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ER membrane protein complex is required for 
the insertions of late-synthesized transmembrane 
helices of Rh1 in Drosophila photoreceptors

ABSTRACT Most membrane proteins are synthesized on and inserted into the membrane of 
the endoplasmic reticulum (ER), in eukaryote. The widely conserved ER membrane protein 
complex (EMC) facilitates the biogenesis of a wide range of membrane proteins. In this study, 
we investigated the EMC function using Drosophila photoreceptor as a model system. We 
found that the EMC was necessary only for the biogenesis of a subset of multipass membrane 
proteins such as rhodopsin (Rh1), TRP, TRPL, Csat, Cni, SERCA, and Na+K+ATPase α, but not 
for that of secretory or single-pass membrane proteins. Additionally, in EMC-deficient cells, 
Rh1 was translated to its C terminus but degraded independently from ER-associated degra-
dation. Thus, EMC exerted its effect after translation but before or during the membrane 
integration of transmembrane domains (TMDs). Finally, we found that EMC was not required 
for the stable expression of the first three TMDs of Rh1 but was required for that of the fourth 
and fifth TMDs. Our results suggested that EMC is required for the ER membrane insertion 
of succeeding TMDs of multipass membrane proteins.

INTRODUCTION
Most eukaryotic integral membrane proteins are synthesized on the 
endoplasmic reticulum (ER) membrane, and their luminal loop and 
the transmembrane domains (TMDs) are translocated into the lu-
men or the ER membrane by the protein-conducting channel, Sec61 
translocon (Cymer et al., 2015). Sec61 translocon has two sites to 
accommodate TMDs, one in the central pore and the other on the 
lateral gate, where it can hold two marginally hydrophilic TMDs 

before the protein is folded to avoid exposing their hydrophilic 
residues to the lipid environment in the membrane (Rapoport et al., 
2004; Cymer et al., 2015). However, there are many integral 
membrane proteins with more than two marginally hydrophilic 
TMDs, such as channels or ion pumps. The mechanism underlying 
the synthesis, insertion of their TMDs, and the folding for these 
proteins are not well understood.

In our previous study, we demonstrated that the function of ER 
membrane protein complex (EMC) subunits EMC1, EMC3, and 
EMC8/9 was essential for stabilizing the immature form of Rh1 at a 
very early stage of its synthesis. We also observed that EMC1, 
EMC3, and EMC8/9 subunits were required for the stable expres-
sion of other multipass transmembrane proteins, such as minor rho-
dopsin (Rh3 and Rh4), transient receptor potential (TRP) channels, 
and Na+K+ATPase α subunit (NaKα), but not for that of a secreted 
protein or type I single-pass transmembrane proteins (Satoh and 
Satoh, 2015; Satoh et al., 2015).

EMC was first identified in the high-throughput genetic interac-
tion studies to screen the genes required for protein folding in the ER 
of yeast (Jonikas et al., 2009). Later, several research groups including 
ours reported that the EMC was required for the biogenesis, quality 
control, stabilization, and/or trafficking of integral membrane 
proteins, such as acetylcholine receptor, rhodopsin, Mrh1p::GFP 
(green fluorescent protein), mutant cystic fibrosis transmembrane 
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conductance regulator (CFTR), and connexin 32 (Bircham et al., 
2011; Louie et al., 2012; Richard et al., 2013; Satoh et al., 2015; 
Coelho et al., 2019). Moreover, the EMC has been implicated in lipid 
transfer and tethering between the ER and mitochondria (Lahiri et al., 
2014; Janer et al., 2016), male fertility (Zhou et al., 2018), cholesterol 
homeostasis (Volkmar et al., 2019), and viral infection/replication 
(Bagchi et al., 2016; Savidis et al., 2016; Barrows et al., 2019; Lin 
et al., 2019). These pleiotropic phenotypes might be caused by the 
lack of some integral membrane proteins, whose synthesis depends 
on the EMC. EMC3 belongs to the Oxa1 superfamily, a group of 
membrane protein biogenesis factors (Anghel et al., 2017). Using a 
systematic and unbiased in vivo approach, Shurtleff et al. (2018) 
recently demonstrated that the EMC enables the biogenesis and 
folding of a subset of multipass membrane proteins with a marginally 
hydrophobic TMD. The EMC was also reported to work as an inser-
tase for a low-hydrophobic transmembrane helix of tail-anchored 
(TA) proteins (Guna et al., 2018), and for the first TMD of a G- coupled 
protein receptor (GPCR), which ensures the correct topology of the 
GPCR (Chitwood et al., 2018; Chitwood and Hegde, 2019).

In this study, we sought membrane proteins that depend on the 
EMC for their biogenesis, and also defined the stage of membrane 
biogenesis at which EMC function is required using Drosophila 
photoreceptors. Finally, we investigated colocalization and require-
ments of EMC for various truncation mutants of Rh1. We proposed 
a model for the EMC function in Rh1 biogenesis: EMC is required 
for insertions of TM4-5 or later TMDs of Rh1 in Drosophila 
photoreceptors.

RESULTS
EMC is required for the expression of a subset of multipass 
membrane proteins
Previously, we used antibody detection of endogenous proteins to 
demonstrate that the EMC is essential for the synthesis of five 
multipass membrane proteins (Rh1, Rh3, Rh4, TRP, and NaKα) and 
one single-pass membrane protein (Na+K+ATPase β [NaKβ]); how-
ever, EMC was not essential for the synthesis of six single-pass 
membrane proteins (Crb, DE-Cad, Nrt, FasIII, Syx1A, and Nrg) or for 
the synthesis of a secretory protein (Eys). On the basis of these re-
sults, we hypothesized that the EMC might work specifically on the 
multipass membrane proteins (Satoh and Satoh, 2015). However, 
the number of proteins tested for EMC dependency was limited in 
our earlier study. Thus, in this study, we investigated the expression 
of 44 exogenous proteins in the EMC-deficient cells (Figure 1, A–U; 
Supplemental Figures S1 and S2) to examine whether the expres-
sion was EMC dependent. The ratio of the immunofluorescence 
intensity of these proteins in the EMC-deficient cells and that in the 
wild-type cells (EMC −/+ ratio) was measured (Figure 1V). The EMC 
−/+ ratio of the proteins was compared either with that of Crb and 
Nrg, which were normally expressed in the EMC-deficient cells, or 
with that of NaKα and Rh1, which were dramatically decreased in 
the EMC-deficient cells. Based on the EMC −/+ ratio, these proteins 
were classified into four categories: 1) increased expression (sky 
blue), 2) normal expression (blue), 3) decreased expression (yellow), 
and 4) deficient expression (red) in the EMC-deficient cells (Figure 
1V). The proteins that were difficult to classify due to large SD are 
shown in by gray bars in Figure 1V. All the secretory proteins and 
single-pass membrane proteins were categorized as increased or 
normal expression except NaKβ, which was categorized as de-
creased expression. Two multiple-pass transmembrane proteins 
(TRP and Csat-HA) were categorized as decreased expression, and 
five multiple-pass transmembrane proteins (Cni-HA, TRPL-GFP, 
Rh1, SERCA-tdTomato, and NaKα) were categorized as deficient 

expression. These results indicated that EMC is required for the syn-
thesis of a subset of multipass membrane proteins. To understand 
the bases of EMC dependence, we investigated the hydrophobicity 
of TMDs; however, we could not find any clear difference on these 
factors between EMC-dependent and EMC-independent multipass 
membrane proteins.

Compromised ERAD activity does not rescue the loss of 
multipass membrane proteins in EMC-deficient 
photoreceptors
To clarify whether EMC-dependent proteins are degraded after 
membrane integration, EMC-deficient photoreceptors with com-
promised ER-associated degradation (ERAD) activity were used. If 
the EMC exerts its effect after the insertion of TMDs, compromised 
ERAD activity would lead to the accumulation of EMC-dependent 
multipass membrane proteins in the EMC-deficient cells. This is 
because the TMDs and the luminal loop would not be easily acces-
sible to the proteasome without ERAD. Contrarily, if the EMC exerts 
its effect during or before the insertion of TMDs, EMC-dependent 
multipass membrane proteins would fail to be integrated to the ER 
membrane and would be degraded in the EMC-deficient cells, 
independent of ERAD activity. This is because the synthesized poly-
peptides would not be inserted into the membrane and degraded 
by the proteasome easily without ERAD. In our earlier study on 
Syx5, an early Golgi SNARE protein, TRP did not accumulate in the 
ER of the Syx5EP2313 single mutant photoreceptors but was accumu-
lated on the ER of the Syx5EP2313, Edem1EP1588, Edem2DG03809 triple 
mutant photoreceptors (Satoh et al., 2016). We repeated these 
experiments, and the results showed that the amount of TRP accu-
mulation in the Syx5−/− sole-deficient cells was approximately equal 
to that of the wild-type cells: the ratio was 0.95 ± 0.25 (Figure 2C). 
More TRP accumulated in the Syx5, EDEM1, 2 triple-deficient cells 
(1.64 ± 0.30) than in the wild-type cells. This value was significantly 
larger than the ratio of TRP accumulation in the Syx5 sole-deficient 
cells compared with the wild-type cells (p = 0.0028). On the other 
hand, in the EMC3 sole-deficient cells, ER-accumulated TRP was 
greatly reduced compared with wild type: the ratio of TRP accumu-
lation compared with the wild-type cells was 0.42 ± 0.05 (Figure 2, 
B, B′, and C). This value was significantly smaller than the ratios of 
TRP accumulation in the Syx5 sole-deficient cells compared with the 
wild-type cells (p = 0.0003). These results indicate that in EMC3-
deficient cells, newly synthesized TRP does not accumulate in the 
ER. More importantly, there was no indication of the increase in ER-
accumulated TRP in EMC3Δ6, Edem1EP1588, and Edem2DG03809 triple 
mutant photoreceptors: the ratio of TRP accumulation compared 
with the wild-type cells was 0.46 ± 0.08. This value was also signifi-
cantly smaller than the ratios of TRP accumulation in the Syx5 sole-
deficient cells compared with the wild-type cells (Figure 2, B, B′, and 
C; p = 0.0008). These results indicate that the degradation of TRP in 
EMC3-deficient cells was not protected by the simultaneous loss of 
Edem1 and Edem2 (Figure 2C). Therefore, if TRP was translated at 
normal levels in EMC-deficient cells, these results imply that the 
TMDs of TRP were inserted into the membrane in an EMC-depen-
dent manner if translation was not inhibited by EMC deficiency.

As Rh1, Rh3, Rh4, and NaKα did not accumulate in the EMC3Δ6, 
Edem1EP1588, Edem2DG03809 triple mutant photoreceptors (Figure 2, 
D, D′, E, and E′, and Supplemental Figure S3, A, A′, B, and B′), the 
TMDs of Rh1, Rh3, Rh4, and NaKα also might be inserted into the 
membrane in an EMC-dependent manner. A strong immunofluores-
cence signal of NaKβ was detected in the cytoplasm of the EMC3Δ6, 
Edem1EP1588, Edem2DG03809 triple mutant photoreceptors, which was 
presumably located on the ER. However, no accumulation of NaKβ 
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FIGURE 1: Endoplasmic reticulum membrane complex (EMC) is required for the expression of a subset of multipass 
membrane proteins. (A–U) Immunostaining of EMC1655G or EMC3Δ4 mosaic retinas expressing exogenous proteins. Red 
represents red fluorescent protein (RFP) expressed only in the wild-type photoreceptors, except in panel O in which red 
represents the fluorescence of SERCA::tdTomato. In panel A, green represents the fluorescence of tdEOS. In panels 
B–G, I–J, L, N–S, and U, blue represents the immunostaining of NaKα with green fluorescent protein (GFP). In panels B, 
S, and U, green represents the immunostaining of GFP. In panels C, D, G, I, L, N, and P–R, green represents the 
immunostaining of HA. In panels E and J, green represents the immunostaining of myc. In panel F, green represents the 
immunostaining of nSyb. In panels H, K, M, and T, green represents the fluorescence of GFP. Immunostaining of NaKα is 
used to identify the EMC-deficient photoreceptors. Scale bar is 5 μm. (V) The ratio of signal strength for the 
immunostaining or fluorescence of tdEOS/GFP/tdTomato in the EMC-deficient cell against that of the wild-type cell is 
plotted. Proteins are categorized into normal (blue), increased (sky blue), decreased (yellow), or defective expression 
(red) in the EMC-deficient cells. Proteins that have large SD are not classified and are shown in gray bars. Asterisks show 
the proteins used for the criteria of EMC dependence as normal, increased, decreased, or defective expression. The 
details of the categorization are described in Material and Methods. More than 11 photoreceptors for both the wild 
type and mutant were measured. Error bars indicate SD. 
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was observed in the EMC3Δ6 single mutant photoreceptors (Figure 
2, D and D′). These results indicated that NaKβ was synthesized, and 
its transmembrane helix was inserted into the membrane, but was 
degraded by ERAD in the EMC3Δ6 single mutant photoreceptors.

We also used RNA interference (RNAi) to knock down the fly 
valosin-containing protein (VCP) homologue TER94, which encodes 
the ATPase mediating the extraction of TMDs. In the EMC3Δ6 single 
mutant photoreceptors expressing TER94 RNAi using the longGMR-
Gal4 driver, a significant amount of NaKβ was detected. However, 
TRP, Rh1, Rh3, Rh4, and NaKα were not detected in the cytoplasm 
of EMC3Δ6 (Figure 2, F and G, and Supplemental Figure S3, A″ and 
B″) photoreceptors. These results confirmed that although the 
EMC-deficient photoreceptors synthesize NaKβ and insert it into 
the ER membrane, they failed to either synthesize or insert TRP, Rh1, 
and NaKα into the ER membrane.

We quantified the immunofluorescence intensity of the cytoplas-
mic NaKβ, NaKα, Rh1, and TRP in the EMC3Δ6 single mutant 
photoreceptors, EMC3Δ6, Edem1EP1588, Edem2DG03809 triple mutant 
photoreceptors, and EMC3Δ6 single mutant photoreceptors 
expressing TER94 RNAi, and confirmed that the degradation of 
NaKβ in EMC-deficient cells was dependent on ERAD. In contrast, 
the degradation of NaKα, Rh1, and TRP caused by EMC deficiency 
was not dependent on ERAD (Figure 2H). Independence of Rh1 
degradation from ERAD is consistent with a recent report (Xiong 
et al., 2019).

Translation of Rh1 is not inhibited in the EMC-deficient 
photoreceptors
To determine whether EMC is required for Rh1 translation or TMD 
insertion, we used the T2A self-cleaving peptide from Thosea asigna 
virus. We generated transgenic flies using the construct shown in 
Figure 3A, in which full-length Rh1 with C terminus V5-tag was linked 
to GFP via T2A. We expressed this construct in all the photorecep-
tors in EMC1655G mosaic retina using Rh1-Gal4. The photoreceptors 
were subjected to immunostaining using anti-V5 antibody (Figure 
3B). In the EMC-deficient cells, GFP expression levels were similar to 
those in the wild-type photoreceptors. This indicated that the trans-
lation of nascent Rh1 polypeptide continued to the C terminus with-
out the activity of EMC, although there was a reduction in the levels 
of Rh1 detected by anti-V5 antibody in the EMC1655G photorecep-
tors (Figure 3, B and C). A recent study also indicated that many 
EMC-dependent proteins are normally translated (Chitwood et al., 
2018). Curiously, although native Rh1 was undetectable in the ER of 
EMC-deficient cells, Rh1-V5-T2A was weakly detected and was co-
localized with calnexin (Cnx99A), confirming that Rh1-V5-T2A local-
ized on the ER membrane (Figure 3D). This might be because of the 
ribosome stalling on T2A, which may transiently protect Rh1-V5-T2A 
from degradation (Doronina et al., 2008). Anyway, these results indi-
cate that Rh1 is likely to be translated normally in the EMC-deficient 
cells, however, degraded after completion of the translation.

Colocalization of EMC with C-terminally truncated TM 
variants of Rh1 with variable number of TMDs
As shown above, some but not all multipass membrane proteins 
require EMC for stable expression (Figure 1), and the degradation of 
Rh1, NaKα, and TRP in the EMC deficiency does not depend on 
ERAD components, EDEM1, EDEM2, or TER94 (Figure 2). Further-
more, Rh1 does not require EMC to be translated to the C terminus 
(Figure 3). These results imply that EMC protects these multipass 
membrane proteins from cytoplasmic degradation mechanisms, 
probably by the integration to the membrane. From this viewpoint, 
we hypothesized that reducing the number of TMDs in Rh1 might 

diminish EMC dependency and also affect its colocalization with 
EMC. To test this, we generated transgenic flies that express C- 
terminally truncated Rh1 with one (TM1), three (TM123), or five 
(TM12345) TMDs, as illustrated in Figure 4A. In the wild-type photo-
receptors, the expression level of TM1 was weak and the diffused 
staining was not colocalized with EMC3 (Figure 4B, top panel). 
TM123 did not exhibit a high level of expression, but exhibited 
some concentrated staining, which partially colocalized with EMC3. 
In contrast, TM12345 strongly colocalized with EMC3 in both weak 
cytoplasmic staining and concentrated robust staining. However, 
the full-length Rh1 accumulated in the ER under vitamin A starvation 
exhibited only weak colocalization with EMC (Figure 4B, bottom 
panel).

We quantified the colocalization of EMC3 and the C-terminally 
truncated TM variants of Rh1 in the nonrhabdomeric region of the 
photoreceptors. Pearson’s correlation coefficient of TM12345 and 
EMC3 was quite high (0.82). Pearson’s coefficient of TM123 and 
EMC3 or full-length TM and EMC3 was low (0.49 or 0.42, respec-
tively) while that of TM1 and EMC3 was very low (0.25). These re-
sults suggest that the EMC strongly interacted with TM12345 and 
moderately interacted with TM123 and full-length TM but had very 
weak interaction with TM1.

C-terminally truncated TM variants of Rh1 show divergent 
EMC dependencies
Further, we investigated whether EMC is required for the biogen-
esis of the C-terminally truncated Rh1 proteins, by expressing the 
truncated Rh1 proteins in EMC3Δ4 mosaic retina using Rh1-
Gal4 driver. Interestingly, the expression of TM1 and TM123 in 
the EMC-deficient photoreceptors was similar to those in the 
wild-type photoreceptors. However, TM12345 expression was 
markedly reduced in the EMC3Δ4 homozygous photoreceptors 
compared with the wild-type photoreceptors. We quantified the 
fluorescence of TM1, TM123, and TM12345 in both the wild-type 
photoreceptors and in the EMC3Δ4 homozygous photoreceptors. 
We observed that the fluorescence of only TM12345 reduced to 
36.3% of the wild-type photoreceptors (Figure 4E). Thus, EMC is 
necessary for the synthesis of TM12345, but not for TM1 and 
TM123 variants.

DISCUSSION
We showed that Rh1, an EMC-dependent transmembrane protein, 
can be fully translated to the C terminus without the help of EMC 
(Figure 3). We also showed that the accumulation of TRP, another 
EMC-dependent membrane protein, was not increased by ERAD de-
ficiency, although the compromised ERAD caused ER accumulation 
of TRP in Syx5-deficient cells. We have not investigated whether TRP 
can be fully translated without EMC, but it is reasonable to speculate 
that TRP is translated; it has been reported that many membrane 
proteins are translated in EMC5-deficient cells (Chitwood et al., 
2018). If this is the case, TRP must be translated and degraded with-
out ERAD activity. In addition, the loss of Rh1 caused by EMC defi-
ciency was not rescued by compromised ERAD. We did not observe 
clear accumulation of Rh1 with the simultaneous loss of ERAD and 
Syx5; however, it has been reported that the loss of ERAD activity 
restores the accumulation of folding mutants of Rh1 (Griciuc et al., 
2010). These results collectively suggest that EMC functions during or 
before the insertion of TMDs of TRP and Rh1.

Of the tested TM variants of Rh1, the accumulation of TM12345 
and the full-length Rh1 in the ER was EMC dependent, while the 
accumulation of TM1 and TM123 did not depend on EMC. Biogen-
esis of the C-terminally truncated TM variants is expected to mimic 
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FIGURE 2: Endoplasmic reticulum membrane complex (EMC) is required for the translation or insertion of membrane 
proteins. (A, B) Immunostaining of Syx5EP2313 mosaic retinas (A), and EDEM2DG03809, Syx5EP2313 mosaic retinas with 
EDEM1EP1588 back ground (A′). Immunostaining of EMC3Δ6 mosaic retinas (B), and EDEM2DG03809, EMC3Δ6 mosaic retinas 
with EDEM1EP1588 back ground (B′) using antibody against transient receptor potential (TRP) channel are shown in green. 
Red fluorescent protein (RFP) shown in magenta is a marker of the wild-type photoreceptors (A, B), or EDEM1EP1588 
single mutant photoreceptors (A′, B′). Asterisks indicate Syx5EP231 or EMC3Δ6 single mutant cells (A, B), or EDEM2DG03809, 
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the intermediate state of membrane integration of the native Rh1 
nascent chain. Taken together with the EMC-independent transla-
tion of native Rh1, these results suggest that EMC is likely required 
only after the translation of TMD4-5 in Rh1 biogenesis and probably 
mediates the insertion of TMD4-5 of Rh1 into the ER membrane. 
Recent studies indicate that EMC has a TMD-insertase function, and 
the less hydrophobic TMD further depends on the EMC (Chitwood 
et al., 2018; Guna et al., 2018; Shurtleff et al., 2018). Our results sug-
gest that if EMC is functioning as a TMD insertase of Rh1, it might 
be required for the insertion of TMD4-7, but it is not necessary for 
the insertion of TMD1-3.

Most GPCRs have marginally hydrophobic TMDs, which are 
unlikely to be stably integrated into the lipid bilayer without con-
cealing the residues inside the helix bundle (Marino et al., 2018). 
Therefore, when newly synthesized GPCRs are partially inte-
grated to the ER membrane, the relatively hydrophilic surface has 
to be temporarily exposed to the lipid bilayer. As shown above, 
if EMC is functioning as a TMD insertase of Rh1, it would be re-
quired for the insertion of TMD4-7, but not for the insertion of 
TMD1-3. However, the difference of EMC dependency between 
TMD2-3 and TMD4-5 is difficult to explain by hydrophobicity 
because various methods that calculate the free energy of 
membrane integration commonly predict that TMD4 and TMD5 
are more membranephilic than TMD2-3 (Figure 5A and unpub-
lished data).

To explain our results, we suggest the following model: EMC 
works as a membrane chaperone and protects the hydrophilic 
residues of the TMDs (Figure 5C). In this model, EMC works as a 
buffer to take TMDs out from the Sec61 translocon, which allows 
the integration of succeeding TMDs. Although the marginally hy-
drophobic TMD2-3 of Rh1 can be inserted into the ER membrane 
via the Sec61 translocon without the help of EMC, the release of 
TMD2-3 from Sec61 requires EMC. Sec61 can only hold up to two 
TMDs simultaneously (Rapoport et al., 2004; Rapoport, 2007; Park 
and Rapoport, 2012). Therefore, TMD4 and TMD5 fail to be inte-
grated without EMC because the translocon is occupied by 
TMD2-3. Based on this assumption, when the TM123 variant is 
synthesized in the EMC-deficient cells, it can remain in the ER 
within Sec61, therefore protected from degradation. In contrast, 
TM12345 and full-length variants can be targeted for degradation 
because of unprotected TMD4-5 and the TMD1-3 held by the 
Sec61 pore would be accessible for proteasome without ERAD 
(Figure 5D). The moderate colocalization of the TM123 variant but 
the strong colocalization of the TM12345 variant with EMC further 
supports this assumption. During the biogenesis of TMD6-7, EMC 

may help TMD4-5 to exit Sec61; however, we do not have data to 
support this claim.

We cannot exclude the possibility that TMD4 and TMD5 are 
intrinsically dependent on EMC. Interestingly, although TMD4 and 
5 are the most hydrophobic TMDs in Rh1, they contain 6 and 11 
aromatic residues, respectively, whereas TMD2 and 3 contain only 
2 each (Figure 5, A and B). Recently, Shurtleff et al. (2018) showed 
that EMC prefers to bind TMDs that are rich in charged or aromatic 
residues and poor in hydrophobic residues. The preference of aro-
matic residues by EMC might explain the different levels of EMC 
dependence of TMD2-3 and TMD4-5. In this hypothesis, TMD4 
and 5 are assumed to require EMC for either membrane integration 
or protection from degradation. This is also consistent with our 
results, especially the strong colocalization of the TM12345 variant 
with EMC in addition to the EMC dependence of TM12345 and 
full-length Rh1; however, it is curious that such hydrophobic TMDs 
require other factors to be stabilized. In this hypothesis, it is diffi-
cult to explain the ERAD-independent degradation of full-length 
Rh1 and the EMC-independent expression of the TM123 variant. If 
the TM123 variant does not require EMC to be integrated to the 
ER membrane, TMD1-3 of nascent full-length Rh1 would not ei-
ther. Therefore, TMD1-3 of nascent full-length Rh1 are likely to be 
integrated into the membrane but degraded without the help of 
ERAD. This might be explained by the TMDs’ different levels of 
dependency on ERAD. It has been suggested that the require-
ment of ERAD components in membrane protein degradation 
might depend on the hydrophobicity and the number of helices 
inserted into the ER membrane (Nakatsukasa and Brodsky, 2008). 
In the case of CFTR, reducing the number of TMDs from six to two 
resulted in the complete loss of VCP dependency (Carlson et al., 
2006). Thus, the less hydrophobic TMD1-3 might depend less on 
ERAD for degradation than TMD4-5.

Our model fits well with the EMC functions proposed in a recent 
study suggesting that EMC broadly enables the biogenesis of mul-
tipass transmembrane proteins containing destabilizing features 
(Shurtleff et al., 2018). Using the proximity-specific ribosome profil-
ing, the study demonstrated that EMC closely positions with the 
ribosomes during the translation of the clustered TMDs (Figure 3, 
B–D, in Shurtleff et al., 2018). Our model also fits well to EMC func-
tion as a TMD insertase, which was proposed recently (Chitwood 
et al., 2018; Guna et al., 2018). In this study, we proposed that EMC 
functions as a chaperone rather than an insertase. However, as EMC 
binding to the preceding TMDs allows the insertion of succeeding 
TMDs into Sec61 translocon, this EMC function could be interpreted 
as an “insertase” in a broader sense.

Syx5EP2313, EDEM1EP1588 or EDEM2DG03809, EMC3Δ6, EDEM1EP1588 triple mutant cells (A′, B′). (C) Bar graph representing 
the ratio of signal strength for the immunostaining or fluorescence of cytoplasmic TRP in the mutant cell against that of 
the wild-type cell. Error bars indicate SD. Statistical significance tested using one-tailed Welch’s test. n.s. means 
nonsignificant. (D, E) Immunostaining of EMC3Δ6 mosaic retinas, and EDEM2DG03809, EMC3Δ6 mosaic retinas with 
EDEM1EP1588 back ground (D′, E′) using anti-NaKβ (D, D′), or anti-NaKα antibody (E, E′) are shown in green and 
that using anti-Rh1 antibody are shown in blue. RFP shown in red is a marker of the wild-type photoreceptors. 
Asterisks show EMC3Δ6 single mutant cells (D, E), or EDEM2DG03809, EMC3Δ6, EDEM1EP1588 triple mutant cells 
(D′, E′). (F, G) Immunostaining of EMC3Δ4 mosaic retinas expressing Ter94RNAi construct using anti-NaKβ antibody 
(green) and anti-TRP antibody (blue) (F) or anti-NaKα antibody (green) and anti-Rh1 antibody (blue) (G). RFP shown in 
red is a marker of the wild-type photoreceptors expressing the Ter94RNAi construct. Asterisks show EMC3Δ4 mutant 
cells expressing the TER94 RNAi construct. (H) The ratio of signal strength for the immunostaining or fluorescence of 
cytoplasmic NaKβ, NaKα, Rh1, and TRP in an EMC3Δ6 mutant cell against that of the wild-type cell is plotted in blue. Red 
indicates the ratio of signal strength for the immunostaining or fluorescence of cytoplasmic NaKβ, NaKα, Rh1, and TRP 
in an EMC3Δ6 cell with EDEM1, 2 deficiency against that of EDEM1, 2 deficient cells. Green indicates the ratio of signal 
strength for the immunostaining or fluorescence of cytoplasmic NaKβ, NaKα, Rh1, and TRP in an EMC3Δ6 cell expressing 
Ter94RNA construct against that of the wild-type cell expressing Ter94RNA construct. Error bars indicate SD. Statistical 
significance tested using one-tailed Welch’s test. n.s. means nonsignificant. Scale bar is 5 μm.



2896 | N. Hiramatsu et al. Molecular Biology of the Cell

FIGURE 3: Endoplasmic reticulum membrane complex (EMC) is not required for the translation 
of Rh1. (A) Schematic for the principle of investigation of Rh1 translation using T2A sequence. 
The expression of green fluorescent protein (GFP) linked after T2A sequence indicates the 
completion of Rh1 translocation. (B) Immunostaining of EMC1655G mosaic retinas expressing 
Rh1::V5::T2A::GFP using anti-V5 antibody. Red fluorescent protein (RFP) shown in red is a 
marker of the wild-type photoreceptors. Asterisks show EMC1655G mutant cells. (C) The mean 
of GFP signals in per area is plotted for both the wild-type and EMC1655G mutant cells. 
(D) Immunostaining of EMC1655G mosaic retinas expressing Rh1::V5::T2A::GFP using anti-V5 
antibody (blue) and anti-Cnx antibody (red). RFP, a marker of the wild-type photoreceptors, is 
also shown in red. Asterisks show EMC1655G mutant cells. Scale bar is 5 μm.

Rh1 belongs to GPCRs, and EMC is reported to work as an inser-
tase for many GPCRs, which mediates the insertion of the first TMD 
in the right orientation, the N terminus to the lumen (Chitwood et 
al., 2018). The loss of EMC randomizes the orientation of the first 
TMD, resulting in the reduction but not extinction of mature GPCRs 
(Chitwood et al., 2018). However, we have shown the complete loss 
of Rh1 in the EMC-deficient photoreceptors. Thus, EMC must have 
additional functions for GPCRs other than the first-TMD-insertase 
function. In addition, the first TMD of some EMC-dependent multi-
pass membrane proteins found in the Drosophila photoreceptor—
TRP, TRPL, NaKα, and SERCA—are not oriented with the N terminus 
toward the lumen. The insertion of marginally hydrophobic TMDs 

into the lipid bilayer has been discussed 
previously (Martínez-Gil et al., 2011; Cymer 
et al., 2015; Marino et al., 2018). Some stud-
ies suggested the presence of a protein that 
interacts with such TMDs and protects them 
from a hydrophobic environment so that 
they can migrate into the lipid bilayer 
(Tamborero et al., 2011; Feige and Hender-
shot, 2013; Kida et al., 2016; Bañó-Polo et 
al., 2017). Our idea of EMC function as a 
“buffer” of the marginally hydrophobic 
TMDs would support this hypothesis.

MATERIALS AND METHODS
Drosophila stocks and genetics
Flies were grown at 20–25°C on standard 
cornmeal–glucose–agar–yeast food unless 
indicated otherwise. Carotenoid-deprived 
food was prepared from 1% agarose, 10% 
dry yeast, 10% sucrose, 0.02% cholesterol, 
0.5% propionate, and 0.05% methyl 
4-hydroxybenzoate.

The fly stocks obtained from the Bloom-
ington Drosophila Stock Center (BDSC) and 
FlyORF, which are referred to by BL/F and 
the stock numbers, and donated from R. 
Burke, S. Goto, T. Chihara, T. Schwarz, S. 
Britt, and T. Miyashita are listed in Supple-
mental Table 1.

To express tagged proteins in EMC-defi-
cient mosaic retinas, the fly stocks carrying a 
tagged gene on the third chromosome 
were crossed to the flies with EMC3Δ, 
FRT40A on the second chromosome and 
obtained the flies having both EMC3Δ and 
FRT40A on the second chromosome and a 
gene of tag fusion proteins on the third 
chromosome. These flies were crossed to 
“w; EMC3Δ, FRT40A; Rh1-Gal4, eyFLP,” or 
“w; FRT40A; Rh1-Gal4, eyFLP” to obtain 
EMC3Δ4 mosaic eyes expressing tag fusion 
proteins. In the case of the fly stocks with a 
gene of tag fusion protein on the second 
chromosome, they were crossed to the flies 
with FRT82B, EMC1655G the on third chro-
mosome and obtained the flies having both 
a gene of tag fusion protein on the second 
chromosome and FRT82B, EMC1655G on the 
third chromosome. These flies were crossed 
to “y, w, eyFLP; Rh1-Gal4; FRT82B, P3RFP” 

to obtain EMC1655G mosaic eyes expressing tag fusion proteins.
For the analysis of EDEM1EP1588, EDEM2DG03809, and EMC3Δ6 

triple-deficient photoreceptors, we recombined EDEM2 DG03809 with 
EMC3Δ6, FRT40A and obtained the second chromosome with 
EDEM2 DG03809, EMC3Δ6, FRT40A, and “w, EDEM1 EP1588; EDEM2 
DG03809, EMC3Δ6, FRT40A” were crossed to “EDEM1EP1588; P3RFP, 
FRT40A; eyFLP” and obtained the flies with EDEM2 DG03809, EMC3Δ6 
mosaic eyes with EDEM1EP1588 background.

For the analysis of Ter94 knockdown EMC3Δ4 mosaic retinas, 
BL32869: “y sc v;; UAS-IR-Ter94” were crossed to the flies with 
FRT40A, EMC3Δ4 on the second chromosome and obtained the 
flies having both FRT40A, EMC3Δ4 on the second chromosome 
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and UAS-IR-Ter94 on the third chromosome. Moreover, UAS-
Dicer2 on the X chromosome was introduced to these flies and 
obtained “UAS-Dicer2; EMC3Δ4, FRT40A; UAS-IR-Ter94.” The fly 
and “eyFLP; P3RFP, FRT40A; longGMR-Gal4” were crossed to 

obtain “UAS-Dicer2/eyFLP; FRT40A, EMC3Δ4/P3RFP, FRT40A; 
UAS-IR-Ter94/longGMR-Gal4,” which have EMC3Δ4 mosaic eyes 
expressing TER94 RNAi continuously after the morphogenetic 
fallow.

FIGURE 4: Endoplasmic reticulum membrane complex (EMC) may assist the exit of TM123 to allow TM4 and/or 
TM5 to be integrated into the ER membrane during Rh1 translation. (A) Schematic of Rh1-TM number variants. 
(B) Immunostaining of retinas expressing an Rh1-TM number variant or full length of Rh1 using anti-EMC3 (green) and 
anti-V5 antibodies (magenta). Scale bar is 5 μm. (C) Quantification of the colocalization of EMC3 and Rh1 TM number 
variants or full-length Rh1 using the Pearson’s correlation coefficient. Error bars indicate SD. Statistical significance 
tested using two-tailed Welch’s test. n.s. means nonsignificant. (D) Immunostaining of EMC3Δ4 mosaic retinas by 
anti-NaKα (green) and anti-V5 antibodies (blue). Red fluorescent protein (RFP) shown in red is a marker of the wild-type 
photoreceptors. Asterisks show EMC3Δ4 mutant cells. Scale bar is 5 μm. (E) Quantification of the expression of Rh1TM 
number variants in the wild-type cells (blue) and EMC3Δ4 cells (red). Statistical significance tested using two-tailed 
Welch’s test. n.s. means nonsignificant. (F) Summary of EMC3 colocalization and EMC dependence of Rh1 
transmembrane domain (TMD) variants.
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FIGURE 5: Model for EMC function in biogenesis of multipass membrane proteins. (A) Plots of 
hydropathy (red) and free energy of translocon-based integration (blue) of Rh1. Gray bars 
indicate positions of annotated TMDs. (B) Amino acid sequence of annotated TMDs of Rh1. 
Charged (red) and aromatic (blue) residues are indicated by colors. (C, D) In a wild-type cell, 
EMC binds to marginally hydrophobic TMDs and enables them to exit from the Sec61 
translocon to the lipid bilayer by protecting them from a hydrophobic environment. Then, 
successive TMDs can be inserted into the Sec61 translocon. Finally, all TMDs properly interact 
and stabilize each other (C). On the other hand, in an EMC-deficient cell, marginally hydrophobic 
preceding TMDs cannot exit to the lipid bilayer and occupy the Sec61 translocon even after 
successive TMDs are translated. Thus, successive TMDs fail to be inserted into the membrane 
and are degraded by the proteasome directly (D).

Immunostaining
Fixation and staining were performed as described previously 
(Satoh and Ready, 2005). Primary antisera were as follows: rabbit 
anti-Rh1 (1:2000; Satoh et al., 2005), chicken anti-Rh1 (1:2000; 
Satoh et al., 2013), mouse anti-Na+K+ATPase α subunit (NaKα; 
1:500 ascites or 1:300 from high conc; Developmental Studies Hy-
bridoma Bank [DSHB], Iowa City, IA), chicken anti-GFP (1:1000); 
Chemicon International, Billerica, MA), rabbit anti-TRP (1:2000; a 
gift from C. Montell, Johns Hopkins University), mouse anti-TRP 
(1:1000 from high conc.; DSHB), mouse anti-V5 monoclonal (6F5, 
1:500; WAKO Chemical), rabbit anti-V5 (1:200; MBL, Nagoya, Ja-
pan), rabbit anti-HA (1:300; MBL, Nagoya. Japan), rabbit anti-Myc 
(1:300; MBL, Nagoya. Japan), rabbit anti-nSyb (1:400; a gift from T. 
Schwarz, Children’s Hospital, Boston), mouse anti-Na+K+ATPase β 
subunit (NaKβ; 1:20 supernatant; DSHB), mouse anti-Rh3 (1:20 su-
pernatant; a gift from S. Britt, University of Texas, Health Science 
Center), mouse anti-Rh4 (1:20 supernatant; a gift from S. Britt, Uni-
versity of Texas, Health Science Center), rabbit anti-Cnx (1:150; 
Satoh et al., 2015), and rat anti-EMC3 (1:300) antibodies (Satoh et 

al., 2015). Secondary antibodies were anti-
mouse, anti-rabbit, anti-chicken, and/or 
anti-rat antibodies labeled with Alexa Fluor 
488, 568, and 647 (1:300 or 1:1000; Life 
Technologies, Carlsbad, CA). Images of 
samples were recorded using an FV1000 
confocal microscope (60× 1.42 NA 
objective lens; Olympus, Tokyo, Japan). To 
minimize bleed-through, each signal in 
double- or triple-stained samples was im-
aged sequentially. Images were processed 
in accordance with the Guidelines for 
Proper Digital Image Handling using Fiji, 
Affinity photo, and/or Adobe Photoshop 
CS3 (Adobe, San Jose, CA).

Quantification of EMC-dependent 
protein expression
Confocal microscopy images were ana-
lyzed using Fiji to investigate whether the 
biogenesis of 55 types of proteins was 
EMC dependent. Channels of two or three 
colored images were split to single color 
images to measure the intensity of the 
fluorescent signal of the protein of inter-
est. A background fluorescent signal was 
subtracted using the rolling ball algorithm 
with checks to “Sliding paraboloid” and 
“Disable smoothing” (https://imagej.net/
Image_Intensity_Processing#Rolling-Ball_
background_correction). The region con-
taining only the wild-type or EMC-defi-
cient photoreceptor cells was enclosed to 
form the region of interest (ROI). Total in-
tensity and the number of cells within 
each ROI were quantified and the intensity 
per wild-type cell (EMC+) and the intensity 
per EMC-deficient cell (EMC−) were calcu-
lated. EMC −/+ ratio and EMC−/EMC+, 
were regarded as the index of EMC 
dependence.

To classify the proteins to the EMC-de-
pendent or -independent group using the 

value of the EMC −/+ ratio, the EMC −/+ ratios for Nrg and Crb 
were considered as the representative of EMC-independent pro-
teins and those for Rh1 and NaKα were regarded as the represen-
tative of EMC-dependent proteins. If the value of the EMC −/+ 
ratio for a protein was significantly different from those for Nrg, 
Crb, Rh1, and NaKα, and the value of the EMC −/+ ratio was larger 
than 1, the protein was considered as “increased” in the EMC-
deficient cells. If the value of the EMC −/+ ratio for a protein was 
significantly different from those for Nrg, Crb, Rh1, and NaKα, and 
the value of the EMC −/+ ratio was less than 1, the protein was 
considered as “decreased” in the EMC-deficient cells. If the value 
of the EMC −/+ ratio for a protein was not significantly different 
from those for Nrg and Crb but significantly different from those 
for Rh1 and NaKα, the protein was considered “normal” in the 
EMC-deficient cells. If the value of the EMC −/+ ratio for a protein 
was significantly different from those for Nrg and Crb but not from 
the value of both Rh1 and NaKα, the protein was considered 
“defective” in the EMC-deficient cells. If the value of the EMC −/+ 
ratio for a protein was not significantly different from those of Nrg, 

https://imagej.net/Image_Intensity_Processing#Rolling-Ball_background_correction
https://imagej.net/Image_Intensity_Processing#Rolling-Ball_background_correction
https://imagej.net/Image_Intensity_Processing#Rolling-Ball_background_correction
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Crb, Rh1, and NaKα, we did not classify it into any of the four 
groups mentioned above.

We used more than three mosaic retinas derived from distinct 
flies with more than 13 wild-type and more than 10 mutant photore-
ceptors in total for each protein. Significance was evaluated using 
the one-tailed Welch’s test.

Quantification of protein expression or accumulation
Two or three colored images obtained from confocal microscopy 
were split into single color images using Fiji. Single color images 
with the fluorescent signal for the protein of interest were first sub-
tracted from their background staining using a rolling ball algorithm 
with checks to “Sliding paraboloid” and “Disable smoothing” 
(https://imagej.net/Image_Intensity_Processing#Rolling-Ball 
_background_correction). In Figures 2 and 4D, the region within the 
photoreceptor cells except for the plasma membrane and rhabdo-
mere, was regarded as ER. The ER of a wild-type photoreceptor cell 
or a mutant photoreceptor cell was manually enclosed to form the 
ROI. In Figure 3, the whole region of photoreceptor cells was 
enclosed to form the ROI. Total intensity in each ROI was divided by 
the area of the ROI to obtain the intensity per area in the EMC–wild-
type cell (EMC+area) and in the EMC-deficient cell (EMC−area). The 
EMC−area/EMC+area value was calculated for each protein. We used 
more than three mosaic retinas derived from distinct flies.

Quantification of EMC3 and Rh1 TM variants colocalization
Two colored images obtained from confocal microscopy were 
split into single color images using Fiji. Average intensity in the 
region without photoreceptors was subtracted from the whole 
image as background. The region of photoreceptor cells, except 
the nucleus, was enclosed to form the ROI. Pearson’s correlation 
coefficient (no threshold) between V5 staining (Channel 1) and 
EMC3 staining (Channel 2) in the ROI was calculated using the 
coloc2 plug-in of Fiji.

Transgenic flies for Rh1::V5::T2A-GFP and Rh1 TM variants
The following DNA fragments were obtained by PCR. For Rh1-V5-
T2A-GFP, GH24720 clone (DGRC) ligated strep-tag and V5-tag 
(WSHPQFEKGGRGKPIPNPLLG) at 3′ was replaced with the 
sequence encoding mCherry of Ac5-STABLE2-neo (Addgene; 
plasmid #32426) to obtain Ac-Rh1-V5-T2A-GFP. This plasmid was 
digested by SpeI and XhoI and inserted between the SpeI and XhoI 
sites of pUAST (Drosophila Genomics Resource Center, Blooming-
ton, IN) to construct pP{UAST-Rh1-V5-T2A-GFP}.

For Rh1 TM variants, DNA fragments encoding Rh1 fragment 
(Met1-I74, Met1-L146, or Met1-V241) and Rh1 C-tail-V5 fusion (H333-A373-
WSHPQFEKGGRGKPIPNPLLG*) with homologous nucleotide se-
quences were obtained from the pP{UAST-Rh1-V5-T2A-GFP} by 
PCR using the following primers: CTCTGAATAGGGAATTGGG-
AATTCGCCACCATGGAGAGCTTTG and CAGGCGATATTTCG-
GATGTATGTAGATCACCACGCCATTTCCG, CTCTGAATAGGGA-
ATTGGGAATTCGCCACCATGGAGAGCTTTG and CAGGCGA - 
TATTTCGGATGCAGGGAGATCATGCACATGGAC, CTCTGAA T-  
AGGGAATTGGGAATTCGCCACCATGGAGAGCTTTG and CAG-
GCGATATTTCGGATGGACAGCAGCAATGATGAACCAGTAAG, 
and CATCCGAAATATCGCCTGGCCC and AAGATCCTCTAGAGG-
TACCCTTACGTAGAATCGAGACCGAGGAGAGG, respectively. 
These fragments were inserted between the EcoRI and XhoI sites of 
pUAST by Gibson assembly to obtain pP{UAST-Rh1-TMx-V5} (x = 1, 
123, or 12345). These plasmids were injected into embryos by Best-
Gene (Chino Hills, CA) to generate transgenic lines.

Hydropathy profiling of Rh1
For Drosophila Rh1 protein (Uniprot P06002), hydropathy and trans-
locon-based free energy for membrane insertion (Hessa et al., 2007) 
were calculated using MPEx 3.3.0 software (Snider et al., 2009).
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