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ABSTRACT

Synthetic peptides corresponding to the human mucin MUC1 tandem
repeat domain (20 residues) were glycosylated in vitro by using UDP-N
[3Hlacetyl-o-galactosamine (GalNAc) and iysates of pancreatic tumor cell
lines. Results obtained with peptides of different lengths (from one to five
repeats) suggest that increasing the number oftandem repeats has neither
a positive nor a negative effect on the density of glycosylation along the

MUC1 tandem repeat protein backbone. Purified glycopeptides were
sequenced on a gas-phase sequencer, and glycosylated positions were
determined by measuring the incorporated radinaclivity in fractions col
lected following each round of Edman degradation. The results showed
that two ofthree threonine residues on the MUC1 tandem repeat peptides

were glycosylated by pancreatic tumor cell lysates at the following posi
tions: GVTSAPDTRPAPGSTAPPAH (underlined T indicates position of
Ga1NAcattachment). None of the serine residues were glycosylated. De

termination of the mass of the glycopeptides by mass spectrometry con
firmed that a maximum of two molecules of GalNAc were covalently
linked to each 20-residue repeat unit in the peptides. The data presented
here show that acceptor substrate specificity ofthe UDP-GaINAc:polypep

tide N-acetylgalactosaminyltransferase detected in lysates of pancreatic
and breast tumor cell lines is identical and Is limited to some but not all

threonlnes in the MUC1 tandem repeat peptide sequence. The influence of

primary amino acid sequence on acceptor substrate activity was evaluated
by using several peptides that contain single or double amino acid substi

tutions (relative to the native human MUC1 sequence). These included
substitutions in the residues that were glycosylated and substitutions of
the surrounding primary amino acid sequence. The results ofthese studies

suggest that primary amino acid sequence, length, and relative position of
the residue to be glycosylated dramatically affect the ability of peptides to

serve as acceptor substrates for the UDP.GalNAc:polypeptide N-acetyl
galactosaminyltransferase.

INTRODUCTION

It has been shown previously that mucins produced by human

adenocarcinomas often contain tumor-associated epitopes (1). These
include both carbohydrate structures and protein structures. Generally,
these tumor-associated carbohydrate epitopes are formed by (a) in
complete or blocked synthesis, which causes an accumulation of
precursor forms; (b) a shift in the pathway resulting in the expression
of minor antigens; (c) neosynthesis of carbohydrate through the acti
vation of certain glycosyltransferases; or (d) organizational changes in
the cell membrane exposing carbohydrate antigens that may otherwise
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be obscured (2). In the case of at least one mucin core protein, MUC1,
aberrant glycosylation by breast adenocarcinomas results in the cx
posure of epitopes detected by monoclonal antibodies on the core
protein that are not commonly found on forms of the mucin produced
by corresponding normal tissues (3). Similar antibody-defined
epitopes were not found on mucin secreted by pancreatic tumor cell
lines unless it was chemically deglycosylated; however, these epitopes
can be detected in pancreatic tumor cells, presumably on incompletely
processed mucin that is not secreted (4). For breast, pancreatic, and
ovarian adenocarcinomas, MUC1 core protein epitopes recognized by
T-cells have been described (5, 6).

One predominant epitope identified as a tumor-associated antigen
on the MUC1 core protein includes the amino acid sequence PDTRP.
One current hypothesis proposes that the addition of truncated oligo

saccharides to tumor-derived mucin (compared to longer oligosaccha
ride structures on mucin produced by normal tissues) facilitates anti
body binding to this epitope by unmasking this portion of the core
protein; this epitope is inaccessible to some monoclonal antibodies on
some forms of MUC1, possibly because of the presence of large,
branched carbohydrate structures (3). Another possibility, which has
not been ruled out, is that there are differences in the positions of
attachment of the O-glycosyl-linked oligosaccharides to the MUC1
core protein. A combination of these explanations is also possible.
The studies reported herein address the latter hypothesis. We recently
used breast tumor cell line extracts to glycosylate, in vitro, synthetic
peptides with sequences based on the MUC1 tandem repeat (7). The
results of these studies showed that the threonine found in the se
quence PDTRP was not glycosylated in vitro by a breast tumor cell
line, whereas the two other threonines (but no serines) in the MUC1
tandem repeat were glycosylated. The results reported herein demon
strate that human pancreatic tumor cell lines glycosylate the same
relative positions on the MUC1 tandem repeat. In addition, the levels
of GalNAc transferase3 activity were determined for a number of cell
lines, including pancreas, breast, and colon cancer cell lines.

MATERIALS AND METhODS

Tumor Cell Lines. Humanpancreaticadenocarcinomacell lines HPAF,

Capan-1 (well differentiated), T3M4, BxPC-3 (moderately differentiated),
PANC-1, HGC-25 (poorly differentiated), and PANC-89 (undefined differen
tiation); human breast adenocarcinoma cell lines BT-20 (moderately differen
tiated), SK-BR-3 (poorly differentiated), and MCF7; human colon adenocar

cinoma cell line HT 29; human melanoma cell line SK-MEL-28; and human
neuroblastoma cell line SK-N-SH were grown in Eagle's minimum essential
medium with 10% fetal calf serum, 2 mM L-glutamine, 100 unit/ml penicillin
G, and 0.1 mg/mIstreptomycin(unless otherwise indicatedby the American
Type Culture Collection catalogue).

Preparation of Cell Extracts. Tumor cells were harvested from culture
flasks (â€”80%confluence) and washed three times with standard phosphate
buffered saline. Cells were incubated on ice with 1% Triton X-100 (Sigma

3 The abbreviations used are: GalNAc transferase, UDP-N-acetyl-o-galactosamine:

polypeptide N-acetylgalactosaminyltransferase (EC 2.4.1.41); GalNAc, N-acetyl-o-galac
tosamine; HPLC, high pressure liquid chromatography.
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GLYCOSYLATIONSITES ON MUCI PEF11DES

Chemical Co., St. Louis, MO) in phosphate-buffered saline for 30 mm. After
centrifugation (1000 X g, 5 mm), the protein concentration of the supernatant
was adjusted to 8 mg/mI (Bio-Rad Protein Assay; Bio-Rad, Richmond, CA)
and the lysate was then stored at â€”70Â°Cfor later use.

Synthesis ofAcceptor Substrate Peptides. Synthetic peptides used in this
study included 8, 9, 20, 30, 40, 60, 80, and 105 residue peptides based on the
native MUC1 tandem repeat sequence (GSTAPPAHGVFSAPDTRPAP). The
sequence of the 20-residue peptide (corresponding to a single tandem repeat
unit) was APGSTAPPAHGVTSAPDTRP, and the sequence of the 30-residue
peptide corresponding to 1.5 of the tandem repeats was GVTSAPDTRPAPG
STAPPAHGVTSAPDTRP.The sequences of4O-, 60-, and 80-residue peptides
were 2, 3, and 4 repeats of the sequence PDTRPAPGSTAPPAHGVTSA,
respectively. The sequence of the 105-residue peptide was 5 repeats of the
tandem repeat plus an additional sequence, GVTSA, at the amino terminus.
Sixteen overlapping 9-residue peptides based on the native MUC1 tandem
repeat sequence, and a number of nonnative (substituted) 9-residue peptides
that contained substitutions of one or two amino acids into the native sequence
were also used. Short peptides (30 residues or less) were synthesized according
to the general principles of solid phase methodology by using an Applied
Biosystems Model 430A peptide synthesizer as described previously (8). Long
peptides (>30 residues) were synthesized as described previously (9). Peptides
were purified by reverse phase HPLC as described previously (7). The con
centration, purity, and fidelity of the peptides were confirmed by amino acid
composition analysis (10) and mass spectrometry (7).

Assay of GalNAc Transferase Activity. Ga1NAc transferase activity was
measured as described previously (7) with modifications as described below.
The standard assay mixture contained 50 mM imidazole-HC1(pH 7.2), 1%
Triton X-100, 20 mM MnCl2, 64 ,.@Mpeptide, 50 g.@MUDP-[3HJGaINAc

(DuPont New England Nuclear, Boston, MA; diluted with cold UDP-GalNAc

to 260 dpm/pmol for the experiments reported here), and 0.8 mg protein/ml
cell lysate in a total volume of 50 p1. Variations in this standard assay
condition are reported in â€œResultsâ€•or in the figure legends. Reactions were

performed at 37Â°Cfor 4 h and were terminated by adding 200 p1 of water.
Reaction mixtures were then applied to columns of ion-exchange resin, 1 ml of
Dowex 1-X8-200 (Sigma) in a Pasteur pipet plugged with glass wool, and
eluted with 2.5 ml water. Radioactivity in fractions from the Dowex column
were quantified in scintillation fluid (ScintiVerse II; Fisher Chemical, Fair
Lawn, NJ) by liquid scintillation spectrometry (LS3801; Beckman, Fullerton,
CA). Net radioactivityincorporatedinto peptide substrateswas determined

after subtracting background values from assays that did not include peptide
substrates. The reported results are the mean of three independent experiments;
SE is also reported.

Purification of Glycosylated Peptide. Glycosylated peptides were puri
fled and characterized as described previously (7). Briefly, fractions from the
Dowex 1 chromatography step that contained peptide components were con
centrated, applied to a P-b gel filtration column (Bio-Gel P-10, fme; Bio
Rad), and eluted with water (14 X 460 mm; flow rate, 0.32 mI/mm). The
radioactivity in each fraction (0.96 ml) was quantified by liquid scintillation
spectroscopy. Fractions from selected experiments were also tested for the

presence of MUC1 peptide by using a dot blot test evaluating reactivity
with monoclonal antibody HMFG-2 (kindly provided by Drs. Sandra
Gendler and Joyce Taylor-Papadimitriou, Imperial Cancer Research Fund,
London, England), which recognizes the amino acid sequence DTR in the
MUC1 tandem repeat.Those fractions that contained radiolabeledcompo

nents and that were reactive with monoclonal antibody HMFG-2 were
concentrated to 1 ml in siliconized tubes on a vacuum centrifuge concen
trator (Jouan, Winchester, VA).

Peptides (glycosylated and nonglycosylated) in the P-10 column fractions
were purified to homogeneity by using reverse phase HPLC and the conditions
described below. The instrumentation included an ISCO (Lincoln, NE) Model
2360 low pressure gradient programmer, an ISCO Model 2350 pump, and an
ISCO Model V4 absorbance detector. A Waters (Milford, MA) Delta-Pak C18

column (3.9 x 150 mm) was used for separation of the 20- and 30-residue
peptides. Solvent A was 0.1% trifluoroacetate (Mvanced Chemtech, Louis
ville, KY) in water; solvent B was 0.095% trifluoroacetate in acetonitrile:water
(80:20). Gradients were A plus 0â€”35%buffer B in 35 mm at 1 ml/min. MUC1
peptides (20-residue; nonglycosylated) were eluted at 25 mm and 30-residue
MUC1 peptides (nonglycosylated)were eluted at 29 mm. Absorbancewas

monitored at 214 nm.

Mass Spectrometry. The mass spectra were obtained with the first stage of
a VG ZA.B-Tmass spectrometer operating at base resolution (R = 1000) to
provide maximum sensitivity. Samples (10 pmol or more) were dissolved in 10
p.1of acetonitrile:water; (1:1) a 1-gd aliquot was placed on the stainless steel
probe tip along with 1 p.1 of the matrix (1:1 glycerol/m-nitrobenzyl alcohol).
Ions were desorbed with a 30-keV Cs@ion beam. The instrument was operated
at an accelerating potential of 8 keV (giving an upper m/z of 10,000) and
scanned over a mass range from 700 to 4600 daltons at a rate of 15 s/decade
of mass.

Identification ofO-Glycosylation Sites with a Gas-Phase Sequencer. An
aliquot of each sample was covalently attached to Sequelon AA membrane
(Milligen, Burlington, MA) according to the manufacturer's instructions. The
membrane disk was then placed directly on the lower cartridge insert of a

Porton (Beckman) P12090E Microsequencer. A Zitex membrane was placed
over it and the reaction cartridge was sealed. The membrane was washed with
1 ml of extraction solvent prior to sequencing.

The extraction solvent was 70% aqueous methanol with 16 g.@g/mldithio
threitol. The standard sequencing program was modified to eliminate the

postcleavage drying step, the number of extractions was increased from two to
three, and the reconstitution volume was increased from 200 to 300 p1
One-half of each reconstituted cycle was diverted to a fraction collector, and
the fractions from each Edman degradation cycle were evaluated by scintilla
tion counting to determine the radioactive content. The remainder was injected
onto a Hewlett Packard (Kennett Square, PA) AminoQuant (2.1- X 200-mm)
column for identification of the phenylthiohydantoins.

RESULTS

GalNAcTransferaseActivity. Theeffectsof varyingassaycon
ditions (time, 0 to 8 h; pH, 4.5â€”9.0;cell extract/enzyme concentration,
0â€”6mg/ml; MUC1 peptide substrate concentration, 0â€”1024 @.tp@i;and
UDP-GalNAc concentration, 0â€”200 @.tM)on total GalNAc transferase
activity were evaluated, and appropriate conditions for different as
pects of this study were selected. The standard assay conditions
selected for the studies reported here are described under â€œMaterials
and Methods.â€•Representative apparent Km values for selected peptide
acceptor substrates shown here were: for the 30-residue peptide, 122
@.tMfor HPAF cell lysates; for the 20-residue peptide, 200 ,.LM for

HPAF cell lysates.
Effect of Peptide Length on Glycosylation in Vitro. We have

determined previously the positions of attachment of Ga1NAc to
MUC1 tandem repeat peptides that were glycosylated in vitro by

using extracts from a breast tumor cell line (7). These assays used
peptides up to 30 amino acid residues long, which contained 1.5 of the
MUC1 tandem repeat units. It was reasoned that 1.5 repeats would

contain a sufficient amount of overlapping sequence to present all
possible primary amino acid sequence combinations as a substrate for
evaluating the specificity of GalNAc transferase activity. Two lines of
experimental analysis, direct sequencing and mass spectrometry, sug
gest that there are two predominant sites of glycosylation on each
MUC1 tandem repeat unit (7). It has been postulated that longer

stretches of MUC1 tandem repeat assume higher levels of ordered
secondary structure (1 1). In theory, these might present different
conformations that would alter their ability to act as substrates for the
GalNAc transferase.

We tested this hypothesis by evaluating enzyme activity on pep

tides with different numbers of tandem repeats to determine whether
longer peptides receive higher or lower densities of glycosylation per
tandem repeat unit. GalNAc transferase assays were performed with

several peptides that contained multiple MUC1 tandem repeats (from
1 to 5). The results of these experiments (Fig. 1) show that there is a

linear correlation (R = 0.986) between the number of tandem repeat
units and the relative enzyme rate, suggesting that the amount of
GalNAc incorporated into each tandem repeat during in vitro assays is

not affected by tandem repeat length. This result suggests that increas
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GLYCOSYLATION SITES ON MUC1 PEPTIDES

specificity of the human GalNAc transferase expressed in the
pancreatic tumor cell lines. It was important to perform these
experiments with pancreatic tumor cell line extracts to determine
whether there was any evidence for distinct GalNAc transferase
activities (different substrate specificities) among those cell lines
or between the pancreatic tumor cell lines and a breast tumor cell
line that was evaluated previously (7). Fig. 3 presents data obtained
when the overlapping set of 9-residue peptides were used as

substrates in GalNAc transferase assays; lysate from the pancreatic
tumor cell line BxPC3 was the enzyme source. Similar results were
obtained when lysates from two other pancreatic tumor cell lines,
HPAF and PANC-1 (data not shown), were evaluated. Standard

assay conditions were used for evaluating GalNAc transferase
activity with this set of peptides. The data presented in Fig. 3 show
that there were two particularly effective peptide substrates with
the sequences PGSTAPPAH and HGVTSAPDT. Relatively high
enzyme rates were detected with peptides that had overlapping
sequences with these. These results are consistent with the se

quencing results described above that show the glycosylated posi
tions on MUC1 peptides to be threonines (underlined) at the
following positions: PGSTAP and GVTSAP. Other data supporting
the hypothesis that the threonine is the predominant site of glyco
sylation on these peptides are presented in Fig. 5 and are discussed
below. The data presented in Fig. 3 support the hypothesis that the
threonine in the sequence position PDTRP is not glycosylated by
pancreatic tumor, breast tumor, or colon carcinoma cell lines.
These data closely resemble the data obtained when the same set of
peptides was tested with a breast adenocarcinoma cell extract (7),
providing support for the hypothesis that there are no differences in
the substrate specificity of GalNAc transferase activity between
these types of tumors. Moreover, the results presented in Fig. 3
confirm the previous observation (7) that GalNAc transferase
activity in these cell extracts is affected by the length of the
substrate primary amino acid sequence around the glycosylated
residue.

3.5

3.0

20 30 40 60 80
Peptide length (amino acid residues)

ing the numbers of tandem repeats does not have either a positive or
a negative effect on the density of glycosylation along the MUC1
tandem repeat protein backbone.

Sequence Analysis and Mass Spectrometry of Glycosylated

Peptides. Peptides (20 residue and 30 residue) glycosylated in vitro

by HPAF lysates were purified and sequenced by using an Edman
degradation procedure in concert with scintillation counting (see
â€œMaterialsand Methodsâ€•)to determine the positions of glycosylation.
The results of sequencing the 20-residue peptide are shown in Fig. 2.

The same relative positions were glycosylated on the 30-residue
peptide (data not shown). We detected the correct amino acid residues
through 18 cycles under these experimental conditions. Two major

peaks of radioactive GalNAc were seen at the cycles corresponding to

the T positions in GSTAPP and GVTSAP for both the 20- and
30-residue peptides. The comparatively high levels of radioactivity
seen in the cycles immediately following these two T positions were
due to sequencing lag effects caused by cumulative inefficient Edman

degradation reactions during previous cycles, as evidenced by analysis
of the HPLC retention times of the phenylthiohydantoins. In addition,
the results of analysis by fast atom bombardment mass spectrometry
of the glycosylated 30-residue peptide showed components with
masses corresponding to the peptide with 1, 2, and 3 GalNAc residues

attached, but no more than 3 (data not shown). These results suggest
that under the conditions of this assay, the 20-residue peptide is
glycosylated at (underlined) APGSTAPPAHGVTSAPDTRP. The
three sites of glycosylation of the 30-residue tandem repeat peptide
are (underlined) GVTSAPDTRPAPGSTAPPAHGVTSAPDTRP.
There are no detectable differences in the sites of glycosylation

between the pancreatic tumor cell line HPAF reported here and the
breast tumor cell line MCF-7 (7) under the conditions used for these
assays.

GaINAc Transfrrase Activity Using Overlapping9-Residue
Peptides. We performed GalNAc transferase assays with 16 different
9-residue peptide substrates that represent a moving set through
MUC1 tandem repeat sequence to evaluate the contribution of

substrate primary amino acid sequence to the relative activity and
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Fig. I. Relative GaINAc transferase activity with peptides that contain from 1 to 5
MUC1 tandem repeat units. The relative enzyme activity of GaINAc transferase in
BXPC-3 cell lysates (ordinate) was determined by using as acceptor substrates synthetic

peptides that contained from 1 to 5 of the MUC1 tandem repeat units (abscissa). The
sequence of the 20-residue peptide corresponding to a single tandem repeat unit was
APGSTAPPAHGVTSAPDTRP, and the sequence of the 30-residue peptide correspond
ingto 13 ofthe tandemrepeatswasGVTSAPDTRPAPGSTAPPAHGVTSAPDTRP.The
sequences of 40-, 60-, and 80-residue peptides were 2, 3, and 4 repeats of the sequence
PDTRPAPGSTAPPAHGVTSA, respectively. The sequence of the 105-residue peptide
was 5 repeats of the tandem repeat plus an additional sequence GVTSA at the amino
terminus. Enzyme assays were performed using the standard conditions described under
â€œMaterialsand Methods.â€•Bars, SE.
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pop@desequence

Fig. 2. Identification of O-glycosylation sites on a 20-residue MUC1 tandem repeat
peptide. Representative results of sequencing the glycosylated 20-residue peptide (abscis
sa) and quantification of the radioactivity detected in each sequencing cycle (ordinate).
Sequencing experiments with a 20-residue peptide substrate showed that two sites were
glycosylated (bold with underline indicate glycosylation): APGSIAPPAHGVTSAPDT.
Similar results were obtained with the 30-residue peptide. There was a reproducible
preferential glycosylation of the GVTSA site over the GSTAP site (approximately 2-fold
more radioactivity detected under these experimental conditions) on both 20- (see figure)
and 30-residue (data not shown) peptides. The significant peaks of radioactivity detected
in the later cycles of the 20-residue peptide (sequence, SAP) are most likely the result of
a sequencing lag effect resulting from the accumulation of inefficiently cleaved residues
from earlier Edman degradation cycles that are cleaved in subsequent cycles.
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GLYCOSYLATIONSITES ON MUC1 PEPTIDES

centrations of 64 @.tM(data not shown). Eleven peptides that con
tamed substitutions relative to the native peptide sequence GVT
SAPDTR were utilized for these assays (Fig. 5A), as were eight
substituted peptides based on the sequence GSTAPPAHG (Fig.
5B), and two substituted peptides basedon the sequencePDTR
PAPGS (Fig.5C).

Substitution of the third position threonine (relative to the amino
terminus) with valine in the peptide GVYSAPDTR [the underlined

amino acid indicates substitution(s)] (Fig. 5A) reduced enzyme
activity to values that were indistinguishable from background
(1.7% of the activity obtained with the native sequence peptide).
Substitution of serine for this same threonine yielded a very low
level of relative activity that was slightly above background (3.2%
of activity obtained with the native sequence). Substitution of the
eighth position threonine with valine or serine (GVTSAPDYR and
GVTSAPD@R) resulted in a slightly enhanced relative enzyme
activity (117.6 and 111.1%, respectively). Substitution of the first
glycine with proline (1@VTSAPDTR) showed no effect on relative
enzyme activity. Interestingly, either substitution of the sixth pro

line (at the relative third position to the carboxyl side of threonine)
with glycine (GVTSA@DTR) or deletion of the ninth arginine (the
eight residue peptide, GVTSAPDT) significantly reduced relative
activity (7.6% and 18.7%, respectively). A peptide with the same
amino acid composition but a scrambled sequence (TAR VPTGSD)
showed no activity above background values (1.7%). Substitution
of the third threonine with D-threonine (indicated as small â€œtâ€•;

GVtSAPDTR) also eliminated enzyme activity. An exchange of

the third threonine with the second valine (GTVSAPDTR) yielded
an ineffective substrate; however, an exchange of the third threo
nine with the fourth serine (GVSTAPDTR) yielded a substrate with
low relative enzyme activity (4.1% of the activity obtained with the

native peptide). Taken together, the loss of enzyme activity with
peptide substrate GVYSAPDTR, which contains an isosteric sub
stitution of valine for threonine at position 3, the loss of activity
with the peptide containing the D-threonine substitution at position

3, and the high level of activity seen with peptide GVTSAPDYR,
which contains an isosteric substitution of valine for threonine at
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Fig. 3. Relative GaINAc transferase activity with a series of overlapping 9-residue
MUC1 tandem repeat peptides as acceptor substrates. GalNAc transferase assays with a
series of overlapping 9-residue peptides based on the MUC1 tandem repeat sequence
(ordinate) as acceptor substrates and lysates of the human pancreatic tumor cell line
BxPC-3 as the enzyme source were performed using standard assay conditions as
described under â€œMaterialsand Methods.â€•Abscissa, relative enzyme rates. Results are
presented as mean of three independent experiments. Bars, SE.

GaINAcTransferaseActivity with 9-Residue Peptides in a
Panel of Cell Lines. Three peptide substrates(PDTRPAPGS,
GSTAPPAHG, and GVTSAPDTR) were used to evaluate levels of
enzyme activity in a number of tumor cell lysates (Fig. 4). There were
two principal reasons for performing this series of experiments. The
first was to evaluate the relative levels of enzyme activity among
tumor cell lines derived from different organs and from tumors of
different differentiation grades. The second was to confirm the obser
vation that the PDTRPAPGS peptide was not glycosylated by a

separate enzyme with distinct substrate specificity that may be cx
pressed in some cell lines but not in others. No enzyme activity above
background values was detected with peptide PDTRPAPGS in any of

the tested cell lines, supporting the hypothesis that this site is not

glycosylated. In all cell lines tested, peptide GVTSAPDTR showed
relative levels of enzyme activity that were at least 2-fold higher than
peptide GSTAPPAHG, consistent with the previous observation that
the former is a better substrate (7). It is also noteworthy that the three

breast tumor cell lines evaluated here showed higher relative levels of
enzyme activity/mg of protein than any of the pancreatic cancer cell
lines that were tested. The panel of pancreatic tumor cell lines tested

here includes cell lines that were derived from tumors of distinct
differentiation grades (12), including poorly differentiated (PANC-1,

HOC 25), moderately differentiated (T3M4, BxPC-3, PANC-89), and
well differentiated (HPAF, CAPAN-1). The two cell lines from poorly
differentiated pancreatic tumors expressed lower levels of enzyme
activity than cell lines from moderately differentiated or well differ
entiated tumors.

GaINAcTransferaseActivity on Substituted9-residue Pep
tides. Several 9-residue peptides, in which one or two amino acids
were substituted into the sequence of the native 9-residue MUC1

peptide, were tested as substrates in the GalNAc transferase assay.
These experiments were performed to confirm the positions of gly

cosylation on the 9-residue peptide substrates, and to evaluate the

contribution of selected features of substrate primary amino acid
sequence on Ga1NAc transferase activity. The results shown in Fig. 5
are for HPAF cell extract using standard assay conditions except for
the acceptor substrate concentration, which was 1024 ,.LM.Similar
but proportionally smaller results were obtained with peptide con
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Fig. 4. Evaluation of GalNAc transferase activity in lysates of several pancreatic and
breast tumor cell lines with selected 9-residue MUC1 tandem repeat peptides as acceptor
substrates. GalNAc transferase assays with the 9-residue MUC1 tandem repeat peptides
PDTRPAPGS, GSTAPPAHG, and GVTSAPDTR as acceptor substrates were performed
(standard assay conditions described in â€œMaterialsand Methodsâ€•)using lysates of several
tumor cell lines as the enzyme source. The reported relative rates (ordinate) are the means
(bars, SE) for three or more independent assays for each cell line. Pancreatic tumor cell

lines, HPAF, Capan-1, DM4, BxPc-3, PANC.1, HGC-25, and PANC-89; breast tumor
cell lines, BT-20, SK-BR-3, and MCF7; colon tumor cell line, HT-29.
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GLYCOSYLATION SITES ON MUC1 PEFrIDES

A@ â€”--@ ______â€”-.--@ I@@ convertitintoaneffectivesubstrate.Thesubstitutionsweredesigned
GV@S@PD'@â€¢@ Iâ€”:@I@ to evaluate the importance of the relative positions of proline in this
â€”â€”Sâ€” j@ peptide (proline is moved to the relative third position to the carboxyl

- vâ€”@ @:J41 side of threonine) and the potential negative influence of the bulky,

â€”Bâ€”@@@@@ -@ --@ _@ ) charged residues aspartic acid and arginine at positions flanking the

p â€”@@ threonine. In the substituted peptides, the sixth alanine was exchanged

1@@ [_2@1 with either the fifth or seventh proline. This produced substrates in

::@@:__ I@ â€˜@ whichthreonines,prolines,andalanineswerein thesamerelative
-TV-@ positions as the GSTAPPAHG or the GVTSAPDTR peptides de

2__t -@ scribed above. Neither the substituted peptides (PDTRPPAGS,

3TARVPTGBD@1 ______ ____________ PDTRA@PGS) nor the native peptide show activity above backgroundB I@ -@@@ _____________â€”â€”. values(Fig.SC).
GBTAPPAHQ .
--V -@@ Effect of Acceptor Substrate Concentratlon on the Rate of the

-â€”Bâ€” J@@__ Ga1NAc Transferase. GalNAc transferase activity was evaluated

â€”â€”â€”â€”0â€”â€”â€”â€”: with selected peptides at several substrate concentrations from 0.256

0â€”â€”â€”@ to 8.192 mMin assaysthatutilizedHPAFcell lysateas theenzyme
;;:@@:@@ source(Fig.6).Thepurposeoftheseexperimentswastoconfirm

2â€”â€”t J @J enzyme activity in cases where the relative enzyme rates obtained

3PHPTGA.GAS â€˜ with some of the substituted peptides were very low at low sub

C@ strateconcentrations.Otherassayconditionswereasdescribedfor
PD'rRPAPOS) the standard assay in â€œMaterialsand Methods.â€•Enzyme rates were

::@â€˜@@@ increased at increased substrate concentrations for the peptides

PA@@ @- GVTSAPDTR, GSTAPPAHG, and GTSAPPAHG, as expected.

0 1 2 3 4 5 6 7 Increasing the concentrations of peptides GV@SAPDTR and

GS@APPAHG yielded slight increases in the reaction rates (Fig. 6),

consistent with the observation of a low but reproducible relative
rate that was obtained for these peptides at a concentration of 1024

@LM(Fig. 5). In contrast, the use of peptide PDTRPAPGS as a

substrate did not yield detectable enzyme rate data even at high

substrate concentrations, confirming that this peptide is not an

effective substrate (Fig. 6).

position 8, confirm that this peptide is glycosylated at the position
3 threonine and not at the position 8 threonine or at the position 4
serine, in agreement with the results of sequencing the 20-residue
glycosylated peptide (discussed above).

Relative enzyme activity for peptides with substitutions in the
GSTAPPAHG sequence are shown in Fig. SB. Substitution of the
third position threonine with valine (GSYAPPAHG) or with serine
(GS@APPAHG) reduced enzyme activity with this substrate to values
that were indistinguishable from background, supporting the assign
ment of glycosylation to threonine at this position by the sequencing
studies with the 20-residue peptide (discussed above). Three peptides
contained substitutions of glycine for the fifth and/or sixth proline
residues (GSTAGPAHG, GSTAPGAHG, and GSTAGGAHG).
Among these, only GSTA@PAHG showed significant enzyme activ
ity (41.0% of that obtained with the native peptide). A peptide in

which the second serine and the third threonine were exchanged
(GThAPPAHG) was an effective substrate (83.2% of the activity
obtained with the native peptide). A peptide that contained a substi
tution of L-threonine with D-threonine (GStAPPAHG) and a peptide
with the same amino acid composition as the native peptide but a
scrambled sequence (PHPTGAGAS) were ineffective as substrates in

these assays.
The peptides shown in Fig. SC were designed to determine whether

subtle changes in the sequence of the PDTRPAPGS peptide would

Enzyme activity (pmoUh/mg x 10

Fig. 5. Relative GalNAc transferase activity with 9-residue and 8-residue MUC1
tandem repeat peptides that contain sequence substitutions as acceptor substrates. Peptides
evaluated as acceptor substrates included several 9-residue peptides and an 8-residue

peptide that contained substitutions or a deletion relative to the sequence of the two native
acceptor substrate peptides, GVTSAPDTR (A) and GSTAPPAHG (B). Synthetic peptides
that contained substitutions relative to the native peptide PDTRPAPGS (C), which does
not show detectable activity as a substrate, were also prepared and evaluated. Sequence
positions were selected for substitution based on their relative position in relation to the
position of glycosylation (see Fig. 2). Standard assay conditions were used as described
in â€œMaterialsand Methodsâ€•with the following modifications: acceptor peptide concen
trations, 1024 ELM.Dashes, conservation of the native peptide sequence (top of each
panel). The mean relative rate (abscissa) of three independent experiments is presented;

bars, SE. I, 8-residue peptide, which lacks the carboxyl-terminal R found in the native
sequence. In 2, lower case t indicates D-threonine at that position. 3, peptides with the
same amino acid composition but a scrambled sequence as compared to the native
sequence peptide.

DISCUSSION

The studies described here were designed to determine the positions
of 0-linked glycosylation on peptides based on the MUC1 mucin
core protein that were glycosylated in vitro by pancreatic adeno
carcinomas. This question is of interest because certain epitopes on
the tandem repeat portion of the MUC1 core protein, primarily those
contained within and around the polypeptide sequence PDTRP, are

10@ I@

â€˜- -

@0

@ -
E

@ 4-

U
a

1:@@ ;1@

Peptide concentration (mM)

Fig. 6. GalNAc transferase activity in HPAF cell lysates with increasing concentrations
of selected 9-residue peptides as acceptor substrates. The relative rate of Ga1NActrans
ferase activity in HPAF lysates was evaluated using as acceptor substrates different
concentrations (4â€”1024@sM,abscissa) of the indicated 9-residue MUC1 tandem repeat
peptides. Relative rates (ordinate) were calculated as described in â€œMaterialsand Meth
ods.â€•U, GVTSAPDTR; 0, GSTAPPAHG; 0, GTSAPPAHG; â€¢,GVSSAPDTR; @,
GSSAPPAHG; A, PDTRPAPGS.
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GLYCOSYLATIONSITES ON MUCI PEFTIDES

exposed on forms of this mucin produced by breast adenocarcinoma
cells (3). These same epitopes are masked from antibody recognition
when the mucin is expressed by corresponding normal breast tissues
and by some adenocarcinomas derived from different organ sites,
including the pancreas (3, 4). One hypothesis that would explain this
differential antibody reactivity would be that breast and pancreatic
tumor cells glycosylate the tandem repeat portion of the MUC1
protein at different positions. This hypothesis was tested in the work
described in this article.

The results of testing peptide substrates with multiple tandem
repeats (Fig. 1) support the use of short peptide sequences such as
those described in this paper for evaluating the substrate specificity
and relative rate of the human GalNAc transferase. One interpretation
of these data is that higher levels of ordered secondary structure that
may be created by increasing the number of tandem repeats (1 1) do
not affect the relative rate of the GalNAc transferase for each unit of
tandem repeat substrate. The linear correlation between tandem repeat
number and relative enzyme rate supports the hypothesis that the
glycosylation patterns of short tandem repeat peptides accurately
reflect the glycosylation patterns found on molecules that contain
longer tandem repeat components. Moreover, the hypothesis that the
mucin primary amino acid sequence plays a significant role in deter
mining the positions of 0-linked glycosylation is also supported.
These findings call into question previous proposals that the tandem
repeat portions of mucins are glycosylated in a stochastic manner
because they exist in a random coil conformation (13). Certainly,
many structural features of mucins are conferred by the addition of
carbohydrates to serine and threonine residues. It will be important to
investigate further the relative contribution of both carbohydrate and
protein moieties to mucin structure and function.

The results of sequencing peptides that were glycosylated in vitro
by the HPAF pancreatic tumor cell line showed that these cell extracts
glycosylated the peptides at the same positions (Fig. 2) as were
reported previously for the MCF7 breast tumor cell line (7). This
conclusion is supported by the results of the experiments shown in
Figs. 3 and 5, which are essentially identical to results obtained with
the breast tumor cell line (7). If these results accurately reflect the in
vivo processes, they suggest that pancreatic and breast tumor cell lines
express identical GalNAc transferase activities that recognize and
glycosylate the same substrate sequences. Furthermore, the results
described above and the results presented in Figs. 4 and 6 suggest that
the polypeptide sequence PDTRP, which is the major epitope in this
tumor-associated antigen, is not a site of glycosylation in human
breast tumor cell lines, pancreatic tumor cell lines, or colon tumor cell
lines.

Another interesting finding is the observation that extracts of breast
tumor cell lines demonstrate higher relative levels of enzyme activity
than extracts of pancreatic tumor cell lines (Fig. 4). Mucin produced
by these breast adenocarcinoma cell lines is less heavily glycosylated
(50%by weight)thanmucinproducedby thepancreatictumorcell
lines (80% by weight) (4, 14). Moreover, the breast tumor-derived
mucin contains epitopes on the core protein that are not exposed on
the pancreatic tumor-derived mucin until it is deglycosylated (4, 14).
The fact that the breast tumor cell lines show higher levels of GalNAc
transferase activity, together with the finding that there was no dif
ference in the positions that were glycosylated using breast or pan
creatic tumor cell extracts (discussed above), supports the hypothesis
that the exposure of selected core protein epitopes on this mucin is not
the result of the breast tumor cells glycosylating the MUC1 tandem
repeat at fewer positions or at different positions. Instead, the differ
ential accessibility of the core proteins to specific antibodies is prob
ably explained by differences in the structure of oligosaccharides that
are attached by different cell types. It is very important to point out,

however, that the analyses of glycosylation presented here are neces
sarily limited to the enzyme activities detectable by in vitro assay.
Thus, it is possible that the assays performed here will not detect
distinct GalNAc transferase activities that are present in intact cells.
Studies are under way to confirm these in vitro findings with in
vivo-derived samples.

It is notable that two poorly differentiated pancreatic tumor cell
lines (12) showed much lower levels of GalNAc transferase activity
compared to most of the well differentiated or moderately differenti
ated cell lines; however, any general conclusions about relative levels
of GalNAc transferase activity in secretory cells of distinct differen
tiation states remains to be established by future studies.

Our previous work showed that extracts from breast tumor cells
glycosylate the two sites on the MUC1 tandem repeat at different
relative rates, and that the primary amino acid sequence surrounding
the glycosylated residue affects the specificity and relative rate of

enzyme activity (7). The results in Figs. 3 and S confirm those
observations in a pancreatic tumor cell line. The general significance
of these findings as they relate to the activity of the GalNAc trans
ferase has been discussed previously (7).

There are currently several laboratories evaluating the potential of

using the MUC1 mucin core protein as a target for the development
of improved diagnostic reagents and as a tumor vaccine reagent
(15). Other laboratoriesand biotechnologycompanies (16) are
interested in combining tumor-associated carbohydrate structures
with specific mucin core proteins or peptides as vaccine reagents.
Information about the positions of attachment of oligosaccharide
may be critical to the design of these reagents. Future studies will
address questions about differences in the posttranslational proc
essing and structure of this mucin as it is expressed by different
tumors and normal tissues and how these differences affect its
functional properties.
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