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Abstract

The Notch pathway is one of the major signaling pathways required for proper development in
metazoans. Notch activity is regulated at numerous levels, and increasing evidence reveals the
importance of “protein glycosylation” (modification of Notch receptors with sugars) for its
regulation. In this review we summarize the significance of the Notch pathway in development
and the players responsible for its glycosylation, and then discuss the molecular mechanisms by
which protein glycosylation may regulate Notch function.
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1. Introduction

Notch signaling is essential for proper development in metazoans, and defects in this
pathway result in a number of human diseases [1,2]. Notch is regulated at numerous
overlapping levels, including endocytosis, ubiquitination, intracellular trafficking,
degradation, and glycosylation [2-6]. Many genes impinge on this pathway, and the number
of these genes continues to increase with the improved techniques for genome-wide analysis
[7]. This review focuses on regulation of the Notch pathway by glycosylation.

1.1. Role of Notch in development and disease

The Notch phenotype was originally described in Drosophila nearly 100 years ago as an X-
linked, dominant mutation which showed irregular “notches” at the tips of the wings [8].
Subsequent work demonstrated that Notch plays key roles in development of many tissues in
flies, including formation of neurons and glial cells, leg segments, eyes, heart, muscles, and
blood lineages [2,9,10]. Drosophila has a single Notch receptor, while mammals have four
[1]. Targeted disruption of the four mouse Notch genes demonstrated that these genes play
important roles in development of many tissues. Loss of mouse Notch1 results in an
embryonic lethal phenotype with severe defects in somitogenesis [11,12]. Subsequent
studies showed that Notch1 is also involved in neurogenesis and vasculogenesis [13,14].
Deletion of mouse Notch2 also results in an embryonic lethal phenotype with apoptotic cell
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death in a wide variety of tissues, especially neural tissues, from embryonic day 9.5 [15].
Notch3~/~ mice are viable and fertile, but have defects in arterial differentiation and
maturation of vascular smooth muscle [16]. Although Notch4~/~ mice are viable and fertile
[14], loss of Notch4 exacerbates the vascular remodeling defects observed in Notch1 ™~
embryo [14], suggesting partially overlapping function of Notchl1 and 4 during
embryogenesis. Aberrant Notch signaling leads to multiple human disorders [1,17].
Mutations of Notch and the components of this pathway are implicated in human
developmental disorders such as Alagille Syndrome and Spondylocostal Dysostosis, adult
onset diseases such as CADASIL and Multiple Scleorosis, and cancers such as T cell acute
lymphoblastic leukemia (T-ALL) and colon cancer.

1.2. Notch basics

Notch receptors are large type | transmembrane proteins [2]. Their basic molecular structure
is evolutionarily conserved and consists of three domains: an extracellular domain (ECD)
with 29-36 tandem epidermal growth factor-like (EGF) repeats and a unique negative
regulatory region (NRR) which consists of three Lin-12/Notch repeats and a
heterodimerization domain; a single transmembrane domain; and an intracellular domain
with an RBP-Jk (recombination signal sequence-binding protein-Jk) association module
domain, several nuclear localization sequences, seven ankyrin repeats, and a transactivation
domain that harbors proline/glutamic acid/serine/threonine-rich motifs responsible for rapid
degradation. The mature receptor is a heterodimer with the ECD tethered to the
transmembrane/intracellular domain (T/ICD) through non-covalent, calcium dependent
interactions. The heterodimer is formed by cleavage of the nascent polypeptide at site 1 by a
furin-like protease in the Golgi [18,19].

Notch ligands are also type | transmembrane proteins with a similar overall architecture: an
ECD containing an N-terminal DSL (Delta/Serrate/LAG-2) motif, specialized tandem EGF
repeats termed the DOS (Delta and OSM-11-like proteins) domain, and several tandem EGF
repeats; a single transmembrane domain; and a small intracellular domain [20]. Drosophila
has two ligands, Delta and Serrate, while mammals have three Delta-like ligands (DII1, 3,
and 4) and two Serrate homologues (Jaggedl and 2).

Notch activation is initiated by ligand binding, and accomplished through a proteolytic
mechanism [21]. The first cleavage occurs at site 2 (S2), just outside the membrane on the
T/ICD, and is catalyzed by a metalloprotease of the ADAM family. In the absence of ligand,
S2 appears to be covered by the NRR, sterically blocking access of the ADAM protease to
the site. Ligand binding results in a conformational change in the NRR, exposing the site
and allowing cleavage [22-24]. Subsequently, cleavage at site 3 (S3) in the Notch
transmembrane domain by the y-secretase complex results in the release of the Notch
intracellular domain (NICD), and translocation of the NICD into the nucleus [25].
Interaction between NICD and DNA binding proteins such as RBP-Jx, activate target gene
transcription [26].

2. Regulation of Notch function with glycosylation

The discovery that Fringe, a known modulator of Notch activity, is a glycosyltransferase
modifying O-fucose glycans on Notch EGF repeats [27,28], brought the study of Notch into
the field of Glycobiology [29]. The EGF repeats of Notch are modified with three different
types of O-linked glycosylation: O-fucosylation, O-glucosylation, and O-GIcNAc’ylation
(Figure 1) [30-32]. Addition of O-fucose to Ser/Thr occurs within the consensus sequence
C2-X-X-X-X-(SIT)-C3 (C, cysteine; X, any amino acid; S, serine; T, threonine) between the
second and the third cysteines conserved in EGF repeats [33]. O-Fucose can be elongated by
the addition of an N-acetylglucosamine (GIcNAC) [27,28,34]. Further elongation with a

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Takeuchi and Haltiwanger Page 3

galactose and sialic acid occurs on mammalian Notch, but not in Drosophila (Figure 1)
[30,35]. Notch ligands also have numerous EGF repeats in their ECDs which are modified
with O-fucose glycans, but the functional significance of ligand O-fucosylation is unclear
[36]. Similarly, addition of O-glucose occurs only at serine within the O-glucose consensus
sequence C1-X-S-X-P-C2 (C, cysteine; X, any amino acid; S, serine; P, proline) between the
first and the second cysteines conserved in EGF repeats [30,37]. O-glucose on the EGF
repeats of mammalian Notchl is elongated with two al,3-linked xyloses [30,31], but our
preliminary data suggest that O-glucose on Drosophila Notch may only be modified with a
single xylose (Rana and Haltiwanger, unpublished observation). In contrast, O-GIcNAc
seems to be a monosaccharide on the EGF repeats of Notch [32].

Most EGF repeats of Notch proteins contain consensus sequences for O-fucose and/or O-
glucose (Figure 2). Mutations in Notch-related glycosyltransferase genes lead to aberrant
Notch signaling, which clearly suggests that glycosylation is essential for Notch function.
Although many other proteins bear, or are predicted to bear, these modifications [17,37],
given the abundance of potential modification sites for these O-linked glycans on Notch and
the biological importance of the Notch pathway, the functional significance of these
modifications are predicted to be most evident in Notch. Although defects in the synthesis
and transport of nucleotide sugars required for synthesis of the glycans found on Notch (e.g.
GDP-fucose, UDP-GIcNAc, UDP-glucose, and UDP-xylose) also affect Notch signaling
[27,29,38-43] (see reviews by Liu et al. and Freeze & Sharma in this issue), this review will
focus on the Notch-related glycosyltransferases.

2.1. O-Fucosylation

Even though O-fucosylation plays important roles in Notch signaling, the molecular
mechanisms of Notch pathway regulation by O-linked fucose and its extended form are not
fully understood. In this section we will summarize our current knowledge obtained from
genetic and biochemical studies on the components of O-fucosylation machinery in mice
and Drosophila and then discuss the mechanism of Notch pathway regulation by O-
fucosylation.

2.1.1. Glycosyltransferases

Pofutl/Ofutl: Protein O-fucosyltransferase-1 (Pofutl in mammals and Ofutl in
Drosophila) transfers O-fucose to Ser/Thr in the O-fucose consensus sequence of the EGF
repeats (Figure 1). Pofutl was first identified through conventional molecular cloning after
biochemical purification of the enzymatic activity [44]. Ofutl/Pofutl is a soluble protein
retained in the ER by virtue of a C-terminal KDEL-like ER-retention sequence [39,45], and
it only adds fucose to properly folded EGF repeats [46]. Together with its ER localization,
the ability to distinguish folded from unfolded EGF repeats has led to the hypothesis that
Pofutl may play a role in quality control [45].

Pofutl knockout mice showed embryonic lethality with defects in somitogenesis,
vasculogenesis, cardiogenesis, and neurogenesis [47]. The phenotype of Pofutl™~ mice was
similar to that in mice in which all Notch signaling pathways are blocked by lacking core
components of Notch signaling (e.g. presenilins 1 and 2 [48,49] or RBP-Jk knockouts [50-
52]) and was more severe than that of mice lacking individual Notch receptors, suggesting
that Pofutl is required for proper function of all mammalian Notch receptors [47]. Similarly,
knocking down of Ofutl by RNAI in Drosophila revealed a cell-autonomous requirement of
Ofutl for Notch function in many cellular contexts [53]. A mutation in Drosophila Ofutl,
neurotic, was independently identified as a critical component for Notch activity [54].
Importantly, these studies consistently showed that Pofut1l/Ofutl is required for Notch
signaling in the signal-receiving cells. A spontaneous mouse mutation called “compact axial
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skeleton” (cax) in mice was recently demonstrated to be a hypomorphic Pofutl allele that
reduces its transcription and leads to decreased Notch signaling. cax mutant embryos show
defective anterior-posterior somite patterning and axial skeleton development with virtually
no defects in other Notch-regulated developmental processes, suggesting that the levels of
Pofutl required for proper Notch signaling depend on the cellular context, and that the
somite patterning is highly sensitive to reduced Pofutl levels [55].

Due to the essential nature of Pofutl for function of all Notch receptors, several groups have
taken advantage of knocking out Pofutl in a tissue specific fashion to evaluate the
significance of Notch signaling in specific contexts. Using conditional deletion of Pofutl in
mice, Pofutl was shown to be dispensable for early cell fate specifications or for formation
of the three germ layers [56], but indispensable for maintenance of enteric neural crest cells
[57]. Conditional deletion of Pofutl in the endoderm resulted in a lung phenotype similar to
that seen in the absence of secretory Clara cells [58]. These mutants also showed airways
populated by ciliated cells with an increase in neuroendocrine cells [58]. Intestine-specific
deletion of Pofutl resulted in a large increase in all intestinal secretory cell lineages,
accompanied by alteration of the mucus-associated flora, resulting in enterocolitis [59].
Together, these studies suggest significance of Notch signaling in adult tissues as well as
during development.

Fringe: Fringe was first described as a novel secreted protein required for wing formation in
Drosophila [60]. Panin and Irvine identified an elegant mechanism for restriction of Notch
activation to the dorsal/ventral boundary in the wing disc by demonstrating that Fringe
makes Notch more sensitive to Delta and less sensitive to Serrate [61]. This Fringe effect is
explained well by the fact that addition of GIcNAc to O-fucose by Fringe enhances Delta
binding to Notch and decreases Serrate binding to Notch [35].

Mammals have three Fringes: Lunatic, Manic, and Radical [62,63]. Elimination of Lunatic
Fringe in mice results in defects in somitogenesis, a Notch1-dependent event [64—66].
Consistent with this phenotype, a homozygous mutation in the Lunatic fringe gene was
reported in a patient with Spondylocostal Dysostosis type 3, resulting in severe defects in
vertebral segmentation [67]. Lunatic fringe plays an essential role in regulation of
somitogenesis, and has been proposed to be a part of the “segmentation clock” [68].
Individual elimination of Radical or Manic fringe in mice did not show any obvious
developmental phenotype [66,69].

A number of recent studies suggest more subtle roles for Fringes in regulating Notch in
tissue-specific contexts. Lunatic fringe functions to enhance Notch signaling in
myofibroblast precursor cells and is needed to coordinate differentiation and mobilization of
myofibroblasts required for alveolar separation [70]. Similarly, Lunatic fringe inhibits
angiogenic sprouting by modifying Notch activation in the retinal epithelium [71]. Distinct
functions of all three fringes have been shown in bile duct growth and remodeling after birth
[72]. The significance of Notch signaling has been well studied in the development of the
immune system [73-75]. Lunatic and Manic fringe are involved in T cell development
through regulating interactions between Notch1 on T cell progenitors and DII4 on thymic
epithelial cells [75]. Both fringes are also involved in B cell development in the spleen [75].
They modify Notch2 in marginal zone B cell progenitors, thereby enhancing the interaction
with DII1 on red pulp endothelial cells within the marginal zone [75]. The fact that Lunatic
and Manic Fringe double mutations show a much more severe defect in the process of
marginal zone B cell generation provides a specific function of Manic fringe [69,75]. Thus,
Fringe plays roles in modulating Notch function in a wide variety of contexts.
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Galactosyltransferase and Sialyltransferase: Fully extended O-fucose glycans on Notch
differ between Drosophila and mammals [30,35]. O-Fucose on Notch produced in
Drosophila S2 cells is elongated with a GIcNAc, while the O-fucose disaccharide is further
elongated with a galactose and a sialic acid in mammals, forming a tetrasaccharide. A novel
O-fucose trisaccharide (GlcA-B1,4(GIcNAc-B1,3)-Fuc) has been reported in total extracts of
Drosophila embryos, suggesting that a different type of elongation may occur on O-fucose
in flies, but this trisaccharide has not yet been detected on Notch [76].

Studies in Chinese hamster ovary (CHO) cells defective in addition of galactose revealed
that the minimum structure of O-fucose glycans that exhibits a Fringe effect on Jagged1-
induced Notch signaling is the trisaccharide, Galp1-4GlcNAcB1-3Fuc, and that out of six
known B4-Galactosyltransferases in CHO cells, B4-Galactosyltransferase-1 is required for
addition of Gal to the disaccharide, GIcNAcB1-3Fuc [77]. Subtle defects in Notch signaling
were observed during somitogenesis in embryos lacking the gene encoding p4-
Galactosyltransferase-1, consistent with a role for the trisaccharide in Fringe-mediated
modulation of Notch signaling [78].

The sialic acid can be linked either 02,3 or 2,6 to the galactose, and can be added by the
corresponding sialyltransferases [30,77,79]. Studies using Lec2 cells with defects in addition
of sialic acids (mutation in the transporter for CMP-sialic acids) demonstrated that the sialic
acid is not essential for Fringe to inhibit Jagged1-dependent Notch activation, suggesting
that the sialic acid is not necessary for Fringe to modulate Notch [77].

2.1.2. Molecular mechanisms for effects of O-fucosylation on Notch signaling

Models for O-fucosylation: Extensive research conducted by several groups has resulted in
several models describing how O-fucosylation regulates Notch activation. Three major
effects of O-fucose have been proposed: 1. Ofutl is a chaperone required for proper Notch
folding and O-fucose is required as a substrate for Fringe, 2. O-fucose is essential for ligand
binding/Notch function, and 3. Ofutl is required for proper Notch localization. Not all of
these functions are seen in all contexts, suggesting that some may be cell or species specific.
Data supporting each model is summarized below.

Data supporting an ER chaperone activity for Ofutl/Pofutl comes mainly from studies in
Drosophila [39,41,80]. An early observation in flies lacking Ofutl was the reduction in cell
surface expression of Notch [39,53]. Okajima and Irvine then demonstrated that cell surface
expression could be rescued by overexpression of an enzymatically inactive form of Ofutl
(Ofut1R245A) suggesting that O-fucosylation is not necessary for proper folding and cell
surface expression. This mutant form of Ofutl also rescued the Ofutl null Notch neurogenic
phenotype [39]. The phenotype of embryos lacking endogenous Ofutl but overexpressing
Ofut1R245A from a genomic transgene was similar with that of Fringe mutants, suggesting
that the major function of the O-fucose is to serve as a substrate for Fringe. This conclusion
was supported by studies with gmd mutants, which lack GDP-fucose (and thus all
fucosylation) [39,41]. Gmd mutants do not show a neurogenic Notch-phenotype but do show
a Fringe phenotype. Functional Notch was detected on the cell surface in these mutants.
Decreased cell-surface Notch has also been observed in somites in Pofut1 ™~ mice,
providing further support for this view [81]. These results suggest that O-fucose may only be
required for Notch signaling events that are regulated by Fringe and that Ofut/Pofutl has a
separate chaperone-like activity.

Data supporting a direct role for O-fucose in ligand binding comes mainly from in vitro
studies using mammalian cells. Although cell surface expression of Notch is unaffected in
CHO cells lacking GDP-fucose (Lec13), both ligand binding and Notch activation is
reduced, suggesting the importance of O-fucose for Notch function [27,77,82]. Similarly,
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embryonic stem cells lacking Pofutl show cell surface expression of Notch proteins at
similar levels with wild type [82]. However, ligand binding and activation of Notch was
severely compromised in these cells [82]. Interestingly, Notch activity was partially restored
by overexpression of an enzymatically inactive Pofutl (equivalent to the R245A mutant of
Ofutl) as well as an unrelated ER protein, a-glucosidase | [82]. These results suggest that O-
fucose is required for optimal ligand binding and Notch activation, and that the chaperone
activity is not specific for Pofutl, but that overexpression of other ER proteins has similar
effects.

Finally, several reports support a role for Ofutl in transport and localization of Notch in
Drosophila. As mentioned above, loss of Ofutl in flies results in decreased cell surface
expression of Notch [39,53]. Matsuno and coworkers showed that Ofutl interacts with the
Notch ECD and is required for the constitutive endocytic trafficking of Notch from the
plasma membrane to the early endosome independent of its O-fucosyltransferase activity
[80]. They also found Ofutl promoted turnover of Notch, thereby downregulating Notch
signaling [80]. They performed further dissection of roles of Ofutl for trafficking/
localization of Notch in Drosophila wing discs epithelial cells [83]. In their analyses, Notch
was delivered to the apical plasma membrane and adherence junctions independently of
Ofutl. However, transcytosis (re-localization step of Notch from the apical region of the
plasma membrane to subapical complex and adherence junctions) depended on O-
fucosylation of Notch by Ofutl. These results suggest a role for Ofutl in subcellular
trafficking of Notch.

Additional work needs to be done to resolve what appear to be inconsistencies between
these models. For instance, much of the data supporting the chaperone effect of Ofutl/
Pofutl relies on overexpression data. Further work needs to be done to resolve whether the
chaperone effect is specific for Ofutl/Potutl or just a general chaperone effect of
overexpressing proteins in the ER. Similarly, cell-type or species dependent differences
could be due to differences in expression patterns of chaperones in the ER of individual
cells. Finally, little or no biochemical evidence for how these manipulations (overexpression
or deletion of Ofutl/Pofutl) affect the carbohydrate modifications on Notch exists.

Models for how elongation of O-fucose by Fringe affects Notch activity: In vitro
reconstitution studies using purified components of Drosophila Notch signaling showed that
the addition of GIcNAc on O-fucose is sufficient to enhance Notch binding to the Delta
ligand and to inhibit Notch binding to the Serrate ligand [35]. Further addition of a galactose
did not affect Notch-ligand binding detectably in vitro. Thus, the effect of Fringe on Notch-
ligand binding is solely explained by addition of GICNACc in the fly system [35]. The data
obtained in mammalian system suggests a more complex situation partly due to the
increased number of Notch receptors, ligands, and Fringes [5]. Many groups have shown
that Fringe modifications alter binding between mammalian Notches and ligands [28,82],
but exceptions exist. For example, the Weinmaster group showed that Lunatic fringe does
not appear to inhibit binding of Jaggedl to Notchl, even though it inhibits Jagged1-
mediated Notchl signaling in cell-based assays [84,85]. Therefore, some details are still
unclear for how elongation of O-fucose by Fringe affects the interaction between Notch and
its ligands in mammals.

Molecular details for how Fringe-mediated elongation of O-fucose alters Notch-ligand
interactions are still sparse. Fringe modifies O-fucose on many EGF repeats of Notch
[35,86], but it is not clear whether all of these sites participate in effects on Notch-ligand
interactions. Using deletion mutants of Drosophila Notch, EGF repeats 11-12 were shown
to be necessary and sufficient for ligand binding [87]. Consistent with this notion, the
Hanford group showed that a fragment of human Notchl containing just EGF repeats 11-13
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expressed in bacteria is capable of physical interaction with DSL domains of ligands in vitro
[88,89]. Interestingly, they also showed that addition of EGF repeat 10 modulates ligand
binding [90]. The Irvine group showed that ligand binding is stronger when larger portions
of the Notch ECD are used [91]. Thus, EGF repeats 11-12 may be the essential core for
ligand binding, but many other EGF repeats may regulate ligand binding. The O-fucose at
the EGF repeat 12 is elongated by Fringe on both mouse Notchl and Drosophila Notch
[35,86]. Mutation of the O-fucose site of EGF12 decreases mouse Notchl activity in both
cell-based assays [92] and in mice [93]. Elimination of the O-fucose site in EGF repeat 12 of
Drosophila Notch led to a hyperactive response to Serrate even in the presence of Fringe in
overexpression studies, but did not affect the response to Delta [94]. Recent modeling
studies based on three dimensional structures of EGF repeats 11-13 of human Notchl and
the DSL-region of human Jagged1 showed that the O-fucose modification on EGF repeat 12
faces away from Jaggedl, suggesting that the effects of Fringe elongation at this site may be
indirect [89]. Mutations of O-fucose sites outside of the ligand binding region (e.g. on EGF
repeats 26 and 27, also Fringe targets) also affect Notch1 activation in cell-based assays,
suggesting that Fringe-modification of additional regions of the Notch ECD also participate
in the effects of Fringe [92]. Some regions of the Notch ECD are more flexible than others
[88,91]. Thus, Fringe modification may exert their effects on Notch-ligand interactions by
altering the overall structure of the Notch ECD [91,92].

2.2. O-Glucosylation

Our understanding of the biological importance of O-glucosylation has lagged behind that of
the O-fucosylation. O-Glucose glycans were initially reported on several blood coagulation
factors [95-97] and more recently on Notch [30]. The recent identification of Rumi as a
protein O-glucosyltransferase led to the demonstration that O-glucose modifications are also
essential for Notch function [98].

2.2.1. Glycosyltransferases

Rumi (Protein O-glucosyltransferase: Poglut): The gene encoding the enzyme responsible
for addition of O-glucose to EGF repeats (protein O-glucosyltransferase, Poglut, Figure 1)
was identified in a mutant screen to identify novel genes that affect adult bristle
development (a Notch dependent process) in Drosophila [98]. One of the complementation
groups, called rumi, showed severe defects in formation of bristle in clones that had been
raised at 25°C, but not at 18°C. The gene responsible for this temperature-sensitivity
encoded a protein with a predicted signal peptide, a CAP10 domain, and a C-terminal KDEL
ER-recycling signal. CAP proteins are involved in the formation of a capsule consisting of
sugar polymers in Cryptococcus neoformans, suggesting that rumi may encode a
glycosyltransferase [99,100]. Indeed, Rumi showed the Poglut activity in vitro. These results
demonstrated that Rumi is a Poglut, and that mutations in rumi result in temperature
sensitive, Notch-like phenotypes in flies.

Xylosyltransferases: Xylosyltransferases elongate O-glucose to the mature trisaccharide
(Figure 1). Two distinct mammalian genes (GXYLT1 and GXYLT2) encoding the first
xylosyltransferase were recently identified based on homology with UDP-glucose:
glycoprotein a3-glucosyltransferase [101]. Both catalyze addition of an a1,3-linked xylose
to O-glucose, but not to xylose. The second xylosyltransferase has not yet been identified.
The functional importance of elongation with xyloses on O-glucose of Notch remains to be
elucidated.

2.2.2. Molecular mechanisms for effects of O-glucosylation on Notch
signaling—Little is known about the molecular mechanisms by which Rumi affects Notch
activity. Although rumi mutants show accumulation of Notch inside cells, Notch also
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accumulates on the cell surface [98], suggesting an effect of Rumi on trafficking and/or
stability of Notch. However, the presence of Notch on the surface of the rumi mutant cells
suggests that there is no defect in the cell surface expression of Notch at the restrictive
temperature [98]. The rumi’® allele results from a single point mutation (G189E), resulting
in a temperature-sensitive loss of Notch activity similar to that seen in rumi alleles where
Rumi expression is totally lost. Rumi-G189E is expressed at normal levels in rumi’® flies,
suggesting that G189E mutation does not impair Rumi expression or stability [98], but
Rumi-G189E has no Poglut activity [98]. The data indicate that addition of O-glucose is
essential for Notch activity at high temperatures, and that preventing the addition of O-
glucose to Notch results in temperature sensitive Notch phenotypes. These data do not
support a chaperone-like role for Rumi, unlike that reported for Ofutl. Since temperature
sensitivity is generally associated with changes in the protein structure, the O-glucose
glycans may hold the ECD of Notch in a stable conformation essential for proper function at
higher temperature (Figure 3). Preliminary data suggests that reduction in O-glucose on
Notch does not affect binding to Delta in cell-based assays but does affect S2-mediated
cleavage of Notch in Drosophila wing discs [98]. Thus, the O-glucose may function in
maintaining a proper conformation of Notch to allow ligand binding to lead to proteolysis
(Figure 3).

Much work remains to be done on the function of O-glucosylation. A mammalian Rumi
homologue has been identified as an active Poglut (Takeuchi, Fernandez-Valdivia, Jafar-
Nejad, and Haltiwanger, manuscript in preparation). The O-glucose consensus sites are well
conserved in all four Notch receptors in mammals (Figure 2) [4]. Future studies will focus
on whether and how mammalian Rumi regulates Notch signaling through modifying all four
Notch receptors.

2.3. Other types of glycosylation of Notch

Notch proteins contain multiple consensus sequences for N-linked glycans, but studies in
CHO cell glycosylation mutants suggest that alterations in N-glycans have no effect on
Notch activity [27,77]. Drosophila Notch was recently reported to be modified with O-
GIcNACc on several EGF repeats [32]. O-GIcNAc has previously only been found on nuclear
and cytoplasmic proteins [102]. Comparison of the sites of O-GIcNAc modification revealed
that the Ser/Thr modified with O-GIcNAc is located between the fifth and sixth cysteines in
the EGF repeats (Figure 1). It will be interesting to see how the O-GlcNAc modification
affects Notch function.

3. Conclusions

Evidence for the importance of carbohydrate modifications on Notch for signaling is largely
based on genetic studies. While unidentified sugars may yet exist on Notch, most of the
genes encoding the enzymes responsible for the synthesis of the known structures have been
identified. The potential sites for O-fucosylation and O-glucosylation on the ECD of Notch
are well conserved among species (Figure 2), suggesting a distinct pattern of each
modification on the entire ECD of Notch. Such conservation suggests that this pattern of
modifications will play an important role in Notch function.

A full understanding of how these carbohydrates affect Notch function requires structural
analysis. Methods need to be developed to examine how these carbohydrate structures
change temporally and spatially in various tissues and throughout development. This is one
of the ultimate goals of Glycobiology. Although initial models of Notch-ligand interactions
exist [89], these involve small regions of the Notch ECD. Future studies need to examine the
structure of the entire ECD and determine how carbohydrate modifications alter this
structure. Finally, a great deal is still unknown regarding the specific details of how these
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sugar modifications affect specificity between the four mammalian Notch isoforms and five
ligands. For a better understanding of how the sugars affect Notch function such as ligand
binding and the subsequent activation, a great deal of rigorous biochemical and structural
analysis is required.
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Figure 1. O-Glycosylation of EGF repeats

Upper panel shows a single EGF repeat with the sites for addition of O-fucose, O-glucose,
and O-GIcNAc. O-Fucose is attached to Ser/Thr in C2XXXX(S/T)C3 (red). O-Glucose is
attached to Ser in CIXSXPC2 (blue). O-GIcNAc is attached to Ser/Thr between the fifth and
sixth cysteines (green). Note that the consensus sequence of O-GIcNAc modification has not
yet been proposed. Conserved cysteines are shown in light green. Disulfide bonds are shown
by pink bars. Lower panel shows fully extended structures of O-fucose, O-glucose, and O-
GIcNACc glycans and the glycosyltransferases responsible for their syntheses. Fucose (red
triangle), GIcNAc (blue square), Galactose (yellow circle), Sialic acid (purple diamond),
Glucose (blue circle), and Xylose (orange star). O-Fucose on Drosophila Notch has only
been found as a disaccharide to date [35]. Xylosyltransferase(s) which adds a terminal
xylose on O-glucose has not been cloned yet. GIcNAc-transferase(s) responsible for O-
GIcNAc modfification of EGF repeats has not been cloned yet [32].

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Takeuchi and Haltiwanger Page 17

Mouse Notch4 GG(0000000009-6-}0---00 ¢:008-0. 0000 | | -

. : O-fucose . :O-glucose . : O-fucose and O-glucose

Figure 2. Potential O-fucose and O-glucose modification sites in the ECDs of Notch receptors
This is an updated version of the previously reported figure in [30] with current consensus
sequences for O-fucose and O-glucose. Drosophila Notch (Swiss Prot #P07207), mouse
Notchl (Q01705), mouse Notch2 (035516), mouse Notch3 (Q61982), and mouse Notch4
(P31695) are aligned based on homology between EGF repeats. Red ovals show EGF
repeats with the O-fucose consensus sequence. Blue ovals show EGF repeats with the O-
glucose consensus sequence. Blue and red shaded ovals show EGF repeats with both O-
fucose and O-glucose consensus sequences. Open rectangles show Lin-12/Notch repeats. A
black bar shows an essential domain for ligand binding.
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Figure 3. S2 cleavage defect in Drosophila rumi mutants

rumi shows a temperature-sensitive defect in Notch signaling. Preliminary data suggests that
O-glucose does not affect cell-surface presentation of Notch or ligand binding, but does
affect the S2 cleavage of Notch at high temperatures [98]. Thus, O-glucose may function to
hold the Notch ECD in a conformation required to link ligand binding to the conformational
changes necessary for S2 cleavage.
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