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The epidermal growth factor repeats of the Notch receptor
are extensively glycosylated with three different O-glycans.
O-Fucosylation and elongation by the glycosyltransferase
Fringe have been well studied and shown to be essential for
proper Notch signaling. In contrast, biosynthesis of O-glu-
cose and O-N-acetylglucosamine is less well understood.
Recently, the isolation of the Drosophila mutant rumi has
shown that absence of O-glucose impairs Notch function.
O-Glucose is further extended by two contiguous �1,3-linked
xylose residues. We have identified two enzymes of the
human glycosyltransferase 8 family, now namedGXYLT1 and
GXYLT2 (glucoside xylosyltransferase), as UDP-D-xylose:�-
D-glucoside �1,3-D-xylosyltransferases adding the first
xylose. The enzymes are specific for �-glucose-terminating
acceptors and UDP-xylose as donor substrate. Generation of
the �1,3-linkage was confirmed by nuclear magnetic reso-
nance. Activity on a natural acceptor could be shown by in
vitro xylosylation of a Notch fragment expressed in a UDP-
xylose-deficient cell line and in vivo by co-expression of the
enzymes and the Notch fragment in insect cells followed by
mass spectrometric analysis of peptide fragments.

More than half of the 29–36 epidermal growth factor (EGF)2
repeats of the mammalian Notch receptors are modified with
O-fucose (Fuc), O-glucose (Glc), or O-N-acetylglucosamine
(GlcNAc) glycans. TheseO-glycans are linked to specific serine
or threonine residues in distinct consensus sequences (1, 2),
which are also found on EGF repeats of various other proteins
that include blood coagulation factor VII and Notch ligands
Delta and Serrate/Jagged (3).
Although further modifications of O-GlcNAc have not

been identified yet, O-Fuc added by the protein-O-fucosyl-
transferase 1 (Pofut1) can be elongated to the tetrasaccharide
Sia�2,3/6Gal�1,4GlcNAc�1,3Fuc�1-O-Ser/Thr. O-Fucosyla-
tion is clearly essential forNotch function, and Pofut1 nullmice
exhibit an embryonic lethal phenotype (4–7). The enzyme has
a chaperone function that, at least in Drosophila, seems more
critical than its fucosyltransferase activity to functionalize
Notch. Elongation of O-Fuc by the GlcNAc-transferase Fringe
in Drosophila (8, 9) or its three mammalian homologs (10)
modulates relative signaling intensities by different Notch
ligands. In Drosophila, Fringe enhances signaling of Delta but
reduces that of Serrate (11). Although more complicated in
mammals, Fringe modification of Notch alters interactions
with its ligands as well (3, 8, 12).
The O-Glc glycan typically exists as the trisaccharide

Xyl�1,3Xyl�1,3Glc�1-O-Ser in mammals (1, 13). On factor
VII, this glycan is bound to serine 52, and mutation of this
amino acid reduces the coagulant activity in a clotting assay
(14). The gene encoding the protein O-glucosyltransferase
(Poglut) has recently been identified via theDrosophilamutant
rumi that showed a temperature-dependent Notch phenotype
(15). Based on the role ofO-Fuc modifications, it is anticipated
that xylosylation of O-Glc is playing a similar role in Notch
signaling as glycosylation by Fringe. Although enzymatic activ-
ities of the two �1,3-xylosyltransferases have been detected in
mammalian cells (16–18), the genes encoding the xylosyltrans-
ferases have not yet been identified, hampering further func-
tional studies of O-Glc modifications. Here we describe the
identification of two genes, now named GXYLT1 and GXYLT2
(glucoside xylosyltransferase), encoding enzymes able to trans-
fer xylose to the O-Glc residue bound to Notch EGF repeats
both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Enzyme Expression—Protein A fusions of human GLT8D1,
GLT8D2, GXYLT1, and GXYLT2 (Human Genome Organi-
sation (HUGO) Gene Nomenclature Committee (HGNC)),
for which constructs are described in the supplemental
Experimental Procedures, were expressed in Sf9 insect cells
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infection (Bac-to-Bac�; Invitrogen). After 72 h of incuba-
tion, secreted proteins were purified using 100 �l of IgG-
Sepharose-6 Fast Flow (GE Healthcare) per 100 ml of culture
supernatant for 12 h at 4 °C, washed according to the man-
ufacturer’s guidelines, and stored at �20 °C in 50% glycerol,
2 mM MnCl2, 10 mM MOPS, pH 7.
Xylosyltransferase Activity Assays—Assays were performed

in 50 �l of reaction buffer (100 mM MOPS, pH 7.5, 10 mM

MnCl2, 10 mMATP). Acceptors were applied to a final concen-
tration of 100 �M, and UDP-[6-3H]Gal, UDP-[1-3H]Glc (GE
Healthcare), or UDP-[U-14C]Xyl (PerkinElmer Life Sciences)
was diluted with cold UDP sugars to obtain 5 �M final concen-
tration with a specific activity of 4 kBq/nmol for 3H sugars and
0.75 kBq/nmol for [14C]Xyl. Reactionswere started by the addi-
tion of 10�l of bead-coupled enzyme, incubated at 37 °C for 1 h,
and terminated with 1 ml of ice-cold H2O. Radioactivity asso-
ciated to the acceptors was determined after purification on
C18 columns (Sep-PakR Vac 3cc; Waters Corp.) as described
(19) and counted by liquid scintillation (LS 6500; Beckman
Coulter). Enzymatic activity was expressed per �g of protein as
calculated fromCoomassie Blue staining using proteinA stand-
ard as reference (see Fig. 2E). Additionally, factor VII EGF1 (20)
and Glc-R (in which R is a hydrophobic aglycon) as reference
were tested at a final concentration of 2 �M using 5 �M UDP-
[14C]Xyl (7.5 kBq/nmol). Incubation time was increased to 2 h,
and washing was performed with 0.5 M acidic acid, pH 3.4, to
disassociate bead-coupled enzyme-product complexes.
Expression and Purification of Notch EGF1–5 and in Vitro

Xylosylation—His/Myc-tagged mouse Notch EGF1–5 was
expressed in two 175-cm2 flasks of pgsI-208 and control Chi-
nese hamster ovary (CHO) cells as described previously (21).
Media (80 ml) containing secreted proteins were loaded on
nickel affinity columns (HisTrap HP, 1 ml; GE Healthcare),
washedwith 10 volumes of binding buffer (20mMTris-HCl, pH
8; 150 mM NaCl), and eluted with 20 mM Tris-HCl, pH 8; 150
mMNaCl; 500mM imidazole using a 10-ml linear gradient. Pro-
tein fractions were pooled, desalted (HiPrep 26/10; GE Health-
care) with 10 mM MOPS, pH 7, and finally concentrated to 100
�l using Amicon Ultra-4 centrifugal devices (Millipore). Puri-
fication was confirmed by SDS-PAGE followed by Coomassie
Blue staining and immunoblotting with monoclonal antibody
9E10 (anti-Myc). Ten �l of purified Notch EGF1–5 was incu-
bated under standard assay conditions in the presence of 100
�M cold UDP-Xyl as donor and enzyme for 4 h, separated by
SDS-PAGE, and analyzed by mass spectrometry.
In Vivo Xylosyltransferase Activity—Sf9 cells were co-in-

fectedwith baculovirus encodingNotch EGF1–5 andGXYLT1,
GXYLT2, or GLT8D1 for 72 h. Purification and further pro-
cessing of secreted EGF1–5 was performed as described for
EGF1–5 from CHO cells.
Liquid Chromatography-MS/MS—Protein bands were ex-

cised from gels and trypsinized, and peptides were recovered as
described (22). Reverse-phase chromatography using acetoni-
trile as an eluent was performed on a Waters nanoACQUITY
UPLC device equipped with an analytical column (Waters,
BEH130C18, 100�m� 100mm, 1.7-�mparticle size) coupled
online to an electrospray mass ionization Q-TOF Ultima
(Waters). Spectra were recorded in positive ionmode, and pep-

tides were automatically subjected to fragmentation (MS/MS).
Alternatively, MALDI-TOFMS was carried out on a VoyagerDE
Pro (Applied Biosystems). Peptide solution was mixed with
matrix (�-cyano-4-hydroxy-cinnamic acid (Bruker Daltonics),
5 mg/ml in 50% acetonitrile with 0.1% trifluoroacetic acid) and
then spotted on the target plate. Spectra were acquired in pos-
itive ion mode, averaging about 1000 laser shots.

RESULTS

Selection of Potential Xylosyltransferases—UDP-glucose:
glycoprotein glucosyltransferase (UGGT) catalyzes the
transfer of glucose in �1,3-linkage to N-glycans of unfolded
protein. Because the generated linkage is often conserved
within glycosyltransferase gene families and considering that
the only difference between xylose and glucose is the absence
of theC6 primary alcohol group in xylose, we hypothesized that
the xylosyltransferases involved in the generation of the
Xyl�1,3Xyl�1,3Glc�1 trisaccharide occurring on Notch might
be homologous to UGGT. The latter enzyme is much larger
than typical glycosyltransferases, having a domain potentially
involved in the recognition of unfolded proteins followed by a
C-terminal catalytic domain. Using this catalytic domain in a
position-specific iterated (PSI)-BLAST, a group of four human
genes with unknown function was identified. The genes, which
were at that time named GLT8D1 to GLT8D4 (glycosyltrans-
ferase 8 domain-containing), belong to glycosyltransferase
gene family 8 of the Carbohydrate-Active EnZymes (CAZy)
data base (23) and possess the glycosyltransferase DXD motif
involved in metal binding. GLT8D1 and GLT8D2 as well as
GLT8D3 and GLT8D4, which are now renamed GXYLT1 and
GXYLT2 (HGNC), showed �50% identity with each other at
the amino acid level, but between the GLT8D1–2 and
GXYLT1–2 pairs andwith UGGT, identity drops to about 20%.
All four subfamily members show the typical type-II architec-
ture of Golgi glycosyltransferases with the prediction of a small
N-terminal cytoplasmic domain, a transmembrane domain fol-
lowed by a stem region, and a C-terminal catalytic domain that
aligns with UGGT (Fig. 1).
GXYLT1 and GXYLT2 Are �1,3-Xylosyltransferases—To

assess the enzymatic activity of the four putative glycosyl-
transferases, constructs for expression of a secreted soluble
form of the enzymes in Sf9 insect cells were generated. All
enzymes were expressed with an N-terminal protein A tag
and lacked the predicted cytoplasmic and transmembrane
domains. The enzymes secreted in the medium at similar
levels (as seen by Western blotting) were captured on IgG
beads by the protein A tag and used in bound form for in
vitro glycosyltransferase assays. Initial assays were carried
out using the synthetic acceptors Glc-R and Xyl-Glc-R (24).
These compounds mimic the natural acceptors of the two
different xylosyltransferases involved in the synthesis of the
Xyl�1,3Xyl�1,3Glc�1 trisaccharide on EGF domains and
allow separation of reaction products from unincorporated
donor by reverse-phase chromatography. Assays carried out
with UDP-[14C]Xyl as donor substrate revealed the xylosyl-
transferase activity of GXYLT1 and GXYLT2 on Glc-R but
not on Xyl-Glc-R. In contrast, GLT8D1 and GLT8D2 were
inactive with both acceptors (Fig. 2A). Specificity for both
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the donor substrate UDP-Xyl and
the �-linked glucose acceptor was
demonstrated by a series of as-
says using different donor sub-
strates and a panel of acceptor
sugars linked to para-nitrophenol
(Fig. 2, B and C). In addition, the
linkage formed by GXYLT1 was
investigated. The product obtained
from a reaction with 1 mg of Glc-R
was purified on a C18 cartridge and
analyzed by high performance liq-
uid chromatography and 1H-NMR.
This showed that the product was
identical to the synthetic Xyl-Glc-R
(24), which confirmed the genera-
tion of an �1,3-linkage (supple-
mental Fig. S1).
The �1,3-Xylosyltransferases Act

on EGF Repeats—The activity of
GXYLT1 andGXYLT2 on two different EGF repeat-containing
substrates was subsequently tested. Using a radioactive assay
similar to the one described above, we first demonstrated that
recombinant factor VII EGF repeat 1, produced in Escherichia
coli and in vitro glucosylated using Poglut (15, 20), was func-
tioning as an acceptor, but not the unglucosylated EGF repeat
(Fig. 2D). Similarly, activity of both enzymes on a protein con-
taining the first five EGF repeats (EGF1–5) of mouse Notch1
(25) was established. For this purpose, the Notch acceptor
structure was expressed in CHO pgsI-208 cells, which are
deficient in UDP-xylose synthase. Although in wild type
CHO cells the dominant glycan structure found on EGF1–5
is Xyl-Xyl-Glc-O, expression of EGF1–5 in pgsI-208 resulted
in the exclusive substitution by Glc-O (21). After purifica-
tion, the glucosylated EGF1–5 was incubated with the IgG
bead-linked enzymes in the presence of UDP-Xyl, and the
reaction products were analyzed by mass spectrometry after
in-gel trypsinization (Fig. 3). EGF1–5 contains two O-Glc
consensus sequences on EGF repeats 2 and 4. Fig. 3 shows
the analysis of the glucosylated peptide derived from repeat
4, but repeat 2 is identically modified by the xylosyltrans-
ferases. The dominant peak at m/z 1210 demonstrated the
addition of a pentose residue to the O-glucosylated peptide
by GXYLT1 and GXYLT2 (Fig. 3, B and C). In contrast, only
the initial acceptor visible at m/z 1166 is found in the nega-
tive control (Fig. 3A) and is not changed by incubation with
GLT8D1 or GLT8D2 (data not shown).
In vivo activity was shown using a similar approach in insect

cells. Sf9 cells express Poglut (20) and, based on the observed
structures, the first xylosyltransferase. Upon transfection with
an EGF1–5 construct, a mixture of peptides modified with
Glc-O and Xyl-Glc-O in an approximate 2:1 ratio is produced
(not shown but identical to Fig. 4A, where GLT8D1 is co-ex-
pressed). Co-expression of EGF1–5 and GXYLT1 or GXYLT2
resulted, however, in a considerable increase of the xylosylated
peptide, now analyzed bymore quantitativeMALDImass spec-
trometry (Fig. 4).

FIGURE 1. Sequence alignment. The complete amino acid sequence of four human GLT8 family members is
aligned with the N-terminal catalytic domain of UGGT starting at amino acid 1243. Sequence conservation is
shown when three out of five amino acids are identical. Putative transmembrane domains are shown shaded,
and the conserved DXD motif is underlined.

FIGURE 2. In vitro enzymatic activity. A, activity of GLT8D1, GLT8D2, GXYLT1,
and GXYLT2 with acceptors mimicking the two naturally occurring xylosyl-
transferase substrates on EGF domains using UDP-Xyl as donor substrate. no
Acc., no acceptor. B, donor substrate specificity using Glc-R as substrate.
C, acceptor substrate specificity of GXYLT1 and GXYLT2 using para-nitrophe-
nol (pNP)-linked monosaccharides as acceptor substrates. D, glucosylated
EGF1 of factor VII when compared with unglucosylated EGF1 and Glc-R as
acceptor, now measured at 2 �M acceptor concentration (when compared
with 100 �M in A–C) to adapt to the low availability of factor VII EGF1.
E, quantification of enzyme bound to 0.5 �l of IgG beads using a protein A
standard and Coomassie Blue staining, of which 10 �l was used per assay in
A–D.
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DISCUSSION
Considering that similar glycosyltransferase reactions are

often catalyzed by homologous glycosyltransferases, we

hypothesized that the xylosyl-
transferases acting on EGF
domains and UGGT might show a
significant degree of homology.
UGGT uses UDP-glucose as donor
substrate, a nucleotide sugar very
similar to UDP-xylose, and trans-
fers the substrate in an�1,3-linkage.
Moreover, it possesses a protein
binding domain as expected for the
EGF-specific xylosyltransferases. In
the CAZy data base, the glycosyl-
transferase family 24 (GLT24) con-
tains exclusively UGGTs from
different species (23). In contrast,
the candidate xylosyltransferases
selected by their homology to
UGGT belong to the huge GLT8
family. Their putative activity was
difficult to predict from this affilia-
tion because the GLT8 family con-
tains enzymes of various origin
transferring a broad variety of sug-
ars. Other mammalian members of
theGLT8 family are LARGE, a puta-
tive glycosyltransferase acting on
�-dystroglycan (26), and glycoge-
nin, a protein catalyzing its own
oligo-glucosylation in �1,4-linkage
to prime glycogen biosynthesis (27).
Despite their limited homology to
UGGT, we could, however, demon-

strate that GXYLT1 and GXYLT2 are xylosyltransferases cata-
lyzing a similar reaction as UGGT.
The activity of GXYLT1 and GXYLT2 as �1,3-xylosyltrans-

ferases was unambiguously demonstrated using both synthetic
and natural acceptor substrates. Assays with synthetic accep-
tors first provided evidence for the xylose donor specificity and
�-glucose acceptor specificity. Subsequently, activity on EGF
repeats was explicitly established by taking advantage of the
availability of the UDP-xylose synthase-deficient CHO cell line
pgsI-208 (21). This cell line is devoid of UDP-Xyl and allowed
the production of EGF repeats exclusively modified with
unsubstituted O-Glc and thus representing the natural sub-
strate for the identified xylosyltransferases. The elongation of
this substrate by GXYLT1 and GXYLT2 was then displayed by
mass spectrometry. Finally, the enzymes were shown to act in
vivo in Sf9 insect cells.
In evolution, GXYLT1 and GXYLT2 seem to have split only

in the vertebrates. Orthologs of both xylosyltransferases are
found in zebrafish, but the cephalochordate Branchiostoma
floridae and other sequenced eumetazoans until the sea anem-
oneNematostella vectensis (28) only present a single gene.Cae-
norhabditis elegans seems to have lost the gene, andnoortholog
is found in the unicellular choanoflagellate Monosiga brevicol-
lis, which is the closest living relative ofmetazoans. Emerging of
the xylosyltransferase therefore appears tomatch that of Notch
signaling (29).

FIGURE 3. Xylosyltransferase activity using Notch EGF1–5 as acceptor. EGF1–5 produced in UDP-Xyl syn-
thase-negative cells (A) was incubated with GXYLT1 or GXYLT2 (B and C), and tryptic peptides were analyzed by
liquid chromatography-electrospray ionization-TOF mass spectrometry. Shown is the O-glucosylated peptide
of EGF4. GXYLT1 and GXYLT2 were able to extend the O-glucosylated peptide by one xylose but not to produce
the full trisaccharide that is produced in wild type CHO cells (D). To confirm that the m/z values shown represent
the differentially glycosylated peptides of EGF4, sequencing was done by tandem mass spectrometry and
shown in supplemental Fig. S2. MW, molecular weight.

FIGURE 4. In vivo xylosyltransferase activity. Shown are the MALDI-mass
spectra of insect cell-produced EGF1–5 that was co-infected with GLT8D1 as a
negative control (A), GXYLT1 (B), or GXYLT2 (C). The glucosylated peptide with
the calculated nominal mass of 3498 Da is most dominant in A but is reduced
in favor of the Xyl-Glc-peptide (3630 Da) after incubation with GXYLT1 or
GXYLT2. As for Fig. 3, peptide sequencing was performed and is presented in
supplemental Fig. S2.
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Amino acid sequence differences between GXYLT1 and
GXYLT2 are most apparent in the putative stem regions where
GXYLT2 exhibits an arginine-rich and a proline-rich insertion.
Although GXYLT1 appears more active than GXYLT2 in the
assays performed in this study, no differences in specificity
could be observed. As only three different EGF domains have
been utilized, it cannot be excluded that there is preference for
specific EGFdomains.However, such differences have not been
revealed for the three different mammalian Fringe GlcNAc
transferases acting on O-fucose (10). The enzymatic activity of
the two xylosyltransferases could thus as well be redundant and
the enzymes only differentially expressed.
Extension of O-Fuc glycans by the enzyme Fringe has been

shown to play a key role in modulation of Notch signaling,
but the role of xylosylation of O-Glc could until now only be
speculated about. Identification of two human genes encod-
ing xylosyltransferases of the EGF O-glucosylation pathway
will now enable functional studies that resolve the role of
O-Glc xylosylation.
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