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Background: The enzyme responsible for the dephosphorylation of xylose in glycosaminoglycans remains unknown.
Results: A protein that removed the phosphate from the phosphorylated linkage trisaccharide and localized in the Golgi was
identified. Inhibition of this protein phosphatase resulted in decreased glycosaminoglycan levels in cells.

Conclusion: We identified the phosphoxylose phosphatase that regulates glycosaminoglycan synthesis.

Significance: Transient phosphorylation of xylose residues controls glycosaminoglycan synthesis.

Recently, we demonstrated that FAM20B is a kinase that
phosphorylates the xylose (Xyl) residue in the glycosaminogly-
can-protein linkage region of proteoglycans. The phosphoryla-
tion of Xyl residues by FAM20B enhances the formation of the
linkage region. Rapid dephosphorylation is probably induced
just after synthesis of the linker and just before polymerization
initiates. Indeed, in vitro chondroitin or heparan sulfate poly-
merization does not occur when the Xyl residue of the tetrasac-
charide linkage region is phosphorylated. However, the enzyme
responsible for the dephosphorylation of Xyl remains unknown.
Here, we identified a novel protein that dephosphorylates the
Xyl residue and designated it 2-phosphoxylose phosphatase.
The phosphatase efficiently removed the phosphate from the
phosphorylated trisaccharide, GalB1-3Galf31-4Xyl(2-O-phos-
phate), but not from phosphorylated tetrasaccharide, GIcUA 31—
3GalpB1-3Galf1-4Xyl(2-O-phosphate). Additionally, RNA
interference-mediated inhibition of 2-phosphoxylose phosphatase
resulted in increased amounts of GIcNAcal-4GlcUAB1-3-
GalB1-3Galp1-4Xyl(2-O-phosphate), GalB1-3GalB1-4Xyl-
(2-O-phosphate), and GalB1-4Xyl(2-O-phosphate) in the cells.
Gel filtration analysis of the glycosaminoglycan chains synthe-
sized in the knockdown cells revealed that these cells produced
decreased amounts of glycosaminoglycan chains and that the
chains had similar lengths to those in the mock-transfected
cells. Transcripts encoding this phosphatase were ubiquitously,
but differentially, expressed in human tissues. Moreover, the
phosphatase localized to the Golgi and interacted with the
glucuronyltransferase-I involved in the completion of the glyco-
saminoglycan-protein linkage region. Based on these findings,
we conclude that transient phosphorylation of the Xyl residue in
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the glycosaminoglycan-protein linkage region controls the for-
mation of glycosaminoglycan chains of proteoglycans.

Chondroitin sulfate (CS)®> and heparan sulfate (HS), like
other glycosaminoglycans (GAGs), are linear polysaccharide
chains and comprise repeating disaccharide units (-4GlcUA 81-3-
GalNAcp1-), and (-4GlcUAB1-4GlcNAcal-),, respectively.
Assembly of GAG chains is initiated with the synthesis of the
common GAG-protein linkage region GIlcUAB1-3GalBl-
3GalB1-4XylB1-0O-Ser, which is attached to specific serine
residues of specific core proteins. The linkage region tetrasac-
charide is formed by sequential stepwise addition of monosac-
charide residues by four specific glycosyltransferases as
follows: xylosyltransferase (XylT), galactosyltransferase-I
(GalT-I), galactosyltransferase-II (GalT-II), and glucuronyl-
transferase-1 (GIcAT-I) (1). The repeating disaccharide region
of HS is synthesized onto the linkage region by the HS co-poly-
merase complex comprising EXT1 and EXT2. In contrast, the
repeating disaccharide region of CS is synthesized onto the
linkage region by enzyme complexes of bi-functional chondroi-
tin synthases (ChSy)-1, -2, and -3 and chondroitin polymerizing
factor (ChPF) (2-5).

Previous structural analysis of the GAG-protein linkage
region revealed the presence of several modifications. One such
modification is the phosphorylation of the Xyl residue at posi-
tion 2 (1, 6). This modification occurs in both HS and CS
derived from cell-rich tissues (7, 8) and appears to affect the
transfer of Gal and GIcUA residues by GalT-I and GIcAT-I,
respectively (9, 10). Findings from in vitro experiments with
authentic substrates indicate that phosphorylation of the Xyl
residue prevents the transfer of a Gal residue by GalT-I (9). In
contrast, GIcAT-I efficiently transfers a GIcUA residue to the
phosphorylated trisaccharide in vitro (10). These results sug-

3 The abbreviations used are: CS, chondroitin sulfate; GAG, glycosaminogly-
can; HS, heparan sulfate; EXT, exostosin; ChSy, chondroitin synthase; ChPF,
chondroitin polymerizing factor; ESC, embryonic stem cell; GIcUA, b-glucu-
ronic acid; GIcAT-l, glucuronyltransferase I; ShRNA, short hairpin RNA; TM,
thrombomodaulin; Ni-NTA, nickel-nitrilotriacetic acid; EGFP, enhanced GFP;
ER, endoplasmic reticulum.
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gest that phosphorylation of the Xyl residue takes place after
transfer of the first Gal residue by GalT-I and before transfer of
the GIcUA residue by GIcAT-I. Indeed, phosphorylation of the
Xyl residue is most prominent after the addition of two Gal
residues (11, 12). Transient phosphorylation of Xyl residues
seems to enhance the formation of the linkage region (13-15).
Subsequently, rapid dephosphorylation is probably induced
just before initiation of polymerization. In fact, the formation of
the disaccharide repeat regions of the HS and CS chains is ini-
tiated on dephosphorylated tetrasaccharide linkage structures
(4, 16). Therefore, dephosphorylation of the Xyl residue may be
required for biosynthetic maturation of the linkage region
sequence, which may be a prerequisite for the initiation and
efficient elongation of the repeating disaccharide region of
GAG chains.

Recently, we demonstrated that the FAM20B kinase phos-
phorylates the Xyl residue in the linkage region (14). Overex-
pression of FAM20B increased the amount of both CS and HS
in HeLa cells, whereas RNA interference of FAM20B resulted in
areduction of both GAGs in the cells (14). Gel filtration analysis
of the GAG chains synthesized in cells overexpressing FAM20B
revealed that the GAG chains had similar lengths to those in the
mock-transfected cells. These results indicate that FAM20B
regulates the number of GAG chains by phosphorylating the
Xyl residue in the GAG-protein linkage region of proteogly-
cans. However, the enzyme responsible for the dephosphoryl-
ation of Xyl remains unknown. Here, we describe the cloning of
a human ¢cDNA encoding a novel protein capable of dephos-
phorylating this Xyl residue. We designated this enzyme
2-phosphoxylose phosphatase (XYLP).

EXPERIMENTAL PROCEDURES

Materials—[y->*P]JATP (3000 Ci/mmol) and [y->*P]NaH,PO,
(285.2 mCi/mmol) were purchased from PerkinElmer Life Sci-
ences. UDP-GIcUA, UDP-GalNAc, and ATP (each unlabeled)
were purchased from Sigma. Chondroitinase ABC (EC
4.2.2.20), chondroitinase AC-II (EC 4.2.2.5) from Arthrobacter
aurescens, heparinase from Flavobacterium heparinum (EC
4.2.2.7), and heparitinase from F. heparinum (EC 4.2.2.8) were
purchased from Seikagaku Corp. (Tokyo, Japan). B-Glucuron-
idase from Ampullaria (EC 3.2.1.31) was purchased from
Wako. rAPid alkaline phosphatase, recombinant alkaline phos-
phatase from bovine intestine (EC 3.1.3.1), was purchased from
Roche Diagnostics. a-Thrombomodulin (a-TM) with a trun-
cated linkage region tetrasaccharide (GlcUAB1-3GalBl-
3GalB1-4Xyl) was purified and structurally characterized as
described previously (17). Superdex Peptide HR10/30 and
Superdex 200 10/300 GL columns were purchased from Amer-
sham Biosciences.

Polymerization Assay and Identification of Polymerization
Reaction Products—First, a phosphate transfer reaction was
conducted as follows: GlcUAB1-3GalB1-3Galp1-4XylB1-
O-TM (a-TM) was used as an acceptor in each 20-ul incuba-
tion mixture, which contained 10 ul of beads bearing the solu-
ble form of FAM20B as the enzyme source and 10 um
[y->*P]JATP (1.11 X 10° dpm), 50 mm Tris buffer, pH 7.0, 10 mm
MnCl,, 10 mm CaCl,, and 0.1% BSA as described (14). Subse-
quent polymerization reactions were simultaneously incubated
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in parallel in 20-ul reaction mixtures containing 1 nmol
of GlcUAB1-3GalB1-3GalB1-4[>*P]Xyl(2-O-phosphate)
B1-O-TM or a-TM and 0.25 mm UDP-[?H]GalNAc, 0.25 mMm
UDP-GIcUA, 100 mm MES buffer, pH 6.5, 10 mm MnCl,, and
10 ul of the soluble form of ChSy-1/ChPF-bound beads as
described (4). Each mixture was incubated at 37 °C overnight,
and a Superdex peptide column equilibrated with the elution
buffer (0.25 M NH,HCO,, 7% 1-propanol) and gel filtration
chromatography were used to separate the radiolabeled prod-
ucts. The radioactive fractions containing the enzyme reaction
products were pooled, and these mixtures were dehydrated.
The dried reaction products were subjected to reductive
B-elimination with NaBH,/NaOH, and Superdex 200 column
and eluent containing 0.25 M NH,HCO,, 7% 1-propanol were
then used to analyze the products.

Construction of a Soluble Form of 2-Phosphoxylose Phos-
phatase—PCR was used to amplify a cDNA fragment predicted
to encode a truncated form of the putative phosphatase (XYLP)
lacking the first 37 N-terminal amino acids; the template cDNA
was obtained from Open Biosystems (MHS1010-7508558,
corresponding to the human acid phosphatase-like-2
(ACPL2) cDNA in GenBank™ BC035834); the 5’-primer
(5'-GAAGATCTGGAATGAGTAGCAAGAGTCGA-3’) con-
tained an in-frame BglII site, and the 3’-primer (5'-GAAGAT-
CTGTGGACCTTTCCCTATGCTCT-3') contained a Bglll
site located 38 bp downstream of the predicted stop codon.
PCR was performed using KOD-Plus DNA polymerase
(TOYOBO, Tokyo, Japan) for 30 cycles at 94 °C for 30 s, 58 °C
for 30 s, and 68 °C for 150 s in 5% (v/v) dimethyl sulfoxide. The
PCR fragment was then subcloned into the BamHI site of
pGIR201protA (18), thereby resulting in the fusion of the insu-
lin signal sequence and the protein A sequence present in the
vector. The sequences of the plasmid construct (pEF-BOS/IP-
ACPL2) were confirmed by DNA sequencing.

Site-directed Mutagenesis—A soluble form of GIcAT-I was
produced as described previously (10). A two-stage PCR
mutagenesis method was used to construct an expression plas-
mid that encoded a soluble form of the GIcAT-I mutant. Two
separate PCRs were performed to generate two overlapping
gene fragments using a cDNA that encoded the soluble form of
GIcAT-I as a template. In the first PCR, a sense 5'-primer
(5'-GGAAGATCTCTACGGCAGGAAGGATCTGAGGAT-
3') containing a BgllI site and an antisense internal mutagenic
(E281A) primer (5'-GGCCACCTGGCGAGCAGTCTTCTG-
3’, the mutated nucleotide is underlined) were used. In the
second round of PCR, a sense internal mutagenic primer
(complementary to the antisense internal mutagenic primer)
and an antisense 3'-primer (5'-GGAAGATCTGATGGTG-
GAGAAAAGTCCGTG-3') containing a BgllI site, which was
located 18 bp downstream of the stop codon, were used. These
two PCR products were gel-purified and then used as the tem-
plate for a third PCR amplification with the sense 5'-primer and
the antisense 3’-primer described previously. The final PCR
fragment was subcloned into the BamHI site of pGIR201protA
(18).

Expression of a Soluble Form of Phosphatase—FuGENE 6
(Roche Diagnostics) was used according to the manufacturer’s
instructions to transfect pEF-BOS/IP-ACPL2 (6.0 ug) into

VOLUME 289-NUMBER 10-MARCH 7, 2014



COS-1 cells that were growing on 100-mm plates. For co-trans-
fection experiments, the XYLP and GlcAT-I or GIcAT-I1 E281A
mutant expression plasmids (3.0 ug each) were co-transfected
into COS-1 cells on 100-mm plates using FuGENE 6, as above.
Two days after transfection, 4 ml of the culture medium was
collected and incubated with 10 ul of IgG-Sepharose (Amer-
sham Biosciences) for 12 h at 4 °C. The beads were recovered by
centrifugation and washed with the assay buffer. The beads
were then resuspended in the same assay buffer and tested for
phosphatase activity as described below. To measure the
amount of protein absorbed onto IgG-Sepharose beads, the
bound protein was eluted with 1 m acetic acid, and BCA protein
assay reagent (enhanced protocol, Pierce) was then used to
measure protein content of the eluant.

Phosphatase Assays and Identification of Reaction Products—
First, a phosphate transfer reaction was conducted. a-TM with
a truncated linkage region tetrasaccharide (GlcUAB1-
3GalB1-3GalB1-4Xyl) (1 nmol) was used as an acceptor in
each 20-ul incubation mixture, which contained 10 ul of beads
bound to the soluble form of FAM20B (14) and 10 um
[y-?P]ATP (1.11 X 10° dpm), 50 mm Tris buffer, pH 7.0, 10 mm
MnCl,, 10 mm CaCl,, and 0.1% BSA. Next, 3-glucuronidase was
used to digest the phosphorylated tetrasaccharides at 37 °C in a
reaction buffer containing 50 mm NaOAc and 1 mm MgCl,.
Additionally, phosphorylated tetrasaccharides were used as
acceptors in individual 20-ul incubation mixtures, which con-
tained 10 ul of beads bound to a soluble form of chondroitin
GalNAc transferase-1 (19) or EXTL2 (20). Then, the products
of each reaction were separated by gel filtration chromatogra-
phy on a Superdex peptide column that had been equilibrated
with elution buffer (0.25 M NH,HCO,, 7% 1-propanol). The
fractions containing the enzyme reaction products were pooled
and dehydrated. The isolated reaction products were used as
substrates for the phosphatase reactions. Phosphatase reac-
tions were simultaneously incubated in parallel in 20-ul
reaction mixtures containing 5 pmol of GalB31-3GalB1—4[**P]-
Xyl(2-O-phosphate) 31-O-TM, GlcUAB1-3GalB1-3GalBl-
4[*?P]Xyl(2-O-phosphate)81-O-TM, GalNAcf1-4GIcUAB1-
3GalB1-3GalB1-4[**P]Xyl(2-O-phosphate) 31-O-TM, or
GlcNAcal-4GlcUAB1-3GalB1-3GalB1-4[**P]Xyl(2-O-
phosphate)B1-O-TM and 50 mm Tris buffer, pH 5.8, and 10 ul
of the resuspended beads or 50 mwm Tris buffer, pH 8.5, 0.1 mm
EDTA, 0.1% BSA, and 1 pl of rAPid alkaline phosphatase
(Roche Diagnostics), recombinant alkaline phosphatase from
bovine intestine expressed in Pichia pastoris, which was used as
a control. Each of these mixtures was incubated at 37 °C for 4 h,
and the products of each reaction were then separated by gel
filtration chromatography on a Superdex peptide column
equilibrated with the elution buffer (0.25 m NH,HCO,, 7%
1-propanol). Fractions (0.4 ml each) were collected at a flow
rate of 0.4 ml/min, and a liquid scintillation counter was used
to measure the radioactivity.

Subcellular Localization—A 5'-primer (5'-GAAGATCTG-
GACATGTTCCCGAT-3') containing a Bglll site and a
3’-primer (5'-AGATCTCCGAATCCTTCCCTGTGACA-3")
containing a BglII site were used to amplify a cDNA fragment
encoding XYLP. PCR was carried out with KOD-Plus DNA
polymerase for 30 cycles at 94 °C for 30 s, 53 °C for 42 s, and
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68 °C for 180 s in 5% (v/v) dimethyl sulfoxide. The PCR frag-
ment was subcloned into the pEGFP-N1 or pDsRed-Monomer
N1 expression vector (Clontech). The Golgi marker vector
(pDsRed-Golgi) was constructed using the pECFP-Golgi vector
(Clontech) that harbors a sequence encoding the N-terminal 81
amino acids of human 81— 4-galactosyltransferase as described
previously (14). The region from pECFP-Golgi was digested
with Nhel and BamHI and subcloned into pDsRed-Monomer
N1. FuGENE 6 was used according to the manufacturer’s
instructions to transfect combinations of GFP-tagged and
DsRed-monomer-tagged expression vectors (3.0 ug each) into
HelLa cells, wild-type embryonic stem cells (ESCs), or GIcAT-
I/~ ESCs (21) that were grown on glass-bottom dishes
(IWAKI, Shizuoka, Japan). A laser-scanning confocal micro-
scope LSM710 (Carl Zeiss, Tokyo, Japan) was used to obtain
fluorescent images.

Construction of an Expression Vector Encoding the Phospha-
tase and Preparation of Stably Transfected Cells—PCR was
used to amplify a cDNA fragment encoding the phosphatase
(XYLP); the ACPL2 ¢cDNA (GenBank™ BC035834) was the
template, and the 5'-primer (5'-GAAGATCTGGACATGTTC-
CCGAT-3') and 3'-primer (5'-GAAGATCTGTGGACTTTC-
CCTA-3') each contained a BglII site. KOD-Plus DNA poly-
merase (TOYOBO) was used to perform PCR for 30 cycles,
each at 94 °C for 30's, 53 °C for 42 s, and 68 °C for 180 s in 5%
(v/v) dimethyl sulfoxide. The PCR fragments were subcloned
into the BamHI site of the pCMV expression vector (Invitro-
gen). The sequence of each plasmid construct was confirmed by
DNA sequencing. FUGENE 6 (Roche Diagnostics) was used
according to the manufacturer’s instructions to transfect the
expression plasmid (6.0 ug) into HeLa cells that were grown on
100-mm plates. Transfectants were cultured in the presence of
300 ng/ml G418. The surviving colonies were then picked and
propagated for experiments.

MISSION shRNA (Sigma) was used to inhibit XYLP expres-
sion in HeLa cells. Specifically, two constructs, each encoding
hairpin RNA and isolated by the RNAi Consortium (clone
number TRCN0000052898 or TRCN0000052899), were used.
Each shRNA plasmid (6.0 ng) was transfected into HeLa cells
on 100-mm plates by using FUGENE 6 according to the manu-
facturer’s instructions. Transfectants were cultured in the pres-
ence of 0.4 pg/ml puromycin. Surviving colonies were then
picked and propagated for experiments.

Quantitative Real Time RT-PCR—QuickPrep total RNA
extraction kits (Amersham Bioscience) were used to extract
total RNA from HeLa cells. Moloney murine leukemia virus-
reverse transcriptase (Promega) and an oligo(dT),,-M4 adap-
tor primer (Takara, Otsu, Japan) were then used to synthesize
¢DNA from ~1 ug of total RNA. For XYLP, the forward and
reverse primers were 5'-TGTCACCAGTTCTCAGTGC-3'
and 5'-GGTGTGGAATGTGACATCG-3’, respectively; for
FAM?20B, the forward and reverse primers were 5'-AGAGAT-
CAAACCTGTCGCC-3" and 5'-CCAAAGTGTGACAGATC-
CCT-3/, respectively; for glyceraldehyde-3-phosphate dehy-
drogenase, the forward and reverse primers were 5'-ATGGG-
TGTGAACCATGAGAAGTA-3' and 5'-GGCAGTGATGG-
CATGGAC-3', respectively. FastStart DNA Master plus SYBR
Green I (Roche Diagnostics) and a LightCycler ST300 (Roche
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Diagnostics) were used to perform quantitative real time RT-
PCR. The expression level of the phosphatase transcript was
normalized to that of the glyceraldehyde-3-phosphate dehy-
drogenase transcript.

Isolation and Purification of GAGs—Cells were homoge-
nized in acetone and thoroughly air-dried. The dried materials
were digested at 55 °C for 24 h with heat-pretreated (60 °C for
30 min) actinase E (10% by weight of dried materials) in 250 ul
of 0.1 M borate sodium, pH 8.0, containing 10 mm calcium ace-
tate. Following this digestion, each sample was adjusted to 5%
trichloroacetic acid, and the resultant precipitate was removed
by centrifugation. The soluble fraction was then mixed with
ether. The aqueous phase was neutralized with 1.0 M sodium
carbonate and adjusted to contain 80% ethanol. The resultant
precipitate was dissolved in 50 mm pyridine acetate and sub-
jected to gel filtration through a PD-10 column (Amersham
Bioscience) with 50 mm pyridine acetate as an eluent. The flow-
through fractions were collected and dried. Each dried sample
was subsequently dissolved in water.

Analysis of Disaccharide Composition of CS and HS—Puri-
fied GAGs were digested with 5 mIU of chondroitinase ABC or
a mixture of 0.5 mIU of heparinase and 0.5 mIU of heparitinase
at 37 °C for 3 h. Reactions were terminated by boiling each
mixture for 1 min. The digests were derivatized with the fluo-
rophore 2-aminobenzamide, and high performance liquid
chromatography (HPLC) was then used to analyze the samples
as reported previously (22).

Gel Filtration Chromatography of GAGs—To measure GAG
chain lengths, the purified GAGs were subjected to reductive
B-elimination using NaBH,/NaOH and then analyzed by gel
filtration chromatography on Superdex-200 columns (10 X 300
mm) eluted with 0.2 M ammonium bicarbonate at a flow rate of
0.4 ml/min. Fractions were collected at 3-min intervals, lyoph-
ilized, and digested with chondroitinase ABC or a mixture of
heparinase and heparitinase. The digests were derivatized with
2-aminobenzamide and then analyzed by HPLC on an amine-
bound PA-03 column as described previously (23, 24).

Metabolic Labeling—shRNA control cells, shRNA XYLP
cells, FAM20B-overexpressing cells, sShRNA FAM20B cells
(14), wild-type ESCs, or GIcAT-I~'~ ESCs (21) were metaboli-
cally labeled with [**P]NaH,PO, (285.2 mCi/mmol) in sodium-
and phosphate-free DMEM (Invitrogen) containing 10% dia-
lyzed fetal bovine serum at 37 °C for 30 h. Each cell layer was
treated with 1 mm LiOH at 4 °C for 12 h to liberate the O-linked
saccharides from core proteins (16, 23). Each sample was sub-
sequently neutralized and then applied to a column (1-ml bed
volume) of AG 50W-X2 (H" form, Bio-Rad). Flow-through
fractions containing O-linked oligosaccharide components
were pooled and neutralized with 1 mm NH,HCO,. 2AB was
used to derivatize the oligosaccharide component of the linkage
region as described previously (17). The 2AB-derivatized puta-
tive linkage regions were analyzed by gel filtration chromatog-
raphy on a Superdex peptide column (10 X 300 mm) eluted
with 0.2 M ammonium bicarbonate at a flow rate of 0.4 ml/min.
The pooled fractions were further analyzed by HPLC on an
amine-bound PA-03 column in conjunction with enzymatic
digestion as described previously (20, 25).
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Enzyme Digestion—Each enzyme digestion was carried out
with heparitinase (EC 4.2.2.8) from F. heparinum (3 mlU)
(Seikagaku Biobusiness Corp., Tokyo, Japan), alkaline phospha-
tase (1 unit) (Roche Diagnostics), or chondroitinase AC-II (EC
4.2.2.5) from A. aurescens (10 mIU) in a total volume of 50 ul of
appropriate buffer at 37 °C overnight (20, 26).

Determination of Expression Levels of XYLP and FAM20B
mRNA by Real Time PCR—MTC Multiple Tissue cDNA panels
were purchased from Clontech. Each panel contained first
strand cDNAs from a specific human tissue, and the cDNA has
been normalized against the G3PDH transcript. The primer
pairs for XYLP and real time-PCR conditions were described
above. The primer pair for FAM20B was described previously
(14).

Pulldown Assays—The cDNA fragment predicted to encode
a truncated form of GIcAT-I that lacks the first 43 N-terminal
amino acids of GIcAT-I was amplified with a 5'-primer (5'-
GCTCTAGACTACGGCAGAAGGATCTGAGGA-3') con-
taining an in-frame Xbal site and a 3'-primer (5'-GGAAGAT-
CTGTGCCTGAAAAGAGGTGGTAG-3') containing a BgllI
site as described previously (27). The cDNA fragment predicted
to encode a truncated form of GalT-II that lacks the first 34
N-terminal amino acids of GalT-II was amplified with a
5'-primer (5'-CGGAATTCGCCGAGCCCGGGGACCCCA-
GG-3') containing an in-frame EcoRI site and a 3'-primer (5'-
CGGGATCCTCAGGGGATGCCCTCCCTTCT-3') contain-
ing a BamHI site. This fragment was inserted into a
pcDNA3Ins-His expression vector to encode a fusion protein
with the insulin signal sequence and a His, sequence tag. The
His-tagged and the protein A-tagged expression vectors were
co-transfected into COS-1 cells grown on 100-mm plates.
FuGENE™ 6 (Roche Diagnostics) was used according to the
manufacturer’s instructions. Two days after transfection, 1 ml
of the culture medium was collected and incubated with 10 ul
of Ni-NTA-agarose (Qiagen) overnight at 4 °C. The beads were
recovered by centrifugation, washed with TBS buffer contain-
ing Tween 20 three times, and subjected to SDS-PAGE (7% gel);
the separated proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane. The membrane was incubated in
PBS containing 2% skim milk and 0.1% Tween 20, then incu-
bated with IgG antibody, and then treated with anti-mouse IgG
conjugated with horseradish peroxidase (Amersham Biosci-
ence). An enhanced chemiluminescence (ECL) select detection
reagent (Amersham Bioscience) was used to visualize antibody-
labeled protein bands.

Statistical Analysis—Data are expressed as mean * S.D. The
Student’s ¢ test was used to assess statistical significance. Dif-
ferences were considered significant with p < 0.05.

RESULTS

Phosphorylated Linkage Structure Did Not Serve as a Sub-
strate for Chondroitin Polymerization—Xyl phosphorylation
increases during Gal addition onto the linkage disaccharide,
GalB1-4Xyl, and is nearly stoichiometric at the trisaccharide
level; however, GIcUA addition is accompanied by rapid Xyl
dephosphorylation during decorin biosynthesis in rat skin
fibroblasts (11). These results indicate that the phosphory-
lated linkage structure, GlcUAB1-3Gal1-3GalB1-4Xyl(2-O-
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FIGURE 1. Comparison of the chondroitin polymerization activity with
phosphorylated or dephosphorylated linkage tetrasaccharides. The 32P-
labeled phosphorylated tetrasaccharide linkage structure GICUAB1-3GalB1-
3GalB1-4[>?PIXyl(2-O-phosphate)31-0-TM (A) and «-TM (O) were each
tested as acceptors in polymerization reactions. Each acceptor was co-ex-
pressed with the enzyme sources ChSy-1 and ChPF. 3?P-Labeled or
[HlGalNAc-labeled polymerization reaction products were first isolated by
gel filtration, next subjected to reductive B-elimination using NaBH,/NaOH,
and finally purified on a Superdex 200 column with 0.25 m NH,HCO,, 7%
1-propanol as the eluent. The arrowheads labeled 65.5, 37.5,and 18.1 indicate
the elution position of the 65.5-,37.5-, and 18.1-kDa saccharides, respectively;
these molecular weight determinations were based on the elution positions
of commercial polysaccharides of known sizes (dextran average M,: 65,500,
37,500, and 18,100; all from Sigma). The arrowhead denote the elution posi-
tion of the authentic compound, GIcUAB1-3GalB1-3GalB1-4Xyl(2-O-
phosphate).

phosphate), might markedly affect the chondroitin polymer-
ase-mediated production of CS chains. Previously, we demon-
strated that chondroitin polymerization occurs when ChSy-1
and ChPF are co-expressed, and the acceptor substrate is a-TM
bearing a truncated linkage region tetrasaccharide, GIcUAB1-
3GalB1-3GalB1-4Xyl (5). Therefore, we investigated whether
polymerization could occur on the phosphorylated linkage
structure, GlcUA-Gal-Gal-Xyl(2-O-phosphate). We used
a-TM bearing a tetrasaccharide (GlcUA-Gal-Gal-Xyl) as a
primer and recombinant FAM20B as an enzyme source to gen-
erate a phosphorylated linkage structure GlcUA-Gal-Gal-[**P]-
Xyl(2-O-phosphate) attached to a-TM. This phosphorylated
structure GlcUA-Gal-Gal-[*?P]Xyl(2-O-phosphate)-TM was
incubated with the ChSy-1 and ChPF proteins. Polymerization
did not occur when GlcUA-Gal-Gal-[**P]Xyl-(2-O-phosphate)-
TM was the acceptor substrate (Fig. 1). In addition, because we
demonstrated that chondroitin polymerization is achieved by
any two combinations of ChSy-1, ChSy-2, ChSy-3, and ChPF,
we measured the polymerization activity using co-expression of
ChSy-1/ChSy-2, ChSy-1/ChSy3, ChSy-2/ChSy-3, ChSy-2/
ChPF, or ChSy-3/ChPF as the enzyme source. Polymerization
did not occur with any enzyme subunit combination when
GlcUA-Gal-Gal- [**P]Xyl-(2-O-phosphate)-TM was the accep-
tor substrate (data not shown). These results indicated that the
phosphorylated linkage structure did not serve as a substrate
for chondroitin polymerization. Therefore, based on these
results and the finding that the phosphorylated linkage struc-
ture is not used by HS polymerases as a substrate (20), we rea-
soned that dephosphorylation of the Xyl residue may be
required for biosynthetic maturation of the linkage region
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sequence and that this maturation may be a prerequisite for the
initiation and the efficient elongation of the repeating disaccha-
ride region of GAG chains.

Identification of the Putative Phosphatase as 2-Phosphoxylose
Phosphatase—Based on these findings, we propose the exis-
tence of an enzyme responsible for the dephosphorylation of
Xyl. We used the query term “unidentified phosphatase-like” to
search the database at the National Center for Biotechnology
Information (National Institutes of Health, Bethesda) and iden-
tified a candidate protein with a type II transmembrane protein
topology. The predicted gene product, designated 2-phospho-
xylose phosphatase (XYLP) here (originally acid phosphatase
like-2; ACPL2; GenBank™ accession number AB827640),
comprised 480 amino acids; this protein was predicted to have
the type II transmembrane protein topology that is character-
istic of all other enzymes involved in GAG biosynthesis (Fig.
2A). Database searches indicated that the amino acid sequence
displayed weak sequence similarity to human acidic phospha-
tase gene family members (8.3, 22.3, and 20.1% identical to
ACP1, ACP2, and ACP3, respectively) (Fig. 24).

To examine whether XYLP could dephosphorylate 2-phos-
phoxylose within the GAG-protein linkage region, we gener-
ated a soluble form of XYLP by replacing the first 37 amino
acids of XYLP with a cleavable insulin signal sequence and a
protein A IgG binding domain. This soluble recombinant XYLP
fusion protein was expressed in COS-1 cells. Based on Western
blot analysis of culture medium, these transgenic COS-1 cells
secreted a protein of ~90 kDa (Fig. 2B). The putative phospha-
tase fusion protein in the medium was purified with IgG-Sep-
harose beads to eliminate endogenous phosphatase; the pro-
tein-bound beads were then used as an enzyme source. We used
six different substrates with variable linkage regions to assess
2-phosphoxylose phosphatase activity of the bound fusion
protein. As shown in Table 1, phosphatase activity was
detected with Gal-Gal-[**P]Xyl(2-O-phosphate)-TM or GalNAc-
GlcUA-Gal-Gal-[**P]Xyl(2-O-phosphate)-TM as a substrate.
Notably, no phosphatase activity was detected when GlcUA-
Gal-Gal-[**P]Xyl(2-O-phosphate)-TM or GlcNAc-GlcUA-
Gal-Gal-[**P]Xyl(2-O-phosphate)-TM was used as a substrate.
Additionally, no phosphatase activity was detected using >*P-
osteopontin or **P-labeled matrix extracellular phosphoglyco-
protein as substrates; each of these glycoproteins is phosphor-
ylated by the Golgi kinase FAM20C (28) homologous to
FAM20B (a Xyl kinase) (14). In sharp contrast, recombinant
alkaline phosphatase from bovine intestine utilized all sub-
strates examined (Table 1).

Because XYLP showed weak sequence similarity to human
acidic phosphatase gene family members, the effects of pH on
the enzymatic activity of XYLP were examined; Gal-Gal-
[*?P]Xyl(2-O-phosphate) was used as the substrate for these
assays. XYLP exhibited optimum activity at pH 5.8 (Fig. 2C).
These findings indicated the protein secreted by the transgenic
COS-1 cells was a phosphatase that dephosphorylates Xyl res-
idues in the GAG-protein linkage region.

Subcellular Localization of XYLP—To examine the intracel-
lular localization of Xyl phosphatase, we generated a full-length
form of XYLP that carried EGFP C termini (XYLP-EGFP).
XYLP-EGFP was then co-expressed with a Golgi marker
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XYLP (ACPL2) 70
ACP1 1
ACP2 25
ACP3 (PAP) 26
XYLP (ACPL2) 133
ACP1 1
ACP2 83
ACP3 (PAP) 85
XYLP (ACPL2) 199
ACP1

ACP2 137
ACP3 (PAP) 139
XYLP (ACPL2) 264
ACP1 1
ACP2 187
ACP3 (PAP) 186
XYLP (ACPL2) 328
ACP1 1
ACP2 242
ACP3 (PAP) 244
XYLP (ACPL2) 386
ACP1 42
ACP2 292
ACP3 (PAP) 294
XYLP (ACPL2) 443
ACP1 101
ACP2 341
ACP3 (PAP) 343
XYLP (ACPL2) 480
ACP1 158
ACP2 394
ACP3 (PAP) 386

kDa
175 —

83 —

MLFRNRA[CCLLALAALLAFVSLSLQF FHLIPVSTPKNGMSSKSRK - -R -~~~ IMPDPVT-EPPVT-D-PVYEALLY--CN 69
- 1
- ---MAGK-RSGWSRAA-LLQ--L---~--L-LGVNL---VWV~-~---~ 24
- T MRAAPLL ---LARAASLSLGF-LF--LLFFW-~ 25
IPSVAERS -MEGHAPHHFKLVSVHVFIRHGDR - YPL - - YVIPKT--K- - -RPE-I-D-ClF- -L-V-ANRKPYHPKE-EAF 132
- - - - - R B 1
MPP--TR------] A-RSLRFYTL-LY-RHGDRS-PVKTY - -PKDPYQEEEWPQGF GQL - TKE-GML -QH- -WE--EGQA- 82
L----DRSVL---A-KELKFVTL-VF-RHGDRS-PIDTF - -PTDPIKESSWPQGFGQL -T-QLGM-EQH- - YE--LGE-Y 84
ISHMSK-GSGASEESPENSLPLYPNH-PLCEM-G-ELTQEGVV-Q---HEQNGQELR-D-IYLKKHKLL-PN-D--WSAD 198
________________________________________________________________________________ 1
L-RQ-RY-HG--E---ENT-S-¥HRQE - VY -VRSTDFDRI - LMSAE -ANEA-G-EFPPNGM- - --QRF -NPNIS--W--- 136
I-RK-RY-R--KE---ENE-S-¥-KHEQVY - IRSTDVDRT -LMSA-MTNEA-A-LFPPEGV-- -~ SIWNP-I-LLW--- 138
Q-L-YLEFTGKSRTL-QSGLALE - YGFL-PDFDWK--KIYFRHQPSAL-FCSGSCYCPVRNQ- - - YLEKEQRR-Q-- YL~ 263
________________________________________________________________________________ 1
QPIP-VHIV--P--ITE-D-REEKFP-LGP----- CPR-Y--EQ---EQ--NET-----R-QTPEY-QNESSR-NAQFL- 186
QPIP-VHIV--P--LSE-D-QLL-Y--L-P-F-RNCPR-F--QE---LE--SET----LKSE--EF-QK---RLHP-Y-K 185
~LRLKNSQLEKTYGEMAKIVDVPTKQE- - - -RAANPI -BSMECHFE- - - -ANVSFBCTRNGCV-D-MEHF -KVIK--T-H 327
- ——— ——— ——— ——— - 1
DM-V--AN-E-f-G-LT---DL-T--E-ETVWN---VYBT-E--FCEQT-HGLRLE-PW-A-SPQTMQRL SR-LKDFSFR 241
DF-I--A----FLGKLS---GLHGQDLFG-IWS-K-VYBP-L--YCE -SVANFTLP-SW-A-TEDTMTKL -RELSELSL- 243
-Q---I-EDERER-REKKL-YFGYS-LLGAHPT- - - -[|-NQT-IGRM-QRA--TEGR- - - -KEE[lFALYSAHDVT L SP-J 385
--VCLGNIC-RSPIAEA-V--FRK-[l--V-TDQNIS-ENWY 41
---L--M---A--TTSQLP--K- -[IL-V¥SARDTTL--- 291
LSLYGI-HKQKEKSR---LQ--G-GVLV-NE-T----[@-N-----HM-KRA--T--QIPSYKK-[I-MYSAHDTT - ---J 293
--USALG-ESEARF-------~- [RRFA-A-REIF-E-EWQ-DREKPSEHSVRI -L YNGUDVTFHTSFCQ-D-H-HKR-S- 442
--IDS-GAVSB-W-NVG-RS - PDR-VSC - LR-NHGI -HTA-HK-ARQITKED-FATFD--¥ - I-LCMDESNLRD---I 100
A-L-QMA-L-DV-YN-GEQ--A-§-YR-SCHI-F-E-LYQ---EDSGN FS-VEM-¥ - - -F-RNESD-KAPWPL 340
SGL-QMA-L-DV-YN-G--LLP-§- YA-SCHL- - TE-LY-F--EK-GEY------ F--VEM-Y---Y-RNETQ-HEPYPL 342
----P--KPM-8-P-L-ENLV-RE-VKRDMFVALGGS - ~GT~-NY~- -~ YDAGHREGF -~ - = === == === === === ===~ 480
NRK-SN-QVKT[EKAKI -E-LLGSYDPQKQEI - - IEDPYYGNDSBFETVYQQ@VRCCRAFLEKAH- - ===~ = ===~~~ 158
S--LPGC-PHRE-P-LQD-----F-----L-R-LTEP--VVPKDWQQ- -E-[@QLA- - S--GPAD-TEVIVALAVCGSILF 393
-M-LPGCSP-S[-P-L-E----RF-A--EL---VG-P--VIPQDWST--E-[@-MTTNSHQGTEDSTD--~-~-==--=~-~ 386
480
158
LLIVLLLTVLFRMQAQPPGYRHVADGEDHA 423
-- 386
= 120
o~
N
2
S 100
=
(&)
©
O 80
()
]
=t
2
o 60 -
(7}
o
s
40
o
2
=
s
&, 20 T T T T 1
4.5 5 5.5 6 6.5 7 7.5

pH

FIGURE 2. Comparison of XYLP with other acidic phosphatase gene family members and charactrization of recombinant XYLP. A, predicted amino acid
sequences were aligned using the program GENETYX-MAC (version 13). Closed and shaded boxes indicate that the predicted amino acid in the alignment is
identical in all four or any three, respectively, sequences. Gaps introduced for maximal alignment are indicated by dashes. The putative membrane spanning
domains are boxed. ACPL2, acid phosphatase-like-2; ACP, acid phosphatase; PAP, prostate acid phosphatase. B, culture medium from cells transfected with XYLP
expression construct or vector alone was incubated with IgG-Sepharose, and proteins purified from the medium were subjected to SDS-PAGE; expression of
each protein A-tagged protein was examined with anti-mouse IgG antibody. Lane 1, XYLP-protein A; lane 2, vector alone. C, effects of pH on XYLP-catalyzed
dephosphorylation of Gal-Gal-[>?P]Xyl(2-O-phosphate) were determined under standard assay conditions with different buffers. Data represent the average of

three independent experiments.

(Golgi-DsRed) or an ER marker (ER-DsRed) in HeLa cells; we

used confocal microscopy to examine the

tion of the fluorescent proteins. XYLP-EGFP (Fig. 3A) co-local-
ized with the Golgi-DsRed marker (Fig. 3C), but XYLP-EGFP
(Fig. 3D) did not completely co-localize with the ER-DsRed
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marker (Fig. 3F). These results indicate that XYLP acted as a

subcellular localiza-  2-phosphoxylose phosphatase in the Golgi apparatus.

Involvement of XYLP in GAG Biosynthesis—To further exam-
ine the physiological relevance of XYLP, we investigated
whether overexpression of XYLP changes the amount of GAGs
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TABLE 1

Comparison of substrate specificity of the phosphatases, XYLP and
alkaline phosphatase (ALP)

Substrate” XYLP? ALP
nmol/mg/h
Gal-Gal-Xyl(2P)-TM 41+04  48=0.1
GlcUA-Gal-Gal-Xyl(2P)-TM - 49 *0.1
GalNAc-GlcUA-Gal-Gal-Xyl(2P)-TM 4.5 *0.5 4.8 £0.3
GlcNAc-GlcUA-Gal-Gal-Xyl(2P)-TM - 4.4 +0.2
Osteopontin - 1.0 +0.2
Matrix extracellular phosphoglycoprotein - 0.2=*0.1

“ 2P represents 2-O-phosphate.
? The values are the mean =+ S.D. of three measurements.
¢ —, not detected (<0.1 nmol/mg/h).

XYLP-EGFP

Golgi-DsRed

ER-DsRed

FIGURE 3. Subcellular localization of XYLP. Confocal microscopy was used
to examine Hela cells co-expressing XYLP-EGFP (A) and Golgi-DsRed (Golgi
marker) (B) or co-expressing XYLP-EGFP (D) and ER-DsRed (ER marker) (E). The
merged images show that XYLP precisely co-localized with a Golgi-DsRed
marker (C) and that XYLP-EGFP was not completely co-localized with an ER-
DsRed marker (F).

present in HeLa cells. As shown in Table 2, the composition of
the disaccharides and the amount of CS and HS isolated from
clones stably transfected with transgenic XYLP were deter-
mined by HPLC; these clones were designated XYLP-1 cells.
The disaccharide composition of CS and of HS in the XYLP-1
cells was similar to that in the control HeLa cells; however, the
total amount of CS and of HS was greater in XYLP-1 cells than
in control cells. This augmentation was small probably because
endogenous levels of XYLP are high in HeLa cells.

Thus, we examined whether knockdown of XYLP decreased
the amount of CS and HS in HeLa cells. The efficiency of XYLP
gene silencing was determined by quantitative real time RT-
PCR. Transfection of ShRNA XYLP-1 or shRNA XYLP-2 (two
different shRNAs directed against XYLP) resulted in 83 or 87%
knockdown, respectively, of XYLP mRNA. shRNA XYLP-1 and
shRNA XYLP-2 resulted in a 33 or 54% decrease, respectively, in
the amount of CS. Similarly, shRNA XYLP-1 and shRNA
XYLP-2 resulted in a 27 or 47% decrease, respectively, in the
amount of HS. In each assay, shRNA XYLP-1 cells or shRNA
XYLP-2 cells were compared with shRNA control HeLa cells.
Taken together, these results indicated that XYLP regulates the
total amount of GAG synthesized in cells and plays an impor-
tant role in the biosynthesis of GAGs.

Involvement of XLYP in the Increased Number of CS and HS
Chains—W e next compared the length and number of CS and
HS chains obtained from the shRNA XYLP-2 with those
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obtained from shRNA control HeLa cells. Gel filtration analysis
using a Superdex 200 column revealed that the length of the CS
and HS chains in sShRNA XYLP-2 cells was similar to that in the
shRNA control cells; however, the number of short and long HS
chains in xylp-2 cells was smaller than that in shRNA control
cells (Fig. 4, A and B). These results indicated that XYLP might
regulate the number of CS and HS chains.

Knockdown of XYLP Increased the Amount of Phosphorylated
Linkage Structures—To further examine whether linkage
region maturation was influenced by knockdown of XYLP in
HeLa cells, the linkage oligosaccharides obtained from the
shRNA XYLP-2 cells were compared with those obtained from
shRNA cells. The 2-phosphoxylose in each cell line was radio-
labeled with [**P]NaH,PO, and isolated after mild alkaline
treatment with LiOH, which releases O-linked polysaccharides
(including GAGs) from core proteins via B-elimination. The
isolated oligosaccharides were derivatized with the fluorophore
2AB and separated by gel filtration chromatography using a
Superdex peptide column; three predominant peaks were evi-
dent (Fig. 5A4). The fraction 1 peak was larger in sShRNA xylp-2
HelLa cells (Fig. 5A); therefore, fraction 1 was subjected to fur-
ther analyses. The oligosaccharides in fraction 1 isolated from
shRNA XYLP-2 HeLa cells were digested with heparitinase,
which can cleave the al-4 linkage of GlcNAcB1-4GIcUA
(20). Interestingly, these heparitinase-treated oligosaccharides
shifted to the elution position of GlcUAB1-3GalB1-3GalB1-
4Xyl(2-O-phosphate)-2AB (Fig. 5B). In contrast, the oligosac-
charides in fraction 1 were resistant to chondroitinase AC-II,
which can cleave the 81-4 linkage of GalNAcf1-4GIcUA, and
to B-glucuronidase, which catalyzes hydrolysis of B-GIcUA res-
idues from the nonreducing termini of sugar chains (Fig. 5B).
As expected, the oligosaccharides in fraction 1 were sensitive to
alkaline phosphatase, and they co-eluted with the authentic
phosphorylated pentasaccharide GIcNAcal-4GlcUAB1-3-
GalpB1-3GalB1-4Xyl(2-O-phosphate)-2AB (data not shown).
Based on these findings, we concluded that the structure of the
oligosaccharides in fraction 1 was GlcNAcal-4GlcUABL-
3GalB1-3GalB1-4Xyl(2-O-phosphate)-2AB.  Notably, the
amount of GlcNAcal-4GlcUABI-3GalB1-3GalB1-4[>*P]
Xyl(2-O-phosphate)-2AB was significantly lower in shRNA
control cells than in XYLP knockdown or FAMZ20B-overex-
pressing cells; however, neither GalNAcal-4GIcUAB1-3
GalB1-3GalB1-4[**P]Xyl(2-O-phosphate)-2AB nor GlcUAB1-3
GalB1-3GalB1-4[*’P]Xyl(2-O-phosphate)-2AB was evident
in any sample examined (Table 3). We recently demonstrated
that GlcNAcal-4GlcUAB1-3GalB1-3GalB1-4[**P]Xyl(2-
O-phosphate) is formed by EXTL2 and considered to be a bio-
synthetic intermediate of an immature GAG chain (20). There-
fore, when the formation of the phosphorylated linkage region
is excessively accelerated by FAM20B or dephosphorylation by
XYLP was attenuated, phosphorylated linkage tetrasaccharide
could be formed; EXTL2 may then immediately transfer a
GIcNACc to the phosphorylated linkage tetrasaccharide.

Furthermore, the oligosaccharides in fraction 2 eluted at the
position of the authentic 2AB-trisaccharide GalB1-3GalB1-
4[?P]Xyl(2-O-phosphate)-2AB; similarly, the oligosaccharides
in fraction 3 were eluted at the position of the authentic
2AB-disaccharide GalB1-4[**P]Xyl(2-O-phosphate)-2AB. The
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TABLE 2
Disaccharide composition of GAGs from HelLa clones

HeLa cells were transfected with vector alone (mock) and plasmids containing XYLP, shRNA control, or saRNA XYLP. For experimental details, see “Experimental
Procedures.” The values are expressed as picomoles of disaccharide per mg of dried homogenate of these cells and as the means * S.E. of three determinations.

pmol/mg (mol%)
CS Mock XYLP-1 shRNA-control shRNA XYLP-1 shRNA XYLP-2
Disaccharides
AHexA? -GalNAc 7.8+1.0(5) 10.1+ 1.5 (6) 41+1.403) 34+034) 2.7+£1.0 (4)
AHexA-GalNAc(6S) 28.8 £5.1(18) 46.6 £ 6.2 (28) 19.5+ 0.5 (14) 14.6 £ 0.2 (16) 12.1£0.3(19)
AHexA-GalNAc(4S) 106.7 + 8.7(68) 97.9 + 12.8(59) 104.1 £2.1(75) 69.6 + 1.9 (74) 452 +1.9(71)
AHexA(2S)-GalNAc(6S) 83+3.3(5) 6.9+0.8(4) 63+03(4) 39+0.1(4) 23+0.2(4)
AHexA-GalNAc(4S,6S) 4.8+1.6(3) 3.7+£1.6(2) 52+0.1(4) 22+0.6(2) 1.5+£0.6 (2)
AHexA(2S)-GalNAc(4S,6S) _c — — — —
Total CS disaccharide 156.4+19.4 1652 +21.2 139.0 £10.2 93.7+0.8 63.7+2.7
HS Mock XYLP-1 shRNA-control shRNA XYLP-1 shRNA XYLP-2
Disaccharides

AHexA-GIcNAc

162.2 + 18.9 (46)

162.8 +£39.6 (43)

143.5  10.9(41)

105.6 + 3.9 (41)

83.0 £ 3.9 (45)

AHexA-GIcNAc(6S) 10.3 = 0.93) 10.0 £3.5 (3) 9.4+0.7(3) 6.6+0.1(3) 44+1.0(2)
AHexA-GIcN(NS) 123.8+£19.3 (35)  146.6+36.8(39) 127.0+102(37) 89.6+3.3(35)  652+4.0(35)
AHexA-GIcN(NS,6S) 122+ 1.1 (3) 202+ 5.2 (5) 14.7 £ 1.4(4) 9.0+0.2 (4) 9.1+ 0.8 (5)
AHexA(2S)-GIeN(NS) 25.1+2.4(7) 27.3+9.7(7) 29.6 +2.5(9) 23.4+1.0(9) 11.8+1.9 (6)
AHexA(2S)-GIcN(NS, 68) 22.1 £ 1.6 (6) 24.6 +11.3(6) 24.1+2.7(7) 216+09(8)  12.4+2.0(7)
Total HS disaccharide 355.8+34.8 381.4 + 84.8 3483 + 283 255.8+92 1858+ 12.9
b 1.0 27 1.0 0.17 0.13

Relative expression

“ AHexA, GalNAc, GlcN, and GIcNAc represent unsaturated hexuronic acid, N-acetylgalactosamine, glucosamine, and N-acetylglucosamine, respectively; 6S, 4S, NS, and 2S
represent 6-O-sulfate, 4-O-sulfate, 2-N-sulfate, and 2-O-sulfate, respectively.
? Quantitative real time RT-PCR was used to measure relative amounts of the XYLP transcript. XYLP mRNA levels were normalized relative to glyceraldehyde-3-phosphate

dehydrogenase mRNA levels.
¢ —, not detected (<0.01 pmol/mg).

structural identity of these two oligosaccharides was further
confirmed by co-chromatography using HPLC. The amounts
of GalB1-4[*’P]Xyl(2-O-phosphate)-2AB were significantly
higher in FAM20B-overexpressing cells or in XYLP knockdown
cells than in the shRNA control cells (Table 3). In addition, the
amounts of GalB1-3GalB1-4[**P]Xyl(2-O-phosphate)-2AB
were greater in the samples from the XYLP knockdown cells
than those from shRNA control cells. In contrast, the amounts
of GalB1-3GalB1-4[**P]Xyl(2-O-phosphate)-2AB were sig-
nificantly lower in FAM20B knockdown cells than in control
cells. All of these results closely correlated with in vitro XYLP
and FAM20B substrate specificities. Interestingly, the phos-
phorylated linkage tetrasaccharide, GlcUAB1-3GalB1-3-
GalB1-4[**P]Xyl(2-O-phosphate)-2AB, was not detected in
any sample examined; therefore, the addition of GIcUA may be
accompanied by rapid dephosphorylation as proposed previ-
ously (11). Together, these results indicated that XYLP was a
2-phosphoxylose phosphatase that dephosphorylates Xyl resi-
dues in the GAG-protein linkage region in these HeLa cells.
Real Time PCR Analysis of XYLP in Several Human Tissues—
Real time PCR and first strand cDNAs from different human
tissues were used to assess the tissue-specific expression pat-
tern of XYLP and FAM20B. Both enzymes were expressed ubiq-
uitously, but somewhat differentially, in all tissues examined.
The strong XYLP expression was evident in the spleen and fetal
liver, and moderate expression was evident in the placenta,
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pancreas, kidney, thymus, and colon. Notably, the expression
pattern was similar to that of FAM20B in the heart, pancreas,
prostate, ovary, and small intestine and different from that of
FAM?20B in the placenta, lung, liver, kidney, spleen, thymus,
colon, and fetal liver (Fig. 6).

Interactions of XYLP and GlcAT-I—To evaluate interactions
between XLYP and GIcAT-I, co-expression of XLYP and
GIcAT-I was carried out. First, to confirm that the co-expres-
sion of two proteins augments the dephosphorylation activity,
the culture medium from each transfection experiment was
incubated with IgG-Sepharose, and the IgG-Sepharose-bound
proteins were then evaluated for enzyme activity. Dephosphor-
ylation activity was evident in medium from each transfectant
when Gal-Gal-[**P]Xyl(2-O-phosphate)-TM was used as a sub-
strate (Table 4). Remarkably, in the presence of UDP-GIcUA,
co-expression of XYLP and GIcAT-I augmented the dephos-
phorylation activity of XYLP over 16-fold (Table 4), although
such an augmentation was not observed in the absence of UDP-
GIcUA. These results suggest that the addition of the first
GIcUA residue by GIcAT-I was accompanied by rapid dephos-
phorylation by XYLP. Then, to clarify the involvement of the
transfer of GIcUA ina marked augmentation of the dephosphor-
ylation activity, we constructed a GIcAT-I mutant, which is
expected to lack GIcAT-I activity. Based on the crystal structure
of GIcAT-], the residue Glu-281 is in position to function as a
catalytic base (29, 30). In fact, the GIcAT-I E281A mutant
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FIGURE 4. Analysis of the lengths of CS and HS chains from HeLa-shRNA
control and HeLa-shRNA XYLP-2 cells. Purified GAG fractions were sub-
jected to reductive B-elimination with NaBH,/NaOH and then analyzed by gel
filtration chromatography on a Superdex 200 column (10 X 300 mm). The
digests of individual fractions obtained with chondroitinase ABC (A) or a mix-
ture of heparinase and heparitinase (B) were derivatized with 2AB and then
analyzed by HPLC. The amounts of the 2AB derivatives of unsaturated disac-
charides were calculated based on fluorescence intensity. Data from samples
from shRNA XYLP-2 (@) and shRNA control Hela cells (O) are shown. The
arrowheads labeled 65.5K, 37.5K,and 18.1K indicate the elution position of the
65.5-, 37.5-, and 18.1-kDa saccharides, respectively; these molecular weight
determinations were based on the elution positions of commercial polysac-
charides of known sizes (dextran average M,: 65,500; 37,500; and 18,100; all
from Sigma). Data represent 1 of 3 independent series of experiments, where
all three series gave essentially identical results.

would not possess GIcAT-I activity. Notably, co-expression of
XYLP and the GIcAT-1 E281A mutant did not result in a
marked augmentation of the dephosphorylation activity even in
the presence of UDP-GIcUA.

Next, we used pulldown assays to determine whether inter-
actions between XYLP and GlcAT-I occurred. For this analysis,
soluble forms of protein A-tagged XYLP fusion proteins
(XYLP-ProA) and a soluble form of a Hisc-tagged GIcAT-I,
GalT-II, and Fam20B fusion protein (GIcAT-I-His, GalT-II-
His, and Fam20B-His, respectively) were generated. To evalu-
ate associations among these proteins, pulldown assays were
performed. In addition, to ensure specificity, we conducted
these assays with GalT-II or FAM20B (a Xyl kinase). For this
analysis, soluble forms of a protein A-tagged XYLP fusion pro-
tein (XYLP-ProA) and Hiss-tagged GIcAT-I, GalT-II, and
Fam20B fusion proteins (GlcAT-I-His, GalT-II-His, and
Fam20B-His, respectively) were generated. Ni-NTA-agarose
was added to the culture medium to pull down His-tagged pro-
teins. Then, the proteins were subjected to SDS-PAGE followed
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FIGURE 5. Characterization of the linkage oligosaccharides isolated from
Hela cells. A, 2AB-labeled oligosaccharides were separated by gel filtration
on Superdex peptide columns. The arrows denote the elution positions of
the following compounds: 1, GalB1-3GalB1-4Xyl(2-O-phosphate)-2AB; 2,
GalB1-4Xyl(2-O-phosphate)-2AB; 3, free [**P]phosphate. Data from samples
from shRNA XYLP-2 (@) and shRNA control Hela cells (O) are shown. Fr., frac-
tion. B, oligosaccharides in pooled fraction 1 were digested with various glyco-
sidases, and digests were analyzed by HPLC on a column of PA-03. The arrows
and the arrowheads denote the elution positions of the authentic compounds,
GlcNAca1-4GIcUAB1-3GalB1-3GalB1-4Xyl(2-O-phosphate)-2AB and GIcCUAB1-3
GalB1-3GalB1-4Xyl(2-O-phosphate)-2AB, respectively.

by Western blotting, and the resulting blots were probed with
IgG antibody; antibody signal was detected with an ECL select
detection reagent. No band was detected with samples from the
co-transfectant expressing XYLP-ProA and GalT-II-His or
XYLP-ProA and Fam20B-His (Fig. 7A). However, proteins with
a molecular mass of ~90 kDa and corresponding to XYLP-
ProA were detected with samples from the co-transfectant
expressing XYLP-ProA and GIcAT-I-His (Fig. 7A).

Then, to investigate the intracellular localization of XYLP in
the presence or absence of GIcAT-I, XYLP-EGFP was co-ex-
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TABLE 3

Proportion of phosphorylated linkage-region saccharides from HelLa clones
HelLa cells were transfected with plasmids containing FAMZ20B, shRNA control, shARNA XYLP, or shRNA FAM20B. **P radioactivity was measured as described under

“Experimental Procedures.”

shRNA shRNA shRNA
Structure control XYLP-2 FAM20B FAM20B
Gal-[**P]Xyl(2P)-2AB" 1.0 + 0.15° 1.72 £ 0.12°¢ 3.12 = 0.29¢ 0.97 = 0.05
Gal-Gal-[**P]Xyl(2P)-2AB 34 *1.38 575 *1.19 2.32 +0.17 0.86 = 0.06°
GlcUA-Gal-Gal-[**P]Xyl(2P)-2AB - - - -
GalNAc-GlcUA-Gal-Gal-[**P]Xyl(2P)-2AB - - - -
GlcNAc-GlcUA-Gal-Gal-[**P]Xyl(2P)-2AB 0.08 = 0.04 3.58 = 0.19° 0.39 = 0.03¢ 0.08 = 0.02

“ 2P represents 2-O-phosphate.

? The values of Gal-Xyl(2P)-2AB derived from shRNA control cells were set at a value of 1.0. The values are the means * S.E. of three determinations.

¢ p < 0.05; the values of Gal-Xyl(2P)-2AB were derived from shRNA control cells versus from shRNA XYLP-2 cells; the values of Gal-Xyl(2P)-2AB were derived from shRNA
control cells versus from FAM20B-overexpressing cells; the values of Gal-Gal-Xyl(2P)-2AB were derived from shRNA control cells versus from sShRNA FAM20B cells, and
the values of GIcNAc-GlcUA-Gal-Gal-Xyl(2P)-2AB were derived from shRNA control cells versus from FAM20B-overexpressing cells.

4 p < 0.001; the values of GlcNAc-GlcUA-Gal-Gal-Xyl(2P)-2AB were derived from shRNA control cells versus from shRNA XYLP-2 cells.

¢ —, not detected (<0.01).
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FIGURE 6. Expression levels of XYLP mRNA in different human tissues.
Multiple tissue cDNA panels (Clontech) were used to perform real time PCR
analyses. Levels of XYLP (open bars) and FAM20B (closed bars) mRNAs were
normalized to those of glyceraldehyde-3-phosphate dehydrogenase mRNA.
Results are means = S.E. of three experiments. Statistical analysis was carried
out by Student’s t test. *, p < 0.01, and **, p < 0.05.

TABLE 4

Comparison of phosphatase activities of XYLP and co-transfectant of
XYLP and GIcAT-I

XYLP/
Substrate” XYLP? GIcAT-1
nmol/mg/h
Gal-Gal-Xyl(2P)-TM 41*+04 33=*1.1
Gal-Gal-Xyl(2P)-TM + UDP-GIcUA 1.7*+05 27.7*53

GlcUA-Gal-Gal-Xyl(2P)-TM — -
GlcUA-Gal-Gal-Xyl(2P)-TM+ UDP-GIcUA - -
“ 2P represents 2-O-phosphate.
? The values are the mean *+ S.D. of three measurements.
¢ —, not detected (<0.1 nmol/mg/h).

pressed with a Golgi-DsRed or an ER-DsRed in wild-type or
GIcAT-I"'~ ESCs (21), respectively. In the presence of GIcAT-I
(wild-type ESCs), XYLP-EGFP co-localized with the Golgi-
DsRed marker, but XYLP-EGFP did not completely co-localize
with the ER-DsRed marker (Fig. 7, B and C). These results were
consistent with those obtained in HeLa cells (see Fig. 3, A and
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C). Remarkably, in the absence of GIcAT-1 (GIcAT-I"'~ ESCs),
XYLP-EGFP co-localized predominantly with the ER-DsRed
marker, whereas XYLP-EGFP did not completely co-localize
with the Golgi-DsRed marker (Fig. 7, B and C). These results
indicate that XYLP is transported to the Golgi with interaction
of GIcAT-I and that expression of GIcAT-I is indispensable for
accumulation of XYLP in the Golgi complex.

To further examine whether XYLP-dependent dephosphor-
ylation is influenced by knock-out of GIcAT-I, the linkage
oligosaccharides obtained from the GIcAT-I '~ ESCs were
compared with those obtained from wild-type ESCs. The
2-phosphoxylose in each cell line was radiolabeled with
[**P]NaH,PO, and isolated after mild alkaline treatment with
LiOH as described above. The isolated oligosaccharides were
derivatized with the fluorophore 2AB and separated by gel fil-
tration chromatography using a Superdex peptide column.
As expected, GlcUAB1-3GalB1-3GalB1-4[**P]Xyl(2-
O-phosphate)-2AB, GalNAcal-4GlcUAB1-3GalB1-3-
GalB1-4[**P]Xyl(2-O-phosphate)-2AB, and GlcNAcal-4-
GlcUAB1-3GalB1-3GalB1-4[**P]Xyl(2-O-phosphate)-2AB
were not detected. Notably, the amounts of GalB1-3
GalB1-4[**P]Xyl(2-O-phosphate)-2AB and GalB1-4[**P]X-
yl(2-O-phosphate)-2AB were significantly higher in GIcAT-
I"’~ than wild-type ESCs (Table 5), despite the fact that XYLP
was expressed in both wild-type and GIcAT-I~'~ ESCs. These
results also suggest that GlcAT-I-mediated addition of GIcUA
might facilitate the XYLP-dependent dephosphorylation. Taken
together, these results indicated that XYLP and GIcAT-I inter-
acted with each other and that GlcAT-I-mediated addition of
GIcUA can be accompanied by rapid XYLP-dependent dephos-
phorylation during completion of linkage region formation.

DISCUSSION

Previously, we demonstrated that FAM20B is a Xyl kinase
that phosphorylates C2 of the Xyl residue in the GAG-protein
linkage region of nonphosphorylated trisaccharide serine
structures (GalB1-3GalB1-4XylB1-O-Ser) (14). Additionally,
Moses et al. (11, 12) demonstrated that phosphorylation grad-
ually increases as the linkage region forms and that Xyl phos-
phorylation was completed at the GalB1-3GalB1-4Xyl stage.
Only the trisaccharide contained an almost fully phosphory-
lated Xyl. Addition of the first GIcUA residue was accompanied
by rapid dephosphorylation, suggesting that the phosphoryla-

VOLUME 289-NUMBER 10-MARCH 7, 2014



Identification of 2-Phosphoxylose Phosphatase

A Pull-down
19G-Seph + —_
Ni-NTA - +
100 kDa —
WB mouse IgG
XYLP-ProA
GIcAT-I-His
B :
XYLP-EGFP  Golgi-DsRed

Wild type

GIcAT-I KO

Wild type

GIcAT-I KO

DAPI

XYLP-ProA XYLP-ProA
GalT-lI-His FAM20B-His
Merge

Merge

FIGURE 7. Interactions of XYLP and GIcAT-l. A, culture medium from cells co-expressing XYLP-ProA and GIcAT-I-His, XYLP-ProA and GalT-II-His, or XYLP-ProA
and FAM20B-His was incubated with Ni-NTA-agarose to purify Hiss-tagged proteins and any associated proteins; the purified proteins were subjected to
SDS-PAGE. The separated proteins were transferred to PVDF membrane and allowed to react with IgG as a primary antibody; ECL select detection reagent was
used to visualize antibody-labeled proteins. B and C, XYLP-EGFP was co-expressed with a Golgi-DsRed (B) or an ER-DsRed (C) in wild-type or GIcAT-I~'~ ESCs,
respectively. B, XYLP-EGFP co-localized with the Golgi-DsRed marker in wild-type ESCs, but XYLP-EGFP did not completely co-localize with the Golgi-DsRed
marker in GICAT-I~/~ ESCs. C, XYLP-EGFP did not completely co-localize with the ER-DsRed marker in wild-type ESCs, but XYLP-EGFP co-localized with the

ER-DsRed marker in GIcAT-I~/~ ESCs. Seph, Sepharose; WB, Western blot.

TABLE 5
Proportion of phosphorylated linkage-region saccharides from ESCs

Wild-type and GlcAT-I"'~ ESCs were isolated from the inner cell mass of explanted
blastocysts derived from heterozygous intercrosses (GIcAT-I"'~ X GlcAT-I'"'")
(21). *’P radioactivity was measured as described under “Experimental Procedures.”

Wild-type  GIcAT-I"'~
Structure ESCs ESCs
Gal-[**P]Xyl(2P)-2AB“ 1.0 = 0.2° 2.0 = 0.2¢

Gal-Gal [**P|Xyl(2P)-2AB 214+ 032 337 027
GlcUA-Gal-Gal-[**P]Xyl(2P)-2AB 4 -
GalNAc-GlcUA-Gal-Gal-[**P]Xyl(2P)-2AB - -
GlcNAc-GlcUA-Gal-Gal-[**P]Xyl(2P)-2AB ~ 5.83 = 0.5 -

“ 2P represents 2-O-phosphate.

? The values of Gal-Xyl(2P)-2AB derived from wild-type ESCs were set at a value
of 1.0. The values are the means *+ S.E. of three determinations.

€ p < 0.05; the values of Gal-Xyl(2P)-2AB were derived from wild-type ESCs ver-
sus from GIcAT-I"'~ ESCs, and the values of Gal-Gal-Xyl(2P)-2AB were derived
from wild-type ESCs versus from GIcAT-I"'~ ESCs.

4 _, not detected (<0.01).
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tion of Xyl is a transient phenomenon (11, 12). Thus, it is sug-
gested that GlcAT-I-mediated addition of GIcUA can be
accompanied by rapid XYLP-dependent dephosphorylation
during completion of linkage region formation. In fact, the
phosphorylated linkage tetrasaccharide was not detected in
cells (Tables 3 and 5). In addition, XYLP and GIcAT-I can form
heterooligomers apparently required for maximal dephos-
phorylation activity (Table 4) and translocation to the Golgi in
vitro (Fig. 7, B and C). These findings are similar to those in the
case of co-transfection of EXT1 and EXT2, which forms an
enzyme complex for the polymerization of HS (31). In view of
these results, both XYLP and GlcAT-Iseem to be indispensable
for efficient maturation of the linkage region tetrasaccharide.
Thus, we concluded that the phosphorylation and dephos-
phorylation of Xyl residues were tightly regulated by FAM20B,
XYLP, and GIcAT-I.

JOURNAL OF BIOLOGICAL CHEMISTRY 6705



Identification of 2-Phosphoxylose Phosphatase

Chn polymerases
n
A —

Polymerization

HS polymerases

n
—
Polymerization

[Q GlcUA . GlcNAc D GalNAc O Gal ﬁ Xyl t Core protein ]

FIGURE 8. Phosphorylation and dephosphorylation of Xyl residues regulate the formation of the linkage region and GAG biosynthesis. Synthesis of the
linkage region is initiated by the addition of a Xyl residue to a specific serine residue on a core protein; this event is followed by the sequential transfer of two
Gal residues, and synthesis of the linkage region is completed by transfer of a GIcUA residue. During synthesis of the linkage region, transient FAM20B-
catalyzed phosphorylation of the Xyl residue occurs and enhances the activity of GalT-Il and of GIcAT-I. After synthesis of the phosphorylated linkage region
trisaccharide, GIcAT-I transfers GIcUA to the phosphorylated trisaccharide serine structure, GalB1-3GalB1-4Xyl(2-O-phosphate)31-O-Ser. Concomitant with
this process, dephosphorylation of Xyl is immediately induced by XLYP. Then, chondroitin (Chn) or HS polymerases induce polymerization of disaccharide
chains onto the linkage region tetrasaccharide. If formation of linkage region is excessively accelerated by FAM20B and/or dephosphorylation of the Xyl by
XYLP is attenuated, biosynthetic intermediates (phosphorylated linkage tetrasaccharides) could accumulate; under this condition, EXTL2 may immediately

transfer a GIcNAc to the phosphorylated linkage tetrasaccharide and thereby induce chain termination (20). 2P represents 2-O-phosphate.

Here, we found that RNA interference of XYLP resulted in a
reduction in the amounts of CS and HS in cells. In addition, gel
filtration analysis of the GAG chains synthesized in the knock-
down cells revealed that the CS and HS chains had similar
lengths to CS and HS chains, respectively, in shRNA control
cells. These results indicated that XYLP regulated the number
of CS and HS chains. These findings are in agreement with the
results that the phosphorylated linkage tetrasaccharide did not
serve as a substrate for chondroitin or HS polymerization.
Therefore, we reasoned that dephosphorylation of the Xyl res-
idue by XYLP may be required for biosynthetic maturation of
the linkage region sequence and that this maturation may be a
prerequisite for the initiation and the efficient elongation of the
repeating disaccharide region of GAG chains. Similarly, over-
expression of FAMZ20B increased the amount of both CS and
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HS in HeLa cells, and RNA interference of FAM20B resulted in
a reduction in the amounts of both CS and HS in the cells (14).
Gel filtration analysis of the GAG chains synthesized in cells
that overexpressed FAM20B revealed that they had lengths
similar to those in the mock-transfected cells (14). These results
also indicate that FAM20B regulates the number of GAG
chains by phosphorylating the Xyl residue in the GAG-protein
linkage region of proteoglycans. In this regard, it should be
noted that GIcAT-I could efficiently transfer a GIcUA residue
to the phosphorylated trisaccharide serine, GalB1-3GalB1-
4Xyl(2-O-phosphate)31-O-Ser, than to the nonphosphory-
lated counterpart GalB1-3Galp1-4XylB1-O-Ser (10). More-
over, in rat articular cartilage explants, the introduction of
GlcAT-I enhanced GAG synthesis via an increase in the abun-
dance rather than the length of GAG chains, whereas antisense
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inhibition of GIcAT-I expression impaired GAG synthesis (32).
These results suggest that GIcAT-I regulates the expression of
GAGs in a Xyl phosphorylation-dependent manner. Therefore,
we reasoned that phosphorylation and dephosphorylation of
Xyl are coupled and that together these events regulate the
number of GAG chains and play an important role in the bio-
synthesis of GAGs.

GAG chains exert their specific functions in a tissue- and cell
type-specific manner, suggesting that the structure and amount
of GAG chains are strictly regulated. A recent report suggested
that abnormal biosynthesis of GAGs due to lack of EXTL2
affects liver injury, liver regeneration processes (33), and the
progression of vascular calcification in cases of chronic kidney
disease (34). EXTL2 is one of three EXT-like genes homologous
to the tumor suppressor EXT gene family members and
encodes an N-acetylhexosaminyltransferase (20, 35). EXTL2
terminated polymerization of GAG chains by transferring an
N-acetylglucosamine residue to the phosphorylated tetrasac-
charide linkage region. Remarkably, the phosphorylated link-
age pentasaccharide, GIcNAcB1-4GIlcUAB1-3GalB1-3-
GalB1-4Xyl(2-O-phosphate), was not used as an acceptor
for HS or chondroitin polymerases. Furthermore, our previous
study raised the possibility that the dephosphorylated link-
age pentasaccharide, GIcNAcB1-4GlcUAB1-3GalB1-3
GalB1-4Xy], is utilized as a primer for HS biosynthesis (20).
These results suggest that persistent xylose phosphorylation of
the pentasaccharide may prevent further polymerization of HS.
If chain polymerization takes place at a slow rate despite accel-
erated formation of the linkage region (e.g. under pathological
conditions and embryo development), the synthesis of a linkage
region will be uncoupled from subsequent polymerization. In
this situation, it is thought that XYLP functions as a regulator to
control GAG biosynthesis. Unless the dephosphorylation-de-
pendent regulation system operates, an increase in supply of
phosphorylated tetrasaccharide linkage would cause a chain
termination. In addition, FAM20B "~ mice have been reported
to die as embryos and show severely stunted growth, multisys-
tem organ hypoplasia, and delayed development of the skeletal
system, eyes, lung, gastrointestinal tract, and liver (28). Based
on these findings, we propose that both steps, the phosphory-
lation and dephosphorylation of a Xyl residue, are important
for the maintenance of tissue homeostasis under pathological
conditions and embryo development.

Here, we propose that the formation of GAG-protein linkage
region is controlled via two pathways (Fig. 8). The biosynthesis
of GAG is initiated by the addition of Xyl to specific serine
residues in a core protein; this event is followed by the transfer
of Gal residues and then by the transient phosphorylation of Xyl
residues by FAM20B (14). Next, GIcAT-I transfers GlcUA from
UDP-GIcUA to the phosphorylated trisaccharide serine struc-
ture, GalBl1-3GalB1-4Xyl(2-O-phosphate)1-O-Ser; this
final step completes formation of the linkage region. Concom-
itantly, XYLP can dephosphorylate Xyl(2-O-phosphate)B1-
O-Ser structures during this last step, and interactions between
GIcAT-I and XYLP facilitate these two simultaneous steps.
Then, CS or HS polymerization onto the linkage region tetra-
saccharide can proceed via chondroitin or HS polymerases,
respectively. In this model, phosphorylation of Xyl residues
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function to regulate linkage region synthesis, which is
enhanced by GIcAT-I, and the dephosphorylation of Xyl resi-
dues facilitates the initiation of polymerization. Indeed, polym-
erization of the disaccharide repeats of GAG chains is initiated
on dephosphorylated tetrasaccharide linkage structures (Fig. 1)
(20). If the formation of the linkage region is excessively accel-
erated by FAM20B and/or the dephosphorylation of linkage
region by XYLP is attenuated, biosynthetic intermediates
(phosphorylated linkage tetrasaccharide) may accumulate;
under this condition, EXTL2 immediately transfers a GIcNAc
to the phosphorylated linkage tetrasaccharide and thereby
induces chain termination (20). Whether the phosphorylated
linkage pentasaccharide produced by EXTL2 can be recycled
for HS biosynthesis and/or be degraded remains unclear. How-
ever, XYLP could not use the phosphorylated linkage penta-
saccharide as a substrate (see Table 1); therefore, it is likely that
this pentasaccharide will be degraded.

In conclusion, we identified the 2-phosphoxylose phospha-
tase responsible for the dephosphorylation of Xyl in the GAG-
protein linkage region and found that transient phosphoryla-
tion of Xyl residues plays an important role in controlling the
formation of GAG chains. Presumably, all encoding enzymes
responsible for GAG biosynthesis in human cells have now
been identified. Analyses, both in vitro and in vivo, of enzymatic
and biological functions of the individual enzymes have pro-
vided novel insights into the existence of high order molecular
complexes that produce structurally and functionally diverse
GAG chains (1, 35). Therefore, a comprehensive assessment of
physical and functional interactions among the individual
enzymes, together with examination of the regulation their
transcription and translation, will help to elucidate the biosyn-
thetic fine-tuning of the various biological/pathological func-
tions of GAG chains.
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