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ABSTRACT: The human glycoprotein MUC1 mucin plays a critical role in cancer progression. Breast, ovarian,
and colon cancer cells often display unique cell-surface antigens corresponding to aberrantly glycosylated
forms of the MUC1 tandem repeat. In this report, 15N- and 13C-labeled forms of a recombinant MUC1
construct containing five tandem repeats were used as substrates to define the order and kinetics of addition
of N-acetylgalactosamine (GalNAc) moieties by a recombinant active form of the human enzyme UDPGalNAc:polypeptide N-acetylgalactosaminyltransferase I (ppGalNAc-T1; residues 40-559). Heteronuclear
NMR experiments were performed to assign resonances associated with the two serines (Ser5 and Ser15)
and three threonines (Thr6, Thr14, and Thr19) present in the 20-residue long MUC1 repeat. The kinetics
and order of addition of GalNAc moieties (Tn antigen) on the MUC1 construct by human ppGalNAc-T1
were subsequently dissected by NMR spectroscopy. Threonine 14 was shown to be rapidly glycosylated
by ppGalNAc-T1 with an initial rate of 25 µM/min, followed by Thr6 (8.6 µM/min). The enzyme also
modified Ser5 at a slower rate (1.7 µM/min), an event that started only after the glycosylation of Thr14
and Thr6 side chains was mostly completed. Ser15 and Thr19 remained unglycosylated by ppGalNAcT1. Corresponding O-glycosylation sites within all five tandem repeats were simultaneously modified by
ppGalNAc-T1, suggesting that each repeat behaves as an independent substrate unit. This study
demonstrated that the hydroxyl oxygens of Thr14 and to a lesser extent Thr 6 represent the two dominant
substrates modified by ppGalNAc-T1 within the context of a complex MUC1 peptide substrate. More
importantly, the availability of defined isotopically labelled MUC1 glycopeptide substrates and the relative
simplicity of their NMR spectra will facilitate the analysis of other transferases within the O-glycosylation
pathways and the rational design of tumor-associated MUC1 antigens.

Golgi-resident glycosyltransferases are responsible for the
attachment of O-linked oligosaccharide chains to serine and
threonine residues of proteins. The initial step in the
O-glycosylation pathway involves the transfer of an Nacetylgalactosamine (GalNAc)1 residue from UDP-GalNAc
to a protein. This event is catalyzed by a family of enzymes,
the UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases (ppGalNAc-transferases) (1), of which there are at
least 14 isoforms in humans alone (2). These ppGalNAc†
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transferases are differentially expressed, in terms of development and tissue distribution (3). The most frequently studied
substrate for this class of enzymes is the 20-amino acid long
tandem repeat of human mucin MUC1, a glycoprotein that
is found on the surfaces of most epithelial cells. Specifically,
the extracellular domain of MUC1 consists primarily of a
variable number (40-100) of tandem repeats with the
sequence PAPGSTAPPAHGVTSAPDTR. This sequence has
five potential O-glycosylation sites (three threonine and two
serine residues). Interestingly, the MUC1 tandem is aberrantly glycosylated in a variety of cancers (4-7), with the
consequence that tumor cells present MUC1 glycoforms (4,
8) that bear predominantly less elaborate, truncated oligosaccharide side chains compared to normal tissues. The underlying mechanism for this change is widely believed to involve
a shift from core 2 ([GlcNAc(β1-6)Gal(β1-3)]GalNAc(R1-O)Ser/Thr) to core 1 [Gal(β1-3)GalNAc(R1-O)-Ser/
Thr] and shorter oligosaccharide structures (8). MUC1directed antibodies often recognize truncated oligosaccharide
structures found within the tandem repeat (9-11), specifically the Tn [GalNAc(R1-O)Ser/Thr], sialyl-Tn [Neu5Ac(R2-6)GalNAc(R1-O)Ser/Thr], T (i.e., core 1), and sialyl-T
[Neu5Ac(R2-3)Gal(β1-3)GalNAc(R1-O)-Ser/Thr] antigens. These cancer-associated MUC1 epitopes may serve as
antigens in the development of cancer vaccines (6, 12).
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The general pattern of O-glycosylation of the MUC1 repeat
by ppGalNAc-transferases had been established in the past
by Edman degradation and/or mass spectrometric analysis
(13-15). However, more detailed kinetic studies on the sitespecific selectivity of these enzymes for complex substrates
such as the MUC1 tandem repeat can be achieved through
the development of 15N- and 13C-labeled MUC1 analogues
in conjunction with the use of multidimensional NMR
methods. Moreover, the study of downstream O-glycosylation events will require the availability of both well-defined
glycosylated substrates and soluble recombinant glycosyltransferases (16). We report the design and insertion of a
synthetic gene coding for a MUC1 polypeptide comprising
five tandem repeats into a bacterial expression vector, leading
to the production of isotopically labeled forms of this
unglycosylated MUC1 analogue. In addition, we report the
construction of an expression vector for the production of a
soluble form of the most commonly studied human ppGalNAc-transferase, ppGalNAc-T1, in the methyltrophic yeast
Pichia pastoris (17, 18). More importantly, the availability
of 15N- and 13C-labeled MUC1 analogues and of ppGalNAcT1 allowed us to perform the first high-resolution NMRbased kinetic analysis of the initiating step in the O-glycosylation pathway.
EXPERIMENTAL PROCEDURES
Expression and Purification of MUC1-5TR. A 293nucleotide double-stranded synthetic gene containing five
copies of the MUC1 tandem repeat (MUC1-5TR) with
Escherichia coli optimized codons and NdeI (5′-terminal)
and BamHI (3′-terminal) restriction overhangs was synthesized by Midland Certified Reagent Co. (Midland, TX). The
gene was inserted at the complementary restriction sites into
the pET-15b expression vector (Novagen, Madison, WI),
which encodes an N-terminal His6 metal affinity tag; the
primary sequence of the expressed protein is shown in Figure
1A. The resulting construct was used to transform competent
E. coli BL21(DE3) cells (Novagen). A colony picked from
an LB-carbenicillin (50 µg/mL) agar plate was used to
inoculate a 40 mL starter culture in LB-carbenicillin
medium. This culture was grown overnight at 37 °C with
shaking, until turbid, at which point a 20 mL inoculum was
transferred to 6 L of prewarmed (37 °C) LB-carbenicillin
broth and the incubation was continued until its OD600nm
value reached 0.6. Induction of MUC1-5TR was achieved
by adding isopropyl β-D-thiogalactopyranoside (IPTG) to a
final concentration of 0.5 mM and incubating overnight (14
h) with shaking at 25 °C. Bacterial pellets were recovered
by routine centrifugation and MUC1-5TR was purified by
IMAC under denaturing conditions. Briefly, bacterial lysates
were prepared by stirring the pellets in 5 volumes (100 mL)
of lysis buffer (PBS, 8 M urea, and 0.5 M NaCl, pH 7.4) for
2 h at room temperature, then clarified by centrifugation at
15000g for 30 min, and loaded onto a 5 mL Ni-NTAagarose (Qiagen, Mississauga, ON, Canada) column preequilibrated with lysis buffer containing 10 mM imidazole.
The column was washed with 10 column volumes (50 mL)
of the equilibration buffer, and pure MUC1-5TR was
subsequently eluted with lysis buffer containing 200 mM
imidazole. The eluate was dialyzed exhaustively against 20
mM NH4HCO3 prior to lyophilization. The purified proteins
were stored at -20 °C until use. The protein was purified

FIGURE 1: Description of a recombinant human mucin MUC1
construct used as a substrate for the human enzyme ppGalNAcT1. (A) (top) Amino acid sequence of the MUC1-5TR construct.
Vector-encoded residues are in italic type. A single MUC1 tandem
repeat sequence is shown (bottom), with potential glycosylation
sites in boldface type. (B) 1H-15N HSQC spectrum (128 complex
t1 increments of 896 data points, 16 scans) of MUC1-5TR (1.5 mM)
in 10 mM sodium phosphate buffer, pH 5.5, 0.01% (w/v) NaN3,
and 10% (v/v) D2O, 25 °C.

from E. coli cells in high yield (up to 15 mg/L of cell culture)
compared to past expression systems that have included the
use of baculovirus/Sf 9 insect cells (19), transient expression
in mammalian cells (20), and a previous attempt at expression
in E. coli (21). Uniformly isotopically labeled MUC1-5TR
proteins were prepared under essentially the same conditions,
except that M9 minimal medium (22) supplemented with
0.1 mM CaCl2, 1 mM MgSO4, 0.01 mM FeCl3, 2 mg/L
thiamin, and 2 mg/L biotin was used for the induction phase.
15
N-Labeled protein was prepared by use of 5 g/L glucose
and 1 g/L 15NH4Cl (15N, 98%+; Cambridge Isotope Laboratories, Andover, MA) as the respective carbon and nitrogen
sources, whereas 15N,13C-labeled material was produced by
additionally substituting 2 g/L [U-13C6]-glucose (13C, 99%;
Cambridge Isotope Laboratories) as the carbon source.

NMR-Based Analysis of Glycosyltransferase Activity
Isotope-labeled MUC1-5TR was purified to homogeneity by
the same methods described for unlabeled proteins. Purity
of proteins was judged to be at least 95%, as determined by
SDS-PAGE and electrospray ionization-mass spectrometry
(Molecular Medicine Research Centre Mass Spectrometry
Laboratory, University of Toronto).
Expression and Purification of Recombinant ppGalNAcT1. A search of the public dbEST database of human
expressed sequence tags (ESTs) was performed against the
ppGalNAc-T1 protein sequence (GenBank Accession
No. NP_065207) with the tBLASTx algorithm (http://
www.ncbi.nlm.nih.gov/PubMed/blast). Several ESTs were
identified and subsequently obtained from the American Type
Culture Collection (Manassas, VA). The catalytic domain
of the enzyme (amino acids 40-559) was successfully
amplified by PCR from clone E3 (IMAGE clone ID
2969475) in two separate reactions with two different primer
pairs (reaction 1, 5′-AATTCGGACTTCCTGCTGGAGATGTTCTAGAGCC-3′ and 5′-ACTCAGAATATTTCTGGCAGGGTGACGTTTCG-3′; reaction 2, 5′-CGGACTTCCTGCTGGAGATGTTCTAGAGCC-3′ and 5′-CTAGACTCAGAATATTTCTGGCAGGGTGACGTTTCG-3′). The
resulting PCR products were mixed together in an equimolar
ratio, denatured at 96 °C for 10 min, and then allowed to
reanneal by slow cooling to room temperature. The resulting
hybrid duplex was ligated into vector pPICZRA (Invitrogen,
Burlington, Ontario) that had been precut with EcoRI and
XbaI. The construct (pPICZR-T1) was isolated following
transformation of competent E. coli strain DH5R (Invitrogen)
and selection on LB-carbenicillin (50 µg mL-1) agar plates,
and was verified by sequence analysis of the entire insert
region. The recombinant gene product was expressed in
Pichia pastoris strain KM71H using the EasySelect kit
(Invitrogen) in accordance with the manufacturer’s protocols.
Postinduction media supernatants, containing secreted ppGalNAc-T1, were concentrated up to 50-fold by ultrafiltration
(nominal cutoff 10 kDa) by use of an Amicon stirring unit
(Millipore, Etobicoke, Ontario).
NMR Spectroscopy. NMR spectra were recorded on 500
or 600 MHz Varian INOVA spectrometers equipped with a
triple-resonance pulse-field gradient probe. Spectra were
recorded at 25 °C unless otherwise indicated. 1H-15N
heteronuclear single quantum coherence (HSQC) spectra
were recorded with 128 and 448 complex points in t1 and t2,
respectively, unless otherwise stated. Resonance assignments
for backbone 1H, 13CR, 13Cβ, and 15N nuclei were derived
from three-dimensional (3D) HNCACB and HNCOCACB
experiments (23) of a 13C,15N-labeled sample. Side-chain
resonances were assigned by use of 3D 15N-edited TOCSYHSQC (50 ms mixing time) and NOESY-HSQC (150-320
ms mixing times) data sets. Sweep widths used for acquiring
NMR data were 11.7, 20, and 52 ppm for 1H, 15N, and 13C
nuclei, respectively. NMR data were processed and analyzed
by use of NMRPipe/NMRDraw (24) and Xeasy (25). The
secondary structures of MUC1-5TR and GalNAc3-MUC15TR were analyzed by calculating chemical shift indices
(CSI) with the weighted function (26, 27) CSI(CR,Cβ) )
[(∆CRi-1 + ∆Cβi-1) +2(∆CRii + ∆Cβi) + (∆CRi+1 +
∆Cβi+1)]/4, where ∆CR and ∆Cβ correspond to the deviation
in parts per million of CR and Cβ chemical shift values,
respectively, from random coil values for the same residue
type.
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Enzyme Radioassay. The enzymatic activity of recombinant ppGalNAc-T1 was assayed under standard conditions
by incubating the appropriate enzyme preparations (typically
1-5 µL of media concentrate, or 0.5-2.5 µg of total protein)
at 37 °C with 10 mM MnCl2, 0.7 mM UDP-[1-3H(N)]-Nacetylgalactosamine (3.8 mCi/ mmol), 25 mM MES buffer,
pH 6.5, 3 mM AMP, and 50 mM GalNAc adjusted to a final
volume of 25 µL. A donor substrate concentration of 10 mM
UDP-GalNAc was used for determining kinetic parameters.
Incubations were performed for 1-15 min and quenched by
the addition of 1 mL of ice-cold ddH2O, prior to solid-phase
extraction by a Sep-Pak method as described previously (28).
In the case of reactions with MUC1-5TR, samples were
rebuffered with 0.5 mL of buffer A [30 mM imidazole, 0.9
M NaCl, 150 mM sodium phosphate, and 0.15% (v/v)
polyoxyethylene-sorbitan monolaurate (Tween-20), pH 8.0]
and the protein was captured by use of 20 µL of magnetic
nickel-agarose beads (Qiagen). The beads were washed
twice with 0.2 mL of buffer B [20 mM imidazole, 0.3 M
NaCl, 50 mM sodium phosphate, and 0.05% (v/v) Tween20, pH 8.0] and eluted in 50 µL of buffer C [250 mM
imidazole, 0.3 M NaCl, 50 mM sodium phosphate, and
0.05% (v/v) Tween-20, pH 8.0]. The level of incorporation
of radiolabeled monosaccharides was determined by scintillation counting (2 mL Ultima Gold scintillation fluid;
Beckman LS6500 multipurpose scintillation counter).
NMR Glycosylation Assay. Glycosylation of 15N-labeled
MUC1-5TR by recombinant ppGalNAc-T1 was monitored
by collecting a series of 1H-15N HSQC experiments on a
Varian Inova 500 MHz spectrometer. Samples contained 0.4
mM MUC1-5TR, 10 mM UDP-GalNAc, 10 mM MES, pH
6.3, 1 mM MnCl2, 10 mM MgCl2, 0.01% (w/v) NaN3, and
1% (v/v) ppGalNAc-T1 concentrate in a final volume of 0.6
mL. The time for each experiment was approximately 28
min, and the assay consisted of 32 successive HSQC
experiments, with a total time of approximately 15 h. Spectra
were processed with the NMRPipe software (24) and peaks
were picked with NMRDraw. Glycosylation of individual
residues by ppGalNAc-T1 were represented graphically by
plotting the ratio of the peak volumes for glycosylated
residues to the total volume of peaks for both glycosylated
and unglycosylated forms versus time elapsed at the midpoint
of the spectrum.
Enzyme-Linked Immunosorbent Assays. For ELISA experiments, bovine submaxillary mucin (BSM), bovine serum
albumin (BSA), Tween-20, and anti-mouse IgG (whole
molecule)-peroxidase were obtained from Sigma-Aldrich
(Oakville, ON, Canada). The monoclonal anti-MUC1 antibody OncM27 (29) was purified from cultured hybridoma
cells by GammaBind Plus Sepharose (Pharmacia, Baie
d’Urfé, QC, Canada) according to the manufacturer’s
instructions, and the monoclonal antibody CC49 (30) was a
gift from the laboratory of Dr. Raymond Reilly (Faculty of
Pharmacy, University of Toronto). MUC1-5TR, GalNAc3MUC1-5TR, or BSM was dissolved in coating buffer [50
mM NaHCO3 and 0.02% (w/v) NaN3, pH 9.5] and coated
at 4 °C overnight onto Costar 96-well flat-bottom highbinding polystyrene plates (Corning; Corning, NY) at 2 µg
(20 µg/mL) per well. The wells were then blocked at room
temperature with 100 µL of blocking buffer [PBS, 0.5% (w/
v) BSA, and 0.5% (v/v) Tween-20] for 1 h and then
incubated sequentially at room temperature for 1 h with 1
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Table 1: NMR Assignments for A, MUC1-5TR, and B,
GalNAc3-MUC1-5TR in 10 MM Na-phosphate Buffer, pH 5.5, 0.01
% W/v NaN3, 10 % V/v D2O, 25 °C
aa
Pro1
Ala2
Pro3
Gly4
Ser5
Thr6
Ala7
Pro8
Pro9
Ala10
His11
Gly12
Val13
Thr14
Ser15
Ala16
Pro17
Asp18
Thr19
Arg20
Pro1
Ala2
Pro3
Gly4
Ser5
Thr6
Ala7
Pro8
Pro9
Ala10
His11
Gly12
Val13
Thr14
Ser15
Ala16
Pro17
Asp18
Thr19
Arg20

N

126
109.8
115.5
116.1
128.3
124.7
117.4
110.3
119.4
118.3
118.7
127.3
120.4
114.7
124.7

125.8
108.9
115.9
113.6
125.4

NH

CR

HR

(A) MUC1-5TR
62.9
4.4
8.46
50.3
4.6
63.4
4.4
8.53
45.4
3.97
8.17
58.5
4.53
8.22
61.4
4.35
8.28
50.5
4.6
4.38
62.9
4.37
8.39
52.5
4.23
8.43
55.1
4.69
8.42
45.2
3.97
8.14
62.3
4.21
8.33
61.7
4.4
8.3
58
4.45
8.36
50.8
4.64
63.4
4.4
8.44
54.2
4.63
8.07
61.8
4.31
8.27
54.2
4.61
(B) GalNAc3-MUC1-5TR
62.8
8.4
50.3
4.4
63.2
8.4
45.1
3.97
8.36
56.1
4.78
8.78
59.5
4.57
8.33
50.3
4.4

124.7
117.3
110.0
120.1
117
116.5
126.2

8.38
8.42
8.4
8.1
8.58
8.47
8.47

120.5
114.6
124.7

8.46
8.07
8.29

62.9
52.4
55.3
45.3
62.3
59.8
57.8
50.6
63.2
54.2
61.6
54.2

4.35
4.77
3.94
4.28
4.66
4.63
4.49
4.66
4.28
4.58

Cβ

Hβ

32.1
18.2
32

2.24, 2.01
1.36
2.29, 2.06

64
69.9
18.3
37.9
19.2
29.4

3.89
4.21
1.35
2.03
2.26, 2.01
1.32
3.23

32.8
69.9
63.4
18.3
32.1
41.1
69.7
30.4

2.1
4.23
3.84
1.37
2.29, 2.01
2.69
4.29
1.75

32
18.4
32.2

1.35

70.2
79.1
18.2
31.9
19.3
29.4
32.9
79.4
64.3
18.1
32
41.1
69.7
30.1

4.02, 3.84
1.35
1.3
3.19
2.08
3.81
1.39
2.68
1.75

µg of primary antibody (OncM27 or CC49 at 10 µg/mL in
blocking buffer), followed by anti-mouse IgG-peroxidase
conjugate (1:1000 dilution in blocking buffer). The plates
were developed with 3,3′,5,5′- tetramethylbenzidine (TMB)
as the colorimetric substrate (31).
RESULTS
Design, Expression, and NMR Characterization of MUC15TR. A synthetic gene encoding five tandem repeats from
the human mucin MUC1 was cloned into the bacterial
expression vector pET-15b (Novagen, Madison, WI), resulting in the overexpression of the MUC1-5TR protein (Figure
1A). The vector-encoded hexahistidinyl (His6-) tag positioned
at the N-terminus of the MUC1-5TR construct simplified
the recovery of both unglycosylated and glycosylated forms
of the construct. Most notably, the bacterial expression
system facilitated the production of 15N- and 13C-labeled
forms of MUC1-5TR and, in conjunction with multidimensional NMR experiments, resulted in the detailed mapping
of all residues within the tandem repeat. Previous NMR
structural studies of the MUC1 tandem repeat (32-35) made
use of synthetic peptides and were confined to homonuclear

FIGURE 2: Chemical shift index (CSI) (26, 27) for the MUC1
tandem repeat: (open bars) MUC1-5TR and (solid bars) GalNAc3MUC1-5TR. Four or more consecutive negative CSI values indicate
a β-strand, while CSI values near zero indicate random coil
sequences.

proton spectra. The 1H-15N HSQC spectrum of unglycosylated 15N-MUC1-5TR at pH 5.5 and 25 °C is shown in Figure
1B. There are only 15 major peaks in the spectrum,
corresponding to all the nonproline residues of the tandem
repeat. Each peak is a single, sharp resonance, demonstrating
that the structure of each repeat is identical within the context
of MUC1-5TR. Proton resonances all occur within a narrow
chemical shift window (8.0-8.5 ppm), indicative of a
random coil-like structure. 15N chemical shift values are also
supportive of a random coil peptide (36). Backbone 1H, 13CR,
15
N, and 13Cβ resonances were assigned by use of 3DHNCACB and -HN(CO)CACB data sets recorded on 13C-,
15
N-labeled MUC1-5TR samples (data not shown). Chemical
shift assignments for MUC1-5TR are presented in Table 1A.
15
N- and 13C-,15N-edited NOESY experiments at mixing
times of 150-320 ms (data not shown), however, did not
produce sufficient long-range nuclear Overhauser effects to
calculate a unique solution structure for unglycosylated
MUC1-5TR. Chemical shift indices (CSI) calculated for each
residue are shown in Figure 2. A preponderance of negative
values indicates a predominance of β-strand-like structures
for the tandem repeat. Interestingly, the highest negative CSI
values are for Arg20 and Thr19, two residues present in the
immunodominant region of the tandem repeat. Thr19 represents one of the five potential O-glycosylation sites within
the MUC1 tandem repeat. This finding suggests the presence
of a regular element of secondary structure within this area
of the MUC1 tandem repeat. Previous reports proposed the
existence of a “knoblike” structure around the APDTR
peptide epitope (32, 34). However, the relatively small CSI
values (Figure 2) indicate an overall lack of secondary
structure for MUC1-5TR, such that this molecule predominantly adopts a more flexible, random coil-like conformation.
Expression and Characterization of a Soluble Form of
ppGalNAc-T1. The segment of the human ppGalNAc-T1
gene (GALNT1, GenBank Accession No. NM_020474)
coding for the soluble catalytic portion (residues 41-559)
of the enzyme was amplified by PCR and cloned into the
Pichia pastoris expression vector pPICZRA. The secreted
expression product was a 521-amino acid protein of predicted
molecular mass 59.7 kDa, comprising amino acids 41-559
of ppGalNAc-T1 preceded by a vector-encoded EF dipeptide.
SDS-PAGE analysis of yeast supernatant fractions yielded
only two bands, with apparent molecular masses of 56 and

NMR-Based Analysis of Glycosyltransferase Activity
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FIGURE 3: Glycosylation of MUC1-5TR by ppGalNAc-T1. (A) 1H-15N HSQC spectrum (92 complex t1 increments of 768 data points, 8
scans) of MUC1-5TR [0.4 mM, in 50 mM UDP-GalNAc, 10 mM MES, pH 6.3, 1 mM MnCl2, 10 mM MgCl2, 0.01% (w/v) NaN3, and 10%
(v/v) D2O] at (black) 0 h, (blue) 2 h, and (red) 16 h after addition of 1% (v/v) ppGalNAc-T1 preparation. Arrows indicate peak shifts that
occur as a result of GalNAc additions to the MUC1 tandem repeat. Unlabeled peaks arise from the vector-encoded His6 metal affinity tag.
Spectra were recorded at 37 °C. (B) Relative glycosylation of MUC1-5TR over time. Values were determined for each residue by analyzing
1H-15N HSQC spectra (panel A) and calculating peak volumes for glycosylated and nonglycosylated residues. Relative glycosylation
values were defined as the ratio of the volume of the glycosylated peak to the total volume of glycosylated and nonglycosylated peaks.
Symbols are as follows: (O) Ser5, (0) Thr6, (9) Thr14. (C) A 20% (w/v) Tris-glycine SDS-PAGE gel of MUC1-5TR protein shown
over the time course of glycosylation. Lanes: M, molecular mass standards (indicated in kilodaltons); 1, 0 h; 2, 1 h; 3, 2 h; 4, 4 h; 5, 8 h;
and 6, 24 h post-enzyme addition. Incubation was at 37 °C, with 0.4 mM MUC1-5TR, 25 mM MES, pH 6.3, 1 mM MnCl2, 10 mM MgCl2,
and 10 mM UDP-GalNAc.
Table 2: Kinetic Parameters of the Recombinant Human
ppGalNAc-T1 Enzymea
acceptor substrate Km (mM)
-1

substrate

Vmax (µM min )

Ser5

Thr6

Thr14

TAP24
MUC1-5TR
MUC1-1TRc

25.7
28.2
ND

NDb
8.27
41.35

ND
1.25
6.24

0.14
0.04
0.20

a
Interpolated values, italicized, are calculated under the assumption
of saturation kinetics. b ND, not determined. c Parameters for one MUC1
tandem repeat of MUC1-5TR, assuming equivalency for all tandem
repeats.

62 kDa. N-Terminal Edman degradation on both bands
confirmed the presence of the expected target protein and
of a truncated form of ppGalNAc-T1 fragment (amino acids
88-559, predicted molecular mass 54.1 kDa). The 62 kDa
band was the dominant species, accounting for more than
75% of the total protein as measured by gel densitometry.
The recombinant enzyme preparation displayed the expected
kinetic parameters as determined by standard radioassays
with tritiated UDP-GalNAc as the donor substrate (28) and
both TAP24 (a 24-amino acid peptide mimic of the MUC1
tandem repeat) and MUC1-5TR as acceptor substrates (see
Table 2).
Monitoring the Site-Specific Glycosylation of MUC1-5TR
by ppGalNAc-T1 by Use of NMR Spectroscopy. Heteronuclear NMR experiments performed on isotopically labeled
forms of the MUC1-5TR construct represent a powerful

strategy for simultaneously analyzing the enzymatic action
of ppGalNAc-T1 at all five O-glycosylation sites of the
tandem repeat. Figure 3A shows the 1H-15N HSQC of
uniformly 15N-labeled MUC1-5TR (0.4 mM; with 10 mM
UDP-GalNAc, 10 mM MES pH 6.3, 1 mM MnCl2, and 10
mM MgCl2) at 0, 2, and 16 h following the addition of the
ppGalNAc-T1 preparation. This enzyme has an absolute
requirement for paramagnetic Mn2+ ions (13, 37). The
manganese ions present in the sample (1 mM) result in only
minor changes in these spectra relative to those shown in
Figure 1B. Ten millimolar Mg2+ was also added as a
counterion for the UDP-GalNAc donor substrate, ensuring
that Mn2+ ions remained bound to the enzyme. A change in
the chemical shift of His11 is also observed, due to the
difference in pH between the ppGalNAc-T1-containing NMR
sample (optimal enzymatic activity at pH 6.3) and the sample
originally used to establish chemical shift values (pH 5.5;
Figure 1B).
The shifts observed in the spectra recorded at 2 and 16 h
post-addition of ppGalNAc-T1 are the result of enzymecatalyzed GalNAc transfer to Ser and Thr residues within
MUC1-5TR. Among potential O-glycosylation sites, changes
in the 15N and 1H chemical shifts are first observed for Thr14,
indicating that it is the sole initial site of O-glycosylation.
In the 2 h spectrum, chemical shift changes are also observed
for other residues, including movement of the Thr6 resonance, demonstrating that this residue is the second Oglycosylation site. Addition of the GalNAc moiety to Thr6
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is virtually complete in the 16 h spectrum; at which time a
new peak is arising for Ser5, indicating the commencement
of a third O-glycosylation event. Throughout the experiment,
the resonance peak assigned to Thr19, a residue located
within the immunogenic APDTRP peptide epitope, remains
unchanged, confirming that this residue is not glycosylated
by ppGalNAc-T1. Significant changes in the chemical shifts
of neighboring residues are also noted as a result of
O-glycosylation (e.g., Ser15 due to O-glycosylation at Thr14,
Ala7 due to Thr6, GalNAc-Thr6 due to Ser5), indicating a
change of chemical and structural environments of the
tandem repeat peptide due to the presence of GalNAc sugars.
The possibility of Ser15 as a potentially O-glycosylated
residue itself was ruled out by analysis of its 13Cβ chemical
shift, which was relatively unaffected after complete glycosylation (Table 1). Thus, the effects on the NH chemical
shifts of Ser15 as a result of glycosylation are due to the
effects of glycosylation of its neighboring residue, Thr14.
Peak volumes were calculated for each HSQC spectrum
acquired during the NMR glycosylation assay and then peaks
for O-glycosylated residues were normalized relative to
completeness. Figure 3B depicts the O-glycosylation time
courses for Ser5, Thr6, and Thr14. The attachment of a
GalNAc group to the hydroxyl oxygen of Thr14 is essentially
complete within 4 h under the cited experimental conditions.
Initial rates of GalNAc addition to the MUC1 construct by
ppGalNAc-T1 were derived for each residue from the curves
presented in Figure 3B. The overall initial rate of GalNAc
transfer to Thr14 was calculated to be 25 µM/min, corresponding to a specific activity of 5.2 units/mg in the stock
enzyme preparation (a unit is defined as the transfer of 1
µmol of sugar/min). Similarly, the site-specific initial rates
of O-glycosylation at Thr6 and Ser5 were determined to be
8.6 µM/min and 1.7 µM/min, respectively. The initial kcat
value of the enzyme (i.e., for Thr14) was estimated at 5.6
s-1 with a corresponding kcat/Km ratio of 1.4 × 105. A large
excess of UDP-GalNAc was used in the glycosylation
experiments to ensure that product inhibition by UDP was
minimized until late time points (>20 h). As with other
preparative enzymatic glycosylations (38), such inhibition
may be countered by phosphatases such as calf intestinal
phosphatase (CIP). Experimentally, however, the addition
of CIP did not change the glycosylation rates observed (data
not shown), presumably owing to the nonoptimal activity
of this enzyme under the neutral conditions required for
glycosyl transfer (pH 6.5).
The time-dependent addition of GalNAc groups by ppGalNAc-T1 to MUC1-5TR was also monitored by SDSPAGE under the same conditions chosen for the NMR
experiment (Figure 3C). A single band-shift pattern to a
higher mass was clearly observed for the recombinant
MUC1-5TR analogue as a result of the enzymatic Oglycosylation of the tandem repeat. Samples taken over a
time course (lanes 2-6) displayed the expected pattern of
increasing carbohydrate content. Moreover, the band corresponding to the MUC1-5TR substrate became progressively
more diffuse within the first 8 h (lanes 2-5), characteristic
of glycosylation microheterogeneity, whereas after 24 h the
band sharpened once more (lane 6), indicating that MUC15TR is terminally O-glycosylated by this time point. The
extended structure of the proline-rich tandem repeat and the
high level of hydration of the carbohydrate moieties may
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explain the higher apparent molecular masses calculated from
the gel mobility pattern for both unglycosylated (∼18 kDa,
lane 1) and glycosylated (∼30 kDa, lane 6) forms of the
MUC1-5TR when compared to their theoretical values (12.0
and 15.0 kDa, respectively).
Characterization of GalNAc3-MUC1-5TR. The curves
presented in Figure 3B indicate that O-glycosylation of the
MUC1-5TR substrate by the soluble form of ppGalNAc-T1
is essentially complete after 43 h under the conditions of
the NMR experiments. The band pattern observed by SDSPAGE (Figure 3C) also demonstrates that prolonged (24 h)
incubation of MUC1-5TR with the enzyme yields a singular
glycoform product. A homogeneous preparation of this
O-glycosylated substrate, termed GalNAc3-MUC1-5TR, was
recovered by immobilized metal affinity chromatography
(IMAC) via the N-terminal His6-tag of the MUC1-5TR
construct. The presence of peptide-linked GalNAc groups
(constituting the Tn antigen) on purified GalNAc3-MUC15TR was then confirmed by ELISA (Figure 4A). The MUC1specific murine monoclonal antibody (mAb) OncM27 (29)
recognizes the PDTR peptide sequence within the MUC1
tandem repeat (as defined by peptide scanning; D. Singh,
K. Kawamura, and J. Gariépy, unpublished results). This
antibody reacted with equal signal intensity to either MUC15TR or GalNAc3-MUC1-5TR, confirming that Thr19, the
threonine residue within the immunodominant APDTRP
region, was not glycosylated by ppGalNAc-T1. As expected,
OncM27 did not react with bovine submaxillary mucin
(BSM), a highly O-glycosylated mucin that does not contain
a PDTR epitope (but that is rich in sialyl-Tn antigens; see
below). In contrast, the mouse monoclonal antibody CC49
(30), which recognizes both Tn [GalNAc(R1-O)Ser/Thr] and
sialyl-Tn [Neu5Ac(R2-6)GalNAc(R1-O)Ser/Thr] antigens,
did not react with MUC1-5TR but did recognize GalNAc3MUC1-5TR (Tn antigen) and, more strongly, the sialylated
glycoprotein BSM (sialyl-Tn). The binding of mAb CC49
to GalNAc3-MUC1-5TR demonstrates that this antibody does
indeed cross-react with the Tn antigen, as previously reported
(39).
The 1H-15N HSQC spectrum of GalNAc3-MUC1-5TR at
pH 5.5 and 25 °C is presented in Figure 4B and the resulting
NMR chemical shifts for GalNAc3-MUC1-5TR are listed in
Table 1B. Assignments of backbone 15N and 13C resonances
were also completed for the GalNAc3-MUC1-5TR glycopeptide. The effects of O-glycosylation on MUC1-5TR
(Figure 4C) appear to be confined to the immediate vicinity
of the O-glycosylated residues, as illustrated by the chemical
shift differences (∆av; Figure 4C) observed for CR and Cβ
resonances between GalNAc3-MUC1-5TR and unglycosylated MUC1-5TR. These findings are also confirmed by CSI
values for GalNAc3-MUC1-5TR, which remain unchanged
from MUC1-5TR (Figure 2), except for those corresponding
to the O-glycosylated residues and their immediate neighbors
(i.e., residues 5-7, 13-15). Amide chemical shift differences
(Figure 4D), however, point to significant changes to many
residues as a result of O-glycosylation. The large effects
observed in NH chemical shifts as a result of GalNAc
addition show that simple HSQC spectra, of 15N-labeled
proteins, can be used to monitor the substrate specificity of
O-glycosylation of mucin proteins by ppGalNAc-transferases,
and thus can potentially serve as a tool for examining the
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FIGURE 4: Characterization of GalNAc3-MUC1-5TR. (A) ELISA assay of MUC1-5TR, GalNAc3-MUC1-5TR, and bovine submaxillary
mucin (BSM) with the monoclonal antibodies (open bars) OncM27 and (solid bars) CC49. Each well was coated with 2 µg of antigen, and
1 µg of primary antibody was used in each case. Color was developed as described in the Experimental Procedures section. (B) 1H-15N
HSQC spectrum of GalNAc3-MUC1-5TR (0.5 mM). Experimental parameters and sample conditions are as described for Figure 1B. (C)
Normalized CR/Cβ chemical shift differences (∆av/∆max) (49) as a result of the addition of GalNAc groups on the MUC1 tandem repeat. (D)
Normalized amide proton and nitrogen differences.

activities of other glycosyltransferases, either in purified form
or as cellular extracts.
DISCUSSION
A complete understanding of how proteins are posttranslationally modified with O-linked sugars requires the detailed
knowledge of how transferase enzymes initially differentiate
serine and threonine side chains within the context of
complex protein templates. The present study provides the
first simultaneous kinetic description of O-glycosylation
events by ppGalNAc-T1 at all putative O-glycosylation sites
within MUC1-5TR. It illustrates the power of NMR spectroscopy for dissecting the substrate specificity and kinetic
parameters of a ppGalNAc-transferase in the context of a
complex, multivalent MUC1 analogue. More specifically, a
synthetic human mucin MUC1 construct harboring five 20amino acid-long tandem repeats and an N-terminal histidine
purification tag was expressed in bacteria and subsequently
O-glycosylated with a soluble catalytic fragment (amino acids
41-559) of human ppGalNAc-T1 (Figure 1). The order of
addition of GalNAc moieties (creating the Tn antigen) is
sequential and specifically occurred at only three of the five

hydroxyamino acid side chains within the tandem repeat.
Thr14 represented the best substrate for this enzyme,
followed by Thr6. The ppGalNAc-T1 enzyme subsequently
slowly modifies Ser5 after a 2-h “lag period,” during which
time most of the Thr14 (> 90%; Figure 3B) and Thr6 side
chains (∼60%) are glycosylated, suggesting that the enzyme
may have a secondary specificity for altered substrates
(glycosylated forms). This delay between the successive
engagement of the different O-glycosylation sites by the
enzyme may thus support the proposed functional lectinlike
properties of ppGalNac-T1 (40). Both Ser15 and Thr19 are
not substrates for this enzyme. Surprisingly, these two
residues, particularly Thr19, are part of a region of the
unglycosylated MUC1-5TR that display the only ordered or
“knoblike” structure within the MUC1 tandem repeat (Figure
2; 30, 32). The substrate selectivity of ppGalNac-T1 thus
appears to favor residues located in regions of the unglycosylated MUC1-5TR lacking elements of secondary structure and perhaps better defined as a “loose extended”
structure reflecting its high content of proline residues.
The structural effects of O-glycosylation on MUC1-5TR,
as determined by NMR studies, were limited to the vicinity
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of the glycosylated residues. Interestingly, the scale at which
the resulting 15N,13C-labeled-glycopeptide GalNAc3-MUC15TR could be produced and purified demonstrates the value
of this glycosylated substrate for further dissecting the
features of other enzymes involved in O-glycosylation. Other
members of the ppGalNAc-transferase family for example,
exhibit a strict requirement for glycopeptide substrates, and,
in some instances, are capable of completing the Oglycosylation of the MUC1 tandem repeat following the prior
action of ppGalNAc-T1 (41-43). In addition, downstream
transferases including the human R2,6-sialyltransferases (18,
44) and the recently cloned core 1 β1,3-galactosyltransferases
(45, 46) could be used in conjunction with GalNAc3-MUC15TR to recreate cancer-relevant glycopeptide antigens,
including sialyl-Tn [Neu5Ac(R2-6)GalNAc(R1-O)Ser/Thr],
a predominant marker in colon carcinomas (47), and sialyl-T
[Neu5Ac(R2-3)Gal(β1-3)GalNAc(R1-O)-Ser/Thr], frequently observed in breast cancers (48). Finally, the strategy
presented in this study now provides the tools for collecting
structural information essential to the rational design of
glycosylated forms of MUC1 that may serve as components
in cancer vaccines or as validated targets for drug discovery.
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