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Epidermal growth factor (EGF) domain-specific O-GlcNAc
transferase (EOGT) is an endoplasmic reticulum (ER)-resident
protein that modifies EGF repeats of Notch receptors and
thereby regulates Delta-like ligand-mediated Notch signaling.
Several EOGT mutations that may affect putative N-glycosyla-
tion consensus sites are recorded in the cancer database, but the
presence and function of N-glycans in EOGT have not yet been
characterized. Here, we identified N-glycosylation sites in
mouse EOGT and elucidated their molecular functions. Three
predicted N-glycosylation consensus sequences on EOGT are
highly conserved amongmammalian species.Within these sites,
we found that Asn-263 andAsn-354, but not Asn-493, aremodi-
fied with N-glycans. Lectin blotting, endoglycosidase H diges-
tion, and MS analysis revealed that both residues are modified
with oligomannoseN-glycans. Loss of an individualN-glycan on
EOGT did not affect its endoplasmic reticulum (ER) localiza-
tion, enzyme activity, and ability to O-GlcNAcylate Notch1 in
HEK293T cells. However, simultaneous substitution of both N-
glycosylation sites affected both EOGT maturation and expres-
sion levels without an apparent change in enzymatic activity,
suggesting that N-glycosylation at a single site is sufficient for
EOGT maturation and expression. Accordingly, a decrease in
O-GlcNAc stoichiometry was observed in Notch1 co-expressed
with an N263Q/N354Q variant compared with WT EOGT.
Moreover, the N263Q/N354Q variant exhibited altered subcel-
lular distribution within the ER in HEK293T cells, indicating
that N-glycosylation of EOGT is required for its ER localization
at the cell periphery. These results suggest critical roles of N-
glycans in sustaining O-GlcNAc transferase function both by
maintaining EOGT levels and by ensuring its proper subcellular
localization in the ER.

Epidermal growth factor-like (EGF) domain-specific O-
GlcNAc transferase (EOGT) is a luminal endoplasmic reticu-
lum (ER) protein that modifies Ser/Thr residues conserved on a
subset of EGF domains of secreted and transmembrane pro-
teins (1–3). Unlike OGT-mediated regulation of O-GlcNAcy-
lated cytoplasmic, mitochondrial, and nuclear proteins, EOGT
can modulate pericellular protein function directly by extracel-

lular O-GlcNAc modifications of transmembrane or secreted
proteins (4). The biological significance of extracellular O-
GlcNAc is further suggested by EOGT mutations found in
patients with Adams-Oliver syndrome, a rare disorder charac-
terized by congenital limb abnormalities and scalp defects (5, 6).
Genomic analysis of EOGT in Adams-Oliver syndrome

patients revealed several missense and nonsense mutations,
including W206S, R377Q, and 359Dfs*28, all of which result in
the loss of enzyme activity (7). In somatic cancer mutation
databases, additional missense and nonsense mutations have
been registered, although their functional consequences have
not been addressed. Of particular interest are EOGTmutations
at putative N-glycosylation sites. It was recently shown that N-
acetylglucosaminyltransferase III/Mgat3-mediated bisecting of
N-glycans regulates Notch1 function by changing Notch1
subcellular localization (8). However, the significance of N-gly-
cans on Notch-modifying enzymes has not been extensively
studied. Bovine O-fucosyltransferase 1 (POFUT1), another
EGF-domain specific ER enzyme (9), possesses two N-glycans
(10, 11) that are required for its enzyme activity and solubility.
However, the effect of POFUT1 N-glycans on its enzymatic
products has not addressed directly yet and needs further
investigation.
In this study, we characterized mouse EOGT to determine

all N-glycosylation sites, detailedN-glycan structures, and their
effect on EOGT expression, localization, and enzymatic func-
tion. N-Glycans on EOGT impacted protein maturation and
O-GlcNAc stoichiometry, although a singleN-glycan was suffi-
cient to mediate these functions. Importantly, our results pro-
vided the first evidence of ER-resident proteins whose N-gly-
cans facilitate their distribution to the peripheral ER.

Results

EOGT is modified with N-glycans

EOGT is an ER-resident protein with an N-terminal signal
peptide and C-terminal KDEL-like motif that acts as an ER re-
trieval signal for secreted proteins (Fig. 1A) (2). The predicted
N-glycosylation sites on EOGT are located in highly conserved
regions in various mammalian species includingMus musculus
(mouse), Rattus norvegicus (Norway rat),Oryctolagus cuniculus
(rabbit), Bos taurus (cow), Sus scrofa (wild pig), Homo sapiens
(human), and Canis lupus familiaris (dog) (Fig. 1B). Mouse
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EOGT contains three N-X-S/T (X =P) sequons for N-linked
glycosylation at Asn-263, Asn-354, and Asn-493. The first and
third N-glycosylation sequons are exclusively conserved in
these mammals. The second sequon is not fully conserved as
seen in the case ofO. cuniculus, where only twoN-glycosylation
sites were found. Except for S. scrofa, where one additional site
(Ans-141) is present, no other sequons were present on EOGT.
The ICGC cancer database registered several somatic muta-
tions affecting two N-glycosylation sequons (S265A, S265L,
and T356I), and some of them are classified as potentially path-
ogenic (Fig. 1B). However, there was no evidence that these
Asn residues are modified with N-glycans and have a general
role in EOGT function, since no functional analysis had been
performed.
To analyze N-glycans on EOGT, mouse FLAG-EOGT was

heterologously expressed in HEK293T cells and affinity-puri-
fied from cell lysates. To detect the intact full-length form of
FLAG-EOGT, we raised the carboxyl-terminal EOGT (EOGT-
CT) antibody. As expected, this antibody hardly detects the de-
letion mutant lacking four amino acids from the end of the C
terminus of FLAG-EOGT (Fig. S1). FLAG- EOGT was trans-
genically expressed and detected by using the FLAG antibody
for immunoprecipitation and the EOGT-CT antibody for im-
munoblotting. Partial removal ofN-glycans from FLAG-EOGT
with PNGase F produced two faster-migrating bands, and the
lower band corresponded to the band generated after complete
digestion, suggesting the presence of at least two N-glycans on
EOGT (Fig. 1C). To confirm the in vitro results, Eogt-trans-

fected HEK293T cells were treated with tunicamycin, a potent
inhibitor of GlcNAc phosphotransferase that is involved in the
synthesis of lipid-linked N-glycan precursors. Immunoblotting
with the FLAG antibody recapitulated the band shifts caused
by the loss ofN-glycans on EOGT (Fig. 1D). These results dem-
onstrated the presence of multipleN-glycans onmouse EOGT.

Identification of two N-glycans sites on mouse EOGT

To identify which N-glycosylation sequons on EOGT are
occupied with N-glycans, three Eogt mutants were generated
by site-directed mutagenesis where asparagine was replaced by
glutamine (Fig. 2A). The N263Q and N354Q EOGT isoforms
expressed in HEK293T cells, but not the N493Q mutant,
showed decreased molecular weight. These data show that the
former two sites are modified withN-glycans (Fig. 2B).
To prove the presence of two N-glycosylation sites on

EOGT, each FLAG-EOGT isoform was partially digested with
PNGase F. Both the N263Q and N354Q mutants showed one
additional band, whereas the N263Q/N354Q double mutant
did not change its apparent molecular weight on the gels (Fig.
2B). Similar results were obtained in the transfected cells
treated with or without tunicamycin (Fig. 2C). These results
demonstrated that mouse EOGT is modified with N-glycans at
the Asn-263 and Asn-354 sites. The lack of N-glycans in the
N263Q/N354Q mutant indicated that there was no compensa-
tory gain of glycosylation at the Asn-493 site in the absence of
the Asn-263 and Asn-354 sites.

Figure 1. EOGT is modified with N-glycans. A, schematic representation of mouse EOGT structure. Three N-glycosylation sequons, the N-terminal signal
peptide, and the KDEL-like ER retention signal are indicated. B, multiple alignment of amino acid sequences from seven mammalian EOGT. Amino acid
sequences and amino acid numbers surrounding the putative N-glycosylation sites are shown. The conserved N-glycosylation sites are highlighted by gray
boxes. The amino acid residues identical to mouse EOGT are indicated by dashes. Three EOGT mutations found in the cancer database are also indicated. C,
FLAG-EOGTwas expressed in HEK293T cells and immunoprecipitated from the cell lysates by FLAG antibody. FLAG-EOGT was incubated with PNGase F to par-
tially (left) or completely (right) remove N-glycans. EOGT-CT antibody was used for immunoblotting to detect the full-length form of EOGT. Partially or com-
pletely digested products are indicated by open or closed arrowheads, respectively. D, Eogt-transfected HEK293T cells were treated with or without
tunicamycin for 24 h, and cell lysates were analyzed by immunoblotting using FLAG and GFP antibodies. Immunoblot bands corresponding to partially or
completely deglycosylated products are indicated by open or closed arrowheads, respectively. GFP bands show similar transfection efficiency in the samples.
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To examine the effect of cancer-related mutations found in
these N-glycosylation sequons, a FLAG-EOGT protein harbor-
ing S265A, S265L, or T356I mutation was analyzed in parallel
with theWT andN263Q FLAG-EOGT proteins. All of the can-
cer-related mutants showed electrophoretic mobility similar to
that of the N263Q mutant regardless of the deglycosylation by
Endo H treatment. These data demonstrated that the S265A,
S265L, or T356I mutations result in a singleN-glycanmodifica-
tion on EOGT (Fig. 2D).

EOGT is modified with oligomannose N-glycans

To characterize theN-glycan structure on EOGT, lectin blot-
ting was performed using concanavalin A (ConA), a lectin that
binds tightly oligomannose-type and hybrid-type N-glycans. As

expected from their ER localization, EOGT and the N263Q or
N354Qmutants were readily detectable with ConA, whereas the
N263Q/N354Q doublemutant was no longer bound (Fig. 3A).
To determine the N-glycan structures on EOGT, purified

FLAG-EOGT was subjected to tryptic or chymotryptic diges-
tion followed by LC–MS analysis. MS/MS spectra showed that
LTQHVN263NSFSTDVY and LN354ITQEGPK peptides are
modified with oligomannoseN-glycans (Fig. 3B). Semiquantita-
tive analysis revealed that the HexNAc2Hex9 and HexNA-
c2Hex8 glycoforms are predominant on the Asn-263 site,
whereas the HexNAc2Hex8 and HexNAc2Hex7 glycans are
relatively abundant on the Asn-354 site. A fraction of oligo-
mannoseN-glycans exhibit HexNAc2Hex6 andHexNAc2Hex5
glycoforms (Fig. 3C). However, only a few are further processed
to HexNAc4Hex3dHex complex N-glycans consistent with

Figure 2. Identification of twoN-glycosylation sites onmouse EOGT. A, schematic representation showing the generation of FLAG-EOGT variants contain-
ing N-glycosylation site mutations. Asparagine (N) residues were replaced with glutamine (Q) residues. B, each FLAG-EOGT isoform was expressed in HEK293T
cells and immunoprecipitated by FLAG antibody. FLAG-EOGT was incubated with PNGase F to partially remove N-glycans. EOGT-CT antibody was used to
detect full-length EOGT. C, HEK293T cells were transfected to express each FLAG-EOGT isoform and treated with or without tunicamycin for 48 h. Cell lysates
were analyzed by immunoblotting with EOGT-CT and a-tubulin antibodies. After immunoblotting, the PVDF membrane was stained with Coomassie Brilliant
Blue (CBB) as the protein loading control. D, FLAG-EOGT harboring cancer-related mutations (S265A, S265L, and T356I) were expressed in HEK293T cells and
treated with or without Endo H. WT and N263Q FLAG-EOGT were analyzed in parallel as controls. After immunoblotting with EOGT-CT and a-tubulin antibod-
ies, the PVDFmembranewas stained with Coomassie Brilliant Blue as the protein loading control.
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efficient cis-Golgi retrieval of KDEL-containing proteins
(Fig. S2).
To confirm the oligomannose N-glycans on endogenous

EOGT, HEK293T cell lysates were digested by endoglycosidase
H (Endo H), which cleaves oligomannose-type and some
hybrid-type, but not complex N-glycans. Endogenous EOGT,
upon Endo H digestion, exhibited mobility shift compared with
untreated EOGT and co-migrated with the N-glycan–deficient
N263Q/N354Q FLAG-EOGT mutant (Fig. 3D). These results
support the idea that endogenous EOGT is similarly modified
with oligomannoseN-glycans.

Removal of N-glycans from EOGT affects O-GlcNAcylation of
Notch1

To determine whetherN-glycans on Eogt are required forO-
GlcNAcylation in cultured cells, endogenous EOGT genes in
HEK293T cells were removed by CRISPR/Cas9-mediated gene

editing and replaced with exogenously introduced FLAG-
EOGT isoforms. All EOGT alleles in a population of cells
derived from a single cell contain frameshift mutations and are
considered as null (Fig. 4A). EOGT antibodies used in our pre-
vious study and the EOGT-CT antibody failed to detect EOGT
at the endogenous level. In contrast, the most recent commer-
cially available antibody (AER61 antibody) raised against the
amino-terminal EOGT was highly sensitive for the detection of
endogenous EOGT in the WT cells. Moreover, immunoblot-
ting with the AER61 antibody exhibited no irrelevant bands,
suggesting that it is highly specific to EOGT (Fig. 4B). These
results also confirmed that EOGT-deficient HEK293T cells lack
EOGT expression at the protein level.
Exogenous FLAG-EOGT was co-expressed with a mem-

brane-tethered Notch1 fragment containing EGF repeats (i.e.
FLAG-Notch1-TM) that serve as a reporter substrate to moni-
tor O-GlcNAc levels. FLAG-Notch1-TM was affinity purified
from the cell lysates of EOGT-deficient HEK293T cells, and the

Figure 3. EOGT is modified with oligomannose N-glycans. A, lectin blot analysis of FLAG-EOGT isoforms. HEK293T cells were transfected to express each
FLAG-EOGT isoform. The cell lysates were subjected to immunoprecipitationwith FLAG-antibody followed by detection by biotinylated ConA lectin (ConA-bio-
tin) or EOGT-CT antibody. An asterisk indicates nonspecific bands. B, LC–MS/MS spectra of glycopeptides modified with HexNAc2Hex9 N-glycan at N263 (top)
and HexNAc2Hex7N-glycan at Asn-354 (bottom) of FLAG-EOGT. Chymotryptic or tryptic glycopeptides prepared from recombinant FLAG-EOGTwere analyzed
by LC–MS/MS. Fragments ions corresponding to b and y ions, peptides with truncated glycans, and glycans are shown by arrows. Blue square, HexNAc (pre-
sumably GlcNAc); green circle, hexose (presumably mannose). C, bar graphs showing relative abundance of different N-glycan glycoforms at EOGT Asn-263
and Asn-354.D, endogenous EOGT sensitivity to Endo H digestion. HEK293T cell lysates were incubated in the absence or presence of Endo H and analyzed by
immunoblotting with EOGT-specific AER61 antibody. Recombinant FLAG-EOGT and FLAG-EOGTN263Q/N354Q were analyzed in parallel as controls.
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O-GlcNAc level was measured by immunoblotting with the
CTD110.6 antibody. The antibody reactivity was not affected
by the removal of a single N-glycosylation site, whereas simul-
taneous mutations (N263Q/N354Q) resulted in a significant
decrease in the CTD110.6 reactivity (Fig. 4, C and D). These
results indicate that a singleN-glycan on EOGT is sufficient for
O-GlcNAcylation.

Reduced O-GlcNAc stoichiometry in HEK293T cells expressing
N-glycan–deficient EOGT

Although diminished CTD110.6 reactivity indicates a
decreased O-GlcNAc level, there are caveats to this interpreta-
tion, because any elongation of the O-GlcNAc glycan precludes
detection with the CTD110.6 antibody. Moreover, the CTD110.6
antibody could cross-react with other GlcNAc-containing glycan
epitopes (3, 12, 13). To precisely investigate the decreased O-
GlcNAc stoichiometry on Notch1 by loss of N-glycans, purified
FLAG-Notch1-TM was subjected to MS (Fig. 5, A and B). Our
previous studies revealed that several EGF domains on secreted
Notch1 EGF repeats exhibit extended O-GlcNAc structures
including O-GlcNAc-Gal or O-GlcNAc-Gal-Sia (14). Unexpect-
edly, elongated O-GlcNAc glycans were undetectable on the
transmembrane form of Notch1. This is likely because transiently
expressed membrane-tethered Notch1 is not efficiently trans-
ported to the cell surface but rather retained in the ER as an O-
GlcNAc monosaccharide form. Nonetheless, we were able to
compare the O-GlcNAc stoichiometry of various EGF domains
catalyzed by WT EOGT versus the N263Q/N354Q mutant. The
semi-quantitative analysis revealed thatO-GlcNAc stoichiometry
is significantly decreased in EGF10, EGF21, and EGF23 in the ab-
sence of N-glycans (Fig. 5 and Fig. S3). Other EGF domains

including EGF2 and EGF10 similarly showed decreased O-
GlcNAc stoichiometry, although they are not statistically signifi-
cant in duplicate samples. In contrast, O-fucose and O-glucose
modifications are comparable between WT and the N263Q/
N354Q FLAG-EOGT (Fig. S4). Taken together, these data sug-
gested thatN-glycans on EOGT impact its ability toO-GlcNAcy-
late a wide range of EGF domains, rather than specific domains of
Notch1.

N-glycans are dispensable for the enzymatic activity of EOGT

To determine whether enzyme activity is affected by the loss
ofN-glycans, an in vitro EOGT assay was performed usingDro-
sophila Notch EGF20 (dEGF20) as a model substrate (1). The
His-tagged dEGF20 was bacterially expressed and purified by
immobilized metal ion affinity chromatography and HPLC
(Fig. 6A). The correct folding of the purified dEGF20 domain
was confirmed by its ability to serve as a substrate for POFUT1,
POGLUT1, and EOGT (15, 16) (Fig. 6B and data not shown).
For the evaluation of the O-GlcNAc transferase activity of mu-
tant EOGT, UDP-Glo assay was performed using dEGF20 as an
acceptor substrate, UDP-GlcNAc as a donor substrate, and
purified EOGT constructs (Fig. 6C). No significant differences
in enzyme activity were detected in each mutant compared
with WT EOGT. The activity of the N263Q/N354Q mutant
was also confirmed using HPLC (Fig. 6D). These data suggest
that N-glycans are dispensable for the O-GlcNAc transferase
activity of EOGT.

N-Glycans facilitate the maturation of EOGT

To address the effect of N-glycans on EOGT expression lev-
els, WT or mutant EOGT were co-expressed with GFP, which

Figure 4. N-Glycans on EOGT are required for efficient O-GlcNAcylation. A, schematic representation of mutant alleles for EOGT newly generated by
CRISPR/Cas9-mediated gene editing in HEK293T cells. B, detection of endogenous EOGT in cell lysates of HEK293T cells or EOGT-knockout (KO) HEK293T cells
using EOGT-specific AER61 antibody. The immunoblot (IB) was re-probed using an a-tubulin antibody and stained with Coomassie Briliant Blue (CBB) as the
protein loading control. C, immunoblotting with CTD110.6 antibody for detection of O-GlcNAc epitopes on FLAG-Notch1-TM. EOGT-knockout HEK293T cells
were transfected to express FLAG-Notch1-TM together withWT ormutant Eogt. After purification with FLAG antibody-coated beads, FLAG-Notch1-TMwas an-
alyzed using the indicated antibodies. D, quantification of the relative O-GlcNAc level on FLAG-Notch1-TM. The band intensity, as shown in C, was measured
using ImageJ software. The data were obtained from three independent transfection experiments and presented together with mean 6 S.D. values. *, p ,
0.01; the p values are from unpairedWelch’s t test.
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was linked to the Eogt transgene via an internal ribosome entry
site (IRES) sequence (Fig. 7A). Quantification of the EOGT
level normalized to GFP revealed that the N263Q/N354Q mu-

tant expression was decreased by 66% compared with WT
EOGT (Fig. 7B). In contrast, the difference between the expres-
sion levels of the WT and single-site mutant EOGT proteins

Figure 5. Reduced O-GlcNAc stoichiometry on Notch1 in HEK293T cells expressing N-glycan-deficient EOGT. A, MS analysis of tryptic glycopeptides
prepared from FLAG-Notch1-TM harboring O-GlcNAcylation sites. FLAG-Notch1-TM was expressed in EOGT-deficient HEK293T cells exogenously expressing
WT or the N263Q/N354Q EOGT. EICs show the relative signal intensity corresponding to the peptides without modification (orange) or with O-GlcNAc (blue)
on EGF2, EGF10, EGF11, EGF21, and EGF23 of Notch1. Note that no elongatedO-GlcNAc glycoforms were detected. Data are presented as mean6 S.D. (n = 2).
LC–MS/MS spectra of tryptic glycopeptides are shown in Fig. S3. B, quantification of O-GlcNAc glycans on representative EGF domains. EIC peak heights were
measured and expressed as percent area. The color code is same as described in A.

Figure 6. N-Glycans are dispensable for the enzymatic activity of EOGT. A, bacterially expressed dEGF20 was analyzed by HPLCwith a 30-min linear gradi-
ent (10–80% ACN in 0.1% TFA). Absorbance at 280 nm was monitored. The fraction containing folded dEGF20 is highlighted in red. B, HPLC analysis of enzy-
matic products. In vitro O-GlcNAc transferase assay was performed using dEGF20 as an acceptor substrate, UDP-GlcNAc as a donor substrate, and WT or
mutated FLAG-EOGT as an enzyme or buffer as a negative control. C, Coomassie staining showing the purified WT and mutant FLAG- EOGT. An empty well is
marked by #. D, the enzymatic activities of the respective FLAG-EOGT isoforms measured by UDP-Glo assay using an equal amount of purified enzymes. The
results are expressed as mean6 S.D. from three assays performed independently.
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was statistically insignificant. Tunicamycin treatment reduced
the expression of WT and N263Q or N354Q single mutants,
but not the N263Q/N354Q double mutant (Fig. 2C). These
effects are consistent with the presence or absence ofN-glycans
on each EOGT isoform. Taken together, these results suggested
thatN-glycans affect the expression level of EOGT.
As a molecular basis for the decreased expression of the

N263Q/N354Q protein,N-glycan could affect the protein fold-
ing or stability and thus protein expression of EOGT. To test
this idea, we separated and characterized the soluble and insol-
uble fractions of cell lysates prepared from HEK293T cells sta-
bly expressing each EOGT isoform. In the presence of mild
detergents (0.1% digitonin), WT EOGT was found in the solu-
ble fractions. Although the loss of single N-glycan lead to no
obvious solubility changes, the N263Q/N354Q mutant showed
increased insolubility compared with WT EOGT (Fig. 7C).
These results indicated that N-glycans facilitated the expres-
sion of the matured form of EOGT, and thus maintained the
protein expression required for normal protein function.
To test the idea that N-glycans directly affect EOGT solubility

or stability, N-glycans were removed from WT EOGT in vitro
using PNGase F (Fig. 7D) and Endo H (data not shown). Fractio-
nation into soluble and insoluble fractions revealed that the loss
of N-glycans did not change the amount of the soluble EOGT
form. Moreover, the purified N263Q/N354Q EOGT mutant
remains soluble at the concentration of 0.04 mg/ml (data not
shown). These data suggest that N-glycans do not affect EOGT
stability or solubility, but facilitate the generation of a matured
EOGT form, possibly through the promotion of protein folding.

N-glycans on EOGT are required for its peripheral ER
localization

Although N-glycans are important for subcellular localiza-
tion of Golgi glycosyltransferases, their effect on ER glycosyl-
transferases has not been previously addressed. The ER is com-
posed of distinct domains, including the ribosome-studded
perinuclear ER sheets and peripheral smooth peripheral
tubules (17, 18). As previously described, the ER-resident chap-
erone calnexin was distributed in both the peripheral and peri-
nuclear ER (Fig. 8A) (17).
To analyze the effect of N-glycans on the ER localization

of EOGT, the alteration in the subcellular localization of
each EOGT mutant was analyzed. As previously reported,
WT EOGT was detected throughout the ER in HEK293T
cells. The single mutants (N263Q or N354Q) exhibited
a similar staining intensity and pattern with WT EOGT.
In contrast, the staining intensity of the double mutant
(N263Q/N354Q) was apparently weaker than the WT.
Although we could readily observe the perinuclear EOGT
staining, the signal at the ER periphery visibly decreased
(Fig. 8, A and B). Quantification of peripheral to perinu-
clear staining ratio confirmed that EOGT distribution to
the peripheral region is significantly decreased when N-
glycans are removed from EOGT. Of note, a soluble form
of Notch1 EGF repeats can distribute to the peripheral ER
irrespective of co-expression of WT or the N263Q/N354Q
mutant EOGT (Fig. 8, C and D). These results suggest that
N-glycans affect the peripheral distribution of EOGT in
the ER.

Figure 7. N-Glycans affect the protein expression of EOGT. A, immunoblot (IB) analysis for protein expression of WT and mutant EOGT. Each FLAG-EOGT
isoform was co-expressed together with GFP that served as an internal control of protein expression in HEK293T cells. Cell lysates were analyzed with an
EOGT-CT or a GFP antibody. B, quantification of EOGT protein levels normalized to GFP. The data were obtained from three independent transfection experi-
ments and presented together with mean6 S.D. values. **, p, 0.05; the p values are from unpaired Welch’s t test. C, detection of FLAG-EOGT isoforms in the
soluble and insoluble fractions. Cells stably expressing WT or mutant EOGT were lysed in TBS buffer containing 0.1% digitonin. Soluble/insoluble fractions
were separated and detected with an EOGT-CT antibody. After immunoblotting, the PVDF membrane was stained with Coomassie Brilliant Blue (CBB) as the
protein loading control. The data are representative of two independent transfection experiments. D, purified FLAG-EOGT was incubated with or without
PNGase F. After 3 h, soluble/insoluble fractions of reactionmixtures were separated and detectedwith EOGT-CT antibody. n.s., not significant.
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Effect of tunicamycin on the ER localization of endogenous
EOGT

To study the effect of N-glycan loss on endogenous EOGT,
we immunostained HEK293T cells using the EOGT-specific
AER61 antibody. Endogenous EOGT showed a punctate stain-
ing pattern that was largely included in the calnexin-positive
area. Indeed, no staining was detected in negative control cells
lacking EOGT expression (Fig. 9A).
To analyze the effect of N-glycans on the distribution of en-

dogenous EOGT, HEK293T cells were treated with tunicamy-
cin. As expected, upon tunicamycin treatment, the EOGT stain-
ing markedly decreased, which was most evident at the cell
periphery. Consistently, the ratio of EOGT staining at the pe-
ripheral ER versus perinuclear ERwas significantly decreased. In
contrast, calnexin distribution within the ER was comparable

between tunicamycin-treated versus untreated cells (Fig. 9, B
and C). To exclude the possibility that tunicamycin-induced ER
stress could contribute to the observed changes in EOGT sub-
cellular localization, HEK293T cells were treated with thapsi-
gargin that depletes the Ca21 stored in the ER and causes ER
stress. Unlike tunicamycin, thapsigargin had little impact on the
EOGT distribution. Taken together, these results indicate that
N-glycans on EOGT facilitate its distribution at the periphery of
the ER.
To further explore the effect of N-glycans on EOGT in other

cultured cells, HeLa cells were treated with tunicamycin or
thapsigargin. Similar to HEK293T cells, tunicamycin treatment
resulted in decreased EOGT staining at the peripheral ER (Fig.
9, B and C). Since EOGT regulates Notch signaling in endothe-
lial cells, we further analyzed the effect of tunicamycin on

Figure 8. Loss of N-glycans on EOGT diminished its peripheral ER localization. A, subcellular localization of FLAG-EOGT and EOGT mutants. Confocal mi-
croscopy was performed on HEK293T cells transiently transfected with WT FLAG-Eogt or one of its N-glycosylation mutants. Staining was performed with anti-
FLAG (for EOGT, green), anti-calnexin (ERmarker, red), and phalloidin (white). It is noted that EOGT staining at cell periphery is diminished, whereas the perinu-
clear staining remained in the N263Q/N354Q mutant (arrowheads). Scale bar, 5 mm. Additional data are shown in Fig. S5A. B, staining intensity ratio between
peripheral and perinuclear regions in the images shown in A. The results were obtained from eight transfected cells in a single experiment. Similar results
were obtained in three independent transfection experiments. Data are presented asmean6 S.D. ***, p, 0.001; the p values are from unpairedWelch’s t test.
C, subcellular localization of Notch1EGF1-36:MycHis. Confocal microscopy imaging was performed on HEK293T cells transiently transfected with Notch1EGF1-
36:MycHis alone or together with FLAG-Eogt or its mutant. Staining was performed with anti-Myc (for Notch1EGF1-36, green) and anti-calnexin. Scale bar, 5
mm. D, staining intensity ratio between peripheral and perinuclear regions in the images shown in C. The results were obtained from eight transfected cells in
a single experiment. Similar results were obtained in three independent transfection experiments. Data are presented asmean6 S.D.
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human umbilical vein endothelial cells (HUVEC). Although the
overall EOGT staining intensity decreased upon tunicamycin
treatment, the peripheral ER staining diminished prominently
in HUVEC cells (Fig. 9D). Taken together, these results demon-
strate that N-glycans are generally required for the peripheral
EOGTdistribution.

Discussion

N-Glycans are present on various glycoproteins and affect
their folding, stability, trafficking to the cell surface, and molec-
ular function (19); thus, they are essential for developmental
processes (20). N-Glycosylation is initiated at the ribosome-
translocon complex that includes STT3 as a catalytic subunit of

oligosaccharyltransferases (21). Recently, the STT3 inhibitor
NGI-1 was developed and shown to inhibit the growth of non-
small-cell lung cancer cells by suppressing the cell-surface
expression and signaling of the epidermal growth factor recep-
tor (22). Thus, the inhibition of a synthetic pathway for N-gly-
cosylation holds a promise to represent a novel approach in
cancer treatment (23–26).
In this study, we have performed in-depth analysis of the N-

glycan structure and function on the ER luminal O-GlcNAc
transferase EOGT. Among the three putative N-glycosylation
sites (Asn-263, Asn-354, and Asn-493) in mouse EOGT, we
determined that only Asn-263 and Asn-354, but not Asn-493,
are modified with oligomannose N-glycans. The lack of

Figure 9. Decreased peripheral ER localization of endogenous EOGT in cells treatedwith tunicamycin. A, detection of endogenous EOGT by the specific
AER61 antibody. B, subcellular localization of endogenous EOGT in HEK293T or HeLa cells. Cells were treated with or without tunicamycin for 48 h and stained
with the EOGT-specific AER61 (green) antibody, calnexin (red) antibody, and phalloidin (white). Scale bar, 5 mm. C, staining intensity ratio between peripheral
and perinuclear regions in the images shown in B. The results were obtained from eight transfected cells in a single experiment. Similar results were obtained
in three independent transfection experiments. Data are presented as mean6 S.D. ***, p, 0.001; the p values are from unpaired Welch’s t test. D, subcellular
localization of endogenous EOGT in endothelial cells. HUVEC cells were treated with or without tunicamycin for 48 h and stained with the EOGT-specific
AER61 (green) antibody and phalloidin (white). Scale bar, 5mm.
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modification at N493Y/N493S could be explained based on the
fact that C-terminal sequons within the last 50 amino acids are
modified post-translationally by STT3B isoform of the OST
that prefer NXT sites over NXS sites (27).
Inmammals, both Asn-263 and Asn-354 sites are highly con-

served except for O. cuniculus (rabbit), in which N354I/N354T
is changed to N354I/N354A. Rabbit EOGT does not contain
additional potential N-glycan sites, suggesting that only single
N-glycan is sufficient for EOGT function. Consistent with this
view, our results showed that neither N263Q nor N354Qmuta-
tion affects the ability of mouse EOGT to O-GlcNAcylate
Notch1. In humans, somatic mutations corresponding to the
N-glycosylation sequons are observed in the ICGC cancer data-
base, and some of them are classified as potentially pathogenic
(Fig. 1A). However, our results suggest that these mutations are
pathogenic, only if two types of mutations occur coincidently
and result in the simultaneous loss of bothN-glycans.
Given that N-glycans are prevalent modifications, virtually

all glycosyltransferases are modified or predicted to be modi-
fied with N-glycans with the exception of intracellular O-
GlcNAc transferase OGT (28). Compelling experimental evi-
dence regarding Golgi glycosyltransferase suggests that N-gly-
cans are required for enzyme activity (29–33) and/or Golgi
localization (31, 32, 34). Analysis of GM3 synthase further dem-
onstrated that N-glycans affect the protein stability of the gly-
cosyltransferase (34). In contrast, only a few studies are
addressing the roles of N-glycans in ER glycosyltransferase. In
addition to the function of POFUT1 N-glycans in protein solu-
bility and enzyme activity, N-glycans on POMT1 or POMT2
are required for enzyme activity (35). In line with these observa-
tions, our study showed the critical roles ofN-glycans in EOGT
function in the ER.
N-Glycans are bulky amphipathic modifications that pro-

mote protein folding and stabilize proteins in native states via
carbohydrate-protein interactions (36). In the current study,
the complete removal of N-glycans on EOGT resulted in a
decrease of the soluble EOGT form in cultured cells. The effect
of N-glycans on sustaining protein expression is consistent
with established roles of N-glycans on protein stability and
folding during protein maturation. In contrast, N-glycan defi-
ciency did not impair in vitro O-GlcNAc transferase activity.
These observations indicate that N-glycans facilitate the gener-
ation of matured EOGT protein, but not its enzyme activity.
The ER is a membrane-delineated organelle consisting of

central ER sheets decorated with membrane-bound ribosomes
and peripheral ER. Recently, super-resolution microscopy
revealed that the peripheral ER represents tight or loose arrays
of tubular network (18). Various endogenous ER proteins local-
ize in the peripheral ER tubules, including calnexin, Derlin-1,
Bip/GRP78, glycoprotein 78/Gp78, and syntaxin 17 (17, 37).
Furthermore, single-molecule super-resolution particle track-
ing indicated the existence of an active ER luminal flow in pe-
ripheral ER tubules (38). In our study, EOGT localized at both
the perinuclear and peripheral ER as with calnexin. Impor-
tantly, the N-glycan–deficient FLAG-EOGT mutant was local-
ized predominantly in the perinuclear ER due to the loss of
staining in the peripheral ER. Similarly, tunicamycin treatment
suppressed the peripheral ER localization of endogenous

EOGT. Therefore, N-glycans per se or N-glycan–dependent
structural aspects on EOGTmay facilitate its diffusion from the
perinuclear to peripheral ER. To the best of our knowledge, this
is the first study to show thatN-glycansmediate the correct dis-
tribution of ER-resident proteins within the ER. Although the
overall EOGT expression level decreased in the absence of N-
glycans, EOGT immunostaining nearly diminished in the pe-
ripheral ER, whereas perinuclear EOGT staining was still de-
tectable. Thus, the decreased O-GlcNAc stoichiometry on
Notch1, mediated by the absence ofN-glycans on EOGT, could
not only be attributed to the overall EOGT protein expression
level but also the altered subcellular EOGT localization in the
ER.
Multidomain proteins such as the Notch receptors could be

folded co-translationally and post-translationally (39). Since
EOGT acts specifically on the folded EGF domain, an O-
GlcNAc modification may occur during translation and after
the partially folded intermediates are released from the ribo-
some. Since the peripheral ER is largely devoid of ribosomes, if
peripheral EOGT has a role in Notch glycosylation, it would act
on the partially folded intermediate of Notch EGF repeats. Sev-
eral chaperones including calnexin and Bip/GRP78 were shown
to localize in the peripheral ER (17). Together with other chap-
erones, EOGT may be involved in the protein maturation pro-
cess in the peripheral ER, wherein newly formed EGF domains
are sequentially O-GlcNAcylated to complete their O-glycosy-
lation along with correct folding of the entire EGF repeats.
Future studies should determine whether O-GlcNAcylation
occurs in the peripheral ER. Moreover, comprehensive and
comparative analysis of other ER-localized glycosyltransferases
such as POFUT1, POGLUT1, POGLUT 2, and POGLUT 3 (40)
should be performed to get insight into the presence of distinct
ER domains specialized in the maturation of Notch receptors
and other EGF domain-containing proteins.

Experimental procedures

Sequence alignment

The amino acid sequences of EOGT from different species
were collected from the NCBI protein database. Accession num-
bers of the protein sequences are: M. musculus NP_780522.1,
R. norvegicus NP_001009502.1, O. cuniculus XP_002713346.1,
B. taurusNP_001071350.1, S. scrofaNP_001302603.1,H. sapiens
NP_001265618.1, and C. lupus familiaris NP_001009187. The
amino acid sequence homology of EOGT was performed using
the Clustal Omega program by the European Bioinformatics
Institute (EMBL-EBI) available at RRID:SCR_001591.

Antibody information

The antibodies used aredescribed inTable S1.Wegenerated a rab-
bit anti-EOGT-CT antibody using the HVLQHPKWPFKKKHDEL
peptide as an antigen.

Plasmid constructs

pSectag2C/mNotch1EGF1-36:MycHis-IRES-EGFP was a
generous gift from Dr. Pamela Stanley (41). pSectag2C/Eogt-
IRES-GFP has been described previously (2). To generate
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pET22b(1)/dEGF20His, dEGF20 fragments of pMT-Bip/
dEGF20:V5His (1) were excised using XhoI and BamHI and
inserted into the same sites of pET22b(1) (Novagen). Site-
directed mutagenesis for the generation of N-glycosylation
site mutants was performed using the PrimeSTAR mutagen-
esis kit (Takara Bio) with pSectag2C/Eogt-IRES-EGFP as a
template DNA. To generate the FLAG-EOGT expression
vector, a FLAG tag was inserted into Eogt cDNA after the
codon at Lys-32 of pSectag2C/Eogt-IRES-EGFP utilizing the
PrimeSTAR mutagenesis kit (Takara Bio). The tag remains
on EOGT after the liberation of its signal peptide. To gener-
ate mutant forms of FLAG-EOGT vectors, the AflII/ApaI
fragment of WT FLAG-EOGT was replaced with those cor-
responding to the mutant FLAG-EOGT. The successful con-
struction of the vectors was confirmed by DNA sequencing.
For the generation of an expression vector for the FLAG-

tagged Notch1 transmembrane construct (FLAG-Notch1-TM),
the EcoRI/AfeI fragment of synthetic oligonucleotides contain-
ing the Igk signal sequences and FLAG tag sequences was
ligated with an AfeI/XbaI fragment of mouseNotch1-TM span-
ning from EGF1 to LIN-12/Notch Repeat 3 (LNR3) (nucleotide
numbers 55-5738: amino acid sequence 19-1916), and cloned
into pTracer-CMV vector. Primers and the synthetic oligonu-
cleotides used in this study are shown in Table S2.

Cell culture and transfection

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 7.5% heat-inactivated fetal bovine
serum (FBS) and 1% penicillin-streptomycin at 37 °C and 5%
CO2. Expression vectors were transiently transfected using pol-
yethyleneimine (PEI, MW 40,000, Polysciences) and insulin-
transferrin-selenium (ITS)/DMEMwithout FBS and antibiotics
as described previously (4). Briefly, 1 mg of plasmid DNA was
added to 200 ml of ITS/DMEM and mixed with 5 mg of PEI fol-
lowed by 20 min incubation at room temperature. Then, the
DNA/PEI mixture was added to the cells of 6-well–plates pre-
treated with 800 ml of ITS/DMEM. After 6-12 h of incubation
at 37 °C with 5% CO2, the medium was changed with 2 ml of
10% FBS/DMEM containing 1% penicillin/streptomycin. Cells
were incubated for another 48 h before the analysis.
EOGT-knockout HEK293T cells were newly generated using

CRISPR/Cas9-mediated gene targeting as described previously
(4). In brief, a plasmid expressing GFP-Cas9 in addition to
guide RNA, which encodes a single guide RNA that targets the
first exon of human EOGT, was used to transfect HEK293T
cells. Single cells successfully expressing Cas9-GFP were col-
lected. The removal of the targeted gene region was confirmed
by sequencing analysis.

Generation of stable cell lines

HEK293T cells were transfected with pSectag2C/FLAG-
Eogt-IRES-EGFP or one of the EOGTmutants. After 24 h, cells
were diluted 10 times, and their culture with 100 mg/ml of
hygromycin B in 10% FBS/DMEM with 1% penicillin-strepto-
mycin was initiated. Medium was changed every 3 days with
hygromycin until colonies were formed. The single colony was

transferred into 96-well culture plates. Surviving cells were
expanded andmaintained in the presence of hygromycin B.

EOGT deglycosylation

PNGase F treatment was carried out according to the manu-
facturer’s protocol (New England Biolabs). In brief, WT or mu-
tant FLAG-EOGT was immunoprecipitated from lysates of
transfected HEK293T cells using anti-FLAG antibody-conju-
gated magnetic beads (M185-10, MBL). Then, an N-glycanase
reaction was performed at nondenatured conditions using 0.5
ml of PNGase F (1 unit/ml, Roche) in G7 reaction buffer (New
England Biolabs) at 37 °C. Endo H digestion was performed by
treating cell lysates with 1 ml of Endo H (New England Biolabs)
in 30 mM sodium acetate (pH 6.0) at 37 °C for 1 h. The samples
were separated by 7.5% SDS-PAGE followed by immunoblot-
ting with rabbit anti-EOGT-CT antibody as described below.

Immunoblotting

Cells were lysed in lysis buffer containing Tris-buffered sa-
line, pH 7.6 (TBS), 1 mM CaCl2, and 1% Nonidet P-40. The
lysate was denatured using SDS-PAGE sample buffer. For
Western blotting, each sample was separated by 7.5% SDS-
PAGE and transferred onto a PVDF membrane (Millipore).
The membrane was blocked in blocking buffer (3% skim milk
and 0.05% polysorbate 20 in PBS) at room temperature for 30
min followed by incubation with the appropriate primary anti-
body diluted in blocking buffer at room temperature for 1 h. Af-
ter washing with 0.05% polysorbate 20 in PBS (PBS-T) three
times, the membrane was incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibody in blocking buffer
at room temperature for 1 h. After the membrane was washed
with PBS-T three times for 10 min, the desired band on the
membrane was visualized with Immobilon Western Chemilu-
minescent HRP Substrate (Millipore) and afterward being
exposed to X-ray film (Fujifilm).

Tunicamycin and thapsigargin treatments

Immediately after transfection, the cells were grown in the
presence or absence of 2 mg/ml of tunicamycin (Sigma) for 48
h. Then, cell lysates were prepared and analyzed by immuno-
blotting using anti-FLAG or rabbit anti-EOGT-CT, anti-GFP
antibody, or anti-a-tubulin antibody. For immunostaining,
HEK293T cells were cultured with or without 2 mg/ml of tuni-
camycin for 48 h. EOGT-deficient HEK293T cells were used as
a negative control. Rabbit anti-EOGT (AER61) andmouse anti-
calnexin antibodies were used to detect endogenous EOGT and
calnexin (as an ERmarker), respectively.
For the experiments with thapsigargin, HEK293T cells were

grown with or without 5 mM thapsigargin (Wako) for 48 h. The
immunostaining was performed as described above.

Lectin blotting

Anti-FLAG antibody-conjugated magnetic-agarose beads
(MBL) were used to purify WT or mutant FLAG-EOGT from
the cell lysates of transfected HEK293T cells. Then, the pro-
teins were separated by SDS-PAGE and transferred onto a

Roles of N-glycans in EOGT function and localization

8570 J. Biol. Chem. (2020) 295(25) 8560–8574

https://www.jbc.org/cgi/content/full/RA119.012280/DC1


PVDF membrane followed by blocking with blocking buffer
containing 3% BSA (BSA) in PBS-T at room temperature for 30
min. Next, the membrane was incubated with ConA-biotin
(MBL) diluted in blocking buffer (1:1000 dilution) at room tem-
perature for 1 h. After washing with PBS-T three times, the
membrane was incubated with avidin-HRP (1:1000 dilution in
blocking buffer) at room temperature for 1 h. After the mem-
brane was washed with PBS-T for 10min three times, the bands
on the membrane were visualized with Immobilon Western
Chemiluminescent HRP Substrate (Millipore) and X-ray films
(Fujifilm).

Purification of EOGT

WT or mutant FLAG-EOGT was purified from the respec-
tive stable cell line. In brief, cells were lysed in lysis buffer as
described above by incubation for 15min on ice. Then, samples
were centrifuged at 15,0003 g at 4 °C for 15 min. The superna-
tant was collected as cell lysate. The lysates were mixed with
anti-FLAG antibody-conjugated magnetic beads and incubated
at 4 °C overnight with gentle rotation. Next, the beads were
washed extensively with the lysis buffer and eluted with 50 ml of
33 FLAG peptides (1 mg/ml, MBL) in 10 mM HEPES, pH 7.0.
Unbound 33 FLAG peptides were removed by Amicon Ultra-
0.5 3K centrifugal filter device (UFC500396, Millipore). Protein
quantification was performed by Coomassie Blue staining using
Coomassie Brilliant Blue G-250 dye and BSA as a protein con-
centration standard.

Statistical methodology

The statistical analyses were performed utilizing Welch’s
t test as detailed in Table S3.

LC–MS/MS analysis of N-linked glycopeptides

WT FLAG-EOGT was stably expressed in HEK293T cells,
purified using anti-FLAG antibody-conjugated magnetic-aga-
rose beads (MBL), and eluted in 23 SDS sample buffer. After
separation by 7.5% SDS-PAGE, bands were developed by Coo-
massie Blue staining. The band was cut into pieces, and the gel
pieces were transferred into low-binding tubes. Then, gel pieces
containing the desired proteins were destained using 50%
methanol (MeOH) in 20 mM NH4HCO3 at 4 °C overnight. Ace-
tonitrile (ACN) was added into the tubes, and the samples were
dried using a speed-vacuum system for 20 min Subsequently,
the samples were reduced with 10 mM DTT, 100 mM

NH4HCO3 for 30 min followed by alkylation with 50 mM iodo-
acetamide, 100 mM NH4HCO3 for 30 min. Then, 5% acetic acid
in 50% MeOH was added to the samples and incubated at 4 °C
overnight. ACN was added to the samples and speed-vac-
uumed for drying. In-gel digestion was performed in 25 mM

NH4HCO3 at 37 °C by incubating with 20 ng/ml of trypsin gold
(Promega) for 16 h or 10 ng/ml of chymotrypsin (Roche Applied
Science) for 5 h. The digested peptide samples were desalted
using Ziptip (C18, Millipore) and dissolved in 0.1% TFA (TFA),
80% ACN. The peptides were analyzed by LC–MS on a Q-
Exactive mass spectrometer (ThermoFisher) coupled to an
UltiMate3000 RSLCnano LC system (Dionex Co., Amsterdam,
The Netherlands) using a nano HPLC capillary column, 150

mm3 75mm inner diameter (Nikkyo Technos Co., Japan) via a
nanoelectrospray ion source. Reversed-phase chromatography
was performed with a linear gradient (0 min, 5% B; 45 min,
100% B) of solvent A (2% ACN with 0.1% formic acid) and sol-
vent B (95% ACN with 0.1% formic acid) at an estimated flow
rate of 300 nl/min. A precursor ion scan was carried out using a
400–1600 m/z prior to MS2 analysis. Isolation of precursors
was performed within a window of 2.0 Th by quadrupole. Colli-
sion-induced dissociation at stepped collision energies of 336
13 was employed as a fragmentation method. MS2 scan was
obtained for the 20 most intense precursor ions with an abso-
lute intensity threshold of 1,700. N-Glycosylation was analyzed
by Byonic (version 3.5), Proteome Discoverer (version 2.3), and
Xcalibur (version 4.3) softwares (ThermoFisher). EOGT
sequence was searched using trypsin or chymotrypsin protease
specificity (Lys/Arg or Trp/Tyr/Phe) with a possibility of 1 or 2
missed cleavages, respectively, and a precursor mass tolerance
of 10 ppm and a fragment mass tolerance of 20 ppm. Carbami-
domethylation was selected as fixed modification on Cys resi-
dues. Variable modifications selected are summarized in Table
S4. All peptide sequences assigned are shown in Table S5.

LC–MS/MS analysis of O-GlcNAcylation on Notch1

FLAG-Notch1-TM was transiently expressed in EOGT-defi-
cient HEK293T cells, purified using anti-FLAG antibody-con-
jugated magnetic agarose beads, and eluted with 23 SDS sam-
ple buffer followed by separation by SDS-PAGE. Then, the
samples were digested and cleaned up by Ziptip as described
above. The peptides were analyzed by LC–MS on an Orbitrap
Fusion mass spectrometer (ThermoFisher) coupled to an Ulti-
Mate3000 RSLCnano LC system with a nano-HPLC capillary
column via a nanoelectrospray ion source as described above. A
precursor ion scan was carried out using a 400–1600m/z prior
to the MS2 analysis. Isolation of precursors was performed
with a window of 0.8 Th by quadrupole. High-energy collisional
dissociation at stepped collision energies of 33 6 13 was
employed as a fragmentation method and rapid scan MS analy-
sis was performed in an ion trap mass analyzer. Only those pre-
cursors with a charge state of 2–6 with an absolute intensity
threshold of 5000 were sampled for MS2. The dynamic exclu-
sion duration was set to 10 s with a 10 ppm tolerance. The
instrument was run at top speedmode with 3-s cycles. The rela-
tive amounts of glycopeptides were calculated based on their
EIC peak heights. The raw data were searched forO-linked gly-
copeptides using the GlycoPAT software (version 1.0) (42).
Notch1 sequence was searched using trypsin protease specific-
ity (Lys/Arg) with a possibility of 1 missed cleavage, and a pre-
cursor mass tolerance of 20 ppm and a fragmentmass tolerance
of 0.1 Da. Carbamidomethylation was selected as fixed modifi-
cation on Cys residues. Variable modifications selected are
shown in Table S4. All O-linked glycopeptide sequences
assigned are shown in Table S5.

Preparation of dEGF20 from bacteria

Rosetta-gami2 (DE3) E. coli was transformed with pET22b
(1)/dEGF20His, and cultured in the presence of 0.5 mM IPTG
at 21 °C for 2 days. The bacterial pellet was resuspended in
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equilibration buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl,
and 10 mM imidazole). After sonication, the sample was centri-
fuged at 6,0003 g for 60 min, and the soluble fractions were fil-
trated with a 0.45 mm filter. The filtrate was applied to the col-
umn with Complete His Tag Purification Resin (Roche Applied
Science) followed by washing with the equilibration buffer, and
dEGF20 was eluted with elution buffer (50 mM Tris-HCl, pH
8.0, 150 mM NaCl, and 500 mM imidazole). The folded dEGF20
was purified using HPLC equipped with a C18 column (L-col-
umn3 C18 5 mm, 4.6 3 150 mm, Ceri). The LC gradient with
0.1% TFA as solution A and 0.1% TFA in ACN as solution B
was set as follows: 20–45% B (0–10 min), 45–55% B (10–20
min), 55–90% B (20–25min), and 90% B (25–30min).

In vitro EOGT activity assay

For the detection of enzymatic products by HPLC, 0.2 mg of
purified WT or mutant EOGT was incubated with 3 mg of
dEGF20 and 1 mM UDP-GlcNAc in a 100-ml reaction buffer
(100 mM Hepes, pH 7.0, and 10 mM MnCl2) at 37 °C for 30 min.
Control reactions were performed without the enzyme. The
reaction was stopped by the addition of 900 ml of 100 mM

EDTA at pH 8.2. The samples were analyzed by an HPLC sys-
tem (Shimazu) equipped with a C18 column as described previ-
ously (43).
UDP-Glo glycosyltransferase assay was carried out at 37 °C in

25 ml of reaction buffer containing 100 mM UDP-GlcNAc, 50
mM dEGF20, and 0.05 mg of WT or mutated EOGT. Subse-
quently, 25 ml of UDP Detection Reagent containing an UDP-
Glo enzyme and an ATP detection substrate was added into the
reaction mixtures and incubated for 60 min at room tempera-
ture. The luminescence output was recorded utilizing a plate
reader (Powerscan4, Biotech). A reaction without EOGT was
used as a negative control.

Extraction of soluble and insoluble protein fractions

HEK293T cells stably expressing WT or mutant EOGT were
suspended in 200 ml of TBS containing 0.1% digitonin and soni-
cated for 10 min on ice followed by incubation on ice for 10
min. Then, the samples were centrifuged at 20003 g at 4 °C for
10min. The supernatants containing soluble proteins were sep-
arated from the pellets. To obtain the insoluble fraction, pro-
teins in the pellets were resuspended in 200 ml of ice-cold 1%
Nonidet P-40 in TBS, vortexed for 10 s, incubated on ice for 15
min, and centrifuged at 15,0003 g at 4 °C for 15 min to remove
the debris.

Immunostaining

Cells were fixed with 4% paraformaldehyde in PBS for 15
min and cold 100% MeOH for 5 min at room temperature.
Fixed cells were permeabilized with 0.5% Triton X-100 in PBS
for 15 min and blocked with blocking buffer (5% BSA in PBS)
for 30 min. Immunostaining was performed as described previ-
ously (4) utilizing the primary antibodies and fluorescent dye-
conjugated secondary antibodies (Table S1). The stained cells
were placed on a glass slide with DAPI-Fluormount (Southern
Biotech). All samples were analyzed by TiEA1R Confocal Mi-
croscopy with NIS Elements (Nikon). To simultaneously per-

form the phalloidin and antibody staining methods, the MeOH
fixation step was omitted and Alexa Fluor 555 phalloidin (Invi-
trogen) was added to the secondary antibody solution at 1/1000
dilution.
For quantitative analysis of EOGT and Calnexin staining,

cytoplasmic regions up to ;1 mM from cell surface and ;1 mM

from nuclear envelope were defined as peripheral and perinu-
clear regions, respectively. Signal intensity in each cytoplasmic
region was calculated using NIS elements software (Fig. S5B).

Data availability

Data are available by accessing JPOST at the following
URL’s: N-glycan analysis of EOGT by trypsin digestion ID:
https://repository.jpostdb.org/entry/JPST000829]; N-glycan
analysis of EOGT by chymotrypsin digestion ID: https://
repository.jpostdb.org/entry/JPST000828]JPST000828; and
Notch1 glycopeptide in EOGT mutant ID: https://repository.
jpostdb.org/entry/JPST000786]JPST000786.
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