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Fig. 4. Possible defects of O-mannosylglycosylation of «-dystroglycan in muscular dystrophy.
Mutations in POMGnTI, POMTI, fukutin, FKRP and LARGE (large) canse defects in the gly-
cosylation of a-dystroglycan resulting in rouscular dystrophy. The substrates of these putative
enzymes, with the exception of POMGnT1 and POMTI, are largely unknown. It is unclear
whether other as yet uncharacterized forms of muscular dystrophy are caused by defects in
galactosyltransferases (GalT) and sialyltransferases (SiaT).

ment in both vertebrates and invertebrates.
Fukuyama-type congenital muscular dystro-
phy (FCMD). Like MEB and WWS, FCMD is an auto-
somal recessive disorder that is characterized by con-
genital muscular dystrophy, lissencephaly, and eye
anomalies and FCMD is a relatively common autosomal
recessive disorder in the Japanese population.” 1t is the
second most common form of childhood muscular dys-
trophy in Japan after Duchenne muscular dystrophy.
Based on an average incidence of 3 per 100,000 popula-
tion, one in ~90 persons could be a heterozygous carrier
in Japan. Kobayashi et al.™ identified a gene on chro-
mosome 931 that is responsible for FCMD. The gene
encodes a novel 461 amino acid protein of unknown
function. The protein, named fukutin because of its
association with FCMD, has an N-terminal hydrophobic
region which would be a signal sequence or a trans-
membrane domain. A sequence analysis predicts that it
could be an enzyme involved in glycosylation.m
Consistent with this finding, highly glycosylated o-dys-
troglycan was selectively deficient in the skeletal muscle
of FCMD patients.”™ Recently, Takeda et al.”” generated
chimeric mice using embryonic stem celis in which the
Jukutin gene was targeted for disruption. These mice
developed severe muscular dystrophy, with a selective
deficiency of a-dystroglycan and its laminin-binding
activity. These mice also had central nervous and ocular
abnormalities. Taken together, these results indicate

that fukutin is necessary for the maintenance of muscle
integrity, cortical histogenesis, and normal ocular
development, and suggest a functional linkage between
fukutin and a-dystroglycan.

Congenital muscular dystrophy type 1C
(MDC1C) and limb-girdle muscular dystrophy 21
(LGMBD21). Defective glycosylation of a-dystroglycan
has also been implicated in congenital muscular dystro-
phy type 1C (MDC1C), which is caused by a homologue
of fukutin (fukutin-related protein, FKRP).* MDCLC is
characterized by severe muscle weakness and degener-
ation, and cardiomyopathy. Mental retardation and
cerebellar cysts have been observed in some cases.
Allelic mutations in the FKRP gene also cause a milder
and more common form of muscular dystrophy called
limb-girdle muscular dystrophy 21 (LGMD2I: OMIM
607155), which is frequently associated with cardiomy-
opathy and shows variable onsets ranging from adoles-
cence to adulthood.™ Patients with the mutations in the
FKRP gene invariably exhibit a reduced expression of a-
dystroglycan, which is strongly correlated with disease
severity. A western blot analysis showed an apparent loss
of higher molecular weight forms of a-dystroglycan.
Although the function of FKRP is unknown, it has been
suggested that FKRP is involved in the glycosylation of
o-dystroglycan as a glycosyltransferase or a kind of
modulator. Because FKRP and fukutin are thought to be
Golgi-resident proteins,™ it is possible that defects of
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these proteins cause abnormal processing of a-dystro-
glycan.

Congenital muscular dystrophy type 1D
(MDC1D) and the myodystrophy (myd) mouse.
The gene large, which is mutated in the myodystrophy
(myd) mouse, encodes a putative glycosyltrans-
ferase."™ However, its biochemical activity has not been
confirmed. The causative mutation in myd was identified
as a deletion of exons 5-7 of the large gene. This deletion
results in a frameshift in the corresponding mRNA,
leading to a premature termination codon. The myd
mouse shows a progressive muscular dystrophy, ocular
defects, and a central nervous system phenotype char-
acterized by abnormal neuronal migration in the cerebral
cortex, cerebellum, and hippocampus, and disruption of
the basal lamina.””* The myd mouse, like MEB and
FCMD patients, showed hypoglycosylation of e-dystro-
glycan in muscle and brain. The human homologue of the
large gene (LARGE) may be involved in novel forms of
muscular dystrophy. A recent study™ described a
patient with congenital muscular dystrophy, profound
mental retardation, white matter changes, and subtle
structural abnormalities in the brain and a reduction of
immunolabelling of a-dystroglycan. This type of muscu-
lar dystrophy was named as MDCI1D. The patient was
found to have a missense mutation and a 1bp insertion in
the LARGE gene.

Perspectives. Unlike proteins and nucleic acids,
which are linear molecules, sugar chains form branching,
and positional and anomeric isomers, indicating the
occurrence of a remarkable number of structures with a
small number of units. Such complexity has made their
structural analysis difficult and has obscured their
functions for a long time. However, newly developed and
sensitive methods to elucidate the structures and func-
tions of the sugar chains have made it possible to pre-
cisely determine small amounts of sugar chains. Such
studies have shown that glycans are highly abundant and
exhibit diverse structures, with widely varying functions.
Newly available genetic approaches accelerate discover-
ies of these functions. Furthermore, many examples of
genetic alterations in glycan structures and expression
have been found in humans, and have provided many
clues to glycan functions. In the future, progress in
understanding glycan functions will continue to rely on
glycan structural analyses based on mutational analyses.
Because the amount of material is often limited, it is
essential to develop more sensitive methods for analyzing
the structures of the sugar chains.

O-Mannosylation is an unusual type of protein
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modification and is present in a limited number of gly-
coproteins of brain, nerve, and skeletal muscle. O-
Mannosyl glycans play critical roles in the following
example. Hypoglycosylated a-dystroglycan, which is
probably caused by a defect of O-mannosylation, has
greatly reduced affinities for laminin, neurexin and
agrin.’” This suggests that defective glycosylation of a-
dystroglycan due to the genetic defects of glycosyl-
transferases is the common trait of muscle cell degener-
ation and abnormal brain structure found in MEB,
WWS, FCMD, MDC1C, MDCID patients and the myd
mouse (Fig. 2). Therefore, a-dystroglycan may be a
potential target of future therapy for muscular dystrophy.
However, the substrates of these enzymes (Table III),
with the exception of POMGnT1 and POMT1, are large-
ly unknown (Fig. 4). Identification and characterization
of each enzyme will help to reveal the molecular patho-
mechanisms of congenital muscular dystrophies with
brain malformation. Future studies may also reveal that
presently uncharacterized forms of muscular dystrophy
are caused by defects in galactosyltransferases and/or
sialyltransferases. A major challenge will be to integrate
the forthcoming structural, cell biological, and genetic
information to understand how o-dystroglycan glycosy-
lation contributes to muscular dystrophy.
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Structure, function and pathology

of O-mannosyl glycans

Tamao Endo

Glycobiology Research Group, Tokyo Metropolitan Institute of Gerontology, Foundation for Research on Aging and Promotion of
Human Welfare, 35-2 Sakaecho, Itabashi-ku, Tokyo 173-0015, Japan

Animal cells contain many glycoproteins, i.e., proteins with covalently liked sugar chains. The major glycans of glyco-
proteins can be classified into two groups, N-glycans and O-glycans, according to their glycan-peptide linkage regions.
Development of sensitive methods for the analyses of glycan structures have revealed a new type of glycosidic linkage to
the peptide portion, the O-mannosyl linkage, in mammals, which used to be considered specific to yeast. O-Mannosylation
is present in a limited number of glycoproteins of brain, nerve, and skeletal muscle. Recently O-mannosylation has been
shown to be important in muscle and brain development. Glycobiology of O-mannosyl glycans is expected to produce
remarkable advances in the understanding and treatment of congenital muscular dystrophies. In this article, | describe the
structure, biosynthesis, and pathology of O-mannosyl glycans.

Published in 2004.
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Introduction

The major sugar chains of glycoproteins can be classified into
two groups according to their sugar-peptide linkages. Those
that are linked to asparagine (Asn) residues of proteins are
termed N-glycans, while those that are linked to serine (Ser)
or threonine (Thr) residues are called O-glycans. In N-glycans,
the reducing terminal N-acetylglucosamine (GleNAc) is linked
to the amide group of Asn via an aspartylglycosylamine link-
age.In O-glycans, the reducing terminal N-acetylgalactosamine
(GalNAc) is attached to the hydroxyl group of Ser and Thr
residues. In addition to the abundant O-GalNAc forms, several
unique types of protein O-glycosylation have been found, such
as O-linked fucose, glucose, GlcNAc, and mannose, which have
been shown to mediate diverse physiological functions. For ex-
ample, O-fucosylation has recently been implicated in Notch
signaling [1-4] and O-mannosylation has been shown to be
important in muscle and brain development.

Structure and occurrence

O-Mannosylation is known as a yeast-type modification, and
- O-mannosylated proteins are abundant in the yeastcell wall[5].
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All O-mannosyl glycan structures elucidated so far in yeast are
neutral linear glycans consisting of 1 to 7 mannose residues.
O-Mannosylation of proteins is essential for viability in yeast,
and its absence may affect cell wall structure and rigidity. Addi-
tionally, a deficiency in protein O-mannosylation in the fungal
pathogen, Candida albicans, leads to defects in multiple cellu-
lar functions including expression of virulence [6]. In addition
to fungi and yeast, clam worm has an O-mannosyl glycan (a
glucuronosyle 1-6mannosyl disaccharide) in skin collagen [7].

Mammalian O-mannosylation is an unusual type of protein
modification that was first suggested in chondroitin sulfate
proteoglycans of brain [8] and is present in a limited number
of glycoproteins of brain, nerve, and skeletal muscle [9].
One of the best known O-mannosyl-modified glycoproteins
is a-dystroglycan [9], which is a central component of the
dystrophin-glycoprotein complex isolated from skeletal muscle
membranes [10]. We previously found that the glycans of
a-dystroglycan include O-mannosyl oligosaccharides, and
that a sialyl O-mannosyl glycan, Siaa2-3GalB1-4GIcNAcp1-
2Man, of w-dystroglycan is a laminin-binding ligand of
a~dystroglycan [11,12]. Further, a-dystroglycan from sheep
brain has a Galg1-4(Fuca 1-3)GlcNAc1-2Man structure [13]
and mouse J1/tenascin contains the O-mannosyl glycans [14].
Additionally, an O-mannosyl glycan containing the HNK-1
epitope (HSO3-3GlcAB1-3Galf1-4GIcNAcS1-2Man)  was
detected in total brain glycopeptides [15]. It is noteworthy that
these oligosaccharides have not only 2-substituted mannose
but also 2,6-substituted mannose [16]. Therefore, it is likely
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Figure 1. Biosynthetic pathway of mammalian O-mannosyl glycan. POMT1 and POMGRT1 are responsible for WWS and MEB,
respectively. It is unclear whether others as yet characterized forms of muscular dystrophy are caused by defects in f1,4-

galactosyltransferase and o2,3-sialyltransferase.

that a series of O-mannosy! glycans, with heterogeneity of
mannose-branching and peripheral structures, is present in
mammals. Further studies are needed to clarify the distribution
of such O-mannosyl glycans in various tissues.

Biosynthesis

Identification and characterization of the enzymes involved in
the biosynthesis of mammalian type O-mannosyl glycans will
help to elucidate the function and regulation of these glycans
(Figure 1).

Mammalian O-mannosyl glycans, unlike those of yeast, have
the GlcNAc1-2Man linkage [9]. This linkage is assumed to be
catalyzed by a glycosyltransferase, UDP-GlcNAc: protein O-
mannose /31,2—N—acety1glucosaminyltransferase (POMGnT1).
POMGnT1 catalyzes the transfer of GicNAc from UDP-
GIcNAc to O-mannosyl glycoproteins. Human POMGnTI
gene has been cloned [17]. Based on its nucleotide sequence, hu-
man POMGnTT1 is a 660-amino acid type Il membrane protein.
This topology was similar to the topologies of other Golgi gly-
cosyltransferases [18]. POMGnTI was found to be expressed
in all human tissues examined [17]. Careful examination of
substrate specificity of POMGnT1 indicated that POMGnT1
did not have either UDP-GlcNAc: a-3-D-mannoside -
1,2-N-acetylglucosaminyliransferase I (GnTI) or UDP-
GlcNAc:  a-6-D-mannoside ,3-1,2—N—acetylglucosaminyl-
transferase 11 (GnT-II) activity. On the other hand, GnT-1
and GnT-II did not have any POMGnTI activity [19].
Taken together, these results indicate that loss-of-function of
POMGnT1 is not compensated by GnT-I and GnT-II

As described above, mammalian O-mannosyl glycan has 2,6-
substituted mannose [16]. A gene for encoding 2 6-branching
enzyme (GnT-IX, i.e, an enzyme that catalyzes the GIcNAcf1-
6Man linkage in O-mannosyl glycans) has recently been cloned
[20]. Since GnT-IX is specifically expressed in the brain, identi-
fying the functional roles of 2,6-branched O-mannosyl glycans
in the brain is of great interest.

In Saccharomyces cerevisiae, the family of protein
O-mannosyltransferases catalyzes the transfer of a manno-
syl residue from dolichyl phosphate mannose (Dol-P-Man) to
Ser/Thrresidues of certain proteins [5]. There is no obvious con-
sensus sequence for attachment of O-mannosy! glycans, though
in vitro studies with peptide acceptors show that the presence
of a proline residue in the vicinity enhanced O-mannosylation
of nearby Ser or Thr residues [5]. However, attempts to detect
protein O-mannosyltransferase activity and to characterize the
enzyme(s) responsible for the biosynthesis of O-mannosyl gly-
cans in vertebrates have not been successful. Two human homo-
logues, POMTI and POMT?2, were found, but their gene prod-
ucts did not show any protein O-mannosyltransferase activity
[21,22]. POMT1 and POMT?2 share almost.identical hydropa-
thy profiles that predict both to be integral membrane proteins
with multiple transmembrane domains. Recently, we devel-
oped a new method to detect the enzymatic activity of protein
O-mannosyltransferase in mammalian cells and tissues [23].
Initially, we attempted to detect mannose transferase activity
based on an assay for protein O-mannosyltransferase activity
in yeast using several synthetic peptides and Triton X-100 as
a detergent. However, we did not detect any activity in several
mammalian tissues and cells, possibly due to the specificity of
the acceptor peptide sequence. If the enzyme recognizes a spe-
cific amino acid sequence, a-dystroglycan may be a suitable
acceptor because it has O-mannosyl glycans [9]. Therefore, we
prepared a GST fusion protein of a-dystroglycan for acandidate
acceptor. However, using the a-dystroglycan-GST as an accep-
tor and the Dol-P-Man as a donor substrate did not observe
any enzymatic activity. Next, we examined the effect of deter-
gent because yeast protein O-mannosyltransferases are integral
membrane proteins and thus hydrophobic proteins. Because
Triton X-100 is a non-ionic detergent, we examined many ionic
and ampholytic detergents, including alkyl-glycosides. Finally,
we found that the best detergent was n-octyl- B-D-thioglucoside.
With these changes, we succeeded in detecting mammmalian pro-
tein O-mannosyltransferase activity [23].
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Using this new method, we demonstrated that human POMT]
and POMT?2 have protein O-mannosyltransferase activity, but
only when they are co-expressed [23]. This suggests that
POMT1 and POMT?2 form a hetero-complex to express en-
zymatic activity similar to the complex in yeast [24]. POMT!
and POMT?2 are expressed in all human tissues, but POMT]
is highly expressed in fetal brain, testis and skeletal muscle,
and POMT? is predominantly expressed in testis [21,22]). O-
Mannosylation seems to be uncommon in mammals and only
a few O-mannosylated proteins have been identified. It will be
of interest to determine the regulatory mechanisms for protein
O-mannosylation in each tissue.

No enzymes for galactosylation, sialylation, fucosylation,
glucuronylation, or sulfation of O-mannosy! glycans have been
identified.

Pathology

Muscular dystrophies are genetic diseases that cause progres-
sive muscle weakness and wasting [25]. Recent data suggest
that aberrant O-mannosylation of a-dystroglycan is the pri-
mary cause of some forms of congenital muscular dystrophy
(Table 1).

Muscle-eye-brain  disease [MEB: OMIM 253280,
OMIM = Online Mendelian Inheritance in Man (http://www.
ncbi.nih.gov/)], is an autosomal recessive disorder character-
ized by congenital muscular dystrophy, ocular abnormalities
and brain malformation (type II lissencephaly). After we
screened the sequences of the POMGnT] gene for muta-
tions in patients with MEB, we identified 13 independent
disease-causing mutations in these patients [17,26]. We have
not detected these 13 substitutions in any of 300 normal
individuals, indicating that the POMGnT! gene is responsible
for MEB. To confirm that the mutations observed in patients
with MEB are responsible for the defects in the synthesis
of O-mannosyl glycan, we expressed all of the mutant
proteins and found that none of them had enzymatic activity
[17,27). These findings indicate that MEB is inherited as
a loss-of-function of the POMGnTI gene. If POMGnTI
does not function, no peripheral structure can be formed on

5

O-mannose residues. Because these siructures are involved
in adhesive processes, a defect of O-mannosy! glycan may
severely affect cell migration and cell adhesion. Additionally, a
selective deficiency of glycosylated a-dystroglycan in MEB pa-
tients was found [28]. This finding suggests that e-dystroglycan
is a potential target of POMGnT1 and that hypoglycosylation of
«-dystroglycan may be a pathomechanism of MEB. Thus, MEB
muscle and brain phenotypes can be explained by abnormal
O-mannosylation.

Walker-Warburg syndrome (WWS: OMIM 236670) is an-
other form of congenital muscular dystrophy that is charac-
terized by severe brain malformation and eye anomalies. Pa-
tienis with WWS are severely affected from birth and usu-
ally die within their first year. Recently, 20% of WWS pa-
tients (6 of 30 unrelated WWS cases) have been found to have
mutations in POMTI [29], but none of the 30 cases studied
had mutations in another homologue, POMT?2. This suggests
that other as yet unidentified genes are responsible for this
syndrome.

In WWS patients, as in MEB patients, the glycosylated «-
dystroglycan was selectively deficient in skeletal muscle. WWS
and MEB are clinically similar disorders, but WWS is a more
severe syndrome than MEB. The difference of severity between
the two diseases may be explained as follows. If POMGnT1,
which is responsible for the formation of the GIcNAcB1-2Man
linkage of O-mannosyl glycans (Figure 1), is non-functional,
only O-mannose residues may be present on a-dystroglycan in
MEB. On the other hand, POMT] mutations cause complete
loss of O-mannosyl glycans in WWS, Thus, it is possible that
attachment of a single mannose residue on a-dystroglycan in
MEB is responsible for the difference in clinical severity of
WWS and MEB.

Interestingly, defective myogenesis in the Drosophila rt
mutant was found to be due to a mutation in a homo-
logue of POMTI [22,30]. Although the rz gene product is
not known to be a component involved in the inital step
of O-mannosyl glycan biosynthesis, O-mannosylation is an
evolutionarily conserved protein modification [9], and may
be essential for muscle development in both vertebrates and
invertebrates.

Table 1. Possible muscular dystrophies caused by abnormal glycosylation of a-dystroglycan

Condition Gene Protein function

Muscle-eye-brain disease (MEB) POMGnT1 GlcNActransferase

Walker-Warburg syndrome (WWS) POMT1 O-Mannosyltransferase

Fukuyama-type congenital muscular Fukutin Putative glycosyltransferase
dystrophy (FCMD)

MDC1C FKRP Putative glycosyltransferase

Limb-girdle muscular dystrophy 21 (LGMD21) (Fukutin-related protein)

MDC1D LARGE Putative glycosyltransterase

myd mouse large




In addition to MEB and WWS, other muscular dystrophies
have been suggested to be caused by abnormal glycosylation of
a-dystroglycan, e.g., Fukuyama-type congenital muscular dys-
trophy (FCMD, which is caused by the fukutin gene: OMIM
253800), congenital muscular dystrophy type 1C (MDCIC,
which is caused by the FKRP gene, fukutin-related protein:
OMIM 606612) and its allelic disease called limb-girdle muscu-
lar dystrophy 21 (LGMD2I: OMIM 607155), congenital muscu-
Jar dystrophy type 1D (MDC1D, which is caused by the LARGE
gene), and the myodystrophy (myd) mouse, which is caused by
the large gene (Table 1). Highly glycosylated a-dystroglycan
was found to be selectively deficient in the skeletal muscle of
these patients and the mouse, as it was in MEB and WWS
patients, and the gene products were thought be putative glyco-
syliransferases [31]. However, it is still unclear whether these
gene products are involved in the O-mannosyl glycan biosyn-
thesis. Future studies may also reveal that presently uncharac-
terized forms of muscular dystrophy are caused by defecis in
other glycosyliransferases. Identification of these defects may
provide new clues to the glycopathomechanism of muscular
dystrophy.

Perspectives

O-Mannosylation is an uncommon protein modification in
mammals, but it is important in muscle and brain develop-
ment. Further studies are needed to clarify the distribution of
O-mannosyl glycans in various tissues and to examine their
changes during development and pathological conditions. A
major challenge will be to integrate the forthcoming structural,
cell biological, and genetic information to understand how a-
dystroglycan O-mannosylation contributes to muscular dystro-
phy and brain development.
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Walker-Warburg syndrome, caused by mutations in
protein O-mannosyltransferase-1 (POMT1), is an autoso-
mal recessive disorder characterized by severe brain
malformation, muscular dystrophy, and structural eye
abnormalities. As humans have a second POMT, POMT2,
we cloned each Drosophila ortholog of the human POMT
genes and carried out RNA interference (RNAi) knock-
down to investigate the function of these proteins in
vivo. Drosophila POMT2 (dPOMTZ2) RNAi mutant flies
showed a “twisted abdomen phenotype,” in which the
abdomen is twisted 30-60°, similar to the dPOMTI mu-
tant. Moreover, dPOMT2 interacted genetically with
dPOMT1, suggesting that the dPOMTs function in col-
laboration with each other in vivo. We expressed
dPOMTs in Sf21 cells and measured POMT activity.
dPOMT? transferred a mannose to the dystroglycan pro-
tein only when it was coexpressed with dPOMT1. Like-
wise, dPOMT1 showed POMT activity only when coex-
pressed with dPOMT2, and neither dPOMT showed any
activity by itself. Each JPOMT RNAi fly totally reduced
POMT activity, despite the specific reduction in the
level of each dPOMT mRNA. The expression pattern of
APOMT2 mRNA was found to be similar to that of
dPOMT1 mRNA using whole mount in situ hybridiza-
tion. These results demonstrate that the two dPOMTs
function as a protein O-mannosyltransferase in associa-
tion with each other, in vitro and in vivo, to generate and
maintain normal muscle development.

O-Mannosylation is an important modification of proteins
in various fundamental physiological processes. In the yeast
Saccharomyces cerevisiae, O-linked oligomannose chains are
required for the stability, correct localization, and/or function
of proteins (1-6). Yeast O-mannosylation is initiated in the
lumen of the endoplasmic reticulum by a family of protein

* This work was supported by the Core Research for Evolutional
Seience and Technology of Japan Science and Technology Agency. The
costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

The nucleotide sequences reported in this paper have been submitted
to the DDBJ/GenBank™ EBI Data Banlk with accession numbers
AB176550, AB176551, AB176552, and AB1 76553.
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O-mannosyltransferases, PMT1-PMT6,* which catalyze the
transfer of Man from dolichylphosphate Man to Ser or Thr
residues of secretory proteins (7-9). The PMT family is clas-
sified phylogenetically into the PMTI1, PMT2, and PMT4
subfamilies. The members of the PMT1 subfamily interact
heterophilically with those of the PMT2 subfamily, whereas
the single member of the PMT4 subfamily acts as a ho-
mophilic complex (7).

Protein O-mannosyltransferase homologs have been identi-
fied in many multicellular eukaryotes such as Drosophila mela-
nogaster, mouse, and human (10-12). There are two human
protein O-mannosyltransferase (POMT) homologs, hPOMT1
and hPOMTZ, which belong to the PMT4 and PMT2 subfami-
lies, respectively (11). Mutations in the hPOMT1I gene give rise
to the severe neuronal migration disorder, Walker-Warburg
syndrome (12). Walker-Warburg syndrome is a recessive auto-
somal disorder characterized by congenital muscular dystro-
phy, severe brain malformation, and structural eye abnormal-
ities. Muscle-eye-brain disease is also a recessive autosomal
disorder characterized by congenital muscular dystrophy,
brain malformation, and ocular abnormalities. Muscle-eye-
brain disease is caused by mutations in the gene encoding
UDP-N-acetylglucosamine:protein O-mannose B1,2-N-acetyl-
glucosaminyltransferase-1 (POMGnT1), contributing to the
synthesis of the O-mannosylglycan, Siaa2-3Galpg1-4Glc-
NAcp1-2Manal-Ser/Thr (13-15). It is a laminin-binding li-
gand of a-dystroglycan (a-DG) (16, 17). These findings indicate
that the O-mannosylation of proteins plays an important role
in vivo in making and/or maintaining neuronal and muscular
tissues. Most recently, hPOMT1 and hPOMT2 were shown to
have POMT activity corresponding to the first step in O-man-
nosylglycan synthesis only when coexpressed with each other
(18).

Drosophila has two POMT orthologs, dPOMT1 and
dPOMT2, which correspond to human hPOMT1 and hPOMT2,
respectively (11). The dPOMTI mutants are known to have
reduced viability, whereas escaper flies show the so-called
twisted abdomen phenotype that is caused by pronounced de-

1 The abbreviations used are: PMT and POMT, protein O-mannosyl-
transferase; h, human; d, Drosophila; POMGnT, protein O-mannose
pB1,2-N-acetylglucosaminyltransferase; Sia, sialic acid; a-DG, a-dystro-
glycan; RNAi, RNA interference; EST, expressed sequence tag; MGAT,
mannose PB1,2-N-acetylglucosaminyltransferase; IR, inverted repeat;
UAS, upstream activating sequence; RpL32, ribosomal protein L32;
ORF, open reading frame; HA, hemagglutinin; GST, glutathione S-
transferase; MES, 2-morpholinoethanesulfonic acid; PA, pyridylamine.

This paper is available on line at http://www.jbc.org
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fects in muscle development (10). The dPOMT1 gene was
named after this phenotype as rotated abdomen (rt) (19). On
the other hand, mutants of the JPOMT2 gene have not yet been
isolated, and no biochemical report has documented the activ-
ities of both dPOMTs.

In this study, we report the production of mutant flies by
RNA interference (RNAi) of two Drosophila POMT genes,
dPOMT1 and dPOMT2. Both of the RNAi mutant flies showed
the same ¢ phenotypes as classical dPOMTI mutants. Fur-
thermore, genetic interaction analysis revealed a synergistic
effect between these two mutations, suggesting that the two
gene products function in the same genetic cascade. We also
performed biochemical analyses to demonstrate that dPOMTs
function as protein O-mannosyltransferase in association with
each other. Reduction of in vivo POMT activity in each mutant
fly also supports the heterophilic nature of these two enzymes.
These data indicate that both dPOMT! and dPOMT2 are re-
quired for functional POMT activity to contribute to normal
muscle development in vivo.

EXPERIMENTAL PROCEDURES

Materials—The Drosophila expressed sequence tag (EST) clones
RE38203 (dPOMT1), LP01681 (dPOMT2), LD43357 (dMGAT1), and
GHO07804 (AMGAT?2) were obtained from Research Genetics (Hunts-
ville, AL). Dolichylphosphate [*H]Man (125,000 dpm/pmol) and UDP-
[*H)GIcNAc (400,000 dpm/nmol) were supplied by American Radiola-
beled Chemicals, Inc. (St. Louis, MO) and PerkinElmer Life Sciences,
respectively.

dPOMT1 and dPOMT2 RNAi Mutant Flies—The cDNA fragments
corresponding to the N-terminal region (nucleotides 67—566 of the cod-
ing sequence) of dPOMTI and the C-terminal region (nucleotides 792—
1289) of dPOMT2 were amplified by PCR from EST clones RE38203
and LP01681, respectively, and inserted as an inverted repeat (IR} in a
modified Bluescript vector, pSC1. IR-containing fragments were intro-
duced into a transformation vector, pUAST. The cloning procedures will
be described elsewhere? Each of the UAS-dPOMTI-IR and UAS-
dPOMT2-IR flies was mated with an Act5C-GAL4 fly, and F, progeny
were raised at 25 and 28 °C to observe phenotypes.

Quantitative Analysis of dAPOMT1 and dPOMTS Transcripts by Real-
time PCR—Total RNA was extracted from Act5C-GAL4/UAS-
dPOMT1I-IR third instar larvae raised at 25 °C and from Act5C-GAL4/
UAS-dPOMT2-IR and Act5C-GAL4/w''*® larvae raised at 28 °C. We
could not collect Act5C-GAL4/UAS-dPOMTI-IR larvae at 28 °C because
of low viability. First-strand cDNA was synthesized by RevaTra Dash
(Toyobo, Osaka, Japan), and real-time PCR of the dPOMTI and
dPOMT?2 transcripts was carried out for the region except for the
sequences using the IR construction for the RNAI fly. The gene-specific
primers were as follows: dPOMTI, 5'-ACACCTGTGGCAACTGCTCT-
AC-3' (forward), 5'-ACTTATGGCATGCATCCATAGCT-3’ (reverse),
and 5'-ACGCCGGTCTCACCGATCGC (probe); and dPOMT2, 5'-TTT-
CCGGCCTTGATCTTCAA-8' (forward), 5'-TGGGCAGAACCCTCAAA-
ATG-8' (reverse), and 5'-TCCTTGCTGACGGGCGTTATGTACAACT-3’
(probe). To normalize the efficiency of cDNA preparation among indivi-
dual samples, the measurement of RpL32 mRNA in each cDNA was
carried out using the following primers: RpL32, 5'-GCAAGCCCAAGG-
GTATCGA-3' (forward), 5'-CGATGTTGGGCATCAGATACTG-3' (re-
verse), and 5'-AACAGAGTGCGTCGCCGCTTCA-3' (probe). The probes
were labeled at the 5'-end with the reporter dye 3-carboxyfluorescein
and at the 8'-end with the quencher dye carboxytetramethylrhodamine
(Nippon EGT, Toyama, Japan). Amplifications involved 40 cycles of
94 °C for 30 s and 60 °C for 4 min, performed with an ABI PRISM 7700
sequence detection system (Applied Biosystems).

Vector Construction and Expression of dPOMTI and dPOMT2 Pro-
teins—The full-length open reading frames (ORFs) of dPOMTI and
dPOMT2 were expressed in insect cells according to the Invitrogen
GATEWAY™ cloning technology instruction manual. The DNA frag-
ments of dPOMT'1 and dPOMT2 were amplified by two-step PCR. The
first PCR used the plasmid DNA from EST clone RE38203 or LP01681
as a template for dPOMT1 or dPOMTZ2 amplification and the primer set
of dPOMT1 (forward primer, 5'-AAAAAGCAGGCTTGTCTGCCACCT-
ACACCA-3'; and reverse primer, 5-AGAAAGCTGGGTAGTACAGGT-
GGTGGTTCTTG-3') or the primer set of dPOMT2 (forward primer,

2 R. Ueda and K. Saigo, manuscript in preparation.
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5'-AAAAAGCAGGCTTGGCAGCAAGTGTTGTTA-3'; and reverse
primer, 5’-AGAAAGCTGGGTCTAGAACTCCCAGGTAGAAAG~3’),
respectively. The second PCR used the first PCR product as a template,
forward primer 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3,
and reverse primer 5'-GGGGACCACTTTGTACAAGAAAGCTGGGT-
3'. The amplified fragments were recombined with the pDONR201™
vector (Invitrogen). Each insert was then transferred between the attR1
and attR2 sites of pVL1393g-HA or pVL1393g to yield pVL1393g-
dPOMTI-HA or pVL1393g-dPOMT2, respectively. pVL1393g and
pVL1393g-HA are expression vectors derived from pVL1393 (Invitro-
gen), and pVL1393g-HA contains a fragment encoding the three-HA
peptide (YPYDVPDYA) at the C terminus. pVL1393-dPOMTI-HA and
pVL1393-dPOMT2 were cotransfected with BaculoGold viral DNA
(Pharmingen) into Sf21 insect cells according to the manufacturer’s
instructions, and the cells were incubated for 5 days at 27 °C to produce
recombinant viruses. 8f21 cells were infected with each recombinant
virus at a multiplicity of infection of 2.5 and incubated for 96 h to
express dPOMT1-HA and dPOMT?2 proteins.

Preparation of Rabbit Anti-dPOMT? Polyclonal Antibody—The N-
terminal region (nucleotides 1-279 of the coding sequence) of dPOMT2
was amplified using a forward primer including the EcoRI site (un-
derlined), 5'-GAATTCATGGCAGCAAGTGTTGTT-3', and a reverse
primer including the Xhol site, 5'-CTCGAGTTAGCCCATCTTGCCAA-
AGTG-3'. The amplified fragment was digested with EcoRI and Xhol
and subcloned into pGEX-6P-1 (Amersham Biosciences), an N-terminal
glutathione S-transferase (GST) fusion vector. A transformant of Esch-
erichie coli BL21(DE3) was cultured to Agg, = 0.6 at 37 °C and main-
tained in 0.5 mM isopropyl-g-D-thiogalactopyranoside at 20 °C for 18 h.
The cells were sonicated and centrifuged, and then the supernatant was
applied to glutathione-Sepharose 4B beads (Amersham Biosciences).
Eluted GST-fused dPOMT2 protein was injected into a New Zealand
White rabbit. After four booster injections, the antiserum was used for
Western blot analysis.

Western Blot Analysis—The 821 cells expressing dPOMT1-HA and
dPOMT2 were suspended in an 8 M urea solution, and 15 pg of each
protein was subjected to 2-15% SDS-PAGE. The separated proteins
were transferred to membranes, which were probed with peroxidage-
conjugated anti-HA monoclonal antibody (Santa Cruz Biotechnology)
and rabbit anti-dPOMT2 polyclonal antibody and stained with HRP-
1000 immunostain (Konica, Tokyo, Japan),

Preparation of Cellular Microsomal Membrane Fraction and Larval
Extracts—The infected cells were homogenized in 10 mm Tris-HCI (pH
7.4), 1 mM EDTA, 250 mM sucrose, and 1 mM dithiothreitol with a
protease inhibitor mixture (3 ug/ml pepstatin A, 1 ug/ml leupeptin, 1
mM benzamidine-HCl, and 1 mm phenylmethylsulfonyl). After centrif-
ugation at 900 X g for 10 min, the supernatant was subjected to
ultracentrifugation at 100,000 X g for 1 h. The precipitate was used as
the microsomal membrane fraction. Act5C-GAL4/UAS-dPOMTI-IR
flies and Act5C-GAL4/UAS-dPOMT2-IR and Act5C-GAL4/w'*® flies
were raised at 25 and 28 °C, respectively. Third instar larvae were
homogenized in 20 mm Tris-HCl (pH 8.0), 10 mm EDTA, and 0.5%
n-octyl-B-p-thioglucoside (Dojindo Laboratories, Kumamoto, Japan)
with the protease inhibitor mixture (400 pl for every 20 larvae). The
supernatant was obtained by ultracentrifugation at 100,000 x glorilh
and used as larval extract. The protein concentration was determined
by BCA assay.

Assay of POMT Activity—The POMT activity was based on the
amount of [*H]Man transferred to GST-¢-DG as described previously
(18). Briefly, the reaction mixture contained 20 mm Tris-HCl (pH 8.0),
100 nM dolichylphosphate [*H]Man (125,000 dpm/pmol), 2 mM 2-mer-
captoethanol, 10 mm EDTA, 0.5% n-octyl-B-p-thioglucoside, 10 ug of
GST-a-DG, and enzyme source (40 pg of total protein from the larval
extract or 80 ug of microsomal membrane fraction from infected cells) in
a total volume of 20 pl. After a 1-h incubation at 22 °C, the reaction was
stopped by adding 200 pl of phosphate-buffered saline (130 mm N aCl, 7
mM Na,HPO,, and 3 mM NaH,PO,) containing 1% Triton X-100 (Na-
calai Tesque, Kyoto, Japan), and the reaction mixture was centrifuged
at 10,000 X g for 10 min. The supernatant was removed, mixed with 400
ul of phosphate-buffered saline containing 1% Triton X-100 and 10 ulof
glutathione-Sepharose 4B beads, rotated at 4 °C for 1 h, and washed
three times with 20 mum Tris-HC1 (pH 7.4) containing 0.5% Triton X-100.
The radioactivity adsorbed by the beads was measured using a liguid
scintillation counter.

a-Mannosidase Digestion of Mannosyl-GST-a-DG—To characterize
the linkage of the mannosyl residue, the radioactive products absorbed
to the glutathione-Sepharose 4B beads were incubated with jack bean
e-mannosidase (0.8 units; Seikagaku Corp., Tokyo) in 50 ulof 0.1 M
ammonium acetate buffer (pH 4.5) containing 1 mm ZnCl, at 37 °C.



42640

A heomrl

RNAi and O-Mannosyltransferase Activity of Drosophila POMTs

drouTl HSATYTNTITQRRKTAKVRQQQQHQWTGSDDSGESHERLEFRSRSTNSHQQHTAISNSPSPLCCNGARBLTHLNCCVUVNCELNAPLRGS

hPOMT1 - HHGFLKREYVVIARIHLSLVAL
QPOMT1 VNRETI'P’I‘P'I‘PTA’I’P‘I‘PVA‘I‘PKQASPSPTSDRSRSLSRSPSPSRSRSLSCQKQIDRNSAGAASAEERXTANASSQPFTVNLRIwm

sk, ¥ gt I3

hPOMT1 wmmmwmmaoy1smolymnuscpppsmmmmmxmysswm
dPOMTL WIWDMYGKYISHWIFFFWH-PPWWGEPYSPW

ghdR Ry gk g Rk F g hhg gHk g kwgky gg¥ w tgkkkyg g wkk  RE ggigg pERywERg ¥

.8 g¥szzty ¥ :

RPOMT1 ALSYPMAYOIVLELHFSHCAA MLIENALITOSRIM) ILIPENLLAVESY]
dPOMT]1 SLLAPAVYNLLLKAKLSRWSSALGGLLVVLDNSLLTQS SML, I ACLLRFQRSRLG--—SLEWFFTGTAAAVCLGAAGT
. .

JhWppgpRgEgEEkE gy phEaks L 3.2 Pl LA L L PN *

ok  EgpgdE pitropg

hPOMT1 Wmmmcmswmmmmﬂmmsowmwwmwnsc
JPOMT1 VEYVGFLALGLAFYLLCRELWOLLYDAGLTDR=w = QLM e m e HAISRLLIFVGIPLAVYLGVFYIHFRILHRAG

sakgd *, * kgkd k kg g * % gat sa Wug _skw _wwekg gz Wk

. . ¥x .2 . e

hPONT1 PBDQIHSSAFQBSLEGGLARITQGQPIBVAFGSQVTLRNVFGKPVPCWLHSEQUI‘YPHIYENGRGSSHQQQV‘I’CYPFKDVN‘NRWIVKDPR

dPOMT1 PEDSIHTIAFQASLDGGLASITKGQPLAWHGSQITLRHTHGR--TCWLHSBAAVYPV’RY?DKRGSSHQQQVTCYSFRDVNNWWLVKRPT
Rk hdy RAREREgEEEE wRgRBRA F_ RkdghEdg  kp  whEEEw wdg b g SRRk ERRRRE HEAF AR TR ER N

hPOMT1 RBQLWSSPPRPV'RBGDHVQLV'BGHTI‘RSLH‘I’BDVAhPLSPHSQEVSCY IDYNISHPAQNLWRLEIVRNRGSDTDVWRTILSEBVRFVHVNT
dPOMT] KENLVVGDEPDIIRHGEI IQLVHGITSRALNSHDVAAAMIPQCQEVSCYIDYE IKMAGELLWRVEILNRDSEGDIWHAIKSEVRLVHVSE

Fre Ll *

hkE g EEKEA KRS RAGANERG gokg HHRAGRENGA X 3 FrkgRAgRE Ry Rphgpk ARAEpREH ¥

hPOMT1 SAVLKLSGABLPDWGYRQLEIVGEKLSRGYEGSTVWNVEEERYGASQEQRERBRBLESPAQVDVSRN—LSFHARFSELQWRHLALRSDDS
dPOHT1 EAS];KFSGRQLPEWGFNQB‘BWADRE-—KAIBBDAIWNVEBHRY‘I‘QTEDHRERBRQ,MLTAEHIPTKRTRISFWAKLLBLQSRMLFQTKSVP
E wkkgkd ghdkadkg ok Rp¥ g ®  psAEREAERE  pyppEAEEgr g, oz %, pRE Hpp wER adw

hPOHT] EHEYSSSPLEWVTLDTNIAYWLAPRTSAQIHLLGNIVIWVSGSLALATYALLSLWYLLRRRRNVADLPODAYLRUVLAGALCAGGHAVIY
APOMT1 NHMYSSHMPHEWPLMDEGIAYWLDSQSSAQTYLLGNILLWYTATMEI LYYAGLLAFYANRRORLCFDISEQEWORFVLAGDTFFHGYVHAY

90

22
180

112
269

202
356

292
424

382
512

472
602

561
691

651
781

¥ EEW R WW gk _wkEEE

pavRER RARET a¥ g py, 3 AR K

s® gREgk g _gpg * ka¥wREH Wy gz®

hEOMT1 LPFFLMERTLFLYHILRPALTFOILLLPYYLOHISDATL.CRSQLOR-—~~~ SIPSALVVAWYSSACHVSNTLRPLTYGDKSLSPRRLEKALRW 736

APOMT1 IPYFCVDRTLFLENYLEAFVFRLLLLCFYVRHLDYLLRRFCTGR

akgk papRwERgpEkEky WgpyEEE wpgwp, ¥ ¥

hPOMT1 KDSWDILIRKH--—- 747
dPOMT1 KDTWDFVLHEMHALY B86

kEgekyzgah

oy ]

w

* . ¥

NRLYRLMLILGLYGVLSIESKFIPFSYGARKMTLNEVRSLRH B71
ok

shpgpE

sz s % L. 3 ..% Fip t.2t

hydrophobicity
o

A il o L h'h iyt ) M,u,tﬂ ALk
I I T AR I L

1 Ti‘, ‘I x‘u'l“"llﬂl‘nhwl’

TMi TM2TM3 TM4TMS5 TM6 M7 TMBTMO
-3 . : . : . L . .
1 100 200 300 400 500 600 700 800 886

F1c. 1. Comparison of Drosophila, human, and S, cerevisiae POMTs. A and C, ClustalW alignment of the Drosophila and human POMT1
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Jack bean a-mannosidase (0.8 units) was added freshly every 20 h and
was incubated for up to 60 h. Inactivated jack bean a-mannosidase,
prepared by heating the enzyme at 100 °C for 5 min, was used as a
control. After incubation, the radioactivities of the supernatant and
beads were measured using a liquid scintillation counter.

Whole Mount in Situ Hybridization—The Bglll-EcoRI-digested frag-
ment of dPOMT1 and the Ecl13611-NotI-digested fragment of JPOMT2
were subcloned into pBluescript SK~ (Stratagene) digested by BamHI-
EcoRI and Smal-Notl, respectively. The above templates were linear-
ized and transcribed in vitro by T3 or T7 RNA polymerase with a
digoxigenin RNA labeling mixture (Roche Applied Science). Each tran-
script was treated with an alkaline solution containing 80 mm NaHCO,,
120 mM Na,CO,, and 10 mu dithiothreitol for reduction to ~300 bases
as a digested RNA probe. Fixed CantonS embryos were hybridized
overnight at 55 °C with the digoxigenin-labeled probes in 50% formam-
ide, 5% SSC (1% SSC = 150 mmM NaCl and 15 mM sodium citrate), 100
pg/ml heparin, 0.1% Tween 20, 20 pg/ml yeast RNA, 20 pg/ml heat-
denatured salmon sperm DNA, and 10 mM dithiothreitol. After hybrid-
ization, the embryos were washed with 50% formamide, 5% SSC, and
0.1% Tween 20 for 20 min. The process of washing was continued by
serial dilution from 50% formamide, 5x SSC, and 0.1% Tween 20 to
phosphate-buffered saline containing 0.1% Tween 20. Detection was

carried out by immunoassay using an alkaline phosphatase-conjugated
anti-digoxigenin antibody Fab' fragment (Roche Applied Science).
Construction and Purification of dIMGAT1 and dMGAT2 Proteins—
The ORFs of dMGAT1 and dMGAT2 were expressed in Sf21 insect cells
by GATEWAY™ cloning technology as described above. The cDNA
fragments of JMGATI and dMGATZ were amplified from EST clones
LD43357 and GHO7804 using the primer set of dMGATI (forward
primer, 5-AAAAAGCAGGCTTCCATACGAGCCGGCATCAG-3'; and
reverse primer, 5'-AGAAAGCTGGGTTACTCTGTCCTTAGCGTCGT-
37) and the primer set of dMGAT2 (forward primer, 5'-AAAAAGCAG-
GCTCCACCCTGCACAAGTATCTG-3'; and reverse primer, 5'-AGAA-
ACGCTGGGTGCCTTACCTCGTGGCCAG-3'), respectively. The frag-
ments amplified by two-step PCR were recombined with the
pDONR201™ vector, and the inserts were transferred to yield pVL-
FLAG-dMGATI and pVL-FLAG-dMGAT2, respectively. pVL-FLAG is
an expression vector derived from pVL1393 containing the signal se-
quence of human immunoglobulin « (MHFQVQIFSFLLISASVIMSRG)
and the FLAG peptide (DYKDDDDK) at the N terminus. pVL-FLAG-
dMGATI and pVL-FLAG-dMGAT2 were transfected into 8121 cells
using the same method as described above. The culture medium of each
infected cell containing FLAG-dMGAT1 or FLAG-dMGAT2 recombi-
pant protein was applied to anti-FLAG antibody M1 affinity gel
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(Sigma). The purified proteins were quantified by Western blotting
using anti-FLAG monoclonal antibody as a standard of FLAG-BAP™
control protein (Sigma).
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Assay for POMGnT Activity—The level of POMGnT activity was
based on the amount of [*H]GIcNAc transferred to a mannosylpeptide
(Ac-Ala-Ala-Pro-(Thr/Man)—Pro-Val-Ala-Ala—Pro-NHZ) as described pre-
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Fig. 2. Twisted abdomen phenotypes of the dPOMTI and
dPOMT2 RNAi mutant flies. The phenotypes of the Act5C-GAL4/
UAS-dPOMTI-IR RNAi fly (A and B), Act5C-GAL4/UAS-dPOMT2-IR
RNAi fly (C and D), and CantonS fly (£ and F). The UAS-dPOMT-IR fly
has a transgene containing an IR of the target gene ligated to the UAS
promoter, a target of GAL4. In the F, progeny of these flies, the
double-stranded RNA of the target gene, JPOMT, is expressed ubiqui-
tously in all cells under Act5C promoter control to induce gene silenc-
ing. A, C, and E are female flies. B, D, and F are male flies. Act5C-
GAL4/UAS-dPOMTI-IR and Act5C-GAL4/UAS-dPOMT2-IR flies were
raised at 25 and 28 °C, respectively. Each RNAi line had the twisted
abdomen phenotype, twisted clockwise 30—60°, as viewed from behind.

viously (20). Briefly, the reaction mixture contained 140 mm MES (pH
7.0), 400 pm UDP-[*HIGIcNAc (400,000 dpm/nmol), 400 pM manno-
sylpeptide, 10 mM MnCl,, 2% Triton X-100, 5 mM AMP, 200 M GleNAg,
10% glycerol, and 50 pg of microsomal membrane fraction in a total
volume of 50 pl. After a 2-h incubation at 37 °C, the peptide was
separated on a Wakopak 5C18-200 column (4.6 X 250 mm; Wako Pure
Chemical Industries, Osaka). Solvent A was 0.1% trifluoroacetic acid in
distilled water, and solvent B was 0.1% trifluoroacetic acid in acetoni-
trile. The peptide was eluted at a flow rate of 1 ml/min using a linear
gradient of 1-25% solvent B. The peptide separation was monitored
continuously at 214 nm, and the radioactivity of each fraction was
measured using a liquid scintillation counter.

Assay for Bl1,2-N-Acetylglucosaminyltransferase I and II Activities—
The B1,2-N-acetylglucosaminyltransferase I activity was measured as
follows. The reaction mixture contained 100 mM MES (pH 6.0), 100 mm
GlcNAc, 5 mM AMP, 0.2% bovine serum albumin, 20 mM MnCl,, 1 mm
UDP-GlcNAc, 10 uM pyridylaminated oligosaccharide, 0.5% Triton
X-100, and recombinant enzyme in a total volume of 20 pl. The pyri-
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Fic. 3. Quantitative analysis of JPOMTI and dPOMT2 mRNAs
in each dPOMTI and dPOMT2 RNAi mutant fly by real-time
PCR. A and B, dPOMT1 and dPOMT? transcript levels of Act5C-GAL4/
UAS-dPOMTI-IR and Act5C-GAL4/UAS-dPOMT2-IR RNAi flies of
third instar larvae raised at 25 and 28 °C, respectively, were deter-
mined by real-time PCR. Act5C-GAL4/+ (w'**® crossed with the Act5C-
GAL4 fly) corresponds to the wild type. The actual amounts of JPOMT1
and dPOMT?2 transcripts were divided by that of the RpL32 transcript
for normalization.

dylaminated acceptor oligosaccharide Manal— 6(Manal-3)Manal—
6(Mana1-3)Manpl-4GleNAcB1-4GlcNAc-PA (PA017) was obtained
from Takara Shuzo (Otsu, Japan). After a 2-h incubation at 37 °C, the
product was separated on a Cosmosil 5C18-AR column (4.6 X 250 mm;
Nacalai Tesque). The solvent was 0.15% 1-butanol in 100 mM ammo-
nium acetate (pH 6.0). The product was eluted at a rate of 1.2 ml/min at
45 °C by isocratic elution and was detected by fluorescence of the PA
(excitation at 320 nm and emission at 400 nm).

The B1,2-N-acetylglucosaminyliransferase II activity was measured
as follows. The reaction mixture contained 50 mm MES (pH 6.0) 100 mM
GlcNAc, 100 mM NaCl, 5 mmM AMP, 0.2% bovine serum albumin, 20 mmM
MnCl,, 1 mM UDP-GlcNAe, 10 pM pyridylaminated oligosaccharide, 1%
Triton X-100, and recombinant enzyme in a total volume of 10 ul. The
acceptor  oligosaccharide Manal-6(GleNAcf1-2Manal-8)Manfl-
4GleNAcB1-4GleNAc-PA (PA100.2) was obtained from Seikagaku
Corp. After a 2-h incubation at 37 °C, the product was separated as
described above, except that the temperature was 50 °C.

RESULTS

Comparison of the PMT Family of Protein O-Mannosyltrans-
ferases—We performed a BLAST search of all Drosophila data
bases using hPOMT1 and hPOMT2 as queries and obtained
two Drosophila POMT genes, dPOMTI1 and dPOMT2, whose
Drosophila EST clones are RE38203 and LP01681, respec-
tively. RE38203 contains a 2658-bp ORF encoding a dPOMT1
protein of 886 amino acids (GenBank™YEBI accession number
AB176550), and LP01681 contains a 2295-bp ORF encoding a
dPOMT2 protein of 765 amino acids (GenBank™/EBI acces-
sion number AB176551) (11). A ClustalW alignment of
dPOMT1 and dPOMT2 showed 42 and 52% homology to
hPOMT1 and hPOMT?2, respectively (Fig. 1, A and C). Hydro-
phobicity analyses of the amino acid sequences revealed that
dPOMT1 and dPOMT?2 are type III transmembrane proteins
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with nine and seven transmembrane domains, respectively
(Fig. 1, B and D).

The PMT family of protein O-mannosyltransferases was
vastly conserved from yeast to human in eukaryotes and is
classified into three subfamilies, PMT1, PMT2, and PMT4. A
phylogenetic tree of the representative PMT families, six
S. cerevisiae Pmt proteins (Pmt1-Pmt6), two human POMTs
(hPOMT1 and hPOMT2), and two Drosophila POMTs
(dPOMT1 and dPOMT2), indicates that dPOMT1 and hPOMT1
are in the PMT4 subfamily and that dPOMT2 and hPOMT?2 are
in the PMT2 subfamily (Fig. 1E). It is characteristic that only
a few members of the PMT families are found in invertebrates
and vertebrates.

dPOMTI and dPOMT2 RNAL Mutant Flies—To obtain infor-
mation about the function of dPOMT1 and dPOMT?2 in vivo, we
tried to make RNAi mutant flies using the GAL4-UAS-IR sys-
tem. The Act5C-GAL4 fly has a transgene containing the yeast
transcription factor GAL4, the expression of which is under the
control of the cytoplasmic actin promoter. We used Act5C-
GAL4 as a GAL4 driver fly to induce dPOMTI and dPOMT2
gene silencing in all cells and at all developmental stages of the
fly. The Act5C-GAL4/UAS-dPOMTI-IR fly showed a viability
of 19% at 25 °C, but 0% at 28 °C. RNAi knockdown is more
effective at 28 °C because of the temperature dependence of the
GAL4-UAS expression system. Meanwhile, the Act5C-GAL4/
UAS-dPOMT2-IR fly revealed a viability of 63% even at 28 °C.
F; escapers of Act5C-GAL4/UAS-dPOMT1I-IR showed a clock-
wise twisted abdomen phenotype, after which the gene was
named rotated abdomen (rt). Interestingly, all escaper flies of
Act5C-GAL4/UAS-dPOMT2-IR also exhibited the same pheno-
type, suggesting that these two POMT genes function with
strong interaction in muscle development in the fly (Fig. 2).

The transcript levels of third instar larvae of each inducible
dPOMT1 and dPOMTZ2 RNAI fly were determined by real-time
PCR. The dPOMT1] transcript level of the Act5C-GAL4/UAS-
dPOMTI-IR RNAIi fly raised at 25 °C was 32% of that of the
Act5C-GAL4/+ control fly (Fig. 3A). The dPOMT2 transcript
level of the Act5C-GAL4/UAS-dPOMT2-IR fly raised at 28 °C
was 21% (Fig. 3B). However, in each of these two mutant flies,
the expression of non-targeted genes was not influenced at all
(Fig. 3, A and B). These results, indicating that expression of
each gene was specifically suppressed by RNAi, led to the
conclusion that the same twisted abdomen phenotype of these
mutants was caused by the reduction in each transeript.

It was revealed that the transcript level of dPOMT2 was
more reduced by RNAi, whereas the mutant fly showed less
lethality compared with that of dPOMTI. This discrepancy
might come from their independent and unknown functions in
development.

Genetic Interaction between dPOMTI and dPOMT2—The
same phenotype of dPOMTI and dPOMT2 RNAi flies suggests
an intimate genetic interaction in muscle development. If so,
the double mutant of dPOMTI and dPOMT?2 should have a
synergistic effect on the phenotype. To test this possibility,
first, we combined one copy of the dPOMTI mutation with the
dPOMT2 RNAi mutant allele. To do this, the Act5C-GAL4/
SM1;UAS-dPOMT2-IR/TM6B fly was crossed with the +/+;
rtf/TM3 fly. Progenies of this cross were reared at 18 °C. RNAi
knockdown is so weak at this temperature that the Act5C-
GAL4/+;UAS-dPOMT2-IR/TM3 fly showed no aberrant pheno-
type (Fig. 4C). Also, one copy of the dPOMTI mutation (rif)
gave no twisted abdomen phenotype because of the recessive
character of this allele (Fig. 4B). However, the resulting Act5C-
GAL4/+;rt*/UAS-dPOMT2-IR fly showed a clear twisted ab-
domen phenotype (Fig. 4A), indicating that one copy of
dPOMT] enhances the JPOMT?2 phenotype. Second, we con-
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FiG. 4. Genetic interaction between dPOMTI and dPOMT?2.
The Act5C-GAL4/SM1;UAS-dPOMT2-IR/TM6B fly was crossed with
the +/+;rt"/TM3 fly. Progenies of this cross were grown at 18 °C. A,
Act5C-GAL4/ +;rt*[UAS-dPOMT2-IR male fly; B, Act5C-GAL4/+;rt?/
TM6B male fly; C, Act5C-GAL4/+;UAS-dPOMT2-IR/TM3 male fly. The
Act5C-GAL4/+;rt"/UAS-dPOMT2-IR fly (A) showed a twisted abdomen
phenotype, whereas the Act5C-GAL4/+;rtF/TM6B fly (B) and the
Act5C-GAL4/+;UAS-dPOMT2-IRITM3 fly (C) showed no aberrant
phenotypes.

ducted a cross to make a dPOMTI and dPOMT2 double
mutant by RNAi. Each of the dPOMTI and dPOMT2 RNAi
flies survived to adulthood and showed the twisted abdomen
phenotype at 25 °C; however, the double mutant fly did not
emerge, showing complete lethality (data not shown). These
genetic interactions between dPOMTI and dPOMT?2 indicate
an intimate interaction between dPOMT1 and dPOMT2 in
muscle development.

POMT Activity of dPOMT1 and dPOMT2—We prepared re-
combinant dPOMT1 and dPOMT2 to identify POMT activity.
pVL1393-dPOMTI-HA and/or pVL1393-dPOMT2 was cotrans-
fected with BaculoGold viral DNA into Sf21 insect cells, and
microsomal membrane fractions were collected from each in-
fected cell. The specific expression of recombinant proteins was
confirmed by Western analysis using anti-HA monoclonal an-
tibody and anti-dPOMT2 antibody (Fig. 5, A and B). POMT
activity toward GST-a-DG was measured using each microso-
mal membrane fraction as described under “Experimental Pro-
cedures.” Whereas there was no enzyme activity when either
dPOMT1 or dPOMT2 was expressed independently, POMT-
specific activity appeared when dPOMT1 and dPOMT2 were
coexpressed (Fig. 5C). We then characterized the linkage of the
mannosyl residue to a-DG by a-mannosidase digestion (Fig.
5D). The radioactive reaction product of dPOMT1 and dPOMT2
absorbed to glutathione-Sepharose 4B beads released the ra-
dioactivity to the supernatant, indicating that a mannosyl res-
idue is linked to Ser/Thr in GST-a-DG by a-O-glycosidic link-
age. Recently, POMT activity was demonstrated in human
POMTSs, and coexpression of hPOMT1 and hPOMT2 was shown
to be indispensable for enzyme activity (18). The above result
also demonstrated that coexpression of dPOMT1 and dPOMT2
is an essential factor for revealing their activities.
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Fic. 5. POMT activity of recombi-
nant dPOMT1 and dPOMT2 and
RNAi mutant flies. A and B, Western
blot analysis of HA-tagged dPOMT1 us-
ing anti-HA monoclonal antibody and of
dPOMT2 using anti-dPOMT2 antibody,
respectively. The prepared microsomal
membrane fractions of infected cells were
applied at 15 pg to a 2-15% gradient
gel. Lanes 1, transfectants with vector
alone; lanes 2, transfectants with C
dPOMTI1-HA; lanes 3, transfectants
with dPOMT2; lanes 4, cotransfectants
with dPOMTI-HA and dPOMT2. C,
POMT activity for GST-a-DG of recombi-
nant dPOMT1-HA and dPOMT2. Bar 1,
transfectants with vector alone; bar 2,
transfectants with dPOMTI1-HA; bar
3, transfectants with dPOMT?2; bar 4, co-
transfectants with dPOMTI1-HA and
dPOMT2. D, a-mannosidase digestion
of mannosyl-GST-a-DG, the reaction
product obtained by recombinant
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dPOMT1-HA and dPOMT2. Glutathione-
Sepharose 4B beads bearing [*Hlmanno-
syl-GS8T-a-DG were incubated with active
and inactive jack bean a-mannocsidase.
The radioactivity was released to the su-
pernatant (sup.) by a-mannosidase. E,
POMT activity for GST-a-DG of dPOMTI
and dPOMT2 RNAi flies. Third instar lar-
vae of RNAIi flies (Act5C-GAL4/UAS-
dPOMTI1-IR and Act5C-GAL4/UAS-
dPOMT2-IR) were prepared at 25 and
28 °C, respectively, for the assay of POMT
activity.

Furthermore, we measured POMT activity toward GST-
oa-DQ@ in third instar larval extracts of dPOMT1 and dPOMT2
RNAI flies to test whether enzyme activity is affected by the
reduction of each transcript in the mutants. Both Act5C-GAL4/
UAS-dPOMT]1-IR flies raised at 25 °C and Act5C-GAL4/UAS-
dPOMT2-IR flies raised at 28 °C showed a decrease in POMT
activity to 40 and 12%, respectively, compared with the Act5C-
GAL4/+ control fly in proportion to the reduction in each tran-
script level (Fig. 5E). These results also support that JPOMTs
works as protein O-mannosyltransferases interacting with
each other in vitro and in vivo.

Expression Patterns of dPOMT1 and dPOMT2 mRNAs—We
investigated the expression patterns of dPOMTI and dPOMT2
mRNAs in vivo using whole mount in situ hybridization. In
stage 10 embryos, each of the JPOMT1 and dPOMT2 antisense
probes stained almost all cells weakly but steadily, whereas the
germ band and invaginating gut showed a more intense signal
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(Fig. 6, A and B). The dPOMT2 sense probe gave no signal (Fig.
6C). The similarity in their staining patterns indicates that
dPOMT1 and dPOMT2 are coexpressed in vivo. Next, the de-
velopmental expression profiles of dPOMTI and dPOMT2
mRNAs were obtained by quantitative analysis using real-time
PCR. Whereas dPOMTI mRNA was highly expressed in 0-2 h,
suggesting a strong maternal expression, JPOMT2 mRNA was
highly expressed in the zygotic stage after 4 h (Fig. 6D). In the
early developmental stage, dPOMT1 may perform other fune-
tions alone.

Examination of the POMGnT Activity of dMGATI and dM-
GAT2—The mammalian extended O-mannosylglycan on «-DG,
Siaa2-3GalB1-4GleNAcpl-2Manal-Ser/Thr, is known as a
laminin-binding ligand (16, 17). hPOMGnT1 is the enzyme
responsible for the first step of its elongation (13-15). To de-
termine whether the extended O-mannosylglycans are present
in Drosophila or not, we ran a BLAST search of all Drosophila



FiG. 6. Expression of dPOMT1 and
dPOMT2 mRNAs in vivo. A-C, whole
mount in situ hybridization at stage 10
with digoxigenin-labeled RNA probes: an-

tisense dPOMT1, antisense dPOMT2,
and sense dPOMT2, respectively. The
staining carried out using the antisense
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gave a very similar pattern in that the
germ band and invaginating gut (aster-
isks) were remarkably stained. D, quanti-
tative analysis of JPOMT1 and dPOMT2
mRNAs at various developmental stages
by real-time PCR. Black bars, dPOMTI;
gray bars, dPOMT2. The actual amounts
of dPOMTI and dPOMTZ2 transcripts
were divided by that of the RpL32 tran-
script for normalization.

20|

refative amount of transcript ©
(dPOMTs/rpl32, x10°3)

B
o
ot
=
)

€« ol O [\ i ko] o > T )
O A i 8§ € 8 g
[ee] Ql w o 2 a 2 g
k 2ad k and Q)
L i 12 I It i
embryo (hour) larva adult  adult
female male

data bases using APOMGnTI as a query. Nevertheless, we
could not obtain Drosophila homologs of the APOMGnT1 gene.
Accordingly, we tested two Drosophila mannose 81,2-N-acetyl-
glucosaminyltransferases, dMGATI (21) and dMGAT2 (22), as
candidates for POMGnT. The Drosophila EST clones LD43357
and GHO07804 encoded the complete ORFs of dMGATI and
dMGAT2, respectively (Fig. 7A). FLAG-tagged recombinant
dMGAT1 and dMGAT2 were expressed in Sf21 insect cells and
purified to determine whether or not they have POMGnT ac-
tivity. There was no POMGnT activity in the FLAG-dMGAT1
or FLAG-dMGAT2 recombinant protein (Fig. 7, B and C),
whereas they showed B1,2-N-acetylglucosaminyltransferase [
or II activity for a proper substrate (Table I). These results
imply that the Siaa2-3GalBl-4GleNAcpi-2Manal-Ser/Thr
found in humans is absent in Drosophila because there is no
POMGnT (Fig. 7D).

DISCUSSION

The dPOMT2 RNAi mutant flies, in addition to the dPOMT1
mutant, showed the twisted abdomen phenotype, as previously
reported for the dPOMTI classical mutant, £ (10). RNAi
knockdown was performed with a heritable and inducible RNAi
system using the GAL4-UAS-IR system (23, 24). The mRNA
levels of dPOMTI and dPOMT2 in each of the RNAi flies were
reduced to 32 and 21% of those in wild-type flies, respectively,
and no effects of RNAi on the mRNA levels of the other mem-
bers of the dPOMT family were observed (Fig. 3). So the clock-
wise twisted abdomen phenotype in each RNAi fly (Fig. 2) was
caused by the specific reduction of each transcript. This is the
first report of the phenotype caused by a deficiency of dPOMTZ.
dPOMT2 was cytogenetically mapped to 1C4 on the chromo-
some. This region is included in the area 1C3~D4, where
twisted (tw) mutants have been mapped genetically (25). The
tw mutants show abdomens twisted ~30° clockwise as viewed
from the posterior and reduced viability. Considering the sim-
ilarity in phenotype of the dPOMT2 RNAIi fly and tw mutants,

dPOMT?2 might be the tw gene, although genomic aberration of
tw mutants has not been investigated.

The genetic interaction between dPOMT'1 and dPOMT?2 (Fig.
4) and POMT activity assay for recombinant enzymes (Fig. 5C)
and RNAi flies (Fig. 5E) clearly demonstrated that both
dPOMTs function as protein O-mannosyltransferases interact-
ing with each other in vitro and in vivo. JPOMT1 and JPOMT2
are classified into the PMT4 and PMT2 subfamilies, respec-
tively. In yeast, members of the PMT1 subfamily interact in
pairs with members of the PMT2 subfamily, whereas the only
member of the PMT4 subfamily forms a homodimer (7). In
invertebrates and vertebrates, that is in Drosophila (this
work) and humans (18), a single member of the PMT2 sub-
family interacts with that of the PMT4 subfamily. The com-
bination of interacting molecules might have changed during
evolution.

Experiments with dPOMTI and dPOMT2 RNAi flies re-
vealed that both dPOMTSs are indispensable for muscle devel-
opment. dPOMTI and dPOMT2 are the Drosophila orthologs of
hPOMTI and RPOMTZ2, respectively. hPOMTI localizes to
9q34 (26), and 20% of Walker-Warburg syndrome patients have
mutations in APOMTI (12). But no mutations in APOMT?2,
the human ortholog of dPOMTZ2, have yet been reported
in Walker-Warburg syndrome patients, although dPOMT2
is needed for normal muscle development. APOMT2 has
been mapped to chromosome 14 at q24.3. We could not find
any diseases with defects in muscular development in this
region in a data base search. A deficiency of hPOMT2 may be
found in Walker-Warburg syndrome patients upon further
investigation.

Muscle-eye-brain disease is one of the congenital muscular
dystrophies, although it does not show symptoms as sever as
Walker-Warburg syndrome. A deficiency of POMGnT1, which
transfers GlcNAc to Mana1-Ser/Thr with a B1,2-linkage, has
been reported to induce muscle-eye-brain disease (14, 15). As
shown in Fig. 7A, Drosophila does not have any orthologs of
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Fic. 7. Examination of the POMGnT activities of dMGAT1 and dMGAT?2. A, ClustalX phylogenetic tree of AMGAT1, dMGAT2, hMGAT1,
hMGAT?2, and hPOMGnT1. The branch lengths indicate amino acid substitutions per site. B and C, POMGnT activity of recombinant FLAG-tagged
dMGAT1 and FLAG-tagged dMGAT2, respectively. Each recombinant protein was prepared and assayed for POMGnT activity based on the
amount of [PH]GlcNAc transferred to a mannosylpeptide (Ac—Ala-Ala-Pro-(Thr/Man)-Pro-Val-Ala—Ala-Pro—NHz). D, hypothetical model of the
human and Drosophila O-linked mannosylglycan structure on dystroglycan (DG). MEB, muscle-eye-brain disease; WWS, Walker-Warburg

syndrome.

hPOMGnT, suggesting that it does not possess any extended
O-mannosylglycans. Moreover, the other mannose B1,2-N-
acetylglucosaminyltransferases, dMGAT1 and dMGAT2, did
not show any Bl,2-N—acetylglucosaminyltransferase activ-
ity toward O-mannosylpeptides. Considering the above re-
sults, a single mannosyl modification might be enough in
Drosophila, although extended O-mannosylglycans are
needed in humans.

In mammals, O-mannosylglycans show a rare type of glyco-
sylation that was first identified in chondroitin sulfate proteo-
glycans of the brain (27). They are present on a limited number

of glycoproteins of brain, nerve, and skeletal muscle (16). The
most well known O-mannosyl-modified glycoprotein is a-DG
(16), which is a central component of the dystrophin-glycopro-
tein complex isolated from skeletal muscle membranes (28). In
Drosophila, dystroglycan has been demonstrated to be required
non-cell autonomously for the organization of the planar polar-
ity of basal actin in follicle cells and required cell autonomously
for cellular polarity in epithelial cells and oocytes in analyses
using classical and RNAi mutants (29). But no dystroglycan
mutant phenotype has been reported yet, which suggests a
relation between O-mannosylation and dystroglycan. Further
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TaBLE I
BL2-N-acetylglucosaminyltransferase I and II activities of dMGATI and dMGAT2

Substrate

Specific activity

Mancxl—G(Mana1—3)Manal—G(Mana1~3)Man/31—4GlcNAcB 1-4GlcNAc-PA

Mana1-6(GlcNAcB1~2Manal-3)Manf 1-4GlcNAcB1-4GlcNAc-PA

dMGAT1 dMGAT2
pmollh/ug
55.0 NDe
ND 11.7

¢ Not determined.

investigation will be necessary to clarify to which core proteins,
including dystroglycan, dPOMTs transfer Man and the role of
O-mannosylation in the core protein.
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