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Regulation of signal transduction pathways in development

by glycosylation
Robert S Haltiwanger

Recent studies from several Bboratones have provided
evidence that cell surface complex carbohydrates play key
rales in the regulation of developmentally relevant signal
transduction events. The demansiration that Fringe, a known
modifier of Motch function, is a fucose-specific
M-acetylglucosaminyltransferase provided strong evidence that
the Notch signaling pathway could be regulated by alterations
of C-fucose structures. More recently, the demonstration that
O-Hfucose modification of Crpto s essential for Modal
dependent signaling prowides further evidence of a role for
glycosylation n signal transduction. These and other examples
provide a new paradigm for the regulation of signal
transduction events by glycosylation.
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Abbreviations

CFC Cripto, FRL-1, Cryptic

CSL CBF1, Suppressar of hairlkess, Lag-1

EGF epidarmnal growth facior

GlcNAc  MN-acetylglucosamine

GPI ghycasyl phasphatidyl inosital

O-FucT-1  GDP-fucose protein O-fucosyltransizrase 1
TGFB transforming growth factar B

U= urinary-fyp= plasminogen actwaton
Introduction

The discovery of the complexity and diversity of complex
carbohydrates on the cell sudace led rescanchers over
30 vears ago to hypothesize that glycoconjugates play moles
in communication between cells and in the transfer of
information from the outside of the cell to the inside 1.
As this type of communication 15 essential for numerous
stapes of development, specific carbohydrate modifications
were proposed to play roles i particular biological events
at the cell surface. Over the vears, numerous obhservations
have suppomted this concept. Early on, many of the
stape-specific embryonic antigens (e.g. SSEA-1, S5EA-3,
SalEA-4, HNK-1) were demonstrated to be specific
carbohydrate structures |2]. For instance, SSEA-1 s the
L.cwis x oligosacchande, SSEA-3 and 55EA-4 are glveolipads
of the globo senes, and HNK-1 15 a sulfated glycan. The
expression of unigque glvean structures at speaific stages
implied a particular function for that structore. The
demonstration that the presence or absence of polvsialic
acid alters homotypic interactions of the newral cell adhesion
medecule (NCAM) added further suppaort |2). More recently,

the demonstration of embrvomice lethahty resulting from
the genetc ablation of several glycosyltransferases has
revealed that pamacular carbohydrate structures are essential
for development to procecd past cortain stages |3).
Monctheless, with the exception of NCAM, wdenofying
cxamples of particular carbohydrate structures on specific
protcins mediatng such effects was, for many vears,
clusive. Recent work has begun to wdentify some of these
madecules. The first examples came with the demonstration
that cell surface heparan sulfate proteoglyeans play an
essential role in Wnt, hedgchog, FGEF (Ibroblast growth
factor) and TGFE (transforming growth factor B) super-
family pathways. More recently, O-fucose modifications of
epidermal growth factir (EGEF)-ike repeats have been
shown to modulate Nogch, “TGER family (Nodal ) and womany-
type plasminogen activatir (ulPA) signal transduction.
scveral excellent recent reviews have been wniten
concerming the mle of heparan sulfate protcoglycans in
development [4-6) and thus will not be considered further
here., This eview wall focus on the reoent studies of the
(-fucose modificanons of EGEF repeats of Notch, Cnpto
and ulA.

Involvement of O-fucose modifications of EGF
repeats in signal transduction

O-linked carbohydrate modifications of EGF repeats
Fucose (Minked to senne o theeomine was first observed
over 25 years ago as amino ackd fucosides isolated from
human unne | 7). The first protemin reported o bear O-fucose
was ulA 8], quickly followed by tssue-type plasminogen
activator and several clotting factors (factors VI 1X and XI11)
|9). Companson of the sequences surmounding the sites of
(-fucose modification on these proteins showed the fucose to
be localized to a putative consensus sequence within EGE
repeats. HGEF repeats are small (approsimately 40 amino
acid) protemn motifs engimally observed in epidermal growth
factor. They are defined by the presence of six conserved
cystemne residues that form theee disulfide bonds (Figure 1;
[10]). EGEF repeats occur in doeens of cell surface and
secreted protemns, and are known to play roles n
protcin—protein  nteractons.  The O-fucose modification
oocurs between the second and third conserved cysteines of
the putative consensus sequence (ZXXGGSITC |90
Proteins predicted to be modified with (-fucose based on
the presence of this consensus sequence have been demon-
strated to bear the modification | 11*=14%), mdicating that
it can be used to make accurate predictions about whether
a protemn will bear O-fucose (lable 1), Recent work has
sugpested that the onmnally proposed consensus site 15 too
narow and that O-fucose modifications oocur more broadly
than predicted | 147 As a result, a broader consensus site,
C2X 1 S5 13, has recently been proposed.
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Figure 1
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EGF repaat modified wath the O-ucossa tetrasaccharnde

A rzprasentstion of an EGF repeat (basad on EGF1 from factor VI
[18]] modified with the CHlucose tetrasacchands is shown. The
consarvad cysteines of the EGF repeat ars in yellow and are
numiberad, and the disulde bonds betwwean them (C'-CH, CF—C* and
CA—C#) are shawn. The serine (shown] or threonine modified with
O-fucase is in biue, and the other amino acids between C2 and C* are
shawan as X The number of X= can vary bebween 3 and 5 [14]. The
enzymes responsible for the addiSon of each sacchande are indicatad:
CHFucT-1 [15-17] Fringe [300-,37] B4GaT1 [39-] and either

a2 35ial (shown) or a2 85ial [11-,30] Adapted from [30--].

The ecnzyme responsible for the addition of O-fucose to
EGE repeats, GIDP-fucose: protein O-fucosyltransferase |
(O-Fuc'l-1}, has been dentified and cloned [15,16).
O-Fuc'I-1 appears to be a type 1l membrane glvcoprotein
like most glycosyltransferases involved in the addion of
sugars to protemns. [t wall not fucosylate synthetic peptides
contaiming the consensus sequence for O-fucose additon,
but requires a propedy folded LGE repeat contaming the
consensus sequence (Figure 15 [15,17]0 Homologs have
been wdentified in species from Cammorfabaiin aaans to
humans, an expression pattem that 15 consistent with the
distnbution of proteins contaming KGE repeats.

The structure of the EGEF repeat from factor VI wath and
without the (-fucose has been determined using NMR
| 1&]. Although the O-fucose presents a sigmificant epitope
on onc face of the EGF repeat, no major conformational
change in the polypeptide structure was observed. Thus,
alterations in function due to changes in glveosylation are
mowe hkely to result from direct interactions wath the
carbohydrates or from stenc blocking of a protem—protein
interaction by the carbohydrate.

Early work on the function of O-fucose modifications inds-
cated a rode in modulating receptor—ligand  interactions.
Binding of ulA to the uPA receptor results in the activation
of several signaling cascades within cells [19]. The EGE
repeat of ulPA s necessary and sufficient to activate the
ulPA receptor. Interestingly, removal of the O-fucose from
the EGEF repeat {either chemically or by svnthesis in

Table 1

O-fucose-modified profeins®.
Prodeins known to be modified wath O-fucose.

Blood dotting/dissolution

Urokinass (uPA) [E]

Tissue-type plasminogen activatar (1FA) [43)
Desmodus (bat) salivary plasmincgen activatar [47]
Factor Vil [48]

Factor (X [48]

Factar X [50]

Noteh signalng

Match [11°,307]

Dalta [147

Samate [14]

Jagoed [147]

TGFf signalng

Cripto [12,13]

Caher

Fetal antigen-1/Delta-ike protein (FAT/DLE] [51]

Proteins pradictad to be madified with O-fucose based on the
presence of the consansus sequence [C-X-X5-G-G-5T-C).

Slit

Crumibs

Cryptic

LDL recapioerelated protein (LRP)

Acrogranin/epithelin

Bresican (PCCH)

Meuroccan (PGCN)

Agrin

Hepatocyie growth facior actrator

ore-2ysd ginhssd

FRL-1

\arsican (PGCV)

Mutimenn

Fibsilin

Fibropalin

Parlecan (PGEM]

*Frofens that have besn identified to contain O-fucose are listed
along with prateins that contain the consensus sequence for
OHucose addition and may b2 medified. Prot2ins containing 3
consensus sequenca within an EGF madule wers found by
searching the sequence datsbases Swiss-Prot and PIR

{Protein Informaticn Resource) at the MOTIF web site

{wwe moiif genome ad jp) u=ing the query pattem Ca-G-G{5T}-C.
Nate that searches with the broader consensus site (C7X, SMTC)
arz not informative due to the lange number of proteins identifizd.

Adapted from [52].

bactena in which fucosvlation does not oceur) abrogates
uPA receptor activation, although it has no effect on the
banding of the EGEF repeat to the receptor |20]. The mech-
anism by which the O-fucose activates the receptor s
unknown, but these results demonstrate that the presence
or absence of a simple sugar on an KGF repeat can
repulate a signal transduction event.

Fringe is an O-fucose: B1,3-N-acetylglucosaminyl-
transferase that modulates Notch signaling

Another example of how a signaling event can be regulated
by altcrations of carbohydrate stnactunes on EGEF repeats has
been revealed in the Motch pathway. Motch 15 a lanee cell
surface receptor protein that plavs an essenoal mole n

numerous developmental events (for recent reviews on
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Figure 2

Frngzs medulates ligand-mediated aciivation
of Match (for a racant review on Match

actwation, se2 [22]). Match activation

Sending call

proceeds thraugh fve steps. (i) Match in the

sigrakrzcaiving o=l becomeas actvated upon
binding to Motch ligands ({Delta and
Semratel/apged) expressad on the cell suface
af the s2nding cell. {(w) Ligand binding
stimulates prateclytic cleavage of the
extracellular domain of Nafch at site 2 (52
catalyzed by TACE {iii) Redease of the
extracellular domain of Natch stimulates
inframembrancus cleavage at site 3 (53]
catalvzed by ysacretasa. () v-Secretass

Ligand

fwvi)
—
fam e i+ {i)

Dt Fng

e S wit)

Serratellagped

#+—— TACE (52}

cleavage raleasas the intracelular domain

fram the membrane 2= 3 soluble protain in the
oytoplasm. {v) The Match intracellular domain
translocates to the nucleus, where it inferacts
wath the CSL family of transcpSonal
regulstars to actvate transcnption. (vi) Ligand
expressed in the same c2ll 3s Motch can
inhibit activasion throwgh call sutonomous
inhibetizn [52.54] Fringe (Frg) modifies
O-fucosa residwas on bath Match [30 37-])
and Motch ligands [147], resulting in
potenéaton of ssgnaling from Delta (Fng+) or
inhibitizn of signaling from Serrata//aggsd
iFng-). O-fucose = represented by 3 tianghs;
B1,3-GlcNAc added by Frinpgs is a square;

Recsiving call

Carmun! Gpnam n S buclomnl Bisboygs

y-oecretase (53]

Nateh | i

B1,4-galactase is & circle: 02 J/8-salic aod =
a diamond. The brackets indicats the
carbahydrates that are added in response to
Frings acBon. The addition of the siabic acid is
not necassary for Frngs to exart #s effects on
Japgedi-dependent Maotch activation and,
thus, is preseniad as =/- [3%9°]. Adapied

fram [30]

Motch, see [21,22]) A vancty of human discases are caused
by defects in Motch signaling, including “1-cell leukemias,
CADASIL, spondylocostal dysostosis and Alaglle syndome
|23-23). The extracellular doman of Notch s composed
largely of tandem EGF repeats (36 in Drosapdnls Motch and
mammalan Notchl and Notch2), several of which contain
consensus sites for O-fucose modification |117). The recent
finding of a broader consensus site for (-fucose modification
has greatly expanded the number of potential sites on Mogch
[14%]. Motch acovation s mitiated by hgand binding.
Interestingly, Notch hegands ([elta and Serratef/]ageed) anc
also transmembrane protemns. Thus, Notch activation
requines the expression of a ligand on an adjacent cell
{(Figure 2). Binding of hgand mitiates a proteolytic event
catalyeed by TACE, a member of the ADAMS family of
metalloproteases, wherehy the extracellular domaim of Nogch
15 released from the membrane. Ths 15 followed by another
proteolytic event, just inside the membrane, catalyeed by
y-scorctase. After the cytoplasmic doman of MNotch s
rebeascd from the membrane, it translocates to the nucleus,
where it bands to members of the CGS1. (CBEF 1, Suppressor of
hawless, Lag-1) famuly of transcoptonal regulators, resulting
in the activabion of several downstream genes.

Motch activation can be regpulated at several poants within
the signaling pathway. The Fringe protein was identificd
in Dyrosopdela as a modulator of Notch activation, capable of
potentating signaling from Delta while inhibiting signaling
from Scratef]ageed (reviewed in |26,27); Figure 2).
Mutations in frmpe result in defects in the proper develop-
ment of several tissues in Dvosapdals, mcluding wings, eves
and legs. Three Fnnge homologs exist in mammals
{Lunatic fnnge, Mame finge and Radical fnnge) that are
all capable of complementing frmge mutants in Dvosapdods
|28,29). Cell-based signaling assavs have confirmed that
Lunatic and Manke finge can inhibat Jagged | -dependent
Motch activation and stmulate Deltal-dependent activa-
pon |300°.317°,32%]. Genetic ablation of Lesafe frimge in
mice results in fusion of somites, skeletal defects and pen-
natal death |33,34), although no obvious phenotype was
observed in mice lacking Radhas! frimpe | 35,36). Mo data are
yet availlable on phenotypes of Mame freepe knockouts.
Thus, Finge cames out a vancty of essential develop-
mental funcoons by modulating Notch activity.

Frange modulates Motch activity by altenng the O-fucose
carbohydrate structures on KGF repeats. Fonge 15 an



