer
were set to definedφ andψ values, which remained fixed
throughout subsequent steps. Asp7 and Thr8 were set to a
type I â-turn conformation (φ2 ) -60°, ψ2 ) -30°, φ3 )
-90°, ψ3 ) 0°), based on our own NMR findings of a type
I â-turn spanning residues Pro6-Asp7-Thr8-Arg9 (see Re-
sults). Pro6, Arg9, Pro10, Ala11, Pro12, Gly13, Ser14, Thr15,
and Ala16 were set to a polyproline type II helical conforma-
tion (φ ) -60°, ψ ) 70°), based on Fontenot’s findings of
a significant population of polyproline type II helix in his
CD studies of multiple repeat MUC1 peptides (47-49).

(2) Theφ andψ dihedral angles of Thr3, Ser4, and Ala5
were then manually rotated to bring the Tn3 and Tn4
carbohydrates to the same face of the glycopeptide as the
side chain of Thr8. The modeling of an antibody binding
interface involving Tn3, Tn4, and Thr8 is based on the
observation of Fab NOEs to Tn3, Tn4, and Thr8 in the 5
and 25°C TRNOESY spectra of the Tn3,Tn4-glycosylated
MUC1 16mer peptide in the presence of Fab B27.29 (see
Results and Table S6).

(3) Finally, 5000 iterations of conjugate gradient energy
minimization in vacuo using a distance-dependent dielectric
and a CVFF force field were performed. Peptide-sugar
distance restraints observed for the Fab-bound peptide were
used throughout the minimization to establish the “correct”,
experimentally observed orientation of the Tn sugar groups
relative to the peptide backbone. Distance restraints were
calculated from the peptide-sugar NOEs observed in the
25 °C TRNOESY spectrum of the Tn3,Tn4-glycosylated
MUC1 16mer peptide in the presence of Fab B27.29 (see
Table S8). Only peptide-sugar NOEs observed at 25°C (not
at 5°C) were used for distance restraints in order to minimize
the contribution of the “free” peptide-sugar NOEs to the
measured intensities. NOE intensities were measured as
integral volumes and were converted to distance restraints
using the following classifications: strong (1.8 Åe r ij e
3.5 Å), medium (1.8 Åe r ij e 5.0 Å), and weak (3.5 Åe
r ij e 6.0 Å). Distance information was included using a flat-
bottomed potential which was equal for all restraints. All
peptide bonds were forced to trans geometry during the
calculations. No distance violations greater than 0.1 Å were
observed in the final energy-minimized structure.

RESULTS

Chemical Shifts and Resonance Assignments for the
Unglycosylated and Tn-Glycosylated MUC1 16mers.Table

Fab+ PF

τF ≈ 10-9 s

WF ∝ NOEF

y\z
k1[Fab]

k-1

Fab‚PB

τB > 10-9 s

WB ∝ NOEB

(4)

Effect of Glycosylation on MUC1 Immune Recognition Biochemistry, Vol. 41, No. 31, 20029949
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S1 (in Supporting Information) presents the1H NMR
assignments for the peptide and carbohydrate resonances of
the unglycosylated, Tn3-glycosylated, Tn4-glycosylated, and
Tn3,Tn4-glycosylated MUC1 16mers in 90% H2O/10% D2O
PBS buffer, pH 7.0, 5°C. Table S2 presents the13C NMR
assignments for the unglycosylated and Tn3,Tn4-glycosylated
16mers in 99.9% D2O PBS buffer, pH 7.0, 5°C, obtained
from natural abundance13C-edited HSQC spectra. With
allowances made for different temperature and solvent
conditions, assignments are in good agreement with those
previously published in 60% CD3OH/40% H2O, pH 5.5, 10
°C (50).

The assignments in Tables S1 and S2 show that glyco-
sylation-induced chemical shift perturbations are localized
to residues at or immediately adjacent to the site of
carbohydrate attachment. For example, a comparison of the
chemical shifts for the unglycosylated 16mer versus the Tn4-
glycosylated 16mer shows significant downfield shifts for
the NH and HR resonances of Ser4 (8.49-8.71 and 4.45-
4.62 ppm, respectively), less significant shifts for the NH of
Ala5 (8.53-8.65 ppm), and only small perturbations for the
HR and Hâ resonances of Thr3. Even the doubly glyco-
sylated 16mer exhibits no significant1H or 13C chemical shift

perturbations for residues more than two positions removed
from the site(s) of carbohydrate attachment. Indeed, the
chemical shifts for the backbone and side chain resonances
of residues within the PDTRP peptide epitope region are
virtually identical across the series of MUC1 16mer peptides
and glycopeptides studied (see Table S1), suggesting that
the chemical environment of the peptide epitope region is
unaffected by upstream glycosylation events at Thr3 and
Ser4.

The localized glycosylation-induced chemical shift per-
turbations observed in Tables S1 and S2 can be correlated
to localized shifts in the conformational equilibrium of the
underlying peptide backbone, as assessed from a calculation
of the deviation of the1HR proton and13CR carbon chemical
shift values from random coil (51). ∆δHR and∆δCR values
(observe- random coil) were calculated for the unglyco-
sylated and Tn-glycosylated MUC1 16mer peptides, and
these values are presented in Table S3 and panels A
(unglycosylated 16mer), B (Tn3-glycosylated 16mer), C
(Tn4-glycosylated 16mer), and D (Tn3,Tn4-glycosylated
16mer) of Figure 1. The∆δHR and ∆δCR values for the
unglycosylated 16mer are close to random coil (52) for all
residues, excepting Gly1 and Val2 at the N-terminus and

FIGURE 1: Schematic diagram showing the magnitude ofdNN, dâN, dRδ, anddNδ NOE connectivities observed in the NOESY spectrum
of the unglycosylated MUC1 16mer (panel A), Tn3-glycosylated MUC1 16mer (panel B), Tn4-glycosylated MUC1 16mer (panel C), and
Tn3,Tn4-glycosylated MUC1 16mer (panel D). The diagram also includes coupling constants (3JNR), temperature coefficients (-∆δ/∆T),
and chemical shift deviations (∆δHR ) δHRobs - δHRcoil). Uncertainty in the measured temperature coefficient values is(0.2 ppb/K.
Uncertainty in the measured coupling constants is(0.2 Hz. The strong sequentialdNN(i,i+1) NOEs between Asp7 and Thr8 and between
Thr8 and Arg9, and the mediumdâN(i,i+2) NOE between Asp7 and Arg9 define a type Iâ-turn spanning Pro6-Asp7-Thr8-Arg9 in each
peptide (boxed). The mediumdRδ(i,i+1) anddNδ(i,i+1) NOEs linking all X-Pro pairs in the sequence define an all-trans configuration
(53) for each peptide.
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Ala16 at the C-terminus. In contrast, the∆δHR and ∆δCR

values for glycosylated residues in the Tn-glycosylated
16mers show significant downfield shifts and upfield shifts,
respectively. These values are consistent with an increase
in the population of extended structure for these residues3

and suggest that glycosylation shifts the conformational
equilibrium of the underlying peptide backbone toward the
extended strand. This phenomenon probably arises from
limitations placed by the carbohydrate on theφ, ψ dihedral
space available to the underlying peptide backbone. In line
with these steric arguments is the observation that Tn-
glycosylation at either Thr3 or Ser4 shifts the degenerate
Hâ resonances of Ser4 (3.85 ppm for the unglycosylated
16mer) into nondegenerate positions (3.76 and 3.91 ppm in
the Tn4-glycosylated 16mer, for example), which suggests
that carbohydrate also hinders rotation about theø1 bond of
Ser4.

NOESY ConnectiVities for the Unglycosylated and Tn-
Glycosylated MUC1 16mers.The NOEs diagnostic ofâ-turn
secondary structure includedNN(2,3),dNN(3,4), anddRN(2,4)
cross-peaks (53), where the numbering indicates the position
in the turn. Figure 1 shows the magnitudes of theseâ-turn-
defining NOEs observed in the NOESY spectra of the
unglycosylated (panel A), Tn3-glycosylated (panel B), Tn4-
glycosylated (panel C), and Tn3,Tn4-glycosylated (panel D)
16mer peptides. All peptides display strong sequential
dNN(i,i+1) NOEs between Asp7 and Thr8 and between Thr8
and Arg9. These NOEs are diagnostic of a type Iâ-turn (φ2

) -60°, ψ2 ) -30°, φ3 ) -90°, ψ3 ) 0°) spanning Pro6-
Asp7-Thr8-Arg9 within the PDTRP peptide epitope region
of each peptide, as such a turn would give rise to equally
strongdNN(2,3) anddNN(3,4) NOEs (54). A type I â-turn
conformation for this region in each peptide is further
suggested by the mediumdâN(2,4) NOEs observed between
Asp7 and Arg9, since this distance can approach as closely
as 2.9 Å in a type I turn but only as closely as 3.6 Å in a
type II turn4 (54). Glycosylation does not appear to affect
either the stability or conformation of the type Iâ-turn, as
the relative intensities of thedNN(2,3) anddNN(3,4) NOEs
measured in the unglycosylated versus Tn-glycosylated
16mer NOESY spectra are comparable. This suggests that
the conformation of the peptide PDTRP epitope region is
unaffected by upstream glycosylation events at Thr3 and
Ser4.

Our findings of a type Iâ-turn spanning the PDTR
sequences of the unglycosylated and Tn-glycosylated MUC1
16mer peptides are in agreement with the results of three
separate biophysical studies of MUC1 peptides: the previ-
ously referenced NMR study involving the unglycosylated

and Tn3,Tn4-glycosylated 16mer peptides in methanol/water
(50), an earlier NMR study by another group involving a
20-residue MUC1 peptide (PDTRPAPGSTAPPAHGVTSA)
in DMSO (55), and our own recent NMR studies involving
a shorter 9-residue MUC1 peptide (TSAPDTRPA) in water
(31). Other studies of MUC1 peptides have found different
favored turn conformations for the PDTR sequence. Fontenot
and co-workers proposed a type IIâ-turn conformation (φ2

) -60°, ψ2 ) +120°, φ3 ) +90°, ψ3 ) 0°) on the basis of
their NMR/CD studies of three-repeat MUC1 peptides in
water (47-49). However, a type II conformation would give
rise to a weakdNN(2,3) cross-peak between Asp7 and Thr8,
which is not observed in our 16mer peptides. It has also been
proposed by Kirnarsky and co-workers on the basis of their
NMR structure calculations that the PDTR sequence adopts
two overlapping inverseγ-turns in solution, the first spanning
Pro-Asp-Thr and second Asp-Thr-Arg (56). However, the
strongdNN(i,i+1) connectivities observed for this region
of the sequence argue against the existence of two over-
lapping inverseγ-turns, as this arrangement would give rise
to only weakdNN(i,i+1) cross-peaks between Asp7 and
Thr8 and between Thr8 and Arg9, corresponding to distances
of 3.8 Å in eachγ-turn.5 Although it is conceivable that the
different experimental conditions used in each NMR study
might have led to a different favored turn conformation, it
is more probable that the PDTR region of the MUC1 epitope
is conformationally heterogeneous, sampling different turn
conformations (type Iâ-turn, type IIâ-turn, inverseγ-turn,
etc.) as part of a complex conformational equilibrium. This
possibility has been explored in greater detail in our recently
published NMR studies of a 9-residue MUC1 peptide and
its Tn-glycosylated derivative (31).

Coupling Constants for the Unglycosylated and Tn-
Glycosylated MUC1 16mers.Type I and type IIâ-turns are
characterized by a dihedral angle ofφ2 ) -60° for the second
residue in the four-residue turn (57, 58). This local confor-
mation is consistent with a coupling constant of 4 Hze 3JNR

e 5 Hz, assuming aâ-turn which is stably folded (100%
populated) in solution.3JNR coupling constants were meas-
ured for all non-proline and non-glycine residues in the
unglycosylated and Tn-glycosylated MUC1 16mer peptides,
and these values are presented in Table S3 and panels A
(unglycosylated 16mer), B (Tn3-glycosylated 16mer), C
(Tn4-glycosylated 16mer), and D (Tn3,Tn4-glycosylated
16mer) of Figure 1. All peptides display reduced coupling
constants for Ala5 and Ala11, a result of their placement
prior to a proline (Pro6 and Pro12) in the MUC1 sequence.6

All peptides also display a reduced coupling constant for
Asp7 in position 2 of the putative type Iâ-turn, which is
the same value within error (5.9( 0.1 Hz) across the series
of 16mer peptides and glycopeptides. This value does not
fall within the range of 4 Hze 3JNR e 5 Hz predicted for
the second residue of a stably folded type Iâ-turn. However,

3 HR proton chemical shift deviations measured for all 20 naturally
occurring amino acids show a meanR proton shift of -0.39 ppm
(upfield from the random coil value) when the residue is placed in a
helical conformation and a meanR proton shift of+0.37 ppm when
the residue is placed in an extended conformation (51). The shifting
tendancies for13C nuclei are opposite in direction to those found for
1NH and 1HR protons, so that the13CR carbons experience a upfield
shift from the random coil value when in an extended conformation
(51).

4 Unfortunately, thedRN(2,4) NOE between Asp7 and Arg9 is
overlapped with the intraresiduedRN of Arg9 in the NOESY spectrum
of each MUC1 16mer peptide (the HR resonances of Arg7 and Arg9
are degenerate in each case). However, this NOE has been observed in
the NOESY spectra of both the unglycosylated and Tn3,Tn4-glyco-
sylated 16mer peptides in a methanol/water mixture (50).

5 The NOEs characteristic of an inverseγ-turn (-85° e φ2 e -70°,
+60° e ψ2 e +70°) (57, 58) include a strongdRN(2,3) cross-peak,
corresponding to a distance of 2.4 Å, a weakdNN(2,3) cross-peak,
corresponding to a distance of 3.8 Å, and a weakdRN(1,3) cross-peak
corresponding to a distance of 4.3 Å (59, 60).

6 In general, a residue proceeding a proline experiences steric clashes
between its NH, HR, and Hâ protons and the Hδ protons and carbonyl
carbons of the proline. This results in a displacement toward more
negativeφ values for the proceeding residue and a concomitant decrease
in the measured3JNR value (61).
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as the partially structured 16mer peptides and glycopeptides
are likely to be undergoing a conformational equilibrium
between folded (â-turn) and unfolded (extended) states, the
measured coupling constants for Asp7 should represent a
populated weighted average of the3JRN values associated with
each interconverting state. Using a two-state model (62, 63)
in which Asp7 can find itself either in a turn conformation
(3JNR ) 5 Hz) or in an extended conformation (3JNR ) 9
Hz), a measured coupling constant of3JNR ) 5.9 ( 0.1 Hz
translates into approximately 70-75% of Asp7 sites in a
folded turn conformation for each peptide. This rough
estimate suggests that the turn population within the PDTRP
epitope region is unaffected by upstream glycosylation events
at Thr3 and Ser4, in agreement with the NOE and chemical
shift perturbation data previously discussed.

Whereas the coupling constant data suggest no long-range
effects of glycosylation, the dependence of the3JNR of Thr3
on the glycosylation state suggests significant localized
effects. For example, the3JNR of Thr3 increases from 5.7
Hz in the unglycosylated 16mer, to 7.3 Hz in the Tn4-
glycosylated 16mer, to 8.8 Hz in the Tn3-glycosylated 16mer.
Using the simple but conceptually effective two-state model
described above, these coupling constants translate into
approximately 17%, 58%, and 95% local extended confor-
mation, respectively, for each peptide. These rough estimates
suggest that glycosylation shifts the conformational equilib-
rium of the underlying peptide backbone toward extended
strand, a finding consistent with the chemical shift data
presented earlier in the paper.

Temperature Coefficients for the Unglycosylated and Tn-
Glycosylated MUC1 16mers.The temperature dependence
of the amide proton chemical shift, or temperature coefficient
(-∆δ/∆T), is often interpreted as a measure of solvent
shielding in folded peptides and proteins. For unfolded
regions of the sequence, temperature coefficients are expected
to be 6e -∆δ/∆T e 10 ppb/K (64), indicating that the
backbone is freely solvated by water and that no hydrogen
bonds are present which would protect the backbone amides
from solvent exchange. For folded regions of the sequence,
temperature coefficients are expected to decrease to-∆δ/
∆T < 6 ppb/K (64), indicating either the presence of a
hydrogen bond or a high degree of solvent shielding. The
temperature dependence of the amide proton chemical shift
can therefore be an indication of possible intramolecular
hydrogen bonding.

Temperature coefficients (-∆δ/∆T) were measured for
all non-proline residues in the unglycosylated and Tn-
glycosylated MUC1 16mer peptides, and these values are
presented in Table S3 and panels A (unglycosylated 16mer),
B (Tn3-glycosylated 16mer), C (Tn4-glycosylated 16mer),
and D (Tn3,Tn4-glycosylated 16mer) of Figure 1. All
peptides display reduced temperature coefficients of 6.0e
-∆δ/∆T e 6.5 ppb/K for Arg9 in position 4 of the putative
type Iâ-turn. These reduced temperature coefficients suggest
involvement of the Arg9 NH in a hydrogen bond that
partially protects it from solvent exchange, an interpretation
consistent with the presence of Pro6-CO to Arg9-NH (1,4)
hydrogen bonds stabilizing the type Iâ-turn proposed to span
Pro6-Asp7-Thr8-Arg9 within the PDTRP peptide epitope
region of each peptide.

Also observed in the temperature coefficient data is an
unusually strong dependence of the-∆δ/∆T of Thr3 on the

glycosylation state of this residue. For example, the-∆δ/
∆T of Thr3 is much more elevated in the Tn3- and Tn3,Tn4-
glycosylated 16mers (12.6 and 12.0 ppb/K, respectively) than
in the unglycosylated or Tn4-glycosylated 16mers (8.0 and
8.6 ppb/K, respectively). These elevated values of-∆δ/∆T
correlate with the significant downfield shifts observed for
Thr3 NH in the Tn3- and Tn3,Tn4-glycosylated 16mers (8.91
and 8.90 ppm, respectively), in agreement with the strong
correlation that exists between-∆δ/∆T and NH chemical
shift in unstructured systems (65). One way to interpret the
significant downfield shifts of Thr3 NH in the Tn3-
glycosylated and Tn3,Tn4-glycosylated 16mers is to relate
it to the possible existence of a hydrogen bond between the
backbone NH proton of Thr3 and the carbonyl of theN-acetyl
group of Tn3,7 as the presence of hydrogen bonds is often
accompanied by marked downfield shifts in folded peptides
and proteins (65). This proposal receives some support from
molecular modeling studies of a glycosylated trimer Ac-
Thr(R-GalNAc)-Ala-Ala-OMe (66) in which the existence
of a hydrogen bond between the peptide NH protons and

7 It should be noted that the proposal of a hydrogen bond based on
large negative values of-∆δ/∆T is consistent with the “equilibrium
between states” interpretation of temperature coefficients (65), although
it does contradict the conventional “solvent shielding” interpretation
of -∆δ/∆T (64) which assumes a correlation between small-∆δ/∆T
and the presence of a hydrogen bond.

FIGURE 2: Natural abundance13CR relaxation data measured for
the unglycosylated (open circles) and Tn3,Tn4-glycosylated (black
circles) MUC1 16mer peptides. Panel A plots the13CR T1 andT1F
relaxation times, and panel B plots the{1HR}-13CR heteronuclear
NOE values measured for each residue. Error bars (standard
deviations calculated for each relaxation parameter) are plotted only
when the bars are larger than the actual size of the symbol.
Experimental conditions were 10 mM peptide in 99.9% D2O PBS
buffer, pH 7.0, 5°C.
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the GalNAcN-acetyl carbonyl was demonstrated. Were such
hydrogen bonds to exist in the Tn-glycosylated MUC1
16mers, these bonds might also play a role in shifting the
conformation of the underlying peptide backbone toward
more extended structure.

13C NMR Relaxation Experiments for the Unglycosylated
and Tn3,Tn4-Glycosylated MUC1 16mers.Natural abun-
dance13CR T1 and T1F relaxation times and{1HR}-13CR
heteronuclear NOE values were measured for the unglyco-
sylated and Tn3,Tn4-glycosylated MUC1 16mer peptides in
order to assess the effect of carbohydrate attachment at Thr3
and Ser4 on peptide backbone dynamics. The relaxation
times and NOE values presented in Table S4 and panels A
(13CR T1 and T1F) and B ({1HR}-13CR NOE) of Figure 2
show that glycosylation significantly affects the backbone
dynamics of glycosylated (Thr3, Ser4) and neighboring
(Val2, Ala5) residues but has no significant effects on the
backbone dynamics of more remote residues within the
PDTRP core epitope region. For example, the relaxation
times and NOE values of Thr3 areT1 ) 295( 5 ms,T1F )
188( 19 ms, and NOE) 1.58( 0.04 for the unglycosylated
16mer andT1 ) 262 ( 11 ms,T1F ) 110 ( 13 ms, and
NOE ) 1.29 ( 0.02 for the Tn3,Tn4-glycosylated 16mer.
These times and values are consistent with glycosylation-
induced increases in the local correlation time and order of
the Thr313CR-1HR bond vector. In contrast, the relaxation
times and NOE values averaged over the central residues of
the peptide (Pro6-Asp7-Thr8-Arg9-Pro10-Ala11-Pro12) are
not significantly changed by upstream glycosylation at Thr3
and Ser4; i.e.,〈T1〉6-12 ) 281( 9 ms,〈T1F〉6-12 ) 134( 21
ms, and〈NOE〉6-12 ) 1.44 ( 0.05 for the unglycosylated
16mer and〈T1〉6-12 ) 298 ( 9 ms, 〈T1F〉6-12 ) 120 ( 21
ms, and 〈NOE〉6-12 ) 1.46 ( 0.05 for the Tn3,Tn4-
glycosylated 16mer. Our findings of only localized effects
of glycosylation on underlying peptide backbone dynamics
are in agreement with the13C NMR relaxation studies of a
sequentially deglycosylated native ovine submaxillary mucin
(OSM) (67), where a “stiffening effect” was found to be

transmitted from the site of glycosylation only to adjacent
nonglycosylated residues.

Peptide-Sugar NOE ConnectiVities Identified for the
Tn3,Tn4-Glycosylated MUC1 16mer.The 13C NMR relax-
ation results described above suggest that glycosylation exerts
its conformational effects on the underlying mucin peptide
backbone through the imposition of steric constraints onφ,ψ
dihedral space. However, a second mechanism involving
conformational effects through specific peptide-sugar in-
teractions is also possible. To probe for the existence of
specific peptide-sugar interactions that could mediate con-
formational effects on local peptide backbone, NOESY
spectra of the Tn3,Tn4-glycosylated MUC1 16mer peptide
were carefully scrutinized for peptide-sugar NOEs. These
NOEs, listed in Table S5 and shown diagramatically in
Figure 3, suggest that interactions between the attached sugar
and the underlying peptide backbone are specific and
localized. For example, the Tn3 carbohydrate displays close
contacts only to Val2, Thr3, and Ser4, whereas the Tn4
carbohydrate displays close contacts only to Ser4, Ala5, and
Pro6. The absence of longer range contacts between the

FIGURE 3: Diagrammatic representation of strong peptide-sugar
NOEs observed in the NOESY spectrum of the Tn3,Tn4-glyco-
sylated MUC1 16mer peptide acquired in 90% H2O/10% D2O PBS
buffer, pH 7.0, 5°C. Refer to Table S5 for a complete list of
peptide-sugar NOEs.

FIGURE 4: Backbone amide NH regions of1H NMR spectra
showing the forward titration of the unglycosylated (panel A) and
Tn3,Tn4-glycosylated (panel B) MUC1 16mer peptides with Fab
B27.29. The lower traces correspond to the free peptides, whereas
the upper traces correspond to the peptide in the presence of 0.4
molar equiv of Fab. Resonances marked by arrows experience the
greatest losses in signal intensity due to line broadening in the
presence of Fab. Experimental conditions were 1 mM peptide(
400 µM Fab in 90% H2O/10% D2O PBS buffer, pH 7.0, 5°C.
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attached Tn carbohydrates and the peptide backbone is
consistent with the absence of longer range effects on the
conformation or dynamics of the peptide PDTRP epitope
region following upstream glycosylation at either Thr3 or
Ser4.

Some of the strongest NOEs observed in the NOESY
spectra of the Tn3,Tn4-glycosylated MUC1 16mer peptide
include those between the NH protons of Thr3 and Ser4 and
the methyl and NH protons of theN-acetyl groups of their
directly attached Tn moieties. Similar peptide-sugar con-
nectivities have been observed in other NMR studies of
R-GalNAc O-glycosylated peptides (31, 56, 68, 69). For
example, Kirnarsky and co-workers observed a strong NOE
between the NH proton of their glycosylated threonine
residue and theN-acetyl group of GalNAc in theirR-linked
O-glycosylated 15-residue MUC1 peptide (56). The presence
of these specific peptide-sugar NOEs between theN-acetyl
group of the attached GalNAc and the backbone NH of the
glycosylated residue suggests that theN-acetyl of the GalNAc
might interact directly with the peptide backbone, providing
some evidence for the existence of hydrogen bonds between

the NH proton of the peptide backbone and the carbonyl on
theN-acetyl group of the GalNAc. However, it is not clear
from the pattern of peptide-sugar NOEs why such a
hydrogen bond should be stronger for the Thr3-Tn3 pair
than for the Ser4-Tn4 pair, as suggested by the temperature
coefficient data.

1H NMR-Monitored Titrations of the Unglycosylated and
Tn3,Tn4-Glycosylated MUC1 16mers with Fab 27.29.Com-
petitive ELISA binding studies on mucin solid phase have
shown that Tn glycosylation at Thr3 and Ser4 in the MUC1
synthetic peptides leads to a small but reproducible increase
in the affinity of the peptide for Mab B27.29, an antibody
raised against the intact tumor-associated MUC1 mucin (50).
As upstream glycosylation at Thr3 and Ser4 does not affect
the conformation and dynamics of the immunodominant
PDTRP peptide epitope region, this increased affinity for
B27.29 cannot be due to the proximal carbohydrate stabiliz-
ing the peptide epitope conformation most favored for
binding (presumably the type Iâ-turn spanning PDTR). A
more likely scenario is that the carbohydrates comprise part
of the recognition domain for B27.29, whose natural MUC1

FIGURE 5: FingerprintdRN regions of DQFCOSY spectra showing the forward titration of the unglycosylated and Tn3,Tn4-glycosylated
MUC1 16mers with Fab B27.29. Panels A and B correspond to the unglycosylated 16mer in the absence (panel A) and presence (panel B)
of 0.4 molar equiv of Fab, whereas panels C and D correspond to the Tn3,Tn4-glycosylated 16mer in the absence (panel C) and presence
(panel D) of 0.4 molar equiv of Fab. Boxed cross-peaks experience the greatest losses in signal intensity due to line broadening in the
presence of Fab. Experimental conditions were 1 mM peptide( 400 µM Fab in 90% H2O/10% D2O PBS buffer, pH 7.0, 5°C.
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antigen remains extensively glycosylated with cryptic car-
bohydrate structures in the tumor-associated state.

To determine the contribution of defined peptide secondary
structure (peptide epitope) versus specific-site glycosylation
(carbohydrate epitope) in antibody recognition and binding,
1H NMR-monitored titrations of the unglycosylated and
Tn3,Tn4-glycosylated MUC1 16mers with the Fab fragment
of Mab B27.29 were performed. Figure 4 shows the
backbone amide region of the 500 MHz1H NMR spectra of
the unglycosylated 16mer (panel A) and Tn3,Tn4-glyco-
sylated 16mer (panel B) in the absence and presence of 0.4
molar equiv of Fab B27.29. Several amide resonances are
observed to diminish appreciably in the bound spectrum, due
to exchange broadening and/or increases in local correlation
time as these residues are preferentially bound and im-
mobilized in the antibody combining site. The spectrum of
the glycosylated 16mer shows greater line broadening effects
than does the spectrum of the unglycosylated 16mer at the
same molar equivalents of Fab. This suggests a stronger
interaction for the glycosylated peptide, in agreement with
the competitive ELISA binding experiments (50). Regardless
of these differences in overall line broadening, the most
selectively broadened amide resonances for each peptide
correspond to Asp7, Thr8, Arg9, and Ala11 within or near

the PDTRâ-turn region. This collection of residues suggests
that the turn is preferentially bound in the antibody com-
bining site and constitutes the peptide portion of the B-cell
epitope for both the unglycosylated 16mer and the Tn3,Tn4-
glycosylated 16mer. The sugar moieties must also be
involved in the binding of Fab, since theN-acetyl NH
resonance(s) of Tn3 (not shown) and Tn4 are observed to
substantially diminish in intensity in the bound spectra of
the glycosylated 16mer.

The identification of epitope regions using differential line
broadening is best accomplished using the DQFCOSY
experiment, as the antiphase nature of the cross-peaks renders
them uniquely sensitive to the line width of the detected
proton (the positive and negative lobes cancel once line width
exceeds coupling). Thus, the DQFCOSY experiment can act
as a dynamic filter of differential proton mobilities and has
been used in this capacity to identify the residues comprising
the determinants of several peptide antigens when these are
bound to antibody (70-72). Figure 5 shows thedRN

fingerprint regions of the 500 MHz DQFCOSY spectra of
the unglycosylated and Tn3,Tn4-glycosylated 16mer peptides
in the absence (panel A) and presence (panel B) of Fab
B27.29, where severaldRN cross-peaks are observed to
disappear or diminish appreciably in intensity upon the

FIGURE 6: Aliphatic regions of DQFCOSY spectra showing the forward titration of the unglycosylated and Tn3,Tn4-glycosylated MUC1
16mers with Fab B27.29. Panels A and B correspond to the unglycosylated 16mer in the absence (panel A) and presence (panel B) of 0.4
molar equiv of Fab, whereas panels C and D correspond to the Tn3,Tn4-glycosylated 16mer in the absence (panel C) and presence (panel
D) of 0.4 molar equiv of Fab. Boxed cross-peaks experience the greatest losses in signal intensity due to line broadening in the presence
of Fab. Experimental conditions were 1 mM peptide( 400 µM Fab in 90% H2O/10% D2O PBS buffer, pH 7.0, 5°C.
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addition of antibody. ThosedRN cross-peaks correspond to
Ala5, Asp7, Arg9, and Ala11 in each peptide, residues within
or near the PDTRâ-turn region. However, the backbone (as
detected by thedRN cross-peak) is not the only portion of
the turn that is selectively immobilized upon binding to
antibody. When thedRâ regions of the DQFCOSY experi-
ments are plotted for each peptide in the absence and
presence of Fab (see panels A and B of Figure 6), thedRâ

cross-peaks which experience the greatest line broadening
correspond to theâ protons of Asp7, Arg9, and Pro10 in
each peptide, suggesting that the side chains of these residues
are also partially immobilized in the antibody combining site.
Thus, the side chains as well as the backbone portion of the
PDTRP peptide epitope appear to be involved in the
recognition and binding of Fab B27.29.

TRNOESY Studies of the Binding of the Tn3,Tn4-Glyco-
sylated MUC1 16mer to Fab 27.29.TRNOESY experiments
were next performed at both 5 and 25°C for the Tn3,Tn4-
glycosylated 16mer peptide in the presence of Fab B27.29.
The goals of these TRNOESY experiments were threefold:
(1) to map the MUC1 B-cell epitope recognized by B27.29,
(2) to identify peptide-Fab and sugar-Fab NOEs across
the binding interface so as to better define the MUC1
antigen-B27.29 interaction, and (3) to determine if the
PDTR type I â-turn found within the free solution state
MUC1 peptide is conserved within the B27.29 combining
site.

Figure 7 shows thedRN, dâN, dγN, anddδN regions of
the NOESY and TRNOESY spectra acquired at 25°C from
the reverse titration of the Tn3,Tn4-glycosylated 16mer in
the absence (panel A) and the presence (panel B) of Fab
B27.29. This figure illustrates the development of TRNOEs
in the bound glycopeptide, which are more easily observed
at 25°C due to the attenuation of the free peptide NOEs at
this temperature. The strongest of these TRNOEs correspond
to residues within the PDTRP epitope. For example, thedâN
anddγN cross-peaks of Asp7, Thr8, and Arg9 are observed
only in the presence of Fab (Figure 7B). TRNOE effects
are also observed for the Tn-glycosylated residues Thr3 and
Ser4 and for the Tn carbohydrates attached to these residues.
No TRNOE effects are observed for the C-terminal residues
of the glycopeptide, as evidenced by the absence ofdRN,
dâN, and dγN cross-peaks for Gly13, Ser14, Thr15, and
Ala16 in the presence of Fab (Figure 7B). The aliphatic
portion of the TRNOESY spectrum of the Tn3,Tn4-glyco-
sylated 16mer in the presence of Fab B27.29 was also
analyzed (data not shown) and showed a similar pattern of
TRNOE effects: significant enhancements for the glyco-
sylated residues, Thr3 and Ser4, and significant enhance-
ments for residues Asp7, Thr8, Arg9, and Pro10 within the
PDTRP epitope.

The pattern of TRNOE enhancements observed for the
Tn3,Tn4-glycosylated 16mer in the presence of Fab closely
mirrors the pattern of line broadening observed in the1H
NMR-monitored titration of this glycopeptide (selective line
broadening for the PDTRP peptide epitope and Tn carbo-
hydrate resonances). This similarity in TRNOE and line
broadening patterns suggests that both effects derive from
increases in local correlation times (i.e.,τB > τF; see eq 4)
as the PDTRP peptide epitope and the Tn carbohydrates are
preferentially bound and immobilized in the antibody com-
bining site. Thus, the MUC1 B-cell epitope in the Tn3,Tn4-

glycosylated 16mer appears to be comprised of two separate
portions, a peptide epitope spanning the PDTRP sequence
and a carbohydrate epitope consisting of Tn sugars attached
at Thr3 and Ser4.

TRNOESY experiments were also performed at 5 and 25
°C for the unglycosylated 16mer peptide in the presence of
Fab B27.29 (data not shown). These experiments demon-
strated TRNOE enhancements for residues within the PDTRP
peptide epitope but no enhancements for residues at the
C-terminus of the peptide, in agreement with the results
obtained for the Tn3,Tn4-glycosylated 16mer. Significantly,
no TRNOE enhancements were observed for either Thr3 or
Ser4 in the unglycosylated peptide, presumably because these
residues lack the attached carbohydrate that can bind directly
to antibody.

Having mapped the B27.29 B-cell epitope in the glyco-
sylated MUC1 antigen to separate peptide and carbohydrate
epitopes, TRNOESY spectra were then carefully scrutinized
for peptide-Fab and sugar-Fab NOEs. Figure 8 shows the
dNN region of the NOESY/TRNOESY spectra acquired at

FIGURE 7: dRN, dâN, dγN, anddδN regions of NOESY spectra
acquired at 25°C from the reverse titration of the Tn3,Tn4-
glycosylated MUC1 16mer with Fab B27.29. This figure illustrates
the development of TRNOEs in the bound peptide, which are easier
to identify at 25°C due to the attenuation of the free peptide NOEs
at this temperature. Panel A corresponds to 1.4 mM peptide (no
Fab), whereas panel B corresponds to 200µM Fab + 1.4 mM
peptide (0.14 molar equiv of Fab/peptide). Experimental conditions
were 90% H2O/10% D2O PBS buffer, pH 7.0, 25°C.
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5 °C from the reverse titration of the Tn3,Tn4-glycosylated
16mer and at four different molar equivalents of Fab. Panel
A corresponds to no Fab (only peptide), panel B to 0.5 molar
equiv of Fab/peptide, panel C to 0.25 molar equiv of Fab/
peptide, and panel D to 0.14 molar equiv of Fab/peptide.
These four ratios of Fab/peptide were explored so as to better
discriminate peptide-peptide TRNOEs from intermolecular
peptide-Fab and sugar-Fab NOEs. Examination of Figure
8 reveals an important sugar-Fab NOE, which is labeled
Tn4 AcNH-Fab NH. This NOE is absent in both the free
peptide (panel A) and the free Fab NOESY spectrum (not
shown), confirming its source as sugar-Fab. The presence
of such a strong and unequivocal sugar-Fab contact suggests
a direct interaction of the Tn4 carbohydrate with Fab B27.29,
supporting the line broadening and TRNOE results observed
for this carbohydrate resonance.

Figure 9 shows thedâN anddγN regions of the NOESY/
TRNOESY spectra acquired at 5°C from the same reverse
titration of the Tn3,Tn4-glycosylated 16mer and using the
same four molar equivalents of Fab described above. Another
sugar-Fab NOE is observed in this figure, labeled Tn4
AcCH3-Fab NH, which is absent in both the free peptide
(panel A) and the free Fab NOESY spectrum. The Fab NH
partner (at 8.41 ppm) in this Tn4 AcCH3-Fab NH cross-
peak is the same Fab NH in the Tn4 AcNH-Fab NH cross-
peak shown in Figure 8, an assignment confirmed by
temperature titrations. Panels C and D of Figure 9 also show
a peptide-sugar TRNOE of special interest, Tn4 AcCH3-
T8 NH, which is absent in both the free peptide (panel A)
and the free Fab NOESY spectrum (not shown). The

existence of this medium-range peptide-sugar TRNOE
implies that T8 and Tn4 are both bound at the antibody
combining site and supports the notion that the MUC1 B-cell
epitope is comprised of both a peptide portion and a
carbohydrate portion. The simultaneous binding of T8 and
Tn4 at the B27.29 combining site is supported by an analysis
of all sugar-Fab and peptide-Fab NOEs observed in the
reverse titration. These NOEs are listed in Table S6 and show
Fab contacts to Tn3, Tn4, and T8 in the peptide. Of particular
interest in Table S6 are the strong T8γ(CH3)-Fab NOEs
linking theγ-methyl protons of Thr8 to an upfield Fab methyl
group at-0.30 ppm (this peptide-Fab is observed at both
5 and 25°C) and the strong T8γ(CH3)-Fab NOE linking
theγ-methyl protons of Thr8 to aromatic Fab resonances at
6.91 ppm (observed at 25°C). These NOEs identify Thr8
as a key Fab contact residue for the PDTRP peptide epitope.

Finally, turn-defining TRNOEs were carefully analyzed
in the TRNOESY spectra of the Tn3,Tn4-glycosylated 16mer
in order to determine if the type Iâ-turn found within the
PDTRP core peptide epitope of the free peptide is conserved
within the B27.29 combining site. Referring back to Figure
8, dNN(2,3) anddNN(3,4) connectivities diagnostic of turn
conformation are observed both in the presence (panels C
and D) and in the absence (panel A) of Fab. This implies
that theâ-turn conformation is conserved in the antibody-
bound peptide. In addition, a careful examination of the two
panels that represent the same concentration of peptide
(panels A and C, respectively) shows modest 30% TRNOE
enhancements fordNN(2,3) anddNN(3,4) in the presence
of Fab, although the exact contributions of the free versus

FIGURE 8: dNN regions of NOESY spectra acquired at 5°C from the reverse titration of the Tn3,Tn4-glycosylated MUC1 16mer with Fab
B27.29. Panel A corresponds to the 800µM peptide (no Fab), panel B to 200µM Fab+ 400µM peptide (0.5 molar equiv of Fab/peptide),
panel C to 200µM Fab+ 800µM peptide (0.25 molar equiv of Fab/peptide), and panel D to 200µM Fab+ 1.4 mM peptide (0.14 molar
equiv of Fab/peptide). Experimental conditions were 90% H2O/10% D2O PBS buffer, pH 7.0, 5°C.
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the bound state to these observed TRNOEs are difficult to
quantitate. However, coupling constant and temperature
coefficient measurements made for the Tn3,Tn4-glycosylated
16mer in the presence of 0.4 molar equiv of Fab B27.29
(see Table S7B) do support a small increase in turn
population in the bound state: Fab binding leads to a
decrease in the3JNR coupling constant of Asp7 (5.9 to 5.4
Hz) and a decrease in the-∆δ/∆T of Arg9 (6.0 to 5.2 ppb/
K). Future studies by the group will involve isotope-edited
and isotope-filtered experiments of labeled MUC1 peptides
binding to Fab, so as to better define the involvement of the
PDTRâ-turn in MUC1 humoral immune recognition and to
better map the antibody binding interface on the MUC1
antigen.

Modeling of a Proposed Antibody Binding Interface on
the MUC1 Glycopeptide.A model of a proposed binding
interface on the Tn3,Tn4-glycosylated 16mer has been
generated on the basis of the peptide-Fab and sugar-Fab
NOEs observed for the peptide in the presence of Fab B27.29
(see Table S6). The model assumes a type Iâ-turn spanning
residues Pro6-Asp7-Thr8-Arg9 and a polyproline type II
helix for the C-terminal half of the peptide (Pro10-Ala16)
(see Experimental Procedures). Two CPK space-filled views
of the model are shown in Figure 10, related by a 40° rotation
around a horizontal axis. The Tn carbohydrates (Tn3 and
Tn4) and the Thr8 side chain are arranged on the same face
of the glycopeptide so as to allow a contiguous surface for
binding to B27.29. White atoms correspond to hydrogens
and their directly attached heteroatoms for which peptide-
Fab [T8RH-Fab, T8γ(CH3)-Fab] and sugar-Fab NOEs

(Tn3 AcNH-Fab, Tn4 AcNH-Fab, Tn4 AcCH3-Fab) were
observed. While the model is not intended to substitute for
a rigorous structure calculation of the Fab-bound glyco-
peptide, it does serve to illustrate that peptide and carbo-
hydrate portions of the MUC1 glycopeptide can contribute
to a structurally contiguous B27.29 B-cell epitope.

CONCLUSIONS

The cryptic core carbohydrates that remain on the under-
glycosylated MUC1-expressing tumor are believed to con-
tribute significantly to humoral immune recognition of the
tumor (50, 73-76). However, the mechanism through which
this occurs is not yet well understood, especially as an exact
glycosylation state (if there is only one) of the MUC1-
expressing tumor remains to be determined. In the absence
of a clear picture of the tumor-associated glycosylation state,
we advance two plausible mechanisms to explain how MUC1
carbohydrate might contribute to humoral immune recogni-
tion of the intact tumor. In the first of these mechanisms,
the cryptic carbohydrates are proposed to affect MUC1
humoral immune recognition by altering the conformation
of the PDTRP peptide epitope portion of the MUC1 antigen.
In the second of these mechanisms, the cryptic carbohydrates
are proposed to affect MUC1 humoral immune recognition
by directly interacting with the B-cell receptor.

To explore the first of these mechanisms, that carbohy-
drates alter the conformation of the PDTRP core peptide
epitope, NMR studies were performed, probing the structural
and dynamical effects of glycosylation in a series of synthetic
MUC1 glycopeptides of the form (Gly1-Val2-Thr3-Ser4-

FIGURE 9: dâN anddγN regions of NOESY spectra acquired at 5°C from the reverse titration of the Tn3,Tn4-glycosylated MUC1 16mer
with Fab B27.29. Panel A corresponds to the 800µM peptide (no Fab), panel B to 200µM Fab + 400 µM peptide (0.5 molar equiv of
Fab/peptide), panel C to 200µM Fab+ 800µM peptide (0.25 molar equiv of Fab/peptide), and panel D to 200µM Fab+ 1.4 mM peptide
(0.14 molar equiv of Fab/peptide). Experimental conditions were 90% H2O/10% D2O PBS buffer, pH 7.0, 5°C.
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Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Ala11-Pro12-Gly13-Ser14-
Thr15-Ala16). The results of these studies showed that
Tn3,Tn4 glycosylation at Thr3 and Ser4 produced only
localized effects on the conformation and backbone dynamics
of residues at or immediately adjacent to the site(s) of
carbohydrate attachment. No longer range effects on the
conformation and dynamics of the downstream type Iâ-turn
that spans residues Pro6-Asp7-Thr8-Arg9 within the core
peptide epitope were observed. These results suggest that
the increased affinity displayed by the Tn3,Tn4-glycosylated
MUC1 peptide for the anti-MUC1 antibody B27.29 (50) is
not caused by the carbohydrate stabilizing a peptide epitope
conformation most favored for binding (presumably the type
I â-turn).

To explore the second mechanism, that the MUC1
carbohydrates contribute to MUC1 humoral immunogenicity
by directly binding to the B-cell receptor, two-dimensional
1H TRNOESY experiments of the binding of the Tn3,Tn4-
glycosylated MUC1 16mer to the Fab fragment of B27.29
were performed. The results of these studies showed that
the B27.29 MUC1 B-cell epitope maps to two separate parts
of the glycopeptide, the core peptide epitope spanning the
PDTRP sequence and a second carbohydrate epitope com-

prised of the Tn moieties attached at Thr3 and Ser4. Careful
analysis of intermolecular sugar-Fab and peptide-Fab
NOEs observed in the TRNOESY also showed that the Tn4
carbohydrate and the Thr8 side chain directly contact the
Fab across the combining site interface, defining separate
carbohydrate and peptide “contact points”. Finally, turn-
defining peptide-peptide TRNOEs observed in the
TRNOESY spectra are consistent with the PDTRP peptide
epitope maintaining its free solution stateâ-turn conformation
in the B27.29 combining site. Taken together, these results
point to the involvement of the PDTRâ-turn and the
upstream cryptic Tn carbohydrates in the humoral immune
recognition of the underglycosylated MUC1 tumor in vivo.

Significance of Results to MUC1 Glycopeptide Vaccine
Design.Several lines of evidence suggest that the key to
boosting MUC1 specific immunity in adenocarcinoma
patients may be the inclusion of the MUC1 tumor-associated
carbohydrates at select sites in the MUC1 peptide vaccine.
Exposure of these tumor-associated core carbohydrate epitopes
through the use of O-glycosylation inhibitors has been shown
to lead to lysis of MUC1 transfected targets in a Class I
MHC-restricted manner (77). In addition, immunization trials
using MUC1 carbohydrate epitopes alone (no peptide) can
elicit both a cytotoxic response against the MUC1-expressing
tumor and a protective effect against further tumor challenge
in mice (78, 79). These results suggest that preferential killing
of MUC1-expressing tumors may be due to the T-cell
recognition of an internal carbohydrate epitope accessible
only on the underglycosylated MUC1. Furthermore, natural
MUC1 antibodies from breast cancer patients have been
shown to react more strongly with Tn-glycosylated peptides
than with the naked peptide sequence (76), implying that a
Tn-glycosylated MUC1 peptide more closely approximates
the mucin epitope as it exists on the partially glycosylated
tumor cell surface. All of these results indicate that a MUC1
glycopeptide might make a better vaccine candidate than its
unglycosylated counterpart.

In the present study, we have shown that the inclusion of
the tumor-associated Tn carbohydrates at Thr3 and Ser4
upstream from the PDTRP core peptide epitope (GVTSAP-
DTRPAPGSTA) increases B27.29 binding affinity through
direct carbohydrate-antibody interactions. These results
demonstrate that proximal carbohydrate and peptide structural
epitopes are part of the recognition domain for B27.29, whose
natural tumor-associated antigen is extensively glycosylated
with “cryptic” carbohydrate structures but also underglyco-
sylated in the region of the PDTRP core peptide epitope.
Future studies by this group will involve other MUC1
glycoforms, so as to arrive at a more detailed understanding
of the conformation and glycosylation state of the MUC1
antigen as it exists on the tumor cell surface. This work
should ultimately provide information relevant to the design
of a more potent and immunospecific MUC1 glycopeptide
vaccine.
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FIGURE 10: CPK space-filled model of the Tn3,Tn4-glycosylated
MUC1 16mer peptide showing a proposed antibody binding
interface, based on the peptide-Fab and sugar-Fab NOEs observed
for the peptide in the presence of Fab B27.29 (see Table S6). Two
views of the model are shown, related by a 40° rotation around a
horizontal axis. The amino acid backbones and side chains are color
coded (Gly) orange; Val and Ala) green; Pro) brown; Asp)
red; Arg ) blue; Thr ) violet; Ser) cyan). The Tn3 and Tn4
carbohydrates are colored gray. White atoms correspond to
hydrogens and their directly attached heteroatoms for which
peptide-Fab [T8RH-Fab, T8γ(CH3)-Fab] and sugar-Fab NOEs
(Tn3 AcNH-Fab, Tn4 AcNH-Fab, Tn4 AcCH3-Fab) were
observed (see Table S6). Asp7, situated in the middle of the binding
pocket in the model, is significantly line broadened in the presence
of Fab, which may account for the lack of observable peptide-
Fab NOEs to this residue.
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SUPPORTING INFORMATION AVAILABLE

Eight tables of NMR data measured for the unglycosylated
and Tn-glycosylated MUC1 16mer peptides:1H and 13C
NMR resonance assignments (Tables S1 and S2); coupling
constants, temperature coefficients, and1HR and 13CR
chemical shift indexes (Table S3);13C NMR relaxation data
(Table S4); peptide-sugar NOEs (Table S5); peptide-Fab
and sugar-Fab NOEs (Table S6); temperature coefficients
and coupling constants measured in the presence of Fab
(Table S7); and peptide-sugar NOEs measured in the
presence of Fab (Table S8). This material is available free
of charge via the Internet at http://pubs.acs.org.
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