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EMC is required for biogenesis of Xport-A,
an essential chaperone of Rhodopsin-1 and the
TRP channel
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Kvido Strisovsky4 , Colin Adrain2,5,*,† & Pedro M Domingos1,**,†

Abstract

The ER membrane protein complex (EMC) is required for the
biogenesis of a subset of tail anchored (TA) and polytopic
membrane proteins, including Rhodopsin-1 (Rh1) and the TRP
channel. To understand the physiological implications of EMC-
dependent membrane protein biogenesis, we perform a bioinfor-
matic identification of Drosophila TA proteins. From 254 predicted
TA proteins, screening in larval eye discs identified two proteins
that require EMC for their biogenesis: fan and Xport-A. Fan is
required for male fertility in Drosophila and we show that EMC is
also required for this process. Xport-A is essential for the biogene-
sis of both Rh1 and TRP, raising the possibility that disruption of
Rh1 and TRP biogenesis in EMC mutants is secondary to the Xport-
A defect. We show that EMC is required for Xport-A TMD
membrane insertion and that EMC-independent Xport-A mutants
rescue Rh1 and TRP biogenesis in EMC mutants. Finally, our work
also reveals a role for Xport-A in a glycosylation-dependent triage
mechanism during Rh1 biogenesis in the endoplasmic reticulum.
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Introduction

Membrane proteins comprise ~30% of the eukaryotic proteome and

confer many essential functions to biological membranes (Wallin &

Von Heijne, 1998; Fagerberg et al, 2010). These proteins contain

hydrophobic transmembrane domains (TMDs) that must be inserted

into the membrane of the endoplasmic reticulum (ER) through

evolutionarily conserved molecular machineries. The vast majority

of membrane proteins are inserted into the ER membrane through

the co-translational pathway, in which proteins containing signal

peptides or TMDs are recognised by the signal recognition particle

as they emerge from the ribosomes. Eventually, the ribosome-

nascent chain complex is delivered to the Sec61 translocon, where

membrane insertion takes place (Guna & Hegde, 2018).

The co-translational insertion pathway is the predominant mech-

anism for membrane protein insertion, but it is unable to deal with

the biogenesis of a specific class of membrane proteins called tail

anchored (TA) proteins, which lack a signal peptide and contain a

single TMD at their C-terminus (Kutay et al, 1993). Consequently,

their TMD remains shielded inside the ribosomal tunnel until the

termination codon is reached, and TMD recognition can only occur

post-translationally (Hegde & Keenan, 2011). Accordingly, TA

proteins utilise a dedicated conserved TMD recognition complex

(TRC) pathway, which facilitates the targeted release of these proteins

into the ER in eukaryotic cells, in a post-translational manner (Ste-

fanovic & Hegde, 2007). The crucial component of this pathway is

the ATPase TRC40 (or in yeast Get3), which captures and shields

TMDs of TA proteins (Stefanovic & Hegde, 2007; Schuldiner et al,

2008; Mateja et al, 2015), until they are released to a receptor

complex composed of WRB-CAML (yeast Get1-Get2), which mediates

TMD insertion into the ER membrane (Mariappan et al, 2011; Stefer

et al, 2011). Structural and biochemical studies have shown that this

pathway displays a preference for TMDs of high hydrophobicity

(Wang et al, 2010; Rao et al, 2016; Guna et al, 2018).

Recently, the ER membrane protein complex (EMC) was identi-

fied as an insertase for TA proteins with TMDs of moderate to low

hydrophobicity (Guna et al, 2018; Tian et al, 2019; Volkmar et al,

2019). The EMC is a highly conserved, multi-subunit protein
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complex, with nine subunits in mammals (Wideman, 2015). The

EMC was initially described in yeast in a high throughput genetic

screen for genes required for protein folding (Jonikas et al, 2009)

and its mammalian counterpart was later identified as part of the

interaction network of the ER-associated protein degradation

machinery (Christianson et al, 2011).

The EMC was subsequently shown to serve as an insertase for

specific polytopic membrane proteins that contain a signal anchor

sequence (SAS), including a subset of G-protein coupled receptors

(GPCR; Chitwood et al, 2018). A variety of experiments suggested

that the EMC coordinates the insertion of the first TMD of the

GPCRs, after which subsequent TMD insertions are EMC-

independent and require the Sec61 translocon, via a “handing-off”

mechanism that remains to be fully elucidated (Chitwood et al,

2018).

The structure of both the human and yeast EMC have recently

been determined using cryo-electron microscopy (cryo-EM) (Bai

et al, 2020; Miller-Vedam et al, 2020; O’Donnell et al, 2020; Pleiner

et al, 2020) and a model has been proposed for EMC-mediated co-

and post-translational insertion of client proteins (Pleiner et al,

2020). According to this model, a captured client protein is directed

towards the membrane by the flexible cytosolic loop of EMC3, the

insertase subunit of EMC; the EMC then presumably reduces the

energetic cost of insertion by inducing a local thinning of the

membrane and by arranging polar and positively charged residues

within the bilayer. The client would then dissociate from EMC3,

encountering EMC1’s b propellers, which could act as a scaffold for

co-factor recruitment (Bai et al, 2020; Pleiner et al, 2020).

The requirement for the EMC in the biogenesis of some TA

proteins and the first TMD of some polytopic membrane proteins

containing a SAS has been dissected in vitro, leading to a rationalisa-

tion of how EMC can act mechanistically. However, the EMC has

also been shown to be required for the biogenesis of multi-pass

membrane proteins enriched with “challenging” TMDs (Shurtleff

et al, 2018). Indeed, the majority of proteins found to date to be

affected by loss of EMC are neither TA nor SAS-containing

membrane proteins, suggesting that much remains to be understood

about EMC specificity for its client proteins (Shurtleff et al, 2018;

Tian et al, 2019) These include the ABC transporter Yor1 in yeast

(Louie et al, 2012; Lakshminarayan et al, 2020), acetylcholine recep-

tor in C. elegans (Richard et al, 2013), rhodopsins (Taylor et al,

2005; Satoh et al, 2015; Hiramatsu et al, 2019; Xiong et al, 2020),

the transient receptor potential (TRP) channel in Drosophila (Satoh

et al, 2015), ABCA1 in mice (Tang et al, 2017) and mutant connex-

in32 (Coelho et al, 2019). Furthermore, EMC loss of function has

also been associated with defects in phospholipid trafficking (Lahiri

et al, 2014; Janer et al, 2016), cholesterol homeostasis (Volkmar

et al, 2019), autophagosome formation (Li et al, 2013; Shen et al,

2016), viral pathogenesis (Bagchi et al, 2016, 2020; Savidis et al,

2016; Barrows et al, 2019; Lin et al, 2019), neurological defects

(Harel et al, 2016) and male fertility (Zhou et al, 2018). Although

this diversity in phenotypes is still an area of investigation, several

of these examples impact unrelated membrane proteins with multi-

ple TMDs (Chitwood & Hegde, 2019; Volkmar & Christianson, 2020)

and many of these candidate EMC clients are neither TA nor SAS-

containing proteins. An alternative possibility to EMC acting as an

insertase for a broader range of TMD protein topologies is that some

of these proteins may be “indirect” or “secondary clients” of the

EMC, for example, proteins whose biogenesis or stability depends

on a direct EMC client protein.

In this study, we interrogated the Drosophila proteome in an

effort to bioinformatically identify TA proteins that could have a

dependency on the EMC for their biogenesis. Using a Drosophila

larval eye imaginal disc assay, we identified two EMC clients: fan

(farinelli), which controls sperm individualisation (Ma et al, 2010)

and Xport-A (exit protein of rhodopsin and TRP-A) (Rosenbaum

et al, 2011; Chen et al, 2015b), an essential chaperone for the

biogenesis of both Rhodopsin-1 (Rh1) and the TRP (Transient

Receptor Potential) channel, and their targeting to the rhabdomere,

the light sensitive compartment of the photoreceptors. Interestingly,

the biogenesis of Rh1 and TRP has been shown to be deficient in

EMC mutant clones (Satoh et al, 2015; Hiramatsu et al, 2019; Xiong

et al, 2020). We generated a mutant of Xport-A (Xport-A4L) whose

biogenesis proceeds independently of the EMC. Xport-A4L is able to

rescue the expression of Rh1 and TRP in EMC mutant tissue,

suggesting that the latter proteins are not direct clients of the EMC

but rather, depend on EMC indirectly via Xport-A. Overall, our

results suggest that EMC is required for sperm and photoreceptor

differentiation in Drosophila, due to EMC’s role in the biogenesis of

fan and Xport-A, respectively. Crucially, our data establish that EMC

impacts the biogenesis of some multi-pass membrane proteins indi-

rectly, by governing insertion of the cofactors they require for

assembly and deployment. This paradigm expands the potential

governance of the EMC to a greater portion of the membrane

proteome.

Results

EMC is required for the biogenesis of a subset of tail-anchored
(TA) proteins

The EMC has been shown to function as an insertase for TA proteins

with TMDs of moderate to low hydrophobicity (Guna et al, 2018),

but the identities of its clients have not been fully determined. To

ascertain the range of EMC-dependent TA proteins, we began by

screening the Drosophila melanogaster proteome for all possible TA

proteins. TA proteins are defined by their cytosolic N-terminal

domain that is anchored to the lipid bilayer by a single hydrophobic

TMD proximal to the C-terminus (Borgese et al, 2003). We bioinfor-

matically interrogated the proteome using prediction algorithms for:

signal peptide, TMD and topology (K€all et al, 2005) as well as

subcellular localisation (Almagro Armenteros et al, 2017) (Fig 1A).

This analysis yielded a total of 254 candidate TA proteins in the

Drosophila proteome, with predicted membrane localisations (Figs

1A and EV1B, Dataset EV1). We subsequently characterised the

distribution of different biophysical features such as TMD length,

TMD hydrophobicity, tail length and charge (Fig EV1C–F). These

analyses show that within the list of predicted TA proteins, those

that are ER-localised tend to have higher TMD hydrophobicity and

length than their mitochondrial and peroxisomal counterparts (Fig

EV1C–F), which is consistent with published predictions for both

human (Costello et al, 2017) and Arabidopsis (Kriechbaumer et al,

2009) proteomes.

The TMDs of most predicted TA proteins (~67%) exhibited low

hydrophobicity (Guna et al, 2018) (hydrophobicity value below 22
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in the Zhao & London hydrophobicity scale (Zhao & London,

2006)). This proportion was maintained in most sub-cellular locali-

sations including the ER, but was altered in the Golgi apparatus

(75% proteins with high hydrophobicity), the peroxisome and mito-

chondria (100% of proteins with low hydrophobicity).

Next, we selected 23 candidate TA proteins to test for EMC

dependency by monitoring their expression in EMC3 mutant clones

in Drosophila larval eye imaginal discs (Figs 1B, E–J, and EV1A).

This model enables candidate TA protein expression levels in WT

and adjacent EMC3 mutant territories to be compared side-by-side,

A

B

Figure 1.
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within the same tissue. Of the 23 proteins tested, ~87% had low

predicted TMD hydrophobicity, were from within all predicted sub-

cellular membrane localisations and had similar distribution of

localisation to the overall pool of predicted TA proteins (Fig EV1A

and B, Appendix Table S1). Candidate TA proteins were overex-

pressed under the control of GMR-GAL4 in larval eye imaginal discs

containing EMC3 mutant (EMC3D4 (Satoh et al, 2015)) clones.

EMC3 is considered a “core” subunit of the complex, with mutations

in EMC3 and other core subunits (EMC1, 2, 5 and 6) causing signifi-

cant impairment of EMC functionality (Guna et al, 2018; Volkmar

et al, 2019; Volkmar & Christianson, 2020). Candidate TA protein

expression was assayed by immunofluorescence using antibodies

raised against the respective proteins or, when no suitable antibod-

ies existed, against an appended HA (Hemagglutinin) tag. Rh1 and

the Na+K+ATPasea subunit were also evaluated (Fig 1C and D), as

their expression has been reported previously to be EMC dependent

(Satoh et al, 2015; Hiramatsu et al, 2019; Xiong et al, 2020).

We evaluated TA candidate expression by determining the ratio

of fluorescence intensity between the signal associated with the

candidate TA protein in EMC3 mutant clones versus non-mutant

(WT) clones (EMC3D4/WT) (Fig 1B). TA candidate expression was

classified into four groups according to the EMC3D4/WT fluores-

cence intensity ratio: strongly reduced (ratio < 0.5, bars in red),

reduced (ratio 0.5–0.8, bar in pink), normal (ratio 0.8–1.2, bars in

blue), and increased (ratio > 1.2, bars in dark blue). Rh1 (Fig 1C)

and the Na+K+ATPasea subunit (Fig 1D) exhibited strongly reduced

expression in EMC3D4 mutant clones, consistent with previously

published results in the adult/pupal eye (Satoh et al, 2015; Hira-

matsu et al, 2019; Xiong et al, 2020). Expression of Dpck was

reduced in EMC3D4 mutant clones while rtv (Fig 1G), hid (Fig 1H)

and PIG-X showed increased expression. Notably, two TA candi-

dates, Xport-A (Fig 1E) and fan (Fig 1F), showed strongly reduced

expression in EMC3D4 mutant clones compared to WT. Both

proteins are predicted to localise to the ER membrane and contain

TMDs of low hydrophobicity.

Of the 23 TA proteins tested, 17 exhibited normal ratios of

expression, demonstrating that the GMR-GAL4 driven transcription

of the candidate proteins is not affected by the loss of EMC function.

Examples of TA proteins with TMDs of low hydrophobicity (CG8814

– Fig 1I) and high hydrophobicity (Syx13 – Fig 1J) showing normal

EMC3D4/WT fluorescence intensity ratios could also be found.

EMC is required for sperm differentiation in Drosophila

Our screen identified the predicted TA protein fan, whose expression

was defective in EMC3D4 homozygous mutant clones (Fig 1F). As fan

reportedly plays an important role in sperm individualisation and

male fertility (Ma et al, 2010) (Fig EV2A), we asked whether the EMC

was also required for male fertility in Drosophila. We selected RNAi

lines targeting different EMC subunits (EMC1, EMC3, EMC4, EMC5,

EMC6, EMC7, EMC8/9) and mated adult males in which individual

EMC subunits were knocked down, with wild-type virgin females

(Fig EV2B and C). We counted the mean number of progeny obtained

from these crosses and observed a statistically significant reduction

for all RNAi lines of EMC5 and EMC6, and for one RNAi line of EMC1

(Fig EV2B). We analysed sperm vesicle size and observed that, in

accordance with the reduced male fertility, all EMC5 and EMC6 RNAi

lines tested exhibited a statistically significant reduction in sperm

vesicles (Fig EV2D), which correlates with a reduction in sperm

production (Ma et al, 2010; Chen et al, 2015a). Furthermore, the

seminal vesicles of flies expressing EMC5_2 RNAi line appeared

devoid of mature sperm, as the needle shaped nuclei of mature sperm

were absent (Fig EV2E). Finally, we tried to address the cause of male

fertility in an EMC5 RNAi line, observing that while staining with an

antibody against active Caspase-3 was present in multiple cystic

bulges (cb) in wild-type testis, this staining was deficient in EMC5

RNAi testis (Fig EV2F), demonstrating sperm differentiation defects,

as previously shown (Arama et al, 2003).

EMC3 is required for the expression of Xport-A, but not
Xport-A4L

Although the specificity of EMC for its clients remains to be fully

delineated, the EMC exhibits a preference for TA proteins with low

◀ Figure 1. EMC is required for the biogenesis of a subset of TA proteins.

A The Drosophila proteome was screened to identify TA proteins using the PolyPhobius (K€all et al, 2005) algorithm within the TOPCONS (Tsirigos et al, 2015) web
server. Proteins with a single TMD within 35 AAs or less upstream of the C terminus and lacking a signal peptide or mitochondrial targeting peptide were selected
for further interrogation. The DeepLoc (Almagro Armenteros et al, 2017) predictor of protein sub-cellular localisation was used to eliminate soluble proteins from the
list. These procedures yielded 254 proteins, which were scored for their tail charge and hydrophobicity using the “transmembrane tendency” score of Zhao &
London (Zhao & London, 2006).

B A subset of the predicted TA proteins was screened by overexpression in Drosophila larval eye imaginal discs containing clones of a previously isolated EMC3 mutant
allele, EMC3D4 (Satoh et al, 2015). TA protein predicted membrane localisation is shown to the left: G (Golgi apparatus), ER (endoplasmic reticulum), C (cytoplasmic
membrane), N (nucleus), M (mitochondria) and P (peroxisome). The ratio of fluorescence intensity for the tested TA proteins in EMC3 homozygous mutant cells over
WT cells (EMC3D4/WT) was measured and plotted. Proteins were classified into four groups according to the ratio measured: strongly reduced (ratio < 0.5; bars in
red), reduced (ratio 0.5–0.8; bar in pink), normal (ratio 0.8–1.2; bars in blue) and increased (ratio > 1.2; bars in dark blue). For quantification, at least three mutant
patches were quantified per eye imaginal disc, and at least three eye imaginal discs derived from distinct flies were used (N = 3). Error bars correspond to standard
deviation (SD).

C–J All panels show Drosophila third instar larval eye imaginal discs with eyeless-Flippase-induced clones of cells homozygous for EMC3D4 (Satoh et al, 2015), labelled by
the absence of ubiGFP (green). The red channel shows ELAV, which labels the nuclei of photoreceptor cells. All UAS constructs were expressed under the control of
GMR-GAL4. (C) Expression of UAS-Rh1 (4C5, in blue) and (D) Na+K+ATPase (A5-C, in blue) is strongly reduced in EMC3D4 homozygous mutant cells. (E) Expression of
UAS-Xport-A-HA (anti-HA, in blue) and (F) UAS-fan-HA (anti-HA, in blue) is strongly reduced in EMC3D4 homozygous mutant cells. (G) Expression of UAS-rtv-HA
(anti-HA, in blue) and (H) hid (anti-hid, in blue) is increased in EMC3D4 homozygous mutant cells. (I and J) Normal expression of two TA proteins in EMC3D4

homozygous mutant cells. (I) UAS-CG8814-HA (anti-HA, in blue) is a TA protein containing a TMD of low hydrophobicity (J) UAS-Syx13-HA is a TA protein with high
hydrophobicity TMD. Scale bars represent 10 lm.

Source data are available online for this figure.
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TMD hydrophobicity and/or containing polar/charged amino acid

residues (Guna et al, 2018; Tian et al, 2019; Volkmar et al, 2019).

As the Xport-A TMD has a reduced hydrophobicity due to the pres-

ence of one polar and multiple charged residues, an Xport-A TMD

with increased hydrophobicity would be expected to relieve its EMC

dependency. To that end, we performed site-directed mutagenesis

on the Xport-A TMD to substitute the four most hydrophilic amino

acids with leucine, creating the mutant Xport-A4L (Fig 2A). As

hypothesised, whereas WT HA-Xport-A was dependent on the EMC

(Fig 2B and G), expression of HA-Xport-A4L (Fig 2C and G) or

Xport-A4L-HA (Fig 2D and G) no longer required EMC3 in larval eye

imaginal discs. Importantly, the levels of the Na+K+ATPasea control

protein remained defective in EMC3 mutant clones (Fig 2D and G),

confirming the presence of “bona fide” EMC3 mutant clones in the

eye disc and demonstrating the specificity of the rescue effect of the

Xport-A4L mutant for Xport-A targets, but not for EMC clients in

general. A similar impact of the Xport-A4L mutant was observed in

experiments carried out in adult retinas (Figs 2E–G and EV3A). Alto-

gether, these results indicate that increasing the hydrophobicity of

the Xport-A TMD renders its expression independent of the EMC

and that tagging Xport-A and Xport-A4L at either the N- or C-

terminus yields identical results.

EMC is required for the biogenesis of Xport-A in mammalian cells

We next sought to confirm the dependence of Xport-A biogenesis on

the EMC using an assay independent of Drosophila. We cloned the

TMDs of Xport-A, Xport-A4L and the validated EMC client squalene

synthase (SQS) (Guna et al, 2018; Volkmar et al, 2019), individually

into the dual fluorescent reporter GFP-P2A-RFP (Fig 3A). When

translated in mammalian cells, this mRNA will generate two dif-

ferent products due to peptide bond skipping induced by the P2A

site: GFP and RFP-SQS, RFP-Xport-A or RFP-Xport-A-4L. A stable

GFP serves as a reporter for translation of the construct that enables

quantitative read-out for protein stability through fluorescence

ratios (Chitwood et al, 2018). When the RFP:GFP ratio is reduced, it

reflects post-translational degradation of the RFP-client protein

fusion, presumably due to a failure to integrate into the ER

membrane. In human U2OS cells lacking the core subunit EMC5

(ΔEMC5) (Guna et al, 2018; Volkmar et al, 2019) (Fig EV3B), tran-

siently expressed GFP-P2A-RFP-Xport-A exhibited a reduced RFP:

GFP ratio when compared to WT U2OS cells (Fig 3C). Induced

expression of EMC5 in ΔEMC5 cells restored the EMC and resulted

in a RFP:GFP ratio that was comparable to WT cells (Fig 3C). Simi-

lar results were obtained from cells lacking the core subunit EMC6

(ΔEMC6, Fig 3F). In fact, Xport-A behaved comparably to SQS (Fig

3B and E), a TA protein involved in cholesterol homeostasis whose

biogenesis has been established as EMC-dependent (Guna et al,

2018; Volkmar et al, 2019). Importantly, there was no difference in

the measured RFP:GFP ratios following expression of GFP-P2A-RFP-

Xport-A4L in ΔEMC5 or ΔEMC6 cells, when compared to either WT

or EMC rescue cell lines (Fig 3D and G). These results indicate that

the EMC is important for post-translational stability of Xport-A and

that this effect relies on the low hydrophobicity of its TMD.

EMC6 is required for membrane insertion of Xport-A TMD

Xport-A is a TA protein and its TMD must be inserted post-

translationally into the ER membrane. To monitor insertion effi-

ciency in the ER membrane, we cloned the TMDs from Sec61b, SQS,
and Xport-A into a common cassette containing a C-terminal opsin

tag (Fig 4A and B). The opsin tag, if exposed to the ER lumen, is

able to accept N-linked oligosaccharides, serving as an indicator of

successful TMD insertion into the membrane (Brambillasca et al,

2005). The SQS TMD reporter is glycosylated in WT cells, but fails

to be glycosylated in ΔEMC6 cells (Fig 4C and E), as previously

reported (Guna et al, 2018; Volkmar et al, 2019). In contrast, the

majority of the Sec61b reporter remains glycosylated in ΔEMC6 cells

(Fig 4C and E), consistent with its EMC-independent insertion path-

way (Guna et al, 2018). As predicted by our Drosophila results (Figs

1 and 2), the Xport-A TMD reporter is glycosylated in WT cells, but

does not undergo glycosylation in ΔEMC6 cells (Fig 4D and E),

behaving similarly to HA-SQS-opsin (Fig 4C).

Next, we sequentially mutagenised the TMD of Xport-A to substi-

tute the four most hydrophilic AAs with leucine (Fig 4B). By

progressively increasing the hydrophobicity of Xport-A TMD, we

attempted to identify a TMD hydrophobicity threshold for EMC

recognition. A single point mutant of the Xport-A TMD (Xport-A1L)

retained its dependence on the EMC for membrane insertion (Fig 4F

and G), but subsequent mutations (Xport-A2L, -A3L) were increas-

ingly glycosylated in ΔEMC6 cells (Fig 4F and G). With four leucine

mutations in the Xport-A TMD (Xport-A4L), insertion became

◀ Figure 2. EMC3 is required for the expression of Xport-A, but not Xport-A4L.

A The TMD of Xport-A was identified using TOPCONS (Tsirigos et al, 2015) and is in bold/underlined, together with the immediate flanking residues. Red residues
indicate mutations made in the Xport-A TMD to increase its hydrophobicity, creating the Xport-A4L mutant. To the right of each sequence is the “transmembrane
tendency” score, calculated according to Zhao & London (2006).

B–D Immunostaining of third instar larval eye imaginal discs with eyeless-Flippase-induced clones of cells homozygous for EMC3D4, labelled by the absence of ubiGFP
(green) shows reduced expression of (B) UAS-HA-Xport-A (anti-HA, in blue) but normal expression of (C) UAS-HA-Xport-A4L (anti-HA, in blue) or (D) UAS-Xport-A4L-
HA (anti-HA, in blue) in EMC3 mutant homozygous cells. ELAV (red in B and C) marks photoreceptor cells and Na+K+ATPase (red in D) acts as a positive control for
the presence of EMC3D4 homozygous mutant clones. The UAS constructs were expressed under the control of GMR-GAL4. Scale bars represent 10 lm.

E, F Immunostaining of mosaic adult retina with eyeless-Flippase-induced clones of cells homozygous for EMC3e02662, labelled by the absence of RFP (red), show loss of
(E) UAS-HA-Xport-A (anti-HA, in blue) in EMC3 mutant homozygous cells. (F) Expression of UAS-HA-Xport-A4L (anti-HA, in blue) is normal in EMC3e02662

homozygous mutant clones. The rhabdomeres are stained for actin (Phalloidin, in green). Scale bars represent 10 lm.
G The ratio of fluorescence intensity in EMC3 homozygous mutant cells over that of WT cells (EMC3mut/WT) was measured and plotted. Proteins were classified into

two groups according to the ratio measured: strongly reduced (ratio < 0.5; bars in red) and normal (ratio 0.8–1.2; bars in blue). For quantification, at least three
mutant patches were quantified per eye imaginal disc, and at least two mutant patches were quantified per adult retina. At least three eye imaginal discs or adult
retina derived from distinct flies were used (N = 3). Error bars correspond to SD. Significance was determined by Welch’s t-test: ****P ≤ 0.0001.

Source data are available online for this figure.
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entirely EMC independent, as indicated by the glycosylation pattern

equivalent to what is observed in WT cells (Fig 4D). This finding

supports the existence of a TMD “hydrophobicity threshold” that

directs clients to insert in the ER membrane via the EMC.

Expression of Xport-A4L can rescue Rh1 and TRP biogenesis
defects in EMC3 mutant clones

Xport-A serves as an essential chaperone during the biogenesis and

maturation of both Rh1 and TRP; proteins that are essential for light

sensing within the rhabdomere (Rosenbaum et al, 2011; Chen et al,

2015b). The protein levels of both Rh1 and TRP are significantly

reduced in Xport-A loss of function mutations (Rosenbaum et al,

2011; Chen et al, 2015b), as well as in EMC mutations (Satoh et al,

2015; Hiramatsu et al, 2019; Xiong et al, 2020). Our demonstration

that Xport-A is a client protein of the EMC, raised the possibility that

loss of TRP and Rh1 observed in EMC mutants could instead be

attributable to failed membrane insertion and biogenesis of Xport-A.

To test this hypothesis, we compared the capacity of Xport-A and

Xport-A4L to rescue expression of Rh1 and TRP in EMC mutant

clones. While Xport-A overexpression in EMC3 mutant clones was

unable to rescue Rh1 (Fig 5A and E), we did find that Xport-A4L

expression was sufficient to significantly restore Rh1 protein levels

in EMC3D4 clones (Fig 5B and E). Similarly, Xport-A overexpression

in the adult retina in cells homozygous for a hypomorphic mutation

of EMC3 (EMC3e02662) was unable to rescue TRP expression (Fig 5C

and E). On the other hand, overexpression of Xport-A4L was suffi-

cient to rescue endogenous expression of TRP in EMC3e02662 clones

(Fig 5D and E). Additionally, we find that another Xport-A mutant,

Xport-A2L, significantly rescued Rh1 expression in EMC mutant

clones (Fig EV4A–C). Together, these data suggest that Rh1 and

TRP biogenesis and maturation are not directly dependent on the

EMC, but rather appear to be indirectly dependent on it, via the

membrane insertion of Xport-A.

Glycosylated Rh1 TMD1-5 accumulates in Xport-A and EMC6N10

homozygous mutants

A previous study dissected the requirement of the EMC in the

biogenesis of a series of Rh1 truncation mutants, identifying that

EMC is required for the synthesis of Rh1 TMD1-5, but not TMD1

nor TMD1-3 (Hiramatsu et al, 2019). This indicates that a key deter-

minant of Rh1’s biogenesis dependency on the EMC is contained

within TMDs 4 or -5. As our data show that Rh1 biogenesis is influ-

enced indirectly by EMC, via the EMC client Xport-A, this predicts

that this key feature encoded within TMDs 4 or -5 should also be

crucial for Rh1’s biogenesis dependency on Xport-A.

The immature/ER form of endogenous Rh1 (Fig 6A) initially

acquires Endoglycosidase H (Endo-H)-sensitive glycans, after which

its progression in the secretory pathway results in its maturation to

a lower molecular weight, fully de-glycosylated species (Rosenbaum

et al, 2014). To examine the impact of Xport-A on the biogenesis of

these truncations, we expressed Rh1 TMD1, TMD1-3 and TMD1-5 in

Xport-A heterozygous versus homozygous mutant fly eyes (Fig 6)

and monitored the sensitivity of these proteins to Endo-H and

PNGase. For TMD1 (Fig 6B and E) and TMD1-3 (Fig 6C and F), there

was no difference in the expression of the V5-tagged constructs

between Xport-A mutant heterozygotes or homozygotes, similar to

the results observed in EMC-deficient clones (Hiramatsu et al,

2019). These truncations comprise a single PNGase-sensitive band,

indicating the presence of glycans, presumably due to glycosylation

at N20 as was previously reported for Rh1 (O’Tousa, 1992; Katano-

saka et al, 1998; Webel et al, 2000). However, for the TMD1-5 trun-

cation (Fig 6D and G), we observed the accumulation of two distinct

Endo-H-sensitive bands: an upper band that was highly enriched in

Xport-A homozygous mutants, and a lower band that was detected

in both Xport-A mutant heterozygotes and homozygotes (Fig 6G).

As both bands were Endo-H-sensitive, our interpretation is that Rh1

TMD1-5 is normally glycosylated at N20 but acquires an additional

Endo-H sensitive glycan. Given that Rh1 contains a second glycosy-

lation site at N196, we mutated this residue to isoleucine (N196I)

A

B C D

E F G

Figure 3. EMC is required for the biogenesis of Xport-A in mammalian
cells.

A Schematic representation of the reporter constructs used for analysis of
protein biogenesis by flow cytometry. All constructs contain an N-terminal
GFP and a C-terminal RFP, separated by a viral 2A peptide that mediates
peptide bond skipping. Changes in the stability of SQS, Xport-A and Xport-
A4L fused to RFP change the RFP:GFP fluorescence ratio.

B–D Histograms of flow cytometry data monitoring the fluorescence protein
ratio in the indicated U2OS cell lines for each construct. “EMC5KO + EV”
indicates a knockout of EMC5 stably harbouring empty vector, while
‘‘EMC5KO + EMC5” indicates EMC5KO cells rescued by inducible re-
expression of a stably integrated EMC5.

E–G Histograms of flow cytometry data monitoring the fluorescence protein
ratio in the indicated U2OS cell lines for each construct. “EMC6KO + EV”
indicates a knockout of EMC6 stably harbouring empty vector, while
‘‘EMC6KO + EMC6” indicates EMC6KO cells rescued by re-expression of a
stably integrated EMC6.
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and expressed this construct in Xport-A mutant heterozygous and

homozygous flies. As shown in Fig EV5A, for Rh1 TMD1-5 N196I,

we observed the accumulation of only one Endo-H-sensitive band

in Xport-A heterozygous and homozygous mutants, instead of the

two “glyco” bands observed in Xport-A homozygotes, when N196

is available for glycosylation (Fig 6G). From these results, we

conclude that in Xport-A homozygous mutants, double glycosy-

lated (N20 and N196) Rh1 TMD1-5 accumulates in the ER, and

that, perhaps, the actual role of Xport-A is to somehow inhibit

glycosylation at N196, which could otherwise be detrimental for

the biogenesis of Rh1.

As our data support a model whereby Xport-A and not Rh1 is a

client of the EMC, an important prediction is that Rh1 TMD1-5

should exhibit a similar glycosylation pattern in Xport-A and EMC-

deficient tissues. To test this, while avoiding the small eye pheno-

type associated with the complete deletion of EMC in the adult eye,

we used the previously described mutant EMC6N10 (Xiong et al,

2020) in whole eye mutant clones (with FRT GMR-hidCL technique

—Fig EV5B and C). As shown in Fig EV5B, EMC6N10 adult eyes have

reduced levels of the EMC complex, as judged by the reduction in

EMC3 expression and also have significantly depleted levels of

endogenous Xport-A, as anticipated from our previous results.

Moreover, as we observed with loss of Xport-A (Fig 6G), EMC6N10

mutant eyes have increased levels of the hyperglycosylated form of

Rh1 TMD1-5 (Fig EV5C). Taken together, our results imply that

Xport-A is required to ensure the proper folding of Rh1 and/or for

the recognition and subsequent degradation of glycosylated (and

presumably misfolded) Rh1 that would otherwise accumulate in the

A B

C

E

D

F G

Figure 4. EMC6 is required for membrane insertion of Xport-A TMD.

A Schematic representation of the constructs used to monitor insertion efficiency in the ER membrane. All constructs contain a HA-tagged SQS cytosolic domain
fused to a varying TMD sequence, which is C-terminally fused to an opsin tag (sequence indicated). Glycosylation of the C-terminal opsin tag acts as a readout for
insertion into the ER.

B Sequences of the TMD regions used for cloning and the immediate flanking residues are represented. The regions defined as TMDs were determined using
TOPCONS (Tsirigos et al, 2015) and are in bold/underlined. Red residues indicate mutations made in the Xport-A TMD to increase its hydrophobicity. To the right of
each sequence is the “transmembrane tendency” score of Zhao & London (2006).

C–G Western-Blot of WT and EMC6KO (6KO) U2OS cell lines transiently transfected with the opsin-tagged constructs probed for HA. When indicated, denatured
samples were treated with PNGase to confirm glycosylation. Glycosylated proteins shift upwards in the gel and are indicated by arrows (?). (E, G) Western-Blot of
WT and EMC6KO (6KO) U2OS cell lines transiently transfected with the opsin-tagged constructs probed for Actin and EMC6.

Source data are available online for this figure.
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ER. These data imply a novel role for Xport-A in acting at a key

triage step for Rh1 biogenesis within the ER.

Discussion

Understanding the full scope of client proteins that depend on the

EMC for biogenesis and maturation is yet to be fully appreciated.

Here, we describe an approach to predict, screen, and validate

candidate EMC client proteins, which we applied to the Drosophila

TA proteome. From a subset of TA candidate proteins with low

predicted hydrophobicity scores, we identified fan and Xport-A as

novel clients of the EMC. Taken together with previous studies that

identified SQS, a key enzyme in sterol biogenesis (Guna et al, 2018;

Volkmar et al, 2019) and ZFPL1, a zinc-finger containing protein

required for efficient ER to Golgi transport/integrity of the cis-Golgi

(Chiu et al, 2008; Tian et al, 2019), our observations emphasise the

importance of the EMC as an insertase for a subset of TA proteins

whose insertion is independent of the GET/TRC40-complex. Taken

together with previous studies (Guna et al, 2018; Tian et al, 2019;

A

B

C

D

E

Figure 5.
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Volkmar et al, 2019), our data also demonstrate conservation of the

EMC’s ability to recognise TA proteins with reduced TMD

hydrophobicity caused by the presence of charged/polar residues.

Notably, the EMC appears to have additional levels of selectivity for

TA client proteins. Even though our predictions identified multiple

candidate proteins with reduced TMD hydrophobicity, only a small

fraction of these were confirmed as clients in our genetic screen in

Drosophila. Future studies will be required to dissect the precise

basis whereby the presence, nature, and position of non-

hydrophobic residues confers EMC dependency.

Fan is a member of the VAP (VAMP associated protein) family of

proteins that bind OSBPs (Oxysterol binding proteins) and plays a

role in sterol trafficking, including in the “individualisation

complex”, a cellular structure that promotes the membrane reorgan-

isation process (sperm individualisation) that is crucial for the

production of mature, functional sperm. Consistent with the role for

fan in sperm individualisation, depletion of several independent

EMC subunits in testis (particularly EMC5, EMC6) render male flies

infertile, with individualisation defects similar to those reported for

ablation of fan or OSBP family proteins (Ma et al, 2010). Our identi-

fication of Fan as an EMC client, further strengthens the connections

between the EMC and sterol homeostasis, established by the identi-

fication of SQS and SOAT1 as EMC clients (Guna et al, 2018; Volk-

mar et al, 2019).

The identification of Xport-A as an endogenous EMC client raises

some interesting questions. The Xport locus, consisting of the bicis-

tronic operon separately encoding the Xport-A and Xport-B proteins,

is required for the stable expression and localisation of Rh1 (a

GPCR) and TRP (a calcium ion channel) to the rhabdomeres (Rosen-

baum et al, 2011; Chen et al, 2015b). Loss of Xport proteins results

in depletion of Rh1 and TRP, causing photoreceptor degeneration

and visual impairment. Intriguingly, as highlighted above, several

studies have reported the loss of Rh1, TRP, and accompanying

photoreceptor degeneration in EMC-mutant flies (Satoh et al, 2015;

Hiramatsu et al, 2019; Xiong et al, 2020). As polytopic membrane

proteins, Rh1 and TRP could directly engage the EMC during their

biogenesis. However, our identification of Xport-A as an EMC client

suggested the possibility that EMC governance over Rh1 and TRP

expression could be indirect. Such a model is supported by the

results obtained with the Xport-A mutants engineered to be EMC-

independent (Xport-A4L, Xport-A2L), which are sufficient to rescue

expression of both Rh1 and TRP in mutant clones lacking functional

EMC (Figs 5 and EV4). Moreover, in the heterologous setting of

mammalian cells where neither Rh1 nor TRP are expressed, Xport-A

remains an EMC client with no collateral impact on its biogenesis.

Conceptually, a model where “third party” proteins are lost as an

indirect consequence of impaired biogenesis of a bona fide EMC

client protein could help to explain the pleiotropic impact of loss on

multiple classes of membrane proteins when EMC is ablated. While

an attractive hypothesis, some important caveats could apply to the

model above. First, Rh1 is a GPCR, a class of proteins that contain

an N-terminal SAS which have recently been proposed to be direct

EMC clients (Chitwood et al, 2018). Chitwood and colleagues

showed that the EMC can mediate the insertion of the first TMD of

some SAS-containing GPCRs, after which insertion proceeds co-

translationally in a Sec61-translocon-dependent manner (Chitwood

et al, 2018). However, this study did not investigate the requirement

of EMC for Drosophila Rh1 membrane insertion. Moreover, expression

levels of a Rh1 C-terminal truncation containing only the first TMD

were uncompromised in EMC mutant Drosophila retinal cells (Hira-

matsu et al, 2019). In fact, only a truncation containing the first 5 of

the 7 Rh1 TMDs was expressed at lower levels in EMC mutant tissue

(Hiramatsu et al, 2019). This study did, however, assessed expression

levels of Rh1 mutants by immunofluorescence, only, and did not

investigate either Rh1 TMD membrane insertion or topogenesis.

Our studies suggest an interesting potential novel role for Xport-

A, beyond its proposed role as a transport or targeting factor for Rh1

(Rosenbaum et al, 2011; Chen et al, 2015b). Through the use of Rh1

TMD truncations, we observed that the loss of Xport-A (Fig 6) or the

EMC (Fig EV5B and C) result in the appearance of hyperglycosylated

Rh1 TMD1-5, presumably via glycosylation of both N20 and N196.

Notably, a previous study (Katanosaka et al, 1998) identified the

N196 glycosylation site, which maps to the extracellular loop

between TMDs 4 and 5 of Rh1. Although glycosylation at N196 has

not been reported in WT or ninaA mutant flies (O’Tousa, 1992;

Katanosaka et al, 1998; Webel et al, 2000), this study showed N196

glycosylation with an in vitro translation system with mammalian

microsomes (Katanosaka et al, 1998), i.e., a context that lacks

Xport-A expression. Hence, it is tempting to speculate that Xport-A

fulfils an important triage role in the ER during Rh1 biogenesis, by

either directly or indirectly, inhibiting the glycosylation of Rh1 at

N196, which could be essential for proper folding of Rh1. As

onward trafficking from the ER is contingent on correct protein fold-

ing, a triage function of Xport-A would be predicted to impact on

the subsequent trafficking aspects of Rh1, as previously reported for

Xport-A (Rosenbaum et al, 2011; Chen et al, 2015b).

◀ Figure 5. Expression of Xport-A4L can rescue Rh1 and TRP biogenesis defects in EMC3 mutant clones.

A, B Immunostaining of third instar larval eye imaginal discs with eyeless-Flippase-induced clones of cells homozygous for EMC3D4, labelled by the absence of ubiGFP
(green) show loss of (A) UAS-Xport-A-HA (anti-HA, in blue) and UAS-Rh1 (4C5, in red). (B) Expression of UAS-Xport-A4L (anti-HA, in blue) and UAS-Rh1 (4C5, in red)
is observed in EMC3D4 homozygous cells. The UAS constructs were expressed under the control of GMR-GAL4. Scale bars represent 10 lm.

C, D Immunostaining of mosaic adult retinas with eyeless-Flippase-induced clones of cells homozygous for EMC3e02662, labelled by the absence of RFP (red), show loss
of (C) TRP (Mab83F6, in blue) when UAS-HA-Xport-A is expressed. (D) Expression of TRP (Mab83F6, in blue) is observed in EMC3e02662 homozygous cells, when HA-
Xport-A4L is expressed. The rhabdomeres are stained for actin (Phalloidin, in green). The UAS constructs were expressed under the control of Rh1-GAL4. Scale bars
represent 10 lm.

E The ratio of fluorescence intensity in EMC3 homozygous mutant cells over that of WT cells (EMC3mut/WT) was measured and plotted. Proteins were classified into
three groups according to the ratio measured: strongly reduced (ratio < 0.5; bars in red), rescue (ratio 0.5–0.8, bars in light blue) and normal (ratio 0.8–1.2; bar in
dark blue). For quantification, at least three mutant patches were quantified per eye imaginal disc, and at least two mutant patches were quantified per adult
retina. At least three eye imaginal discs or adult retina derived from distinct flies were used (N = 3). Error bars correspond to SD. Significance was determined by
Welch’s t-test: ***P ≤ 0.001, ****P ≤ 0.0001.

Source data are available online for this figure.
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TRP contains 6 TMDs and a cytoplasmic N-terminus, which does

not conform to the currently elucidated criteria for EMC client candi-

dacy. An outstanding question is whether such non-canonical

membrane protein clients are in fact engaged by the EMC for their

biogenesis and if so, how? Several studies have reported the loss of

multi-pass membrane proteins with loss of EMC functionality

(Shurtleff et al, 2018; Tian et al, 2019; Miller-Vedam et al, 2020).

Often, these studies correlate EMC-dependence with abundance

changes at steady-state, rather than monitoring EMC-dependent

biogenesis directly. Consequently, it remains possible that loss of

some of these putative EMC clients will occur indirectly, as we have

demonstrated for Rh1 and TRP through Xport-A. Moreover, meta-

bolic changes arising from disruption to EMC-dependent processes,

such as sterol regulation, may also indirectly impact protein levels

post-translationally through changes in their intrinsic stability, or

via homeostatic mechanisms linked to transcription. Care must be

exercised when interpreting EMC-dependent biogenesis of complex

multi-pass clients to ensure that, in fact, what is observed is a direct

impact linked to TMD engagement.

Studies from the Weissman lab identified features within the

EMC structure that differentially impact TA protein clients when

compared to multi-pass membrane proteins including TMEM97, a 4-

A

B C D

E F G

Figure 6. Glycosylated Rh1 TMD1-5 accumulates in Xport-A homozygous mutants.

A Schematic representation of endogenous Rh1. Predicted glycosylation sites (N20 and N196) are shown in yellow.
B–D Schematic representation of the Rh1 TMD1, TMD1-3 and TMD1-5 truncation constructs used to monitor glycosylation efficiency in Xport-A1 mutants. Predicted

glycosylation sites are shown in yellow.
E–G Western blot of fly heads labelled for V5, TRP, Rh1, Xport-A (Xp-A), and tubulin. (E) Immunoblot of fly heads expressing Rh1Gal4 (driver) (left) or Rh1 TMD1-V5

(right) in Xport-A heterozygous (Xport-A1/TM6B) or homozygous mutant flies (Xport-A1/Xport-A1). Extracts were untreated (�) or treated (+) with PNGase F enzyme
(lanes 2, 4, 6, and 8). For Rh1Gal4, four fly heads were loaded per well, while for Rh1 TMD1-V5, eight fly heads were loaded per well. (F) Immunoblot of fly heads
expressing Rh1 TMD1-3-V5 in Xport-A heterozygous (Xport-A1/TM6B) or homozygous mutant flies (Xport-A1/Xport-A1). Extracts were untreated (�) or treated (+)
with PNGase F enzyme (lanes 2 and 4). Eight fly heads were loaded per lane. (G) Immunoblot of fly heads expressing Rh1 TMD1-5-V5 in Xport-A heterozygote
(Xport-A1/TM6B) or homozygous mutant flies (Xport-A1/Xport-A1). Extracts were untreated (�) or treated (+) with either Endo-H (lanes 2 and 5) or PNGase F
enzyme (lanes 3 and 6). Each lane contains ~2,5 fly heads.

Source data are available online for this figure.
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TMD protein with a similar cytoplasmic N-terminal topology to TRP

(Miller-Vedam et al, 2020). One interpretation is that EMC may be

able to handle distinct classes of clients through different features.

Miller-Vedam and colleagues proposed that the EMC may function

not only as an insertase for TA proteins, but also as a “holdase”

factor, that participates in the biogenesis of a wider class of poly-

topic membrane proteins via distinct mechanisms, which may also

include the recruitment of client-specific chaperones (Miller-Vedam

et al, 2020). It will be important to determine whether the impact of

EMC on TRP is fully indirect, through its impact on Xport-A, or

whether TRP also engages the “holdase” function of EMC. The latter

case could also involve recruitment of Xport-A to the EMC, to serve

as a client-specific chaperone for Rh1/TRP, to aid in their matura-

tion and/or release from the EMC and subsequent trafficking.

Clearly, the biogenesis of membrane proteins via the EMC has far-

reaching impact on organismal physiology and defining precisely

the protein clients of EMC is indispensable to understand the selec-

tivity of this complex.

Materials and Methods

Prediction of TA proteins in Drosophila proteome

The Drosophila melanogaster proteome (UP000000803, release

2018_10_26) was downloaded from the UniProt website (Bateman,

2019). Canonical forms of protein sequences longer than 49 amino

acids (AAs) and shorter than 6,001 AAs were selected. Topology (i.e.,

localisation of TMDs and non-membrane regions) and presence of

the signal peptide were predicted for each protein using the PolyPho-

bius (K€all et al, 2005) predictor implemented within the TOPCONS

consensus predictor (Tsirigos et al, 2015). The presence of the mito-

chondrial targeting peptide was predicted for each protein using

TargetP 1.1 (Emanuelsson et al, 2007). Proteins without predicted

signal and mitochondrial targeting peptides, lacking the keywords

“SIGNAL” and “TRANSIT” in their UniProt annotation, and contain-

ing only a single predicted TMD localised close to the C-terminus

(i.e., followed by 35 or fewer flanking AAs) were selected. All thus

selected protein sequences were analysed using the DeepLoc (Alma-

gro Armenteros et al, 2017) cellular localisation predictor in order to

further filter out soluble proteins. The TMD hydrophobicity was

determined using the transmembrane tendency values for individual

amino acids as defined by Zhao & London (Zhao & London, 2006).

The C-terminal tail charge was calculated by adding +1 for arginine

and lysine residues and �1 for aspartic and glutamic acid residues.

The prediction of TA proteins was validated using experimentally

identified proteins (Guna et al, 2018; Coy-Vergara et al, 2019). Char-

acterisation of the distribution of cell localisations and biophysical

features was performed in GraphPad Prism v.9 and significance was

evaluated using the Kolmogorov–Smirnov test.

Fly stocks and crosses

Flies and crosses were raised with standard cornmeal, at 25°C under

12 h light/12 h dark cycles. Fly stocks used were obtained from

multiple sources and are listed in Appendix Tables S2–S4.

To determine if expression of predicted TA proteins was depen-

dent on EMC3, fly stocks carrying C-terminally HA-tagged

constructs on the third chromosome (obtained from FlyOrf – Zurich

ORFeome Project) were crossed with flies with an EMC3 mutant

allele EMC3D4FRT40A (Satoh et al, 2015) on the second chromo-

some. The resulting flies (w; EMC3D4FRT40A; UAS-TA-HA) were

then crossed with eyFLP, GMRGAL4; ubiGFPFRT40A to obtain

EMC3D4 mosaic eye imaginal discs, expressing the predicted TA

proteins. In the case of VAP33A, hid and Na+K+ATPase a-subunit,
there was no need to express tagged fly lines, as these genes are

endogenously expressed in eye imaginal discs and antibodies were

available.

Immunostaining and imaging

Larval eye imaginal discs and adult retina were dissected in 1× PBS,

fixed in 4% PFA (paraformaldehyde) at room temperature (15 min

for eye imaginal discs, 30 min for adult retina) and washed three

times in PBT (1× PBS + 0.3% Triton X-100), 10 min each. For eye

imaginal discs, primary antibodies were diluted in blocking buffer

(1× PBS, 0.1% TX-100, 0.1% BSA, 250 mM NaCl) and for adult

retina, primary antibodies were diluted in 5% Fetal Calf Serum in

PBT. Primary antibody incubations were performed overnight at

4°C under gentle agitation. Primary antibodies were as follow:

mouse anti-ELAV (1:50) (9F8A9, Developmental Studies Hybri-

doma Bank (DSHB)), rat anti-ELAV (1:50) (7E8A10, DSHB), rat

anti-HA (1:400) (7C9, Chromotek), mouse anti-Rh1 (1:50) (4C5,

DSHB), mouse anti-Na+K+ATPase a subunit (1:25) (A5-C, DSHB),

rabbit anti-VAP33A (1:50—kind gift of Hugo Bellen), guinea pig

anti-hid (kind gift from Hyung Don Ryoo), rabbit anti-HA (1:40)

(9110, Abcam), mouse anti-TRP (1:25) (Mab83F6, DSHB).

Samples were washed three times with PBT and incubated with

appropriate secondary antibodies (Jackson Immuno Research) for

2 h at room temperature. Control staining of actin in the rhab-

domeres of adult retina was performed with Phalloidin-FITC

(1:500) (Abcam 235137). After rinsing three times with PBT,

samples were mounted in Vectashield (Vector Laboratories). Adult

eye samples were mounted in a bridge formed by two coverslips

to prevent the samples from being crushed and analysed on a

Zeiss LSM 880 confocal microscope. Larval eye imaginal discs

were analysed on a Leica SP5Live confocal microscope. Adult

testis were dissected in 1× PBS and fixed in 4% PFA overnight at

4°C under gentle agitation. Following this, samples were washed

three times in PBS, 5 min each and then treated with PBT at room

temperature for 30 min. After three more washes with PBS (5 min

each), testis were incubated with rabbit anti-cleaved caspase 3

(1:200) (Asp175, Cell Signaling) diluted in 0.1% PBT, overnight at

4°C. Samples were washed three times with PBS, 5 min each, and

incubated with anti-rabbit Cy3 (1:200) (Jackson Immuno

Research). After three more washes with PBS (5 min each),

samples were incubated with DAPI, diluted in 0.1% PBT for 10

min. After rinsing three more times with PBS, samples were

mounted in Vectashield and image acquisition was performed in

Leica SP5Live. For measurement of seminal vesicle size, testis

were stained with DAPI, as described above and image acquisition

was performed in Leica SP5Live. Imaging was performed at the

widest portion of the seminal vesicle and area measurement was

performed in Fiji. Characterisation of distribution of seminal vesi-

cle size was performed in GraphPad Prism v.9 and significance

was determined by Welch’s t-test.
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Quantification of protein expression in EMC3D4 mutant clones

Quantification was executed in Fiji (Schindelin et al, 2012). Maxi-

mum intensity projections were performed on the raw confocal data

to visualise EMC3D4 mutant clones. The three coloured images were

split into single colour images. Channel 1 corresponded to ubiGFP,

in which homozygous mutant clones were identified by the absence

of fluorescence. Channel 2 corresponded to the fluorescence signal

for the protein of interest, while channel 3, which showed ELAV

staining, marked the photoreceptor cells. Segmentation was first

performed on channel 3 to define the GMRGAL4 domain, and then

on channel 1 to highlight patches with no detectable ubiGFP fluores-

cence, which coincided with EMC3D4 homozygous mutant cells.

Both segmentations were performed using the Otsu thresholding

method (Otsu, 1979). Following segmentation, the mathematical

process “AND” was performed to intersect mutant patches delimited

in the second segmentation with the GMRGAL4 domain identified in

the first segmentation. EMC3D4 mutant patches in the GMRGAL4

domain were defined as ROIs. Mean grey values for the ROIs in

channel 2 were measured (EMC3D4 mean) and compared to mean

grey values of WT patches of comparable area in channel 2 (WT

mean). A ratio of fluorescence intensity in EMC3D4 mutant cells/WT

cells was calculated for each protein. For quantification, at least

three mutant patches were quantified per eye imaginal disc, and at

least three eye imaginal discs derived from distinct flies were used.

Significance was evaluated using the Welch’s t-test in GraphPad

Prism v.9 software.

Generation of transgenic flies

To generate transgenic flies expressing HA tagged Xport-A we PCR

amplified the full open reading frame of Xport-A from plasmid

pAC5.1-FLAG::XPORT-A (kind gift of Craig Montell). For N-

terminally tagged Xport-A, we used the following primers: 50-
CCGGATTACGCCAAGCCGAAGAAATCGGCC-30 and 50-CGCAGAT
CTGTTAACGAATTCTTACTGCTGATGCTCCTCGC-30. For C-

terminally tagged Xport-A we used the following primers:

50-GAATAGGGAATTGGGAATTCATG AAGCCGAAGAAATCGGCC-30

and 50-TCAGGGACGTCGTA CGGGTACTGCTGATGCTCCTCGC

GAAAG-30. For amplification of 3XHA tag, we PCR amplified 3XHA

with following primers: 50-TGAATAGGGAATTGGGAATTCATGTAC
CCGTACGACGTCCCTGA-30 and 50-TCTTCGGCTTGGC GTAATCC

GGCACATCA-30 for HA-Xport-A. For PCR amplification of 3XHA

intended for Xport-A-HA, we used the following primers: 50-
GAAAGCTTTCGCGAGGAGCATCAGCA GTACCCGTACGACGTCCC

TGA-30 and 50-CGCAGATC TGTTAACGAATTCTTAGCCGGCGTA

ATCCGGCACATCA-30. After amplification of Xport-A and 3XHA

inserts, we proceeded to perform a Gibson assembly� (New England

Biolabs) with plasmid pUASTattb (previously linearised with

EcoRI).

Xport-A2L and XportA-4L constructs were made by mutating

hydrophilic AAs to Leucine, using KOD polymerase site-directed

mutagenesis (Merck Millipore). Xport-A4L insert was then ampli-

fied by PCR with primers listed above and Gibson assembly was

used to create N-terminal and C-terminal HA tagged pUASTattb

constructs. Xport-A2L insert was also amplified by PCR with

primers listed above and Gibson assembly was used to create N-

terminal HA tagged pUASTattb constructs. The resulting

constructs were inserted into the attp2 site by PhiC31 integrase

mediated transgenesis at the Champalimaud Foundation transgen-

ics facility.

For the generation of flies expressing Rh1TMD1-5-N196I-V5, we

fused the DNA sequence encoding the Rh1 TMD1-5 fragment with

N196 mutagenised to I (M1- N196I-V241) to Rh1 C-tail-V5-fusion

(H333-A373-WSHPQFEKGGRGKPIPNPLLGLDST*). We PCR ampli-

fied the plasmid pUASTattb-Rh1 (kind gift of Hyung Don Ryoo)

with primers PFpuast-Rh1TMD1 (50 actctgaatagggaattgggaattcgc-

caccatggagagctttgcagtagca 30) and PR-Rh1TMD5-Cterm (50

aggcaatcttgcccagggccagcggaatggtcatcggcc 30), generating insert 1.

Then, we ordered a geneblock (IDT) containing the Rh1 sequence

I163-N196I-V241 fused to the Rh1 C-tail-V5 fusion. The geneblock

was amplified with primers PF Rh1-TMD5-Cterm (50 attccgctggcc-
ctgggcaagattg 30) and PR-V5-puast (50 gccgcagatctgttaacgaattttaggt-
gctatccaggcccag 30), creating insert 2. After amplification of insert

1 and insert 2, we performed Gibson assembly� (New England

Biolabs) with plasmid pUASTattb (previously linearised with

EcoRI). The construct was inserted into the attp40 site by PhiC31

integrase mediated transgenesis at the Champalimaud Foundation

transgenics facility.

Cell culture

U2OS Flp-InTM TRexTM cell lines described previously (Volkmar et al,

2019) were maintained in Dulbecco’s Modified Eagle Medium

(Biowest) + 10% v/v fetal bovine serum (FBS) (Biowest) + L-

glutamine (2 mM) (GRiSP) + 1% v/v Penicillin-Streptomycin (Biow-

est) in 5% CO2 at 37°C. Stable expression cell lines, generated by

flippase mediated site-specific integration, were continuously

cultured in 100 lg/ml hygromycin B (Merck Millipore). Cells

containing stably expressed tetracycline-induced constructs were

cultured in tetracycline-free FBS (Biowest), 100 lg/ml hygromycin,

with their expression induced by addition of 1 lg/ml doxycycline

(Sigma Aldrich).

Plasmids and expression constructs

Xport-A and Xport-A4L dual fluorescent reporters were generated by

first amplifying the TMD and flanking residues of Xport-A

(AFEMMKLFVFANTIMLIVTMAWPHIKEQFYM) and Xport-A4L

(AFEMMKLFVFALLIMLIVLMAWPLIKEQFYM) using the primers

PFmcherry-xportTMD (GGCGGCATGGACGAGCGTTACAAGG-

CATTTGAAATGATGAAACTC) and PRmcherry-xportTMD (TTAT-

GATCAGTTATCTAGATCCGGTTTACATGTAGAATTGCTCCTTGAT).

Reporter plasmids were constructed from BamHI-linearised, dephos-

phorylated pcDNA5/FRT/TO-GFP-P2A-mcherry vector (kind gift

from Manu Hegde, LMB-Cambridge) using Gibson assembly� (New

England Biolabs). The SQS fluorescent reporter GFP-P2A-mcherry-

SQS has been reported previously (Guna et al, 2018). TMD insertion

reporters pcDNA5/FRT/TO-HA:SQSopsin and pcDNA5/FRT/TO-HA:

SQS-Sec61bTMDopsin have been reported previously (Volkmar et al,

2019). To generate XportATMDopsin (pcDNA5/FRT/TO-HA:SQS-

XportATMDopsin) and hydrophobic TMD variants (1L/2L/3L/4L),

geneblocks (IDT) containing each TMD sequence fused to the opsin

tag were purchased. Each gene block contained flanking restriction

sites for BamHI and XhoI that enabled subcloning into linearised

pcDNA5/FRT/TO-HA:SQS.
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Flow cytometry

Analysis of protein post-translational stability was performed

according to described methods (Guna et al, 2018). Cells were

transfected with fluorescent reporter constructs (1 lg total DNA/

well, six well plate) using GenJet (SignaGen Laboratories) accord-

ing to manufacturer’s instructions. The amount of fluorescent

reporter for each protein of interest was titrated according to trans-

fection efficiency and a control plasmid was co-transfected in order

to maintain the total amount of DNA (1 lg/well). The U2OS FlpIn

Trex EMC5KO rescue cell lines were cultured in the presence of

doxycycline (1 lg/ml) for 24 h prior to transfection, to rescue

EMC5 expression. After transfection, cells were trypsinised,

washed twice with PBS + 2%FCS and stained with DAPI (to deter-

mine cell viability). Flow cytometry was performed on a BD LSR

Fortessa ×20 instrument, where 20,000 RFP-positive cells were

collected. Data analysis was performed in FlowJo (v10). For quan-

tification, cells were first gated for GFP (translation reporter) and

mean RFP and GFP fluorescence intensities were determined.

Then, RFP:GFP ratios were calculated and normalised to the ratio

observed in WT cells.

Transient transfection of TMD insertion reporters

1 106 cells/6 cm2 tissue culture plate were transfected with TMD

insertion reporters (2.5 lg total DNA/6 cm2 plate) using GenJet

(SignaGen Laboratories) according to manufacturer’s instructions.

The following day, cells were lysed.

Immunoblotting of mammalian cells

Cells were washed twice in ice-cold PBS and lysed in TX-100 lysis

buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 5

mM EDTA and protease inhibitors). Following incubation on ice (10

min), lysates were centrifuged (top speed, 10 min, 4°C). Protein

concentrations were determined by Bradford and protein denatura-

tion was performed by adding 3× LDS buffer + DTT and incubating

the samples at 65°C (15 min). After denaturation, samples were

digested with PNGaseF (New England Biolabs) for 2 h at 37°C,

according to manufacturer’s instructions. Samples were fractioned

by SDS-PAGE, transferred to PVDF membranes (Amersham

Hybond) and probed with following antibodies: mouse anti-HA-HRP

(1:1,000) (12013819001, Roche) rabbit anti-EMC6 (1:300) (84902,

Abcam), rabbit anti-actin (1:2,000) (8227, Abcam), rat anti-tubulin

(1:1,000) (YL1-2 clone, homemade), rabbit anti-EMC3 (1:200)

(365903, Santa Cruz), rabbit anti-EMC5 (1:500) (122202, Abcam).

Immunoblotting of fly heads

Heads from 1-day old flies were homogenised in 2× LDS buffer +

DTT with a pellet pestle, and then diluted with MilliQ water. Protein

denaturation was performed by incubating extracts at 65°C (15

min). After denaturation, samples were digested with Endo-H (New

England Biolabs) or PNGase F (New England Biolabs) for 2 h at

37°C, according to manufacturer’s instructions. Samples were frac-

tioned by SDS-PAGE, transferred to PVDF membranes (Amersham

Hybond) and probed with the following antibodies: mouse anti-V5

(1:1,000) (R960-25, Invitrogen), mouse anti-TRP (1:300) (Mab83F6,

DSHB), mouse anti-Rh1 (1:200) (4C5, DSHB), rat anti-Xport-A anti-

body (1:400) (kind gift of Craig Montell), and mouse anti-tubulin

(1:1,000) (AA4.3, DSHB).

Immunoblotting of fly eyes

Flies were collected and placed in acetone overnight at �20°C. The

following day, flies were placed on filter paper to dry (5 min), and

then heads were cut dry using a dissecting knife. Then, eyes were

easily dissected and placed inside eppendorf tubes containing 10 ll
of 2× LDS buffer + DTT, on ice. Eyes were homogenised with a

pellet pestle and protein denaturation was performed by incubating

extracts at 65°C (15 min). Samples were fractioned by SDS-PAGE,

transferred to PVDF membranes (Amersham Hybond) and probed

with the following antibodies: rat anti-EMC3 (1:250) (kind gift

from Akiko Satoh), rat anti-Xport-A antibody (1:400) (kind gift

from Craig Montell), mouse anti-TRP (1:300) (Mab83F6, DSHB),

mouse anti-Rh1 (1:200) (4C5, DSHB), and mouse anti-tubulin

(1:1,000) (AA4.3, DSHB), For each genotype, a minimum of 30

eyes were dissected.

Fertility assay

To examine fertility, individual adult males (3-days old) were

mated to three wild-type virgin females in separate vials. All RNAi

lines were expressed with bam-GAL4 driver. For each RNAi line,

thirty individual males were mated to virgin females. The females

were transferred after 7 days at 25°C to fresh vials. Progeny from

the original vial and the first transfer vial were counted. Charac-

terisation of distribution of progeny/female/day was performed in

GraphPad Prism v.9 and significance was determined by Welch’s

t-test.

Data availability

The macro method developed for the quantification of protein

expression in EMC3D4 mutant clones can be found on Github

(https://github.com/zeserrado-marques/Quantification-of-protein-

expression-inside-dark-patches).

Expanded View for this article is available online.
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