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Mucin-type O-glycan biosynthesis is regulated by the family
of UDP-GalNAc polypeptide:N-acetylgalactosaminlytransfersases
(ppGalNACT ) that catalyzes the first step in the pathway by trans-
ferring GalNAc to Ser or Thr residues in a protein from the sugar
donor UDP-GalNAc. Because not all Ser/Thr residues are glyco-
sylated, rules must exist that signal which hydroyxamino acids
acquire sugar. To date, no universal consensus signal has emerged.
Therefore, strategies to deduce the subset of proteins that will be
glycosylated by distinct ppGalNAcTs must be developed. Mucin-
type O-glycoproteins are present abundantly in bone, where we
found multiple ppGalNAcT isoforms, including ppGalNAcT-1,
to be highly expressed. Thus, we compared glycoproteins
expressed in wild-type and GalntI-null mice to identify bone-
associated proteins that were glycosylated in a ppGalNAcT-1-
dependent manner. A reduction in the apparent molecular
masses of two SIBLINGs (small integrin binding ligand N-linked
glycoproteins), osteopontin (OPN) and bone sialoprotein (BSP)
in the Galntl-null mice relative to those of the wild-type was
observed. Several synthetic peptides derived from OPN and BSP
sequences were designed to include either known or predicted
(in silico) glycosylation sites. In vitro glycosylation assays of
these peptides with recombinant ppGalNAcT-1, ppGalNAcT-2,
or ppGalNAcT-3 demonstrated that both SIBLINGs contained
Thr/Ser residues that were preferentially glycosylated by
ppGalNACcT-1. In addition, lysates prepared from wild-type, but
not those from Galntl-null derived osteoblasts, could glycosy-
late these peptides efficiently, suggesting that OPN and BSP
contain sites that are specific for ppGalNAcT-1. Our study pre-
sents a novel and systematic approach for identification of iso-
form-specific substrates of the ppGalNAcT family and suggests
ppGalNACT-1 to be indispensable for O-glycosylation at spe-
cific sites of the bone glycoproteins OPN and BSP.

Mucin-type O-glycosylation is a ubiquitous post-transla-
tional modification of secreted and membrane-bound proteins.
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The initial step of this pathway involves the formation of a
protein-sugar linkage between GalNAc and Thr and Ser resi-
dues (GalNAc al-O-Ser/Thr) catalyzed by members of the
UDP-GalNAc polypeptide:N-acetylgalactosaminyltransferase
(ppGalNACT)? family (EC 2.4.1.41). It has been estimated that
Thr and Ser residues comprise roughly 14% of the proteome of
the superkingdom of eukaryotes (1). Because all hydroxyamino
acids are not decorated with O-glycans, rules must exist to spec-
ify which Thr and Ser become modified. However, despite
intensive study, consensus sequences for the addition of mucin-
type O-glycans remain undefined. In part, this is due to the
complexity of the ppGalNAc family.

Twenty distinct ppGalNAcT isoforms have been detected in
humans and all but 4 have demonstrable catalytic activity.* A
corresponding set of 18 distinct ppGalNAcTs is expressed in
mice. Extensive in vitro studies with synthetic peptides as sub-
strates suggest that most of the ppGalNAcT isoforms display
both unique and overlapping substrate specificities with vary-
ing kinetic properties (2—7). In mice, each ppGalNAcT isoform
is differentially expressed both spatially and temporally during
development, growth, and maturation (8, 9). Thus, the pattern
and the extent of mucin-type O-glycosylation on individual
substrates are determined by the substrate specificities of the
individual ppGalNACcT isoforms that are expressed in any given
cell.

To date there is no universal approach to defining the iso-
form-specific O-glycosylation of the ppGalNACcTSs. In this study,
we utilized Galntl-null mice to investigate the ppGalNAcT-
1-specific regulation of mucin-type O-glycosylation of
bone glycoproteins because the skeleton is known to contain at
least two highly expressed glycoproteins that are decorated
with mucin-type O-glycans, osteopontin (OPN) and bone sialo-
protein (BSP) (10-15). Multiple glycoproteins, including the
two small integrin binding ligand N-linked glycoproteins
(SIBLINGS), OPN and BSP, were underglycosylated in Galnt1-
null mice. Several synthetic peptides derived from mouse OPN
and BSP sequences containing potential glycosylation sites
and/or ppGalNACcT-1 selective sites were designed based on

3The abbreviations used are: ppGalNAcT, UDP-GalNAc polypeptide:a-N-
acetylgalactosaminyltransferase; GalNAc, a-N-acetylgalactosamine; OPN,
osteopontin; BSP, bone sialoprotein; T1, ppGalNACT-1; SIBLING, small inte-
grin binding ligand N-linked glycoproteins; HRP, horseradish peroxidase;
MOPS, 4-morpholinepropanesulfonic acid.

4J.Raman and L. A. Tabak, unpublished observations.
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the approach/algorithm developed by Gerken et al. (7, 16) and
Julenius et al. (17). These peptides were then glycosylated in vitro
to demonstrate that both SIBLINGs contained glycosylation sites
that required ppGalNAcT-1 activity for efficient glycosylation.
Through systematic analysis of the O-glycome of mice genetically
engineered to ablate expression of one or more ppGalNACTS, it
should be possible to deconvolute the contributions of each indi-
vidual isoform of this glycosyltransferase family.

EXPERIMENTAL PROCEDURES

Animals—Generation of Galntl-null mice was described
previously (18). The bone RNA and protein extracts were pre-
pared from GalntIl-null mice (—/—) backcrossed onto C57BL/
6NHsd for at least 6 generations and strain-matched control
wild-type (+/+) mice C57BL/6NHsd. For bone marrow cell
cultures, wild-type and GalntI-null (+/+ and —/—) mice born
from Galntl-heterozygous (+/—) parents in C57BL/6NHsd
(Harlan, Indianapolis, IN) backgrounds were used. Genotypes
of the mice were checked as previously described (18), except
that we replaced primer P2: TTCCAGGACAGCCAGGGCTA-
CACAGAG-3' with WT3": 5'- ACTTGGAGCCACTTGTCA-
CAGG-3/, to obtain a wild-type-specific product of 145 bp. All
animals were maintained in accordance with the institutional
guidelines for the Care and Use of Laboratory Animals. The
animal protocol was approved by the Animal Care and Use
Committee of the National Institutes of Health, NIDDK,
Bethesda, MD.

Antibodies and Reagents—Rabbit polyclonal antisera
against BSP (LF-84) was kindly provided by Dr. Larry W.
Fisher (National Institutes of Health, NIDCR, Bethesda,
MD) (19). Rabbit polyclonal anti-bone sialoprotein II anti-
body (catalog AB1854) was purchased from Millipore (Bel-
lerica, MA). The mouse monoclonal antibody against mouse
OPN (clone 2A1) was purchased from Santa Cruz (Santa Cruz,
CA). Anti-rabbit IgG-HRP and anti-mouse IgG-HRP second-
ary antibodies were purchased from GE Healthcare. Chemical
reagents were obtained from Sigma. UDP-[1-'*C]GalNAc was
purchased from PerkinElmer Life Sciences.

Quantitative Real Time PCR—Quantitative real time PCR
analysis was conducted by the TagMan method on an
MxPro30000 system (Stratagene, La Jolla, CA). RNA was iso-
lated from calvaria and tibia (free of soft tissues and marrow)
pooled from two male animals per sample using TRIzol reagent
(Invitrogen) and digested with DNase I (Qiagen, Valencia, CA)
to remove genomic DNA. The cDNA was synthesized by using
random hexamers and SuperScript III (Invitrogen). For each
PCR, cDNA equivalent to 25 ng of RNA was used to determine
the expression level of each ppGalNAcT with the TagMan
probe and primers (supplemental Table S1) and Universal PCR
master mix (Applied Biosystems, Foster City, CA). Real time
PCR was performed in duplicate per each gene expression assay
on two to four independently isolated RNA preparations from
bone tissues. The expression level of each ppGalNAcT was
expressed as the fold-amount relative to the reference gene
glyceraldehyde-3-phosphate dehydrogenase as described pre-
viously (9).

Preparation of Bone Extracts—Bone extracts were prepared
from male mouse calvaria and tibia bones independently by an
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established protocol (20). Briefly, the respective bones were
pulverized in liquid nitrogen with a mortar and pestle. The fine
bone powder was suspended in 20 to 30 volumes of 4 M guani-
dine HCI, 50 mm Tris-HCl (pH 7.4), 1 mm phenylmethylsulfo-
nyl fluoride, 5 mm benzamide HCl, and 0.1 M 6-aminohexanoic
acid and stirred at 4 °C for about 72 h. The bone powder was
rinsed in the same buffer, and then the buffer was replaced with
the above buffer containing 0.5 M EDTA and stirred at 4 °C for
72 h. Final extracts were centrifuged at 5000 X g for 20 min and
concentrated by Centriplus-20 (M, < 10,000) (Millipore). The
crude extracts were dialyzed against 50 mm Tris-HCl (pH 8.0),
1 mMm EDTA, and 0.1 mM phenylmethylsulfonyl fluoride and
further concentrated to ~1 mg/ml. After the final protein con-
centration was determined with the Pierce BCA protein assay
kit, the extracts were stored at —80 °C. Calvaria and tibia from
10 mice yielded ~0.5 and 1 mg of total protein, respectively.

SDS-PAGE and Western Blot Analysis—The bone extracts
were separated on 4-12% NuPAGE (Invitrogen) in MOPS
buffer (Invitrogen) and stained with GelCode Blue (Coomassie
Brilliant Blue) (Pierce) followed by 0.1% Stains-all solution (21).
For Western blot analysis, proteins were transferred onto poly-
vinylidene difluoride membranes, blocked with 5% nonfat dry
milk for 1 h, followed by incubation with primary antibodies
2A1 (1/1000) for 1 h, or with anti-bone sialoprotein II (1/1000)
or LF-84 (1/1000) overnight. Anti-bone sialoprotein Il antibody
from Millipore (data not shown) and LF-84 gave comparable
staining patterns; Western blots obtained by using LF-84 are
shown. Membranes were then incubated with either anti-
mouse IgG-HRP or anti-rabbit IgG-HRP secondary antibodies
(1/5000) for 1 h. Bands were visualized using either SuperSignal
West Pico (Pierce) or ECL Plus (GE Healthcare).

Glycosidase Treatment of Bone Extracts—The bone extracts
were treated with the enzymatic deglycosylation kit from
Prozyme (San Leandro, CA) according to the manufacturer’s
protocol. Briefly, the bone extracts were first buffer exchanged
to water to a final concentration of 1 mg/ml and then reduced/
denatured at 99 °C. The denatured bone extracts (10 ug) were
digested with various combinations of glycosidases (1.5 milli-
units of N-glycanase, 1.5 milliunits of sialidase A, 0.6 milliunits
of B(1-4)-galactosidase, 12 milliunits of [B-N-acetylglu-
cosaminidase, and 0.375 milliunits of O-glycanase) in 15 ul of
reaction buffer for 3 h at 37 °C. Deglycosylation of the bone
extract was monitored by GelCode Blue on SDS-PAGE. OPN
and BSP deglycosylation was monitored by Western blot anal-
ysis as described above.

Production of Recombinant ppGalNAcTs—Recombinant
ppGalNACcT isoforms were expressed in Pichia pastoris as pre-
viously described (22). The pKN55—6HmalE-TEV vector was
created by cloning the following phosphorylated, annealed oli-
gos into the Xhol/SnaBI site of the pKN55-malE-TEV vector
(22): 5'-pTCGAGAAAAGAGAGGCTGAAGCTTACCATC-
ATCATCATCATCATTAC-3' and 5'-pGTAATGATGATG-
ATGATGATGGTAAGCTTCAGCCTCTCTTTTC-3'. Resi-
dues 42-560 of mouse ppGalNAcT-1 encoding a portion of the
stem region and the entire catalytic and lectin domains were
cloned as described (22) and inserted between the Mlul/Agel
sites of pKN55-N6His-TEV (23). Mouse ppGalNAcT-2 was
originally cloned from a mouse spleen cDNA A library, and a
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portion of the stem region and the entire catalytic and lectin
domains of ppGalNAcT-2 (residues 74-570) were inserted
between the Mlul/Notl sites of pKN55—6HmalE-TEV. The
plasmids were linearized and electroporated into P. pastoris
strain SMD1168 and selected to create stable transformants
as previously described (22). Recombinant soluble mouse
ppGalNACT-1 and ppGalNACcT-2 were purified from the Pichia
supernatant as described previously (23), except that the His-
Trap column-purified transferases were incubated with a half-
molar amount of His,-tagged TEV protease (23) overnight in 50
mM Tris-HCl (pH 8.0), 25 mm imidazole, 0.2 M NaCl, and 10 mm
B-mercaptoethanol (cleavage buffer) to cleave off the tag(s),
and then passed through a nickel-nitrilotriacetic acid-agarose
(Qiagen) column in cleavage buffer to remove the His,-tagged
peptide/maltose-binding domains and TEV protease. Glycerol
was added to the flow-through fraction to a final concentration
of 20%, and these products were used as the source of purified
enzymes. The protein concentrations were determined with
the Bio-Rad Protein Assay kit (Bio-Rad) according to the man-
ufacturer’s protocol. The molar concentrations of ppGalNAcT-1
and ppGalNAcT-2 were determined based on their theoretical
molecular masses of 60 and 57 kDa, respectively.

COS-7 cell medium containing secreted recombinant mouse
ppGalNAcT-3 was produced as described previously (24).
Briefly, COS-7 cells (ATCC, Manassas, VA) were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen) and trans-
fected with pF1-mT3 (ppGalNacT-3) or vector without an
insert (24). COS-7 cells were plated at 5 X 10* cells/cm? density
on the day before transfection. The cells were then transfected
by using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol, and the medium was changed the
next day. Two days later, cell media were harvested, cleared,
and stored at —80 °C.

Osteoblast Differentiation—Bone marrow stromal cells were
harvested from the long bones of T1 (+/+ and —/—) male and
female littermates by flushing the marrow in minimal essential
medium-a (Invitrogen) with 20% fetal bovine serum, 100
units/ml of penicillin, and 100 ug/ml of streptomycin (Invitro-
gen). The cells were subsequently plated in 12-well plates at
1.6 X 10° cells/well in minimal essential medium-a supple-
mented with 20% fetal bovine serum, 100 units/ml of penicillin,
and 100 ug/ml of streptomycin, 50 ug/ml of ascorbic acid, and
10 mMm B-glycerophosphate to induce osteoblast differentiation.
After 2 days, non-adherent cells were washed off and fresh
medium was added. Medium was replaced every 3 days there-
after. After 14 days in culture, cells were harvested or analyzed
for various purposes. To extract ppGalNAcT activity, cells were
lysed in 50 ul of GALTase lysis buffer (50 mm Tris, pH 7.4, 150
mM NaCl, 1 mm EDTA, 1% Triton X-100, and 1X protease
inhibitor mixture set III (Calbiochem, Gibbstown, NJ)) per well
by scraping followed by sonication at 4 °C. Cell lysates were
cleared by centrifugation at 16,100 X g for 10 min. After the
protein concentration in the supernatant was determined with
the Pierce BCA protein assay kit, the supernatant was stored at
—80 °C. The transcript levels of ppGalNAcT isoforms in RNA
isolated with the Nucleospin RNA 1II kit (Clontech, Mountain
View, CA) from bone marrow stromal cell culture were deter-
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mined by quantitative real time PCR as described above. The
differentiation of bone marrow cells into osteoblast-like cells
was monitored by the expression of their alkaline phosphatase
activity with the Alkaline Phosphatase kit (Sigma). The forma-
tion of mineralization nodules on differentiated osteoblasts in
culture was determined by Von Kossa staining with 5.0% silver
nitrate solution.

Designing the Synthetic Peptides Derived from Mouse OPN
and BSP—Because the mucin-type O-glycosylation sites within
mouse OPN have been reported, synthetic peptides were
designed such that each of the previously determined glycosy-
lation sites was flanked by at least 3 amino acids (25). For mouse
BSP, for which O-glycosylation sites have not been mapped, we
used both NetOGlyc 3.1 (17) and the enhancement factors
obtained by Gerken ez al. (7, 16) to predict potential glycosyla-
tion sites within the protein. For the latter approach, the glyco-
sylation of Thr or Ser residues by ppGaINAcT-1 and ppGalNAcT-
2 were predicted for those sites having an enhancement factor
product greater than 1.0. Enhancement products were obtained
by multiplying together the residue-specific enhancements for
positions plus or minus 5 residues from the site of glycosylation.
Residues whose enhancements have not been determined at
present were taken as one. Synthetic peptides from mouse BSP
were then designed in such a way that the Thr or Ser residues,
either predicted to be glycosylated by NetOGlyc 3.1 or have an
enhancement factor product value larger than 1.0 as described
above, were flanked by at least 3 amino acids.

In Vitro Glycosylation by Purified Recombinant Enzyme—A
panel of synthetic peptides derived from mouse OPN and BSP
sequences (Fig. 5) and the control acceptor substrate EA2
(PTTDSTTPAPTTK) (26) and gp120 (RGPGRAFVTIGKIG-
NMR) (27) peptides were synthesized by the Facility for Bio-
technology Resources, Center for Biologics Evaluation and
Research (Bethesda, MD). Either 15 min or 1 h in vitro glycosy-
lation assays were conducted as follows at 37 °C in 25 ul of
reaction mixture. The reaction mixture contained final concen-
trations of 10 mm MnCl,, 40 mm sodium cacodylate (pH 6.6), 40
mM B-mercaptoethanol, 51 um UDP-[**C]GalNAc (7.8 uCi/
mmol), 25 mm Tris-HCl (pH 7.2), 75 mMm NaCl, 0.5 mm EDTA,
0.5% Triton X-100, and 1 mM synthetic peptides with the stated
enzymes. For reactions with purified enzymes from P. pastoris,
0.1 pmol of enzyme (6.0 ng of ppGalNAcT-1 and 5.7 ng of
ppGalNAcT-2) was used. For ppGalNacT-3 activity measure-
ment, 6.25 ul of medium from COS-7 cells transfected with
pF1-mT3 was used. ppGalNAcT-3-specific activity was deter-
mined by subtracting the activity observed with medium from
COS-7 cells transfected with the vector alone. For assays with
osteoblast cell lysate, 20 ug of total lysate in 12.5 ul of GALTase
lysis buffer was used, and the reaction run for 3 h in the pres-
ence of 20 mMm CDP-choline in addition to the above reaction
mixture to inhibit endogenous non-ppGalNAcT-mediated hy-
drolysis activity. The reactions were terminated by the addition
of 75 ul of 0.1% trifluoroacetic acid, and peptides were purified
using Sep-Pak Vac 1cc (50 mg) C18 cartridges (Waters Corp.,
Milford, MA) as described (28). Briefly, after the column was
equilibrated in 0.1% trifluoroacetic acid, peptides were bound
in 0.1% trifluoroacetic acid, washed with 3 ml of 5% methanol in
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FIGURE 1. ppGalNACcT expression in bone tissues. The expression of 18 mouse ppGalNACT transcripts was
detected by quantitative real time PCR using cDNA reverse transcribed from the RNA samples isolated from
calvaria and tibia bones of 9-week-old C57BL/6 wild-type and Galnt1-null male mice. A, comparison of ppGal-
NACT transcript expression between calvaria (black) and tibia (white) of wild-type mice. Band C, comparison of
ppGalNACT transcript expression between wild-type (black) and Galnt1-null (white) mice of calvaria (B) or tibia
(C). The wild-type values shown in B and C are identical to those shown in A. Error bars represent standard
deviation from average values obtained from two to four independent experiments performed in duplicate.

0.1% trifluoroacetic acid, and then eluted with 0.5 ml of 70%
methanol in 0.1% trifluoroacetic acid. The eluted peptides were
then counted by scintillation counting to determine the incor-
poration of GalNAc onto the peptides.

Determination of Glycosylation Sites by Edman Sequencing—
To determine the sites of glycosylation on each synthetic pep-
tide, in vitro glycosylations were carried out at 37 °C for >20 h
in 100 wl of a reaction mixture containing final concentrations
of 10 mm MnCl,, 40 mM sodium cacodylate (pH 6.6), 40 mm
B-mercaptoethanol, 12.5 mm Tris-HCI, 45 mm NaCl, 0.1% Tri-
ton X-100, 0.1 mm EDTA, 3.75 mMm imidazole, 1 mm peptide, 1
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We analyzed the two bone tissue
types, separately, because they are
developed by distinctive mecha-
nisms and may express different sets
of ppGalNAcTs. Flat bones are
formed by intramembranous ossifi-
cation, where bone tissues are
directly deposited onto condensed
mesenchyme, whereas long bones
are developed by endochondral (intracartilaginous) ossifica-
tion, in which bone replaces the cartilage template. In fact, the
expression patterns of ppGalNAcTSs in calvaria- and tibia-de-
rived RNA were very similar, except that RNA isolated from
calvaria exhibited a slightly higher level of WBSCR17 expres-
sion (Fig. 1A). Overall, in both bone types, moderate to high
levels of ppGalNACT-2 (T2), ppGalNAcT-1 (T1), ppGalNAcT-10
(T10), ppGalNAcT-15 (T15)* (formally designated as
ppGalNACcT-L2), and ppGalNAcT-3 (T3) were observed.
Lower levels of the ppGalNAcT-6 (T6) and ppGalNAcT-7 (T7)
transcripts were also detected.
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FIGURE 2. OPN and BSP are potential in vivo substrates of ppGalNAcT-1. Total bone extracts prepared from
calvaria and tibia of C57BL/6 wild-type (+/+) and Galnt1-null (—/—) mice were separated on 4-12% NuPAGE
gel and stained with (A) Stains-all, or transferred onto polyvinylidene difluoride membrane for immunoblot
analysis against OPN (2A1) (B) and BSP (LF-84) (C). Protein species that migrated differently between the
wild-type and Galnt1-null mice are marked with arrows. Bands marked with asterisks in B and C are multimers

likely formed by transglutamination.

Because ppGalNAcT-1 is highly expressed in bone, we
hypothesized that it might be involved in bone protein glycosy-
lation and that a lack of ppGalNAcT-1 activity might result in
underglycosylation of several glycoproteins expressed in the
skeleton. The generation of GalntI-null mice has been previ-
ously reported (18). This mouse lacks Galntl transcript, meas-
urable ppGalNAcT-1 activity, and displays defects in the
immune system and blood clotting, but is viable and fertile (18),
making it an ideal model to investigate ppGalNAcT-1-medi-
ated glycosylation in adult mice.

As expected, ppGalNACcT-1 expression was essentially ab-
sent in GalntI-null mouse calvaria and tibia relative to strain-
matched C57BL/6 wild-type (Fig. 1, B and C). Some transcripts
detected in GalntI-null mice are likely formed by an occasional
splice event. There were no detectable changes in the expres-
sion of other tested ppGalNAcT transcripts in bone tissues
derived from the null animals.

Characterization of Bone Mineral Compartment Proteins
from Wild-type and Galntl-null Mice—To identify potential
substrates of ppGalNAcT-1 in bone, we extracted proteins in
the mineralized matrix from the C57BL/6 wild-type and
Galntl-null mice and analyzed them by SDS-PAGE. GelCode
blue (Coomassie Brilliant Blue) staining of total bone extracts
from calvaria and tibia of wild-type and Galnt1-null mice sug-
gested that approximately equivalent extraction efficiency was
achieved (Figs. 2A and supplemental S1).

At least four proteins present in the calvaria and tibia
extracts migrated differently between wild-type and Galnt1-
null mice (arrows, Figs. 2A and supplemental S1). A similar
difference was observed in bone extracts of Galnti-null and
wild-type control littermates (data not shown). Two differen-
tially migrating proteins were stained with Stains-all, which
detects acidic proteins effectively (arrows, Fig. 2A). Based on
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of the SIBLING family of proteins
that are expressed by bone resident
cells and play an important role in
normal bone development, miner-
alization, and remodeling (31-33).

To determine whether the shifts
in the apparent molecular masses of GalntI-null-derived OPN
and BSP were consistent with changes in mucin-type O-glyco-
sylation, we digested bone extracts with a series of glycosidases
to sequentially remove both the N-linked and mucin-type
O-linked glycans. The changes in the apparent molecular
masses were then monitored by Western blot analysis (Fig. 3, A
and B).

To characterize the mucin-type O-glycans on each protein,
the O-glycans were removed by multiple glycosidases in the
presence of N-glycanase. The differences in the apparent
molecular masses of OPN and BSP treated with N-glycanase
alone or those treated with N-glycanase, sialidase A, B(1-4)-
galactosidase, and 3-N-acetylglucosaminidase with or without
O-glycanase were also compared. In the absence of O-gly-
canase, the apparent molecular masses of wild-type and
Galntl-null-derived BSP and OPN remained different (Fig. 3, A
and B, lanes 5 and 6). Following O-glycanase treatment to
remove the core-1 moiety, however, the apparent molecular
masses of both OPN and BSP became indistinguishable be-
tween wild-type and GalntI-null mice (Fig. 3, A and B, lanes 7
and 8). This suggests that both proteins contain ppGalNAcT-
1-mediated O-glycans that are further extended to form the
core-1 moiety.

N-Glycans were absent in OPN from both wild-type and
Galntl-null mice based on its resistance to N-glycanase treat-
ment, even though one potential N-linked glycosylation site is
present (Fig. 3A, lanes 1—4). BSP, on the other hand, has four
potential N-linked glycosylation sites. The apparent molecular
mass of both wild-type and Galntl-null-derived-BSP was
reduced by ~7-8 kDa after N-glycanase treatment (Fig. 3B,
lanes 1-4).

We estimated that wild-type mouse BSP contained ~5 kDa
of O-glycans, whereas BSP from Galntl-null mice O-glycans
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have detected no catalytic activity of
ppGalNACT-15 against an array of
peptides available in our laborato-
ry,” so these two transferases were
not included in this analysis.

The O-glycosylation sites of OPN
have been determined in multiple
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OPN region N-terminal to the Arg-Gly-
Asp (RGD) integrin binding motif
(Fig. 4A, asterisks). Therefore, we
employed three synthetic peptides

spanning these Thr and Ser residues

2049 49 49 [kDa ) jetermine the glycosylation sites
BSP utilized by ppGalNAcT-1 within the
OPN sequence (Fig. 54). Addition-
ally, we also used the preferences
it reported by Gerken et al. (16) to
- 0 < predict potential ppGalNAcT-1 gly-
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FIGURE 3. Characterization of wild-type and Galnt71-null derived OPN and BSP glycosylation. Bone
extracts prepared from C57BL/6 wild-type (+/+) (lanes 1, 3, 5, and 7) and Galnt1-null (—/—) (lanes 2,4, 6,and 8)
mice were either incubated without enzymes (lanes 1 and 2), or deglycosylated with N-glycanase (lanes 3 and
4), N-glycanase, sialidase A, B(1-4)-galactosidase, and B-N-acetylglucosaminidase (lanes 5 and 6), or with N-gly-
canase, sialidase A, B(1-4)-galactosidase, B-N-acetylglucosaminidase, and O-glycanase (lanes 7 and 8). Degly-
cosylated OPN and BSP were monitored by immunoblotting with antibodies against OPN (A) or BSP (B) as
described under “Experimental Procedures.” The apparent molecular masses shown in each lane are based on
the leading edge and is rounded to a significant figure. Note that some bands with equal molecular masses are

apparently, but not significantly different.

were 2 kDa, based on the differences in apparent molecular
masses from the N-glycanase-treated molecules and those
additionally treated with sialidase A, B(1-4)-galactosidase,
B-N-acetylglucosaminidase, and O-glycanase (compare Fig. 3B,
lanes 3 and 7, and lanes 4 and 8). This suggests that the synthe-
sis of approximately half of the O-glycans on BSP is dependent
upon initiation by ppGalNAcT-1. Similarly, the approximate
molecular mass of O-glycans on wild-type OPN was ~3 kDa,
whereas those in OPN from GalntI-null mice were ~1-1.5
kDa (compare Fig. 3A, lanes 3 and 7, and lanes 4 and 8).
Taken together, this suggests that ppGalNAcT-1 is a major
ppGalNACcT isoform, but not the only one, participating in gly-
cosylation of both OPN and BSP in murine bone.

Synthetic Peptides from OPN and BSP That Contain Poten-
tial Mucin-type O-Glycosylation Sites—The reduced molecular
masses of OPN and BSP in GalntI-null mice indicated that
OPN and BSP likely contain amino acid sequence motifs that
are highly specific for glycosylation by ppGalNAcT-1. Thus, to
identify such motifs within OPN and BSP, we performed in
vitro glycosylation reactions against a panel of synthetic
peptides derived from mouse OPN and BSP sequences with
ppGalNAcT-1 as well as ppGalNAcT-2 and ppGalNAcT-3.
These three isoforms are expressed well in bone (Fig. 1) and
most importantly have each been shown to exhibit both some
unique and some overlapping substrate specificities (3, 7). In
contrast, although ppGalNAcT-10 and ppGalNAcT-15 are
also highly expressed in bone, ppGalNAcT-10 preferably dis-
plays catalytic activity toward glycopeptides (34), whereas we
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cosylation sites that would not
be glycosylated by ppGalNAcT-2
based on their flanking sequences
(16). This approach predicted that
Thr-107 and Thr-116 would serve
as better substrates for ppGalNAcT-
1 compared with ppGalNAcT-2
(arrows in Figs. 4A and 5A). For
comparison,  NetOGlyc-predicted
sites are also shown in Fig. 44.

The O-glycosylation sites of mouse BSP have not been deter-
mined. Some information is available for O-glycosylation sites
in human BSP (11, 35), but many glycosylation sites are not
conserved between the human and mouse sequences (supple-
mental Fig. S2). Thus, to systematically identify potential
acceptor residues of ppGalNAcT-1 in mouse BSP, the approach
developed by Gerken et al. (16) and the NetOGlyc 3.1 program
(17) were used to predict the potential O-glycosylation sites
within the BSP sequence (Fig. 4B). The former predicted that
Thr-101, Ser-131, Thr-199, and Ser-214 would show prefer-
ence for ppGalNAcT-1 over ppGalNAcT-2 (arrows in Figs. 4B
and 5B). Peptides containing these potential glycosylation sites
plus 3 to 4 flanking amino acid residues were used for in vitro
glycosylation assays (Fig. 5B).

Specific Activity of ppGalNAcT-1, ppGalNAcT-2, and
ppGalNAcT-3 against OPN and BSP Peptides—We conducted
in vitro glycosylation assays of the peptides in Fig. 5 using puri-
fied recombinant ppGalNAcT-1 and ppGalNAcT-2 expressed
in P. pastoris. As shown in Fig. 6, A and B, and supplemental
Table S2, ppGalNACcT-1 could glycosylate a wider range of
peptides derived from OPN and BSP compared with
ppGalNAcT-2. In particular, we detected the activity of
ppGalNAcT-1 on mOPN1, mOPN2, mBSP1c, mBSP1, mBSP2,
mBSP3, and mBSP5 peptides, but no activity was observed for
ppGalNACT-2 with these peptides under the same condi-

5 6 7 8

5 H.E. Miwa, J. Raman, and L. A. Tabak, unpublished observations.
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A Osteopontin

1 LPVKVTDSGSSEEKLYSLHPDPIATWPVPDPSQKQONLLAPQNAVSSEEKD
51 DFKQETLPSNSNESHDHMDDDDDDDDDDGDHAESEDSVDSDESDESHHSD

101 ESDETV%ASTQADTF;PIVPTVDVPNGRGDSLAYGLRSKSRSFQVSDEQY
mOPN1 : DETVTASTQAD
mOPN2 : QADTFTPIVP
mOPN3: PIVPTVDVP
151 PDATDEDLTSHMKSGESKESLDVIPVAQLLSMPSDQDNNGKGSHESSQLD

201 EPSLETHRLEHSKESQESADQSDVIDSQASSKASLEHQSHKFHSHKDKLV
251 LDPKSKEDDRYLKFRISHELESSSSEVN
B Bone sialoprotein
1 FSMKNFHRRIKAEDSEENGVFKYR

25 PRYFLYKHAYFYPPLKRFPVQGGSDSSEENGDGDSSEEEGEEEETSNEEE
mBSPla: PVQGGSDSSEE

75 NNEDSEGNEDQEAEAENSTLSTLSGV%ASYGAETTPQAQTFELAALQLPK
mBSPlc:EAENSTLSTLSGV
mBSP1:LSGVTASYGA
[ mBSP2 : YGAETTPQAQ
125 KAGDAESRAPKVKESDEEEEEEEEEEENENEEAEVDENELAVNGTSTNST
mBSP2b : AGDAESRAPKV

175 EVDGGNGSSGGDNGEEAEAEEASV%EAGAEGTTGGRELTéVGTQTAVLLN

mBSP2d : DGGNGSSGGDNG
mBSP3: EEASVTEAGA
mBSP4 : GAEGTTGGRE
mBSP5 : GRELTSVGTQTAVL

225 GFQOTTPPPEAYGTTSPPIRKSSTVEYGGEYEQTGNEYNNEYEVYDNENG

mBSP6 : GFQQTTPPPE
mBSP7:EAYGTTSPPT
275 EPRGDTYRAYEDEYSYYKGHGYEGYEGQNYYYHQ

FIGURE 5. Sequence and synthetic peptides derived from mouse OPN and
BSP to identify ppGalNAcT-1-dependent glycosylation sites. A, synthetic
peptides were derived from mouse OPN based on the glycosylation sites previ-
ously described in Christensen et al. (25). B, synthetic peptides were designed
from a mouse BSP sequence containing Thr and Ser residues predicted to be
glycosylated as depicted in Fig. 4B. All of the Thr and Ser residues are shown in
bold. Letters with arrows are potential ppGalNACT-1-selective glycosylation sites.

tions. In contrast, the mOPN3 peptide was preferentially
O-glycosylated by ppGalNAcT-2, whereas O-glycosylation by
ppGalNAcT-1 was negligible. Glycosylation of mBSP6 and
mBSP7 could be efficiently carried out by both ppGalNAcT-1
and ppGalNAcT-2 under these conditions.

Because many of these peptides contain multiple Thr and Ser
residues, we identified the sites of glycosylation mediated by
ppGalNAcT-1 and ppGalNAcT-2 by Edman sequencing. To
obtain sufficient glycopeptides for the analysis, the reaction was
allowed to take place overnight with excess enzymes and equal
concentrations of peptide and donor substrate UDP-GalNAc.
As shown in Fig. 7, the majority of the peptides were glyco-
sylated at only one site. One exception was mBSP7, in which
significant GalNAc incorporation was observed at 2 Thr resi-
dues by both enzymes. Interestingly, however, the two enzymes
displayed differential preferences toward one or the other Thr
residues (Fig. 7).

We also investigated whether ppGalNAcT-3 could glycosy-
late any of the peptides described above by in vitro assays using
a secreted form of recombinant ppGalNAcT-3 expressed in
COS-7 cells. As shown in Fig. 6C and supplemental Table S3,
recombinant ppGalNAcT-3 glycosylated a subset of peptides
(i.e. mBSP1, mBSP2, mBSP6, and mBSP7) that were also glyco-
sylated by ppGalNAcT-1. Some of these were poor substrates
for ppGalNACcT-2 (Fig. 6B). Therefore, ppGalNAcT-3 might be
better able than ppGalNAcT-2 to compensate for the absence
of ppGalNACcT-1 activity.

In Vitro Glycosylation of OPN and BSP Peptides by Extracts of
Cultured Osteoblasts—In bone, osteoblasts are the major cell
types that express OPN and BSP. We thus compared the
GalNAc transfer activity against the selected peptides using
lysates prepared from either wild-type or Galntl-null osteo-
blasts. Osteoblast-like cells were prepared by growing bone
marrow stromal cells from wild-type and GalntI-null mice in
osteogenic medium for 14 days. The osteoblast-like phenotype
of these cells was confirmed by their expression of alkaline
phosphatase activity and formation of mineralized nodules
(supplemental Fig. S3A). The transcripts of ppGalNAcT isoforms
expressed in these cells were determined by quantitative real
time PCR analysis to confirm the expression of ppGalNAcT-1,
ppGalNAcT-2, and ppGalNAcT-3 as well as other ppGalN-
AcTs in wild-type osteoblasts (supplemental Fig. S3B). As
expected, expression of ppGalNAcT-1 was diminished in
Galnt1-null osteoblasts, whereas the expression levels of other
isoforms were similar to those of wild-type. Osteoblast lysates
containing these multiple ppGalNAcTs were then used to gly-
cosylate a panel of synthetic peptides (Fig. 8). The average activ-
ities detected from independent preparation of osteoblast
lysates prepared from wild-type and Galnti-null osteoblasts are
shown in Fig. 8A4. The activity detected in the lysate derived
from the GalntI-null osteoblasts was normalized to that of the
respective littermate controls as shown in Fig. 8B.

The ppGalNAcT activities in lysates were determined by
using EA2 and gp120 peptides, which are non-isoform selective
and ppGalNAcT-3/T-6 selective substrates (5), respectively.
Although the activity in osteoblast lysates derived from the
Galnt1-null osteoblasts exhibited reduced ppGalNACT activity
against the EA2 control peptide compared with osteoblast
lysates prepared from wild-type mice, a considerable level of
ppGalNACcT activity remained because of expression of other
members of the ppGalNAcT family. As a control, we verified
that the ppGalNACT activity against the gp120 peptide (a poor
ppGalNAcT-1 substrate) in both lysates was similar, as
expected. Therefore, the observed reduction of ppGalNAcT
activity against the EA2 peptide in osteoblast lysates derived
from null mice can be attributed to a lack of ppGalNAcT-1
activity. With these lysates, we found that the mBSP6 and
mBSP7 peptides (which were efficiently glycosylated in vitro by
ppGalNACcT-1, ppGalNAcT-2, and ppGalNAcT-3) were glyco-

FIGURE 4. Prediction of sites of glycosylation by ppGalNAcT-1 and ppGalNAcT-2 in mouse OPN and BSP. Predicted glycosylation sites of OPN (A) and BSP
(B). Enhancement factor products of ppGalNACcT-1 and ppGalNACT-2 obtained by the approach of Gerken et al. (16) are shown in green and red, respectively.
Sites that are found to be glycosylated in mouse OPN from MC3T3-E1 osteoblastic cells are marked with asterisks (25). Sites predicted to be glycosylated by the
enhancement factor products, NetOGlyc 3.1 program, or both are marked orange, blue, or purple, respectively, above the residue numbers. Arrows designate

potential ppGalNACT-1-selective glycosylation sites.
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FIGURE 6. Substrate preference displayed by ppGalNAcT-1, T-2, and T-3 against OPN and BSP peptides.
The acceptor substrate specificities of ppGalNACT-1 (A), ppGalNACT-2 (B), and ppGalNACcT-3 (C) against OPN
and BSP peptides and control peptides EA2 (for T1, T2, and T3) and gp120 (for T3) were determined under the
conditions described under “Experimental Procedures.” No glycosylation was observed in mBSP1a, mBSP2b,
mBSP2d, and mBSP4 peptides by any of the three transferases and thus is not depicted. Error bars represent S.D.
from average values obtained from two independent experiments performed in duplicate.

sylated by both lysates, although the activity was reduced in the
lysates derived from Galnt1-null osteoblasts. The mOPN3 pep-
tide, which showed an in vitro preference for ppGalNAcT-2
(Fig. 6B), was glycosylated equally by both lysates, confirming
that it is a poor substrate of ppGalNAcT-1. In contrast, glyco-
sylation of the mOPN1, mBSP1lc, and mBSP1 peptides by
osteoblast lysates derived from GalntI-null osteoblasts were
reduced by >90% compared with wild-type (Fig. 8B), consistent
with their preferred in vitro usage by ppGalNAcT-1 (Fig. 6A).
Glycosylation of mBSP3 and mBSP5 (which were weakly gly-
cosylated in vitro by ppGalNAcT-1) was negligible in osteoblast
lysates derived from GalntI-null osteoblasts, even though some

1216 JOURNAL OF BIOLOGICAL CHEMISTRY

organisms and human disease sug-
gests that individual ppGalNAcT
isoforms may have unique biologi-
cal functions (18, 41—44). Thus, we
have developed an approach to
identify isoform-specific substrates
to better understand how mucin-type O-glycosylation is con-
trolled in an isoform-specific manner.

Our strategy was to make use of a mouse model that was
genetically engineered to lack a specific ppGalNACT to identify
substrates that appeared to change in size, presumably due to a
loss of O-glycans. By SDS-PAGE/Western blot analysis, we
observed significant molecular mass reductions in two major
bone glycoproteins, OPN and BSP, in GalntI-null mice. Subse-
quent glycosidase treatment confirmed that the O-glycosyla-
tion status of these glycoproteins was indeed modified in these
mice. In common with many mucin-type glycoproteins, both
OPN and BSP have multiple O-glycosylation sites. Although
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FIGURE 7. Sites of glycosylation in OPN and BSP peptides determined by Edman sequencing. The fraction of peptides glycosylated under the conditions
described under “Experimental Procedures” on each site is shown. Sites glycosylated by ppGalNAcT-1 are shown in black, ppGalNAcT-2 in white. No glycosy-
lation was observed in the mBSP2b and mBSP2d peptides and thus is not depicted.

the lack of ppGalNACcT-1 activity resulted in a reduction in the
level of O-glycans on both OPN and BSP, the presence of O-gly-
cans on either protein was not completely abolished. Thus, the
question arises whether reduced O-glycosylation in Galntl-
null mice results from an overall reduction of glycans at all
O-glycosylation sites, or by a lack of glycans on selective sites.

Auvailable technology is insufficiently sensitive to perform
direct analysis of purified protein glycoproteins derived from a
reasonable number of null animals. To gain insight into this
question, we examined ppGalNAcT-1-specific glycosylation in
vitro by using synthetic peptides based on mouse OPN and BSP
sequences that were predicted to contain sites of O-glycan
attachment with predictive algorithms using NetOGlyc3.1 and
amino acid sequence preferences for ppGalNAcT-1 and
ppGalNACcT-2, separately determined by the work of Gerken et
al. (7, 16). Transcripts of ppGalNAcT-1 and ppGalNAcT-2
were both highly expressed in bone, and ppGalNAcT-2 showed
particularly high expression in osteoblasts. Because it was
shown that these two isoforms exhibit similar, but also
some unique, preferences for amino acids flanking the acceptor
hydroxyamino acid, we anticipated that this approach would
allow us to look for sequence motifs within the two
SIBLINGs that might be selectively glycosylated by
ppGalNAcT-1, but not by ppGalNAcT-2. Although the
amino acid sequence preference for ppGalNAcT-3 is not yet
understood, we included it in our study, as it is highly
expressed in bone and has been shown to display some over-
lapping substrate specificity with ppGalNAcT-1 (3).

Our study demonstrated that ppGalNAcT-1 showed prefer-
ences over ppGalNAcT-2 as well as ppGalNAcT-3 on several of

JANUARY 8, 2010+ VOLUME 285+NUMBER 2

the SIBLING peptides. The selective usage of these peptides by
ppGalNAcT-1 was further demonstrated in osteoblast lysates
prepared from wild-type and Galnti-null mice. OPN and BSP
are highly expressed in osteoblasts, in which we have detected
the expression of various ppGalNAcT transcripts. Although
lysates from wild-type osteoblasts glycosylated those peptides
that showed high selectivity for ppGalNAcT-1, the GalNAc
transfer activity of Galntl-null lysates against these peptides
was reduced to less than 10% of the wild-type levels. Therefore,
the O-glycosylation of these sites was poorly compensated by
other isoforms and thus in GalntI-null mice.

Mucin-type O-glycosylation appears to occur in a hierarchi-
cal order, where some transferases such as ppGalNAcT-7 and
ppGalNACcT-10 require pre-existing O-glycosylated sites near
their acceptor residues for O-glycosylation (6, 45, 46). Recent
studies have revealed that the substrate specificity of trans-
ferases such as ppGalNAcT-2 are also modulated by pre-exist-
ing O-glycosylated sites (47, 48). Therefore, in addition to sites
directly glycosylated by ppGalNAcT-1, it is possible that glyco-
sylation that occurs subsequent to ppGalNAcT-1-mediated
glycosylation may also be affected in Galnti-null mice.

Glycosylation sites of OPN have been determined from a
wide range of species and sources (13—15), including those of
mouse OPN isolated from the conditioned medium of a murine
osteoblastic cell line (MC3T3-E1) and transformed fibroblasts
(25). Based on these studies, the mucin-type O-glycosylation of
OPN is exclusively found in a phosphorylation-free region
located N-terminal to the RGD integrin-binding motif (Fig.
4A). Five glycosylation sites have been identified in mouse,
three of which are also conserved in human OPN (13). In the
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present study, we examined all five sites as potential acceptor
substrates of ppGalNAcT-1, ppGalNAcT-2, and ppGalNAcT-3
in vitro. We found that Thr-107 and Thr-116 were glycosylated
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FIGURE 8. ppGalNACT activity in osteoblasts derived from wild-type and
Galnt1-null bone marrow cells. Bone marrow cells were isolated from
9-week-old wild-type (+/+) and Galnt1-null (—/—) littermates and grown in
the osteogenic medium for 14 days to allow them to differentiate into osteo-
blasts. A, ppGalNACT activity in osteoblast lysates from each genotype (+/+,
black; —/—, white) was determined against various peptides under the con-
ditions described under “Experimental Procedures.” Note that two scales are
used to cover the wide range of activity. B, the specific activity detected in
osteoblast lysates derived from Galnt1-null mice was normalized to that of
the wild-type control. Error bars represent S.D. from average values obtained
from 2 pairs of independently prepared wild-type and GalntT-null osteo-
blasts. Each assay was performed in duplicate.
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FIGURE 9. Schematic representation of OPN and BSP domains and glycosylation sites. Functional domains and
mucin-type O-glycosylation sites within OPN (A) and BSP (B) are depicted. Sites that can be glycosylated at least by
ppGalNACT-1 are depicted as gray circles. Those that are highly specific for or preferred for ppGalNACT-1 are labeled
T1,0r (TT1), respectively. A site in OPN that can be glycosylated at least by ppGalNACT-2, but poorly by ppGalNACT-1,
is shown as a white circle. Glycosylation sites identified in mouse OPN are underlined (25). Potential N-linked glyco-
sylation sitesin mouse BSP are determined based on the presence of N-X-(T/S) motifs (black triangles). Type | collagen
and mineral binding domains within mouse BSP are based on the studies by Tye et al. (49) and Tye et al. (51),
respectively. The Arg-Gly-Asp (RGD) integrin binding motif is also shown in each protein.
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by ppGalNAcT-1, and Thr-121 by ppGalNAcT-2 (Fig. 9A4),
whereas the activity of ppGalNAcT-3 against the peptides con-
taining these residues was very low. Preferential glycosylation
of Thr-107 and Thr-116 by ppGalNAcT-1 was in agreement
with our prediction, as was the glycosylation of Thr-121 by
ppGalNacT-2 (Fig. 44 and supplemental Table S4). Thus, we
show this approach to be useful for screening of potential iso-
form-selective sites. It is interesting to note that Christensen et
al. (25) have shown that Thr-107, a ppGalNAcT-1-selective
site, was only half-glycosylated in osteoblast-derived OPN,
whereas all of the other four sites were fully occupied (25).
Therefore, there might be a regulatory mechanism that allows
this site to be differentially glycosylated based on the level of
ppGalNACT-1 activity present in individual cells. Last, glycosy-
lation of Ser-109 and Thr-110 by these two enzymes was negli-
gible, although they are found to be glycosylated in vivo (25).
Therefore, it is likely that either these two residues are glyco-
sylated by other ppGalNAcTs or these sites may require a lon-
ger peptide sequence or prior glycosylation of other nearby res-
idues to be glycosylated in vitro.

Specific mucin-type O-glycosylation sites within mouse BSP
have not been previously described. We thus utilized both the
amino acid residue preferences described by the approach/al-
gorithm of Gerken et al. (7, 16) and Julenius et al. (17) to screen
for potential O-glycosylation sites within mouse BSP. Using a
panel of synthetic peptides with recombinant ppGalNAcTs, we
identified at least 8 glycosylation sites that can be glycosylated
efficiently in vitro (Fig. 9B). Among these residues, at least three
of them, Thr-93, Thr-199, and Ser-214, were strongly preferred
by ppGalNAcT-1 in addition to Thr-101 that showed a prefer-
ence for ppGalNACcT-1 over ppGalNAcT-2. Importantly, Thr-
101, Thr-199, and Ser-214 were predicted to be preferred sub-
strates for ppGalNAcT-1, but not for ppGalNAcT-2 (Fig. 4B
and supplemental Table S4), once again demonstrating the effec-
tiveness of using this approach to look for isoform-specific sub-
strates. The presence of multiple ppGalNAcT-1-preferred sites in
BSP is also in good agreement with the apparent molecular mass
reduction observed in BSP from Galntl-null mice, in which mul-
tiple mucin-type O-glycans present
on wild-type BSP appear to be
missing.

Some of the sites in mouse BSP
that can be O-glycosylated in vitro
are conserved in human BSP (sup-
plemental Fig. S2), including those
reported to be glycosylated in
human BSP (11, 35). Although the
sequence motifs differ slightly
between human and mouse, we
found that mouse BSP is likely com-
posed of at least two highly O-glyco-
sylated regions, as has been shown
in human BSP (Fig. 9B and supple-
mental S2). The first region is
located C-terminal to the type-I col-
lagen binding region (49), a region
that has also been shown to interact
with MMP-2 (50). This region con-
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tains two glycosylation sites (found in mBSP1c and mBSP1)
that show a strong preference for ppGalNAcT-1. The second
region is located between the hydroxyapatite (51) and integrin
binding domains, which contain two motifs (found in mBSP6
and mBSP7) that can be glycosylated efficiently by multiple
isoforms. This suggests that the glycosylation within these two
regions is controlled in a distinctive manner.

In conclusion, we have identified OPN and BSP as in vivo
substrates of ppGalNAcT-1. Our study utilized in vivo (mouse
model), in silico (prediction), and in vitro (glycosylation assays)
approaches to demonstrate the importance of the specific
members of the ppGalNAcT family in site-specific regulation of
mucin-type O-glycosylation.
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