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he complexity of carbohydrate structures on cell surfaces
led researchers over 30 years ago to propose a role for
complex carbohydrates in the transfer of information across
the plasma membrane. Although the structural complexity of
carbohydrates has posed a significant barrier to determining their
biological functions, recent work in a number of laboratories has
revealed examples of signal transduction events regulated by
alterations in protein glycosylation. For example, carbohydrate
modifications of epidermal growth factor-like (EGF) repeats are
known to modulate several signaling pathways, including those
involving uPA, Notch and Nodal/Cripto. EGF repeats are small
(approximately 40 amino acids) protein modules containing six
conserved cysteines forming three conserved disulfide bonds.
Two forms of O -linked carbohydrate modifications, O -fucose and
O -glucose, occur at putative consensus sites within EGF repeats.
O - glucose modifications occur between the first and second
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when ligand is expressed on an adjacent cell. Both Notch and its ligands contain multiple EGF
repeats, many of which bear O -fucose modifications (2, 4). The Fringe protein was identified
as a modulator of Notch function, capable of increasing Notch activation from Delta, but
inhibiting Notch activation from Serrate/Jagged (5). Fringe has recently been shown to be an
O -fucose: B1,3- N-actetylglucosaminyltransferase, capable of modifying O -fucose on Notch
(2, 6). The recent demonstration that Notch ligands are also substrates for Fringe (2) raises
the interesting possibility that Fringe could function through altering O -fucose structures
on Notch, its ligands, or both. Current studies are focusing on the mechanism through
which changes in O -fucose structures alter Notch activation.
Very recently O -fucose modifications on the EGF- CFC protein, Cripto, have
been demonstrated to play an essential role in Nodal signaling (Fig. 1B) (7, 8). Nodal
is a member of the TGFB superfamily, and defects in Nodal signaling cause severe
phenotypes in establishment of polarity in vertebrate embryos. Nodal is believed
to activate activin-like type I and type II cell surface receptors, and activation of
the receptors is dependent on the presence of the EGF-CFC proteins (Cripto,
Cryptic, FRL, OEP). Each EGF-CFC protein contains a truncated EGF repeat
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containing an O -fucose consensus site as well as a domain unique to these proteins called CFC. Both
human and mouse Cripto are known to be modified with O -fucose (7, 8). Mutation of the modified
serine to alanine eliminates fucosylation and abrogates Cripto - dependent Nodal signaling,
demonstrating that the O -fucose is essential for proper Cripto function.
These examples demonstrate that the presence or absence of a simple O -fucose
monosaccharide on an EGF repeat can regulate a signal transduction pathway. Elongation of
the O -fucose by proteins such as Fringe offers an extra level of modulation. The gene for the
enzyme responsible for addition of O -fucose to EGF repeats, the protein O -fucosyltransferase
( O - FucT-1), has recently been identified (9). Studies are currently underway in several
laboratories to determine whether this enzyme is developmentally regulated, and if so, how
that regulation affects the signaling pathways modulated by O -fucose. In addition, work
is just beginning on the O -glucose modification of EGF repeats. Many of the predicted
O -glucose sites on proteins such as Notch are evolutionarily conserved, suggesting they will
play a similarly important role in regulating signaling. These and other results suggest that
we are just beginning to uncover the varied and important biological roles played by complex
carbohydrates in regulating signal transduction pathways.
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Figure 1. Notch and Nodal/Cripto signaling pathways are modulated by O-fucose modifications.
A. Ligand expressed in the Sending Cell binds to and activates Notch in the Receiving Cell. Activation of Notch is mediated by
two sequential proteolytic events, catalyzed by TACE and G -secretase, resulting in the release of the cytoplasmic domain of
Notch from the membrane. The cytoplasmic domain then translocates to the nucleus where it binds to members of the CSL
family of transcriptional regulators and activates several downstream gene products. Ligand expressed in the same cell as
Notch can inhibit Notch activation (cell-autonomous inhibition). Fringe (Fng) modifies both Notch and ligand as they move
through the Golgi apparatus by addition of GlcNAc (squares) to O-fucose residues (triangles). The GlcNAc is subsequently
capped by galactose and sialic acid (not shown), although recent work suggests only the galactose is required for alteration of
Notch function (10). The change in sugar structure modulates Notch activation. Two potential models for how the sugars
modulate Notch activation are shown. (a) Modulation of cell autonomous inhibition by ligand. (b) Direct modulation of ligand
binding.
B. Nodal activation of type I/type II activin-like receptors requires the presence of Cripto. Cripto is attached to the membrane
through a GPI anchor, and the O-fucose on Cripto is essential for it to serve as a co-activator. Activation of the type I/type II
activin-like receptors by the Nodal/Cripto complex results in the phosphorylation-induced accumulation of the Smad proteins
in the nucleus where they interact with members of the FAST family of transcriptional activators and activate transcription of
several downstream gene products.

1) Harris RJ,Spellman MW. O-linked
fucose and other post-translational
modifications unique to EGF modules.
Glycobiology (3): 219-224, 1993
2) Panin, V.M., Shao, L., Lei, L.,
Moloney, D.J., Irvine, K.D. and
Haltiwanger, R.S. (2002) Notch ligands
are substrates for EGF protein
O-fucosyltransferase and Fringe. J.
Biol. Chem. 277, 29945-29952.
3) Rabbani SA, Mazar AP, Bernier SM,
Haq M, Bolivar I, Henkin J,Goltzman D.
Structural Requirements for the
Growth Factor Activity of the Aminoterminal Domain of Urokinase.
J.Biol.Chem. (267): 14151-14156, 1992
4) Moloney DJ, Shair L, Lu FM, Xia J,
Locke R, Matta KL,Haltiwanger RS.
Mammalian Notch1 is modified with
two unusual forms of O-linked
glycosylation found on Epidermal
Growth Factor-like modules.
J.Biol.Chem. (275): 9604-9611, 2000
5) Irvine KD. Fringe, Notch, and
making developmental boundaries.
Curr.Opin.Genet.Dev. (9): 434-441, 1999
6) Moloney DJ, Panin VM, Johnston SH,
Chen J, Shao L, Wilson R, Wang Y,
Stanley P, Irvine KD, Haltiwanger
RS,Vogt TF. Fringe is a
Glycosyltransferase that modifies
Notch. Nature (406): 369-375, 2000
7) Schiffer SG, Foley S, Kaffashan A,
Hronowski X, Zichittella A, Yeo CY,
Miatkowski K, Adkins HB, Damon B,
Whitman M, Salomon D, Sanicola
M,Williams KP. Fucosylation of Cripto
is required for its ability to facilitate
Nodal signaling. J.Biol.Chem.(276):
37769-37778, 2001
8) Yan YT, Liu JJ, Luo Y, E C, Haltiwanger
RS, Abate-shen C,Shen MM. Bifunctional activity of Cripto as a ligand
and co-receptor in the Nodal signaling
pathway. Mol.Cell.Biol. (22): 4439-4449,
2002
9) Wang Y, Shao L, Shi S, Harris RJ,
Spellman MW, Stanley P,Haltiwanger
RS. Modification of Epidermal Growth
Factor-like Repeats with O-Fucose:
Molecular Cloning of a Novel GDPFucose: Protein O-Fucosyltransferase.
J.Biol.Chem. (276): 40338-40345, 2001
10) Chen J, Moloney DJ,Stanley P.
Fringe modulation of Jagged1-induced
Notch signaling requires the action of
§4 Galactosyltransferase-1. Proc.Natl.
Acad.Sci. USA (98): 13716-13721, 2001
Glycoscience 1992-2002 67

