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Oligosaccharide chains of newly synthesized membrane

receptors are trimmed and modified to optimize their

trafficking and/or signalling before delivery to the cell

surface. For most membrane receptors, the functional

significance of oligosaccharide chain modification is un-

known. During the maturation of Rh1 rhodopsin, a

Drosophila light receptor, the oligosaccharide chain is

trimmed extensively. Neither the functional significance

of this modification nor the enzymes mediating this pro-

cess are known. Here, we identify a dmppe (Drosophila

metallophosphoesterase) mutant with incomplete deglyco-

sylation of Rh1, and show that the retained oligosacchar-

ide chain does not affect Rh1 localization or signalling.

The incomplete deglycosylation, however, renders Rh1

more sensitive to endocytic degradation, and causes mor-

phological and functional defects in photoreceptors of

aged dmppe flies. We further demonstrate that the

dMPPE protein functions as an Mn2þ/Zn2þ -dependent

phosphoesterase and mediates in vivo dephosphorylation

of a-Man-II. Most importantly, the dephosphorylated

a-Man-II is required for the removal of the Rh1 oligosac-

charide chain. These observations suggest that the

glycosylation status of membrane proteins is controlled

through phosphorylation/dephosphorylation, and that

MPPE acts as the phosphoesterase in this regulation.
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Introduction

N-linked glycosylation within the endoplasmic reticulum

(ER) (Kornfeld and Kornfeld, 1985; Helenius, 1994) is impor-

tant for the folding, assembly, oligomerization, quality con-

trol, and subcellular localization of membrane receptors and

secretory proteins (Helenius, 1994; Fiedler and Simons, 1995;

Helenius and Aebi, 2001). Elimination of glycoprotein

N-glycosylation sites frequently results in significantly

reduced levels of protein secretion (Fiedler and Simons,

1995). During transportation from ER to the cell surface,

the oligosaccharide chains of glycoproteins are trimmed

and in many cases are added with new sugar residues. The

glycosylation status of membrane proteins is a key determi-

nant for the specificity and efficacy of cell–protein and cell–

cell interactions (Varki, 1993; Dwek, 1996). Appropriate

N-glycosylation also increases the stability of glycoprotein

by increasing plasma residence times (Hoffmeister et al,

2003) and providing steric protection from proteases and

non-specific interactions (Rudd et al, 2001).

In photoreceptor neurons, N-glycosylation of the light

receptor rhodopsin is critical for its exit from the ER and

for its targeting to light sensory organelles (Hargrave, 1977).

Pharmacologically blocking rhodopsin glycosylation has

prevented newly synthesized rhodopsin from maturation

and inhibited the membrane disc morphogenesis (Fliesler

et al, 1984, 1986). Importantly, mutations at the sites of

N-glycosylation in rhodopsin have been identified in patients

of autosomal dominant retinitis pigmentosa (Dryja and Li,

1995; Papermaster, 1995), a retinal degeneration disorder that

causes visual defects including night blindness and tunnel

vision (Dryja and Li, 1995).

Rh1, the major rhodopsin in Drosophila, undergoes

N-glycosylation during biosynthesis (O’Tousa, 1992; Brown

et al, 1994). Mutation of residue asn20, the single site of

N-glycosylation in Rh1, retains Rh1 in the secretary pathway

and drastically reduces the level of mature Rh1 (Webel et al,

2000). Interestingly, the oligosaccharide chain is either ex-

tensively trimmed or completely removed in mature Rh1

(Huber et al, 1990; Katanosaka et al, 1998), indicating that

Rh1 undergoes deglycosylation during its transport from ER

to the light sensory organelle rhabdomere (Satoh et al, 1997).

However, the enzymes mediating this process remain un-

known. More importantly, the physiological significance of

the Rh1 deglycosylation is unclear.

Metallophosphoesterases (MPPEs) are a superfamily of

enzymes that contain two well-characterized groups, phos-

phomonoesterases and phosphodiesterases. The activity of

MPPEs depends on the presence of metal ions such as Mn2þ ,

Ni2þ , Mg2þ , Zn2þ , Fe2þ and Co2þ (Cohen, 1989). A wide

variety of proteins and nucleotides are MPPE substrates,

including protein phosphoserine phosphatases, sphingomye-

lin phosphodiesterases, nucleotidases, 20,30-cAMP phospho-

diesterases and nucleases (Aravind and Koonin, 1998;

Keppetipola and Shuman, 2008; Fujita et al, 2009). A recent
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study suggested that PGAP5, a human MPPE, mediated the

remodelling of the glycan moiety on glycosylphosphati-

dylinositol-anchored proteins by removal of a side-chain

ethanolamine-phosphate from the second mannose of glyco-

sylphosphatidylinositol (Fujita et al, 2009). Although several

MPPEs have been characterized based on their biochemical

activity and structure, their native substrates are largely

unknown. More importantly, in vivo functions of these

enzymes have yet to be well characterized (Chen et al, 2004).

CG8889, the Drosophila orthologue of human metallopho-

sphoesterase 1, is highly expressed in the eye (Xu et al, 2004).

In this work, we demonstrate that CG8889, hereafter referred

to as dMPPE, functions as a phosphoesterase, and is required

for Rh1 deglycosylation in photoreceptor neurons. Our study

presents the first evidence that the glycosylation status

of membrane receptors can be regulated through phosphor-

ylation/dephosphorylation.

Results

Rh1 has a higher molecular weight in a dmppe mutant

We obtained a dmppe mutant, CG8889e02905, from the

Harvard Exelixis Collection. In newly eclosed, dark-reared

mutants, we detected a small reduction in light sensitivity of

the fly eye based on electroretinogram (ERG) recordings

(Figure 1A and B). As light sensitivity is largely determined

by the density of rhodopsin in the rhabdomeral membrane

(Johnson and Pak, 1986), we stained cross-sections of eye

with an Rh1 antibody to examine the Rh1 level in rhabdo-

meres. In this experiment, flies were reared in the dark from

early pupal stage to prevent light-induced endocytosis. Four

hours after eclosion, the majority of Rh1 protein was loca-

lized in the rhabdomere in wild-type flies. In contrast, in

the dmppe mutant, many Rh1-positive vesicles (RPVs)

were detected in the cell body of photoreceptors

(Figure 1C). It is previously reported that Rh1 transports to

rhabdomere through multivesicular bodies (MVBs; Satoh

et al, 2005). To investigate whether the RPVs in the mutant

were MVBs, we stained eye sections with the Rh1 and an

immunogold antibody, and examined the result via electron

microscopy (EM). The EM images revealed that RPVs appe-

ared to be collections of small vesicles (Figure 1D), which are

reminiscent of the reported MVBs. Thus, Rh1 could be

retained in the secretion pathway in the mutant.

We further compared the Rh1 protein level between wild

type and the mutant using western blots. The results showed

a slight reduction of Rh1 level in the newly eclosed mutant

and normal Rh1 protein levels in 1-day-old mutants

(Figure 1E). Intriguingly, in the mutant, we observed an

increase in the molecular weight (MW) of Rh1 (Figure 1E

and F), while all other visual molecules examined were

similar to wild type (Figure 1F). The mRNA sequence of

ninaE, the gene encoding the Rh1 protein, was not changed

in the mutant (data not shown); therefore, the increase in Rh1

MW is due to abnormal post-translational modification.

The increase in Rh1 MW is due to a failure of

deglycosylation

As dMPPE is predicted to be a phosphoesterase, the increase

in Rh1 MW could be due to hyperphosphorylation. However,

the following observations argue against this expla-

nation. First, treatments with non-specific phosphatases, calf

intestinal phosphatase or potato acid phosphatase, did not

change the MW of Rh1 purified from the mutant (Figure 2A).

Second, a truncated Rh1 protein encoded by the mutant allele

ninaED365, which lacks the phosphorylation sites (Vinos et al,

1997), still had an increased MW in the dmppe mutant

background (Figure 2B).

As the MW of Rh1 from the mutant is close to that of

immature and glycosylated Rh1, we purified Rh1 proteins

from both wild type and mutant using Rh1 antibody-linked

affinity beads and treated them with different glycosidases.

After treatment with peptide: N-glycosidase F (PNGase F),

the MW of Rh1 from the mutant was reduced (Figure 2C),

indicating that Rh1 is glycosylated in the mutant.

As a control, the mature Rh1 protein from wild type showed

undetectable change in the MW (Figure 2C).

To characterize the oligosaccharide chain present on

glycosylated Rh1, we digested Rh1 from the mutant with

endoglycosidase H (Endo H). Endo H only cleaves unmodi-

fied core oligosaccharides but not complex N-linked

glycoproteins (Twining, 1984). The result showed that Rh1

from the mutant was deglycosylated by Endo H (Figure 2D),

suggesting that Rh1 in the mutant contains a core

oligosaccharide.

Rh1 transport is slow in the dmppe mutant

To understand why some Rh1 protein mislocalized in the

newly eclosed mutant, we examined the dynamics of Rh1

glycosylation and distribution in both wild type and the

mutant. Western blots of wild type showed that Rh1 was

undetectable at 63% of pupal development (% pd), while

immature 40 kDa Rh1 was detected at 68% pd, and mature

36 kDa Rh1 was detected at 71% pd (Figure 3A). Thus, the

extensively trimmed Rh1 begins to form between 68% and

71% pd. In immunostaining experiments, most Rh1 protein

resides in the cell body but not in the rhabdomere at 68% pd,

B25% of Rh1 resides in the rhabdomere at 71% pd and

B86% of Rh1 resides in the rhabdomere at 79% pd (Figure

3C and E). Taken together, these observations suggest that the

immature high-MW Rh1 mostly exists in the cell body and the

mature low-MW form localizes in the rhabdomere. In other

words, Rh1 undergoes oligosaccharide trimming during its

trafficking to the rhabdomere.

In contrast, in the dmppe mutant, at B68% pd, the Rh1

MW was 40 kDa. It changed gradually to 39 kDa during

development and remained the same size through eclosion

(Figure 3B). These observations suggest that the process of

Rh1 deglycosylation is disrupted in the mutant. Unlike the

wild type, the mutant showed almost no Rh1 in the rhabdo-

mere before 71% pd, and only B49% of Rh1 was localized in

the rhabdomere at 79% pd (Figure 3D and E). These

data indicate that oligosaccharide trimming accelerates the

transport of Rh1 to the rhabdomere.

Although we detected some RPVs in the cytoplasm, most

of the glycosylated Rh1 was still loaded into rhabdomere in

the newly eclosed mutant. To investigate the fate of RPVs, we

examined the distribution and protein level of Rh1 in more

matured adults. In 2-day-old, dark-reared mutants, Rh1 was

completely localized in the rhabdomere (Figure 3F), and the

overall Rh1 level was comparable to wild type (Figure 3G),

suggesting that Rh1 in the RPVs ultimately transfers to the

rhabdomere.
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Deglycosylation is not required for the normal signalling

of Rh1

Glycosylated Rh1 localized normally in the rhabdomere in

matured mutants and the rhabdomeral density of Rh1 was

comparable to wild type; therefore, we next examined

whether the retained oligosaccharide chain interfered

with the signalling of Rh1. Compared with the wild-type

flies, 2-day-old, dark-reared mutants displayed normal ERG

recording traces (Supplementary Figure S1A), ERG amplitude

(Supplementary Figure S1B), ON and OFF transients (Supple-

mentary Figure S1C) and sensitivity to light (Supplementary

Figure S1D). These data indicate that the deglycosylation of

Rh1 is not required for the normal activation of visual

signalling.

In addition, the deglycosylation of Rh1 was also not

required for the normal deactivation of visual signalling.

In 2-day-old, dark-reared mutants, the termination speed of

light response and the minimum light intensity required to
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produce prolonged depolarization after potential were

comparable to that of wild type (Supplementary Figure S1E

and F).

Deglycosylation is essential for the stability of

endocytosed Rh1

Although the deglycosylation of Rh1 is not required

for normal visual signalling, old mutants reared in regular

light conditions displayed obvious reduced sensitivity to

light. ERG recording revealed that the overall light sensitivity

of photoreceptor cells strikingly decreased in 20-day-old

mutants raised under regular light cycles (12 h light/12 h

dark; Figure 4A). Western blotting showed that most Rh1

and much of INAD had been degraded in mutant, but not in

wild-type flies (Figure 4B), suggesting that old mutants

undergo retinal degeneration. Subsequent EM examinations

revealed many small splits and tiny holes in the rhabdomere

of 18-day-old mutants raised in the same condition

(Figure 4C). However, 16-day-old, dark-reared mutant dis-

played normal rhabodomeral structure, Rh1 level, and sensi-

tivity to light (Supplementary Figure S2). Thus, the visual

functional defects and retinal degeneration could be due to

loss of Rh1 protein. Indeed, retinal degeneration also occurs

in ninaE mutant flies that have extremely low levels of Rh1

(Leonard et al, 1992).

Given that the glycosylation status affects the endocytosis

of several membrane receptors (Partridge et al, 2004), the

reduction of Rh1 in old mutants could be due to excessive

endocytosis and subsequent degradation. To test this hypoth-

esis, we first investigated the light-induced Rh1 endocytosis

in the mutant. After exposure to regular light (700 lux) for 8 h,

the number of endocytic Rh1 particles per ommatidium in the

mutant was comparable to that in wild type (2.3±0.3 versus

2.6±0.4; Figure 4D). This observation suggests that the

oligosaccharide chain does not significantly interfere with

Rh1 endocytosis.

Since glycosylation of Rh1 does not affect its endocytosis,

we next examined whether glycosylation of Rh1 changed the

stability of endocytosed Rh1. For this purpose, we prevented

the endocytosed Rh1 from being recycled back to the rhab-

domere by stimulating the fly with pure blue light, which

converts the inactive Rh1 rhodopsin to the active metarho-

dopsin, but does not change it back to rhodopsin for recycling

(Xu et al, 2004; Han et al, 2007). After 2 h of blue light

stimulation (700 lux), equal ratios of endocytosed Rh1 signal

were detected in wild type and the mutant (4.8±0.5 versus

5.1±0.6%; Figure 4E). At this time point, the degradation of

endocytosed Rh1 had not begun in either fly (Figure 4F).

After 3 h of stimulation, however, significant Rh1 degradation

was observed in the dmppe mutant (Figure 4F). In addition,

the intensity of visible endocytic Rh1 signal increased further

only in the wild type (arrows in Figure 4E) but not in the

mutant (Figure 4E). Thus, the insufficiently deglycosylated

Rh1, after endocytosis, is not as stable as the extensively

processed Rh1.

dMPPE mediates the process of Rh1 deglycosylation

In the dmppe mutant, a p element is inserted into the 50

untranslated region of the dmppe gene. Homozygotes of this

allele are viable. To determine if this insertion actually

disrupts the dmppe gene, we examined dmppe mRNA levels

with northern blot analysis and real-time RT–PCR. Using a

probe that specifically recognizes a long transcriptional form

of dmppe mRNA, we confirmed the loss of dmppe mRNA in

the mutant (Figure 5A). Using real-time RT–PCR, we showed

that the amount of dmppe mRNA decreased B50-fold in the

mutant (Figure 5B). Furthermore, western blots also demon-

strated the absence of dMPPE protein in the mutant

(Figure 5C). Thus, the dmppe gene is disrupted by this

p element insertion.

To confirm that loss of dMPPE is responsible for the defect

in Rh1 deglycosylation, we attempted to rescue the pheno-

type by generating transgenic flies that express a dMPPE

cDNA. In a cn,dmppe,bw; p[hs-dmppe] fly, expression of

dMPPE from the pupal stage converted Rh1 to the extensively

processed form (Figure 5D). To show that dMPPE functions in

the photoreceptor, we successfully rescued the defect of Rh1

deglycosylation in another transgenic fly (cn, dmppe,bw;

p[trpHdmppe]) that expresses dMPPE through a photorecep-

tor-specific trp gene promoter (Han et al, 2006; Figure 5E).

In this latter fly, we also observed the rescue of two other

phenotypes of the dmppe mutant: the incomplete Rh1 deliv-

ery (Figure 5F) and the reduction of light sensitivity

(Figure 5G) in newly eclosed flies. Taken together,

the above observations indicate that dMPPE is required for

the deglycosylation of Rh1.

dMPPE predominately localizes in Golgi and colocalizes

with trafficking Rh1

To investigate why dMPPE is required for Rh1 deglycosyla-

tion, we first examined the expression pattern of dMPPE in

the adult fly head, and determined that dMPPE was highly

expressed in the retina (Figure 6A). We next stained the

dissected ommatidium with both anti-Rh1 and anti-dMPPE

antibodies to display the subcellular localization of dMPPE.
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The images showed that dMPPE resides in the cell body of

photoreceptors, with some surrounding the nucleus

(Figure 6B). To further display the organellar distribution of

endogenous dMPPE, we stained dissected ommatidium,

whose ER or Golgi had been labelled with GFP. The

results showed that dMPPE predominately exists in the

Golgi (Figure 6C and D).

Since dMPPE mediates the process of Rh1 deglycosylation,

we next examined the distribution of dMPPE during Rh1

maturation. At 68% pd, dMPPE partially colocalized with

Rh1 (Figure 6E), suggesting dMPPE mediates Rh1 deglycosy-

lation during immature Rh1 trafficking.

dMPPE functions as a phosphoesterase and its

phosphoesterase activity is essential for

Rh1 deglycosylation

To test whether dMPPE can directly remove the oligosacchar-

ide chain from glycosylated Rh1, we treated the glycosylated

Rh1 from the mutant with purified recombinant dMPPE.

After 16 h of incubation, the Rh1 band showed no size shift

(Supplementary Figure S3). Thus, dMPPE cannot directly

remove the oligosaccharide chain from Rh1.

Instead, dMPPE functions as a phosphoesterase, as

predicted, supported by the following observations. First,

in p[hsHdmppe] transgenic flies, the total phosphoesterase
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activity of head extract increased gradually from 1 h of heat

shock and reached the highest level by 3 h, showing

perfect correlation with the increase in dMPPE protein

level (Figure 7A). Second, dMPPE proteins purified from

transformed bacteria showed remarkable, metal-dependent

phosphoesterase activities in the presence of Mn2þ or Zn2þ .

Other metal ions, such as Ca2þ and Mg2þ , did not signifi-

cantly support the phosphoesterase activity of dMPPE

(Figure 7B). Finally, once we deleted amino acids 164–183

of dMPPE (dMPPED), the phosphoesterase activity was

abolished (Figure 7C).

To determine whether the phosphoesterase activity of

dMPPE is required for Rh1 deglycosylation, we generated a

transgenic fly that expressed the truncated dMPPED protein.

We failed to rescue the Rh1 deglycosylation defect in this

transgenic fly (cn,dmppe,bw; GMR-Gal4/p[UASHdmppeD];

Figure 7D), indicating that the phosphoesterase activity of

dMPPE is essential for Rh1 deglycosylation.

dMPPE dephosphorylates a-Man-II

It is likely that dMPPE stimulates a glycosidase through

dephosphorylation, which in turn catalyses the Rh1 deglyco-

sylation. To test whether dMPPE dephosphorylates any pro-

tein in vivo, we conducted western blotting experiments with

antibodies that recognize phosphorylated proteins, and found

that several phosphorylation bands had increased levels in

the dmppe mutant (Supplementary Figure S4). To identify

these proteins, we enriched phosphorylated proteins from

both wild-type and mutant flies. After PAGE-gel fractionation,

we collected those protein bands that showed increased

levels in the mutant background. Using mass spectrometry,

we successfully identified two proteins: a glycosidase
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a-Man-II (Harpaz and Schachter, 1980) and a cuticle protein

CG4784 (Figure 8A; Supplementary Table 1). These two

proteins are potential substrates of dMPPE.

Considering that a-Man-II could be a glycosidase involved

in the Rh1 deglycosylation, we focused on this protein and

further identified its phosphorylation sites. First, we gener-

ated a myc-tagged a-Man-II transgene and introduced it into

both wild-type and dmmpe mutant backgrounds (Figure 8B).

After immunoprecipitation from fly extracts and digestion

with trypsin, the peptides of the myc-tagged a-Man-II were

spotted for mass spectrometric analysis. Analysis of the mass

spectra revealed a singly charged peptide [MþH]þ ion signal

at m/z 1901.94 in the mutant sample (Figure 8C) that was not

present in the wild-type sample, accompanied by the appear-

ance of a new peptide [MþH]þ ion signal at m/z 1821.97,

corresponding to the predicted 80 D lost of a phosphate group

(Figure 8C). Next, we isolated the phosphorylated peptides of

a-Man-II from the digested mutant sample using PHOS-select

iron affinity gel. Tandem MS/MS analysis identified the m/z

1901.94 ion as residues 69–84 containing a phosphorylation

at serine 73 (Supplementary Figure S5).

To test whether dMPPE directly dephosphorylates

a-Man-II, we first investigated whether they have overlapping

distributions in the cell. In co-transfected HEK 293 cells,

immunostaining signals of a-Man-II overlapped with

those of dMPPE (Supplementary Figure S6A). Importantly,

these two proteins even associated with each other in im-

munoprecipitation experiments (Supplementary Figure S6B).

Next, we conducted in vitro dephosphorylation assays on a

recombinant a-Man-II protein. After incubation with dmppe

mutant fly extract, the a-Man-II protein underwent phosphor-

ylation (Figure 8D). This phosphorylation was reversed by

subsequent incubation with a purified recombinant dMPPE

protein, but not by the truncated dMPPED protein

(Figure 8D). Thus, dMPPE may directly dephosphorylate

a-Man-II.
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a-Man-II mediates Rh1 deglycosylation in vivo

It is known that a-Man-II specifically catalyses the removal

of both a1,3-linked and a1,6-linked mannoses from

GnMan5Gn2 to yield GnMan3Gn2 (Gn, N-acetylglucosamine)

(Harpaz and Schachter, 1980; Figure 9F). If the activity of

a-Man-II is impaired in the dmppe mutant, Rh1 proteins from

the mutant would contain a GnMan5Gn2 chain. To test this,

we conducted glycosidase digestions to analyse the retained

oligosaccharide chain of Rh1 in the mutant. The digestion of

a1-6 mannosidase significantly decreased the MW of the

mutant Rh1 protein (Figure 9A). However, the digestion of

a1-2,3 mannosidase decreased the Rh1 MW even more

(Figure 9A). These results suggest that the Rh1 oligosacchar-

ide chain in the dmppe mutant contains an unbranched a1,

6-linked mannose and at least two a1-2,3-linked mannoses,

consistent with the structure of GnMan5Gn2.

Next, we demonstrated that a-Man-II mediated Rh1 degly-

cosylation both in vitro and in vivo. First, purified recombi-

nant a-Man-II protein decreased the MW of Rh1 protein

isolated from the dmppe mutant (Figure 9B). Second, we

generated flies that contain homozygous a-Man-II mutant

photoreceptors (see Supplementary data), and found that

the MW of Rh1 from these flies was the same as in the

dmppe mutant (Figure 9C). The MW of Rh1 from the a-Man-II

mutant returned to the wild-type size after PNGase F

digestion, indicating a defect in the Rh1 deglycosylation

(Figure 9D). In control experiments, the Rh1 MW did not

change in CG4784 null mutant (unpublished observations).

To confirm that phosphorylation of the residue Ser73

inhibits a-Man-II activity, we generated transgenic flies

expressing a-Man-II S73G, a mutant variant with Ser73 mutated

to Gly (S73G). In cn,dmppe,bw;GMR-Gal4/p[UASHa-Man-II
S73G] flies, the eye-specific expression of a-Man-II S73G suc-

cessfully converted Rh1 to the extensively trimmed wild-type

form in the dmppe mutant background (Figure 9E). In con-

trast, overexpression of a wild-type a-Man-II protein did not

significantly affect Rh1 in the same genetic background.

Thus, the dMPPE-dependent dephosphorylation of a-Man-II

is critical for Rh1 deglycosylation (Figure 9F).

Once a-Man-II cleaves a1,3-linked and a1,6-linked man-

noses from GnMan5Gn2, other glycosides will continue to

remove the remaining GnMan3Gn2 from Rh1. We attempted

to identify additional glycosides involved in Rh1 deglycosyla-

tion by generating mutants and/or RNAi knockdown flies for

known and predicted glycosidase genes such as edem1,

edem2, png1, a-Man-I, a-Man-II b and CG14015. In two

a-Man-II b RNAi lines, we observed slightly increased MWs

of Rh1 (Supplementary Figure S7). The potential role of

a-Man-IIb in Rh1 deglycosylation will be further investigated

in the future.
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Discussion

Our study has revealed that the deglycosylation of Rh1

rhodopsin is essential for its rapid transportation and stabi-

lity, but is not required for its rhabdomeral targeting and

signalling function. Most importantly, we have demonstrated

that a phosphoesterase dMPPE mediates the process of

Rh1 deglycosylation by dephosphorylating the glycosidase

a-Man-II.

The role of dMPPE in the deglycosylation of rhodopsin

Consistent with a previous microarray study (Xu et al, 2004),

we demonstrated dMPPE to be predominately expressed in

the retina, suggesting it might have an important role in

the eye. Our work provides solid evidence that dMPPE is

required for the oligosaccharide trimming in Rh1. To our

knowledge, this is the first in vivo function identified for

an MPPE.

The newly synthesized Rh1 protein in the ER contains a

large oligosaccharide chain and has an MW of 40 kDa (Ozaki

et al, 1993). In our experiments, nascent Rh1 rhodopsin

existed as a 40-kDa protein, and it gradually changed to

39 kDa and remained the same size through eclosion in the

dmppe mutant. These observations suggest that dMPPE is not

critical for the initiation of deglycosylation in the ER. The 1-

kDa shift in MW could be due to the cleavage of several

saccharide residues in the ER, as it has been reported that ER

glycosidases can remove three terminal glucose residues and

some mannose residues from core oligosaccharide chains

of glycoproteins (Helenius, 1994; Satoh et al, 1997). After

transport to Golgi bodies, post-Golgi vesicles, and finally to

rhabdomeral microvilli, the oligosaccharide chain is further

processed to form a 36-kDa mature rhodopsin (Satoh et al,

1997). However, later steps of oligosaccharide trimming in

Rh1, which occur in Golgi bodies and/or post-Golgi vesicles,

require the activity of dMPPE.

dMPPE does not directly deglycosylate Rh1 as a glycosi-

dase. Instead, it acts as a phosphoesterase, and promotes Rh1

deglycosylation through dephosphorylating a-Man-II. This is

supported by our observations that the a-Man-II mutant had

the same defect of Rh1 deglycosylation as the dmppe mutant,

and that the defect in the dmppe mutant was rescued by a

mutant variant of a-Man-II lacking the phosphorylation site.

In our study, a C-terminal His6-tagged dMPPE protein

showed metal-dependent phosphoesterase activities in the

presence of Mn2þ or Zn2þ . This result is different from a

previous work on PGAP5, the human MPPE. Although

the activity of PGAP5 also depends on Mn2þ and Zn2þ

(Fujita et al, 2009), an N-terminal His6-Flag-tagged PGAP5

did not recognize artificial phosphoesterase substrates p-

nitrophenyl phosphate and monofluorophosphate. Instead,

PGAP5 is reported as the enzyme that removes EtNP from the

Man2 of GPI (Fujita et al, 2009). The lack of phosphoesterase

activity in the N-terminal tagged PGAP5 could represent a

difference between species. Alternatively, the N-terminal tag

may have interfered with the recognition of substrates.

Indeed, we also failed to detect any phosphoesterase activity

in a purified N-terminal GST-tagged dMPPE protein (unpub-

lished observations).

Phosphorylation regulates the a-Man-II activity

We have identified a phosphorylation site in the fly a-Man-II

at Ser-73, a residue conserved between mammals and

Drosophila and residing in the lumen of ER (van den Elsen

et al, 2001). It is previously reported that a-Man-II in mam-

malian HeLa and 3T3 cells also undergoes serine phosphor-

ylation during post-translational modification (Moremen and

Touster, 1985). Thus, the activity of mammalian a-Man-II

is likely controlled in a similar manner through serine

phosphorylation.

The functions of many proteins are regulated by phosphor-

ylation/dephosphorylation in ER or Golgi. For example,

phosphorylation/dephosphorylation serves as a sorting

signal to determine the ER retention or Golgi transport

for some proteins (Teh et al, 2009; Yellaturu et al, 2009).

Phosphorylation/dephosphorylation modification also con-

tributes to the control of enzymatic activity or the regulation

of protein half-life (Hunter, 2007). Here, we have shown that

the dephosphorylation of a-Man-II is required for its function

in deglycosylation. This may provide the first evidence that

the glycosylation status of membrane proteins can be

regulated by phosphorylation in their secretory pathways.

The importance of Rh1 deglycosylation

In vertebrates and some invertebrates, rhodopsin remains

glycosylated after maturation (Hargrave, 1977; O’Tousa,
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metal-dependent phosphoesterase activity. His-tagged dMPPE pro-
tein was expressed in E. coli and purified from cell lysate using an
Ni2þ affinity column. The phosphoesterase activity was measured
by hydrolysis of p-nitrophenyl phosphate (pNpp). After averaging
three sets of data, the mean values of phosphoesterase activity and
s.e.m. are presented. (C) Phosphoesterase activity was abolished in
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After averaging three sets of data, the mean of phosphoesterase
activity and s.e.m. are presented. (D) The phosphoesterase activity
of dMPPE is essential for Rh1 deglycosylation. Eye-specific expres-
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1992; Brown et al, 1994). Intriguingly, the oligosaccharide of

Drosophila Rh1 undergoes extensively trimming before ma-

turation. The functional roles of oligosaccharide trimming in

rhodopsin were not characterized, mostly due to the lack of a

mutant that contains glycosylated rhodopsin in the rhabdo-

mere. Although in several mutants, such as ninaA, Rh1

remains almost fully glycosylated, it is misfolded and accu-

mulates in the ER (Colley et al, 1991). Rh1 accumulation in

the ER triggers an ER stress, which in turn activates the

unfolded protein response (Mendes et al, 2009). In contrast,

in dmppe mutant, glycosylated Rh1 has no problem exiting

the ER, which makes it a good model of study.

Using the dmppe mutant, we showed that the deglycosyla-

tion of rhodopsin is essential for the rapid transport of newly

synthesized rhodopsin to rhabdomere. We further revealed

that the retained oligosaccharide chain did not affect Rh1

localization and visual signalling. However, it does render

Rh1 more sensitive to endocytic degradation, and leads to

morphological and functional defects in the photoreceptor

cells of aged dmppe mutant flies.

It has been proposed that N-glycans function as putative

sorting signals (Fiedler and Simons, 1995; Gut et al, 1998).

However, studies on the role of N-glycosylation in targeting

membrane receptors to the cell surface showed variations

among different receptors (Rands et al, 1990; Davis et al,

1995). Our study on Rh1 now suggests that N-glycosylation of

rhodopsin is not required for its rhabdomeral localization.

One explanation is that rhodopsin contains other intrinsic

sorting signals that are sufficient to ensure its rhabdomeral

targeting. Similarly, N-glycosylation was not necessary for the

membrane targeting of several other membrane proteins

(Chmelar and Nathanson, 2006).

One potential role of N-glycosylation is to make the protein

more stable and more resistant to proteolysis (Kundra and

Kornfeld, 1999). Surprisingly, our results showed that the

glycosylated Rh1 was not as stable as the extensive trimmed
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form after being internalized through light-stimulated

endocytosis. Considering that the glycosylated Rh1 does not

contain a complete core oligosaccharide chain and could

have exposed oligomannose, one explanation for its reduced

stability is that the oligomannose may promote entry of

the endocytic Rh1 protein into lysosomes for degradation.

This effect of oligomannoside has been demonstrated for

both membrane glycoproteins (Ward et al, 1995; Wiertz

et al, 1996) and soluble glycoproteins (Qu et al, 1996).

Materials and methods

Fly genetics
P-element insertion line pBacCG8889e02905 was obtained from the
Exelixis Collection at Harvard Medical School. To exclude the effect
of pigments, all wild-type and pBacCG8889e02905 mutant flies in this
work had a cn,bw background. The dark-reared flies were never
exposed to light from the early pupal stage; all other flies were
raised in an approximate 12 h light (700 lux)/12 h dark cycle. Other
fly genetics information was supplied in Supplementary data.

Antibodies
The dMPPE antibody was raised in rabbits against synthesized
peptide (aa 341–355) of dMPPE protein and generated by Signalway
Antibody Co. Let. (Nanjing, China). An affinity column, which was
created by coupling full-length dMPPE to Sepharose 4B, was used to
purify the antibody. The sources of other antibodies were DSHB
(Rh1), C Zuker (Rh1 polyclone antibodies), C Montell (INAD) and
Abcam (Myc-tag).

Glycosidases
Peptide: N-Glycosidase F (PNGase F), Endoglycosidase H, a1-6
mannosidase and a1-2,3 mannosidase were purchased from
New England Biolabs Inc. a1-6 mannosidase specifically removes
unbranched a1-6 linked D-mannopyranosyl residues from oligosac-
charides, whereas a1-2,3 mannosidase specifically catalyses the
hydrolysis of a1-2 and a1-3 linked D-mannopyranosyl residues from
oligosaccharides.

Electrophysiological recordings and relative light

sensitivity recording
ERGs were recorded as previously described (Han et al, 2006). The
signal was amplified and recorded using a Warner IE210 Intracel-
lular Electrometer.

For relative light sensitivity measuring, orange light pulses of
increasing intensities were used to stimulate responses in the eye.
Before recording, the flies were allowed to adapt for 5 min in the dark.
The relative light sensitivity of a photoreceptor is defined as I/IWT,
where IWTrepresents the mean light intensity of triggering a detectable
response in the wild-type eye, and I is the lowest light intensity for the
individual eye examined. For each genotype and condition, 12 flies
were examined and the relative sensitivities were averaged to obtain a
mean. The standard error of the mean (s.e.m.) was calculated and
presented as error bar in the figures.

Immunostaining and quantitative analysis
For immunofluorescence staining, fly heads were fixed with 4%
paraformaldehyde in PBS, dehydrated with acetone and embedded
in LR White resin. For dark-reared flies, fly heads were bisected in
o5 min with dim red light, and fixation was performed in complete
dark. One-micrometer sections were cut across the top half of the
eye. A monoclonal Rh1 antibody (DSHB) and FITC-conjugated
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secondary antibodies were used for Rh1 labelling, TRITC-conjugated
phalloidin were used for F-actin staining. The stained sections were
examined under a ZEISS Axio observer A1 microscope.

For quantitative analyses of the ratio of Rh1 load in the
rhabdomeres in Figure 3C and D, fluorescence images obtained
were analysed with ImageJ software (National Institute of Health,
USA). The ratio of Rh1 present in the rhabdomeres (R) was
calculated using the formula R¼ (Ir�Ib)/((Ir�Ib)þ (Ic�Ib)), where
Ir, Ib and Ic are the fluorescence intensities in the rhabdomeres, in
the background, and in the cell body, respectively. Background
intensities were determined in the centre of the ommatidium where
the rhabdomere of the R7/R8 cells does not contain Rh1.

For quantitative analyses of the ratio of endocytosed Rh1 signal
in Figure 4E, fluorescence images obtained were analysed
with ImageJ software (National Institute of Health, USA). The total
fluorescence intensities (It) were adjusted according to the quanti-
fication of total Rh1 protein level in Figure 4F. It¼ ((Ir�Ib)þ
(Ic�Ib)), where Ir, Ib and Ic are the fluorescence intensities in the
rhabdomeres, in the background, and in the cell body, respectively.
Background intensities were determined in the centre of the
ommatidium where the rhabdomere of the R7/R8 cells does not
contain Rh1. Then, the ratio of endocytosed Rh1 signal (R) was
calculated using the formula R¼ (Ic�Ib)/Ito, where Ito represents
the adjusted total fluorescence intensities in dark-reared flies.

For dMPPE labelling, ommatidia were dissected in ringer
solution without calcium, transferred to the Poly-L-Lysine coated
slides and kept in dark for 30 min. Sections were fixed and
costained with Rh1 antibody (1:100) and dMPPE antibody (1:50).
The stained samples were examined under an LSM 510 confocal
microscope.

Histological fixation, sectioning and EM
Histological analysis was performed as follows: fly heads were
bisected and fixed at 41C for 12 h in 2.5% gluteraldehyde, 0.1 M
sodium cacodylate (pH 7.2). After rinse with 0.1 M sodium
cacodylate for three times, the fixed tissue was stained with 1%
osmium tetroxide for 1 h at room temperature. A standard ethanol
dehydration series was performed and the tissue was immersed in
two 10 min washes of propylene oxide. The tissue was then
embedded with standard procedures. For EM, thin sections
(100 nm) were cut, collected on Cu support grids, and stained with
uranyl acetate for 8 min, followed by 5 min with lead citrate.
Micrographs were taken at 80 KV on Hitachi-7650.

To examine the localization of Rh1 with electron microscope
(EM), fly heads were bisected in o5 min with dim red light, and
fixation was performed in complete dark. Fixed fly heads were
embedded in LR White as described (Li and Montell, 2000), except
that ethanol was used for the dehydration. Thin sections (100 nm)
were cut and immunostained with the primary antibodies and
then with an anti-mouse IgGs conjugated with gold particles. The
particle sizes are 15 nm for the Rh1 labelling. After staining with 1%
aqueous uranyl acetate, the sections were examined using
a transmission EM.

Rh1 affinity chromatography
To purify Rh1 from wild-type and the dmppe mutants, an affinity
column was created by coupling Rh1 antibody (4C5) to Sepharose
4B (Amersham-Pharmacia, Inc.). In all, 2000 heads were collected
and homogenized in sodium phosphate buffer containing 1%
CHAPS. Supernatant was loaded onto affinity column after
centrifugation at 150 000 g for 60 min. After rinsing, Rh1 and its
associated proteins were eluted with 100 mM glycine. The eluted
samples were dialysed and concentrated.

Phosphorylated protein enrichment and in vitro

phosphorylation assays
In all, 3000 heads were collected from 1-day-old wild-type flies and
dmppe mutants, respectively. Heads were homogenized in sodium

phosphate buffer containing 1% CHAPS and 1% Triton X-100.
Phosphorylated proteins were enriched by TALON PMAC phospho-
protein enrichment kit (Clontech) according to the user manual. The
equal eluted samples were subjected to SDS–PAGE and silver stained.

In vitro phosphorylation assays were performed as described
(Alloway and Dolph, 1999). Briefly, 10 fly heads (o2 days) were
dissected and homogenized in 20ml assay buffer (16 mM Tris,
pH 7.5, 5 mM MgCl2, 5 mM b-mercaptoethanol, 2 mM MnCl2).
Phosphorylation reactions were performed in room temperature for
15 min in 15ml assay buffer with 0.02 mg purified recombinant
GST-a-Man-II, 0.3mCi [g-32P]ATP (3000 Ci/mmol), and 3ml of
homogenate. For dephosphorylation reactions, 0.01 mg purified
recombinant dMPPE or truncated dMPPED was added for further
15 min incubation. The GST–a-Man-II was precipitated by glu-
tathione-Sepharose beads (Amersham Biosciences) and subjected
to SDS–PAGE, autoradiography and western analysis with
antibodies against GST.

Identification of phosphorylation site in a-Man-II by MS
Myc-tagged a-Man-II was immunoprecipitated from wild-type and
mutant flies by using EZview red anti-c-myc Affinity gel (Sigma).
Gel bands were excised, destained and digested with proteomics
grade trypsin (Sigma) at 371C for 18 h. Peptides were desalted using
a ZipTip (C18; Millipore) and spotted for mass spectrometric
analysis on an MALDI-TOF/TOF analyzer. Phosphorylated peptides
of a-Man-II were isolated from trypsin-digested sample by using
PHOS-select iron affinity gel (Sigma). Amino-acid sequences were
identified by subjecting peptides to collision-induced dissociation
during MALDI-TOF-MS/MS.

Statistics
For each quantitative analysis, three sections from three flies were
examined in Figures 1, 3, 4, 5, with 430 ommatidia counted in each
section. After averaging three sets of data, the mean values and
s.e.m. (as error bar) were presented.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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