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Xylose phosphorylation functions as a molecular switch
to regulate proteoglycan biosynthesis
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Most eukaryotic cells elaborate several proteoglycans critical for
transmitting biochemical signals into and between cells. How-
ever, the regulation of proteoglycan biosynthesis is not com-
pletely understood. We show that the atypical secretory kinase
family with sequence similarity 20, member B (Fam20B) phos-
phorylates the initiating xylose residue in the proteoglycan
tetrasaccharide linkage region, and that this event functions
as a molecular switch to regulate subsequent glycosaminoglycan
assembly. Proteoglycans from FAM20B knockout cells contain
a truncated tetrasaccharide linkage region consisting of a disac-
charide capped with sialic acid (Siaa2-3Galp1-4Xylf1) that cannot
be further elongated. We also show that the activity of galactosyl
transferase Il (GalT-Il, B3GalT6), a key enzyme in the biosynthesis
of the tetrasaccharide linkage region, is dramatically increased by
Fam20B-dependent xylose phosphorylation. Inactivating muta-
tions in the GALT-Il gene (B3GALT6) associated with Ehlers-Danlos
syndrome cause proteoglycan maturation defects similar to
FAM20B deletion. Collectively, our findings suggest that GalT-lI
function is impaired by loss of Fam20B-dependent xylose phos-
phorylation and reveal a previously unappreciated mechanism for
regulation of proteoglycan biosynthesis.
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he human genome encodes more than 500 protein kinases,

most of which phosphorylate protein substrates in the nu-
cleus and cytosol and play important roles in cell signaling (1, 2).
Kinases that specifically phosphorylate glycans have only rarely
been reported and our knowledge of their physiological func-
tions remains in its infancy (3-5). Fam20B (family with sequence
similarity 20, member B) is a recently identified atypical secre-
tory pathway kinase (6, 7). Genetic studies have shown that de-
letion of Fam20B in mice results in embryonic lethality at
embryonic day 13.5 (E13.5), whereas loss-of-function mutations
in the fam20b gene in Danio rerio cause aberrant cartilage for-
mation and severe skeletal defects that are linked to abnormal
proteoglycan (PG) biosynthesis (8, 9).

PGs are a special family of glycoconjugates consisting of one or
more glycosaminoglycan (GAG) side chains covalently linked to
specific Ser residues within a protein core via a common linkage
tetrasaccharide [glucuronic acid-f1-3-galactose-B1-3-galactose-B1-
4-xylose-p1 (GlcAB1-3Galp1-3Galp1-4Xylp1)] as illustrated in
Fig. 14 (10). Mature GAGs are sulfated linear polysaccharides that
are further classified as heparan sulfate (HS) or chondroitin/
dermatan sulfate (CS), depending on the specific composition of
elongated sugar repeats (11). PGs are expressed on the cell sur-
face and in the extracellular matrix of all animal cells and tissues,
playing critical roles in cell—cell and cell-matrix interactions and
signaling, largely through the attached GAGs (12). The cellular
machinery required for PG biosynthesis is conserved over a wide
range of eukaryotic organisms and altered PG biosynthesis is
associated with numerous human disease states (13-17). Thus,
understanding how this process is regulated will be important. Loss
of Fam20B appears to decrease the amount of cellular GAG
chains and causes profound defects in embryonic development
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and skeletal formation (6, 8, 9). Fam20B has been reported to
have xylose kinase activity against a-thrombomodulin, a glyco-
protein bearing the tetrasaccharide linkage fragment. However,
the specific molecular mechanism by which Fam20B-dependent
xylose phosphorylation regulates PG synthesis is not clear.
Here we provide evidence that Fam20B is a xylose kinase that
phosphorylates the initiator xylose residue within the tetra-
saccharide linkage region of a wide array of O-linked PGs. We
show that Fam20B requires a minimal Gal-Xyl disaccharide
motif for activity, and loss of Fam20B-dependent xylose phos-
phorylation results in premature termination of the tetra-
saccharide linkage and impaired glycosaminoglycan assembly.
Our findings suggest that phosphorylation of xylose within the
linkage region by Fam20B dramatically increases the activity of
galactosyltransferase II (GalT-II), an enzyme necessary for
completion of the linkage region and efficient glycosaminoglycan
assembly. Cells lacking either Fam20B or GalT-II are unable to
complete the assembly of the linkage region and exhibit only
short sugar stubs within their proteoglycans. Our findings reveal
a previously unappreciated mechanism for regulation of pro-
teoglycan assembly and offer insight into the molecular basis of
diseases associated with aberrant proteoglycan maturation.

Significance

Proteoglycans are cellular proteins modified with long chains
of repeating sugar residues connected to serine residues within
the protein core by a short tetrasaccharide linker. Proteogly-
cans perform critical cellular functions such as formation of the
extracellular matrix, binding to a diverse array of molecules,
and regulation of cell motility, adhesion, and cell-cell commu-
nication. We show here that family with sequence similarity 20,
member B (Fam20B) is a xylose kinase that phosphorylates a
xylose sugar residue within the proteoglycan tetrasaccharide
linkage. Xylose phosphorylation dramatically stimulates the
activity of galactosyltransferase Il (GalT-Il, B3GalT6), an enzyme
that adds galactose to the growing linkage. Cells lacking Fam20B
cannot extend the tetrasaccharide linkage and thus have imma-
ture and nonfunctional proteoglycan, a phenotype remarkably
similar to Ehlers-Danlos syndrome caused by inactivating GalT-
Il mutations.
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Results and Discussion

Fam20B Is a Proteoglycan Xylose Kinase. Fam20B belongs to a re-
cently identified family of secretory pathway kinases that includes
Fam20C, which phosphorylates secretory proteins within a highly
conserved Ser-X-Glu/pSer motif (7, 18). Although Fam20B
shares nearly 60% sequence similarity with Fam20C, it does not
phosphorylate proteins; rather, Fam20B has been reported to
phosphorylate the xylose residue within the tetrasaccharide link-
age of a-thrombomodulin (6, 19). To test whether authentic PGs
could serve as substrates for Fam20B, we took advantage of the
fact that xylose phosphorylation on mature PGs has been repor-
ted to be substoichiometric (20). We therefore immunopurified
FLAG-tagged decorin from conditioned medium of HEK293T
cells and performed an in vitro kinase reaction with recombinant
Fam20B in the presence of [y-**P]ATP (21). Fam20B indeed
efficiently phosphorylated DCN in a time-dependent manner,
whereas mutation of the conserved metal binding Asp to Ala
(D309A, Fam20B-D/A) abolished its kinase activity (Fig. 1 B and
O). Glycosylated DCN migrated as an elongated smear during gel
electrophoresis due to the heterogeneity of attached GAGs.
However, treatment with chondroitinase ABC (Chon-ABC), a

lyase that specifically digests CS chains but leaves the linkage
tetrasaccharide with a single attached disaccharide intact (22),
effectlvely converted DCN into a homogeneous species without
affecting **P signal strength. Moreover, a purifiecd DCN mutant
protein (DCN-S34A) that lacked the single GAG attachment site
was unable to serve as a substrate for Fam20B (Fig. S1). Thus,
Fam20B phosphorylated DCN within the linkage tetrasaccharide
in vitro. Fam20B also exhibited kinase activity toward other PGs
in the linkage tetrasaccharide, such as cell surface syndecans
(SDC1 and SDCH4) and cartilage matrix aggrecan (Fig. S2). We
next depleted Fam20B in MRC-5 lung fibroblast cells using len-
tiviral- based short hairpin RNAs and metabolically labeled the
cells with [**PJorthophosphate. Endogenous DCN immunopre-
cipitated from FamZOB knockdown cells contained a significantly
decreased amount of **P compared with DCN imunoprecipitated
from control cells (Fig. 1D). Together, these data demonstrate that
Fam20B phosphorylates PGs within the linkage tetrasaccharide
in vitro and in cells.

To further characterize Fam20B kinase activity, we synthe-
sized the linkage tetrasaccharide with a benzyl group at the re-
ducing end (hereafter referred to as “Tetra-Ben”) as a model
substrate to monitor Fam20B activity (Fig. 1E). Fam20B effectively
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phosphorylated Tetra-Ben in a time-dependent manner in vitro
(Fig. S3 A and B). Mass spectrometry (MS) analysis of the re-
action products confirmed phosphorylation of xylose within this
artificial substrate (Fig. S3 C and D). Using the Tetra-Ben
substrate, we further characterized the enzymatic properties of
Fam20B and determined it had a K, for ATP of 0.5 pM and a
K., of 40 pM for Tetra-Ben (Fig. 1 F and G). Importantly,
Fam20B xylose kinase activity required a minimal disaccharide
motif, as Fam20B could phosphorylate Galp1-4Xylpl-Ben
(Vimax/Km = 0.29) as efficiently as Tetra-Ben (Vpa/Km = 0.21);
however, it was unable to phosphorylate Xylpl-Ben (Fig. 1G).
Therefore, Fam20B phosphorylates xylose within the PG linkage
tetrasaccharide and has a minimal requirement of a disaccharide
for activity.

Xylose-containing glycans are not common in mammalian
cells. However, Xyl-Xyl-Glc has been found on EGF-like repeats
of the Notch receptor and on other secreted proteins such as the
coagulation factors VII, IX, and thrombospondin. The reported
structure of this modification is Xylal-3Xylal-3Glc (23-25).
Fam20B did not exhibit detectable kinase activity against this
trisaccharide, further suggesting a strong preference for xylose
within the tetrasaccharide linkage.

Fam20B-Dependent Xylose Phosphorylation Is Required for GAG
Elongation. To examine the consequence of Fam20B-dependent
xylose phosphorylation on PG biosynthesis, we generated FAM20B
knockout (KO) U20S (bone osteosarcoma) cells using tran-
scription activator-like effector nuclease (TALEN) targeted to
exon 2 of FAM20B (Fig. S4). We used these cells to assess the
effect of FAM20B deletion on cell surface and secreted HS in
conjunction with a well-characterized antibody (3G10), which
specifically recognizes HS sugar stubs that remain on HSPG core
proteins following heparin lyase (hepase) digestion of the HS
chains (22, 26). As expected, we detected a number of different

PG core proteins that contained the sugar stub neo-epitope upon
lyase treatment of WT cells (Fig. 24 and Fig. S5 4 and B).
However, there was an estimated 95% decrease of overall 3G10
signal in samples derived from FAM20B KO cells, indicating
a dramatic decrease of global proteoglycan lyase-digestible HS
chains (Fig. 24). Further analysis using [*>S]sulfate metabolic
labeling confirmed the decrease of both HS and CS GAG chains
present on the cell surface and in the conditioned medium of
FAM20B KO cells (Fig. S5C).

We hypothesized that the global loss of GAGs we observed in
FAM?20B KO cells was potentially due to altered PG trafficking/
secretion, impaired GAG elongation, or both effects simulta-
neously. When we probed the same 3G10 blot with PG core
protein antibodies such as anti-SDC1, we observed that SDC1
from the FAM20B WT cells could be detected as a homogeneous
band only after lyase treatment (Fig. 24), consistent with the fact
that most PGs run as smears and can only be detected as discrete
bands by immunoblotting after removing the heterogeneous
GAG chains. In contrast, the SDC1 core protein from FAM20B
KO cells was detectable with similar intensity with or without
lyase treatment (Fig. 24). A similar effect was observed for an-
other PG, glypican 1 (GPC1), which was present both on cell
surface and in the conditioned medium (Fig. 24 and Fig. S5B).
This gel-based assay suggests that FAM20B deletion impairs
GAG chain elongation at an early step.

To examine whether trafficking/secretion of PGs with the ab-
errant sugar stubs was affected in FAM20B KO cells, we quan-
tified cell surface SDC1 in FAM20B WT and KO cells by flow
cytometry. Both WT and KO cells displayed a similar amount of
SDCI1 on the surface (Fig. 2B). Moreover, when intact WT and
KO cells were treated with trypsin, SDC1 from the KO cells
showed comparable sensitivity to trypsin treatment as in the WT
cells (Fig. 2C), indicating SDCI1 surface display was unaffected by
FAM?20B deletion. Examination of other cell surface or secreted
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that remain on the core protein in FAM20B KO cells.
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PGs by flow cytometry also indicated normal trafficking/secretion
(Fig. S6). Therefore, we concluded that altered glycosylation
caused by FAM20B KO did not have a dramatic effect on PG
trafficking/secretion (Fig. 2D).

We next ectopically expressed DCN and GPC1 in both
FAM20B WT and KO cells, and immunopurified them from the
conditioned medium. We examined GAG elongation of the
immunoprecipitated proteins by gel electrophoresis after they
were radiolableled by in vitro Fam20B phosphorylation in the
presence of [y->>P]JATP. As expected, the proteins expressed in
the WT cells migrated as an elongated smear (Fig. 34). How-
ever, ~70% of DCN and more than 90% of GPC1 expressed in
the KO cell migrated as a sharp band, suggesting they did not
contain elongated GAGs, which further confirmed that FAM20B
deletion impaired GAG elongation (Fig. 34).

FAM20B Deletion Causes the Formation of Sian2-3Gal$1-4Xyl1 on
GAG Attachment Sites. To determine the composition of linkage
saccharides accumulated on PGs derived from FAM20B WT and
KO cells, we released O-linked glycans of GPC1 by reductive
f-elimination, then permethylated the oligosaccharides and an-
alyzed them by MS (27). We detected a major glycan species with
m/z = 810 from GPC1 produced by FAM20B KO cells (Fig. 3B,
Top). When we analyzed GPCI1 glycans from FAM20B KO cells
following in vitro phosphorylation by recombinant Fam20B, the
m/z = 810 ion quantitatively shifted to m/z = 904 (consistent with
the addition of permethylated phosphate) (Fig. 3B, Middle).
Notably, the m/z = 810 ion species was absent in GPC1 glycans
released from the WT cells (Fig. 3B, Bottom). Moreover, the
m/z = 810 ion was the dominant species in DCN glycans released
from KO cells, and this species was completely absent when
a DCN-S34A mutant that lacked the GAG attachment site was
analyzed (Fig. S7). Together, these data indicate that m/z = 810
ion species corresponds to the aberrant sugar stub present on
PGs derived from FAM20B KO cells. The molecular weight of
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Chon-ABC - + - + -+ - +
Hepase = & = o=k
kDa
250
1304
100
70
g T
35
GPC1 DCN
100; X GPC1 from KO cell 1986.8
= @
50 8
2 b
'g; 1 L
100
é g In vitro phosphorylated 301.2
2 50 L GPC1 from KO cell
s L
£100 2 GPC1fromWT cell  [208.6
50 EL‘
. L el :
500 900 1300 1700 2100 miz

Fig. 3.

this ion matches permethylated sialic acid (Sia)-galactose-xylitol
as a sodium adduct. We further confirmed this identification by
sequential multilevel ion fragmentation using collision-induced
dissociation (Fig. 3C). To define the specific glycosidic linkage,
we hydrolyzed the glycans into monosaccharides, followed by
reduction with sodium borodeuteride and acetylation to form
partially methylated alditol acetate (PMAA) (28). The PMAA
sample was then analyzed by gas chromatography (GC)-MS/MS.
We detected the signature fragment ion combination (m/z = 161,
m/z = 234) of C3-linked galactose (Fig. 3D) and the fragment ion
combination (m/z = 161, m/z = 205) of C4-linked xylitol (Fig. S8
C and D). Thus, the assignment of fragment ions in combination
with the well-defined early steps of GAG biosynthesis indicate
this unique glycan is Sian2-3Galp1-4Xylp1.

Fam20B-Dependent Xylose Phosphorylation Stimulates Synthesis of
the Tetrasaccharide Linkage via GalT-Il. We did not observe resto-
ration of GAG elongation after treating KO cells with 3F,-
peracetyl N-acetylneuraminic acid, a general sialyltransferase
inhibitor, suggesting that activation of sialyltransferases due to
loss of Fam20B-dependent xylose phosphorylation was not the
primary cause of impaired GAG elongation (Fig. S9) (29). Based
on this observation and the defined composition of the sugar
stubs, we hypothesized that xylose phosphorylation by Fam20B
might modulate the activity of GalT-II, which transfers the sec-
ond galactose unit to Gal-Xyl within the linkage tetrasaccharide
(30). To determine whether Fam20B-dependent xylose phos-
phorylation could affect GalT-II activity, we expressed and pu-
rified a GalT-II fusion protein that contained an N-terminal
maltose binding protein (MBP) using an insect cell expression
system. We then tested its in vitro galactosyltransferase activity
against unphosphorylated and Fam20B-phosphorylated Gal-Xyl-
Ben substrates in the presence of UDP-[6-*H]Gal. Recombinant
MBP-GalT-II exhibited a dramatic increase in galactosyltransfer-
ase activity toward Gal-Xyl(P)-Ben phosphorylated by Fam20B
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Identification of Sian2-3Galp1-4Xylf1 on GAG attachment sites on proteoglycans from FAM20B deletion cells. (A) GPC1 and DCN were purified from

FAM20B WT and KO cells. An aliquot of purified GPC1 and DCN was phosphorylated using recombinant Fam20B in the presence of [y->?P]ATP, and each of the
samples was then treated with or without Chon-ABC and hepase. The products were separated by gel electrophoresis and incorporated radioactivity was detected
by autoradiograph. (B, Top) The MS analysis of permethylated O-linked glycans released from GPC1 purified from FAM20B KO cells (unphosphorylated). (Middle)
The MS analysis of FAM20B KO GPC1 glycans that were phosphorylated by Fam20B in vitro. (Bottom) MS analysis for that derived from FAM20B WT cells. Note:
m/z = 1256.6 was identified as a branched O-glycan (Fig. S8 A and B). (C) Sequential fragmentation of m/z = 810.4 and m/z = 435.2 ion species and the assignment of
the fragments. (D, Top) Gas chromatography profile of alditol acetates derived from hydrolyzed Sia-Gal-Xylitol and the identification of xylitol and galactose retention
peaks. (Bottom) Fragmentation of galactose (retention time: 23.02 min) and the identification of signature fragment ions of C3 linked Gal (m/z = 118, 161, and 234).
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Fig. 4. Fam20B-dependent Xyl phosphorylation markedly stimulates GalT-lI
activity. (A) Gel electrophoresis analysis of recombinant MBP-GalT-Il purified
from insect cell conditioned medium. (B) The relative time-dependent addition of
Gal onto Gal-Xyl-Ben and Gal-Xyl(P)-Ben by GalT-ll in the presence of UDP-[6-*H]Gal.
(C) Schematic model depicting the function of Fam20B in GAG biosynthesis.

compared with unphosphorylated Gal-Xyl-Ben (Fig. 4B). In the
absence of xylose phosphorylation, GalT-II activity toward Gal-
Xyl-Ben was decreased to less than 1% of its activity toward
phosphorylated Gal-Xyl(P)-Ben. This dramatic decrease in GalT-II
activity was consistent with our observations that FAM20B de-
letion in cells caused truncated linkers and dramatically decreased
the amount of GAG chains. Moreover, the extremely low residual
activity of GalT-II toward unphosphorylated Gal-Xyl-Ben in vitro
suggests that it may support a very low level of linkage tetra-
saccharide synthesis in cells, providing a plausible explanation why
FAM20B KO did not completely abrogate GAG elongation. We
also determined the kinetic parameters of recombinant MBP-
GalT-II toward unphosphorylated Gal-Xyl-Ben and Gal-Xyl(P)-
Ben phosphorlyated by Fam20B. The K, of GalT-II toward Gal-
Xyl-Ben was decreased by ~230-fold after the substrate was
phosphorylated on xylose by Fam20B (Fig. S10). These data are
consistent with the dramatic increase we observed in the activity
of GalT-II against phosphorylated Gal-Xyl(P)-Ben and suggest
that xylose phosphorylation stimulates GalT-II turnover primarily
by reducing its Michaelis constant. Collectively, these data dem-
onstrate a key mechanism by which Fam20B-dependent xylose
phosphorylation within the PG linkage tetrasaccharide stim-
ulates GalT-II activity, allowing successful completion of the
linkage fragment and subsequent elongation of GAG chains
(Fig. 4C). The phosphoxylose may also affect the in vitro activ-
ities of other downstream glycosyltransferases in GAG synthesis,
but our results indicate its dominant effect is modulating GalT-II
activity (31, 32).

Prior studies have shown that the extent of xylose phosphor-
ylation in mature GAGs occurs substoichiometrically. For in-
stance, it was reported that ~25-50% of GAG chains from SDC1
produced by mouse mammary gland epithelial cells carry xylose
phosphorylation, and more than 90% of GAG chains from fly S2
cells have xylose phosphorylation (33, 34). Whether this sub-
stoichiometry of phosphorylation arises from incomplete phos-
phorylation or dephosphorylation is unknown. Some evidence
also suggests that xylose phosphorylation of DCN occurs tran-
siently, gradually increasing as the tetrasaccharide linkage is
elongated from Gal-Xyl to Gal-Gal-Xyl, then declining via rapid
dephosphorylation after the addition of GlcA, indicating the
presence of a Golgi phosphatase (20). To that end, Kitagawa and
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coworkers recently reported a phosphatase with in vitro activity
toward phospho-Xyl (35). The timing of xylose phosphorylation
during assembly of the tetrasaccharide linkage is likely to be
critical. Addition of the second Gal residue to the linkage by
GalT-II falls within the time frame of increased xylose phos-
phorylation and up-regulation of its activity by Fam20B-dependent
xylose phosphorylation is fully consistent with the observed tran-
sient nature of this event.

Disrupted GAG biosynthesis has been linked to a variety of
human pathophysiological conditions (13-17, 36, 37). Inactivat-
ing mutations in human GALT-II were recently shown to cause
Ehlers-Danlos-like syndrome, which is characterized by a spec-
trum of skeletal and connective tissue disorders (16, 38). Genetic
screens in zebrafish have established that FAM20B is essential
for proper development of cartilage and bone (8). Glycanation of
DCN is dramatically decreased in fibroblast cells from GALT-II
patients (16), similar to DCN derived from FAM20B KO cells
(Fig. 34). Our results suggest that loss of Fam20B-dependent
xylose phosphorylation leads to impaired GalT-II activity, thereby
resulting in incomplete linkage tetrasaccharides that are capped
with sialic acid and cannot be elongated.

Materials and Methods

Cloning. cDNAs encoding full-length decorin (DCN), glypican 1 (GPC1), and
galactosyltransferase Il (GalT-1l, B3GALT6) were purchased from DNASU.
Syndecan 1 (SDC1) and syndecan 4 (SDC4) cDNAs were gifts from Gregory
Taylor, Department of Pharmacology, University of California, San Diego.
The human pCCF-Fam20B construct was generated as described (7). DCN,
GPC1, SDC1, and SDC4 ORFs were subcloned into pCCF, and a modified
pDisplay expression plasmid encoding a C-terminal strep-tag (a gift from
Marnie L. Fusco, The Scripps Research Institute, San Diego) (20, 39-42).
Mutagenesis was performed using the Quick-Change Mutagenesis kit
(Stratagene). The Fam20B insert from the pCCF vector was also subcloned
into the pQCXIP retroviral vector for generating stable cell lines. GalT-1l and
Fam20B ORFs were subcloned into a modified pSMBP baculovirus vector for
protein production (19).

Design of FAM20B TALEN Constructs and Generation of FAM20B Knockout U20S
Cells. To generate FAM20B knockout cell lines, a TALEN binding pair was
chosen from exon 2 of human FAM20B. The genomic recognition sequences
used for TALEN left and right arms were: TCAACATGAAGCTAAAGCA (L) and
AGCAATTCTCCTTGTCA (R), spaced by 15 bp and anchored by a preceding
T base at the —1 position to meet the optimal criteria for natural TAL pro-
teins (43). TALEN vectors containing left and right arms were assembled
using the Golden Gate method with HD, NI, NG, and NN modules (repeat-
variable di-residue, single letter amino acid code) (44). The cutting efficiency
of the designed TALEN was evaluated by the Surveyor assay (45). The
resulting left and right TALEN plasmids were cotransfected with pNEGF into
U20S cells by electroporation (Amaxa). After 2 d, cells were sorted using
a BD FACSJazz cell sorter in 96-well plate format. FAM20B knockout cell
clones were screened by PCR and DNA sequencing after 2 wk. Isolated
FAM20B knockout clones were validated by PCR and DNA sequencing. The
absence of Fam20B expression in the selected clones was also confirmed by
Fam20B immunoblotting.

Chemical Release of O-Linked Glycans, Permethylation, and MS Analysis. Re-
ductive beta elimination reactions were performed to release O-glycans from
50 pg of proteoglycan samples (46). Briefly, the samples were treated with
50 mM NaOH in the presence of 1 M NaBH, at 45 °C for 16 h with constant
stirring. The samples were cooled in an ice-water bath, neutralized with ice-
cold 30% acetic acid, and desalted using cation-exchange resin (Dowex-50W;
BioRad). After lyophilization, the dried samples were washed and evapo-
rated three times in a Speed Vac with acidified methanol (MeOH: AcOH
9:1 vol/vol mixture) and MeOH to remove the borate. The samples were then
dissolved in H,O and passed over a Sep-Pak C;g cartridge (Waters) to remove
proteinaceous components. The purified glycans were permethylated using
a modified Ciucanu and Kereks method (47). Briefly, lyophilized O-glycans
were dissolved in anhydrous DMSO followed by addition of a NaOH slurry in
DMSO and methyliodide (Sigma). After vigorous stirring for 45 min, the
reaction was quenched with ice-cold water. The permethylated glycans
were extracted using chloroform-water partitioning. The chloroform layers
containing the permethylated glycans were dried under nitrogen. The
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permethylated glycans were mixed with super-DHB matrix (Sigma) and ana-
lyzed by MALDI-TOF (AB SCIEX). Plausible N- and O-glycan structures were
searched and annotated via the Consortium for Functional Glycomics (CFG)
database in GlycoWorkbench software version 1.2.4105 (48). Isolation and
fragmentation of parent ions by collision-induced dissociation were per-
formed on an LTQ Orbitrap mass spectrometer (Thermo Scientific). Addi-
tional experimental procedures are described in S/ Materials and Methods.
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