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Background: Seven antibodies that detect cytosolic and nuclear O-GlcNAc were examined for recognition of O-GlcNAc on

cell surface glycoproteins.

Results: Three antibodies recognized cell surface O-GlcNAc and also bound terminal B-GlcNAc on N-glycans.
Conclusion: With careful controls, cell surface O-GIcNAc can be detected using antibodies CTD110.6, 18B10.C7, and 9D1.E4.
Significance: Antibodies to monitor cell surface O-GlcNAcylated proteins were characterized.

The transfer of N-acetylglucosamine (GlcNAc) to Ser or Thr
in cytoplasmic and nuclear proteins is a well known post-trans-
lational modification that is catalyzed by the O-GlcNAc trans-
ferase OGT. A more recently identified O-GlcNAc transferase,
EOGT, functions in the secretory pathway and transfers
O-GIcNACc to proteins with epidermal growth factor-like (EGF)
repeats. A number of antibodies that detect O-GIcNAc in cyto-
solic and nuclear extracts have been described previously. Here
we compare seven of these antibodies (CTD110.6, 10D8, RL2,
HGACS5, 18B10.C7(#3), 9D1.E4(#10), and 1F5.D6 (#14) for
detection of the O-GlcNAc modification on extracellular
domains of membrane or secreted glycoproteins that may also
carry various N- and O-glycans. We found that CTD110.6 binds
not only to O-GIcNAc on proteins but also to terminal
B-GlcNAc on the complex N-glycans of Lec8 Chinese hamster
ovary (CHO) cells that lack UDP-Gal transporter activity and
express GlcNAc-terminating, complex N-glycans. We show that
CTD110.6, #3, and #10 antibodies can be used to detect cell
surface glycoproteins bearing O-GIlcNAc. Cell surface glycopro-
teins recognized by CTD110.6 antibody included NOTCH1 that
possesses many EGF repeats with a consensus site for EOGT.
Knockdown of CHO Eogt reduced binding of CTD110.6 to Lecl
CHO cells, and expression of a human EOGT cDNA increased
the O-GlcNAc signal on Lecl cells and the extracellular domain
of NOTCHI1. Thus, with careful controls, antibodies CTD110.6
(IgM), #3 (IgG), and #10 (IgG) can be used to detect membrane
and secreted proteins modified by O-GlcNAc on EGF repeats.

Secreted and cell surface glycoproteins carry a wide spec-
trum of N- and O-glycans that are synthesized during transit
from the endoplasmic reticulum (ER),> through Golgi compart-
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ments, to the cell surface (1). A recent addition to the comple-
ment of glycans is the transfer of O-GIcNAc to proteins with
epidermal growth factor-like (EGF) repeats by the EGF-repeat
specific O-GlcNAc-transferase termed EOGT (2-7). An EGF
repeat of Drosophila Notch extracellular domain was first iden-
tified as a substrate in Drosophila S2 cells (2),and NOTCH1 is a
substrate in human HEK-293T kidney cells (4). The consensus
for recognition of an EGF repeat by EOGT is predicted to be
C,XXGXS/TGXXC, based on a large group of actual and
potential substrates (8). EOGT is localized to the ER and thus is
physically segregated from OGT which transfers O-GIcNAc to
Ser or Thr residues in a multitude of proteins in the cytoplasm
and nucleus (9).

O-GlcNAcylated proteins are often identified using the mono-
clonal antibody (mAb) CTD110.6 (10). Six other anti-O-GlcNAc
mouse mAbs have been described: HGACS85 (11), RL2 (12), 10D8
(13), and three IgG mAbs, 18B10.C7(#3), 9D1.E4(#10), and
1F5.D6(#14) (14). The peptides and more complex O-GlcNAcylated
antigens used to obtain these mAbs are summarized in Table 1.
The specificity of the anti-O-GlcNAc mAbs for terminal
O-linked GIcNAc versus other forms of exposed GlcNAc, or
related sugars such as GalNAc, has not been extensively
explored. However, it has been reported that mAb CTD110.6
binds not only to O-GIcNAc but also to the unsubstituted, N-gly-
can chitobiose core (GIcNAcf1,4GIcNAcB1Asn) induced by glu-
cose deprivation (15) and to unsubstituted GlcNAc1,4Man on
a-dystroglycan (16).

Here we compare the specificity of 7 mAbs to detect
O-GIcNAc on Ser/Thr in peptides or proteins, with the aim of
identifying mAbs that recognize O-GlcNAc on EGF repeats of
glycoproteins. At comparatively low concentrations, all mAbs
detected proteins with O-GlcNAc in cell lysates, and CTD110.6
detected terminal B-GIlcNAc on complex N-glycans. At higher
mAb concentrations the mAbs #3, #10, and #14 also detected
terminal B-GIcNAc on N-glycans. By comparing binding to
Lecl, Lec2, and Lec8 mutant CHO cells (Table 2), we found that
IgM mAb CTD110.6 and IgG mAbs #3 and #10 were the only

PDGFR, platelet-derived growth factor receptor; PLAP, placental alkaline
phosphatase; PNGase F, peptide N-glycanase F; PUGNACc, O-(2-acetamido-
2-deoxy-d-glucopyranosylidene) amino-N-phenylcarbamate; RIPA, radio-
immuneprecipitation assay; SA-agarose, NeutrAvidin-agarose.
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TABLE 1

Anti-O-GIcNAc antibodies used in this study
All antibodies are mouse monoclonal.

O-GIcNAc on Secreted and Membrane Glycoproteins

Name Antigen Isotype Ref. Source
CTD110.6 YSPTS(O-GlcNAc)PSK IgM (10) Sigma-Aldrich
10D8 N-Acetylglucosamine IgM (13) Santa Cruz Biotechnology
RL2 Pore complex-lamina fraction purified from rat liver nuclear envelopes IgG, (12) Abcam
HGACS85 Heat-killed, pepsin-treated group A streptococci IgG, (11) Thermo Fisher Scientific
18B10.C7 (#3) GSTPVS (B-O-GlcNAc)SANM IgG, (14) Geert-Jan Boons
Epitope: PVS (B-O-GIcNAc)SA
9D1.E4 (#10) GSTPVS (B-O-GlcNAc)SANM IgG, (14) Geert-Jan Boons
Epitope: full-length antigen
1F5.D6 (#14) GSTPVS (B-O-GlcNAc)SANM IgG,, (14) Geert-Jan Boons
Epitope: VS (B-O-GlcNAc)S
TABLE 2 conjugated anti-mouse IgM (072-02-18-03) was from KPL,

CHO glycosylation mutants used in this study
The N-glycans expressed on glycoproteins in each mutant are depicted in Fig. 3A.

CHO Gene
mutant mutated Activity lost Refs.
Lecl Mgatl MGATTI; GIcNACT-I (18,27)
Lec2 Slc35al CST; CMP-NeuAc transporter (19, 27)
Lec8 Slc35a2 UGT; UDP-Gal transporter (20, 26)

antibodies to specifically detect O-GlcNAc on cell surface gly-
coproteins. CTD110.6 immunoprecipitated NOTCH1 from
cell lysate and detected biotinylated NOTCHI1 following affin-
ity purification. CTD110.6 and #10 detected the same major
cohort of biotinylated cell surface glycoproteins in Lec1 CHO
cells.

EXPERIMENTAL PROCEDURES

Antibodies—The anti-O-GlcNAc antibodies used in these
experiments are described in Table 1. Anti-O-GIcNAc CTD110.6
mADb (07764), anti-FLAG (M2) Ab (F1804), anti-mouse IgM-
agarose (A4540), and anti-alkaline phosphatase Ab (PLAP;
8B6) conjugated to agarose (A2080) were from Sigma-Aldrich.
Anti-O-GIlcNAc 10D8 mAb (sc-81483), anti-PLAP (L-19) Ab
(sc-15065), anti-PDGFR-a Ab (C20; sc-338), and anti-goat IgG
conjugated to horseradish peroxidase (HRP) (sc-2020) were
from Santa Cruz Biotechnology. Anti-O-GIlcNAc CTD110.6
(ab246879), RL2 mAb (ab2739), anti-3-actin Ab (ab6276), anti-
human EOGT Ab (ab69389), mouse IgG, (ab91353), and
mouse IgG, (ab91361) were from Abcam. Anti-O-GlcNAc
HGAC85 mAb (MA1-076), NeutrAvidin™-HRP (31030),
anti-mouse IgG conjugated to HRP (31444), protein G beads,
and NeutraAvidin-agarose resin (SA-agarose) were from
Thermo Fisher Scientific Inc. Affinity-purified anti-O-GlcNAc
mAbs #3 (0.86 mg/ml), #10 (0.59 mg/ml), and #14 (0.97 mg/ml)
were kindly provided by Dr. Geert-Jan Boons, University of
Georgia, Athens, GA. Mouse anti-protein disulfide isomerase
mAb (1D3, SPA-891) was from Stressgen, Kampenhout, Bel-
gium. Anti-human NOTCH3 Ab (5E1) was kindly provided by
Dr. Anne Joutel (17). Anti-mouse NOTCHI1 Ab (AF5267) and
anti-sheep IgG conjugated to HRP (HAF016) were from R&D
Systems. Anti-HA (16B12) (MMS-101R) and anti-Myc (9E10)
Abs (MMS-150P) were from Covance, Princeton, NJ. Anti-
mouse IgM conjugated to HRP (115-035-075) and fluorescein
isothiocyanate (FITC)-conjugated anti-mouse IgG (115-096-
146) were from Jackson ImmunoResearch Laboratories. Cy5-
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Gaithersburg, MD.

Cell Lines and Cell Culture—Pro™ 5 parent CHO and CHO
glycosylation mutants derived from Pro~5, Lecl.3C (18),
Lec2.6A (19), and Lec8.3D (20) were cultured in suspension
with a-MEM containing 10% fetal calf serum (FCS) at 37 °C.
Lec2 and Lec8 cells stably expressing mouse Manic Fringe
(Mfng) tagged with alkaline phosphatase (AP) were generated
and characterized previously (21, 22). Lec2/vector.1.1, Lec2/
Lfng-AP.A7, Lec2/Mfng-AP.D1, Lec8/vector.3.2, Lec8/Lfng-
AP.A1, and Lec8/Mfng-AP.H3 cloned lines were cultured with
a-MEM containing 10% FCS and 400 pg/ml active G418 (Gem-
ini Bio Products, West Sacramento, CA) at 37 °C.

Plasmids—The plasmid, cFLAG-pcDNA3, was kindly pro-
vided by Stephen Smale (University of California, CA) (23).
Mouse Mfng cDNA was fused with the HA epitope YPYDVP-
DYALKYV at the C terminus and inserted into cFLAG-pcDNA3
between HindIIl and Kpnl sites to produce pcDNA3/Mfug-
HA-FLAG (sequence in italics is the actual HA epitope and the last
three amino acids are from the construct). Mouse pMirb/Mfug-AP
was previously described (21). pCS*" /Notch1-Myc was a kind gift
of Raphael Kopan (University of Cincinnati, Cincinnati, OH).
Human EOGT was subcloned into pCR3.1 using NotI and Xhol
digestion of pCASP/huEOGT (7), a kind gift of Reto Muller (Albert
Einstein College of Medicine, New York, NY).

Transient Expression of Mfug-AP and Mfng-HA-FLAG—
Cells (5 X 10°) were plated on a 6-well plate. Next day, the cells
were transfected with vector, pMirb/Mfug-AP or pcDNA3/
Mfng-HA-FLAG using polyethylenimine (PEI), a kind gift of
Robert Haltiwanger (Stony Brook University, Stony Brook,
NY). Plasmid (3 ng) and 10 ul of PEI were diluted separately
with 50 ul of 150 mm NaCl, then mixed together and incubated
for 10 min at room temperature. DNA-PEI complexes were
added to cells in a 6-well plate in fresh medium.

SDS-PAGE and Western Blot Analysis—Cells were washed
twice with phosphate-buffered saline (PBS) and lysed using 0.5
ml of RIPA buffer (SDS™); Millipore) with protease inhibitor
mixture Complete, mini-EDTA-free (Roche Applied Science).
After incubation on ice for 20 min, lysate was centrifuged at
12,000 X gat 4 °C for 15 min. The protein concentration of the
supernatant was determined using the DC Protein Assay (Bio-
Rad). Proteins (~20 ug) were separated by SDS-PAGE using a
7.5 or 10% gel and transferred to a polyvinylidine difluoride
(PVDF) membrane at 50 mA overnight. To detect O-GlcNAc,
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O-GIcNAc on Secreted and Membrane Glycoproteins

the blot was incubated in 5% BSA (Fraction V, Sigma-Aldrich)
in Tris-buffered saline, 0.05% Tween 20 (TBS-T) for 1 hat room
temperature and then incubated in anti-O-GlcNAc mAbs as
follows: CTD110.6 or 10D8 at room temperature for 1 h fol-
lowed by incubation with anti-mouse IgM conjugated to HRP
at room temperature for 1 h; or anti-O-GlcNAc RL2 or
HGACS85 mAbs at room temperature for 1 h followed by anti-
mouse IgG conjugated to HRP; or anti-O-GlcNAc mAb #3, #10,
or #14 in the cold room overnight following by anti-mouse IgG
conjugated to HRP. To detect other proteins, blots were
blocked with 5% milk in TBS-T for 1 h at room temperature and
then incubated with anti-PLAP (L-19) Ab followed by incuba-
tion with anti-goat IgG conjugated to HRP or anti-HA Ab fol-
lowed by incubation with anti-mouse IgG conjugated to HRP.
Bands were visualized using enhanced chemiluminescence
(Pierce) Western blotting substrate 32209, 34807 (West Pico),
or 34094 (West Femto) from Thermo Fisher Scientific.

Affinity Purification of MENG-AP and MFNG-HA-FLAG—
Cells expressing pMirb/Mfng-AP cDNA were cultured in sus-
pension in 10 ml of serum-free medium, CHO-SEMII (12052-
098; Invitrogen), for 3 days. The medium was collected after
removal of cells by centrifugation at 1200 rpm for 3 min at room
temperature. The supernatant was filtered through a 0.2-um
filter (Millipore) and diluted to 13 ml by adding 20 mm Tris-
HCl, pH 7.4, 150 mMm NaCl, and protease inhibitor mixture
Complete mini-EDTA-free. Anti-human PLAP(8B6)-conju-
gated agarose (10-ul bed volume) was added, and the mixture
was rocked at 4°C overnight. The MENG-AP beads were
washed five times with 1 ml of wash buffer (20 mm Tris-HCI, pH
7.4, 150 mm NaCl, 1% Triton X-100), subjected to glycosidase
treatments, and/or heated at 95 °C for 5 min in SDS-PAGE
buffer followed by Western blot analysis.

Secreted MENG-HA-FLAG was affinity-purified from con-
ditioned medium following transient transfection for 2 days. To
obtain intracellular MENG-HA-FLAG, transfected cells were
washed twice with 1.5 ml of PBS, pH 7.4 (with 1 mm CaCl,,
MgCl,, and MnCl,) and lysed using 0.3 ml of RIPA buffer
(SDS™) with protease inhibitor mixture Complete mini-EDTA-
free. After incubation on ice for 20 min, lysate was centrifuged
at 12,000 X g at 4°C for 15 min. Lysate and conditioned
medium were agitated with 2 ug of anti-FLAG (M2) antibody at
4°C for 6 h, 10 pul (bed volume) of protein G beads (Thermo
Fisher Scientific) were added, and the incubation was contin-
ued overnight. The beads were washed with 20 mm Tris-HCl,
pH 7.4, 150 mm NaCl, and 1% Triton X-100. SDS-polyacryl-
amide gel loading buffer was added, and the samples were
heated at 95 °C for 5 min before SDS-PAGE and Western blot
analysis.

Glycosidase Treatments—To remove N-glycans, MENG-AP
captured on beads was incubated in 10 ul of glycoprotein dena-
turing buffer (New England Biolabs) or 50 mm sodium phos-
phate buffer containing 10% SDS, pH 7.5, at 95 °C for 10 min.
N-Glycans were released by adding reaction buffer to 30 ul
containing 500 units of peptide N-glycosidase F (PNGase F;
New England Biolabs) and incubating at 37 °C for 2 h. To
remove terminal GIcNAc, MENG-AP beads were suspended in
50 mm sodium citrate, pH 4.5, and incubated with 10 units of
recombinant B-N-acetylhexosaminidase (New England Bio-
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labs) at 37 °C for 2 h. After glycosidase treatments, beads were
added directly to 6 ul of 6X SDS-PAGE loading buffer and
heated at 95 °C for 5 min.

Flow Cytometry—Cells (4 X 10°) were washed with 0.5 ml of
PBS (metal ion-free), pH 7.4, and fixed with 100 ul of 4% para-
formaldehyde for 15 min with rocking. The cells were washed
twice with 0.5 ml of PBS, then twice with 1 ml of PBS and then
1 ml of binding buffer consisting of Hanks’ buffered salt solu-
tion, pH 7.4, 1 mm CaCl,, 1% (v/v) BSA (Fraction V), and 0.05%
NaNj. The cells were incubated with 50 ul of binding buffer
containing 2 ug of mouse IgM or anti-O-GlcNAc mAb
CTD110.6 (2 pg) or 10D8 (0.5 ug) on ice for 20 min. Cells were
washed twice with 0.5 ml of binding buffer and incubated with
50 ul of binding buffer containing 0.5 ug Cy5-conjugated anti-
mouse IgM antibody. The cells were also incubated with 50 ul
of binding buffer containing 2 ug of mouse IgG;, mouse IgG,,
anti-O-GIcNAc mAb RL2, #3, #10, or #14 on ice for 20 min.
After washing, cells were incubated with 0.75 ug of FITC-conju-
gated anti-mouse IgG antibody on ice for 20 min. Cells were
washed twice with 0.5 ml of binding buffer and then analyzed using
a FACScan flow cytometer (BD Biosciences).

Swainsonine Treatment and Lectin Binding—Cells were cul-
tured in suspension in 10 ml of a-MEM containing 10% FCS
and 5 pg/ml swainsonine (Sigma-Aldrich) for 4 days. For flow
cytometry, cells (2 X 10°) were washed twice with 0.5 ml of PBS
(with cations), pH 7.4, and once with 1 ml of binding buffer.
Washed cells were incubated with 50 ul of binding buffer con-
taining 1 ug of fluorescein-labeled L-PHA (Phaseolus vulgaris
leukoagglutinin; Vector, Burlingame, CA) or 2 ug of CTD110.6
mADb, followed by incubation with 50 ul of binding buffer con-
taining 0.5 ug of Cy5-conjugated anti-mouse IgM. After wash-
ing, flow cytometry was performed using the FACScan flow
cytometer.

Treatment with PUGNAc—Cells cultured in 10 ml of a-MEM
with 10% FCS and 5 mm GlcNAc were treated with 100 um O-(2-
acetamido-2-deoxy-D-glucopyranosylidene) amino-N-phenylcar-
bamate (PUGNAG; Sigma-Aldrich) in 0.1% dimethyl sulfoxide or
the same amount of dimethyl sulfoxide solution. After culturing at
37 °C for 18 h, cells were biotinylated as described below.

RNAi Knockdown of CHO Eogt—Lecl cells were transfected
with the vector pSUPER (Oligoengine, Seattle, WA), or Eogt
siRNA PS1233 or PS1239 using Lipofectamine 2000 (Invitro-
gen). The siRNAs in pSUPER were a kind gift from Reto Muller
(Albert Einstein College Medicine, New York) and targeted the
coding region of CHO Eogt: PS1233 5'-GATCCGCAAGCTG-
ACTTTGGATATTTCAAGAGAATATCCAAAGTCAGCT-
TGCTTTTTTGGAAA and PS1239 5'-GATCCATGTGACCT-
CATTGTTGAATTCAAGAGATTCAACAATGAGGTCACA-
TTTTTTTGGAAA. The next day, the medium was replaced with
a-MEM containing 10% FCS and 5 pg/ml puromycin for selec-
tion. After 16 days, flow cytometry was performed on the surviving
cell population after fixation with 4% paraformaldehyde and incu-
bation with mAb CTD110.6 as described above.

Expression of Human EOGT—Lecl cells were co-transfected
with vector or pCR3.1/human EOGT and pCS>*/Notch1-Myc
or pCS*>* vector. The next day, cells were washed and biotiny-
lated. Cell lysates were prepared using RIPA buffer (SDS™), and
proteins were collected with SA-agarose beads, or anti-Myc
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antibody and protein G beads, and analyzed by SDS-PAGE and
Western blotting. To analyze the effects of overexpression of
EOGT on cell surface expression of O-GlcNAc, Lecl cells were
transfected with human pCR3.1/EOGT using Lipofectamine
and, the next day were placed in medium containing 600 ug of
G418 for 13 days before analysis by flow cytometry using Ab
CDT110.6 as above. Human EOGT was detected by Western
blot analysis using anti-human EOGT antibody (1:500).

Alffinity Purification of Cell Surface Proteins—For biotinyla-
tion, cells (1 X 10°) were plated on a 10-cm dish. The next day,
the monolayer was washed twice with 5 ml of PBS (metal ion-
free, pH 8.0) and incubated with 3 ml of 2.5 mm EZ-Link™
sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) on ice for 20
min with shaking. Cells were washed twice with 3 ml of PBS, pH
8.0, 3 ml of PBS containing 100 mm glycine (PBS/glycine) and
then incubated on ice for 5 min with 3 ml of PBS/glycine. After
washing twice with 3 ml of PBS, pH 8.0, cells were lysed using
0.5 ml of RIPA buffer (SDS™) containing protease inhibitor
mixture Complete mini-EDTA-free. Lysates were collected
with a cell scraper and incubated on ice for 15 min followed by
centrifugation at 12,000 X gat4 °C for 15 min. The supernatant
(1 ml containing ~0.7-1 mg of protein in RIPA buffer) was
agitated with 50 ul (bed volume) of SA-agarose in the cold room
overnight. Alternatively, lysate was incubated with 1-2 ug of
anti-Myc mAb or anti-IgG for 3 h at 4 °C and subsequently
agitated with protein G-agarose (Pierce) at 4 °C overnight. The
SA-agarose or protein G beads were washed five times with 1 ml
of 20 mm Tris-HCI, 150 mm NaCl, and 1% Triton X-100 and
incubated in SDS-polyacrylamide gel loading buffer at 95 °C for
5 min. Proteins were separated by SDS-PAGE and subjected to
Western blot analysis. Blots were blocked with 5% milk in TBS-T
for B-actin and PDGFR-«, or with 3% BSA in TBS-T for
anti-O-GlcNAc mAbs, and 5% milk for other antibodies in TBS-T
for 1 h at room temperature. Blots were probed with NeutrAvidin-
HRP (0.2 ug/ml), anti-B-actin Ab (1:5000) followed by incubation
with anti-mouse IgG-HRP (0.08 ug/ml), anti-PDGFR-a Ab (0.4
pg/ml), anti-protein disulfide isomerase Ab followed by incuba-
tion with anti-rabbit IgG-HRP (0.16 pg/ml).

For immunoprecipitation using CTD110.6 mAb, Lecl cells
were transfected with either pCS** vector or pCS*" /Notch1-Myc
in medium containing 5 mm GlcNAc. After 48 h, washed cells were
lysed in 0.75 ml/plate lysis buffer (20 mm Tris, pH 7.4, 150 mm
NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS with Roche
Complete protease inhibitors). Following centrifugation for 15
min at 14,000 rpm at 4 °C, ~1.5 ml of lysate was mixed with 10 ul
of anti-mouse IgM-agarose and allowed to rotate in the cold room
for 3 h. The precleared lysate was incubated with 1-5 ug of
CTD110.6 mAb overnight at 4 °C before adding 1020 ul of anti-
mouse IgM-agarose for 3 h. Agarose beads were washed four times
with lysis buffer, treated with SDS-polyacrylamide gel buffer,
heated at 80 °C for 10 min, and separated on a 7.5% SDS-polyacryl-
amide gel. Following transfer to PVDF membrane, Western anal-
ysis was performed with various antibodies.

RESULTS
Antibody CTD110.6 Binds to Terminal B-GIlcNAc in Trun-

cated Complex N-Glycans—In experiments to investigate post-
translational modifications of Lunatic Fringe (LFNG) and
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Manic Fringe (MFNG) (24, 25), LENG-AP and MFNG-AP
secreted from stable Lec2 or Lec8 CHO transfectants (Table 2)
were subjected to Western blot analysis with the anti-O-GlcNAc
mAb CTD110.6. Interestingly, both LENG-AP and MENG-AP
from Lec8 cells bound CTD110.6, whereas the same proteins syn-
thesized in Lec2 cells did not (Fig. 14). To investigate further,
Lec8 cells expressing empty vector (Lec8/V) or stably express-
ing Mfng-AP (Lec8/M) were transiently transfected with
Mfng-AP (Fig. 1B). The transient transfectants generated
MENG-AP recognized by CTD110.6, and signal was increased
in MENG-AP from cells expressing both stable and transient
Mfng-AP plasmids (Fig. 1B). To determine whether the antigen
recognized by CTD110.6 was on the Mfng coding sequence or
the AP tag, Lec8/V and Lec8/M cells were transiently trans-
fected with Mfug-HA-FLAG. Affinity-purified MFNG-HA-
FLAG migrated at ~37 kDa (Fig. 1C). However, there was no
signal detected by CTD110.6 in the bound fraction. Thus, the
CTD110.6 signal on MENG-AP was associated with the AP tag.

Lec8 CHO cells lack UDP-galactose transporter activity in
the Golgi and generate N-glycans that terminate in GlcNAc
(Table 2 and Refs. 20, 26). In contrast, Lec2 CHO cells lack
CMP-sialic acid (CMP-NeuAc) transporter activity and gener-
ate N-glycans terminating in Gal residues (Table 2 and Refs. 19,
27). To determine whether the CTD110.6 mAb was detecting
terminal B-GIlcNAc on the truncated complex N-glycans syn-
thesized by Lec8 cells, MENG-AP purified from Lec8/Mfng and
Lec2/Mfng conditioned media were treated with PNGase F to
remove N-glycans, or with [B-N-acetylhexosaminidase to
remove terminal GIcNAc residues. Only MENG-AP from Lec8/
Mfing medium was recognized by CTD110.6, and both enzyme
treatments eliminated the signal (Fig. 1D). These results sug-
gested that CTD110.6 binds to terminal B-GlcNAc residues on
complex N-glycans. Consistent with this interpretation, the
presence of terminal Gal on the N-glycans from Lec2/Mfng cells
prevented binding of CTD110.6 (Fig. 1, A and D). This result
suggests that CTD110.6 does not recognize substituted
GlcNAc in the branches or chitobiose core of Lec2 N-glycans.

To provide further evidence for the recognition of terminal
B-GlcNAc on N-glycans by CTD110.6, complex N-glycan syn-
thesis was inhibited by treatment of Lec8/Mfng cells with
swainsonine. Swainsonine is an inhibitor of Golgi a-mannosi-
dase II (28, 29) and generates hybrid N-glycans with a single
terminal GlcNAc in Lec8 cells rather than complex N-glycans
with multiple terminal B-GlcNAc residues (26). The detection
of MENG-AP from Lec8/Mfng cells by CTD110.6 was very
weak after culture in swainsonine (Fig. 1E), but this band was
eliminated by treatment with PNGase F. The data are consis-
tent with detection of a terminal GlcNAc on hybrid N-glycans.
Therefore, antibody CTD110.6 recognizes not only O-GlcNAc
attached to protein (10), the unmodified chitobiose core of
N-glycans (15), and GlcNAc attached to O-mannose on dystro-
glycan (16), but also terminal -GlcNAc on truncated complex
or hybrid N-glycans. The combined data suggest that the N-gly-
cans predicted to be present on MFNG itself did not terminate
in B-GlcNAc on MENG from Lec8 cells.

Specificity of Other Anti-O-GIlcNAc Antibodies—To deter-
mine whether other anti-O-GlcNAc mAbs cross-react with ter-
minal B-GlcNAc on complex N-glycans, MENG-AP was col-
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FIGURE 1. Antibody CTD110.6 binds to terminal B-GlcNAc in complex N-glycans. A, Western blot (/B) analysis of LFNG-AP and MFNG-AP affinity-purified
using anti-PLAP antibody-conjugated agarose from conditioned medium of Lec2/vector (Lec2/V), Lec2/Lfng-AP (Lec2/L), Lec2/Mfng-AP (Lec2/M), Lec8/vector
(Lec8/V), Lec8/Lfng-AP (Lec8/L), or Lec8/Mfng-AP (Lec8/M) CHO cells. After separation on a 7.5% SDS-polyacrylamide gel and transfer, PVDF membranes were
incubated at room temperature for 1 h with mAbs CTD110.6 (0.4 ng/ml) and anti-mouse IgM antibody-HRP (1.6 wg/ml), or anti-human PLAP (L-19) antibody
(1 wg/ml) and anti-goat IgG antibody-HRP (0.08 wg/ml). Representative results are of blots from three independent experiments. B, Lec8/V and Lec8/M cells
transiently transfected with pMirb/Mfng-AP. MFNG-AP affinity-purified using anti-FLAG (M2) antibody and protein G beads from conditioned medium were
analyzed on a 7.5% SDS-polyacrylamide gel and detected by Western blot analysis as in A. U, Unbound; B, Bound. Representative results are of blots from three
independent experiments. C, MFNG-HA-FLAG collected from conditioned medium of Lec8/V and Lec8/M cells transiently expressing pcDNA3/Mfng-HA-FLAG
using anti-FLAG (M2) beads, separated in a 7.5% SDS-polyacrylamide gel, and subjected to Western blot analysis with CTD110.6 as in A or anti-FLAG (M2)
antibody (1 wg/ml) and anti-mouse IgG antibody-HRP (0.08 wg/ml). Representative results are of blots from three independent experiments. D, MFNG-AP
collected from conditioned medium of Lec8/M and Lec2/M cells treated with PNGase F or B-N-acetylhexosaminidase followed by Western blot analysis. E,
Lec8/V and Lec8/M cells cultured with or without 5 ng/ml swainsonine for 4 days. MFNG-AP collected from conditioned media was analyzed by SDS-PAGE and

Western blot analysis as in A, before and after treatment with PNGase F.

lected from Lec8/Mfng conditioned medium and subjected to
Western blot analyses using seven anti-O-GlcNAc mAbs. All
mAbs detected bands in whole cell lysates that contain cytosolic
and nuclear O-GlcNAcylated proteins (Fig. 24, lysate), but the
profiles with the various mAbs were quite different. This
shows that detection or isolation of the full complement of
O-GlcNAcylated proteins in a cell or tissue by immunological
methods would be difficult. At a concentration of 0.4 —4 pg/ml,
only CTD110.6 detected B-GlcNAc on MFNG-AP (Fig. 2A).
The mAbs #3 and #14 also recognized 3-GlcNAc on MFNG-AP
but at a concentration of 8.6 or 9.7 ug/ml, respectively (Fig. 2B),
and mAb #10 detected MFNG-AP at 1.2 ug/ml (data not
shown). Thus, mAbs #3 and #14 required 10-fold, and mAb #10
2-fold, more mADb to detect terminal 3-GlcNAc on MFENG-AP
compared with O-GlcNAc on proteins in a lysate (Fig. 2B).
However, the relative specificity or avidity of each mAb for
O-GlcNAc versus B-GlcNAc cannot be inferred from these
experiments because of the complex nature of the antigens.
Interestingly, whereas all MFNG-AP bands shifted after
PNGase F treatment as expected, in cell lysates the loss of faint
bands at ~100 kDa was observed only for mAbs #3 and #10 (Fig.
2A, lysate). Two bands at >250 kDa detected by #10 were also
removed by PNGase F treatment. However, no PNGase F-sen-
sitive species were observed in Lec8 whole cell lysate for
CTD110.6, RL2, or HGACS85 mAbs (Fig. 24, lysate), indicating
that substrates of OGT represent the major O-GlcNAcylated
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proteins and obscure the loss of bands sensitive to PNGase F for
these mAbs.

CTD110.6 Recognizes Both O-GIcNAc and Terminal B-GlcNAc
on Cell Surface Glycoproteins—The ability of CTD110.6 to detect
surface O-GlcNAc on EGF repeats of the extracellular domain
of membrane proteins was examined by flow cytometry. Lecl
mutant CHO cells that lack MGAT1 (GIcNAcT-I; EC 2.4.1.101)
and fail to synthesize complex and hybrid N-glycans were used
(Table 2 and Refs. 18, 27). All N-glycans on Lecl glycoproteins
are oligomannosyl, with the major species being the substrate
of MGAT1, Man,GlcNAc,Asn (Fig. 34). O-GalNAc glycans do
not contain GlcNAc in Lecl cells (27, 30), and O-fucose and
O-mannose glycans have very minor amounts of terminal
GlcNAc (16, 21), not detected by MALDI-TOF mass spectrom-
etry (27). Lecl cells did not bind the plant lectin L-PHA that
recognizes complex N-glycans as expected, but they did bind
mAb CTD110.6 (Fig. 3B). The latter binding should reflect
O-GlcNAcylated, EGF-containing glycoproteins of the CHO
cell surface.

To investigate further, binding of CTD110.6 was assayed
before and after treatment with swainsonine for 4 days to con-
vert complex to hybrid N-glycans (Fig. 34). Swainsonine treat-
ment reduced L-PHA binding to both Lec2 and Lec8 cells, as
expected (Fig. 3B). Binding of CTD110.6 mAb to swainsonine-
treated Lec8 cells was also markedly reduced by swainsonine,
but remained greater than binding to Lec1 CHO cells, presum-
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rg/ml), or #14(0.97 nwg/ml) and anti-mouse IgG-HRP (0.08 rg/ml). Representative results are from two preparations. B, mAbs #3 (8.6 ug/ml) and #14 (9.7 ug/ml)
were incubated at room temperature for 1 h followed by anti-mouse IgG-HRP (0.08 nwg/ml). IP, immunoprecipitate; /B, immunoblot.
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on cell surface glycoproteins. A, N-glycans of glycoproteins synthesized
in CHO glycosylation mutants cultured in the presence (predicted (28,
29)), or absence (26, 27), of swainsonine. B, binding of L-PHA (upper) and
mAb CTD110.6 (lower) to fixed cells. Lec2 and Lec8 cells were cultured with
or without 5 ug/ml swainsonine (SW) for 4 days. Cells (4 X 10°) were
incubated with 20 wg/ml fluorescein-labeled L-PHA or 40 ug/mI CTD110.6
on ice for 20 min followed by 10 ng/ml Cy5-conjugated anti-mouse IgM
antibody. Gray profiles, secondary Abs; thin line, control cells; bold line,
swainsonine-treated cells. Representative results are from two indepen-
dent experiments.
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ably because of a terminal 3-GlcNAc on Lec8 hybrid N-glycans
(Fig. 3A). By contrast, Lec2 cells bound CTD110.6 similarly,
both before and after treatment with swainsonine (Fig. 3B). In
Lec2 cells, complex and hybrid N-glycans terminate in Gal res-
idues that block access to GlcNAc (Fig. 1D). Importantly, this
shows that CHO cells generate few, if any, truncated complex
orhybrid N-glycanswith terminal B-GlcNAcresidues, consis-
tent with N-glycan structural studies (27). Therefore,
CTD110.6 binding to Lec2 and wild type CHO cells reflects
cell surface glycoproteins with O-GlcNAcylated EGF
repeats. Evidence that the substituted chitobiose core in high
mannose N-glycans (Mang_4GIcNAc,Asn) is not recognized by
CTD110.6 is presented in Fig. 6A.

Three Antibodies Detect O-GIlcNAc on the Cell Surface—To
compare the abilities of the different antibodies to detect cell
surface O-GlcNAc, Lecl cells were fixed with 4% paraformal-
dehyde, and half the cells were permeabilized with 0.1% Triton
X-100. Each population was assayed for binding of anti-O-GlcNAc
mAbs by flow cytometry. The IgM isotype control for mAbs
CTD110.6 and 10D8 gave higher nonspecific binding than the
IgG; and IgQG,, isotype controls of the other four mAbs (Fig. 4,
top panel). All anti-O-GlcNAc mAbs bound to the surface of
Lecl cells (Fix), albeit to different levels. With the exception of
mAb #14, binding was increased after cell permeabilization
(Perm) (Fig. 4).

To determine that cell surface binding was due to O-GlcNAc,
inhibition of mAb binding by 5 mm GlcNAc versus 5 mm GalNAc
was examined (Fig. 5). Binding by antibodies CTD110.6, #3, and
#10 was inhibited by 5 mm GIcNAc, but not 5 mm GalNAc, and
was thus specific for recognition of O-GlcNAc. However, binding
of antibodies 10D8, RL2, and #14 was not inhibited by the pres-
ence of 5 mMm GIcNAc. Therefore, only antibodies CTD110.6,

JOURNAL OF BIOLOGICAL CHEMISTRY 11137



O-GIcNAc on Secreted and Membrane Glycoproteins

100 - 100 4 100 4
LB 4 0 a4

o g B

e e
on? o 0t 0®

% of Max
3

S e 0 ‘,‘j” e 0
[R S i o2 1w 1t w®
—_—>
CTD110.6 10D8
1o i 10 §
=] §/{Perm R l Perm \Perm
. 3 (i | |Fi Fix
io] f { "‘ S i
5 il i
o101k ]
Q .Eid ‘ @ {-9 :
€4 ang ! \
: ]
nm? w3 omdn® T S R A 1 o ont w0
#3 #10 #14

FIGURE 4. Binding of anti-O-GlcNAc antibodies to Lec1 cells. Lec1 cells (4 X
10°) fixed with 4% paraformaldehyde (Fix) or fixed and permeabilized with
0.1% Triton X-100 (Perm) were incubated with 10 ug/ml 10D8 or 40 ug/ml
other anti-O-GlcNAc antibodies including isotype control Abs followed by
incubation with 10 pwg/ml secondary Ab. Gray profiles, secondary Ab; short
dashed line, isotype control for Fix; long dashed line, isotype control for Perm;
bold solid line, anti-O-GIcNAc mAb for Fix; thin solid line, anti-O-GIcNAc mAb
for Perm. Representative results are from two independent experiments.

#3, and #10 should be used for cell surface detection of
O-GlcNAc.

CTD110.6 Binds Predominantly to O-GlcNAc on the Cell Sur-
face Glycoproteins of Lecl—Lecl CHO cells do not synthesize
complex N-glycans (Table 2 and Fig. 3A4), but do contain sub-
stituted GlcNAc residues in the core of oligomannosyl N-gly-
cans that might conceivably be recognized by CTD110.6. To
investigate this question, binding of CTD110.6 to biotinylated
cell surface glycoproteins from Lec1 cells was examined before
and after treatment with PNGase F (Fig. 64). The complement
of bands identified by CTD110.6 in the biotinylated fraction
(SA-Bound) differed markedly from those in the nonbiotiny-
lated, cytosolic and nuclear fraction (Unbound). After treat-
ment of the SA-Bound fraction with PNGase F, several bands
shifted to a lower molecular mass, as expected for cell surface
glycoproteins that have lost N-glycans. However, the overall
intensity of the signal did not change appreciably, indicating
that the N-glycans removed by PNGase F were not responsible
for a significant proportion of the CTD110.6 signal.

O-GlcNAc on cell surface and secreted proteins is added by
the ER-localized O-GlcNAc transferase EOGT (2-7). To deter-
mine whether reduced EOGT led to a reduction in O-GlcNAc
on cell surface proteins, RNAi knockdown of CHO Eogt was
examined. Following transfection of Lec1 cells and selection for
resistance to puromycin for 16 days, vector control and RNAi
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knockdown transfectant populations were examined for
CTD110.6 binding. Lecl cells transfected with control vector
bound CTD110.6 similarly (Fig. 6, Band C). However, the RNAi
construct, pSUPER1239, caused a marked reduction in
CTD110.6 binding (Fig. 6B). An even smaller fraction of Lecl
cells bound CTD110.6 when a mixture of pSUPER1233 and
pSUPER1239 (1:1) was tested (Fig. 6C). Whereas endogenous
CHO EOGT could not be detected with available antibodies,
quantitative RT-PCR using SYBR Green and $3-actin as control
showed that Eogt transcripts were reduced 76 —78% by the com-
bined siRNA treatment compared with vector control.® Treat-
ment with siRNA1239 alone reduced Eogt transcripts by
64 -70%. Treatment with siRNA1233 alone was least effective,
reducing Eogt transcripts by 48—-64% but not significantly
reducing CTD110.6 binding (data not shown). Reduced bind-
ing of CTD110.6 was also observed for parent CHO cells
expressing the siRNAs targeting Eogt (data not shown). A small
increase in CTD110.6 binding to Lecl cells was induced by
overexpression of a human EOGT c¢DNA (Fig. 6D). Overex-
pressed human EOGT was detected by Western blot analysis
(Fig. 6E).

O-GlcNAcylated Cell Surface Proteins of CHO Cells—To
establish conditions for ultimately identifying the range of
O-GlcNAcylated cell surface glycoproteins in a cell, NOTCH1
was transiently expressed in Lecl CHO cells and examined fol-
lowing treatment with PUGNACc or hexosaminidase, or follow-
ing overexpression of human EOGT c¢cDNA. PUGNACc is an
inhibitor of O-GlcNAcase localized in the cytosol (31). If, as
expected, O-GlcNAc is added to NOTCH1-Myc in the secre-
tory pathway, there should be no effect of PUGNAc on
CTD110.6 binding to NOTCH1 ECD. Cells were biotinylated
and lysed. NOTCH1-Myc was collected with anti-Myc or anti-
IgG control beads (first immunoprecipitate), and the unbound
fraction was subsequently affinity-purified with SA-agarose
(SA-Bound) prior to Western blot analysis (Fig. 74). One blot
was probed with anti-NOTCH1 ECD mAb, stripped, and re-
probed with anti-Myc mAb; a second blot was probed with
CTD110.6 to detect O-GlcNAc. Fig. 7A shows that Myc-Bound
NOTCHI1-Myc gave essentially the same signal for CTD110.6
in the presence and absence of PUGNAc, whereas Unbound
lysate exhibited numerous bands and the predicted increase in
O-GlcNAc signal induced by PUGNAC inhibition of cytosolic
O-GlcNAcase. Two unbound proteins >250 kDa (Fig. 74) had
less O-GIcNAc after PUGNACc treatment but did not co-mi-
grate with NOTCH1-Myc and do not reflect endogenous CHO
NOTCHI, which is not detected in CHO whole cell lysate (Fig.
7, B—D). Moreover, these two bands were also observed with
mAb #10 and were removed by PNGase F treatment (Fig. 24).
Interestingly, NOTCHLI collected on SA beads from lysate that
did not bind to Myc beads, had lost the Myc C-terminal tag
(migrated faster and was not detected by anti-Myc mAb). This
truncated species predominated over full-length NOTCHI-
Myc, which was poorly detected in SA-Bound fractions (Fig. 7,
A and C). The CTD110.6 signal was equivalent in the presence
and absence of PUGNAC for the truncated form of NOTCH1

3. Varshney and P. Stanley, unpublished observations.
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FIGURE 6. Specificity of CTD110.6 for O-GIcNAc on cell surface glycoproteins. A, Lec1 cells were biotinylated, separated into SA-Bound and Unbound
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FIGURE 7. O-GIcNAcon NOTCH?1 is detected at the cell surface. A, Lec1 cells
transiently expressing NOTCH1-Myc were treated for 18 h with 100 um
PUGNAC (+) or vehicle (dimethyl sulfoxide) (—), biotinylated, lysed, and the
lysate was incubated with anti-Myc beads (Myc-Bound) or anti-IgG beads. The
fraction that did not bind to anti-Myc or anti-lgG beads was incubated with
SA-agarose and gave the (SA-Bound after firstimmunoprecipitation (/P)) and
(SA-Unbound after immunoprecipitate-Myc) fractions. Samples were sepa-
rated on a 7.5% SDS-polyacrylamide gel, and one set was probed with anti-
NOTCH1 ECD mAb (2 pg/ml), stripped, and probed with anti-Myc mAb
(1:500). The second set was probed with CTD110.6 (0.4 ug/ml). The stars iden-
tify proteins that migrated similarly to but distinct from NOTCH1-Myc. Arrow-
head identifies band indicating equal loading. Representative results are from
three independent experiments. /B, immunoblot. B, NOTCH1-Myc prepared
from transient CHO transfectants as in A was incubated with 10 units of B-N-
acetylhexosaminidase at 37 °C for 2 h, separated in a 7.5% SDS-polyacryl-
amide gel, transferred to PVDF membranes, and incubated with CTD110.6
(0.4 wg/ml) and anti-mouse IgM-HRP (1.6 ng/ml) or anti-Myc 9E10 (1:500) and
anti-mouse IgG-HRP (0.08 ug/ml) Abs at room temperature for 1 h. Repre-
sentative results are from two independent experiments. C, Lec1 cells were
co-transfected with vector or pCR3.1/EOGT, and pCS?*/Notchi-Myc. After
24 h, biotinylation was performed; biotinylated proteins were collected on
SA-agarose beads or by incubation with anti-Myc antibody and protein G
beads, and analyzed by SDS-PAGE and Western blotting with CTD110.6 mAb
asin A.D, lysate from Lec1 cells transfected with plasmid pCS?™* (V) or pCS**/
Notch1-Myc (NT) was precleared with anti-lgM-agarose, incubated with mAb
CTD110.6 (1 ng) overnight at 4 °C, and collected on mouse anti-lgM-agarose.
Lysate (50 wl) and proteins solubilized from beads were separated on a 7.5%
SDS-polyacrylamide gel, transferred to membrane, and subjected to Western
blot analysis using the indicated antibodies sequentially, in the order
CTD110.6, anti-NOTCH1, and anti-Myc antibodies. Representative results are
from three experiments.

which contains the NOTCH1 ECD. Thus, PUGNAc did not
inhibit the O-GIlcNAcylation of NOTCHI.

The O-GlcNAc on NOTCH1-Myc ECD was removed by
B-N-acetylhexosaminidase treatment (Fig. 7B). When a human
EOGT cDNA was introduced, the O-GIcNAc signal on
NOTCHI1-Myc was enhanced (Fig. 7C). The combined data
show that overexpressed NOTCH1-Myc was a major substrate
of CHO EOGT under these conditions. The anti-O-GIcNAc
mAb CTD110.6 was able to immunoprecipitate NOTCHI-
Myc, although the efficiency was very low (Fig. 7D). The com-
bined results show that CTD110.6 detects biotinylated,
O-GlcNAcylated proteins at the cell surface.

To determine the range of glycoproteins modified with
O-GlcNAc on the CHO cell surface, Lecl CHO cells were bioti-
nylated and subjected to affinity purification and Western blot
analysis. The cell surface marker, PDGFR-«, was detected in the
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FIGURE 8. O-GIcNAc is present on a range of CHO cell surface proteins. A,
Lec1 cells were biotinylated, lysed, and biotinylated proteins were collected
on SA-agarose. SA-Bound and Unbound proteins were separated in a 10%
SDS-polyacrylamide gel. The PVDF membranes were incubated with anti-
PDGFR-a (2 pug/ml) and anti-rabbit IgG-HRP (1:5000), anti-protein disulfide
isomerase (2 ng/ml) or anti-B-actin (1:5000) Abs and anti-mouse IgG-HRP
(0.16 wg/ml), or NeutrAvidin-HRP (1:5000) at room temperature for 1 h. Rep-
resentative results are from four independent experiments. /B, immunoblot.
B, samples were the same as in A, but run on a 7.5% SDS-polyacrylamide gel.
Immunoblotting was with CTD110.6 (0.4 wg/ml) and anti-mouse IgM anti-
body-HRP (1.6 g/ml), or anti-NOTCH3 (5E1) (1:500) and anti-mouse IgG-HRP
(0.08 ng/ml) antibodies at room temperature for 1 h. Arrowheads identify
O-GlcNAcylated cell surface glycoproteins. C, samples were the same as in A
and run on a 10% SDS-polyacrylamide gel. Immunoblotting was with
CTD110.6 (0.4 wg/ml) or #10 (0.59 pg/ml) antibodies at room temperature for
1 h. Arrowheads indicate bands present in the biotinylated, SA-Bound frac-
tion. Representative results are from two independent experiments.

biotinylated, but not the nonbiotinylated, SA-Bound fraction
(Fig. 84). Importantly, B-actin and protein disulfide isomerase
were not detected in the SA-Bound fraction, showing that bio-
tin did not penetrate the membrane to modify cytosolic or ER
proteins, respectively. Several biotinylated proteins were
detected by anti-O-GlcNAc antibody CTD110.6 (Fig. 8B).
Western blot analysis with anti-O-GlcNAc mAb #10 detected a
similar set of O-GlcNAcylated cell surface proteins (Fig. 8C).
Several cell surface CHO proteins of <150 kDa appear to be
novel substrates of EOGT. The bands of >250 kDa are likely to
include Notch receptors. Thus, NOTCH3, with many EGF
repeats containing the EOGT consensus site (8), was detected
in the SA-Bound fraction at the expected molecular mass (Fig.
8B). Unfortunately, endogenous NOTCH3 could not be affinity-
purified with anti-NOTCH3 antibodies to show directly that
NOTCHS3 carried O-GlcNAc.

DISCUSSION

O-GlcNAcylation was discovered on cytosolic proteins 30
years ago (32). The first identification of O-GlcNAc on the
extracellular domain of Drosophila Notch was quite recent (2).
The ER-localized EOGT responsible for transferring O-GlcNAc to
proteins of the secretory pathway has been identified, and func-
tional roles in Drosophila have been revealed (5, 7). Our finding
that secreted Fringe-AP proteins were recognized by mAb
CTD110.6 suggested that they may be unexpected substrates of
EOGT, although this was unlikely because EOGT was proposed to

VOLUME 289-NUMBER 16+APRIL 18,2014



be specific for EGF repeats of membrane proteins (4, 5, 7, 8). We
subsequently determined that CTD110.6 mAb was, in fact, detect-
ing terminal 3-GIcNAc on the antennae of complex N-glycans of
the AP tag of LENG-AP and MFNG-AP proteins (Fig. 1).
CTD110.6 has also been shown to recognize terminal 3-GlcNAc
on unsubstituted chitobiose of an N-glycan (15) and on O-man-
nose linked to a-dystroglycan (16). To identify mAbs that could
differentiate between O-GIcNAc linked directly to protein versus
terminal 3-GIcNAc on an N- or O-glycan, we used CHO mutant
cells with and without N-glycans terminating in 8-GlcNAc
(Table 2) and compared recognition of cell surface glycopro-
teins by several mAbs raised against O-GlcNAc (Table 1).
The mAb CTD110.6 most readily detected terminal
B-GlcNAc on MFNG-AP (Fig. 24). The IgG mAbs #3, #10,
and #14 required a higher concentration to detect terminal
B-GlcNAc on complex N-glycans compared with O-GlcNAc (Fig.
2). However, comparisons of relative binding to O-GlcNAc versus
terminal B-GIlcNAc in our experiments were necessarily qualita-
tive because of the complex nature of the antigen mixtures.

For proteins at the surface of intact Lecl cells (that have no
N-glycans terminating in B-GlcNAc), only three mAbs
detected O-GIcNAc specifically: CTD110.6, #3, and #10. Bind-
ing of each of these mAbs was inhibited by 5 mm GlcNAc but
not by 5 mm GalNAc. Glycoproteins with N-glycans from Lec8
CHO cells that terminate in B-GlcNAc resulted in the greatest
binding of mAb CTD110.6. Even the presence of a single termi-
nal B-GIcNAc on N-glycans of Lec8 cells treated with swainso-
nine was detected by CTD110.6 (Figs. 1E and 3B). However,
internal, substituted GlcNAc in the core of oligomannosyl
N-glycans (Lecl), or complex N-glycans (parent CHO and Lec2
cells) were not detected by CTD110.6 (Figs. 3B and 6A).

The anti-O-GlcNAc mAbs used in this paper were generated
from a variety of different antigens (Table 1), and they recog-
nized different subsets of O-GlcNAcylated proteins in cell
lysates (Fig. 24). mAb 10D8 showed the least reactivity in our
experiments, and mAb CTD110.6 was the most reactive. The
mAbs CTD110.6, #3, #10, and #14 recognized terminal
B-GlcNAc on N-glycans (Fig. 2). However, CHO cells, probably
like most cells, have very few, if any, truncated N-glycans that
terminate in GlcNAc (27). In addition, we show here that
GlcNAc substituted with another sugar in an N-glycan is not
recognized by the anti-O-GIctNAc mAbs tested. Therefore,
O-GlcNAc on cell surface proteins will be the primary target of
anti-O-GlcNAc mAbs. Importantly, O-GlcNAc on mouse
NOTCHI ECD can be substituted with a 3(1,4)Gal residue (4)
which would prevent anti-O-GIcNAc mAb recognition. How-
ever, we found that treatment of Lecl cells with B-galactosid-
ase, or neuraminidase and B-galactosidase, did not increase
binding of CTD110.6 (data not shown). Three of the mAbs we
examined (CTD110.6, #3, and #10) proved useful for flow
cytometry and cell sorting based on cell surface expression of
O-GlcNAc. However, careful controls should be employed to
determine that GlcNAc-terminating N- or O-glycans are not
also being detected in significant amounts.

Biotinylation of cell surface proteins of Lecl CHO cells
allowed pulldown of NOTCHI1 as expected (Figs. 6 and 7) and
several other proteins recognized by the anti-O-GlcNAc anti-
body CTD110.6 (Fig. 8). Thrombospondin-1 acquires an
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O-GIcNAc on its EGF repeat (6), but this protein is not expressed
in CHO cells. Because the number of O-GlcNAcylated cell surface
proteins are few compared with cytosolic and nuclear proteins
with an O-GlcNAg, identifying them efficiently will require cap-
ture of tagged O-GlcNAcylated proteins followed by glycopro-
teomics (8). The subset of EOGT substrates in different cell types
will be important to determine for functional studies of this new
modification.
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