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Abstract. Recent discoveries revealing that carbohydrate
modifications play critical roles in a wide variety of bio-
logical processes have brought wide recognition to the
field of glycobiology. Growing attention has focused on
the function of unusual O-linked carbohydrate modifica-
tions such as O-fucose. O-fucose modifications have
been described in several different protein contexts, in-
cluding epidermal growth factor-like repeats and throm-
bospondin type 1 repeats. The O-fucose modifications on
thrombospondin type 1 repeats have only recently been
described, but the site of modification occurs in a region
proposed to play a role in cell adhesion. O-fucose modi-
fications on epidermal growth factor-like repeats have
been described as important players in several signal

transduction systems. For instance, Notch, a cell-surface
signaling receptor required for many developmental
events, bears multiple O-fucose saccharides on the epi-
dermal growth factor-like repeat of its extracellular do-
main. The O-fucose moieties serve as a substrate for the
B1.,3 N-acetylglucosaminyltransferase activity of Fringe,
a known modifier of Notch function. The alteration of
O-fucose structures by Fringe influences the ability of
Notch ligands to activate the receptor and provides a
means to regulate Notch signaling. Thus, O-fucose and
Fringe provide a clear example of how carbohydrate mod-
ifications can have direct functional consequences on the
proteins they modify.
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Introduction

Carbohydrate modifications play numerous roles in the
biology of the proteins they modify, including assisting in
folding, protection from degradation, modulation of ac-
tivity and participating in binding interactions with other
proteins. Unusual carbohydrate modifications appear to
play more specific roles in biology [1]. Examples include
the mannose 6-phophate for targeting lysosomal enzymes
to lysosomes [2] and sialyl Lewis x for recruiting leuko-
cytes to sites of inflammation [3]. Historically, research
has focussed on the more abundant forms of glycosyla-
tion, including N-linked glycosylation, mucin-type O-
linked glycosylation and glycosaminoglycans. The study
of other less abundant forms of O-linked modifications,
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such as O-GIcNAc [4], O-mannose [5], O-fucose [6] and
O-glucose [6], has only recently begun to reveal specific
functions for these unusual structures. Although the O-
linked carbohydrate modifications on epidermal growth
factor-like (EGF) repeats (O-fucose and O-glucose) were
only initially described in the early 1990s [6], they have
generated a great deal of excitement in the past few years.
In particular, O-fucose modifications on EGF repeats are
known to play significant roles in several signal trans-
duction pathways. For instance, O-fucose on urinary-type
plasminogen activator (uPA) was shown to be required for
activation of the uPA receptor, a mitogenic receptor capa-
ble of inducing a wide variety of kinase cascades [7]. Re-
cently, the presence of an O-fucose on the EGF repeat of
Cripto was demonstrated to be essential for Cripto to me-
diate Nodal-dependent signaling [8, 9]. Cripto is an es-
sential cofactor for Nodal, a transforming growth factor
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family member that plays an essential role in establish-
ment of polarity in early vertebrate embryos [10]. These
discoveries draw attention to the study of O-linked carbo-
hydrates and their function in biology. Here we will re-
view the O-fucose modification, the recent discovery of
O-fucose modifications in a different sequence context
(thrombospondin type 1 repeats or TSRs) and the in-
volvement of O-fucose modifications in the Notch sig-
naling pathway.

O-fucose modifications of EGF repeats

O-fucose consists of the sugar L-fucose covalently at-
tached to protein via the hydroxyl group of either serine
or threonine. This unique sugar-protein linkage was first
observed in mammalian systems almost 30 years ago
as the amino acid fucoside, Glc-f1,3-Fuc-al-O-Thr,
isolated from human urine [11]. This finding was sur-
prising since fucose is typically thought of as a terminal
modification in mammalian systems. Later, Klinger
and co-workers found similar structures (Gle-f1,3-Fuc-
al-O-Ser/Thr, Fuc-al-O-Ser/Thr) on proteins in ex-
tracts of rat tissue [12]. The first protein identified bear-
ing an O-fucose was uPA [13]. Identification of O-fu-
cose on several other serum glycoproteins, including
tissue-type plasminogen activator (tPA) [14] and coagu-
lation factors VII [15], IX [16] and XII [17], followed.
Interestingly, each of these proteins is modified with the
monosaccharide O-fucose except for factor IX, which
bears O-fucose elongated into a tetrasaccharide with the
structure  Sia-a2,6-GalB1,4-GlcNAc-p1,3-Fuc-al-0O-
Ser [16].

Analysis of the sites of O-fucose modification on these
proteins demonstrated they occur at consensus sites
within EGF repeats. EGF repeats are a common struc-
tural motif found in numerous secreted and cell-surface
proteins in metazoans [18]. They are typically 30—40
amino acids in length and are often involved in mediating
protein-protein interactions. The defining characteristics
of an EGF repeat are six conserved cysteine residues par-
ticipating in three disulfide bridges, maintaining the EGF
repeat in a distinct three-dimensional fold. Other than the
conserved cysteine residues, the sequences of different
EGF repeats are highly diverse.

By comparing the sequence contexts surrounding the fu-
cosylated residues in each EGF repeat, a consensus se-
quence for the O-fucose modification was proposed:
C*XXGGS/TC? (where C? and C3 are the 2nd and 3rd
conserved cysteines of the EGF repeat, S/T is the modi-
fied residue and X can be any amino acid) [6]. We and
others have used this consensus sequence to successfully
predict the presence of O-fucose on the EGF repeats of
proteins such as Notch, Serrate/Jagged, Delta and Cripto
[8, 9, 19, 20]. However, more detailed analysis of O-fu-
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cose modification sites on Notch, Serrate/Jagged and
Delta has revealed that O-fucose occurs on a broader set
of sites than predicted by the consensus site. We have re-
cently proposed a broader consensus site to account for
these observations: C2X; S/TC3 [20, 87]. Further work
needs to be done to narrow this new consensus site before
it can be used effectively to identify proteins modified
with O-fucose.

O-fucose modifications on thrombospondin type 1
repeats

O-fucose modifications have been found in two sequence
contexts other than EGF repeats. The proteinase inhibitor
PMP-C from Locusta migratoria bears an O-fucose [21].
The PMP-C structure bears some resemblance to that of
an EGF repeat, with three disulfide bridges and several
sheets, but the sequence surrounding the O-fucose site is
quite different [22]. Little is known about the O-fucose on
PMP-C other than that it causes a slight stabilization of
the peptide it modifies. More recently, Hofsteenge and
co-workers identified O-fucose modifications on human
thrombospondin-1 [23]. Thrombospondin-1 is a large,
multidomain extracellular matrix glycoprotein that influ-
ences a wide variety of processes, including platelet ag-
gregation, fibrin clot formation, cell-cell contact, activa-
tion of extracellular proteases and angiogenesis [24]. In-
terestingly, thrombospondin-1 is modified with a
disaccharide form of O-fucose, glucose-fucose. This
modification is believed to be the same as the Glcf1,3Fuc
disaccharide originally reported by Hallgren and co-
workers [11].

The O-fucose modifications on thrombospondin-1 map
to the thrombospondin type 1 repeats (TSR). Like EGF
repeats, TSRs are found in many extracellular proteins.
Each TSR is about 60 amino acids long and is character-
ized by conserved Cys, Trp, Ser and Arg residues [24].
Thrombospondin-1 contains three TSRs, all three of
which are modified with O-fucose. Analysis of other pro-
teins containing TSRs (properdin, F-spondin) revealed
that they are also modified with O-fucose [25]. Compar-
ison of the sequences surrounding the O-fucose site on
the TSRs revealed a putative consensus sequence for
modification: W X;CX,;S/TCX,G (where S/T is the O-
fucose site) [23, 25]. The consensus site corresponds to a
region of the TSR proposed to play a role in binding to
cells [24]. For example, the peptide CSVICG from
within the consensus site (where T is the predicted O-fu-
cose site) has been shown to interact with heparin sulfate
proteoglycans and CD36 [24]. The binding studies were
performed with unglycosylated synthetic peptides, sug-
gesting that the presence or absence of the O-fucose
could modulate these interactions. Database comparisons
show that the majority of proteins containing TSRs con-
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tain this consensus site (63 out of 88 [23]), suggesting this
modification will be widespread.

The O-fucose site on TSRs is in close proximity to sites
for another unusual form of glycosylation: C-mannosyla-
tion [23]. This consists of an a-mannopyranosyl residue
attached to the C-2 atom of the side chain of Trp. Sites for
C-mannosylation occur both within and outside of TSR,
and initial analysis suggests C-mannosylation and O-fu-
cosylation are not dependent upon one another [25]. For
a review on C-mannosylation, see [26].

O-fucose glycosylation pathways

The presence of O-fucose in different contexts suggests
the presence of at least two separate O-fucose glycosyla-
tion pathways (fig. 1). O-fucose on EGF repeats can be
elongated to the tetrasaccharide Sia-a2,3/6-Gal-p1,4-
GleNAc-f1,3-Fuc, whereas the O-fucose on TSRs is be-
lieved to be elongated to Glcf31,3Fuc. No reports of elon-
gated O-fucose on PMP-C have been reported. Several of
the enzymes responsible for synthesis of these structures
have been identified. The enzyme responsible for addi-
tion of the fucose onto EGF repeats (GDP-fucose: protein
O-fucosyltransferase 1, or O-FucT-1) was originally iden-
tified and purified from Chinese hamster ovary (CHO)
cells [27, 28] and has recently been cloned [29]. Homo-
logues of the O-FucT-1 gene sequence are found in hu-
man, mouse, Drosophila and Caenorhabditis elegans,
and the gene is widely expressed in mammalian tissues
[29]. O-FucT-1 fucosylates properly folded EGF repeats
containing the O-fucose consensus site [27-29]. O-fu-
cose on EGF repeats can be further elongated by Fringe,
a fucose-specific B1,3-N-acetylglucosaminyltransferase,
which is described in more detail below. The GlcNAc-
PB1,3-Fuc is elongated by p4GalT1 [30] and either a2,3-
or a-2,6-sialyltransferases [19] to form the tetrasaccha-
ride (fig. 1).

Less is known about synthesis of the O-fucose glycans on
TSRs, but preliminary data from our laboratory suggests
that a separate protein O-fucosyltransferase (tentatively
identified as O-FucT-2) exists that is responsible for addi-
tion of O-fucose to TSRs [Y. Luo and R. S. Haltiwanger,
unpublished]. The O-fucose on TSRs is believed to be
elongated by a fucose-specific B1,3-glucosyltransferase,
required for synthesis of the Glc-f1,3-Fuc disaccharide
(fig.1). An enzymatic activity capable of forming the Glc-
B1,3-Fuc linkage has been identified and characterized in
extracts of CHO cells by Moloney and co-workers [31].
Interestingly, this fB1,3-glucosyltransferase activity will
not transfer glucose to O-fucose attached to an EGF re-
peat, consistent with the observation that the Glc-Fuc dis-
accharide is found only on TSRs [D. J. Moloney and Halti-
wanger, unpublished]. No information is available con-
cerning the biosynthesis of the O-fucose on PMP-C.
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C2X;3.58/TC3 (EGF repeats)
O-FucT-1

Fuco-0-Ser/Thr

Fucose $1,3 GlcNAc
transferase (Fringe)

GleNAcB1,3Fuco-0-Ser/Thr
B4GalT-1

GalB1,4GlcNAcB1,3Fuco-O-Ser/Thr
L Gal02,3/6 sialyltransferase

A Sian2,3/6GalB1,4GlcNAcB1,3Fuc-O-Ser/Thr

WXs5CX23S/TCX,G (TSR repeats)
0-FucT-2

Fuco-0-Ser/Thr
‘ Fucose 1,3

Glucosyltransferase

B Glc B1,3 Fuca-O-Ser/Thr

Figure 1. O-Fucosylation pathways. The pathways for O-fucosyla-
tion of EGF repeats (4) and TSR repeats (B) are shown. No pathway
is shown for O-fucosylation of PMP-C from Locusta migratoria,
because no information is available on the enzyme responsible for
fucosylation of PMP-C. The four enzymes involved in modifying
EGF repeats are O-FucT-1 [29], fucose-f1,3-GlcNAc transferase
(Fringe) [42, 74], p4GalT-1 [30] and Gala 2,3/6 sialyltransferases.
The enzymes involved in modifying the TSR repeats are O-FucT-2
[proposed, Y. Luo and R. S. Haltiwanger, unpublished observation]
and fucose-f1,3-glucosyltransferase [31].

Role of O-fucose modifications in Notch signaling

The Notch signaling pathway

The Notch locus was first identified as a sex-linked lethal
mutation in 1915 during one of the original Drosophila
mutant screens [32]. Loss of Notch function leads to em-
bryonic lethality for males and notched wings for fe-
males, from which the locus derives its name. The gene
encoding Drosophila Notch was identified in 1985 [33]
and shown to encode a large, cell-surface signaling re-
ceptor. Homologues have been identified in all meta-
zoans, with four Notches in mammals. Notch signaling
plays an important role in determining cell fates during
many phases of invertebrate and vertebrate development
[34]. In humans, defects in the Notch pathway result in a
variety of serious diseases, including T-cell leukemia,
cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts (CADASIL), Alagille syndrome and spondy-
locostal dysostosis [35—38]. T-cell leukemia results from
a constitutively active form of Notchl caused by trunca-
tion of the Notchl gene (called 7TAN-1) [35]. CADASIL
is a hereditary adult-onset neurological disorder causing
stoke and dementia [39] and results from point mutations
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in the extracellular domain of Notch 3 [36]. Alagille syn-
drome is an autosomal dominant disorder with develop-
mental abnormalities in many systems, including liver,
skeleton, kidney, eye, heart and face. It is associated with
choleostasis, cardiac disease, ocular and skeletal mal-
function and a characteristic facial phenotype. Alagille
syndrome appears to be caused by defects in Jaggedl,
one of the ligands known to activate Notch signaling (see
below) [37]. Spondylocostal dysostosis is a group of ver-
tebral mal-segmentation syndromes with reduced stature
resulting from axial skeletal defects [38]. Recent evi-
dence indicates that segmentation of the embryonic body
relies on a molecular oscillator called the segmentation
clock, which requires Notch signaling for its proper func-
tioning [40]. Mutations in the Notch ligand Delta-like 3
(DLL3) interrupt the segmentation clock resulting in this
syndrome.

The Notch protein is a large cell-surface receptor (>300
kDa) with approximately one-third of its mass intracel-
lular and two-thirds extracellular. Notch is synthesized
as a single polypeptide chain, but becomes proteolyti-
cally processed into a heterodimer during maturation in
the Golgi apparatus by a furin-like convertase [41]. In
the mature protein, the extracellular domain (ECD) re-
mains tethered to the transmembrane/intracellular do-
main. This heterodimer is believed to be the active form
of Notch in most signaling events. The ECD consists
largely of 36 tandem EGF repeats (fig. 2) [33], many of
which contain potential O-fucose modification sites
[19]. Several of these sites are conserved across species,
suggesting biological importance. Comparison of all
Notch sequences currently in the database reveals five
evolutionarily conserved O-fucose sites (EGF repeats 3,
20, 24, 26, 31) (fig. 2). Using the broader consensus site
for O-fucose modification [20], another eight evolution-
arily conserved sites (EGF repeats 2, 5, 8, 9, 12, 21, 27,
30) can be identified (fig. 2). We have shown that Notchl
is modified with O-fucose [19] and analysis of Notch in
cells defective for synthesis of GDP-fucose suggests that
O-fucosylation of Notch is required for proper Notch
function [30, 42].

O-fucose on EGF repeats and TSRs

Notch becomes activated upon binding to its ligands,
members of the Delta, Serrate/Jagged family (for an ex-
cellent review on Notch activation, see Mumm and
Kopan [43]). Notch ligands are also cell-surface, trans-
membrane proteins. Thus, Notch can only be activated by
ligand expressed on an adjacent cell. Drosophila ex-
presses one Delta and one Serrate, whereas mammals ex-
press multiple homologues of each (Serrate homologues
are termed Jagged in mammals). Ligand binding induces
proteolysis of the Notch ECD by the cell-surface metal-
loprotease TACE (TNF-a-converting enzyme) [44]. Loss
of the ECD induces a further proteolytic event catalyzed
by presenilin-dependent y-secretase activity [45]. This
last cleavage occurs within the membrane, releasing the
Notch intracellular domain (NICD) from the membrane
into the cytoplasm. Upon release, the NICD translocates
to the nucleus where it interacts with members of the CSL
(CBF1/Suppressor of hairless/Lag-1) family of transcrip-
tional regulators, converting them from repressors to ac-
tivators of transcription. The effects of Notch are medi-
ated by activation of a variety of downstream gene prod-
ucts [43]. The activation of a signaling cascade by
proteolysis has been seen not only in Notch, but several
other systems such as amyloid precursor protein (APP)
and sterol regulatory-element binding proteins (SREBP)
pathway, and has been recently termed regulated in-
tramembrane proteolysis (RIP) [46, 47].

Fringe is a modulator of Notch function

The importance of the Notch pathway is revealed by the
numerous levels at which it is regulated (see [48] and [49]
for excellent reviews on Notch regulation). A variety of
proteins interact with the NICD, regulating its degrada-
tion or ability to bind to other proteins. For instance, sev-
eral proteins related to E3 ubiquitin ligase, such as Sel-
10, Neuralized and Deltex, have been shown to be in-
volved in regulation of Notch signaling [50—53]. Notch
is also regulated through its ECD. Notch ligands can
serve both as activators and inhibitors of Notch signaling
depending on whether they are expressed on cells adja-

Scabrous interaction

O EGF repeat

WinEIess interaction

. Original O-fucose site (C2XXGGS/TC3)

O Additional O-fucose sites based on broader consensus (C2X, .S/TC?)

Figure 2. Functional EGF repeats in the Notch ECD overlap with O-fucose modification sites. The 36 tandem EGF repeats of the Notch
ECD are shown, and EGF repeats with predicted O-fucose modification sites (both based on the original and broader consensus sites) are
indicated. EGF repeats responsible for ligand binding are indicated with an ‘L’ [82], and EGF repeats containing Abruptex mutations are
indicated with an ‘A’ [84]. Regions involved in binding to Wingless [58] and Scabrous [56] are also indicated.
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cent to Notch-expressing cells (activators) or in the same
cells as Notch (inhibitors) [54]. Recent reports suggest
that the inhibitory effect of ligand, termed cell-au-
tonomous inhibition, may result from cis interactions be-
tween Notch and ligand in the same cell causing a se-
questering of Notch within the cell [55].

Besides the ligands, several other proteins, such as
Scabrous and Wingless, have also been observed to bind
to the ECD of Notch and affect its function (see fig. 2).
Scabrous binds to Notch through EGF repeats 19-26
[56], and overexpression of Scabrous downregulates
Notch signaling [57]. Wingless binds directly to Notch
EGF repeats 19—36 and has been reported to induce a
distinct signaling pathway [58]. Finally, Fringe is known
to regulate Notch by covalently modifying the ECD of
Notch. Fringe activity inhibits Serrate-dependent Notch
signaling, while potentiating Delta-dependent signaling
[59, 60].

The Fringe gene was first identified in a Drosophila mu-
tant screen for genes involved in boundary formation
[61]. Proper Drosophila wing development is dependent
on the localization of Wingless (an essential gene for
wing formation) expression at a border between the dor-
sal and ventral compartments of the wing imaginal disc

Dorsal

D

Y >
N

S: Serrate : Delta D

Ventral
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(the structure from which the wing will develop), and
Wingless expression is induced by Notch activation.
Fringe was initially identified as an essential player in the
formation of this boundary [61]. Subsequent work
demonstrated that Fringe performs this function by mod-
ulating the Notch signaling pathway [59, 60]. Although
Notch and its ligands are expressed throughout the imag-
inal disc, Notch is only activated at the dorsal-ventral
boundary. Fringe acts by restricting Notch activation to
this boundary (fig. 3). Both Serrate and Delta are ex-
pressed in all wing cells during early wing development.
Later, their expression becomes restricted with Serrate
expressed in dorsal cells and Delta expressed in ventral
cells. Fringe is expressed dorsally, where it inhibits sig-
naling from Serrate, preventing Notch activation in the
dorsal compartment. Similarly, Notch is not activated by
Delta in ventral cells due to the absence of Fringe. Notch
becomes activated only in the border cells where Fringe
is present for Delta to signal, or Fringe is absent for Ser-
rate to signal (fig. 3). Notch activation induces increased
expression of the ligands, causing a positive feedback
loop where Notch becomes strongly activated in a border
two cell-layers thick. Activation of Notch also induces ex-
pression of Wingless. Fringe plays a similar role in other

Fringe expression

Wingless

Wingless

No Fringe expression

N: Notch

Figure 3. Signal interactions at the dorsal and ventral compartment border in developing Drosophila wing. The boundary between the dor-
sal and ventral compartments of the wing imaginal disc is shown. Notch is expressed in all cells; Serrate and Fringe are expressed on the
dorsal side and Delta on the ventral side. Notch is modified with O-fucose in all cells (O-fucose represented by triangles), and O-fucose is
elongated by Fringe with a 1,3-GlcNAc in ventral cells (f1,3-GIcNAc represented by squares). For simplicity, the further elongation of
GlcNAc is not shown. Arrows indicate activation, and crossed lines indicate a lack of productive interaction. In dorsal cells where Fringe
is expressed, Serrate cannot activate Notch, but Delta can. Conversely, in ventral cells where Fringe is not expressed, Serrate can activate
Notch, but Delta cannot. This results in activation of Notch only in the cells at the dorsal-ventral border. Notch activation stimulates ex-
pression of the ligands (Delta and Serrate) as well as Wingless. Adapted from [59, 60].
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tissues in Drosophila, including eyes and leg segmenta-
tion and growth [62].

Three Fringe-related genes have been identified in mam-
malian systems: Lunatic Fringe (Lfng), Radical Fringe
(Rfng) and Manic Fringe (Mfng) [63, 64]. Many features
in the Fringe genes’ sequence are conserved among
species, such as distribution of cysteine residues, poten-
tial N-glycosylation sites and an internal proteolytic pro-
cessing site [63]. The conserved proteolytic processing
site among different Fringes suggests that Fringe may be
synthesized as an inactive precursor that requires prote-
olytic processing to transform into an active form. Amino
acid comparison of the three proteins suggests that they
are evolutionarily conserved within the mature protein re-
gion. They all appear to enter the secretory pathway, but
they differ in their efficiency of secretion and in their re-
quirement for posttranslational proteolytic processing
[63]. Misexpression assays in Drosophila wing imaginal
discs using the mammalian Fringe proteins mimics sev-
eral of the effects seen by Drosophila Fringe, suggesting
they all modulate Notch function in this context [63, 64].
Studies from several laboratories have demonstrated the
importance of Fringe function in vertebrate systems. By
analogy to Drosophila imaginal disc, the apical ectoder-
mal ridge (AER) has been proposed to control wing bud
outgrowth and patterning in developing chicks [65]. In
the chick embryo, the positioning of AER is dependent on
Rfng [66]. Misexpression of Rfng can induce the forma-
tion of an ectopic ridge at the boundary between cells ex-
pressing and not expressing Rfng [67]. Recent studies
have also shown that Lfng is an essential gene in mice
[68, 69]. The Lfng mutants in mice fail to form bound-
aries between individual somites, the initial segmental
unit of the vertebrate trunk. In contrast, Rfng-deficient
mice do not show any obvious phenotypes, and
Lfng/Rfng double homozygous mutant mice show no ad-
ditional phenotypes beyond those seen in the Lfng mu-
tants [70, 71]. Mfng mutants have not yet been generated.
These results indicate that some functional redundancy
may exist between Mfng and Rfng. Interestingly, no limb
bud phenotypes have been observed in any of the mouse
Fringe ablations to date, suggesting that Fringe may not
play a role in limb bud development in mice. Although
there may be some redundancy in function, Lfng, Mfng
and Rfng show different expression profiles during
mouse embryogenesis [63, 64]. In addition, misexpres-
sion of the mammalian Fringe proteins in Drosophila
shows some subtle differences, suggesting each Fringe
functions somewhat differently [63, 64].

Fringe is a glycosyltransferase that modifies Notch

Recent work in several laboratories has revealed a mech-
anism by which Fringe modulates Notch function. Earlier

O-fucose on EGF repeats and TSRs

work had shown that Fringe must be expressed in the
same cell as Notch to exert its effects on Notch function,
suggesting that Fringe might be an enzyme capable of
modifying the Notch protein in the secretory pathway
[59, 60]. Two conserved regions in the Fringe protein se-
quence, including a putative DxD motif [72], share simi-
larity with a group of bacterial glycosyltransferases, rais-
ing the possibility that Fringe might function by altering
the sugar structures on Notch [73]. In order to investigate
whether Fringe could alter the O-linked sugar structures
on Notch, mammalian Fringe was transfected into CHO
cells to analyze changes in the O-fucose structures on
Notch [42]. Results showed that expression of Mfng re-
sulted in an increased amount of elongated O-fucose on
Notch [42]. Detailed study of the elongated O-fucose
structures showed Mfng-induced increases in a disaccha-
ride (GlcNAc-p1,3-Fuc), a trisaccharide (Gal-f1,4-Gle-
NAc-p1,3-Fuc) and a tetrasaccharide (Sia-a2,3-Gal-
B1,4-GlcNAc-p1,3-Fuc). The fact that all three multisac-
charide structures increased when Mfng was expressed
suggested Fringe could be a GIcNAc transferase. In vitro
assays using purified Fringe proteins (Drosophila Fringe,
mouse Lfng, mouse Mfng) verified that Fringe is
a fucose-specific B1,3-N-acetylglucosaminyltransferase,
showing a marked preference for fucose linked to a prop-
erly folded EGF repeat [42, 74]. Thus, Fringe is a glyco-
syltransferase capable of modifying the O-fucose struc-
tures on Notch. To determine whether Fringe only modi-
fies O-fucose on Notch, or whether it will modify
O-fucose in other sequence contexts, we examined
whether Notch ligands can also be modified by Fringe
[20]. Our results indicated that O-fucose on mammalian
Deltal and Jagged 1, as well as Drosophila Delta and Ser-
rate, are modified by Fringe. These results indicate that
Fringe is capable of modifying O-fucose in a variety of
sequence contexts.

Further support for the involvement of glycans in the
Fringe-dependent regulation of Notch has come from the
identification of the Fringe connection gene in
Drosophila [75, 76]. Fringe connection encodes a nu-
cleotide sugar transporter capable of transporting several
nucleotide sugars, including UDP-glucuronic acid, UDP-
GlcNAc and UDP-xylose. Mutants in Fringe connection
show phenotypes resembling Wingless and Notch mu-
tants. Fringe-dependent Notch function is disrupted in
Fringe connection mutants, consistent with an essential
role for glycosylation in Fringe function.

To demonstrate that the f1,3-N-acetylglucosaminyltrans-
ferase activity is responsible for Fringe-mediated changes
in Notch function, a variety of in vivo studies have been
performed. Mutants of Drosophila Fringe were made
where residues in the DxD motif, predicted to be in the
catalytic site of the enzyme, were made. These mutants
were enzymatically inactive in in vitro assays for 1,3-N-
acetylglucosaminyltransferase activity [42, 74]. Analysis
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of the mutants in vivo in ectopic expression assays
demonstrated that they were unable to alter Notch func-
tion in contexts where wild-type Fringe does [42, 74, 77].
A similar mutation made in mouse Mfng inactivated in
vitro f1,3-N-acetylglucosaminyltransferase activity and
the ability of Mfng to modulate Notch function in cell-
based signaling assays [30]. These results indicate that
Fringe must catalyze the transfer of GIcNAc to fucose in
order to modulate Notch activity.

To further examine the type of fucose needed as an ac-
ceptor for the GlcNAc, Fringe-mediated inhibition of
Jaggedl-dependent Notch activation was measured in
glycosylation mutants of CHO cells. Both Mfng and Lfng
were capable of inhibiting Jagged1-dependent Notch ac-
tivation in both wild type and Lec1-CHO cells [42]. Since
Lec1-CHO cells do not synthesize complex-type N-gly-
cans, these results indicated that Fringe does not recog-
nize fucose on N-glycans. In contrast, Lec13-CHO cells,
which are defective in GDP-fucose biosynthesis [78],
showed a decrease in Jaggedl-dependent Notch activa-
tion and no inhibition by Fringe. The effect in Lecl3-
CHO cells could be at least partially reversed by either
addition of fucose to the media (taking advantage of the
salvage pathway for GDP-fucose biosynthesis) [42] or by
transfection of GDP-mannose 4,6-dehydratase (the en-
zyme missing in Lec13-CHO cells) [30]. These results in-
dicated that fucose plays an essential role in ligand-de-
pendent activation of Notch and inhibition by Fringe.
Since N-glycans are not involved, these data strongly sug-
gest the O-fucose modifications are essential for proper
Notch function.

The fact that the GlcNAc added to O-fucose via Fringe
can be further elongated into a tetrasaccharide with galac-
tose and sialic acid raised the question of how much of
the tetrasaccharide is required to affect Notch signaling.
Chen and co-workers examined this question by perform-
ing cell-based Notch signaling assays in a series of CHO
cell glycosylation mutants [30]. Both Mfng and Lfng
inhibited Jaggedl-dependent Notch signaling in cells
with decreased sialylation (Lec2-CHO), but not in cells
with defects in addition of galactose (Lec§8-CHO and
Lec20-CHO). Further analysis showed p4GalT-1 to be
the galactosyltransferase responsible for modification of
the GIcNAc. Thus, at least a trisaccharide is required for
Fringe-dependent inhibition of Jaggedl-induced Notch
activation.

Potential models for how elongated O-fucose affects
Notch function

Although it is now clear that Fringe modulates Notch
function by altering O-fucose structures, the mechanism
by which changes in O-fucose structure modulates Notch
signaling is not yet clear. Several working models have
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been proposed and are summarized here (see [42], [79]
for more details). In the simplest model, an elongated O-
fucose structure on Notch could alter its ability to bind
ligands. Several reports have suggested that ligand bind-
ing is altered by Fringe [74, 80, 81]. Different EGF re-
peats on Notch are responsible for different interactions
in its signaling pathway. EGF repeats 11 and 12 of Notch
are both necessary and sufficient for interaction with
Delta and Serrate [82] (fig. 2). Recent work in our labo-
ratory has demonstrated that EGF 12 is modified with O-
fucose and can be further elongated by Mfng [87]. This
raises the interesting possibility that the inhibition of Ser-
rate/Jagged signaling by Fringe may be caused by a de-
crease in binding to Notch due to steric blocking of the
binding site by the elongated sugar. Nonetheless, this
would not explain how Fringe increases signaling from
Delta. An increase in binding would require that Delta
have a lectin-like activity or that an accessory protein
with lectin activity assist in Delta binding. Other possi-
bilities must also be considered. Besides the ligand-bind-
ing region, other parts of the Notch extracellular domain
are also known to influence ligand-dependent Notch acti-
vation. For instance, EGF repeats 24—26 of Notch influ-
ence signaling from Delta and Serrate [83]. As mentioned
before, proteins such as Scabrous and Wingless bind to
different regions of Notch and modulate its activity.
Scabrous binds to sites within EGF 19-26 [56], and
Wingless to a site within EGF 19-36 [58]. Thus, Fringe
modification of EGF repeats in these regions could also
influence Notch signaling. Preliminary data from our lab-
oratory confirms that Fringe does modify O-fucose on
many of these EGF repeats [87].

In addition to a direct affect on ligand binding, the inhi-
bition of Notch by ligand expressed in the same cell (cis
interaction) provides another model for how changes in
O-fucose structure could modulate Notch. The Notch
Abruptex (Ax) mutations are gain-of-function missense
mutations (fig. 2) that result in hyperactivatable forms of
Notch [84, 85], and some of the Ax mutants appear to be
refractory to Fringe [85]. The hyperactivation is believed
to be caused by abrogation of cell autonomous inhibition
by ligands [55, 85]. Ax mutations are located within EGF
repeats 24—29 [84], overlapping with several O-fucose
modification sites that can be elongated by Fringe [87]
(fig. 2). Thus, Fringe modification on EGF 24—-29 could
regulate Notch signaling by affecting cell-autonomous
inhibition of Notch. The fact that both O-fucose and
Fringe also modify Notch ligands raises the possibility
that alterations on ligands may contribute to modulation
of Notch activa-tion [20].

Altering the modifications on ligands is another potential
means of modulating cis interactions between Notch and
its ligands. Determination of which of these models, or
others, are involved in Notch regulation is an area of con-
tinuing research.
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Conclusions and future directions

Modulation of Notch function by alterations in O-fucose
structures is yet another example of how unusual carbo-
hydrate structures play a specific role in biology. In com-
bination with reports of O-fucose modulating uPA-uPA
receptor signaling [7] and Cripto/Nodal signaling [8, 9],
carbohydrate modifications of EGF repeats appear to
provide an additional layer of control to signaling path-
ways. The presence of O-fucose glycosylation sites in
EGF repeats of several other proteins suggests it may play
similar roles in other signaling pathways. The recent
cloning of protein O-fucosyltransferase I (O-FucT-1) [29]
is making possible genetic ablation experiments that
should provide evidence for which of these modifications
is functionally important. In addition to O-fucose, EGF
repeats bear O-glucose modifications at a putative con-
sensus site between the first and second conserved cys-
teines: C'XSXPC? [6]. Although no function for this
modification is yet known, Notch bears O-glucose modi-
fications, and many of the O-glucose sites on Notch are
evolutionarily conserved [19]. We have recently identi-
fied and initially characterized the enzyme responsible
for addition of O-glucose to EGF repeats [86]. The find-
ing of O-fucose modifications on a region of TSRs in-
volved in protein-protein interactions suggests that form
of O-fucose may also regulate function. These observa-
tions suggest we are just beginning to understand the
many and varied ways that carbohydrate modifications
are involved in biology.
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