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Fig. 6. Lipid raft-independent sorting of Rh1 at the TGN. (A) Filipin
staining in Drosophila mosaic retina containing both wild-type and PIG-C-
null mutant photoreceptors. Asterisks show PIG-C mutant cells. Scale bar:
5 um. (B) Immunoblot analysis of the associations of TRP and Rh1 with
DRM in wild-type and dominant-negative Rip11-expressing retina.
Membranes of homogenates from illuminated wild-type heads (lanes 1
and 3) and illuminated Rip11DN/Rh1Gal4 heads (lanes 2 and 4) were
separated into DRMs and detergent-soluble membranes (DSMs).

(C) Immunostaining of Na*K*-ATPase (green) and Rh1 (magenta) in
brn®* egh’%? double-mutant ommatidium. Scale bar: 2 pm.

(D) Formation of GIcT-T deletion mutants. Two transposon insertion lines,
GIcT-18%% and GIcT-1¢*?, containing the FRT sequence were used to
make GIcT-1 deletion mutants using the FLP/FRT method. GlcT-14¢
includes a part of synaptojanin in addition to GIcT-1. (E) Immunostaining
of a cross section of a GlucT-1® ommatidium. Rh1 (magenta) and Na*K*-
ATPase (green). Scale bar: 2 um.

as DRM in fly photoreceptors, and a rhabdomeric protein, TRP,
associates with DRM in a light-dependent manner whereas mature
Rh1 does not (Sanxaridis et al., 2007). We first confirmed that TRP
associates with DRM isolated from light-exposed wild-type heads
and that Rh1 does not (Fig. 6B). Next, we tested whether newly
synthesized Rhl can be temporally associated with DRM in the
post-Golgi vesicles. To obtain DRM from the post-Golgi vesicles,
we isolated DRM from Rip /] mutant whole eyes (data not shown)
and retinas expressing Ripll dominant-negative protein, which
accumulate post-Golgi vesicles carrying Rh1 in the cytoplasm. The
results show that Rh1 did not associate with DRM in these mutants
despite the strong association between TRP and DRM (Fig. 6B).
Next, we investigated whether the sorting phenotype can be
observed in a mutant lacking glycosphingolipids, an essential raft
component. brainiac (brn) encodes a UDP-N-acetylglucosamine,

Man 1,3-N-acetylglucosaminyltransferase ( 3GIcNAc-
transferase), and egghead (egh) encodes a GDP-mannose, Glc 1,4-
mannosyltransferase, with putative functions in sequential steps in
the biosynthesis of the core structure of arthro-series
glycosphingolipids (GleNAc 1-3Man 1-4Gle 1-Cer). It is reported
that brn’"4/egh'°"® double mutants lack glycosphingolipids and
accumulate monoglucosylated ceramide (Wandall et al., 2005). Rh1
and Na"K*-ATPase localized normally in the rhabdomeres and
basolateral membrane, respectively, in brn’""/egh! "¢ double-
mutant photoreceptors (Fig. 6C). We also investigated the deletion
mutants of the sole fly ceramide glucosyltransferase, Glc7-1, which
is the first step of glycosphingolipid synthesis; the product itself was
recently shown to play an essential role in apical sorting in
nematodes (Zhang et al., 2011). The homozygous G/cI-/ mutant
photoreceptors in the mosaic retina exhibited normal morphology
and Rh1 and Na"K*-ATPase localization (Fig. 6D,E), indicating that
the sorting defects observed in the PIG mutants are not due to the
possible glucosyl ceramide reduction. In addition, Rh1 expression in
cholesterol-deficient flies is not drastically reduced (Sanxaridis et al.,
2007). These results collectively indicate Rh1 and Na"K*-ATPase
sorting at the TGN in fly photoreceptors is not strongly affected by
lipid raft deficiency.

DISCUSSION

In this study, we screened 546 lethal lines for potential defects in
Rh1 by examining the localization of Arr2::GFP in FLP/FRT-
mediated mosaic retinas using two-color fluorescence imaging. We
found a mutation in the Drosophila homolog of human PI/G-U,
which encodes a subunit of GPI transamidase. Mutations in other
genes of the GPI synthesis pathway but not in the GPI modification
pathway gave rise to the same phenotype. Furthermore, the GPI-
linked protein, Chp accumulates in the ER whereas the stalk
membrane Crumbs protein and basolaterally localized Na"K"-
ATPase were mis-sorted to the rhabdomere. We demonstrated that
Rhl is degraded before entering the post-Golgi vesicles but that
Crb and Na"K"-ATPase are misrouted into vesicles destined for the
rhabdomere in PIG mutant cells.

There are two reports concerning GPI requirements for the
transport of transmembrane proteins. In zebrafish, GPI
transamidase is essential for the surface expression of voltage-gated
sodium channels (Nakano et al., 2010). In yeast, GPI synthesis is
required for the surface expression of Tat2p tryptophan permease,
which is associated with DRM in wild-type cells. In GPI-deficient
yeast, Tat2p and Furdp fail to associate with DRM and are retained
in the ER (Okamoto et al., 2006). Although DRM forms in the ER
in yeast, in mammalian cells, it is likely that DRM formation
occurs only after Golgi entry (Rivier et al., 2010). The reason for
this is thought to be that GPI lipid remodeling occurs in different
places: the ER in yeast and the Golgi body in mammalian cells
(Rivier et al., 2010). In mammalian cells, lipid rafts are postulated
to concentrate some fractions of apically destined proteins owing
to their affinity for the TGN (van Meer and Simons, 1988) or
recycling endosomes (Rodriguez-Boulan et al., 2005).

Along with the raft model, there are two possible explanations
for the sorting phenotype of PIG mutant fly photoreceptors: (1) the
polarized sorting of Rh1 depends on its affinity for the raft/ DRM
and the raft/DRM is deficient in PIG mutants; (2) unidentified GPI-
anchored protein(s) play crucial roles in the polarized sorting of
Rh1 and Na"K"-ATPase, and the raft/DRM provides a platform for
the GPI-anchored protein(s). The first model predicts raft/DRM
deficiency in PIG mutants, Rhl association with lipid rafts and a
stronger phenotype caused by mutations in the genes involved in
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Fig. 7. Model of protein sorting at the TGN. In the wild-type TGN, one
or more GPl-anchored protein localizes to the neck and/or inside
budding post-Golgi vesicles destined for the rhabdomeres and recruits
rhabdomere proteins but excludes others. By contrast, GPI-deficient TGNs
do not contain GPl-anchored proteins and do not perform protein
sorting. Consequently, most Rh1 is sent to the endocytotic pathway and
degraded by lysosomes whereas small amounts of Rh1, Na*K*-ATPase
and Crb are loaded into post-Golgi vesicles for delivery to the

rhabdomeres.

raft formation. By contrast, the second model predicts that GPI
deficiency produces a stronger phenotype than that caused by raft
deficiency.

Our analysis of lipid raft deficiency (Fig. 6) does not support the
first model in which the loss of polarized sorting of Rh1/Na'K*-
ATPase in PIG mutants is a consequence of raft deficiency; instead,
our results support the second model in which unidentified GPI-
anchored protein(s) concentrate Rh1 and exclude Na"K*-ATPase
and Crb from post-Golgi vesicles destined for the rhabdomeres.
Thus, loss of the GPI-anchored sorting protein(s) might cause most
Rh1 to be directed into the endocytotic pathway and degraded by
lysosomes while simultaneously allowing Na"K*-ATPase and Crb
to be loaded into post-Golgi vesicles destined for the rhabdomeres
(Fig. 7). Chp is the only GPI-anchored protein known to be
expressed in fly photoreceptors in the late-pupal stages (Reinke et
al., 1988). However, chp’ mutants do not exhibit any
mislocalization phenotype of Rh1 or Na'K*-ATPase (Fig. 2E;
supplementary material Fig. S3F). Identifying the GPI-anchored
protein(s) responsible for the sorting in the TGN is an important
step for understanding this mechanism of polarized transport.

The biosynthetic pathway of GPI-anchored proteins has been
well elucidated, but little was known to date about the phenotypic
consequences of the loss of GPI synthesis in vivo. The present
study demonstrates that GPI synthesis is essential for the sorting of
non-GPI-anchored transmembrane proteins, including Rh1 and
Na'K*-ATPase, without obvious defects in adherens junctions.
Human PIGM or PIGV deficiency causes seizures (Almeida et al.,
2006) or mental retardation (Krawitz et al., 2010). These
neurological disorders might be also caused by the mis-sorting of
some transmembrane proteins in addition to the defects in the
formation of GPI-anchoring proteins. Our findings aid the
understanding of the pathology of diseases involving deficient GPI-
anchoring protein synthesis.
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