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Notch signaling plays critical roles in animal development
and physiology. The activation of Notch receptors by their
ligands is modulated by Fringe-dependent glycosylation. Fringe
catalyzes the addition of N-acetylglucosamine in a �1,3 linkage
onto O-fucose on epidermal growth factor-like domains. This
modification ofNotch by Fringe influences the binding ofNotch
ligands to Notch receptors. However, prior studies have relied
on in vivo glycosylation, leaving unresolved the question of
whether addition ofN-acetylglucosamine is sufficient to modu-
late Notch-ligand interactions on its own, or whether instead it
serves as a precursor to subsequent post-translationalmodifica-
tions. Here, we describe the results of in vitro assays using puri-
fied components of theDrosophilaNotch signaling pathway. In
vitro glycosylation and ligand binding studies establish that the
addition of N-acetylglucosamine onto O-fucose in vitro is suffi-
cient both to enhance Notch binding to the Delta ligand and to
inhibit Notch binding to the Serrate ligand. Further elongation
by galactose does not detectably influenceNotch-ligandbinding
in vitro. Consistent with these observations, carbohydrate com-
positional analysis and mass spectrometry on Notch isolated
from cells identified only N-acetylglucosamine added onto
Notch in the presence of Fringe. These observations argue
againstmodels in which Fringe-dependent glycosylationmodu-
lates Notch signaling by acting as a precursor to subsequent
modifications and instead establish the simple addition of
N-acetylglucosamine as a basis for the effects of Fringe on Dro-
sophilaNotch-ligand binding.

Notch proteins are transmembrane receptors for a con-
served signaling pathway that mediates a wide range of cell fate
decisions during development (1, 2). Notch receptors are acti-
vated by binding to transmembrane ligands expressed on adja-
cent cells. In a subset of Notch signaling events, such as occurs
along the dorsal-ventral boundary of the wing disc in Drosoph-

ila or in developing somites in vertebrates, the interaction of
ligands with the Notch receptor is modulated by differential
glycosylation of Notch (3, 4). This is effected by Fringes, �1,3-
N-acetylglucosaminyltransferases that extend O-fucose gly-
cans attached to epidermal growth factor-like (EGF)3 domains
(5, 6).
Drosophila has single fringe (fng) and Notch genes, and two

Notch ligands, called Delta and Serrate (SER). Expression of fng
potentiates the activation ofNotch byDeltawhile inhibiting the
activation of Notch by SER (7, 8). Mammals have four Notches,
three Delta-related ligands, two Serrate-related ligands (called
Jaggeds), and three Fringes. Although only some of the many
possible Fringe-ligand-Notch combinations have been exam-
ined, mammalian Fringes can also modulate Notch signaling,
both in vivo and in cell-based assays (6, 9–14). Binding assays in
which soluble forms of Notch or its ligands are bound to cells
expressing a ligand or Notch have, in most cases, found that
Fringes influence Notch-ligand binding, identifying this as a
critical step modulated by Fringe (5, 9, 11, 15). However,
because these studies all relied on in vivo glycosylation, they
could not reveal whether glycosylation per se is sufficient to
modulate Notch-ligand interactions, or instead whether it acts
as a precursor to subsequent events.
In Chinese hamster ovary (CHO) cells, the N-acetylglucosa-

mine-fucose (GlcNAc-�1,3-Fuc) disaccharide that is the prod-
uct of Fringes is further elongated by other glycosyltransferases
to yield a tetrasaccharide, Sia-�2,3-Gal-�1,4-GlcNAc-�1,3-Fuc
(6, 16). Investigations of the glycan structures that mediate
Fringe-dependent modulation of Notch signaling have been
carried out in CHO cells by using mutants deficient in spe-
cific steps of glycosylation. The ability of Manic fringe
(Mfng) or Lunatic fringe (Lfng) to inhibit Jagged1 to Notch1
signaling in these cells requires the action of �1,4-galacto-
syltransferase 1 (�4GalT-1), which is also required for the
elongation of the GlcNAc-�1,3-Fuc disaccharide to a Gal-
�1,4-GlcNAc-�1,3-Fuc trisaccharide (14). These observations,
together with the lack of requirement for sialylation, suggested
that the relevant glycan structure for Fringe-dependent modu-
lation of Notch signaling in mammalian cells is the trisaccha-
ride Gal-�1,4-GlcNAc-�1,3-Fuc (14).
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Gene-targetedmutations inmurine �4GalT-1 are viable and
do not exhibit the defects in Notch signaling observed in Lfng
mutants (17, 18), although subtle defects in the expression of
Notch pathway targets in developing somites have recently
been identified (19). The absence of a Lfng phenotype in
�4GalT-1 mutant mice might be due to genetic redundancy,
because there are six mammalianmembers of the �4GalT fam-
ily with similar amino acid sequences that can catalyze the
transfer of Gal in a �1,4 linkage to GlcNAc acceptors (20–22).
However,Drosophila encode only twomembers of the �4GalT
family, and animals that are doubly mutant for both genes are
viable and do not exhibit fng-like phenotypes (23). Although
these genes actually encode GalNAcTs rather than GalTs (23),
they are highly similar at the amino acid sequence level tomam-
malian �4GalTs and thus the best candidates to encode any
conserved biological functions of this gene family. The absence
of fng phenotypes in �4GalNAcT mutants thus raised the pos-
sibility that elongation of the GlcNAc-Fuc disaccharide is not
actually required for the influence of FNG on Notch signaling,
at least in Drosophila.
To determine whether any post-translational events subse-

quent to the addition of GlcNAc by FNG are required for its
influence on Notch-ligand binding, we employed an in vitro
glycosylation and ligand binding assay. The influence of FNG
onNotch-SER andNotch-Delta binding can be reconstituted in
vitrowith purified components. Our results show that the sim-
ple addition of GlcNAc by FNG is sufficient to dramatically
alter the interaction of Notch with its ligands, in a manner that
suffices to explain the biological effects of fng on Notch signal-
ing in vivo. Conversely, further elongation of the GlcNAc-�1,3-
Fuc disaccharide by Gal has no noticeable effect on Notch-
ligand binding in vitro. These observations enhance our
mechanistic understanding of the regulation ofNotch signaling
and confirm a striking example of the direct modulation of
protein-protein interactions through glycosylation.

EXPERIMENTAL PROCEDURES

Expression Constructs—Notch (N), Delta (DL), and Serrate
(SER) constructs were all expressed under the control of the
metallothionein promoter. The alkaline phosphatase (AP)
fusion proteins N:AP, DL:AP, and SER:AP, cloned into the
pRMHa-3 vector (N:AP/pRMHa-3, DL:AP/pRMHa-3, and
SER:AP/pRMHa-3), were gifts from S. Cohen and have been
described previously (5). N:AP includes amino acids 1–1467 of
Notch; DL:AP includes amino acids 1–592 of DL; and SER:AP
includes amino acids 1–1213 of SER (see Fig. 1). N-EGF:FLAG
includes amino acids 66–1452 ofNotch and has been described
previously (15) (see Fig. 1). Fc:AP includes the Fc domain from
human IgG and has been described previously (15).
To facilitate production of larger quantities of DL:AP and

SER:AP, these transgenes were cloned from pRMHa-3 into
pMT(WB) (23), which includes the blasticidin resistance gene
as a selectablemarker formaking stable cell lines. The plasmids
Delta:AP/pMT(WB) and Serrate:AP/pMT(WB) were con-
structed by ligating 3.5- or 5.3-kb, respectively, EcoRI-XbaI
fragments from Delta-AP/pRmHa3 or Serrate-AP/pRmHa3,
respectively (5) into pMT(WB).

To facilitate purification of ligand-AP fusion proteins, hexa-
histidine tags were inserted into DL:AP and SER:AP by ampli-
fying across StuI-XbaI (for DL) or StuI-XhoI (for SER) frag-
ments including the C terminus of AP from Delta:AP/
pMT(WB) or Serrate:AP/pMT(WB) using as primers (forward)
TGATGTGATCCTAGGTGGAGG and (reverse, Delta) GCT-
CTAGAGCATGGTGATGGTGATGATGACCCGGGTGC-
GCGGCGTCGGTor (reverse, Serrate) AACCGCTCGAGGC-
ATGGTGATGGTGATGATGACCCGGGTGCGCGGCGT-
CGGT (underlined nucleotides encode His6 tag) and cloning
into StuI-XbaI-cut Delta:AP/pMT(WB) or StuI-XhoI-cut Ser-
rate:AP/pMT(WB) to create DL:AP:His6/pMT(WB) or SER:
AP:His6/pMT(WB), respectively.
Full-length, His-tagged FNG was expressed in S2 cells from a

pMTHy vector construct that has been described previously (6).
Full-length�4GalNAcTAand�4GalNAcTBwereexpressed from
pMT(WB) constructs that have beendescribed previously and are
active on a pNp-GlcNAc substrate (23).
Protein Purification—For purification of hexahistidine-

tagged proteins, stably transfected S2 cells were cultured to 40
ml in Schneider’s Drosophila medium (Invitrogen), and then
expressionwas induced by addition of 0.7mMCuSO4 for 2 days.
The cells were then pelleted by centrifugation, and the condi-
tionedmediumwasmixed with 50 �l of His-Select nickel affin-
ity gel (Sigma) with gentle agitation on an orbital shaker over-
night at 4 °C. The beads were then pelleted by centrifugation at
5000 � g for 5 min and washed three times in 50 mM sodium
phosphate, pH 8.0, 0.3 M sodium chloride, 10 mM imidazole.
The ligands were eluted from beads in 100 �l of 50 mM sodium
phosphate, pH 8.0, 0.3 M sodium chloride, 250 mM imidazole,
and the eluate was dialyzed overnight at 4 °C in HBSS (1.26 mM
CaCl2, 5.33mMKCl, 0.44mMKH2PO4, 0.5mMMgCl2, 0.41mM
MgSO4, 138 mM NaCl, 4 mM NaHCO3, 0.3 mM Na2HPO4, 5.6
mM glucose).
Cell-based Binding Assays—Cell-based binding assays were

conducted as described previously (5, 15), using 4 �g of N:AP
DNA, 2 �g each of glycosyltransferase DNA (pMTHy-FNG:
His6, pMT(WB)-�4GalNAcTA, or pMT(WB)-�4GalNAcTB),
and empty vector DNA (pRMHa-3) to bring the total trans-
fectedDNA to 8�g in all cases. Knockdownof�4GalNAcTAor
�4GalNAcTBbyRNA interferencewas performed as described
previously (15), using 40 �g of double-stranded RNA added 6 h
after transfection of expression constructs. This procedure
reduces but does not eliminate�4GalNAcT expression asmon-
itored by reverse transcription-PCR. The cells were then cul-
tured for 4 days, transgene expression was induced for 2 days
using 0.7 mM CuSO4, and conditioned medium was collected,
centrifuged 10 min at 14,000 � g to remove cell debris, and
assayed for AP activity.
In Vitro Binding Assays—In vitro binding assays were per-

formed as described (15), except that in some assays, affinity-
purified ligands were used. Briefly, N-EGF:FLAG (�1 �g) was
loaded onto anti-FLAG beads (Sigma) and incubated with
ligand-AP fusion proteins (affinity-purified or in conditioned
medium). After washing, bindingwas quantified by assaying for
alkaline phosphatase activity. N-EGF:FLAG was modified by
FNG either in vivo (by coexpressing FNG in S2 cells as
described above) or in vitro. In vitro glycosylation of N-EGF:
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FLAG by FNGwas conducted as described previously (24). For
in vitro glycosylation of N-EGF:FLAGby�4GalT-1, anti-FLAG
beads (Sigma) loaded with Notch (N-EGF:FLAG or N-EGF:
FLAG from cells co-transfected with FNG) or S2 conditioned
medium were equilibrated with glycosylation buffer (50 mM
Hepes, pH 7.7, 150 mMNaCl, 50 mMMnCl2), and 5 �l of beads
were incubatedwith 100milliunits of�4GalT-1 (Sigma) and 2.5
�M UDP-Gal (Sigma) for 4 h at 28 °C. The beads were then
washed four times in HBSS and used for in vitro binding (15).
Sugars used in competition binding assays were purchased
from Sigma, except for GlcNAc-�1,3-fucose, which was a gift
from Dr. Kushi Matta (Roswell Park Memorial Institute, Buf-
falo, NY). The sugars were premixedwith ligand:AP fusion pro-
teins, and these solutions were then mixed with beads.
For quantitation of labeling with FNG �4GalNAcTA, or

�4GalNAcB, 1 �g of N-EGF:FLAG on anti-FLAG beads was
incubated with purified FNG (6), �4GalNAcTA, or �4Gal-
NAcTB (23), and 3.6 �M UDP-[14C]GlcNAc (266 mCi/mmol,
Amersham Biosciences), or 2.5 �M UDP-[14C]GalNAc (266
mCi/mmol, Amersham Biosciences) in 50 �l of glycosylation
buffer for 4 h at 28 °C. The beads were then washed four times
in HBSS and subjected to scintillation counting. The counts on
mock loaded (S2 conditioned medium) beads were taken as
background. To normalize counts to the amount of labeled
sugar, 2 �l of labeled UDP-sugar was counted directly in scin-
tillation fluid.
Quantitation of galactose added toGlcNAc onN-EGF:FLAG

was performed by in vitro radiolabeling with UDP-[3H]galac-
tose (60 Ci/mmol; American Radiolabeled Chemicals, Inc.) and
saturating levels of bovine �4GalT-1 (Sigma) as described (25).
Removal of N-glycans by digestion with peptide N-glycosidase
F, release of O-glycans by alkali-induced �-elimination, and
characterization of the released glycans by gel filtration chro-
matography on a Superdex peptide column were all performed
as described (26).
Carbohydrate Analysis—Quantitative compositional analy-

sis of carbohydrates was performed by acid hydrolysis and
Dionex high pressure anion exchange chromatography as
described (27). N-EGF:FLAGwas eluted fromanti-FLAGbeads
using 3� FLAG peptide (Sigma) by mixing 0.5-ml beads with
0.5 ml of 3� FLAG peptide (150 ng/ml in Tris-buffered saline)
and incubating 30min at 4 °C. The beads were then pelleted for
30 s at 8200 � g, and the supernatant was dialyzed in HBSS to
remove 3� FLAG peptide. Coomassie staining of SDS-PAGE
gels (not shown) confirmed that N-EGF:FLAG was purified to
apparent homogeneity. Approximately 10 �g of N-EGF:FLAG
purified from S2 cells with or without exogenous FNGwas con-
centrated by acetone precipitation and hydrolyzed in 2 M trif-
luoroacetic acid (Pierce) for 4 h at 100 °C. The samples were
dried in a SpeedVac, resuspended in water, passed through a
C18 ZipTip (Millipore), and dried again. The pellets were dis-
solved in 100 �l of water and analyzed by high pH anion
exchange chromatography on a CarboPac PA-1 column (20
�l/run) on a Dionex DX-300 systemwith pulsed amperometric
detection. All of the experiments were performed in duplicate.
Mass spectral analysis of O-fucose glycosylation sites was

performed essentially as described (28). Briefly, �1 �g of
N-EGF:FLAG expressed in S2 cells with exogenous FNG was

reduced and alkylated, separated by SDS-PAGE, and subjected
to in-gel tryptic digestion. The resulting peptideswere analyzed
by LC-MS/MSon anAgilentXCT IonTrapmass spectrometer.
Glycosylated peptides were identified by searching MS/MS
data for neutral losses of the GlcNAc-fucose disaccharide
(349.1 Da). Loss of the disaccharide gave a characteristic
fragmentation pattern allowing rapid identification of glyco-
peptides (see Fig. 6). The mass of the unglycosylated peptide
was then matched to predicted masses of tryptic peptides
from Notch containing the O-fucose consensus sequence:
C2XXXX(S/T)C3, where C2 and C3 are the second and third
conserved cysteines of an EGF domain (29) (see Table 1). Once
glycopeptides were identified, additional searches of the
MS/MS data for the unmodified peptides were performed
(Extracted Ion Searches). The extracted ion searches take
advantage of the fact that glycosidic linkages are more labile
than peptide bonds upon collision-induced dissociation (CID),
and hence the major product ion from fragmentation of a gly-
copeptide is the unglycosylated peptide. Using this method,
peptides bearing different forms of the O-fucose glycans (e.g.
mono- or disaccharide) were found (see Fig. 6, Table 1, and
supplemental Fig. S3). No glycopeptides with tri- or tetrasac-
charide forms of O-fucose were identified, nor, aside from
O-glucose glycans (to be reported elsewhere) were any other
modifications of O-fucose bearing peptides identified.

RESULTS

fng null mutant flies die as first instar larvae, whereas hypo-
morphic alleles are viable but exhibit defects in wing and eye
development (30–32). By contrast, flies doubly mutant for
�4GalNAcTA and �4GalNAcTB are viable and appear mor-
phologically normal (23). Because these are the onlyDrosophila
homologues of mammalian �4GalTs that act on GlcNAc
acceptors, the absence of developmental phenotypes indicated
that this gene family does not influence Notch signaling during
Drosophila development and suggested that further elongation
of the GlcNAc�1,3-Fuc disaccharide might not be required for
modulation of Notch signaling in Drosophila. Nonetheless, we
examined the influence of these glycosyltransferases in Notch-
ligand binding assays. A secreted fragment of Notch including
most of the extracellular domain fused to alkaline phosphatase
(N:AP, Fig. 1) can bind specifically to ligand-expressing cells.
This assay has been used previously to demonstrate that FNG
can influence Notch-ligand binding (5, 15). To examine their
potential influence, we overexpressed �4GalNAcTA or �4Gal-
NAcTB in cells producing N:AP and FNG or down-regulated
their expression by RNA interference. However, neither ele-
vated nor decreased expression of these glycosyltransferases
detectably influenced Notch-ligand binding (Fig. 2), consistent
with the absence of Notch or fng phenotypes in �4GalNAcTA
and �4GalNAcTB null mutant animals (23).
The Influence of Fringe Is Detectable in an in Vitro Binding

System—The above observations argued against the possibility
that �4GalNAcTA or �4GalNAcTB are required for the mod-
ulation of Notch signaling by FNG but left open the possibility
that some other as yet unidentified glycosyltransferases effect a
functionally important modification of GlcNAc on Notch, be it
addition of Gal or some other sugar. Moreover, prior studies
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investigating the influence of FNG on Notch-ligand binding
have all relied on in vivo glycosylation by FNG and have been
conducted with conditioned medium rather than purified pro-
teins. Thus, they could not address the potential importance of
modifications subsequent to glycosylation or of additional,
accessory factors in FNG-dependent modulation of Notch
signaling.
We established an in vitro binding assay using a Notch con-

struct (N-EGF:FLAG; Fig. 1) comprising all 36 EGF domains of
DrosophilaNotch fused to a triple FLAG epitope tag (15). This
Notch polypeptide was then purified on anti-FLAG agarose
beads, and the beads were mixed with ligands fused to AP (Fig.
1). This in vitro binding system provides a means for determin-
ing whether or not additional factors or modifications are
required for the influence of FNG on Notch. Importantly, both
the positive modulation of Notch-Delta binding and the nega-
tive modulation of Notch-Serrate can be detected with this
assay when N-EGF:FLAG expressed in the presence of FNG is
compared with N:EGF-FLAG expressed in the absence of FNG
(Fig. 3A). Thus, the influence of FNG can be detected using an
in vitro binding assay.
The GlcNAc-Fuc Disaccharide Is Sufficient to Modulate

Notch-Ligand Binding—To evaluate the potential significance
of post-translational modifications subsequent to FNG, we
modified this in vitro assay by first purifying N-EGF:FLAG
expressed from S2 cells without FNG and then glycosylating it
in vitro with FNG. When N-EGF:FLAG is purified on anti-
FLAG beads, only a single prominent band is detected on Coo-
massie-stained gels (supplemental Fig. S1A). Similarly, when
Fringe:His6 was purified using agarose-Ni2� beads, only a sin-
gle prominent band was detected by Coomassie staining (sup-
plemental Fig. S1B). We then conducted in vitro glycosylation
experiments, using N-EGF:FLAG attached to beads, soluble
Fringe:His6, and UDP-[14C]GlcNAc. The addition of �4.5 mol
of GlcNAc/mol of N-EGF:FLAG was catalyzed by FNG in this
reaction.Although there are 23 potential sites ofO-fucosylation

onDrosophilaNotch, it is not knownwhether all of themcan be
modified by FNG. In addition, because FNG requires a properly
folded EGF domain (29), if any Notch on the beads was mis-
folded or aggregated, the calculated value of �5 sites/Notch
could be an underestimate. Regardless, these results suggest
that purified Notch can be substantially modified by purified
FNG in vitro.
To investigate whether factors in the conditionedmedium of

S2 cells were required for the influence of glycosylation on
Notch-ligand binding, we also constructed new versions of the
SER:AP and DL:AP transgenes that included a C-terminal His6
tag. This enabled us to purify soluble forms of these tagged
ligands to apparent homogeneity on Ni2�-agarose beads (sup-
plemental Fig. S1C).
Importantly, the influence of FNG on ligand binding was

readily detectable when in vitro binding assays were con-
ducted with these purified ligands, using purified N-EGF:
FLAG glycosylated in vitro by FNG (Fig. 4). Thus, the effect
of FNG can be reproduced in vitro with purified compo-
nents. Although the fold enhancement in Delta binding was

FLAG
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aa 1-592
DL:AP

AP

Serrate 1408 aa

aa 1-1213
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FIGURE 1. Notch and ligand constructs. Shown are schematics of full-length
Notch (N), Delta (DL), and Serrate (SER), together with extracellular domain
constructs, employed in this study. N:AP includes amino acids 1–1467 of
Notch, compromising all 36 EGF domains (ovals), but excluding Lin-12-Notch
domains (hexagons), transmembrane domain (white rectangle), and intracel-
lular domain (black line). N-EGF:FLAG includes an N-terminal signal sequence
from Bip, all 36 EGF domains of Notch (amino acids 66 –1452), and a triple
FLAG epitope tag. DL:AP includes amino acids 1–592 of DL, comprising the
DSL motif (hexagon) and all EGF domains but excluding the intracellular and
transmembrane domains. SER:AP includes amino acids 1–1213 of SER, com-
prising the DSL motif, all EGF domains, and the von Wildebrand type C
domain (vwC, gray rectangle) but excluding the intracellular and transmem-
brane domains.
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B, where indicated, the cells were incubated with double-stranded RNA cor-
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mental Procedures.”
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less with in vitro glycosylated Notch (Fig. 4) than with in vivo
glycosylated Notch (Fig. 3A), these results clearly demon-
strate that the simple addition of GlcNAc is sufficient to
dramatically alter the interactions of Notch with its ligands.
They further indicate that this effect does not require the
presence of detectable levels of other proteins or of subse-
quent in vivo modifications.

Galactose Does Not Modify Drosophila Notch-Ligand Bind-
ing in Vitro—Although the above experiments indicate that
simple addition of GlcNAc by FNG is sufficient to modulate
Notch-ligand binding, it remained possible that further elonga-
tion could nonetheless alter this binding, either enhancing the
effects of FNG, as suggested by studies in CHO cells (14), or
counteracting its effects, if a terminal GlcNAc were critical to
Notch modulation. Thus, in a complementary approach to
evaluating the impact of glycosylation on Notch-ligand bind-
ing, we investigated the consequences of in vitro elongation of
the GlcNAc-�1,3-Fuc disaccharide. Purified forms of Gal-
NAcTA or GalNAcTB have some activity on a simple pNp-Glc-
NAc acceptor (23) but did not detectably transfer GalNAc to
FNG-modified N-EGF:FLAG in vitro (supplemental Fig. S2).
Thus, Notch is not a good substrate for these glycosyltrans-
ferases, consistent with recent reports that they participate in
glycolipid biosynthesis (33–35) and the absence of fng orNotch
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migration positions of standard monosaccharides are indicated. An asterisk
marks the position of an unknown species that does not change with FNG.

FIGURE 3. Influence of FNG and �4GalT-1 in an in vitro Notch-ligand bind-
ing assay. A and B show the results of in vitro binding assays with the indi-
cated AP fusion proteins (in conditioned medium, 4000 mOD405/min) and
anti-FLAG affinity beads loaded with �1 �g N-EGF:FLAG from normal S2 cells,
equivalent amounts of N-EGF:FLAG from FNG-expressing S2 cells, or, as a
control, beads incubated with S2 cell conditioned medium. Because FNG
enhances Delta binding substantially in this assay, the y axis is interrupted
(slashes). A, influence of in vivo glycosylation by FNG on Notch-ligand binding
in vitro. B, lack of effect of in vitro galactosylation on Notch ligand-binding.
Beads from the same preparation used in A were glycosylated in vitro using
UDP-Gal and �4GalT-1 under saturating conditions as described under
“Experimental Procedures,” and the binding assays were conducted in paral-
lel with those in A. C, purified N-EGF:FLAG produced in S2 cells in the presence
or absence of exogenous FNG was radiolabeled with saturating amounts of
�4GalT-1 and UDP-[3H]galactose. O-Glycans were released by alkali-induced
�-elimination (after peptide N-glycosidase F digestion) and analyzed by gel
filtration chromatography as described under “Experimental Procedures.”
The migration position of standards is shown. Arrow 1, fucitol; arrow 2, Glc-
�1,3-fucitol; arrow 3, Gal-�1,4-GlcNAc-�1,3-fucitol.
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phenotypes in mutants (23). To elongate GlcNAc on Notch in
vitro, we therefore turned to mammalian �4GalT-1, which is
known to modify the GlcNAc-Fuc disaccharide in vivo and has
been implicated in modulation of Notch signaling in mamma-
lian cells (14, 19).
For these experiments, N-EGF:FLAGwas isolated fromwild-

type or FNG-expressing S2 cells and then glycosylated in vitro
with saturating amounts of bovine �4GalT-1 and UDP-

[3H]Gal. When N-EGF:FLAG was produced in the absence of
FNG, amaximumof�3.6mol of Gal were added to eachmol of
protein. When produced in FNG-expressing S2 cells, �15.9
mol ofGalwere added to eachmol ofN-EGF:FLAG.Thus, FNG
caused an increase in incorporation of Gal of �12.3 mol/mol,
suggesting that �12 GlcNAc residues were added to each mol-
ecule of Notch by FNG in vivo, which were then substrates for
�4GalT-1 in vitro. This estimate is higher than the 4.5 mol of
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GlcNAc added by FNG in vitro, implying that in vivomodifica-
tion by FNG was more efficient. This might explain why
there was a larger effect of FNG on the binding of in vivo
modified N-EGF:FLAG (Fig. 3A) than the in vitro modified
protein (Fig. 4).
To characterize the galactosylated products of the �4GalT-1

treated Notch, peptide N-glycosidase F-treated material was
subjected to alkali-induced �-elimination to release the O-gly-
cans, which were then separated by size on a Superdex peptide
column (Fig. 3C). The radiolabeledO-glycans from the N-EGF:
FLAG�FNG sample migrated at the size of Gal-�1,4-GlcNAc-
�1,3-fucitol, the expected product of the �4GalT-1 radiolabel-
ing of the GlcNAc-�1,3-Fuc disaccharide. No trisaccharide
product could be detected in the N-EGF:FLAG sample
expressed in cells without FNG, suggesting that little or noGlc-
NAc-�1,3-fucose exists in this sample, consistent with the
absence of FNG.A small amount of a disaccharide did appear in
this sample, possibly the result of a small amount of galactose
incorporated into a monosaccharide (possibly O-GalNAc or
O-GlcNAc), although the structure of this disaccharide has not
been established. These results show that N-EGF:FLAG made
in FNG-expressing cells is heavily decorated with the GlcNAc-
�1,3-fucose disaccharide, whereas that made in the absence of
FNG is not. Importantly, binding studies indicated that Gal
addition did not significantly enhance or suppress the effects of
FNG on Notch-SER or Notch-Delta binding (Fig. 3B).
NoExtension beyondGlcNAcOccurs onNotch Produced in S2

Cells with Exogenous Fringe—Although the in vitro experi-
ments described above indicate that the GlcNAc-�1,3-Fuc dis-
accharide is sufficient to modulate Notch-ligand binding, they
left open the possibility that subsequent modifications none-
theless occur in vivo in Drosophila cells. To investigate this
possibility, we performed carbohydrate compositional analysis
on N-EGF:FLAG produced in S2 cells in the presence or
absence of exogenous FNG. Fig. 5 shows that FNG causes a
significant increase in the level of glucosamine (hydrolyzed
form of GlcNAc) onN-EGF:FLAG but that no other significant
changes are observed. Neither galactose nor galactosamine

(hydrolyzed form of GalNAc) were detected in significant
amounts in the presence or absence of FNG.Mannose and glu-
cosamine in the absence of FNG are presumably derived from
N-glycans on Notch (16), and glucose and xylose are derived
from O-glucose glycans (16). Fucose, mannose, glucose, and
xylose (and an unidentified species) were unaffected by the
presence of FNG. These results indicate that in contrast to
mammals (6, 16), no additional sugars are added to GlcNAc
following the action of FNG in Drosophila S2 cells.
As an additional means of addressing this question, we ana-

lyzed tryptic peptides derived from N-EGF:FLAG by tandem
mass spectrometry (LC-MS/MS).We and others have used this
approach to identify the structures of O-fucose and O-glucose
glycans at specific sites on a protein (28, 36). Using N-EGF:
FLAG isolated from S2 cells with exogenous FNG, we have
identified several peptides modified with O-fucose and/or
O-glucose glycans (a complete description of these results,
including identification of peptides modified with O-glucose,
will be reported elsewhere). Because the data in Figs. 3 and 5
suggest the presence of the O-fucose disaccharide, GlcNAc-
�1,3-fucose, on N-EGF:FLAG made in S2 cells with FNG, we
first searched the MS/MS data for ions that lost masses corre-
sponding to this disaccharide upon CID (28). Fig. 6 shows sev-
eral traces of the chromatogram resulting from analysis of tryp-
tic peptides fromN-EGF:FLAGmade in S2 cells with FNG. The
top trace in Fig. 6A is the base peak chromatogram, showing the
elution of the most abundant ions at any given time. Fig. 6B
shows a constant neutral loss search of the MS/MS data from
the same experiment. The constant neutral loss search queries
the data for ions that lose a specificmass (in this case, 174.5, the
mass of the GlcNAc-fucose disaccharide on a doubly charged
peptide) upon CID fragmentation. One major ion was identi-
fied in this search eluting at �36 min (the ion was fragmented
several times during elution, resulting in several closely spaced
peaks). Both the MS (top panel) and MS/MS (bottom panel)
spectra of this ion are shown in Fig. 6E. TheMS spectrum con-
tains an ion (m/z 872.9) that corresponds to the doubly charged
form of a peptide modified with a GlcNAc-fucose (HexNAc-

FIGURE 6. No elongation past the GlcNAc-�1,3-fucose disaccharide is detected on glycopeptides from Notch produced in S2 cells with FNG.
N-EGF:FLAG produced in S2 cells with exogenous FNG was subjected to reduction, alkylation, and in gel trypsin digestion as described under “Experi-
mental Procedures.” The resulting tryptic peptides were analyzed by LC-MS/MS. A, base peak chromatogram showing elution of the most abundant ions
in each MS scan. B, constant neutral loss scan for ions losing 174.5 Da (mass of the GlcNAc-fucose disaccharide on doubly charged peptides) upon CID
fragmentation. E indicates elution position of the ion m/z 872.9, which loses 174.5 upon fragmentation (to m/z 698.5). This ion was fragmented several
times as it eluted, resulting in multiple closely eluting peaks (identification of the same ion at slightly different elution times is indicated by an asterisk). The spectra
associated with this ion are shown in E. C, extracted ion chromatogram (EIC) scan for m/z 698.5 in the MS/MS data. This ion matches the unglycosylated peptide
identified in the constant neutral loss scan in B. F indicates elution position of the ion m/z 771.4, which loses 72.9 Da (mass of Fucose monosaccharide on a doubly
charged peptide) upon fragmentation. The spectra are shown in F. E is same as the ion described for B. D, constant neutral loss scan for ions losing 116.3 Da (mass of
the GlcNAc-fucose disaccharide on triply charged peptides) upon CID fragmentation. 20, 5, 12, 17, 7, and 3 all represent the elution positions of triply charged ions
modified with the GlcNAc-fucose disaccharide. The numbers refer to the EGF domain from which the corresponding tryptic peptide is derived. Spectra for several of
these (3, 5, and 7) are shown in Fig. S3, and the data are summarized in Table 1. E, top panel, MS spectra showing the major ions eluting at 36.0 min. M corresponds to
the mass of the peptide (sequence shown above spectra) plus HexNAc (GlcNAc) and dHex (fucose). The other ions present in the MS spectrum represent other
peptides eluting from the LC at the same time. The red diamonds indicated ions selected for CID fragmentation. Bottom panel, MS/MS spectra of m/z 872.9 ion
([M�2H]2�) from the MS spectrum. The blue diamond shows the position of the parent ion prior to fragmentation. The major fragments show the sequential loss of a
HexNAc ([M�2H-HexNAc]2�, m/z 771.4) and a dHex ([M�2H-HexNAc-dHex]2�, m/z 698.5) from the parent ion. [M�2H-HexNAc-dHex]2� corresponds to the doubly
charged mass of a tryptic peptide from EGF domain 23 of Notch that contains an O-fucose consensus site (sequence shown above the spectra; see Table 1 for predicted
masses). Further confirmation of this assignment comes from peptide fragment ions (b and/or y ions) in the MS/MS spectrum, several of which are indicated. F, top
panel, MS spectra showing the major ions eluting at 35.9 min. M corresponds to the mass of the peptide (sequence shown above spectra) plus dHex (fucose). The other
ions present in the MS spectrum represent other peptides eluting from the LC at the same time. The red diamonds indicated ions selected for CID fragmentation.
Bottom panel, MS/MS spectra of m/z 771.4 ion ([M�2H]2�) from the MS spectrum. The blue diamond shows the position of the parent ion prior to fragmentation. The
major fragment indicates the loss of a dHex ([M�2H-dHex]2�, m/z 698.5) from the parent ion. [M�2H-dHex]2� corresponds to the doubly charged mass of a tryptic
peptide from EGF domain 23 of Notch that contains an O-fucose consensus site as for E. Further confirmation of this assignment comes from peptide fragment ions (b
and/or y ions), several of which are indicated.
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dHex) disaccharide. TheMS/MS spectrum of the CID-induced
fragmentation of this ion is shown in the bottom panel. Frag-
mentation results in sequential loss of a HexNAc (resulting in
m/z 771.4 ion) and a dHex (resulting inm/z 698.5 ion). Because
the glycosidic linkages are significantlymore susceptible toCID
than peptide bonds, the major product of fragmentation is the
deglycosylated peptide. The ion atm/z 698.5 corresponds to the
predictedmass for the doubly charged form of a tryptic peptide
containing anO-fucose consensus sequence from EGF domain
23: 866NGASCLNVPGSYR878 (see Table 1 for predicted mass).
Additional fragment ions in theMS/MS spectrum confirm this
assignment (Fig. 6E), because they correspond to N- or C-ter-
minal fragments of the tryptic peptide.
To examine whether this same peptide exists with other

modifications, we searched the MS/MS data for the m/z 698.5
ion (extracted ion chromatogram; Fig. 6C). Analysis of these
spectra revealed the presence of this peptide modified with the
O-fucose disaccharide (Fig. 6E) and theO-fucose monosaccha-
ride (Fig. 6F). These data demonstrate that this analysis is capa-
ble of identifying the peptide with different forms of O-fucosy-
lation. No other forms of O-fucose were found using this
analysis, suggesting that the peptide is modified by both the
mono- and disaccharide forms of O-fucose but not by more
elongated forms of O-fucose. Additionally, because no other
ions that fragmented to the m/z 698.5 ion were detected, we
conclude that no other modifications of this peptide exist in S2
cells.
Several other peptides modified with theO-fucose disaccha-

ride were identified by performing a neutral loss search of the
MS/MS data for ions losing 116.3 Da (mass of the GlcNAc-
fucose disaccharide on a triply charged peptide) uponCID frag-
mentation (Fig. 6D). Spectra confirming the presence of the
O-fucose disaccharide on peptides from EGF domains 3, 5, and
7 are shown in supplemental Fig. S3 and summarized inTable 1.
The other ions identified in Fig. 6D (from EGF domains 20, 12,
and 17) correspond to peptides that are also modified with
O-glucose glycans.Details of their analysiswill be reported else-
where. Extracted ion chromatograms of the unglycosylated
peptides revealed that the peptide from EGF domain 3 exists as
both the mono- and disaccharide form (Table 1 and supple-
mental Fig. S3B), whereas those fromEGFdomains 5 and 7 bear
only disaccharide (Table 1 and supplemental Fig. S3, C and D).
No additional elongation beyond the disaccharidewas foundon
any of these peptides. Moreover, aside from the O-glucose

modification, no other modifications of these peptides were
observed. Together with the compositional analysis described
above, these data indicate that theGlcNAc added by FNG is not
further elongated in Drosophila S2 cells.
Notch-Ligand Binding Is Not Competed by Exogenous Sugars—

The observation that Notch-ligand binding is directly modu-
lated by the glycan structures on Notch raised the possibility
that Notch ligands might recognize Notch by acting as lectins.
In this case, one might expect that Notch ligand binding could
be competed by exogenous sugars. To evaluate this possibility,
we conducted both cell-based and in vitro ligand binding
assays, using both Delta and SER in the presence of the mono-
saccharides fucose, galactose, glucose, xylose, mannose, Gal-
NAc, and GlcNAc (supplemental Fig. S4 and data not shown).
We also examined the influence of the disaccharides GlcNAc-
�1,3-Fuc, lactose (Gal-�1,4-Glc), and LacNAc (Gal-�1,4-Glc-
NAc) onNotch-Delta binding (supplemental Fig. S4). Although
some decrease in ligand binding occurs at very high saccharide
concentrations, the effect is nonspecific and thus does not rep-
resent specific competition of Notch-ligand interactions by a
particular sugar.

DISCUSSION

Expression of Fringe glycosyltransferases in Notch-express-
ing cells has dramatic effects, both enhancing Delta-Notch sig-
naling and suppressing Serrate-Notch signaling (3, 4). Left
unclear, however, has been the question ofwhether theGlcNAc
added by FNG needs to be elongated by other glycosyltrans-
ferases andwhether differential glycosylation per se is sufficient
to alter Notch signaling. Indeed, because prior binding and sig-
naling studies all relied on in vivo glycosylation, it had not actu-
ally been formally proven that Notch was the biologically rele-
vant FNG substrate. By glycosylating Notch with FNG in vitro
and demonstrating that this glycosylation alters the interaction
of Notch with its ligands in in vitro binding assays with purified
components, we have provided powerful evidence thatNotch is
the critical substrate for FNG, that glycosylation exerts a direct
influence onNotch-ligand interactions, and that the addition of
GlcNAc alone to O-fucose on EGF domains of Drosophila
Notch is sufficient to enhance the binding ofNotch toDelta and
to inhibit the binding of Notch to SER. Importantly, the influ-
ence of FNG on Notch-ligand binding in vitro is in principle
sufficient to account for its biological effects in Drosophila. In
addition, our results demonstrate that no further elongation of

TABLE 1
O-Fucosylated peptides from N-EGF:FLAG produced in S2 cells with FNG
The peptides were identified by searching the MS/MS data for ions that lost masses corresponding to a HexNAc and a dHex (neutral losses) or by searching MS/MS data
for unglycosylated peptides (extracted ion chromatograms) as shown in Fig. 6. Spectra for each glycopeptide identified here are shown in Fig. 6 and supplemental Fig. S3.
The masses of all ions were converted to the equivalent of singly charged (M�H�) for this table. For each glycopeptide, the mass of the parent ion, the fully deglycosylated
product, and the difference between these is provided. The differences correspond to the mass of the modification: O-fucose monosaccharide, 146.1 Da; O-fucose
disaccharide, 349.1 Da. The predicted mass of the unglycosylated peptide is also shown. All of the peptide masses are adjusted for carboxyamidomethylation of cysteines.
The predicted site ofO-fucosylation is underlined in each peptide, based on the presence of the consensus sequence: C2XXXX(S/T)C3 (3). All of the predicted masses were
calculated using average masses.

EGF Sequence Parent ion (M�H�) Deglycosylated product (M�H�) Mass � Predicted mass (M�H�)
3 73CPLGFDESLCEIAVPNACDHVTCLNGGTCQLK104 3986.2 3636.7 349.5 3638.1
3 73CPLGFDESLCEIAVPNACDHVTCLNGGTCQLK104 3782.2 3636.7 145.5 3638.1
5 175YGGTCVNTHGSYQCMCPTGYTGK197 2949.1 2600.5 348.6 2600.9
7 236NCEQNYDDCLGHLCQNGGTCIDGISDYTCR265 3945.4 3597.7 347.7 3597.8
23 866NGASCLNVPGSYR878 1744.8 1396.0 348.8 1395.5
23 866NGASCLNVPGSYR878 1541.8 1396.0 145.8 1395.5
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the GlcNAc on O-fucose occurs in FNG-expressing S2 cells.
The ability to reproduce the influence of FNG in vitro with
purified components further implies that accessory lectins or
other co-factors are not essential for glycosylation of Notch to
modulate its interactions with ligands.
Two classes of models can be considered for how addition of

GlcNAc to EGF domains of Notch alters its binding interac-
tions with ligands. In indirect models, the addition of GlcNAc
onto Notch might alter the conformation of the Notch extra-
cellular domain. Such models presume that different confor-
mations of Notch would then have different affinities for SER
versus Delta. In direct models, the binding of Delta or SER to
Notch would involve the sites of glycan attachment. The lack of
detectable inhibition of Notch-ligand binding upon the addi-
tion of exogenous sugars argues against a pure lectin model, in
which binding interactions aremediated solely by sugars. How-
ever, if sugars formed only part of a composite binding site, it is
conceivable that exogenous sugars might not act as effective
competitors. Thus, it remains possible that GlcNAc is directly
involved in ligand binding, forming favorable contacts with
Delta, and preventing favorable Notch-SER contacts.
The evidence presented here in favor of action by the Glc-

NAc-�1,3-Fuc disaccharide in modulating Notch signaling in
Drosophila contrasts with the reported requirement for a Gal
�1,4-GlcNAc �1,3-Fuc trisaccharide for the inhibition of
Jagged1 to Notch1 signaling by mammalian Fringes in CHO
cells (14) and a mild influence of murine �4GalT-1 on Notch
signaling in vivo (19). A requirement for further elongation in
Drosophila is not supported by genetic analysis of the closest
Drosophila homologues of mammalian �4GalT-1, �4Gal-
NAcTA, and�4GalNAcTB, because flies doublymutant for null
mutations in these genes do not exhibit fng phenotypes (23).
Moreover, in vitro glycosylation with bovine �4GalT-1 con-
firms that addition ofGal does not influenceDrosophilaNotch-
ligand binding in vitro.
We offer three possible explanations for the discrepancy

regarding the requirement for elongation of the GlcNAc-�1,3-
Fuc disaccharide. First, analysis of Notch signaling in Lec1
CHO cells has excluded roles for N-glycans (6), but it remains
possible that the reported requirement for �4GalT-1 actually
reflects an influence on someotherO-glycan or a glycolipid that
impinges on the ability of Fringes to modulate the Notch path-
way, rather than a requirement for the trisaccharide on Notch.
This explanation would presume that even though the influ-
ence we observe on binding in vitro is sufficient to account for
the affects of FNG, additional factors can nonetheless come
into play in vivo.
It is also conceivable that glycosylation of Notch inmammals

has additional effects. Indeed, although the effects of FNG on
Notch signaling have been consistently found to correlate with
its effects on ligand binding in Drosophila (5, 15, 37, 38), the
influence of Fringes onNotch signaling inmammalian cells has
been reported to correlate with effects onNotch ligand binding
in some cases but not in others (9–11). It should be emphasized
in this regard that the conclusion of Chen et al. (14) that
�4GalT-1 is required for the influence of Fringe was based on a
signaling assay rather than a binding assay. Thus, the require-
ment for Gal might reflect an influence on Notch activation

that is separate from an effect on ligand binding, and this addi-
tional mechanism might be specific to mammalian cells.
Finally, it is conceivable that the effects of glycans on Notch-
ligand binding are simply different inmammals, and aGal influ-
ences ligand binding of mammalian Notch1, whereas it does
not for Drosophila Notch. Given the general conservation of
components of the Notch pathway, it would be surprising if
structural differences between mammalian and Drosophila
components were great enough for the glycan requirements to
actually be distinct, but this possibility cannot be excluded. Res-
olution of which, if any, of these possibilities accounts for the
discrepancy between our observations and those of Chen et al.
(14) will require establishment of in vitro glycosylation and
ligand binding assays with mammalian components of Notch
signaling analogous to what we have achieved here with Dro-
sophila components.
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