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ABSTRACT: To study the effect of O-glycosylation on the conformational propensities of a peptide backbone,
the 15-residue peptide PPAHGVTSAPDTRPA (PPA15) from the MUC1 protein core and its analogue
PPA15(T7), glycosylated withR-N-acetylgalactosamine on Thr7, were prepared and investigated by NMR
spectroscopy. The peptide contains both the GVTSAP sequence, which is an effective substrate for GalNAc-
T1 and -T3 transferases, and the PDTRP fragment, which is a well-known immunodominant epitope
recognized by several anti-MUC1 monoclonal antibodies. Useful structural results were obtained in water
upon decreasing the temperature to 5-10 °C. The sugar attachment slightly affected the conformational
equilibrium of the peptide backbone near the glycosylated Thr7 residue. The clustering of low-energy
conformations for both PPA15 and PPA15(T7) within the GVTSAP and APDTRP fragments revealed
structural similarities between glycosylated and nonglycosylated peptides. For the GVTSAP region, minor
but distinct clusters formed by either PPA15 or PPA15(T7) conformers showed distinct structural
propensities of the peptide backbone specific for either the nonglycosylated or the glycosylated peptide.
The peptide backbone of the APDTRP fragment, which is a well-known immunodominant region, resembled
an S-shaped bend. A similar structural motif was found in the GVTSAP fragment. The S-shaped structure
of the peptide backbone is formed by consecutive inverseγ-turn conformations partially stabilized by
hydrogen bonding. A comparison of the solution structure of the APDTRP fragment with a crystal structure
of the MUC1 peptide antigen bound to the breast tumor-specific antibody SM3 demonstrated significant
structural similarities in the general shape.

The tandem repeat of the MUC11 core protein is a major
site of O-glycosylation by several polypeptideN-acetyl-
galactosaminyltransferases (GalNAc-transferases). These
GalNAc-transferases catalyze the attachment of anN-
acetylgalactosamine (GalNAc) to the side chains of specific
Thr/Ser residues(1-5). Extensive in vitro studies have

shown that the coordinated action of different polypeptide
GalNAc-transferases is required for full glycosylation of the
MUC1 tandem repeat. Prior O-glycosylation of some sites
facilitates glycosylation of other sites (6, 7). The molecular
details of interactions between the O-linked GalNAc residue
and protein core, which promote subsequent glycosylation
events, are poorly understood. Further elucidation of this
process requires investigation of the influence of primary
glycosylation on the conformational propensities of the
peptide backbone near sites of glycosylation and at more
distant sites.

Glycopeptides are widely used to study effects of O-
glycosylation on the conformational propensities of the
polypeptide backbone, because these allow one to reduce
the structural effects of global protein folding and to focus
on specific interactions between the glycan moiety and
polypeptide. NMR studies of glycopeptides provide insight
into the influence of O-glycosylation on the conformation
of glycosylated Thr/Ser and flanking residues (8-16).
Previous results indicated that O-glycosylation could affect
peptide conformations near the glycosylation site (8, 9) as
well as the conformational propensities of the peptide
backbone at distant sites (10, 11).

Our studies are focused on molecular mechanisms that
influence the specificity and kinetics of the O-glycosylation
reaction. In this paper, we performed the structural analysis
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of a 15-residue MUC1 peptide, PPAHGVTSAPDTRPA
(PPA15), and its glycosylated counterpart, PPA15(T7), by
NMR and computational methods. PPA15(T7) was prepared
with a GalNAc attached by anR linkage to Thr at position
7 (boldface). These peptides include the GVTSAP sequence,
which is a highly effective substrate for the GalNAc-T1 and
-T3 transferases. It has been shown that glycosylation of
threonine at GVTSAP by the polypeptide transferases
GalNAc-T1, -T2, or -T3 is a prerequisite for subsequent
glycosylation of the serine at GVTSAP by GalNAc-T4 (2).
In addition, both peptides included a sequence of the well-
known immunodominant region, PDTRP, which is recog-
nized by several anti-MUC1 monoclonal antibodies of
important immunodiagnostic significance (17-19). Structural
features of peptides with sequence comprising the immuno-
dominant region of MUC1 were intensively studied to better
understand the influence of glycosylation on the structure
of tumor-associated epitopes, and to facilitate the design of
immunogenic peptides for structurally based synthetic cancer
vaccines (12, 20-22). Our NMR studies were directed
toward determining preferred conformations of PPA15 and
PPA15(T7) in aqueous solution and identifying structural
determinants that contribute to substrate-enzyme interactions
during O-glycosylation reactions. NMR-derived structural
data on the PDTRP fragment were also compared with the
recently published crystal structure of the peptide epitope
complexed with the tumor-specific antibody SM3 (22).

MATERIALS AND METHODS

Peptide Synthesis. Nonglycosylated peptides were syn-
thesized by standard Fmoc solid-phase methodologies on an
Applied Biosystems model 430A synthesizer. Side-chain
deprotection and cleavage from the resin were achieved in
a standard single-step acidolysis reaction. Peptides were
purified and characterized as previously described (23).

Glycopeptides were synthesized using similar methodol-
ogy. Tri-O-acetyl-GalNAc-R-Fmoc-threonine was obtained
from Oxford Glycosciences (Bedford, MA). The residue was
used in the standard Fmoc synthesis procedure but required
an additional deprotection step, using a strong base, to obtain
the final desired peptide. Throughout the synthesis, the
coupling and deprotection cycles were monitored using the
ninhydrin reaction.

Deprotection of the glycosylated peptide was accomplished
in two steps. First, side-chain deprotection of standard
protecting groups and cleavage from the resin were achieved
in a single-step acidolysis reaction. This step generated the
glycosylated peptide with acetyl groups protecting the
hydroxyl moieties of the GalNAc sugar moiety. This peptide
was purified using analytical and preparative HPLC on
columns packed with C18-bonded silica. The final step in
the deprotection scheme involved dissolving 50 mg of
purified acetylated GalNAc-peptide in 8 mL of 0.1 M NaOH
for 5 min. The fully deprotected peptide was immediately
purified by preparative HPLC. The removal of the acetyl-
protecting groups was monitored by analytical HPLC. The
GalNAc-peptide sequence was verified by amino acid
composition analysis and mass spectrometry.

NMR Spectroscopy. High-resolution 1D and 2D1H NMR
experiments were performed on a Varian UNITY plus 500
spectrometer (500 MHz). All NMR spectra were recorded

in H2O/D2O (90:10) at 5, 10, 20, and 30°C. NMR data were
collected in a hypercomplex, phase-sensitive mode. Water
peak suppression was obtained by low-power irradiation
during relaxation delay (1.2 s). Standard pulse sequences
were used for 2D TOCSY, NOESY, ROESY, and DQF-
COSY experiments. Sequence-specific proton resonance
assignments were established by a comparison of cross-peaks
in a NOESY spectrum with those of a TOCSY spectrum
acquired for the peptide under similar experimental condi-
tions. Mixing times of 100, 200, 300, and 400 ms were
employed for the NOESY experiments and 300 ms for the
ROESY spectra in H2O/D2O (90:10). The temperature
coefficients of amide protons were studied from 1D spectra
collected in 5 °C intervals between 5 and 35°C. The
backbone proton-proton coupling constants3JNR were
measured from DQF-COSY spectra and from 1D spectra at
5 °C.

Initial data processing utilized VNMR 6.1A software
(Varian, Inc.) on a Silicon Graphics Indigo2 XZ workstation.
Before processing, the t1 dimension of data sets from all
experiments was zero-filled to 2K. When necessary, spectral
resolution was enhanced by Lorenzian-Gaussian apodiza-
tion. Proton chemical shifts and NOE cross-peak assignments
were determined by standard procedures (24). Qualitative
evaluations of NOE intensities were performed by visual
inspection of the contour levels collected with a mixing time
of 200 ms. The NOE peaks were divided into four groups
with upper limits of 2.5, 3.0, 3.5, and 4.0 Å.

Structure Determination Protocol. The three-dimensional
(3D) structures of the nonglycosylated and glycosylated
mucin peptides were generated from the NMR data sets
(NOE distance constraints and dihedaral angle constraints)
using the structure determination protocol described previ-
ously (25). The COMBINE procedure (26), utilizing the
FiSiNOE-3 (27) and HABAS computer programs (28), was
used to narrow the allowed ranges for theφ, ψ, andø1 angles
and to make stereospecific assignments. These torsion angles
and the stereospecific assignments together with the intra-
residue and sequential NOE distance constraints were used
as input data for the DYANA program (29) implemented in
the SYBYL 6.4 software package (TRIPOS Associates, Inc.,
St. Louis, MO) to generate 3D structures. Standard mini-
mization levels and parameters for the DYANA program
within SYBYL were used to generate 300 structures for each
peptide, consistent with the NMR data set.

At the next stage, the 100 best structures of each peptide
derived from DYANA were energy-minimized using the
AMBER force field with the penalty function on distance
constraint violations implemented in SYBYL. After energy
minimization, all structures within energy intervals of 15
kcal/mol and with maximum violation of upper limits less
than 0.25 Å were clustered using the root-mean-square
deviation criterion (RMSD< 1.0 Å) for backbone heavy
atoms, starting from the lowest-energy structure. For each
cluster, the tightness of conformers was characterized by the
mean pairwise RMSD for the backbone heavy atoms of the
conformers and the corresponding average structure of the
structural family (25). The assignment of possible hydrogen
bonds was based on the distance and geometry of the
probable donor/acceptor groups (120° < CdO...H angle<
240° and a CO...HN distance< 2.80 Å).
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RESULTS

NMR Analysis. NMR spectra for both peptides were
collected under several different conditions. Useful structural
information in water was obtained only at lower temperatures
(5 and 10°C) probably because of the lower sampling of
conformational substates of these relatively small linear
peptides (10). Chemical shifts of the1H resonances for
PPA15 and PPA15(T7) peptides at 5°C in H2O are listed
in Supporting Information Tables 1 and 2. The attachment
of the carbohydrate moiety to the Thr7 residue mainly
affected chemical shifts for Val6, Thr7, Ser8, and Ala9 (see
Table 1).

Backbone proton-proton coupling constants3JNR were
measured from one-dimensional spectra and ranged from 5
to 9 Hz, that might indicate an absence of ordered portions
of a secondary structure.

Due to the overlap in amide resonances, temperature
coefficients (-∆δ/∆T) for the chemical shifts of amide
protons were only obtained for some residues in each peptide.
The values of the temperature coefficients varied from 5.3
to 8.3 ppb/K, indicating that no stable hydrogen bonds or
solvent-shielded amide protons were present under the
experimental conditions. However, lower values for tem-
perature coefficients of the Val6 and Thr12 residues (∼5.3
ppb/K) may suggest the partial involvement of these residues
in the formation of more defined structural elements,
including hydrogen bonds. StrongdRδ(i, i + 1) connectivities
for Ala9-Pro10 and Arg13-Pro14 were diagnostic for a trans
conformation of the peptide backbone. The trans orientation
of the peptide backbone for Pro1-Pro2 was accepted based
on the absence of thedRR(i, i + 1) contacts. The chemical
shift index (CSI), calculated as a deviation ofRH proton
chemical shifts from “random-coil” values, was used to
qualitatively represent a propensity for secondary structures
(30). Sequential NOE connectivities and CSIs for PPA15
and PPA15(T7) are summarized in Figure 1.

The NOE connectivities and CSIs were very similar for
both peptides except for the VTSA region. TheRH chemical
shifts are close to the values of a random-coil structure in
water. In aqueous solution, neither peptide showed distinct
evidence of a stabilized secondary structure. A large number
of strong consecutivedRN(i, i + 1) connectivities indicated
a predominance of extended backbone conformations. These
NMR data are characteristic for linear peptides in solution
that show a rapidly fluctuating set of conformers in preferably
random (extended) conformations (31). Sequential interac-
tions, dNN(i, i + 1), were observed in Gly5-Val6-Thr7 and
Asp11-Thr12-Arg13 fragments for both glycosylated and
nonglycosylated peptides.

Upon sugar attachment, small but distinct changes in the
NOE connectivities were observed near the glycosylation site.

The glycosylated peptide, PPA15(T7), revealed several NOE
cross-peaks related to sugar-peptide interactions. The methyl
group of galactosamine was involved in weak contacts with
the amide proton and the side chain of the Ala9. Also, a
weak NOE cross-peak was observed between the H5 proton
of the sugar ring and the methyl group of the side chain of
Thr7. One strong contact was observed in water between
the amide proton of the glycosylated Thr7 residue and the
N-acetyl group of galactosamine under all temperature
conditions (Figure 2).

The limited set of NMR-derived constraints for these
relatively small, linear peptides produced a wide variation
in the conformers generated by DYANA. For each peptide,
the 100 best conformers from the DYANA calculations were
chosen for energy minimizations with the NOE-derived
constraints. After energy minimization, a final set of 62 low-
energy structures (<15 kcal/mol) was selected for the
nonglycosylated PPA15 peptide. The glycosylated peptide,
PPA15(T7), yielded a set of 52 structures. Both glycosylated
and nonglycosylated structures (114 conformers) were
grouped in structural clusters using RMSD criteria for
polypeptide backbone heavy atoms. Two overlapping peptide
fragments, GVTSAP and APDTRP, which represent glyco-
sylated Thr7 with flanking residues and the more distant
immunodominant region of MUC1, were selected for cluster
analysis to determine the structural effects of glycosylation.

Table 1: Differences in1H Chemical Shifts (in ppm) between
Nonglycosylated and Glycosylated Peptides in H2O/D2O (pH 4.5) at
5 °C

residue HN HR Hâ Hγ

V6 nda 0.11 nd nd
T7 0.46 0.30 0.16 -
S8 0.28 nd nd -
A9 0.15 -0.20 nd -

a nd: no differences detected.

FIGURE 1: Summary of the CR chemical shift indices (CSI) and
sequential (i, i + 1) NOE connectivities for nonglycosylated (A)
and glycosylated (B) in H2O/D2O (pH 4.5) at 5°C. Line thickness
for the NOEs corresponds to the NOE intensity. In the case of
proline, NH refers toδΗ protons.
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For the GVTSAP segment, four distinct clusters were
obtained using the RMSD criterion of 1.0 Å. The most
populated cluster included 28 conformers of the nonglyco-
sylated peptide and 23 conformers of the glycosylated
peptide. The mean pairwise RMSD for the backbone heavy
atoms of these conformers and the corresponding average
structure was equal to 0.46( 0.10 Å. The second cluster of
28 mixed structures, nonglycosylated and glycosylated,
contained the lowest-energy conformer of the glycosylated
peptide. The mean pairwise RMSD for the backbone heavy
atoms of the second cluster was 0.64( 0.12 Å. The lowest-
energy structure of the nonglycosylated peptide fell within
the third distinct cluster of 18 conformers of the nonglyco-
sylated peptide with RMSD equal to 0.62( 0.12 Å. The
fourth cluster with RMSD equal to 0.42( 0.13 Å included
17 conformers of the glycosylated peptide. Thus, 69% of
all low-energy structures for the GVTSAP fragment fell in
two clusters that included conformers of both nonglyco-
sylated and glycosylated peptides, while 31% of structures
were assigned to the separate clusters with conformers of
either nonglycosylated or glycosylated peptide.

The existence of separate structural clusters composed of
conformers of either nonglycosylated or glycosylated peptide
suggests that these clusters represent distinct conformational
propensities. To evaluate conformational features specific to
each cluster, the mean values and standard deviations of the
backbone conformational anglesφ and ψ were calculated
and compared for each peptide residue in a cluster. A
distinguishable difference between the two most populated
clusters with mixed content was found for the Thr7 residue.
The mean values and standard deviations of theφ angle of
Thr7 were-98 ( 27° for the first cluster and-148( 22°
for the second cluster. Distinguishable variations in the
conformational angles between two distinct clusters with
either nonglycosylated or glycosylated conformers were
detected for the Thr7 and Ser8 residues. The mean values
and standard deviations of theψ angle of Thr7 for the
nonglycosylated and glycosylated peptide were 67( 11°

and 159( 8°, respectively, while theφ angle of Ser8 was
equal to-82 ( 4° for the nonglycosylated peptide and-50
( 8° for the glycosylated peptide. These variations of the
conformational angles resulted in different relative orientation
of the side chains of the Thr7 and Ser8 residues for the
structures within the clusters of either nonglycosylated or
glycosylated peptide. The relative orientation of side chains
was evaluated by the virtual torsion angle Câ-CR (T7)...CR-
Câ (S8) defined by rotating vectors of CR-Câ bonds of Thr7
and Ser8 around the virtual bond between their CR atoms.
The mean value of the virtual torsional angles for the
conformers within the cluster of either nonglycosylated or
glycosylated peptide was equal to 164° ( 14 and-84° (
15, correspondingly.

Four structural forms were observed for the GVTSAP
fragment. All of these forms were composed of mostly
extended structures that included inverseγ-turn-like motifs
formed by triplets of either His4-Gly5-Val6, Gly5-Val6-Thr7,
or Val6-Thr7-Ser8. The relative position and the number of
inverseγ-turns varied from none to three consecutive turns.
Conformations with three consecutive inverseγ-turns were
observed only for the nonglycosylated peptide. Glycosylation
enables hydrogen bonding between the carbohydrate and CO
groups of Gly5 or Thr7 and reduces the propensity to form
the consecutive inverseγ-turns in this region.

The distinct structural features of this inverseγ-turn-like
conformation include the proximity of the CO group of
residue i and the NH group of residuei + 2 and/or
conformational anglesφ andψ for the i + 1 residue that are
typical for an inverseγ-turn (32). While a conventional
reversedγ-turn is assumed to fold the peptide chain back
(32), the GVTSAP fragment demonstrated a mostly extended
structural shape. Thus, the term “γ-turn-like” designates this
specific conformation assumed by the centrali + 1 residue
in the above triplets and includes the possibility of hydrogen
bonding between thei and i + 2 residues.

For the APDTRP fragment, the cluster analysis also
resulted in four clusters. The largest cluster included 36
nonglycosylated and 28 glycosylated low-energy structures
with the mean pairwise RMSD of 0.65( 0.13 Å. The second
cluster of 37 conformers also consisted of a mix of
nonglycosylated and glycosylated structures with an RMSD
equal to 0.68( 0.17 Å. In addition, two small clusters
consisting of eihther nonglycosylated or glycosylated struc-
tures were obtained with RMSDs of 0.61( 0.16 and 0.51
( 0.13 Å, respectively. Most structures (88%) fell into two
clusters of mixed (glycosylated and nonglycosylated) con-
formers. This suggests that GalNAc attachment to the Thr7
residue only slightly (if at all) affected the conformational
propensities of the structural ensemble of the peptide
conformers at the PDTR site. The finding of distinct
structural clusters of either nonglycosylated or glycosylated
peptide conformers may indicate that there are unique
structural features specific for each peptide. However, in the
absence of valid NMR evidences of structural changes for
the PDTR fragment, the meaningfulness of these small
structural clusters is questionable. The comparison of two
clusters composed of mixed conformers showed that only
one conformational angle,φ of the Thr12 residue, was altered
significantly (more than 30°). Conformations of the Asp11
residue in all clusters were very similar,φ ∼ -80°andψ ∼
+65°, which are typical for the central residues of inverse

FIGURE 2: NH-NH region of the NOESY spectrum in H2O/D2O
(90:10) at 5°C (200 ms mixing time) for the glycosylated peptide
PPA15(T7). Relevant peaks are labeled. T7/GalNAc indicates the
cross-peak between the amide protons of Thr7 and theN-acetyl
group of theN-acetylgalactosamine unit.
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γ-turns (32). The same inverseγ-turn-like conformation was
found for the Thr12 residue in both mixed clusters. For these
clusters, conformations of Arg13 fell within the B area of
the Ramachandran plot (left-upper quadrant) with theφ

angles within the-95° < φ < -120° range and theψ angles
within the 100° < ψ < 140° range. The conformational angle
ψ of Pro10 was about 110°. Thus, the structural features of
the APDTRP fragment included mostly extended conforma-
tions combined with inverseγ-turn-like motifs of the PDT
portion. The peptide backbone of the APDTRP fragment
resembled an S-shaped bend where Asp and Thr residues
formed the most curved part. Similar bending can be seen
on the GVTSAP fragment.

Structural proximity and spatial orientation of potential
hydrogen-bond donors and acceptors were analyzed to define
possible hydrogen bonding. Within the GVTSAP fragment,
CO groups of His4, Gly5, and Val6 may form hydrogen
bonds with amide protons of Val6, Thr7, and Ser8, respec-
tively. In the APDTRP fragment, CO groups of Ala9, Pro10,
and Asp11 may serve as hydrogen-bond acceptors, while
potential donors are the NH groups of Asp11, Thr12, and
Arg13. Both sets of energy-minimized structures, nongly-
cosylated and glycosylated, demonstrated the possibility for
hydrogen bonding within each fragment formed by these
donor/acceptor groups; however, the number and position
of these hydrogen bonds varied.

In addition, many conformers showed the possibility of
hydrogen bonding that involved the side-chain carboxyl
group of Asp11 and the guanidinium group of Arg13.
Possible donors of hydrogen bonds with COO- of Asp11
included the amide proton and the guanidinium group of the
Arg13 residue. Also, the guanidinium group of Arg13 may
be involved in hydrogen bonding with either of the backbone
carbonyls of Thr12 or Pro14, or the C-terminal carboxyl.
Different combinations of these hydrogen bonds stabilized
structures of the APDTRP structural ensemble.

DISCUSSION

This study pursued two major goals. The first goal was to
determine structural features of the APDTRP fragment, a
well-known, cancer-specific peptide antigen (17-19). The
second goal was to understand how the attachment of a
GalNAc residue to Thr affects peptide backbone conforma-
tion within the GVTSAP fragment and the more distant
APDTRP fragment.

The structure of the APDTRP fragment, a tumor marker
and potential candidate for developing cancer vaccines
against several adenocarcinomas, has been studied by NMR
spectroscopy (11, 20, 21, 25). Two structural models have
been proposed for this immunodominant region of MUC1.
The first model postulated a type I reverseâ-turn formed
by the PDTR (20). The model was based on NMR data
collected in DMSO-d6 for 11- and 20-residue peptides. The
same type Iâ-turn structure was assumed for a 16-residue
peptide in the mixture of methanol and water (12). A second
model consisting of a type IIâ-turn formed by residues
APDT was proposed as a key element of a knob-like
structure within the immunodominant region (21). This
model was suggested for the 60-residue fragment (3 con-
secutive tandem repeats) in an aqueous solution. In our
previous NMR study of a series of 9-residue peptides, which

included the PDTR fragment at different positions, we
considered structural features of the reactive Thr and several
flanking residues (25). The PDTR fragment was shown to
form internally self-stabilized substructures, which were
independent of positioning within the peptide.

NMR data on the APDTR fragment presented here are
very similar to those described previously (12, 20, 21, 25).
However, the interpretation of these data and the assignment
of structures are somewhat different from the suggested
â-turn structures of type I or II. Indeed, the data presented
here as well as NMR data reported previously (12, 20, 21)
do not provide direct NMR evidences supporting the exist-
ence of either type Iâ-turn or type II â-turn. For a type I
â-turn, the NMR data should demonstrate characteristic
dRN(i, i + 3) anddNN(i, i + 2) NOE connectivities (24). For
a type II â-turn, dNN(i, i + 2) connectivities should be
observed (24). Our structural modeling was based on NMR-
derived constraints and did not presume any particular type
of secondary structure. The NMR data showed that in an
aqueous solution the APDTR fragment adopted a compact
structure that was stabilized by backbone-backbone and
side-chain-backbone interactions. The backbone structure
of this fragment resembled an S-like bend, in which the Asp
and Thr residues adopted mainly half-twisted conformations
and formed the curved component of the bend. One can
envision a structural equilibrium between this S-shaped bend
and structures in which inverseγ-turns formed by the PDT
and/or DTR fragments are the major components. Some
conformers from the APDTR structural ensemble simulta-
neously had two inverseγ-turns, overlapping at position DT
(a double inverseγ-turn). Different combinations of hydrogen
bonds stabilized the structures of the APDTR structural
ensemble. The average structure of the most populated cluster
of the APDTR fragment is shown in Figure 3.

A similar S-shaped, multiple-turn conformation was found
in the crystal structure of the peptide epitope from the HIV-1
V3 loop bound to the neutralizing antibody (33, 34). The
same S-shaped motif may be seen in the ‘wave-type’
conformation of the peptide backbone newly described in a
hexaglycosylated decapeptide from human glycophorin A
(16).

Recently, the crystal structure of the breast tumor-specific
antibody SM3 complexed with a 13-residue MUC1 peptide

FIGURE 3: Average structure of the most populated cluster from
the ensemble of the APDTR structures. Possible hydrogen bonds
between the CO group of Pro and the NH group of Thr, the CO
group of Asp and the NH of Arg, and the side-chain carboxyl group
of Asp and the NH of Arg are shown by broken lines. The S-shaped
bend of the peptide backbone (shown by a tube) is formed by two
overlapping inverseγ-turns (doubleγ-turn) in positions PDT and
DTR.
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antigen was resolved by X-ray methods (22). The peptide
antigen, TSAPDTRPAPGST, included the APDTRP frag-
ment and a portion of the GVTSAP sequence. It is likely
that the bound conformation of this peptide antigen com-
plexed with the SM3 antibody reflects some biologically
important structural features of the MUC1 immunodominant
region. The conformation of the peptide antigen was found
to be extended, with a “kinked” backbone conformation be-
tween Asp5 and Arg7 (22). This kinked backbone conforma-
tion was defined by two hydrogen bonds between 1) the side
chain of Asp5 and the amide proton of Arg7, and 2) the CO
group of Pro4 and the NH group of Thr6. A comparison of
the crystal structure with the previously described knob-like
solution structure (21) revealed significant differences in
overall shape, which were interpreted as an apparent con-
formational change between the bound and unbound MUC1
peptide epitope (22). In contrast, a comparison of the average
structure from the most populated cluster of the PPA15 and
PPA15(T7) conformers with the MUC1 epitope bound to
SM3 (22) demonstrated significant structural similarities in
the general shape of the APDTRP fragment in solution and
crystal. The published solution conformations of the AP-
DTRP fragment and the average structure for the most
populated cluster of the PPA15 and PPA15(T7) peptides are
compared with the crystal structure in Table 2.

The type Iâ-turn structure (12, 20) is not consistent with
the crystal structure for the conformations of the Pro-Asp
residues. The type IIâ-turn structure (21) is inconsistent with
the Asp and Arg conformations observed in the crystal
structure. As can be seen from the table, the average structure
for the most populated cluster of the PPA15 and PPA15(T7)
conformers presented here was well-correlated with the
crystal structure. The suggested S-shaped bend for the PDTR
fragment resembles a conformation that is defined in the
crystal structure, rather than the knob-like motif (21).

The O-glycosylation of Thr7 caused changes in the
chemical shifts of a few protons near the glycosylation site
and slightly affected structural features of the conformational
ensemble of the GVTSAP fragment. The extended backbone
conformations that included inverseγ-turn-like structural
motifs were predominant among the structural families. The
molecular modeling results indicated that the monosaccharide
was positioned almost perpendicular to the peptide backbone.
Such positioning is consistent with our observation of the

strong contact between theN-acetyl NH proton of the
GalNAc and the amide proton of the glycosylated Thr7
residue and, simultaneously, with the NOE cross-peaks
observed between the methyl group of galactosamine and
the Ala9 residue.

Previously, we proposed a structural model for an effective
acceptor substrate for the polypeptide GalNAc-transferases
that could explain some structural aspects of a substrate
specificity (25). This model was based on the NMR data
and in vitro kinetic studies of the substrate specificities for
two purified recombinant transferases, GalNAc-T1 and -T3.
We concluded that an inverseγ-turn conformation of the
residue to be glycosylated and an extended conformation of
the flanking residues was an important structural motif for
effective substrates. The role of hydrogen bonding and the
involvement of distant sites in substrate-enzyme interactions
were also discussed. Our NMR studies of PPA15 and
PPA15(T7) showed very similar structural motifs in both
GVTSAP and APDTRP fragments. However, O-glycosyl-
ation of these fragments is known to be catalyzed in a
different fashion by the orchestrated action of the distinct
GalNAc-transferases (6, 7). To date, six members of the
mammalian GalNAc-transferase family have been reported
(1-5), and additional members are expected to be cloned
and purified. It is now clear that full O-glycosylation of the
MUC1 tandem repeat requires the combined action of several
GalNAc-transferases that act in an ordered manner.

As was shown recently, the activity of the GalNAc-T4
transferase, which utilized two unique sites in the MUC1-
like peptides not used by GalNAc-T1, -T2, or -T3, requires
prior glycosylation of the peptide substrate by these trans-
ferases (2). For example, glycosylation of the Ser residue in
VTSA by GalNAc-T4 required a prior glycosylation of the
preceding Thr. It is possible that prior glycosylation of
threonine induces specific conformational changes in the
substrate peptide backbone that are favorable for GalNAc-
T4 activation. Our NMR data showed that glycosylation
caused mild but distinct effects on conformational propensi-
ties of the polypeptide backbone of the GVTSA fragment.
Two distinct structural clusters for glycosylated and non-
glycosylated peptide differed in the degree of an extended
conformation for the glycosylated threonine and in the
relative orientation of the side chains of Thr7 and Ser8. The
flanking Ser residue, which is glycosylated by GalNAc-T4,
demonstrated a conformation (φ ∼ -50° andψ ∼ +160°)
that was unique among the four observed structural clusters.
This specific conformation combined with the extended
conformation of the preceding glycosylated threonine may
be responsible for the activation of the substrate for glyco-
sylation that is catalyzed by GalNAc-T4. The lack of an
analogous structural motif for the Thr residue within the DTR
may indicate that prior O-glycosylation within a distant
-GSTA- of the tandem repeat may be required to induce
proper conformational changes of the peptide backbone for
the PDTRPAPGSTA.

SUPPORTING INFORMATION AVAILABLE

Supporting information is available on the chemical shifts
for nonglycosylated and glycosylated peptides (Tables 1 and
2) (2 pages). This material is available free of charge via
the Internet at http://pubs.acs.org.

Table 2: Comparison of Published NMR-Derived Conformations of
the APDTRP Fragment and the Average Structure from the Most
Populated Cluster of PPA15 and PPA15(T7) Peptides with the
Crystal Structurea

residue
torsion
angle

Scanlon
et al. (20)

Liu
et al. (12)

Fontenot
et al. (21)

PPA15 and
PPA15(T7)

X-ray
(22)

Ala φ - - -159 -126 -92
ψ - - 148 139 160

Pro φ - -107 -66 -75 -81
ψ - -13 161 114 195

Asp φ -44 -65 57 -82 -78
ψ -54 -5 40 64 101

Thr φ -118 -106 -110 -122 -97
ψ 18 -3 35 68 16

Arg φ - -127 43 -103 -71
ψ - 119 67 120 143

Pro φ - - -64 -72 -65
ψ - - 163 152 135

a Values of theφ, ψ torsion angles are given in degrees.
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