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Abstract

Glycosylation, or the addition of sugars to proteins, is a highly conserved protein modification
defined by both the monosaccharide initially attached to the protein as well as the amino acid to
which it is attached. O-linked glycosylation represents a diverse group of protein modifications
occurring on the hydroxyl groups of serine and/or threonine residues. O-glycosylation can have
wide-ranging effects on protein stability and function, which translate into crucial consequences at
the organismal level. This review will summarize structural and biological insights into the major
O-glycans formed within the secretory apparatus (O-GalNAc, O-Man, O-Fuc, O-Glc and
extracellular O-GIcNACc) from studies in the fruit fly Drosophila melanogaster. Drosophila has
many advantages for investigating these complex modifications, boasting reduced functional
redundancy within gene families, reduced length/complexity of glycan chains and sophisticated
genetic tools. Gaining an understanding of the normal cellular and developmental roles of these
conserved modifications in Drosophila will provide insight into how changes in O-glycans are
involved in human disease and disease susceptibilities.
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Major O-linked glycans in Drosophila

While the major types of O-glycans and the enzymes that generate them are conserved
between Drosophilaand mammals, the length and complexity (glycan composition and
branching) tend to be reduced in Drosophila. A seminal study by the Tiemeyer lab
characterized the major O-glycans (excluding glycosaminoglycans) present during
Drosophila embryogenesis and in a developing organ [1]. Detailed mass spectrometric
analysis characterized the predominant O-glycans to be the core 1 disaccharide
(Galp1,3GalNAc); the core 1 disaccharide modified with glucuronic acid (GIcA); a HexNAc
monosaccharide (GalNAc or GIcNAc); and a fucose-based trisaccharide, all of which
together constituted as much as 96% of the total O-glycans (Fig. 1). This study highlighted
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both structural similarities between Drosophila and mammalian O-glycans, as well as unique
differences, including reduced glycan chain length and the use of GIcA in flies in place of
sialic acid (found abundantly in mammals). Moreover, some glycan structures found
suggested unique biological functions based on when and where they were present.

O-GalNAc

0O-GalNAc (mucin-type O-glycosylation) is the major type of glycosylation found in the
Drosophila embryo and one of the more abundant types of O-glycosylation within both
mammals and Drosophila. (Other major O-glycans, such as O-linked xylose-derived
glycans, which form the basis of diverse glycosaminoglycans, and cytoplasmic/nuclear O-
GIcNAc will be covered in separate sections). While O-GalNAc is well-documented on
mucins (conferring their unique structural and rheological properties), this protein
modification has also been found on diverse secreted and membrane-bound proteins in
Drosophila (and mammals) [2], indicating its potentially broad and complex influence over
many cellular processes.

The initial addition of GalNAc through an a. O-glycosidic linkage to the hydroxyl group of
serine or threonine is catalyzed by a large family of evolutionarily-conserved enzymes
known as the UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases (ppGalNAc-Ts
or GalNAc-Ts in mammals; PGANTS in Drosophila;, EC 2.4.1.41) (Fig. 1). There are 20
family members in humans, 19 in mice and 10 in Drosophila, all of which are type Il
transmembrane proteins that reside in the Golgi apparatus. Many family members display
unique spatial and temporal expression during Drosophila (and mammalian) development
[3,4]. Moreover, certain family members exhibit unique substrate preferences that are
dictated by 2 separate domains within these enzymes; a catalytic domain (consisting of a
glycosyltransferase domain in which the active site lies) and a ricin-like lectin domain.
Structural details of how these 2 domains coordinate the recognition and binding of
substrates as well as the hierarchical addition of glycans, are discussed in another section
(Polypeptide GalNAc-Ts: from redundancy to specificity).

The biological roles of O-GalNAc glycans have been challenging to decipher given the
degree of redundancy built into the first committed step of biosynthesis as well as the
hundreds of potential substrates that could be simultaneously affected. However, studies
from Drosophila have demonstrated that at least 5 family members of the pgant family are
essential for viability or influence viability [5-9]. Genetic ablation of individual pgants has
demonstrated roles in the production, packaging and secretion of extracellular matrix
components, resulting in defects in epithelial cell polarity [6,8]; loss of cell adhesion
[10,11]; and changes in the progenitor cell niche, leading to aberrant cell proliferation [12].
Mechanistically, one family member (PGANTA4) has been shown to influence secretion/
secretory granule formation by glycosylating a conserved cargo receptor (Tangol) and
protecting it from proteolysis [13]. This protective role of O-GalNAc is similar to that seen
in mammals, where GALNTS3 glycosylates the phosphaturic hormone FGF23, protecting it
from proteolysis [14]. More recently, evidence has emerged that O-glycosylation of
secretory proteins (cargo) is required for proper secretory granule morphology [15]. This
study also demonstrates evidence for differential splicing of functional domains within these
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glycosyltransferases to alter substrate specificity [15], suggesting an even greater repertoire
of enzymes catalyzing the initial transfer of O-linked GalNAc than the gene number would
suggest. Given the complexity of the many enzymes involved in O-GalNAc addition,
combined with the enormous number of potential substrates, studies in this tractable model
system will be crucial to gain a fundamental understanding of the roles of this protein
modification in vivo.

After the initial addition of GalNAc, the predominant modification involves the additional of
Gal in a p1,3 linkage by another family of enzymes known as the core 1
galactosyltransferases (C1GalTs) (Fig. 1). While only 1 C1GalT exists in mammals
(C1GalT1 or T-synthase), as many as 9 potential members exist in Drosophila [16],
suggesting additional functional redundancy exists within this family as well. Genetic
studies ablating 1 family member (C1GalT1) resulted in neurological phenotypes, including
elongated ventral nerve cords and distorted brain hemispheres [17,18] (Table I). While
substrates were not identified, there was evidence of disruptions in the extracellular matrix
normally present in the nervous system.

The addition of an O-linked mannose to the hydroxyl group of serines or threonines in
Drosophilais catalyzed by 2 protein O-mannosyltransferases known as dPOMT1 and
dPOMT2, encoded by the genes rotated abdomen (77 and twisted (fw) respectively [19-21]
(Fig. 1). These enzymes are transmembrane proteins that reside in the ER and are highly
homologous to the mammalian orthologs responsible for O-mannosylation [19]. Both genes
are required for O-mannosylation in vitro and in vivo, suggesting that they function in a
heteromeric complex within the ER [19]. Interestingly, while mammalian O-mannose is
usually extended by the addition of other sugars, Drosophila O-mannose exists on proteins
as a monosaccharide [1].

O-mannosylation is essential for viability in Drosophila (Table 1) as loss of both rt and tw
simultaneously is lethal [19]. Loss of either gene results in a decrease in viability and
surviving adults display a 90° clockwise rotation of their abdominal segments [19-22]. More
detailed characterization shows defects in muscle attachment and architecture [23,24], as
well as alterations in the neuromuscular junction [25]. Unlike O-GalNAc glycosylation, only
a small number of targets have been identified for O-mannose glycosylation, the primary one
being the transmembrane protein dystroglycan (Dg) [23], which is part of the dystrophin-
glycoprotein complex (DGC) that has been shown to be required for the proper linkage of
the extracellular matrix to the inner cytoskeleton of the cell. Defects in components of the
DGC and the enzymes that modify it (including human POMT1 and POMT2) are known to
be responsible for human muscular dystrophies [26], which are also characterized by muscle
and neurological phenotypes similar to those seen in Drosophifa. Additional recent work in
Drosophila has suggested a role for rt and tw within the sensory neurons during early
development to establish proper muscle contractions and body posture [27]. Interestingly,
these phenotypes are not mimicked by loss of Dg, suggesting that other biologically
important targets for O-mannosylation that coordinate muscle contraction and nervous
system feedback remain to be discovered [27].
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Notch signaling is an essential, conserved pathway that controls cell-cell communication and
cell fate decisions during animal development and a number of types of glycosylation have
been found to regulate it, including O-linked fucose [28]. The Notch receptor, a
transmembrane protein on the surface of cells, binds to ligands (Delta or Serrate) and then
undergoes a coordinated series of proteolytic cleavages leading to the release of its
intracellular domain, which can then travel to the nucleus and regulate the transcriptional
activity of many genes [28]. Thus, factors that regulate Notch receptor or ligand synthesis,
stability, trafficking, interactions or the downstream cleavage events can have profound
effects on tissue homeostasis and development. Interestingly, both Notch signaling and the
glycosyltransferases that modulate it were first discovered in Drosophila.

The addition of O-linked fucose to serine or threonine within the EGF repeats of Notch or its
ligands occurs through the action of the O-fucosyltransferase Ofutl (Pofutl in mammals)
[29,30](Fig. 1). Ofutl (encoded by the Ofutl gene) is a soluble ER-localized enzyme that
recognizes the consensus sequence C2-X-X-X-X-T/S-C3. The addition of fucose by Ofut1 is
thought to regulate Notch signaling by affecting ligand binding [31]. Loss of Ofutl resulted
in lethality during development and phenotypes indicative of loss of Notch signaling (Table
1). Additionally, there is also evidence in Drosophila suggesting a role for Ofutl as a
chaperone independent of its enzymatic activity [32,33]. However, a non-enzymatic role for
the mammalian Pofutl has not been found [28]. The O-fucose is further elaborated by the
addition of GIcNAc by the Golgi-localized 1,3 N-acetylglucosaminyltransferase known as
Fringe. The fng gene was the first example of a genetically well-characterized modulator of
Notch signaling that was found to encode a glycosyltransferase [34,35]. Fringe-mediated
elongation of O-fucose influences Notch signaling by enhancing the binding of one ligand
(Delta) while inhibiting the binding of another (Serrate) [31,36-39].

Another O-fucosyltransferase, known as Ofut2, exists in Drosophila and adds fucose to
thrombospondin type 1 repeats, which are found in many transmembrane and secreted
proteins [40] (Fig. 1). Its function in vivo in Drosgphila is currently unknown.

Work in Drosophila identified another glycosyltransferase Rumi (a member of the GT90
family) that also modifies the extracellular region of Notch to regulate signaling. The gene
rumi encodes an ER-localized, soluble O-glucosyltransferase (Poglutl in mammals) that
adds O-linked glucose (Glc) to serine residues within the consensus sequence C1-X-S-X-
P/A-C2 of the EGF repeats (Fig. 1). rumi was identified in a screen for regulators of sensory
organ development. Mutations in rumi resulted in decreased glucosylation of Notch and a
reduction in Notch signaling [41]. Upon loss of rumi, Notch accumulated intracellularly and
also failed to undergo proper cleavage at the cell membrane after ligand binding [41].
Studies in Drosophila have suggested that the loss of Rumi influences Notch folding/
conformation, thus affecting its ability to undergo regulated cleavage after ligand binding.
Additional work in Drosgphila suggests that O-glucosylation by Rumi is also required for
proper folding and stability of a secreted protein (Eyes shut) that is involved in proper
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photoreceptor organization in the eye [42]. Structural and biochemical studies of Poglutl
and mammalian EGF repeats further support a role for O-Glc glycans in the stabilization of
EGF repeats to allow proper folding [43].

O-Glc can be further modified by the addition of xylose in an a linkage, through the action
of the glucoside xylosyltransferase Shams (GXYLT1/2 in mammals) (Fig. 1). shams mutants
have phenotypes indicative of Notch gain-of-function phenotypes, suggesting that xylose
attached to glucose on Notch negatively regulates Notch signaling. Experimental evidence
suggests that xylose may alter the cell surface expression of Notch in certain tissues [44].
However, in other instances Shams appears to affect the ability of Notch to bind Delta
expressed on a neighboring cell (trans-Delta ligands) while not affecting its binding to
ligands expressed from the Notch-expressing cell (cis-ligands). These studies suggest that
the addition of xylose to the O-Glc on Notch regulates the balance of Notch activation
occurring by trans-ligands relative to its inhibition by cis-ligands [45]. The mechanism
whereby xylose on Notch would differentially affect binding to Delta in trans versus cis is
currently unknown.

Finally, a second xylose can be added to Xyla.1,3Glc present on EGF repeats through the
action of a xyloside xylosyltransferase encoded by the Xxylt gene (CG11388) in Drosophila
(XXYLT1 in mammals) [46] (Fig. 1). Loss of this gene results in phenotypes only when
combined with other genetic modifiers of Notch signaling, suggesting that it functions
primarily in fine-tuning this signaling pathway.

(extracellular)

While the presence of O-linked GIcNAc is well-established on nuclear, cytoplasmic and
mitochondrial proteins, the addition of an O-linked GIcNAc to secreted and membrane
proteins is a more recent discovery. EOGT (encoded by the gene Eogt) is a soluble ER-
resident glycosyltransferase that transfers GICNAC to serine or threonine within the
consensus sequence Cg-X-X-G-X-T/S-G-X-X-Cg in EGF repeating domains of a number of
proteins [47-49]) (Fig. 1). Loss of Eogt throughout the animal results in larval lethality,
while tissue-specific loss within the wing causes wing blisters [49]. One of the major
proteins glycosylated by EOGT is Dumpy (Dp), a large apically localized membrane-
anchored protein that is involved in the maintenance of cell-extracellular matrix interactions
(Table I). Additionally, O-GIcNAc has been found in the EGF repeats of Notch and the
Notch ligands, Delta and Serrate [48]. Genetic interaction studies revealed that the loss of
Eogt could be partially rescued by loss of one allele of Notch or its ligands [48], suggesting
that Eogt may be involved in downregulating Notch signaling. Additionally, genetic
interactions were also noted between Eogt and genes involved in pyrimidine metabolism.
The details of how levels of EOGT and Notch may be connected to uracil production remain
to be elucidated but suggest that this enzyme may serve to modulate levels of nucleotide
sugars within the ER.
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Future outlook

Alterations in O-linked glycosylation are associated with many human diseases and
syndromes, highlighting their importance in biomedicine. However, a fundamental
understanding of how these conserved protein modifications affect protein structure, stability
and/or function, combined with insight into how these alterations in protein function
translate into cellular and organismal phenotypes is essential for developing well-informed,
effective strategies for disease diagnosis and treatment. To that end, the sophisticated genetic
and molecular tools unique to Drosophila have both identified previously unknown O-
glycans and accelerated our understanding of their complex and diverse functions. Future
work in this model organism will continue to provide essential mechanistic insights into the
biological roles of these conserved protein modifications.
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Abbreviations

The abbreviations used are:

ppGalNAc-T or GalNAc-T or PGANT
UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase

Man
mannose

Fuc
fucose

Glc
glucose

GalNAc
N-acetylgalactosamine

Gal
galactose

GIcNAC
N-acetylglucosamine

GlcA
glucuronic acid
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Figure 1.
Major O-glycans present in Drosophila melanogaster. The major O-glycans present in

Drosophila melanogaster and the enzymes that catalyze their formation are shown. Symbols
denoting each saccharide are shown in the legend. * denotes enzymes that are currently
unknown/unconfirmed in this pathway. S, serine; T, threonine.

Curr Opin Struct Biol. Author manuscript; available in PMC 2020 June 01.



Page 11

Zhang and Ten Hagen

900z “[e18 on S|189 ZS Ul AJIAIIOR asela)sue|Asoany-Q J14199ds ¥S | pasesldsp- suoifal YS1 uo |/S-O-Pan4 N0 2injo
¥10g “|e 18 uogan
€002 “'[e 19 B13110D Juawdoanap aha ui s10848p- syeadal abuL bu
8667 '10Yd pue oyd uopjew.oy Buim ul s108)ep- | 493 U0 1/S-O-PINJE'TYOVNIID He 4
¥66T ‘SNRYISAIAN pUe SUIAI| suonaeiaul puebi|-yaoN Bunenbal Aq Buieubis yoloN ul suolrelslfe-
8002 '[e 19 ewileO suoisny Juawbas Ba| ‘sa1eeyd0ioeW [e1oU [euonIppe ‘saka ybnos ‘suten Buim
500z “'e 18 ewifex0 pauaxa1y) ‘anssii Buim Jo ssoj 03 Buipes| Buljeubis YaloN ul uononpai- sieadal 493 Uo 1/S-O-pan4 TINO injo
200z ‘aulAl] pue ewilex)o Juswdojanap Buiinp feyisl-
X31LI0A Xeloy) pue s1aisi|q Buim-
€102 ““[e 18 Ja|INN ABojoydiow [eayoesy sejnBiaill pue s199)ap 8jolnd- | sreadal 493 Uo 1/SO-JOVNIID 1903 1607
TTOZ “'[e 10 lueprexes juawdojanap [ease] Bulinp feyis|-
8T0Z “[e 10 JoXeg u0Is10} 0AIQUIa pue SUOIIIBIIUOI BjoSNW
010z "I 10 ewehan JewJouge 03} Bulpes| suoinau AI0SUSS JO SUOIIIBUUOI [BUOXE [ellioude-
/002" |e 19 SaureH sanijige Buiquinfo pue Bulkjy pasessdsp- )
9002 “"[e 18 UljeA] S10949p [eluawdolanap ajasnu- LISO-PUEN ¢LiNOdp (m3) pansimi
002 *"Ie 19 eAlwiyo| SluaWBas [euILLOPe aY} JO UOIIRI0J SSIMYI0]-
966T ‘Opl||9g-eI2Jes) pue 0due|g-UlleN Juswdojansp Burnp [eyis|-1was-
8T0¢ “le 18 Jaxeq
0T0Z ““[e 10 eweAsn UoIS10} 0AIQWIa PUE SUOIIIRIIUOI BJISNW
8002 “'[e 18 Jexirepp [ewJouge 03 Buipes] suoinau AI0SUaS JO SUOIIIBUUOI [BUOXE [BULIOUde-
1002Z""[e 18 sauleH sanjige Buiquind pue BulA)y pasealdsp- 1/S-O-PuUeN TLNOdP (1) uswopge pareios
9002 “'[e 18 uIjeA] uolissiwsue. ondeuAs jewsoude ‘s)oajep [eyuswdojanap ajasnw-
%002 “'Ie 19 eAlwiyo| Sjuawbas [eulOpge 8y} JO UOIIBI0J BSIMYI0]-
966T ‘Opl||og-e1aJes) pue odue|g-ullie|n wawdojanap Bunnp [eyia|-1was-
8002 "[e 18 BPIYSOA saJaydsiway ureiq pauolsIp- ) .
8002 “[e 18 U P09 BAJ3U [e13UBA PayeBuOle- 1/S-O-PIVNI[EDETYIED VLIEDTD vL/E9TO
sajnuelf A1018199s
8T0Z “'[e 19 BJRWES pUE If 10 ABojoydiow [ewlouge sasned (961 NVOd) JueLreA ad1ds auo Jo Ssoj- 1/SO-PIVYNIeD 6.LNVSOd 6luvbd
2102 “[e 18 el awdojanap Bunnp [eyia)-1was-
1002 ‘uabeH ual pue uer| walsAs Aloedidsal ul Jatireq uoisnyip pue Airejod |199 Jo Sso|-
2002 “'[e 18 Y2uaImyds wiaisAs Asoresidsal o1uoAiquia Jo uolewloy ejnbal 1/SO-PIVYNIeD VSELINVYOd veeiuebd
200z ‘uel] pue uabeH ua] Juswdojanap Burinp feyisl-
2702 "B 38 UedL juswdojansp Bulnp eyis|- 1/SO-PIV¥N[eD LINVOd Luebd
uonedlIpIoe N6 J0 SSo)- )
2102 “le 18 ueiL Juswdojanap Burnp [eyis)- L/SO-PIVNIED SINVOd guebd
¥10Z “"[e 10 Bueyz WaISAS aAnSabIp Ul $19919p UOI8I8S pue $8]01SaA A10}3108S JO SSO|- }
2102 “[e 18 uel| juawdojanap Buunp Jeyls|- L/SO-PIVNIED VINVOd riuebd
010z “"[e 18 Bueyz s191s11g Buim Ui Bunnsas uoisaype |32 pajelpaw-urbajul Jo sso|- }
8002 “"e 10 Bueyz sjusuodwiod DT O UOIBIIaS pasealosp- L/SO-PIVNIED ELNVOd gwebd
ERIIEETEN sadAjouayd jueinip pauLIoy uedA|9 awAzu3z/uigl04d EIEL)

gl1ydosoid Ui sIsayiuAsolq ueak|B-O ul panjoaul sawAzua ayy Buipodus sauab Jo umopxo0uy Jo uoieInw Yyum pajeloosse sadAjouayd [eyuswdoljanaq

Author Manuscript

‘I 819eL

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Struct Biol. Author manuscript; available in PMC 2020 June 01.



Page 12

Zhang and Ten Hagen

B et oo 6 b Ajuo Buifeud 6 steadal 493 A %
STOC ‘PefoN-Iejer pue wojjeH spunoifxoeq onaush paziisuas ul Ajuo Buieubis yaoN ur sabueyd- U0 S-O-501OE TOIAXE TDIAX NAXX xx
€10C "[e1e 897
/T0Z “[e18 997 Juswdojansp a[IsIIg peay pue UoIew.oy UIsn sjeadal swe Swels
€102 “"[e 18 997 Buim [ewlouge o3 Buipes| Buifeudis yoloN pareIpawi-eaQ Ul aseasdul- 493 U0 S-O-Y2IDE'TPIAX us g
adAouayd juswyoene asswopgeys yuenauad Ajybiy-
¥10Z “"[e 18 WoyeH swdojanap Ha| pue aAs ‘Buim ul s}084ap sjeadal 493 U0 S-O-99|19 wny wni
8002 “"[e 10 Jeay ‘sa[Isiiq Jo sso| 01 Buipea] Buieubis pue Buipjoy YoloN Ul S108)9p-
ERITEI ETEN| sadAjouayd ueinin pawLIoy uedA|D awAzu3z/uisload EIELS)

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Struct Biol. Author manuscript; available in PMC 2020 June 01.



	Abstract
	Major O-linked glycans in Drosophila
	O-GalNAc
	O-Man
	O-Fuc
	O-Glc
	O-GlcNAc (extracellular)
	Future outlook
	References
	Figure 1.
	Table I.

