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ABSTRACT: A large family of uridine 5′-diphosphate (UDP)-R-N-acetylgalactosamine (GalNAc):
polypeptideN-acetylgalactosaminyl transferases (ppGalNAc Ts) initiates mucin-typeO-glycan biosynthesis
at serine and threonine. The peptide substrate specificities of individual family members are not well
characterized or understood, leaving an inability to rationally predict or comprehend sites of O-glycosylation.
Recently, a kinetic modeling approach demonstrated neighboring residue glycosylation as a major factor
modulating the O-glycosylation of the porcine submaxillary gland mucin 81 residue tandem repeat by
ppGalNAc T1 and T2 [Gerken et al. (2002)J. Biol. Chem. 277, 49850-49862]. To confirm the general
applicability of this model and its parameters, the ppGalNAc T1 and T2 glycosylation kinetics of the
80+ residue tandem repeat from the canine submaxillary gland mucin was obtained and characterized.
To reproduce the glycosylation patterns of both mucins (comprising 50+ serine/threonine residues), specific
effects of neighboring peptide sequence, in addition to the previously described effects of neighboring
residue glycosylation, were required of the model. Differences in specificity of the two transferases were
defined by their sensitivities to neighboring proline and nonglycosylated hydroxyamino acid residues,
from which a ppGalNAc T2 motif was identified. Importantly, the model can approximate the previously
reported ppGalNAc T2 glycosylation kinetics of the IgA1 hinge domain peptide [Iwasaki, et al. (2003)J.
Biol. Chem. 278, 5613-5621], further validating both the approach and the ppGalNAc T2 positional
weighting parameters. The characterization of ppGalNAc transferase specificity by this approach may
prove useful for the search for isoform-specific substrates, the creation of isoform-specific inhibitors, and
the prediction of mucin-type O-glycosylation sites.

O-Glycosylated mucin-like domains serve important struc-
tural and biological roles in many secreted and membrane-
associated glycoproteins. For example, biological process
such as the protection of epithelial cell surfaces, cellular
adhesion, cellular protein targeting, the immune and inflam-
matory responses, and the immune evasion of tumor cells
are modulated by glycoproteins containing mucin-like do-
mains, which are required for their biological properties (for
example, refs1-7). These domains typically contain 20-
30% hydroxyamino acids, serine and threonine, and are
commonly composed of heavily O-glycosylated polypeptide
tandem repeats. The mucin-type O-linked glycans, which
typically range from one to more than 10 carbohydrate
residues in length, are attached to serine or threonine via
R-N-acetylgalactosamine (GalNAc) and impart an extended
polypeptide conformation (8-10). The unique placement of
specific mucin-typeO-glycan structures in the peptide

sequence in some instances is required for full biological
activity (2, 11-16) and perhaps even for development (17,
18). Recently we have demonstrated that the extent of
substitution and distribution ofO-glycan structures on the
porcine submaxillary gland mucin (PSM)1 81 residue tandem
repeat varies in a reproducible manner along the peptide
sequence (19). Together, these findings suggest that the
glycosyltransferases involved in the initial steps of mucin-
typeO-glycan biosynthesis are uniquely sensitive to features
of the peptide sequence that are presently not fully under-
stood.

In the Golgi, the transfer of GalNAc to the peptide core
is performed by a family of uridine 5′-diphosphate (UDP)-
GalNAc:polypeptide N-acetylgalactosaminyl transferases
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(ppGalNAc Ts) (20, 21). This step represents the first
committed step of mucin-typeO-glycan biosynthesis and
serves to identify the glycan attachment site and may further
serve to modulate subsequent glycosylation events. Presently
there are 14 members described in the mammalian ppGalNAc
transferase family, ppGalNAc T1-T14 (17, 18, 22-32).
Family member homologues have also been found in
Drosophila and Caenorhabditis elegans(17, 18, 33, 34),
suggesting that there may be evolutionarily conserved roles/
substrates for several of these transferases. The peptide and
glycopeptide substrate specificity of the ppGalNAc T family
members are not well characterized or understood. The most
characterized members, ppGalNAc T1-T4, reveal different,
as well as overlapping, peptide substrate preferences (17,
23, 35-39) and poorly understood sensitivities to peptide
substrate glycosylation (6, 40-44). Moreover, ppGalNAc T7
and T10 have an apparent absolute requirement for prior
GalNAc addition for activity (26, 29, 45).

Using a kinetic modeling approach, we have previously
demonstrated that neighboring residue glycosylation is an
important factor in modulating the site-specific glycosylation
of nearly all of the 31 serine and threonine residues in the
PSM tandem repeat by ppGalNAc T1 and T2 (46). In this
relatively simple kinetic model, first-order serine and threo-
nine glycosylation rate constants were proportionally dec-
remented as a function of neighboring glycosylation state.
Using the model, we could reasonably reproduce the
experimental ppGalNAc T1 and T2 glycosylation patterns
of the PSM tandem repeat, each with a unique set of
positional weighting parameters (46). By a similar kinetic
modeling approach, we have recently shown that the in vivo
substitution of the GalNAc residue byâ-galactose (â-Gal),
forming the so-called Core 1 structure (â-Gal(1-3)-R-
GalNAc-Ser/Thr), may also be modulated by neighboring
glycosylation effects in PSM (47). Although the possibility
was discussed (46), the effect of peptide sequence on the
modeling of the ppGalNAc transferases was not originally
incorporated in the model since neighboring glycosylation
effects could adequately reproduce the experimental glyco-
sylation time course of PSM. Since the ppGalNAc T1 and
T2 model fitting parameters were based only on the glyco-
sylation of the PSM tandem repeat, it is important to perform
further in vitro glycosylation and modeling studies on
additional mucin tandem repeats for confirmation of the
overall assumptions of the model and for further refinement
of the positional weighting parameters of each transferase.

In this work, a newly described 80+ residue tandem repeat
from the canine submaxillary gland mucin (CSM) was
isolated, and its peptide sequence and in vivo glycosylation
pattern were determined by Edman amino acid sequencing.
The fully deglycosylated apo-CSM tandem repeat domain
was used as a substrate for ppGalNAc T1 and T2, and the
site-specific glycosylation time course for each transferase
was analyzed by the kinetic modeling approach.

EXPERIMENTAL PROCEDURES

ppGalNAc Transferases and Porcine Mucin Glycosylation.
Soluble recombinant bovine ppGalNAc T1 and human
ppGalNAc T2 (see ref46) were a kind gift of Dr. Ake
Elhammer (Kalamazoo, MI). The glycosylation kinetics of
the porcine salivary gland mucin (PSM) tandem repeat by
ppGalNAc T1 and T2 has been previously reported (46).

Canine Mucin Isolation and Characterization.Frozen
mixed-breed canine submaxillary glands were obtained from
Pel-Freez (Rodgers, AR). Canine salivary mucin (CSM) was
isolated from pooled glands and reduced and carboxy-
methylated by the procedures described for the isolation and
carboxymethylation of the porcine salivary gland mucin
(PSM) reported earlier (48). Unlike PSM, canine mucin with
its intact glycans is highly susceptible to trypsin; therefore,
no pretreatment of CSM with trypsin to remove the N- and
C-terminal globular domains was performed. The O-linked
carbohydrate side chains on CSM were quantitatively
trimmed to the peptide-linked GalNAc residue by mild
trifluoromethanesulfonic acid (TFMSA) treatment (48, 49)
giving so-called T(-t)R-CSM. This material tends to be
partially insoluble in water; hence, only the soluble portion
was characterized further.

CSM tandem repeats of∼86+ residues were obtained after
a 2 h digestion of soluble T(-t)R-CSM with 0.01% protease
Glu-C (50 mM ammonium bicarbonate, pH 7.8) and isolated
on Sephacryl S200 chromatography after the addition of
protease inhibitorN-R-p-tosyl-L-lysine chloromethyl keytone
(TLCK). The ∼40 residue C-terminal portion of tandem
repeat (peptides B and C, see below) was obtained from the
N-terminal biotinylated tandem repeat after overnight 1%
protease Glu-C digestion as described previously for PSM
(19, 46, 50). The avidin affinity column step was occasionally
omitted because it was found that the biotinylation modifica-
tion completely blocked the Edman sequencing of the
modified peptide. Sephacryl S200 chromatography was
performed in 50 mM acetic acid buffer, pH 4.0 (NH4OH),
to eliminate protease contamination (46). Fully degly-
cosylated CSM was obtained from T(-t)R-CSM after
treatment withR-N-acetylgalactosaminidase (chicken liver
enzyme, Sigma; sodium citrate/phosphate, pH 3.7, 43°C)
in the presence of protease inhibitors (Sigma P8304 and
P8849) as previously described (19). We found for CSM
that the oxidation-elimination approach for removing pep-
tide-linked GalNAc (49) resulted in greater peptide core
degradation than the enzymatic approach. Each deglycosyl-
ation (and reglycosylation) modification was assessed by 150
MHz carbon 13 NMR spectroscopy for the quality and
completeness of the modification as previously described (19,
46). Only completely deglycosylated mucins were used for
transferase substrate.

Pulsed liquid Edman amino acid sequencing of apo-CSM
and T(-t)R-CSM was performed on an Applied Biosystems
Procise 494 Edman protein sequencer (Foster City, CA) as
previously described (19, 46, 48, 50). Improved separation
of the closely eluting phenylthiohydantoin (PTH)-Ser-OH
and PTH-Thr-O-GalNAc peaks was obtained by lowering
the C18 PTH column temperature by 5-10°C. Glycosylation
site data analysis was performed as previously described (19,
48, 50). The site-specific glycosylation of overlapping
residues in the mixed C terminal CSM peptides (peptides B
and C, see below) was obtained by a mathematical decon-
volution approach.

ppGalNAc T1 and T2 Reglycosylation of the apo-CSM
Tandem Repeat.High molecular weight apo-CSM was
reglycosylated by the procedures previously described for
apo-PSM (46). Briefly, reactions were performed in 0.5-
1.5 mL volumes containing 5 mg/mL apo-mucin, 10 mM
MnCl2, 0.1 mM EDTA, 100 mM HEPES, pH 7.5, 5 mM
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UDP-GalNAc, and 22µg/mL ppGalNAc transferase T1 or
T2 in the presence of protease inhibitor cocktails (Sigma
P8304 and P8849). Reaction mixtures were allowed to
incubate for 4-24 h at 37°C and subsequently transferred
to dialysis membranes for dialysis at 4°C against 2-3
changes of 500 mL of reaction buffer lacking UDP-GalNAc
to remove free UDP. GalNAc transfer was reinitiated at 37
°C by re-adding both protease inhibitors and UDP-GalNAc
(to 5 mM). This was repeated until the desired net reaction
time was reached (up to∼10 days for ppGalNAc T2). Fresh
ppGalNAc T2 (∼11 µg/mL) was added at every 2-3 days
(approximate half-live 2.5 days (46)) while for ppGalNAc
T1, no additional additions were made (approximate half-
life 5 days (46)). Each incubation time point was repeated
2-4 times. The net incubation times reported have been
adjusted to roughly account for dilution effects and the loss
of transferase activity with extended incubation time. After
purification on S200 chromatography, the high molecular
weight reglycosylated CSM was digested with protease Glu
C to release the tandem repeat for Edman sequencing, as
described above and in the Results section. Carbon-13 NMR
spectra were obtained after each incubation to confirm the
transfer of GalNAc to the mucin as is shown in Figure S1
in the Supporting Information for ppGalNAc T2.

Inclusion of Peptide Sequence Effects into Kinetic Model.
A kinetic model incorporating the inhibitory effects of
neighboring glycosylated and nonglycosylated hydroxyamino
acid residues has been previously described (46). In this
model, the first-order rate constant for serine and threonine
glycosylation,kSer or kThr, is multiplied by the value of the
f(OG+OH)i function, which is a measure of local glycosyl-
ation status (plus and minus three residues of the site of
glycosylation), incorporating positional weighting coefficients
WOGn andWOHn the values of which range from 0 to 1 (46).
To incorporate additional sequence-specific effects into the
model, an additional function,g(Pro,Glu,Arg)i, has been
devised to incorporate both stimulatory and inhibitory effects
of neighboring proline and charged residues (glutamic acid/
aspartic acid and arginine/lysine/histidine). This gives the
modified first-order rate equation

where theg(Pro,Glu,Arg)i function is defined in eq 2 as

In eq 2, (Xaa)i (where Xaa) Pro, Glu, Arg) represents the
sum of the individual residue-specific positional rate factors,
F(Xaa)n, over plus and minus three residues of the site of
glycosylation as defined by eq 3.

In eq 3, values of the positional rate factors,F(Xaa)n, can
range from-1 to any positive number, while [Xaa]n values
are either 0 or 1, representing the absence or presence of
the Xaa residue at positionn. In this formalism, values of

F(Xaa)n of zero will result in no change in the rate constant,
while negative values will decrease the rate, and positive
values will increase the rate. Note, however, that in this
formalism the sum of the positionalF(Xaa) factors for any
Xaa residue type may not exceed-1.

As a final modification of the model, we have decided to
make the f(OG+OH)i function for serine glycosylation
identical to that for threonine glycosylation (eq 4 of ref46).
In the previous simulation, the rate constant for serine
residues was more heavily decremented than threonine
residues with increasing glycosylation density by this func-
tion. With the present modification, serine residues will be
more realistically treated, having their rate constants decre-
mented proportional to increasing glycosylation density as
shown by the plot of this function given in Supporting Figure
S2.

Numerical simulations were performed as described previ-
ously (e.g., eq 4 of ref46) using Lotus 123 spread sheet
software, release 9.7 (Lotus Development Co. Cambridge,
MA). Simulations were performed utilizing 360 incremental
time points and were optimized by manually incrementing
the above positional parameters and serine/threonine rate
constants until the best fit (by least-squares correlation
coefficient,r2, and standard deviation) to the experimental
glycosylation values was obtained.

Extraction of Site-Specific Glycosylation from Published
IgA1 Glycosylation Data.The pathway and time course of
the glycosylation of a 20 residue peptide representing the
IgA1 hinge domain by ppGalNAc T2 has recently been
reported by Iwasaki and co-workers (51). Using their
structural assignments (ref51, Figure 6) and the respective
peak heights in the reverse-phase HPLC elution profiles (ref
51, Figure 3A), we could construct the glycosylation time
course of each serine and threonine in the peptide as shown
in Figure S8 in the Supporting Information.

RESULTS

Isolation, Sequence Determination and in ViVo GalNAc
Glycosylation Pattern of the CSM Tandem Repeat Domain.
Mild TFMSA-treated CSM (containing only mono-GalNAc
side chains) was incubated with a series of proteases to test
for the presence of tandem repeats. Trypsin and protease
Arg-C rapidly produced small peptide fragments with
multiple N-terminal sequences, while protease Lys-C was
inactive (data not shown). A time course performed with
0.01% and 1% protease Glu-C reveals the presence of five
unique molecular weight species on Sephacryl S200 over
the course of digestion (Figure 1A), peaks 4 and 5 being the
major products of the 0.01% and 1% protease Glu-C
digestions, respectively. Edman amino acid sequencing of
peaks 1-4 revealed the identical N-terminal sequence, while
peak 5 gave a mixture of three sequences, one of which was
identical to the sequence obtained for peaks 1-4. Further
sequencing of peak 4 revealed the sequence of an 80+
residue peptide (peptide A in Figure 1B), which also
contained the sequence of the peptides found in peak 5
(peptides B and C, Figure 1B, representing Glu-C cleavage
of peptide A at Glu39 and Glu48, respectively). The Edman
sequencing of a second Glu-C digest of the N-terminal
biotinylated (blocked) peak 4 (peptide A) gives only the
sequence of peptides B and C (19, 46, 50). Upon exhaustive

d[OG]i/dt ) k(Ser or Thr)f(OG+OH)ig(Pro,Glu,Arg)i[OH] i

(1)

g(Pro,Glu,Arg)i ) (1 + (Pro)i)(1 + (Glu)i)(1 + (Arg)i)
(2)

(Xaa)i ) F(Xaa)(i-3)[Xaa](i-3) + F(Xaa)(i-2)[Xaa](i-2) +
F(Xaa)(i-1)[Xaa](i-1) + F(Xaa)(i+1)[Xaa](i+1) +

F(Xaa)(i+2)[Xaa](i+2) + F(Xaa)(i+3)[Xaa](i+3) (3)
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Glu-C digestion only peptide C is found, at the position of
peak 5, on S200, while the nine residue peptide remaining
from the cleavage of peptide B is found near the included
volume of the column (data not shown). Peak 4, therefore,
represents the monomeric CSM tandem repeat, while peaks
1-3 represent multiples of the tandem repeat. Identical
protease Glu-C sensitivity, S200 chromatographic behavior,
and peptide sequence were found for fully deglycosylated
apo-CSM and its partially reglycosylated derivatives (data
not shown).

An analysis of the Edman sequencing data indicates that
the CSM tandem repeat is relatively nondegenerate, similar
to that of PSM (19, 48, 50). Network protein sequence
analysis (52) consensus secondary structure predictions reveal

that the sequence should be entirely random coil except for
three short (one to two residue) regions with predicted
extended structures at Val18, Phe40, and Thr59. The amino
acid composition of the repeat is typical of mucins with
glycine, serine, threonine, alanine, and proline accounting
for 80% of its residues (31% glycine, 14% threonine, 13%
serine, 12% alanine, 10% proline, 6% arginine, 5% valine,
3% glutamic acid, 2% each phenylalanine and leucine, and
1% histidine). Ten percent of its residues are charged; the
low arginine and glutamic acid content and lack of lysine
readily account for the sensitivity of CSM to trypsin and
Glu-C and the resistance of CSM to protease Lys-C digestion.
The composition of the tandem repeat is very similar to the
reported amino acid analysis of native CSM (53). The derived
partial CSM tandem repeat sequence has been deposited to
the Swiss-Prot protein database, accession number P83762.
MULTALIN ( 52, 54) and CLUSTALW (52, 55) sequence
alignments of the CSM tandem repeat with the PSM tandem
repeat (see Supporting Table S1) reveal 25-30 identical
residues in each alignment; however, the longest contiguous
sequence of identical residues does not exceed three residues.
Of the 25 hydroxyamino acid residues in CSM, 11-15 can
be aligned with those in PSM, but there are no sequence
homologies found adjacent to these residues. The CSM and
PSM tandem repeats, although similar in length, share no
significant sequence homologies.

The in vivo site-specific glycosylation of 23 of the serine
and threonine residues in the CSM tandem repeat obtained
by quantitative Edman sequencing is given in Table S2 in
the Supporting Information. The in vivo glycosylation ranges
from ∼10% to ∼80% with an average serine/threonine
residue glycosylation of∼60%. Similar to the in vivo
glycosylation of PSM, serine residues are more poorly
glycosylated on average (average of 52%) and display a
wider range of glycosylation (∼10-80%) compared to
threonine residues, which are more uniformly glycosylated
(average of 67%, range of∼60-75%). These data along with
the ppGalNAc transferase data (see below) are plotted in
sequential order in Figure 2 (light gray bars) and grouped
by serine/threonine residue type in Figure S3 of the Sup-
porting Information. Note that regions of low glycosylation
do not overlap with the predicted short regions of extended
secondary structure.

ppGalNAc T1 and T2 Reglycosylation of the apo-CSM
Tandem Repeat Domain.The relative rates of site-specific
glycosylation by ppGalNAc T1 and T2 were obtained from
the quantitative Edman sequence analysis of the CSM Glu-C
tandem repeat as described in the Experimental Procedures.
Figures 2 and S3 show that ppGalNAc T1 is capable of
glycosylating nearly all of the serine/threonine residues of
the CSM repeat resulting in an average glycosylation of 51%
at the longest incubation time (∼24 h). As previously found
for PSM (46), serine residues are glycosylated less rapidly
than threonine residues and display a greater variability in
their extent of glycosylation. At the longest ppGalNAc T1
incubation time, threonine residues are 63% glycosylated on
average (range 30-75%) while serine residues are 39%
glycosylated on average (range 8-66%). The similarity of
the native in vivo and the ppGalNAc T1 in vitro glycosyl-
ation patterns shown in Figures 2 and S3 suggests that
ppGalNAc T1 is capable of partially reproducing the in vivo
glycosylation of CSM.

FIGURE 1: Isolation and peptide sequence of the canine submax-
illary gland mucin (CSM) protease Glu-C tandem repeat glyco-
peptides. Panel A shows sequential digestion of partially degly-
cosylated (mild TFMSA-treated) CSM by protease Glu-C (0.01%
or 0.1%) fractionated on Sephacryl S200 gel filtration chromatog-
raphy and monitored by absorbance at 220 nm. The first eluting
unlabeled peak in the top chromatograph represents undigested
mucin, while the numbered peaks represent CSM tandem repeat
glycopeptides. Panel B shows the amino acid sequences of the CSM
tandem repeat glysopeptides. Peptide A represents the sequence
obtained from peak 4, while peptides B and C represent the
N-terminal sequences obtained from peak 5, which represent the
further cleavage of peptide A at Glu39 and Glu48.
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In contrast to ppGalNAc T1, ppGalNAc T2 glycosylates
only about one-third of the serine/threonine residues of the
CSM tandem repeat (Figures 2 and S3). Only seven residues,
nearly all threonine, show substantial glycosylation, while
five of the 12 threonine and nine of the 11 serine residues
appear to be nearly refractory to glycosylation by ppGalNAc
T2. The near-exclusive glycosylation of threonine residues
by ppGalNAc T2 was confirmed by13C NMR (Figure S1).
At the longest incubation time point (∼150 h), the average
glycosylation of CSM by ppGalNAc T2 is 23%. At this time
point, the average threonine residue glycosylation is 35%
(range of 3-73%), while the average serine residue glyco-
sylation is 8% (range 0-35%). Except for residues that are
poorly glycosylated in vivo, the ppGalNAc T2 glycosylation
pattern fails to reproduce the native in vivo glycosylation
pattern (Figure 2 and S3). Interestingly, ppGalNAc T2 is
capable of more highly glycosylating Thr60 compared to
ppGalNAc T1. Overall, the glycosylation behavior of
ppGalNAc T1 and T2 toward the CSM tandem repeat mirrors
their activities previously reported for the PSM tandem repeat
(46).

Kinetic Modeling of PSM and CSM by ppGalNAc T1. The
glycosylation of the PSM tandem repeat by ppGalNAc T1
(and T2) has recently been simulated using a kinetic model
that accounts for the inhibitory effects of neighboring residue
glycosylation (46). Applying the positional weighting pa-
rameters (WOGn and WOHn) derived from the PSM work to
the CSM ppGalNAc T1 data results in a moderately
successful simulation of the data (see Figure S4 in the
Supporting Information). However, the quality of the simula-
tion, based on standard deviation and correlation coefficient,

is not as significant as observed that for the PSM simulation
(46).

Recognizing that the simulation does not include direct
peptide sequence effects, an improved version of the model
was developed (described in the Experimental Procedures)
that includes the effects of neighboring proline and charged
(i.e., glutamic acid/aspartic acid and arginine/lysine/histidine)
residues. These residues were chosen since several studies
have demonstrated that neighboring proline and charged
residues can significantly alter transferase activity both in
vivo and in vitro (for example, refs56-60). In this version
of the model, the rate constant is multiplied by the additional
g(Pro,Glu,Arg) function (described in the Experimental
Procedures) the value of which is derived from the residue-
specific positional weighing factorsF(Xaa)n [where Xaa)
Pro, Glu (and Asp), and Arg (and Lys,His) and wheren
represents the position plus and minus three residues of the
site of glycosylation]. Values ofF(Xaa)n can range from-1
to any positive number; where values of 0 represent no effect,
negative values represent inhibitory effects, and positive
values represent stimulatory effects. The distribution of serine
and threonine, proline, glutamic acid, and arginine residues
relative to serine and threonine in CSM, PSM, and the
combined CSM/PSM tandem repeats are given in Supporting
Table S3. In the combined CSM/PSM data set, the hy-
droxyamino acids, proline, and arginine, and to a lesser extent
glutamic acid, appear to be randomly distributed relative to
serine and threonine (Table S3).

After a series of manual optimizations on each tandem
repeat and subsequently on both repeats together, a set of
positional weighting parameters was obtained capable of

FIGURE 2: In vitro glycosylation of the apo-CSM tandem repeat by ppGalNAc T1 and T2: (A) ppGalNAc T1 glycosylation pattern; (B)
ppGalNAc T2 glycosylation pattern. In each panel, the clustered dark gray bars, increasing from left to right, represent each residue’s
glycosylation for the approximate net incubation times of 4, 16, and 24 h for ppGalNAc T1 (A) and 70, 100, and 150 h for ppGalNAc T2
(B). The right most light gray bar in each cluster represents the observed in vivo glycosylation of the residue. Note for Thr68, Ser73, Thr78,
Thr88, and Ser83 that glycosylation data may be missing at one or more time points. See Figure S3 in the Supporting Information for the
identical plots grouped by serine and threonine. Numerical data are tabulated in Table S2 of the Supporting Information.
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reproducing the overall ppGalNAc T1 glycosylation patterns
of both CSM and PSM (see Figures 3 and 4). A significant
improvement in the fit for CSM with little change in the fit
for PSM was obtained (see legend to Figure 4). Additional
plots further visualizing the ability of the model to fit the
experimental data are given in Figure S5 found in the Sup-
porting Information. To compensate for potential differences
in transferase activities and reaction conditions between the
PSM and CSM experiments, the serine and threonine intrinsic
rate constants were optimized separately for each mucin.

The newly optimized CSM/PSM ppGalNAc T1 glycosyl-
ation state sensitive parameters,WOGn andWOHn, were found
to be very similar to those obtained for the original PSM
model (46) (compare Figure 3A and Supporting Figure S4A).
Inhibitory effects of neighboring residue glycosylation (WOGn

values) for the combined PSM/CSM model remained un-
changed, while inhibitory effects of neighboring nongly-
cosylated hydroxyamino acid residues (WOHn values) were
slightly elevated compared to the original PSM work. In the
new model, the presence of neighboring proline residues gave

rate enhancements of 1.5-2-fold for all sites, except at the
-3 position, (F(Pro)n +1 values). Charged residues, in
contrast, appear to have little effect on glycosylation rates
by ppGalNAc T1, except that an arginine at the-3 position
may reduce the rate constant by half (F(Glu)n +1 andF(Arg)n

+1 values). Since there are few charged residues in CSM
and PSM, this conclusion may be revised with additional
study. Analysis of the importance of the various parameters
on the individual CSM and PSM models indicates that CSM
is most sensitive to the rate enhancements of neighboring
proline residues, while PSM is most sensitive to the inhibition
effects of neighboring glycosylated residues. These differ-
ences in sensitivites reflect differences in the relative distri-
butions of proline and hydroxyamino acid residues in the
two mucin sequences; that is, CSM has a higher neighboring
proline residue content, while PSM has a higher neighboring
hydroxyamino acid residue content (see Table S3).

We conclude from the present modeling parameters for
ppGalNAc T1 that rate reductions due to neighboring group
glycosylation and rate enhancements due to the presence of

FIGURE 3: Model fitting of the in vitro glycosylation of the CSM and PSM tandem repeats by ppGalNAc T1. In part A, the left panel gives
the values for the positional weighting parametersWOGn andWOHn (black and gray bars, respectively) for the presence and absence, respectively,
of a glycosylated serine or threonine residue. The right panel gives the values for the residue specific positional weighting factors (F(Xaa)n
+1), whereF(Xaa)n ) F(Pro)n, F(Glu)n, F(Arg)n (light-gray, gray, and dark-gray bars respectively). Part B presents a comparison of the
averaged calculated (black bars) and experimental (gray bars) ppGalNAc T1 glycosylation of the CSM tandem repeat (kThr ) 0.048,kSer )
0.018 mole fraction/h). Part C presents a comparison of the averaged calculated (black bars) and experimental (gray bars) ppGalNAc T1
glycosylation of the PSM tandem repeat (kThr ) 0.10,kSer ) 0.014 mole fraction/h) (experimental data from ref46). Note that the averages
do not include time points for which no experimental data were available. See also Figure S5 in the Supporting Information for a full
display of the individual time point glycosylation data.
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proline appear to be the dominant factors modulating its
substrate activity. It should, however, be noted that the ratio
of the ppGalNAc T1 threonine and serine rate constants
independently optimized for CSM and PSM were nearly 2.5-
fold different for the two mucins (2.7 versus 7.1, respec-
tively).2 This difference may in part be due to differences in
the current CSM and original PSM ppGalNAc T1 reglyco-
sylation procedures. The original PSM ppGalNAc T1 work
was performed using different dialysis procedures and prior
to our routine use of the protease inhibitor cocktails (46).
Since ppGalNAc T1 shows a relatively sharp pH maximum
between pH 7.5 and 8 (61), it is possible that small changes
in pH may have differentially altered the serine and threonine
intrinsic rate constants.

Kinetic Modeling of PSM and CSM by ppGalNAc T2.The
ppGalNAc T2 positional weighting parameters derived from
the original PSM model (46) were unable to fully reproduce
the observed ppGalANc T2 glycosylation pattern of CSM
(see Supporting Figure S6). However, when both the PSM
and CSM ppGalNAc T2 data were manually fit to the
expanded model, described in the Experimental Procedures,
a significantly improved fit was obtained, capable of reason-
ably reproducing the glycosylation patterns of both CSM and
PSM (Figures 5 and 6 and Supporting Figure S7). Note that
the statistically poor fit for the serine residues in CSM (Figure

6A) arises from the overall very low glycosylation of serine
by ppGalNAc T2 and from the underprediction of the
glycosylation of Ser47 and the overprediction of Ser76. These
latter discrepancies may further reflect errors in the experi-
mental data since both residues are at the C-terminus of the
sequenced peptides.

The optimized CSM/PSM ppGalNAc T2 glycosylation
state sensitiveWOGn values (Figure 5A) are identical to the
originally obtained PSM values (46)(see Supporting Figure
S6A), while the nonglycosylated threonine and serine residue
sensitiveWOHn values are somewhat reduced, although the
high inhibitory effect for a nonglycosylated serine or
threonine at the+1 position is maintained. As discussed
previously (46) the high+1 positional weighting, in effect,
adds a peptide sequence dependence to the model and is
required for the model to correctly reproduce the ppGalNAc
T2 glycosylation patterns of both PSM and CSM. In contrast
to ppGalNAc T1, ppGalNAc T2 shows larger and more
specific proline residue rate enhancements at positions-3,
-1, and+3 (Figure 5A,F(Pro)n +1 values of 2.5, 10, and
3.5, respectively). As discussed below, the very large proline
enhancement for the-1 position is consistent with previous
peptide substrate studies with ppGalNAc T2 and suggests
that a preceding proline residue may represent a key
ppGalNAc T2 motif. Similar to ppGalNAc T1, neighboring
charged residues appear to have little effect on the rates of
ppGalNAc T2 glycosylation, except for the presence of
glutamic acid at the-1 position, which reduces the rate by
0.5 (Figure 5A). The ratios of the ppGalNAc T2 threonine
and serine rate constants, independently optimized for CSM
and PSM, are similar within experimental error (5.5 and 3.8,
respectively).3

An analysis of the relative importance of the various
ppGalNAc T2 weighting parameters reveals that the specific-
ity of this transferase is dominated by the specific rate
enhancements of neighboring proline residues and the
specific inhibitory effects of an adjacent nonglycosylated
hydroxyamino acid residue. As expected from their different
amino acid distributions, the simulation on CSM shows a
larger dependence on the proline parameters as compared
to PSM (see Table S3). Interestingly, the inhibitory effects
of neighboring glycosylated residues, although maximized
in the model, nevertheless are found to play relatively minor
roles in the CSM/PSM ppGalNAc T2 simulations compared
to the more pronounced effects of neighboring proline and
nonglycosylated hydroxyamino acid residues.

Kinetic Modeling of IgA1 Hinge Domain Peptide by
ppGalNAc T2.The human IgA1 hinge domain contains two
eight-residue mucin-like tandem repeats, which are partially
O-glycosylated in vivo (62). Recently, Iwasaki and co-
workers (51) reported the time course and pathway for the
in vitro glycosylation by ppGalNAc T2 of a 20 residue
peptide containing nine potential glycosylation sites repre-
senting the human IgA1 hinge domain (see Figure 7A). Using

2 If the reglycosylation conditions (pH, buffers, etc.) were identical
for each tandem repeat, the ratio of the serine and threonine rate
constants would be expected to be nearly the same for both tandem
repeats irrespective of moderate differences in substrate and transferase
concentration.

3 These values are essentially identical keeping in mind that the CSM
serine rate constant could easily be increased with no significant
worsening of the fit. Note also that the CSM and PSM ppGalNAc T2
experiments were performed using nearly identical procedures and
reaction conditions, including the use of protease inhibitor cocktails.
ppGalNAc T2 may also be less sensitive than ppGalNAc T1 to
differences in reaction conditions as shown by the IgA1 analysis that
follows.

FIGURE 4: Plots of the simulated versus experimental ppGalNAc
T1 site specific glycosylation for the CSM and PSM tandem repeats
(individual time point data): (A, left) serine residues in CSM (SD
) 0.10 mole fraction,r2 ) 0.67) and (right) threonine residues in
CSM (SD) 0.11 mole fraction,r2 ) 0.80) usingkThr ) 0.048 and
kSer ) 0.018 mole fraction/h; (B, left) serine residues in PSM (SD
) 0.09 mole fraction,r2 ) 0.80) and (right) threonine residues in
PSM (SD) 0.14 mole fraction,r2 ) 0.66) usingkThr ) 0.10 and
kSer ) 0.014 mole fraction/h. Note that the statistical analysis for
PSM omitted values for Ser2 and Thr79 as described previously
(46).
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the Iwasaki et al. data, we constructed the glycosylation time
course for each serine and threonine (see Experimental
Procedures and Supporting Figure S8) for comparison to the
predictions of the ppGalNAc T2 kinetic model (Figure 7B,C
and Supporting Figure S9). As shown in the figures, the
ppGalNAc T2 positional weighting parameters derived from
the CSM/PSM simulation can approximate most of the
features of the experimental IgA1 glycosylation pattern: that
is, the poor to very low glycosylation of Thr4b, Thr12b, and
Ser17d and the high glycosylation of Thr7c, Thr15c, Ser11a,
and Ser19.4 Although the plots of simulated versus experi-
mental glycosylation (Figure 7C) show no correlation for
serine (principally due to Ser3a, and Ser9d), a very high
correlation is found for threonine (see Figure S9). The value
of 4.0 for the ratio of the optimized IgA1 threonine/serine
rate constants, furthermore, is in agreement with the values
obtained for CSM and PSM. We take this relatively
successful simulation of the IgA1 domain as validation of
both the general kinetic modeling approach and the CSM/
PSM-derived ppGalNAc T2 weighting parameters.

DISCUSSION

In this work, an 80+ residue tandem repeat from the
canine submaxillary gland mucin (CSM) containing over 25
hydroxyamino acid residues was isolated and sequenced, and
its peptide-linked GalNAc glycosylation pattern was deter-
mined. This represents the third mucin tandem repeat to have
its in vivo glycosylation pattern quantitatively determined
(e.g., PSM and human MUC1 (48, 50, 63, 64)). The
properties of the CSM tandem repeat are summarized in the
Results.

4 In the model, Thr7c and Thr15c are most rapidly glycosylated since
they have proline at the+3 position. Their glycosylation will reduce
or inhibit the glycosylation of neighboring Thr4b and Thr 12b and Ser9d
and Ser17d. Among these residues, Ser9d and Ser17d would be expected
to be more rapidly glycosylated than Thr4b and Thr12b because of their
preceding proline residues (see Figures 7 and S9). Because of the higher
density of hydroxyamino acid residues in the IgA1 sequence (∼50%)
compared to CSM and PSM (∼35%) theWOHn and WOGn values are
found to play a more significant role in fitting IgA1 compared to CSM
or PSM.

FIGURE 5: Model fitting of the in vitro glycosylation of the CSM and PSM tandem repeats by ppGalNAc T2. In panel A, the left panel
gives values for the positional weighting parametersWOGn and WOHn (black and gray bars, respectively) for the presence and absence,
respectively, of a glycosylated serine or threonine residue. The right panel gives values for the residue specific positional weighting factors
(F(Xaa)n +1), whereF(Xaa)n ) F(Pro)n, F(Glu)n, F(Arg)n (light-gray, gray and dark-gray bars, respectively). Panel B presents a comparison
of the averaged calculated (black bars) and experimental (gray bars) ppGalNAc T2 glycosylation of the CSM tandem repeat (kThr ) 0.0022,
kSer) 0.0004 mole fraction/h). Panel C presents a comparison of the averaged calculated (black bars) and experimental (gray bars) ppGalNAc
T2 glycosylation of the PSM tandem repeat (kThr ) 0.0034,kSer ) 0.0009 mole fraction/h) (experimental data from ref46). Note that the
averages do not include time points for which no experimental data were available. See also Figure S7 in the Supporting Information for
a full display of the individual time point glycosylation data.
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With the isolation of the multimeric apo-CSM tandem
repeat domain, a second large mucin substrate has become
available for characterizing the substrate specificities of
ppGalNAc transferases. By using such large apo-mucin
tandem repeat domains containing multiple acceptor sites,
the need to individually characterize large arrays of short
peptides and the need to account for end-effects are ef-
fectively eliminated (i.e., ref59). Since all sites within the
apo-mucin are exposed to the same conditions, experimental
variability is reduced and differences between sites can be
readily compared. As a final advantage, their glycosylation
patterns can be modeled numerically to reveal the effects of
local sequence and neighboring residue glycosylation (i.e.,
this work and refs46 and47).

Recently, we reported a kinetic modeling approach capable
of approximating the experimental ppGalNAc T1 and T2
glycosylation patterns on the PSM tandem repeat (46). In
this model, serine and threonine glycosylation rate constants
were reduced as a function of neighboring residue glyco-
sylation status, imparting sensitivity to the presence of both
neighboring glycosylated and nonglycosylated hydroxyamino
acid residues. This model, however, only partially reproduces
the presently obtained CSM glycosylation data for either
transferase. Since the original model is clearly oversimplified,
a more realistic model was developed that included neigh-
boring proline and charged residue effects. Proline residues
enhance O-glycosylation in vivo and in vitro and are
predictors of O-glycosylation (see refs56-60). Neighboring
charged residues typically reduce or inhibit O-glycosylation
in vivo and in vitro (57-59), although neighboring glutamic
acid residues occasionally enhance glycosylation (56, 60).

To maintain simplicity, no other residue types were included
in the expanded model, although others could be easily
included as additional experimental data warrant. Using this
model, the ppGalNAc T1 and T2 glycosylation patterns of
CSM and PSM are more reasonably reproduced. The ability
of the model to approximate the reported ppGalNAc T2
glycosylation pattern of an IgA1 hinge domain peptide
further validates both the kinetic modeling approach and the
apo-mucin-derived ppGalNAc T2 parameters. Nevertheless,
a small number of residues are poorly reproduced by the
ppGalNAc T1 or T2 models. As suggested previously for
PSM, local nonrandom peptide secondary structure may
account for some of the deviations (i.e., Ser2 and Thr79 in
PSM (46)). The inability to fully glycosylate a residue in
the MUC1 tandem repeat has also been attributed to the
formation of nonrandom secondary structure (44, 65, 66).

All known ppGalNAc transferases possess three ricin-like
lectin domains at their C-terminus that are proposed to
variably bind GalNAc-glycosylated peptide substrates (20,
26, 29, 38, 44, 45, 67-69). Tenno and co-workers (68, 69)
have shown that ppGalNAc T1 appears to utilize its ricin
domains against an apo-bovine mucin substrate containing
multiple glycosylation sites but not against small peptide
substrates containing single glycosylation sites (68, 69).
Although, not examined by these workers, the glycosylation
kinetics of apo-mucin with ppGalNAc T1 would be expected
to be complex with an initial slow phase followed by a more
rapid phase as the apo-mucin becomes increasingly glyco-
sylated. We, however, do not observe such lag-like behavior
in our ppGalNAc T1 or T2 studies on PSM or CSM. This
may be due to our limited number of time points, due to the
stepwise nature of our reglycosylation procedure, or both.
However, the time course of the glycosylation of the IgA
domain peptide by ppGalNAc T2 (51) reveals such effects
on four residues (see Figure S8). The origins of these effects
on IgA1 are unknown and may be either due to glycopeptide
activity or due to conformational effects as a function of
glycosylation. Highly detailed kinetic studies comparing
ricin-domain mutant and wild-type transferases are needed
to address the origins of these effects.

On the basis of the CSM/PSM-optimized positional
weighting parameters, ppGalNAc T1 is highly inhibited by
neighboring glycosylated residues, weakly inhibited by
neighboring nonglycosylated hydroxyamino acid residues,
and modestly (1.5-2-fold) enhanced by neighboring proline
at nearly all positions. In contrast, Yoshida et al. (59) observe
large rate enhancements (∼10- to ∼20-fold) for proline
residues at positions+1 and+3 for a series of nine-residue
peptide substrates. These differences may arise from peptide
end effects or differences in the secondary structures of apo-
mucin (highly extended random coil-like) and short peptides
(the secondary structure/conformation of which may vary
with amino acid substitution). Our finding for an apparent
low sensitivity of ppGalNAc T1 to neighboring peptide
residues suggests that this transferase may simply recognize
a highly expanded random coil-like conformation for optimal
activity. This is consistent with the recent NMR and
molecular modeling studies of Kinarsky et al. (66) who
suggest that ppGalNAc T1 may prefer residues in extended
â-like conformations. This suggests that in vivo ppGalNAc
T1 may serve as an early or initializing transferase designed
to specifically glycosylate highly extended random coil-like

FIGURE 6: Plots of the simulated versus experimental ppGalNAc
T2 site specific glycosylation for the CSM and PSM tandem repeats
(individual time point data): (A, left) serine residues in CSM (SD
) 0.12 mole fraction,r2 ) 0) and (right) threonine residues in CSM
(SD ) 0.09 mole fraction,r2 ) 0.86) usingkThr ) 0.0022 andkSer
) 0.0004 mole fraction/h; (B, left) serine residues in PSM (SD)
0.11 mole fraction,r2 ) 0.60) and (right) threonine residues in
PSM (SD) 0.11 mole fraction,r2 ) 0.73) usingkThr ) 0.0034
andkSer) 0.0009 mole fraction/h. Note that the statistical analysis
for PSM omitted values for Ser2 and Thr79 as described previously
(46).
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(apo-mucin) peptides. As such ppGalNAc T1 could be
expected to perform the bulk of the transfer of GalNAc to
these molecules, thereby imprinting its sensitivity to neigh-
boring glycosylation onto the mature mucin glycoprotein,
indeed as we found for PSM (19). This is consistent with
the generally high expression levels of ppGalNAc T1 (21)
and accounts for our current observation that the in vivo
glycosylation patterns of CSM and PSM tend to display
characteristics of their in vitro ppGalNAc T1 glycosylation
patterns.

The optimized modeling parameters for ppGalNAc T2
reveal maximal sensitivities to neighboring residue glyco-
sylation and pronounced inhibitory sensitivities to neigh-
boring hydroxyamino acid residues, particularly at the
C-terminal+1 position relative to the site of glycosylation.
This latter effect reduces the glycosylation of the N-terminal
residue in hydroxyamino acid pairs (i.e., the CSM Thr59-
60 and Thr67-68 and the PSM Ser6-7 and Thr29-30 dyad
pairs). In contrast to ppGalNAc T1, proline residues exhibit
a unique pattern of enhancements on ppGalNAc T2; proline
at the N-terminal,-1, position gives a 10-fold enhancement,
while proline at the-3 and+3 positions give 2.5- and 3-fold
enhancements. The most rapidly glycosylating residues in
CSM and PSM have N-terminal proline residues (i.e., Thr27
in CSM and Ser43 in PSM (46)).5 Consistent with our
detection of a large N-terminal proline rate enhancement,
peptides shown to be good ppGalNAc T2 substrates typically
contain Pro-Thr or Pro-Ser sequences (see Supporting Table

S3 (23, 35, 38, 51, 70-72)).6 Furthermore, ppGalNAc T2
is selectively absorbed (compared to ppGalNAc T1) on an
affinity column of bound MUC2 peptide containing multiple
Pro-Thr sequences (Table S3) (70). The association of high
ppGalNAc T2 activity with peptides containing Pro-Thr and
Pro-Ser sequences, coupled with our modeling, suggests that
this sequence may represent the first described ppGalNAc
T2 motif. The strong preference for an adjacent N-terminal
proline residue is in keeping with the findings of Kinarsky
et al. (66) who suggest that ppGalNAc T2 may prefer
substrates with polyproline II-like conformations over ex-
tendedâ-strand conformations. Overall the strong neighbor-
ing sequence effects observed for ppGalNAc T2 tend to
reduce the relative contribution of the inhibitory effect of
neighboring glycosylation on the specificity of this trans-
ferase.

It has been proposed that members of the large family of
evolutionarily conserved ppGalNAc transferases may have
unique substrate specificities maintained for the efficient

5 Ser76 in CSM, the only other hydroxyamino acid residue to have
a preceding proline residue, is poorly glycosylated experimentally and
slowly glycosylated in the ppGalNAc T2 simulation. An analysis of
the model indicates that the glycosylation of this serine residue is slowed
by the glycosylation of neighboring Thr78.

6 Note that the MUC1 peptide, listed in Table S3, which lacks Pro-
Ser or Pro-Thr sequences, is nevertheless a good substrate for ppGalNAc
T2. This is presumably due to the 2.5-3.5-fold rate enhancements of
the proline residues at the-3 or +3 positions or both relative to the
sites of glycosylation.

FIGURE 7: Modeling the in vitro glycosylation of the IgA1 hinge domain peptide by ppGalNAc T2: (A) peptide sequence of IgA1 domain
showing two eight-residue tandem repeats (51); (B) comparison of the averaged calculated (black bars) and experimental (gray bars) ppGalNAc
T2 glycosylation of the IgA1 peptide using the positional weighting parameters and factors given in Figure 6A (kThr ) 0.028,kSer ) 0.007
mole fraction/min). Experimental residue specific ppGalNAc T2 glycosylation data were derived from ref51as described in the Experimental
Procedures. Panel C presents plots of simulated versus experimental ppGalNAc T2 site-specific glycosylation for the IgA1 peptide (individual
time point data): (left) serine residues (SD) 0.30 mole fraction,r2 ) 0.06); (right) threonine residues (SD) 0.06 mole fraction,r2 )
0.94). Note that the threonine residue statistics are better than they appear from the plots because of the clustering of several data points
at 100%. See also Figures S8 and S9 in the Supporting Information for a full display of the individual time point glycosylation data. Note
that the serine/threonine letter subscripts denote identical positions within tandem repeats.
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glycosylation of specific proteins or peptide sequences (17,
20, 21). For example, a functionalDrosophila ppGalNAc
transferase [(l(2)35Aa or pgant35A, a homologue to the
mammalian ppGalNAc T11] is essential for development in
the fly, suggesting that no other transferase can perform its
specific function (17, 18). In keeping with this notion,
Iwasaki and co-workers (51) propose that the initial O-
glycosylation of the IgA1 hinge domain is performed in vivo
primarily by ppGalNAc T2. ppGalNAc T2 is the only
ppGalNAc transferase able to extensively glycosylate the
IgA1 hinge domain peptide in vitro, and its glycosylation
pattern is similar to the native in vivo pattern (see Figure
S9, (51, 62)). Based on our ppGalNAc T2 model, the IgA1
hinge domain is expected to be an excellent ppGalNAc T2
substrate (i.e., seven of nine hydroxyamino acid residues are
preceded by proline and several have-3 or +3 proline
residues), and the model largely parallels the sequential site-
specific glycosylation observed experimentally. Therefore,
on the basis of a relatively simple model, one can begin to
account for the transferase specificity and glycosylation
pattern of an important peptide substrate, which had not been
previously understood (51). Our kinetic modeling of this
substrate-transferase pair further demonstrates that trans-
ferases with apparently simple substrate motifs, nevertheless,
may be capable of targeting the efficient glycosylation of a
select subset of protein substrates.

In summary, an expandable kinetic modeling approach
capable of uniquely characterizing ppGalNAc transferase
substrate specificity has been demonstrated. The model is
capable of reproducing the glycosylation patterns of two
ppGalNAc transferase isoforms against two mucin substrates
and is further validated by reproducing the features of the
glycosylation of the IgA1 hinge peptide by ppGalNAc T2.
These findings along with the recent demonstration of the
ability to similarly model mucin Core 1 (â-Gal(1-3)-R-
GalNAc-O-Ser/Thr) glycosylation patterns (47) suggests that
in the future such modeling approaches may become useful
for predicting the patterns of mucin O-glycosylation. In
addition, the ppGalNAc transferase isoform-specific weight-
ing parameters should become useful for the in vivo and in
vitro search for transferase-specific protein substrates and
for the development of specific transferase inhibitors.
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