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Abstract

The Notch protein is a cell surface receptor that plays a
key rolein anumber of developmental cascades. Its extracellu-
lar domain is composed of 36 tandem epidermal growth factor-
like repeats, and recent work has demonstrated that many of
these repeats are modified with two unusual forms of
glycosylation: O-fucose and O-glucose. The large number of
consensus sites for these types of glycosylation and the conser-
vation of those sites across species suggest tha the sugars play
an important role in Notch function. A clue to the function of
the O-fucose modifications was provided by the demonstration
that the Fringe proteinisa [31,3-N- acetylglucosaminyltrans-
ferase that modifies the O-fucose residues on Notch. Fringeisa
known modifier of Notch function, altering the response of the
receptor to itsligands. These results provide a clear example of
how alteration of a specific carbohydrate structure on a specific
protein mediates a specific biological event.
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A. Introduction

Cell surfaces display an extremely diverse array of com-
plex carbohydrate structures linked to proteins and lipids. Since
structural diversity provides biological information, many work-
ers have proposed that cell surface carbohydrates are likely to
play key rolesin communication between cells and in signal
transduction events. In recent years, several examples of how
specific carbohydrate structures mediate specific biological
events have been reported. One of the earliest examples was
that of targeting lysosomal enzymes to lysosomes by mannose
6-phosphate (1). Other examples include modulation of inter-
actions between molecules of NCAM by polysiaic acid (2) and
the recruitment of leukocytes to sites of inflammation by the
carbohydrate-binding selectins (3). The generation of mice lack-
ing specific glycosyltransferases or carbohydrate binding pro-
teinsis providing further cluesto the function of specific carbo-
hydrate modifications, asis analysis of diseases involving de-
fectsin glycosylation. Together these findings provide support
for the earlier predictions that complex carbohydrates are in-
volved in information transfer.
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Fig. 1. Model of Notch activation. Ligand (Delta/Serrate/Jagged family) on the sending cell binds to and activates
Notch on the receiving cell. Ligand binding activates the extracellular protease TACE (7, 8), followed by activation of the
intracellular protease y-secretase (9). The released cytoplasmic domain of Notch then translocates to the nucleus where it
interacts with members of the CSL-family of transcriptional regulators (6). Ligand expressed in the same cell as Notch can
exert an inhibitory effect on Notch activation known as cell autonomous inhibition (10).

B. Notch Signaling

Recent work on the Notch receptor has provided aclear
exampl e of how specific carbohydrate modifications can modu-
late specific biological events. The Notch locus was originally
identified in mutant screens of Drosophila conducted early in
the 20" century as an X-linked lethal mutation, in which the
female flies have a notch in their wing, giving rise to the name
for the mutation (4). The gene disrupted in the mutation was
identified in 1985, and the protein encoded was revealed to be a
large (>300 kD) transmembrane receptor (5). Notch homologues
have been identified in all metazoans, and mammals have four
Notch genes (6). Notch functions in numerous developmental
cascades, playing akey role in cell fate decisions, most promi-
nently in a process known as lateral specification (6).

Notch mediates its effects in development asasignaling
receptor that becomes activated upon binding to ligands. The
ligands are also transmembrane proteins, so signaling only oc-
curs between adjacent cells. Drosophila Notch has two ligands:
Delta and Serrate. Multiple homologues for each have been
identified in mammalian systems (6). Binding of ligand to Notch
initiates a series of proteolytic events resulting in transcriptional
activation of a number of downstream gene products (Fig. 1).
Ligand binding activatesthe extracellular protease TACE (TNFa
converting enzyme), resulting in a proteol ytic cleavage of Notch
just external to the membrane (7, 8). Thisisfollowed by a sec-
ond proteolytic cleavage at asite just inside the membrane, cata-
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Fig. 2. Domain structure of Notch. The cell surface form of Notch exists as a heterodimer consisting of an extracellular domain tethered to
the transmembrane/intracellular domain by disulfide linkages. The extracellular domain contains 36 tandem EGF repeats and three Lin12-Notch
repeats. The intracellular domain contains ankyrin repeats that are required for interactions with the CSL transcriptional regulators (6) and a
PEST sequence. The EGF repeats are numbered beginning at the amino terminus. EGF repeats containing a conserved O-fucose site contain an
“F" (24), those with a conserved O-glucose site contain a“G” (18), those involved in ligand binding contain an “L” (12), and those containing N

mutations contain an “A” (13).

lyzed by y-secretase (9). The released cytoplasmic domain of
Notch then trand ocates to the nucleus where it binds to amem-
ber of the CSL (CBF/Suppressor of hairless’ LAG-1) family of
transcriptional regulators, resulting in transcriptional activation
of target genes such as Wingless (6). Interestingly, ligand ex-
pressed in the same cell as Notch can lead to inhibition of sig-
naling from an adjacent cell (10). The mechanism of this cell
autonomous inhibition by ligand is unknown.

The Notch protein is synthesized as a single polypeptide
chain that becomes proteolytically processed asit movesthrough
the Golgi apparatus to generate a hetero-dimer wherein the ex-
tracellular domain remains tethered to the transmembrane/in-
tracellular domain by disulfide bonds (Fig. 2). Thisform of the
protein movesto the cell surface and is believed to the be active
form for ligand binding, although recent work suggeststhat in
some contexts the 300 kD uncleaved form can function at the
cell surface (11). The extracellular domain of the Notch pro-
tein contains 36 tandem epidermal growth factor-like (EGF) re-
peats, as well as three Lin12/Notch repeats. EGF repeats 11
and 12 are known to be necessary and sufficient for ligand bind-
ing (12). Involvement of several other EGF repeats in Notch
function has been revealed by a class of missense mutations
called Abruptex (N®) (13). These mutations occur in EGF re-
peats 24-29 and result in hyperactivatable forms of Notch. Al-
though the mechanism of how they affect Notch signaling is
not known, recent work suggests the N*™* mutations may func-
tion by relieving cell autonomous inhibition by ligands (10).

C. O-Fucose and O-Glucose M odification of EGF Repeats
Several years ago two unusual forms of O-linked carbo-

hydrate modification were reported to exist on EGF repeats.

Urinary-type plasminogen activator wasthefirst protein reported
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to bear an O-fucose modification on its EGF repeat (14), fol-
lowed by tissue-type plasminogen activator and several clotting
factors (15). Most of these proteins were modified with the
simple monosaccharide L-fucose, but factor X was shown to
be modified with the tetrasaccharide NeuNAc-a2,6-Gal-[31,4-
GIcNAc-B1,3-Fuc (16). Further analysis revealed tha several
of the proteins aso bore an O-glucose modification on their EGF
repeat. The O-glucose was found to be extended with one or
two al,3-linked xylose residues (15). Comparison of the se-
guences surrounding these modifications reveal ed putative con-
sensus sequences for both O-fucose and O-glucose addition (15).
For O-fucose, the consensus sequence is C,-X-X-G-G-ST-C,,
where ST isthe modified amino acid, X can be any amino acid,
and C, and C, are the second and third conserved cysteinesin
the EGF repeat, respectively. Likewise, the O-glucose consen-
sus sequenceis C-X-S-X-P-C..

D. Modification of Notch with O-Fucose and O-Glucose

Database searches using the putative consensus sequences
for O-fucose and O-glucose reveals alarge number of proteins
that are predicted to bear these modifications, including Notch
(15, 17). The Notch receptor contains more of these sites than
any other protein in the database (18) (Fig. 2). The fact that
many proteins containing multiple EGF repeats contain no con-
sensus sites for O-fucose or O-glucose and that many of the O-
fucose and O-glucose sites on Notch are conserved across spe-
cies suggested that these sites may play an important role in
Notch biology. To determine whether the Notch protein was
modified with these sugars, we examined the glycosylation of
Notch in Chinese hamster ovary (CHO) cells (18). We demon-
strated that CHO cells express Notch1 endogenoudly, and using
standard metabolic radiolabeling techniques, that Notchl is
modified with both O-fucose and O-glucose saccharides. The
major form of O-fucose on Notchl is the monosaccharide O-
fucose, although a small amount of tetrasaccharide, NeuNA c-
02,3-Gal-31,4-GIcNAc-B1,3-Fuc, was also detected. The ma-
jor form of O-glucose on Notchl was atrisaccharide, presum-
ably the same as that reported on other proteins: Xyl-al,3-Xyl-
01,3-Glc. A smaller amount of the O-glucose monosaccharide
was also found. These results clearly demonstrated that the pu-
tative consensus sites for O-fucose and O-glucose addition to
proteins can be used to accurately predict whether aprotein will
be modified with these sugars.

E. Fringe Provides a Clue to the Function of O-Fucose on
Notch

Although the large number and conservation of the O-
fucose and O-glucose sites on the Notch protein suggested they
may play akey rolein the biology of the protein, the function of
the modifications was unknown. A major clueto the role of the
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O-fucose modifications came from the discovery of amodifier
of Notch function: Fringe. Fringe wasfirst reported in 1994 as
ageneinvolved in dorsal/ventral boundary formation in Droso-
phila wings (19). Subsequent work showed that Fringe func-
tions as amodifier of Notch activity (20-22). In these studies,
Fringe was shown to potentiate signaling from Deltawhilein-
hibiting signaling from Serrate. In addition, the authors dem-
onstrated that Fringe must be expressed in the same cell asNotch
in order to exert its effects on Notch signaling. Since Fringe
was predicted to be a secreted protein, this observation prompted
the investigators to propose that Fringe functions by either di-
rectly binding to Notch or as an enzyme, modifying Notch in
someway. A separate report appeared at approximately the same
time showing that Fringe has weak homology to a dass of bac-
terial galactosyltransferases (23). The combination of these ob-
servations led us to hypothesize that Fringe altered Notch func-
tion by altering either the O-fucose or O-glucose saccharides on
the Notch protein (18, 24).

To test this hypothesis we took two approaches. Thefirst
was adirect in vitro assay of glycosyltransferase activity of ex-
pressed Fringe protein. Since Fringe showed homology to
galactosyltransferases, we and others attempted to performin
vitro galactosyltransferase assays using UDP-[*H]gal actose as
donor and avariety of acceptors. None of these assaysreveaed
enzymatic activity for Fringe. The second approach was less
biased. We reasoned that if Fringe were modifying the O-fucose
or O-glucose saccharides on Notch, we should be able to detect
achange in the structures on Notch after transfection of Fringe
into CHO cells. There are three known homologues of Droso-
phila Fringe in mammals: Manic Fringe, Lunatic Fringe and
Radical Fringe (25, 26). Using CHO cells stably transfected
with Manic Fringe or a control vector (generously provided by
our collaborators, Drs. Tom Vogt and Pamela Stanley) we ex-
amined both the O-fucose and O-glucose saccharides on Notchl
using the same techniques we had used previously (18). No
change in O-glucose structures was observed, but a significant
increase in the level of the tetrasaccharide NeuNAc-02,3-Gal-
1,4-GlcNAc-B1,3-Fuc, the trisaccharide Gal-31,4-GIcNAc-
31,3-Fuc, and the disaccharide GIcNAc-B1,3-Fuc (all relative
to the monosaccharide) were seen (24). These results suggested
that Manic Fringe was causing el ongation of the O-fucose sac-
charides on Notchl.

F. Fringe is a Fucose-Specific 1,3-N-Acetylglucosaminyl-
Transferase

The simplest explanation for the Manic Fringe-induced
elongation of O-fucose on Notchl was that Manic Fringe was
catalyzing the transfer of a31,3-linked N-acetylglucosamine
(GIcNAC) to O-fucose. To test this possibility, we performed in
vitro GIcNACc transferase assays using UDP-[*H]GIcNAc as the
donor and fucose in several contexts as the acceptor. Asthe
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source of enzyme, we used purified, overexpressed Drosophila
Fringe (generously provided by our collaborator, Dr. Ken Irvine)
and both Manic and Lunatic Fringe (generously provided by
our collaborator, Dr. Tom Vogt). We found that all three of these
proteins catalyzed the transfer of [*(H]GIcNAc from UDP to fu-
cose (24). Product analysis demonstrated that the linkage formed
was 31,3, indicating that all three Fringe proteins are 31,3
GlcNAc transferases. Notransfer of GICNA ¢ was detected when
other sugars were used as acceptor substrate (e.g. galactose or
glucose), and the activity was dependent on the presence of
manganese. Moreover, no transfer from other nucleotide sug-
ars (e.g. UDP-glucose, UDP-galactose, UDP-GalNAC) was de-
tected. Fucose in O-linkage to serine on a properly folded EGF
repeat from factor V11 (generously provided by Dr. Yang Wang)
was a much better substrate (nearly 1000-fold) than p-
nitrophenyl-fucose, indicating that Fringe recogni zes aspects of
the EGF repeat itself. Very similar results were obtained by
Bruckner and coworkers (27). Thus, the Fringe proteins are O-
fucose specific 1,3-N-acetylglucosaminyltransf erases.

G. GlcNAc Transferase Activity of Fringe is Essential for
Biological Function

To address the role of the GICNAc transferase activity in
the biological function of Fringe, two approaches were taken.
The first involved analysis of Notch signaling in several
glycosyletion mutants of CHO cells, and the second was analy-
sis of a Fringe mutation in flies. Cell-based Notch signaling
assays have been performed in several cell types (28, 29), and
such an assay was adapted to CHO cells by the laboratories of
Drs. Tom Vogt and Pamela Stanley. Inthisassay, wild-type CHO
cells (Pro-5) expressing endogenous Notchl were co-cultured
with L cells expressing the Notch ligand Jagged1 (a Serrate ho-
mologue). Notch activation by Jaggedl was assayed by means
of areporter plasmid in the Pro-5 cells. When the assay was
performed in Pro-5 cells containing Manic Fringe, the predicted
inhibition of Notch signaling was observed. Similar resultswere
obtained in Lecl cells (CHO cells that lack complex-type N-
glycans due to a mutation in GIcNAc transferase ). Thesere-
sultsindicated that Manic Fringe does not require the presence
of complex-type N-glycans on Notch to mediate its effects. In
contrast, Manic Fringe did not alter Notch signaling in Lec13
cells, which have a defect in GDP-fucose hiosynthesis (30, 31).
Interestingly, addition of fucose to the media partially restored
the Manic Fringe effect. Since addition of fucose to the media
can partialy bypass the mutation in the Lec13 cells, these find-
ings are consistent with arole of fucosylated glycoconjugatesin
Manic Fringe function.

The second approach was to mutate the conserved DxD
motif in Drosophila Fringe and analyze the effect both in vitro
and invivo. Each of the Fringe proteins containsaDDD that is
believed to correspond to the conserved DxD motif found in
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most glycosyltransferases (32). In collaboration with Dr. Ken
Irving' s laboratory, this motif was mutated in Drosophila Fringe
to DEE (,,,DDD, , to ., DEE ). As predicted, this mutation
abolished the in vitro GIcNAc transferase activity of the pro-
tein. Dr. Irvine'slaboratory then evaluated the same mutation
in vivo using an ectopic expression assay in wing imaginal discs.
They showed that the mutated protein was expressed at normal
levelsin the discs, but that it had no effect on Notch signaling
from either Delta or Serrate. These results suggested that the
(31,3 GIcNAc transferase activity is essential for Fringe to medi-
ate itsbiological effectsin vivo. Similar results were shown in
studies by other workers (27, 33).

H. Future Directions

The results described above clearly show that Fringe
mediates its effects on Notch signaling by altering the O-fucose
structures on Notch, but they raise the interesting question of
how an dteration in sugar structure affects activation of the Notch
protein. A number of potential mechanisms exist, several of
which have been discussed (24). In the ssimplest model, the al-
teration in sugar structure could directly change the interaction
of Notch with itsligands. Some preliminary data exist to sup-
port this hypothesis. Fringe appears to increase the binding of
Deltato Notch in S2 cells (27), although the authors could not
detect binding of Serrate to Notch in the same cells. In con-
trast, both Jaggedl (Serrate homologue) and Deltal bind mam-
malian cells expressing Notchl, but coexpression of Lunatic
Fringe has little or no effect on the binding (28). Further work
is necessary to resolve these apparent discrepancies. Another
potential mechanism isthat Fringe could affect cell autonomous
inhibition by ligand (Fig. 1). The fact that the N* mutations
cluster near several of the conserved O-fucose sites (Fig. 2) sug-
gests that they may influence one another. In support of this
possihility, recent work has suggested that the N mutationswork
through abrogation of cell autonomousinhibition of ligands (10).
The fact that N™ mutations also appear to be refractory to Fringe
addsfurther weight to the argument that N* mutations and Fringe
may be operating through the same pathways (10). Finadly, itis
possible that the alteration in sugar structure on Notch some-
how effects the interaction between Notch and the extracellular
protease TACE (Fig. 1). Any one of these mechanisms, or some
combination thereof, may be responsible for the effects of Fringe
on Notch, and future experiments are aimed at determining these
mechanisms.

The fact that the change in O-fucose structures on the
Notch protein alters its response to ligands provides a clear ex-
amplefor therole of carbohydratesin signal transduction events.
A number of recent studies have also demonstrated arole for
heparan sulfate proteoglycansin signaling pathways (34). These
and other findings are bringing to fruition the hypotheses made
several decades ago that cell surface carbohydrates will play
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specific rolesin information transfer. \We anticipate that the next
few years will see an increasing number of examples of carbo-
hydrates impacting signal transduction events.
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