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Summary

The biosynthesis of thousands of proteins requires targeting a signal sequence or transmembrane 

segment (TM) to the endoplasmic reticulum (ER). These hydrophobic α-helices must localize 

to the appropriate cellular membrane and integrate in the correct topology to maintain a high-

fidelity proteome. Here, we show that the P5A-ATPase ATP13A1 prevents the accumulation 

of mislocalized and misoriented proteins which are eliminated by different ER-associated 

degradation (ERAD) pathways in mammalian cells. Without ATP13A1, mitochondrial tail-

anchored proteins mislocalize to the ER through the ER membrane protein complex and are 

cleaved by signal peptide peptidase for ERAD. ATP13A1 also facilitates the topogenesis of a 

subset of proteins with an N-terminal TM or signal sequence that should insert into the ER 

membrane with a cytosolic N terminus. Without ATP13A1, such proteins accumulate in the wrong 

orientation and are targeted for ERAD by distinct ubiquitin ligases. Thus, ATP13A1 prevents 

ERAD of diverse proteins capable of proper folding.

eTOC

McKenna et al. show that corrective quality control by the P5A-ATPase ATP13A1 at the ER 

prevents wasteful ER-associated degradation of mislocalized and misoriented proteins capable of 

folding properly.
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Introduction

The endoplasmic reticulum (ER) is the first step of trafficking mechanisms that 

provide proteins access to the extracellular space, plasma membrane, and endo-secretory 

compartments. Hence, the ER is the site of biosynthesis for thousands of transmembrane, 

secreted, and soluble organellar proteins that comprise over 30% of the human proteome, 

and defects in protein biosynthesis at the ER are associated with a wide range of 

human diseases (Dubnikov et al., 2017; Hegde and Keenan, 2022; Olzmann et al., 2013). 

Information for protein targeting to the ER is often encoded by an N-terminal signal 

sequence that is cleaved upon protein translocation into the ER lumen. Alternatively, for 

membrane proteins that lack a signal sequence, ER targeting is triggered by the first 

transmembrane segment (TM) that emerges from the ribosome. Although ER-targeting 

signal sequences and TMs all form hydrophobic α-helices that eventually insert into the 

ER membrane, their amino acid sequences are highly diverse and degenerate. Moreover, 

different signal sequences and TMs are not equally robust in mediating ER targeting or 

membrane insertion, and TM-mediated protein localization is error-prone (Chen et al., 

2014b; Conti et al., 2015; Krumpe et al., 2012; McKenna et al., 2020; Okreglak and Walter, 

2014; Rane et al., 2010). However, the mechanisms that maintain ER homeostasis despite 

enormous substrate diversity and inefficiencies at various steps of protein biosynthesis 

remain incompletely defined.
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All proteins with a signal sequence or TM face at least two biosynthetic challenges in 

addition to protein folding. First, they must localize to the correct cellular membrane. 

Second, their signal sequence or TM must insert into the lipid bilayer in the correct 

orientation (Hegde and Keenan, 2022). Most nascent proteins are cotranslationally targeted 

to the ER by the signal recognition particle (SRP), which engages and delivers ribosomes 

synthesizing nascent proteins with a signal sequence or TM to the ER (Walter and Blobel, 

1981; Zhang and Shan, 2014). At the ER, ribosomes dock onto the SEC61 complex, 

which forms an aqueous channel with a lateral gate that allows soluble protein domains 

to translocate into the ER lumen and TMs to partition into the ER membrane (van den Berg 

et al., 2004; Park and Rapoport, 2012). For proper protein topogenesis, signal sequences and 

‘type II’ TMs must engage the SEC61 complex with their N terminus facing the cytosol 

(referred to as Ncyto topology) (Rapoport et al., 2017). The ER membrane protein complex 

(EMC) also mediates the topogenesis of some N-terminal TMs that assume the opposite 

(NER) orientation (Chitwood et al., 2018; O’Keefe et al., 2021; Wu and Rapoport, 2021). 

Although most proteins target to the ER cotranslationally in mammals, tail-anchored (TA) 

proteins are an exception. Because TA proteins contain a single C-terminal TM which 

precludes cotranslational recognition, all TA proteins insert into target membranes post-

translationally with their N terminus in the cytosol (Chio et al., 2017; Farkas and Bohnsack, 

2021). TA proteins can insert into the ER via the EMC or the GET1/GET2 (also known as 

WRB/CAMLG) complex, with EMC clients generally possessing a less hydrophobic TM 

(Guna et al., 2018; Schuldiner et al., 2008; Wang et al., 2014; Yamamoto and Sakisaka, 

2012). The SEC61 complex, EMC, and GET1/GET2 comprise the entire set of known TM 

insertases at the mammalian ER with functions validated by reconstitutions with purified 

factors (Görlich and Rapoport, 1993; Guna et al., 2018; Mariappan et al., 2011).

Protein biosynthesis is tightly integrated with quality control (QC) mechanisms that must 

promptly recognize and resolve or eliminate aberrant protein intermediates produced by 

errors in biosynthesis. At the ER, the best-studied form of protein QC is ER-associated 

degradation (ERAD). ERAD is characterized by the recognition, ubiquitination, and 

extraction of aberrant proteins from the ER for proteasomal degradation (Olzmann et al., 

2013; Wu and Rapoport, 2018). In the bulk ER of yeast, two E3 ubiquitin ligase complexes 

mediate ERAD of most proteins. Generally, Hrd1 targets proteins with misfolding lesions 

in lumenal or membrane domains, while Doa10 targets proteins with misfolding lesions in 

cytosolic domains (Carvalho et al., 2006; Vashist and Ng, 2004). In contrast, mammalian 

cells possess approximately thirty ER-resident ubiquitin ligases, and numerous additional 

factors have been implicated in ERAD (Leto et al., 2019; Olzmann et al., 2013). Although 

ERAD is usually associated with the degradation of misfolded proteins, ERAD also 

eliminates proteins that fail to assemble into the correct protein complex or that are 

mislocalized despite being able to fold properly (Matsumoto et al., 2019; Natarajan et al., 

2020; Ruggiano et al., 2016). The factors that mediate such instances of context-dependent 

ERAD and the clientele of mammalian ERAD factors remain poorly defined.

We recently identified the ER-resident P5A-ATPase ATP13A1 (Spf1 in yeast) as a QC 

factor which dislocates mislocalized mitochondrial TA proteins from the ER to provide 

clients additional opportunities to insert into the mitochondrial outer membrane (McKenna 

et al., 2020). In cells lacking ATP13A1, mitochondrial TA proteins such as OMP25 (outer 
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membrane protein of 25 kDa, also known as synaptojanin-2 binding protein or SYNJ2BP) 

aberrantly accumulate at the ER and become destabilized. However, how mitochondrial TA 

proteins mislocalize to the ER and how they are degraded in the absence of ATP13A1 

is unknown. Proteomics data and other studies have also linked the P5A-ATPase to the 

stability of a subset of ER-targeted proteins that possess an N-terminal ‘type II’ TM or 

signal sequence which should assume an Ncyto topology (Feng et al., 2020; Li et al., 

2021; McKenna et al., 2020; Qin et al., 2020). However, it is not clear why ATP13A1 is 

required for the stability of these proteins. In this study, we systematically follow the fates 

of different types of ATP13A1-dependent proteins. We show that the EMC is responsible 

for mitochondrial TA mislocalization and that the signal peptide peptidase (SPP) mediates 

mislocalized mitochondrial TA protein ERAD. We also show that loss of ATP13A1 function 

results in the accumulation of type II and signal sequence-containing proteins inserted in 

the incorrect topology at the ER, and that such misoriented proteins are targeted for ERAD 

by different ubiquitin ligases. Our findings reveal a general role for ATP13A1 in mediating 

correct protein localization and topogenesis, thereby averting wasteful ERAD of a diverse 

set of proteins that retain the potential to fold properly.

Results

Mitochondrial TA proteins mislocalize to the ER via the EMC

Although it is established that ATP13A1 dislocates mitochondrial TA proteins from the 

ER, how mitochondrial TA proteins initially mislocalize to the ER is not clear. To address 

this question, we used immunofluorescence to determine how depleting the two known 

ER TA protein insertases, the GET1/GET2 complex or the EMC, affects the localization 

of F-OMP25, a FLAG-tagged reporter containing the TM of the mitochondrial TA protein 

OMP25. As we previously observed, F-OMP25 localizes to mitochondria in wildtype (WT) 

cells but is mislocalized to the ER and destabilized in ATP13A1 knockout (KO) cells 

(Figures 1A and 1B) (McKenna et al., 2020). Knocking down EMC2 or EMC6, which 

destabilizes the entire EMC (Figure S1A) (Guna et al., 2018; Volkmar et al., 2018), 

reduces ER mislocalization and partially rescues mitochondrial localization of F-OMP25 

in ATP13A1 KO cells (Figures 1A, 1B, and S1B). In contrast, knocking down GET1 

does not prevent F-OMP25 mislocalization in ATP13A1 KO cells. Depleting core EMC 

components also rescued mitochondrial localization of TA proteins containing the BAK1 or 

MAVS TM in ATP13A1 KO cells (Figures S1C–S1E). Thus, the EMC is responsible for the 

mislocalization of multiple mitochondrial TA proteins.

To directly assay how the EMC affects ER insertion of F-OMP25, we performed in vitro 
insertion assays of radiolabeled F-OMP25 with ER-derived rough microsomes (RMs) 

isolated from WT, ATP13A1 KO, or ATP13A1 and EMC6 double-knockout (DKO) 

cells (Figures 1C and S1F). As we observed before (McKenna et al., 2020), F-OMP25 

accumulates to a higher degree in ATP13A1 KO RMs than in WT RMs. In comparison, 

RMs that lack both ATP13A1 and EMC6 do not accumulate F-OMP25 relative to WT 

RMs (Figure 1C). This result indicates that EMC depletion prevents the accumulation of F-

OMP25 at the ER in the absence of ATP13A1 dislocation activity. In contrast, the insertion 

of F-SQS, a matched ER-targeted TA protein reporter of the EMC insertion client squalene 
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synthase (Guna et al., 2018), was not affected by knocking out ATP13A1 but significantly 

decreased with ATP13A1 and EMC6 DKO RMs (Figure 1C). These data suggest that 

mitochondrial TA proteins such as F-OMP25 misinsert into the ER through the EMC.

SPP cleaves mislocalized mitochondrial TA proteins for ERAD

Next, we investigated how mislocalized F-OMP25 is degraded at the ER. Inhibiting 

proteasome activity selectively stabilized a F-OMP25 fragment in ATP13A1 KO cells 

(Figure 2A), while only low levels of this fragment were observed in WT cells treated 

with proteasome inhibitors. We observed a similar F-OMP25 fragment in cell-free insertion 

reactions with ATP13A1 KO RMs (Figure S1F). Cellular fractionation showed that the 

proteasome-sensitive F-OMP25 fragment is cytosolic (Figure 2B), and comparisons with 

in vitro synthesized F-OMP25 fragments of defined lengths indicated that the F-OMP25 

fragment is truncated within the TM (Figure S2C). These results indicate that F-OMP25 

may be cleaved within the plane of the ER membrane prior to proteasomal degradation in 

ATP13A1 KO cells.

A candidate for this cleavage activity is signal peptide peptidase (SPP), an ER-resident 

intramembrane aspartyl protease. SPP processes N-terminal signal sequences that have been 

cleaved off translocating proteins and mediates the degradation of some ER-targeted TA 

proteins, including SQS, to regulate their abundance (Boname et al., 2014; Heidasch et al., 

2021; Yücel and Lemberg, 2020). Indeed, we observed F-SQS cleavage in cell-free insertion 

reactions that was inhibited by the SPP inhibitor (Z-LL)2-ketone (Figure S2A) (Weihofen 

et al., 2000). The extent of F-SQS cleavage did not differ between WT and ATP13A1 KO 

RMs but decreased significantly in ATP13A1 and EMC6 DKO RMs (Figures S2A and 

S2B). In comparison, the level of F-OMP25 fragment was higher in ATP13A1 KO RMs 

compared to both WT and DKO RMs (Figures S1F and S2B). Knocking down SPP (Figure 

S2D) or treating ATP13A1 KO cells with (Z-LL)2-ketone (Figures 2A and 2C), which does 

not alter SPP levels (Figure S2E), also eliminated the F-OMP25 fragment and stabilized 

full-length F-OMP25 levels. Consistent with our in vitro results (Figure S2B), in WT cells, 

(Z-LL)2-ketone stabilized F-SQS but not F-OMP25 (Figures 2C and S2F), indicating that 

SPP selectively acts on F-OMP25 in the absence of ATP13A1. In contrast to EMC depletion 

(Figures 1A and 1B), depleting SPP does not rescue mitochondrial localization of F-OMP25 

in ATP13A1 KO cells (Figures 2D and S2G), consistent with a model in which EMC 

acts upstream of F-OMP25 mislocalization while SPP functions downstream. These results 

indicate that SPP specifically cleaves mislocalized F-OMP25 for ERAD.

The degradation of other SPP clients has been linked to two ER-resident E3 ubiquitin 

ligases, TRC8 and MARCH6 (Chen et al., 2014a; Heidasch et al., 2021; Stefanovic-Barrett 

et al., 2018). Knocking down MARCH6 but not TRC8 slightly stabilized endogenous 

OMP25 (Figures S2H), although it remains unclear how SPP interfaces with other ERAD 

factors. Quantitative profiling of the proteomes of WT and ATP13A1 KO cells without 

and with SPP inhibition confirmed known SPP clients such as SQS and heme oxygenase 1 

(HMOX1) (Figure S3A) (Boname et al., 2014; Heidasch et al., 2021). 46 proteins, including 

endogenous OMP25, were destabilized by knocking out ATP13A1 and restabilized by SPP 

inhibition (Figures S3B and S3C). One TA protein in this group, CEND1 (cell cycle exit and 
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neuronal differentiation 1), is a poorly characterized protein linked to neural development 

(Politis et al., 2007). We found that F-CEND1, a reporter containing the CEND1 TM, 

localizes to mitochondria in WT cells (Figures 2E and S3D). Like OMP25, F-CEND1 

becomes mislocalized and is specifically cleaved by SPP upon ATP13A1 depletion (Figures 

2E and 2F). Our data suggest that CEND1 is a mitochondrial TA protein whose localization 

and abundance is regulated by ATP13A1-mediated dislocation from the ER, which prevents 

ERAD through SPP.

Unlike mitochondrial TA proteins, TA proteins resident to other cellular membranes are 

indirectly affected by ATP13A1 and SPP. The levels of STX1B (syntaxin-1B), a SNARE 

protein involved in synaptic vesicle docking (Schubert et al., 2014), were sensitive to 

ATP13A1 depletion and SPP inhibition in cells. However, SPP cleaves the STX1B TM 

equally efficiently in both WT and ATP13A1 KO RMs (Figure S3C and S3E), suggesting 

that nascent STX1B is not directly dislocated by ATP13A1. Instead, STX1B stability may 

be influenced by indirect effects of ATP13A1 depletion on post-ER vesicular trafficking. 

The peroxisomal TA protein PLAT3 is also destabilized in ATP13A1 KO cells and stabilized 

by SPP inhibition, but we could not detect SPP-dependent PLAT3 fragments (Figure S3C 

and S3F). Although there were no significant differences in peroxisome number in WT 

and ATP13A1 KO cells (Figure S3G), ATP13A1 and SPP may have pleiotropic effects on 

peroxisome biogenesis or function, which are closely linked to the ER (Mayerhofer, 2016). 

Thus, additional considerations influence how ATP13A1 and SPP regulate TA proteins 

resident to other organelles.

A reporter system to assay protein topology at the ER

Loss of ATP13A1 function also destabilizes a set of ER-targeted type II membrane proteins 

with an N-terminal TM that should assume an Ncyto topology (McKenna et al., 2020). 

Like mitochondrial TA proteins, these type II proteins, such as CHST10 (carbohydrate 

sulfotransferase 10), are destabilized by knocking out ATP13A1 and rescued by acutely 

re-expressing WT but not catalytically inactive ATP13A1 (McKenna et al., 2020). Type II 

proteins and mitochondrial TA proteins have in common the presence of a TM near one 

terminus of the protein. Based on this similarity, we hypothesize that type II proteins require 

dislocation by ATP13A1 if they are initially inserted in the opposite (i.e. NER) orientation.

Testing this hypothesis requires a sensitive assay of TM topology. To address this, we 

established a split fluorescent protein reporter system to assay membrane protein topology 

at the ER. First, we generated Flp-In 293 T-REx cells that constitutively express the first 

ten β-strands of mNeonGreen3K [referred to as GFP(1–10)cyto] in the cytosol and the first 

ten β-strands of mCherry3V [referred to as RFP(1–10)ER] (Feng et al., 2019; Zhou et al., 

2020) localized to the ER lumen by the preprolactin signal sequence and a C-terminal 

ER retention signal (Figure 3A). We then incorporated into the Flp-In locus reporters 

that contain the 11th β-strands of mNeonGreen3K [GFP(b11)] and mCherry3V [RFP(b11)] 

in tandem. Each reporter is also separated by a P2A ribosomal skipping sequence from 

TagBFP (BFP) encoded in the same transcript. Using fluorescent flow cytometry, we can 

quantitatively assay cytosolic mNeonGreen3K fluorescence (referred to as GFPcyto) and 

ER-localized mCherry3V fluorescence (referred to as RFPER), which should only occur if 
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the complementary 11th β-strand of the fluorescent protein resides in the corresponding 

cellular compartment. Normalizing these values to BFP fluorescence additionally provides a 

readout for protein stability by reporting the relative proportion of reporter localized to each 

compartment compared to the total amount of reporter synthesized (Figure 3B).

We validated this system with two control reporters: the cytosolic protein dihydrofolate 

reductase (DHFR) and asialoglycoprotein receptor 1 (ASGR1), a type II membrane protein 

with a relatively large 40-residue N-terminal domain (NTD) preceding the TM that 

facilitates topogenesis (Wahlberg and Spiess, 1997). Correct type II TM topology should 

place the tandem GFP(b11)-RFP(b11) tag of ASGR1 in the ER to complement RFP(1–

10)ER. Fluorescence microscopy (Figure S4A) and fluorescent flow cytometry (Figure 3C) 

validated that ER-localized ASGR1 produced a strong RFPER signal and minimal GFPcyto 

signal while cytosolic DHFR produced a strong GFPcyto signal and minimal RFPER signal. 

In both cases, the BFP signal remained cytosolic (Figure S4A). In comparison, placing 

the tandem b11 tag in the cytosolic domain before the TM of the ER-targeted TA protein 

SEC61β resulted in a high GFPcyto signal colocalized to the ER (Figure S4B). Fluorescent 

flow cytometry after selective permeabilization of the plasma membrane to release cytosolic 

contents additionally supported membrane integration of the ASGR1 and SEC61β reporter 

proteins, while DHFR and BFP were released (Figure S4C). Thus, this system accurately 

reports the localization of the tandem GFP(b11)-RFP(b11) tag in the cytosol or ER based on 

GFPcyto or RFPER signal, respectively.

Next, we used the topology reporter system to analyze CHST10 (Figure 3D). Unlike 

ASGR1, CHST10 has a short 6-residue NTD which may be more likely to translocate 

into the ER lumen, resulting in TM insertion in the incorrect topology (Wahlberg and Spiess, 

1997). Another feature that may contribute to CHST10 misinsertion is the lack of basic 

residues in the NTD (Wahlberg and Spiess, 1997), as positive charges are preferentially 

retained in the cytosol according to the ‘positive-inside’ rule (von Heijne, 1986, 1989). To 

test this possibility, we mutated two weakly basic histidine residues in the CHST10 NTD to 

either arginines (H2R/H3R, referred to as RR-CHST10) or glutamines (H2Q/H3Q, referred 

to as QQ-CHST10) to increase or decrease the positive charge of the NTD, respectively. 

Relative to WT CHST10, RR-CHST10 produced a higher RFPER:BFP ratio and a lower 

GFPcyto:BFP ratio (Figure 3D), suggesting that a higher proportion of RR-CHST10 assumes 

the correct type II topology. QQ-CHST10 produced the opposite effect, resulting in a lower 

RFPER:BFP ratio and a higher GFPcyto:BFP ratio. Thus, increasing the positive charge of the 

NTD enhances CHST10 TM insertion in the correct type II topology. These results establish 

that the topology reporter system can detect relative changes in type II protein topogenesis 

and that CHST10 has weak topology-dictating features.

CHST10 topogenesis requires ATP13A1

Supporting our quantitative proteomics results (McKenna et al., 2020), knocking down 

ATP13A1 reduced the RFPER:BFP ratio of WT CHST10 corresponding to correct type II 

topology by ~50% (Figure 4A). In comparison, the RFPER:BFP ratio of RR-CHST10 and 

ASGR1 changed by less than 10% with ATP13A1 depletion. To further investigate how 

ATP13A1 influences CHST10 insertion, we synthesized radiolabeled CHST10 using an in 
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vitro translation system in the presence of ER-derived RMs isolated from WT or ATP13A1 

KO cells (Figure 4B). The C-terminal domain of CHST10 following the TM contains three 

N-linked glycosylation sites which should be modified if CHST10 assumes the correct type 

II topology. Mirroring the cellular reporters, the majority of CHST10 was glycosylated with 

WT RMs, while CHST10 synthesized in the presence of ATP13A1 KO RMs was almost 

entirely non-glycosylated. In contrast, RR-CHST10 and ASGR1 were similarly glycosylated 

with both WT and ATP13A1 KO RMs. Thus, CHST10 biosynthesis is selectively impaired 

by ATP13A1 depletion, and this defect can be circumvented by stronger topology-dictating 

features.

Non-glycosylated CHST10 observed in insertion reactions with ATP13A1 KO RMs was 

resistant to carbonate extraction (Figure 4B). This result suggests that ATP13A1 depletion 

does not appreciably impair TM insertion, but rather leads to a larger proportion of CHST10 

inserted into the ER membrane in the incorrect topology. Consistent with CHST10 being 

a direct client of ATP13A1, the defect in CHST10 topogenesis with ATP13A1 KO RMs is 

rescued by re-expressing WT but not catalytically inactive ATP13A1 (Figures 4C and S5A). 

However, in contrast to our findings with OMP25 (Figure 1), knocking down the EMC did 

not affect CHST10 topology in ATP13A1 KO cells (Figure S5B), and insertion reactions 

with ATP13A1 and EMC6 DKO RMs did not change the amount of membrane-integrated, 

non-glycosylated CHST10 compared to ATP13A1 KO RMs (Figure S5C). Thus, the EMC 

does not seem to be the primary route for CHST10 misinsertion. Altogether, our findings 

indicate that ATP13A1 facilitates topogenesis of type II proteins like CHST10 which contain 

an N-terminal TM and weak topology-guiding features.

ATP13A1 mediates signal sequence topogenesis

The largest class of proteins destabilized by the loss of P5A-ATPase function contain 

cleavable N-terminal signal sequences (McKenna et al., 2020). Notably, the biosynthesis 

of reporters containing the signal sequence of WNT1 or the C. elegans homolog EGL-20 

have been shown to require P5A-ATPase activity (Li et al., 2021). Although WNT1 is 

normally secreted and not detected in our proteomics datasets, the levels of endogenous 

β-catenin, which is stabilized by WNT1 signaling (Nusse and Clevers, 2017), decrease in 

ATP13A1 KO cells and is selectively rescued by re-expressing WT ATP13A1 (McKenna et 

al., 2020) (Figure S6A and S6B). Since signal sequences must engage SEC61 in the same 

orientation as type II TMs, we hypothesized that ATP13A1 also facilitates the topogenesis 

of certain signal sequences. Supporting this idea, mutations that make the EGL-20 signal 

sequence more hydrophobic (referred to as EGL-20H), and therefore more likely to insert 

in the incorrect, NER, topology (Goder and Spiess, 2003; Sakaguchi et al., 1992), are more 

destabilized by P5A-ATPase depletion (Li et al., 2021). To further test this possibility, we 

incorporated WNT1 or a reporter containing the EGL-20 or EGL-20H signal sequence (Li et 

al., 2021) into the topology reporter system (Figure S6C). ATP13A1 depletion resulted in a 

strong reduction in the RFPER:BFP ratio of these proteins (Figure 5A). In comparison, the 

RFPER:BFP ratio of a reporter containing the robust signal sequence of bovine preprolactin 

(referred to as PRL) did not change with ATP13A1 depletion. These results support 

the findings that ATP13A1 mediates the biogenesis of certain signal sequence-containing 

proteins.
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Cell-free insertion reactions revealed efficient cleavage of the EGL-20 and EGL-20H signal 

sequences with WT RMs, while uncleaved precursor proteins accumulated in reactions with 

ATP13A1 KO RMs (Figure 5B). Pelleting RMs efficiently recovered precursor EGL-20H 

with ATP13A1 KO RMs, indicating that a substantial proportion of the uncleaved protein 

resides at the ER in the absence of ATP13A1. In comparison, cleavage of the PRL 

signal sequence was unaffected by ATP13A1 KO (Figures 5B and S6D). Misorientation 

of EGL-20H at ER lacking ATP13A1 was further supported by fluorescence microscopy. In 

WT cells, the EGL-20H topology reporter produced a reticular RFPER pattern and very low 

GFPcyto signal. In ATP13A1 KO cells treated with an inhibitor of the E1 ubiquitin activating 

enzyme (see below), RFPER was no longer detectable while GFPcyto was observed in a 

reticular pattern distinct from the diffuse signal of cytosolic BFP (Figure 5C). These findings 

suggest that ATP13A1 mediates the topogenesis of signal sequences prone to misinserting in 

the NER orientation.

ATP13A1 prevents ERAD of misoriented proteins

Our topology reporters provide the distinct ability to specifically assay the stability of 

misoriented proteins. Consistent with increased incorporation in the incorrect topology, 

fluorescent flow cytometry revealed a higher GFPcyto:BFP ratio of the CHST10 type II 

protein reporter in ATP13A1 KO cells than in WT cells (Figure 6A). The GFPcyto:BFP ratio 

of the CHST10 reporter further increased with inhibitors of proteasomal activity, the E1 

ubiquitin activating enzyme, or the AAA-ATPase p97, but not with SPP inhibition (Figure 

6A), consistent with the substrate preference of SPP for transmembrane helices in the Ncyto 

orientation (Yücel and Lemberg, 2020). We observed similar results with the WNT1 and 

EGL-20H signal sequence reporters (Figures 6A and S7A) but not with the PRL reporter 

(Figure S7B). Importantly, the same inhibitors did not alter RFPER:BFP ratios corresponding 

to correctly inserted or translocated reporters (Figures 6A and S7A). In addition, the 

GFPcyto signal stabilized in ATP13A1 KO cells treated with ubiquitin-proteasome inhibitors 

persisted after semi-permeabilization (Figure S7C), suggesting membrane integration of 

the reporters in the incorrect topology. Thus, ERAD mechanisms distinct from those that 

act on mislocalized mitochondrial TA proteins specifically degrade misoriented ATP13A1-

dependent proteins.

Investigating a panel of mammalian ERAD factors (Figures 6B and S7D) revealed that 

knocking down the ER-resident ubiquitin ligases AMFR (also known as RNF45 or 

gp78) (Ninagawa et al., 2020; Olzmann et al., 2013) or RNF185 (Kaneko et al., 2016; 

Khouri et al., 2013; van de Weijer et al., 2020) stabilized the GFPcyto:BFP ratio of the 

CHST10 reporter in ATP13A1 KO cells without affecting the RFPER:BFP ratio (Figure 

6B). Knocking down both AMFR and RNF185 stabilized the GFPcyto:BFP ratio of the 

CHST10 reporter to a similar extent as E1 inhibition (Figures 6B and 6C), suggesting that 

these ligases may have partially redundant functions (Wang et al., 2022) in misoriented 

CHST10 ERAD. In contrast, the GFPcyto:BFP ratio of the WNT1 reporter did not change 

after knocking down AMFR or RNF185 individually or in combination (Figures 6C and 

S7E). Instead, knocking down MARCH6 selectively stabilized misoriented WNT1 but 

not WNT1 in the correct orientation or CHST10 in either orientation (Figures 6B, 6C, 

and S7E). Immunoblotting and translation shut-off experiments measuring the rate of 
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misoriented protein degradation supported the redundant roles of AMFR and RNF185 

in misoriented CHST10 ERAD (Figures 6D, S7F, and S7G) and the distinct role of 

MARCH6 in misoriented WNT1 ERAD (Figure S7H). Thus, multiple ERAD pathways 

act to eliminate different misoriented type II and signal sequence-containing proteins. 

Altogether, our findings establish that accurate protein topogenesis mediated by ATP13A1 

protects misoriented type II and signal sequence-containing proteins from ERAD.

Discussion

We have shown that the P5A-ATPase ATP13A1 prevents ERAD of mislocalized and 

misoriented proteins (Figure 7). ATP13A1 clients theoretically retain the ability to fold 

properly but fail another step of protein biosynthesis such as localization or topogenesis. 

Client selection by ATP13A1 occurs primarily through biophysical features, specifically 

a C- or N-terminal transmembrane helix, as only a short lumenal domain is compatible 

with dislocation. An acidic cavity at the substrate-binding site of the P5A-ATPase 

confers additional preference for proteins with basic residues near the lumenal side 

of the membrane, which may help select mitochondrial TA proteins and enforce the 

positive-inside rule. The eligibility of proteins to become ATP13A1 clients also may be 

influenced by the binding of complex partners to properly inserted proteins that may 

prevent recognition or dislocation by ATP13A1. Similar models involving the recognition of 

‘orphan’ subunits apply to protein QC mediated by Msp1/ATAD1, a protein dislocase at the 

outer mitochondrial membrane and peroxisomes (Weir et al., 2017), and by the Asi complex, 

an E3 ligase complex that safeguards the integrity of the inner nuclear membrane in yeast 

(Natarajan et al., 2020).

Although ATP13A1 operates on both mislocalized and misoriented proteins, different 

ATP13A1 clients engage distinct biosynthetic and ERAD factors. Our results indicate 

that multiple mitochondrial TA proteins mislocalize to the ER via the EMC (Figure 1) 

(Roboti et al., 2021), although we cannot rule out the possibility that some misinsert 

through GET1/GET2. This observation is consistent with reports that TA protein clients 

of the EMC have a moderately hydrophobic TM (Chitwood et al., 2018; Guna et al., 

2018), a general characteristic of mitochondrial TA proteins (Fry et al., 2021). A reported 

interaction between the P5A-ATPase and EMC in yeast (Shurtleff et al., 2018) may reflect 

a coupled mechanism for ensuring the integrity of TA protein insertion. Without ATP13A1, 

mislocalized mitochondrial TA proteins in mammalian cells undergo ERAD mediated by 

SPP (Figures 2 and 7A). The possible involvement of MARCH6 also may be consistent 

with observations that its yeast homolog, Doa10, mediates the degradation of mislocalized 

TA proteins (Dederer et al., 2019; Matsumoto et al., 2019). Both SPP and MARCH6 also 

regulate the levels of an ER TA protein (Stefanovic-Barrett et al., 2018), but how SPP 

cooperates with ubiquitin ligase(s) during ERAD remains to be determined.

The EMC has been reported to insert N-terminal TMs in the NER topology (Chitwood 

et al., 2018; O’Keefe et al., 2021) but does not appear to misinsert the type II protein 

CHST10 (Figure S5C). Considering these results, the most likely candidate for CHST10 

misinsertion is the SEC61 complex. Signal sequences and TMs that are more hydrophobic 

and that have fewer basic N-terminal residues are more likely to insert in the wrong topology 
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(Goder and Spiess, 2003; Sakaguchi et al., 1992; Wahlberg and Spiess, 1997) and to 

depend on ATP13A1 (Li et al., 2021). In the simplest model, ATP13A1 acts independently 

downstream of mistakes that generate type II proteins in the incorrect orientation (Figure 

7B). Alternatively, our observations also may support direct cooperation between ATP13A1 

and SEC61 to achieve correct type II TM and signal sequence topogenesis. Notably, 

kinetic constraints of cotranslational protein import by SEC61 may limit the window 

for ATP13A1 function in topogenesis, and coordination may be especially important if 

ATP13A1 functions on multi-spanning membrane proteins such as yeast Hmg2 (Shearer 

and Hampton, 2004). Indeed, prior studies have shown that some signal sequences and type 

II TMs initially insert headfirst before inverting to achieve correct type II topology at the 

SEC61 complex (Devaraneni et al., 2011; Goder and Spiess, 2003); our findings suggest that 

such inversions may involve ATP13A1. The function of ATP13A1 in protein topogenesis 

may explain its far-reaching effects on diverse ER-targeted proteins and functions (Feng et 

al., 2020; Li et al., 2021; McKenna et al., 2020; Qin et al., 2020; Shearer and Hampton, 

2004; Tipper and Harley, 2002).

Without ATP13A1 function, misoriented type II and signal sequence-containing proteins 

engage traditional ERAD processes involving ubiquitination, p97, and proteasomal 

degradation (Figures 6A and 7B). However, different misoriented proteins are targeted 

by distinct ER-resident ubiquitin ligases. RNF185 and AMFR appear to have specific but 

redundant roles in degrading misoriented populations of the type II protein CHST10 but 

have no effect on cytosolic or misoriented populations of the signal sequence-containing 

protein WNT1. How specificity is determined when multiple mammalian ubiquitin ligases 

function in the ERAD of misoriented proteins remains an important question. Tools such 

as the topology reporter system established in this study which simultaneously reports the 

stability of correctly inserted and misoriented protein populations will be instrumental for 

investigating such questions.

Considered together, our study supports a paradigm for protein QC in which correction is 

prioritized over degradation to deal with errors of protein biosynthesis. Prioritization for 

ATP13A1 function over ERAD may be facilitated by the apparent ability of ATP13A1 to 

operate without obligate cofactors, in contrast to multi-step ERAD pathways that require 

multiple components (Olzmann et al., 2013; Wu and Rapoport, 2018). Protein dislocation 

by ATP13A1 also seems to be rapid relative to ERAD processes. For example, ~50% of 

F-OMP25 is dislocated by ATP13A1 in WT RMs within 15 min in vitro (McKenna et al., 

2020), while only ~10% of F-OMP25 is cleaved by SPP in ATP13A1 KO RMs after 45 

min (Figure S1F). Moreover, the destabilization of diverse proteins by ATP13A1 depletion 

indicates that errors in protein biosynthesis occur more often than commonly appreciated. 

ATP13A1 therefore represents an early defense mechanism against mistakes in protein 

localization and topogenesis at the ER that do not irretrievably lead to protein misfolding. 

As protein synthesis is one of the most energy-demanding cellular processes, such corrective 

mechanisms may apply to many aspects of protein biosynthesis to prevent the wasteful 

degradation of nascent protein intermediates capable of being rescued.
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Limitations of the study

Our topology reporter system uses all common selection markers and expresses three 

fluorescent proteins, which limits the feasibility of rescue assays. Partial knockdown 

efficiencies of ERAD factors also may limit interpretations. Thus, future work is required to 

determine the precise role of identified factors in misoriented protein ERAD.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources should be directed to the 

lead contact, Sichen Shao (sichen_shao@hms.harvard.edu).

Materials availability—Renewable materials generated in this study are available upon 

request to the lead contact.

Data and code availability

• Proteomics data have been deposited at MassIVE and are publicly available as of 

the date of publication. Accession numbers are listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—All cell lines were maintained in DMEM with high glucose, GlutaMAX, and 

sodium pyruvate supplemented with 10% fetal bovine serum at 37°C and 5% CO2. Parent 

HEK293T, Flp-In 293 T-REx and HeLa T-REx cell lines were authenticated by short tandem 

repeat analysis and tested for mycoplasma yearly. To knock out EMC6 for RM isolation, 

ATP13A1 KO Flp-In 293 T-REx cells were transfected with px459 with target gRNA 

sequences inserted with standard molecular biology techniques using TransIT 293 (Mirus 

2706) according to manufacturer’s instructions. 48 hr after transfection, cells were placed 

under selection with 2 μg/mL puromycin for 48 hr. Clonal lines were isolated and validated 

with Western blotting and genotyping.

Cells constitutively expressing mNeonGreen3K(1–10) [GFP(1–10)cyto] and ER lumenal 

mCherry3V(1–10)-KDEL [RFP(1–10)ER] were generated using lentiviral transduction. To 

generate lentiviral particles, HEK293T cells were transfected with a 2:1:1:1:10 ratio of 

pHDM-VSVG, pHDM-HGPM2, pHDM-tat1B, pRC-CMV-rev1B and pHAGE containing 

the desired insert using TransIT according to the manufacturer’s instructions. The media 

was harvested 48 hr after transfection and used to transduce Flp-In 293 T-REx cells in the 

presence of 10 μg/mL polybrene. 48 hr after transduction, cells were placed under selection 

with 1 μg/mL puromycin for 48 hr. Clonal lines expressing the desired product were initially 

confirmed by immunoblotting for FLAG-tagged mNeonGreen3K(1–10) and validated by 

complementation of the two split fluorescent proteins by transiently transfecting cells 

with plasmids encoding proteins containing tandem β11 stands of mNeonGreen3K and 
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mCherry3V (NCb11) in the cytosol or ER lumen. Knockout of ATP13A1 in this reporter cell 

line was performed as described above, except clonal lines were isolated in the absence of 

puromycin selection.

All reporters were integrated into the doxycycline-inducible Flp-In locus by cotransfecting 

a 1:1 ratio of pOG44 and pcDNA5/FRT/TO containing the gene of interest using TransIT 

293 (for Flp-In 293 T-Rex cells) or Lipofectamine 3000 (for Flp-In HeLa T-Rex cells; 

Invitrogen L3000) according to manufacturer’s instructions. Cells were selected with 10 

μg/mL blasticidin and 50 μg/mL (Flp-In 293 T-Rex cells) or 300 μg/mL (Flp-In HeLa 

T-Rex cells) hygromycin for 2–3 weeks, and expression was validated by induction with 100 

ng/mL doxycycline for 24 hr followed by blotting, fluorescence microscopy, or fluorescent 

flow cytometry.

METHOD DETAILS

Plasmids and antibodies—pONDR-ASGR1 (HsCD00005525) was obtained from 

DNASU and pDONR-CHST10 was a gift from the Harper lab. pRK5-HA-ubiquitin-

WT (Addgene) was a gift from the Finley lab. Flag-tagged reporter proteins were 

incorporated into pcDNA5/FRT/TO for cell line generation or an SP64-based vector 

for in vitro transcription as previously described (Feng and Shao, 2018; McKenna 

et al., 2020) using standard molecular biology techniques. The gRNA sequence 

(GCCGCCTCGCTGATGAACGGCGG) to knock out EMC6 was inserted into pX459 using 

standard molecular biology techniques. The complete sequences for mNeonGreen3K and 

mCherry3V were ordered as gBlocks and the sequences corresponding to GFP(1–10) and 

RFP(1–10) as described in (Feng et al., 2017, 2019; Zhou et al., 2020) lacking stop codons 

were PCR amplified with overhangs for Gibson assembly (see below). Sequences encoding 

the P2A ribosome skipping sequence and the preprolactin signal sequence were PCR 

amplified from described plasmids (Chu et al., 2021; Shao and Hegde, 2011) with overhangs 

for assembly. A 5-piece Gibson assembly reaction was initially performed to incorporate 

the following in this order into pcDNA5/FRT/TO: GFP(1–10), P2A, preprolactin signal 

sequence, RFP(1–10). The KDEL retention sequence followed by a stop codon was included 

as an overhang in a reverse primer and incorporated using full plasmid PCR followed 

by blunt end ligation. The entire open reading frame was then transferred into pHAGE 

behind an N-terminal 3xFLAG tag by restriction enzyme digestion and ligation. pHAGE 

and helper plasmids (pHDM-G, pHDM-HGPM2, pHDM-tat1B, pRC-CMV-rev1B) for 

lentivirus production were from PlasmID. Topology reporter constructs encoding proteins 

with the tandem β11 tag separated from BFP by a P2A sequence were generated in a 

pcDNA5/FRT/TO-based vector using standard molecular biology techniques by combining 

the individual β11, P2A, BFP, and reporter sequences amplified from the gBlocks and 

plasmids described above.

Anti-FLAG M2 (Sigma F1804, 1:5000 for IB, 1:500 for IF), HRP-conjugated anti-FLAG 

M2 (Sigma A8592, 1:5000 for IB), FITC-conjugated anti-FLAG M2 (Sigma F4049, 

1:100 for flow cytometry), anti-CHST10 (Sigma PA5–92187, 1:2000 for IB, 1:150 for 

IP), anti-SEL1L (Sigma PA5–88333, 1:1000 for IB), anti-DERL1 (Abcam ab176732, 

1:2000 for IB), anti-TOM20 (Abcam ab186735, 1:300 for IF), anti-ATP13A1 (Proteintech 
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16244–1-AP, 1:2500 for IB), anti-CNX (Enzo Life Sciences ADI-SPA-865, 1:5000 for 

IB), anti-EMC2 (Proteintech 25443–1-AP, 1:2500 for IB), anti-EMC6 (Abcam ab84902, 

1:1000 for IB), anti-GET1 (Synaptic Systems 324 002, 1:1000 for IB), anti-ubiquitin 

(Santa Cruz Biotechnology sc-8017, 1:200 for IB), anti-SQLE (Proteintech 12544–1-AP, 

1:1000 for IB), anti-OMP25 (Proteintech 15666–1-AP, 1:1000 for IB), anti-PLAT3 (Abcam 

ab88447, 1:1000 for IB), anti-SPP (Abcam ab247061, 1:2000 for IB), anti-AMFR (Novus 

Biologicals NB-15374, 1:1000 for IB), anti-SYVN1 (Abcam ab170901, 1:2000 for IB), anti-

RNF185 (Abcam ab181999, 1:5000 for IB), anti-PEX14 (Proteintech 10594–1-AP, 1:500 

for IF), anti-β-catenin (Cell Signaling Technology 9562, 1:1000 for IB), HRP-conjugated 

anti-HA (Cell Signaling Technology, 1:1000 for IB), HRP-conjugated goat anti-mouse 

(Jackson ImmunoResearch 115–035-003, 1:5000 for IB), HRP-conjugated goat anti-rabbit 

(Jackson ImmunoResearch 111–035-003, 1:5000 for IB), Alexa Fluor 488-conjugated 

goat anti-mouse (Jackson ImmunoResearch 115–545-003, 1:500 for IF), and Alex Fluor 

594-conjugated goat anti-rabbit (Jackson ImmunoResearch 111–585-003, 1:500 for IF) 

antibodies were all purchased. Antibodies against SGTA (1:2500 for IB) are as previously 

described (Mateja et al., 2015), and antibodies against TRAPα (1:300 for IF) and BAG6 

(1:5000 for IB) were gifts from the Hegde lab.

Cell treatments, siRNA-mediated knockdowns, and RT-qPCR—Unless otherwise 

noted, reporter protein expression was induced with 100 ng/mL doxycycline for 24 hr. 

Cells were treated with 5 μM (Z-LL)2-ketone (Millipore Sigma 313664–40-3) for 24 hr to 

inhibit SPP activity, 0.5 μM bortezomib (LC laboratories B-1408) and 0.5 μM epoxomicin 

(ApexBio 134381–21-8) for 4 hr to inhibit proteasomal activity, 1 μM MLN7423 (Cayman 

Chemical 1450833–55-2) for 4 hr to inhibit E1 activity, or 1 μM CB-5083 (Cayman 

Chemical 1542705–92-9) for 4 hr to inhibit p97 activity. For translation shutoff assays, 

cells were treated with 50 μg/mL cycloheximide (Sigma 01810) for the indicated amount of 

time prior to analysis. For most siRNA-mediated knockdowns, cells were seeded in 6-well 

plates (for flow cytometry) or in 24-well glass-bottom plates (for immunofluorescence) 72 

hr prior to analysis. Cells at 30% confluence were transfected with 30 pmol (6-well) or 10 

pmol (24-well) siRNA 48 hr prior to analysis using Lipofectamine RNAiMAX (Invitrogen 

13778–150) according to manufacturer’s instructions. Reporter protein expression was 

induced 24 hours after siRNA transfection. To knock down ERAD factors (Figures S2H, 

6B–D and S7E–H), reverse transfection was performed: trypsinized cells were plated at 

30% confluence into 6-well plates containing 30 pmol siRNA 48 hr prior to analysis 

with Lipofectamine RNAiMAX according to manufacturer’s instructions. For double 

knockdowns, 30 pmol of each siRNA was used. To detect ubiquitination (Figure S7F), 

ERAD factors were knocked down in ATP13A1 knockout cells by reverse transfection 

as described above. 24 hr prior to analysis, cells were simultaneously treated with 100 

ng/mL doxycycline to induce expression of the CHST10 reporter protein, and transiently 

transfected with pRK5-HA-ubiquitin-WT using TransIT-293 according to manufacturer’s 

instructions. Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% 

Triton X-100, 0.5% Sodium Deoxycholate, 0.1% SDS) plus 20 mM NEM and cOmplete 

protease inhibitor cocktail (Roche) for 1 hr at 4°C, and clarified by centrifuging at 13,000g 

for 20 min. Soluble material was incubated with anti-CHST10 antibody and Protein A resin 

for 2 hr, washed with RIPA buffer, eluted with protein sample buffer, and directly analyzed.
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For RT-qPCR, cells were collected in cold PBS, pelleted by centrifugation at 1,000g for 5 

min at 4°C, snap frozen in liquid nitrogen, and stored at −80°C. Cell pellets were lysed 

by adding Buffer RLT (QIAGEN 79216) with 1% β-mercaptoethanol and shaking in a 

thermomixer at 1400 rpm for 15 min. RNA extraction was performed using the Rneasy 

Mini kit (QIAGEN 74106). The eluted RNA was treated with Rnase-free Dnase (QIAGEN 

79254) and re-isolated using the Rneasy Mini kit. Reverse transcription of 0.5 μg RNA 

was performed using oligo(dT)20 primers and the SuperScript III First-Strand Synthesis 

System (Invitrogen 18080051) according to manufacturer’s instructions, except that DTT 

was omitted from the reactions. The resulting cDNA was diluted 1:200 and mixed with 

SYBR Green Master Mix (Applied Biosystems 4309155) and 300 nM each of forward 

and reverse primers. RT-qPCR was performed using the QuantStudio 7 Pro real-time PCR 

system. Amplification efficiencies for each primer set were assessed using a 4-fold dilution 

series. For each biological replicate, the average CT (threshold cycle) was calculated from 

three technical replicates. Fold changes were calculated using the ΔΔCT method, correcting 

for amplification efficiency (Livak and Schmittgen, 2001; Pfaffl, 2001). SRP14 was used 

as the reference gene. Data from three biological replicates were analyzed using GraphPad 

Prism 9.

Fluorescence microscopy—All images were collected with a Yokagawa CSU-X1 

spinning-disk confocal microscope with Spectral Applied Research Aurora Borealis 

modification on a Nikon Ti motorized inverted microscope equipped with Plan Apo 

100×/1.4 numerical aperture oil-immersion objective.

For immunofluorescence experiments, Flp-In HeLa T-REx cells in 24-well #1.5 coverslip-

bottom plates (MatTek P24G-1.5–13-F) expressing the desired reporter protein and treated 

as described above were washed twice with PBS and fixed in 4% formaldehyde in PBS for 

15 min. After fixation, cells were washed with PBS, permeabilized with 0.1% Triton X-100 

in PBS for 5 min, and then incubated with blocking solution (10% FBS/PBS) for 30 min, 

followed by primary antibodies in blocking solution for 1 hr. Cells were washed three times 

in PBS, incubated with secondary antibodies in blocking solution for 1 hr, and washed three 

more times with PBS before imaging. Fluorescence was excited with solid-state lasers at 488 

nm (for Alexa Fluor 488) and 561 nm (for Alexa Fluor 594) and collected using ET525/50m 

or ET620/60m emission filters, respectively. Images were acquired with a Hamamatsu 

ORCA-R2 cooled CCD camera using Metamorph software. Z-series optical sections were 

collected with a step size of 0.5 μm and single sections were selected from approximately 

the center of the cell.

For live cell imaging, Flp-In 293 T-REx cells expressing topology reporters (Figures S4A, 

S4B, and 5C) were cultured in 6-well #1.5 coverslip-bottomed plates. For experiments 

shown in Figure S1C, WT, ATP13A1 KO, or ATP13A1 and EMC6 double-KO cells on 

24-well #1.5 coverslip-bottomed plates were transiently transfected with pcDNA5/FRT/TO 

containing the OMP25 or MAVS TM fused to the C-terminus of sfGFP, plus pTagBFP-C 

containing TagBFP attached to the N-terminal BiP ER signal sequence and the C-terminal 

KDEL ER retention sequence using TransIT-293 according to manufacturer’s instructions. 

Prior to analysis, cells were changed into FluoroBrite DMEM (Gibco A1896701) containing 

10% FBS. Cells were imaged in an Okolab stage top incubation chamber set to 37°C 
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with humidified 5% CO2. For experiments shown in Figures S4A and S4B, BFP (TagBFP) 

fluorescence was excited using a SOLA395 light source and collected using an ET460/50m 

emission filter. GFPcyto (mNeonGreen3K) and RFPER (mCherry3V) were excited with 

solid-state lasers at 488 nm and 561 nm, respectively, and data collection was as described 

above. For experiments shown in Figures S1D and 5C, BFP (TagBFP) fluorescence was 

excited with a solid-state laser at 405 nm and collected using an ET455/50m emission filter. 

GFPcyto (mNeonGreen3K) and RFPER (mCherry3V) were excited and collected as described 

above. Images were acquired with a Hamamatsu ORCA-Fusion BT cooled CCD camera 

using Elements software.

Cellular fractionations and rough microsome preparation—Whole cell lysates 

were obtained by lysing cells in 1% digitonin in PSB [50 mM Hepes (pH 7.5), 100 

mM KOAc, 2.5 mM Mg(Oac)2] and 1x cOmplete protease inhibitor cocktail (PIC; Roche 

05056489001) on ice for 10 min before centrifuging at 21,000g for 5 min. The supernatant 

was collected, and protein concentrations were normalized prior to gel loading. To separate 

cytosolic and organellar membrane fractions, cells were first lysed in 0.02% digitonin in 

PSB containing 250 mM sucrose and 1x PIC, incubated on ice for 10 min and centrifuged 

at 1,000g for 5 min. The supernatant (cytosol) was collected, and the pellet (organellar 

membranes) was washed once in 250 mM sucrose in PSB. For immunoblotting, the washed 

pellet was solubilized in 1% digitonin in PSB and 1x PIC, incubated on ice for 10 min, and 

centrifuged at 21,000g for 5 min before collecting the supernatant (organellar membranes). 

For flow cytometry, the washed pellet (obtained after solubilization in 0.02% digitonin, as 

described above) was resuspended in PBS and directly analyzed.

Rough microsomes (RMs) were isolated from WT, ATP13A1 KO, ATP13A1 and EMC6 

double KO, and ATP13A1 KO Flp-In 293 T-REx cells stably re-expressing FLAG-tagged 

WT or D533A ATP13A1 as previously described (Chitwood et al., 2018; McKenna et 

al., 2020). Briefly, cells were harvested and washed twice in cold PBS and centrifuged at 

500g for 5 min. The cell pellet was resuspended in three volumes of 10 mM Hepes (pH 

7.4), 250 mM sucrose, 2 mM MgCl2, and 1x PIC, and lysed by 27 passages through a 

27-gauge needle. Lysates were centrifuged twice at 3,800g for 30 min, and the resulting 

supernatant was centrifuged at 75,000g for 1 hr at 4°C in a TLA-55 rotor. The RM pellet 

was resuspended in hRM buffer [10 mM Hepes (pH 7.4), 250 mM sucrose, 1 mM MgCl2, 

0.5 mM DTT], adjusted and normalized to an absorbance at 280 nm (A280) of roughly 50 as 

measured by solubilization in 1% SDS.

In vitro translation and insertion assays—In vitro transcription reactions were 

performed with SP6 polymerase as previously described for 1 hr at 37°C and used directly 

in translation reactions (Feng and Shao, 2018). In vitro translation reactions were performed 

at 32°C. For CHST10, ASGR1, EGL-20, EGL-20H and PRL, translation reactions were 

performed for 45 min in the presence of RMs or hRM buffer. For FLAG-tagged TA 

proteins (F-OMP25, F-SQS and F-STX1B), translations were performed in the absence 

of RMs for 20 min before translation was stopped by the addition of 50 μg/mL Rnase A. 

RMs or hRM buffer were then added and samples were incubated at 32°C for another 45 

min. Membrane-inserted material was isolated by diluting reactions 1:4 in PSB, layering 
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onto 15% sucrose in PSB, and centrifuging at 186,000g for 20 min in a TLA55 rotor. 

The supernatant containing uninserted protein was collected. For F-OMP25, CHST10, and 

ASGR1, the pellet was subjected to carbonate extraction to isolate membrane-integrated 

proteins. Briefly, the pellet was resuspended in 10 reaction volumes of cold 100 mM NaCO3 

and incubated on ice for 15 min, followed by centrifugation at 186,000g for 20 min in 

a TLA55 rotor. For F-OMP25 and F-SQS, protein sample buffer was added directly to 

total, supernatant, and pellet fractions prior to SDS-PAGE and autoradiography analysis. 

Reactions used to calculate pellet:supernatant ratios of F-SQS (Figure 1C) contained 5 

μM (Z-LL)2-ketone to inhibit SPP cleavage. For CHST10 and ASGR1, total and pellet 

samples were subjected to denaturing FLAG immunoprecipitations. Briefly, the samples 

were denatured in 1% SDS in 0.1 M Tris (pH 8) and heated to 95°C for 5 min. Ten volumes 

of IP buffer and 10 μL of packed M2 resin were added and the samples were incubated at 

4°C for 1 hr on a rotating platform. The resin was washed three times in IP buffer before 

protein sample buffer was added. For EGL-20, EGL-20H and PRL, the pellet obtained 

following centrifugation through a 15% sucrose cushion was washed once with PSB and 

then resuspended directly into 1% SDS in 0.1 M Tris (pH 8). Samples were then subjected to 

denaturing FLAG immunoprecipitations as described above.

Fluorescent flow cytometry—For whole cell flow cytometry, cells were detached using 

0.25% trypsin-EDTA, collected in complete growth medium, centrifuged at 500g for 3 min. 

Pelleted cells were washed in PBS and filtered through a 35 μm mesh strainer. Data were 

collected on an Attune NxT flow cytometer and data analysis was performed using FlowJo. 

Membrane fractions were directly analyzed after semi-permeabilization and resuspension 

as described above. To analyze FLAG-tagged TA proteins by flow cytometry, cells were 

incubated with 200 mM MitoTracker CMXRos (Invitrogen M7512) for 30 min, washed with 

PBS, and detached and isolated as above. Pelleted cells were washed twice with PBS, fixed 

in 4% formaldehyde in PBS for 15 min, and permeabilized in 0.7% Tween20 in PBS for 

5 min. Cells were washed with PBS, incubated with blocking solution (10% FBS/PBS) for 

30 min, followed by FITC-conjugated M2 FLAG antibodies in blocking solution for 1 hr 

in the dark. Cells were washed three times in PBS, filtered through a 35 μm mesh strainer 

and data was collected on an Attune NxT flow cytometer. Fluorescence was excited with 

lasers at 405 nm (for TagBFP), 488 nm (for FITC-conjugated M2 FLAG antibodies and 

mNeonGreen3K), and 561 nm (for MitoTracker CMXRos and mCherry3V), and collected 

using 440/50, 530/30, and 615/20 emission filters, respectively. Samples were gated for live 

and single cells. All flow cytometry experiments are representative of at least 2 independent 

replicates.

Proteomics sample preparation and data acquisition—Cells were washed twice 

with cold PBS, collected using a cell scraper, and pelleted. Cells were then lysed in 100 

μl denaturing lysis buffer [8M Urea, 50 mM NaCl] with 1x PIC. Lysates were sonicated 

with ten 1 sec pulses and then centrifuged at 17,000g for 5 min at room temperature. 

The supernatant was normalized to 100 μg using a BCA assay (Pierce 23225) per the 

manufacturer’s instructions and adjusted to 100 μl using lysis buffer. The samples were 

reduced with 15 mM DTT for 1 hr at room temperature with shaking, alkylated with 20 

mM iodoacetamide for 20 min in the dark at room temperature with shaking, quenched with 
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10 mM DTT for 15 min in the dark at room temperature with shaking, and then methanol-

chloroform precipitated. Four parts of methanol were added to each sample, followed by one 

part chloroform, vortexing, and three parts water. Samples were vortexed and centrifuged at 

14,000g for 5 min at room temperature and washed two times methanol. Samples were then 

resuspended in 100 μl 200 mM 3-[4-(2-Hydroxyethyl)piperazin-1-yl]propane-1-sulfonic 

acid (EPPS) pH 8.0 and digested with 2 μg LysC protease (Thermo Fisher Scientific 90051) 

at room temperature for 4 hr followed by overnight digestion with 2 μg trypsin at 37°C. 

Digested samples were quantified using the Pierce quantitative colorimetric peptide assay 

(Thermo Fisher Scientific 23275). 50 μg of peptides was brought to 100 μl in 200 mM EPPS 

pH 8.0, 25% acetonitrile (ACN). Dried TMTpro 18-plex labels (Thermo Fisher Scientific 

A52045) were reconstituted to a stock concentration of 20 μg/μl in anhydrous ACN. From 

this stock, 5 μl was added to the appropriate sample, briefly vortexed, and incubated for 

1 hr at room temperature. Labeled samples were then quenched with 0.3% hydroxylamine 

for 15 min at room temperature. Samples were then combined, dried in a speedvac, and 

cleaned using C18 solid-phase extraction with a 100 mg Sep-Pak cartridge (Waters 036935) 

according to the manufacturer’s instructions.

Eluted samples were resuspended in 100 μl 10 mM ammonium bicarbonate pH 8.0 and 

fractionated via basic pH reversed-phase HPLC. Across a 60 min gradient, samples were 

fractionated offline into a 96 well plate by high pH reverse-phase HPLC (Agilent LC1260) 

through a 300Extend C18 column (3.5 μm particles, 4.5 mm ID × 220 mm length) with a 

mobile phase A of 5% ACN and 10 mM ammonium bicarbonate pH 8.0 and a mobile phase 

B of 90% ACN 10 mM ammonium bicarbonate pH 8.0. Resulting fractions were combined 

into 24 fractions as previously described in Figure S5 of (Paulo et al., 2016), dried in a 

speedvac, resuspended in 0.5% trifluoroacetic acid, 1% ACN, and cleaned using Pierce C18 

tips (Thermo Fisher Scientific 87784) according to the manufacturer’s instructions. Eluted 

samples were dried in a speedvac and resuspended in 5% ACN, 5% formic acid.

Mass spectrometric data were collected on an Orbitrap Lumos mass spectrometer coupled 

to a Proxeon NanoLC-1200 UHPLC. The 100 μm capillary column was packed with 35 

cm of Accucore 150 resin (2.6 μm, 150Å; Thermo Fisher Scientific 12126–000). The 

scan sequence began with an MS1 spectrum (Orbitrap analysis, resolution 60,000, 400–

1600 Th, automatic gain control (AGC) target 4 ×105, maximum injection time 50 ms). 

Data were acquired ~90 min per fraction. MS2 analysis consisted of collision-induced 

dissociation (CID), quadrupole ion trap analysis, automatic gain control (AGC) 1 ×104, 

NCE (normalized collision energy) 35, q-value 0.25, maximum injection time 35 ms), 

isolation window at 0.6 Th, and TopSpeed set at 3 sec. RTS was enabled and quantitative 

SPS-MS3 scans (resolution of 50,000; AGC target 2.5×105; max injection time of 250 ms) 

were processed through Orbiter with a real-time false discovery rate filter implementing 

a modified linear discriminant analysis. For FAIMS, the dispersion voltage (DV) was set 

at 5,000V, the compensation voltages (CVs) used were −40V, −60V, and −80V, and the 

TopSpeed parameter was set at 1.25 sec.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Colocalization analysis—Background subtraction was performed using the Otsu 

thresholding method (Otsu, 1979). A region of interest (ROI) was drawn around each cell in 

the FLAG channel and colocalization was assessed in 3D using the ImageJ Coloc2 plugin 

with a point spread of 2 and 25 randomizations. Manders’ colocalization coefficients (MCC) 

(Manders et al., 1993) indicate the contribution of FLAG signal above 0 that overlaps with 

mitochondria relative to total FLAG signal in the ROI. Pearson’s correlation coefficients 

(PCC) were used to assess the correlation of FLAG signal with the ER marker TRAPα 
because of the influence of unreliable thresholding of the diffuse ER signal on MCC values. 

MCC and PCC values were averaged and reported with standard deviations and individual 

values using GraphPad Prism 9. Where applicable, unpaired t-tests were applied. Sample 

sizes are listed in the figures.

Quantification of autoradiography experiments—Quantification of autoradiography 

experiments was performed using phosphorimaging on a Typhoon 5 biomolecular 

imager (GE) and ImageQuant TL (Cytiva), or MR film scans in ImageJ. To calculate 

pellet:supernatant ratios, the volumes of the different fractions were normalized to input 

volumes prior to SDS-PAGE. After background subtraction, the intensity ratios were 

calculated and normalized to the values obtained with WT RMs. Normalized ratios from 

independent experiments were averaged and reported with the sem and individual values in 

all plots for the sample size indicated in the figure legends.

Fluorescent flow cytometry analysis—For the analysis of ERAD factor knockdowns 

(Figures 6B and S7E), outlier values for each condition were removed using the ROUT 

method with a false discovery rate of 1% (Motulsky and Brown, 2006). All values in 

each experiment were normalized to the median value of ATP13A1 KO cells treated with 

scrambled siRNAs in the same experiment to account for different instrumentation settings 

between experiments. Replicate values were then combined such that each condition is 

represented by at least two biological replicates, each containing at least 5,000 to over 

30,000 measurements (see below) representing individual cells, and subjected to nested 

one-way ANOVA analysis. The number of cells (n) analyzed before outlier removal are as 

follows (semicolons separate replicates): CHST10 in WT – 28,040; 28,832; 27,855; 5,174; 

30,555; 26,638; ATP13A1 KO – 28,300; 20,773; 26,257; 6,777; 30,698; 25,721; 28,270; 

KO + SYVN1 KD – 27,675; 26,501; 7,397; 30,760; 25,279; KO + AMFR KD – 27,757; 

27,499; 6,987; 30,203; 25,820; KO + MARCH6 KD – 27,273; 7,078; 30,309; 27,860; KO 

+ RNF185 KD – 27,327; 27,840; KO + RNF185 & AMFR double KD – 26,603; 27,962; 

KO + SEL1L KD – 27,474; 6,457; 30,381; KO + TRC8 KD – 6,874; 30,439; KO + DERL1 

KD – 7,017; 30,326; KO + BAG6 KD – 7,183; 30,279; and WNT1 in WT – 18,765; 27,467; 

KO – 28,747; 23,785; 28,994; 29,449; KO + SYVN1 KD – 28,135; 28,037; KO + AMFR 

KD – 28,027; 26,683; KO + MARCH6 KD – 16,813; 27,860; 29,243; KO + RNF185 KD – 

27,830; 29,054; KO + RNF185 & AMFR double KD – 28,808; 28,854; KO + SEL1L KD – 

28,004; 26,023; KO + TRC8 KD – 28,725; 28,885; KO + DERL1 KD – 28,060; 28,985; KO 

+ BAG6 KD – 28,063; 28,824.
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Quantitative proteomics data analysis—Mass spectra were processed using a Comet-

based proprietary software pipeline developed by the Gygi lab (Eng et al., 2013; Huttlin 

et al., 2010). Spectra were converted to mzXML using a modified version of ReAdW.exe. 

Database searching included all entries from the Human Reference Proteome (2018–12) 

as well as a curated list of contaminants. This was concatenated to a database composed 

of all protein sequences in the reversed order. A maximum of two missed cleavages was 

allowed and the minimum peptide length was set to 7 amino acids. Searches used a 20 

ppm precursor ion tolerance for total protein level analysis. Product ion parameters were 

set to a tolerance of 1.0005, a fragment bin offset of 0.4, and theoretical fragment ions 

set to 1. TMTpro tag labeling on peptide N-termini and lysine residues (+304.207145 Da) 

and carbamidomethylation of cysteine residues (+57.0214637236 Da) were set as a static 

modification, while oxidation of methionine residues (+15.9949 Da) was set as a variable 

modification. Peptide-spectrum matches (PSMs) were set to a false discovery rate of 2% and 

PSMs were filtered using a linear discriminant analysis (Huttlin et al., 2010) considering the 

following parameters: Comet Log Expect, Diff Seq. Delta Log Expect, missed cleavages, 

peptide length, charge state, and precursor mass accuracy.

For TMT reporter ion quantifications, the summed signal to noise ratio for each TMT 

channel was extracted and the closest matching centroid to the expected mass of the TMT 

reporter ion was found, with an integration tolerance of 0.003 Daltons. For protein level 

quantification comparisons, PSMs were subjected to a 2% false discovery rate and the 

reporter ion counts were summed across all matching PSMs using in-house software as 

previously described (Huttlin et al., 2010). MS3 spectra with more than 6 TMTpro reporter 

ion channels missing, isolation specificities of less than 0.6, or with TMT reporter summed 

signal to noise ratios of less than 100 were excluded from quantification.

Protein quantification values were median normalized to assume equal loading across all 

channels. The resulting dataset was curated to remove contaminant proteins. Intensity values 

were subjected to an unpaired two tailed t-test and Log2 transformation fold change analysis. 

The resulting dataset was imported into R for further subsetting and plotting. Raw spectral 

data are deposited on MassIVE (MSV000088575).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ATP13A1 dislocates mitochondrial TA proteins that mislocalize to the ER via 

the EMC

• SPP cleaves mislocalized mitochondrial TA proteins for ERAD

• ATP13A1 mediates signal sequence and type II transmembrane protein 

topogenesis

• Distinct ubiquitin ligases target misoriented proteins for ERAD
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Figure 1. Mitochondrial TA proteins mislocalize to the ER via the EMC.
(A) EMC depletion rescues the localization of FLAG-tagged OMP25 (F-OMP25), a 

mitochondrial TA protein, in ATP13A1 knockout (KO) cells. Immunofluorescence of F-

OMP25 (green) and the ER marker TRAPα (magenta) in wildtype (WT) and ATP13A1 KO 

Flp-In HeLa T-REx cells treated with control siRNAs or siRNAs targeting EMC2, EMC6 or 

GET1. Scale bar, 10 μm.

(B) Pearson’s correlation coefficients (PCC; mean ± sd and individual points for indicated 

sample size) measuring colocalization of F-OMP25 and TRAPα. ****, p<0.0001; ns, not 

significant.

(C) Knocking out the EMC reduces F-OMP25 insertion into ER-derived rough microsomes 

(RMs). SDS-PAGE and autoradiography of total (tot.), membrane-inserted (pel.), and 

soluble (sup.) radiolabeled F-OMP25 from insertion reactions with RMs obtained from WT, 

ATP13A1 KO, or ATP13A1 and EMC6 double knockout (DKO) Flp-In 293 T-REx cells 

(left). Ratios of pelleted to soluble (pel.:sup.) F-OMP25 (top right) or a matched reporter 

containing the TM of the ER TA protein SQS (F-SQS; bottom right) were normalized to 

values obtained with WT RMs (mean + sem) for 3 replicates. **, p<0.01; *, p<0.05.

See also Figure S1.
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Figure 2. SPP cleaves mislocalized mitochondrial TA proteins during ERAD.
(A) Proteasome inhibition stabilizes an SPP-dependent fragment of mislocalized F-OMP25. 

SDS-PAGE and immunoblotting for the indicated factors in wildtype (WT) and ATP13A1 

knockout (KO) cells treated without or with proteasome inhibitors (0.5 μM bortezomib and 

0.5 μM epoxomicin; bort./epox.) and/or an inhibitor [5 μM (Z-LL)2-ketone] of the signal 

peptide peptidase (SPP). FL, full-length F-OMP25; frag., F-OMP25 fragment.

(B) SPP-cleaved F-OMP25 is cytosolic. Immunoblotting of lysates (tot.) of ATP13A1 KO 

cells expressing F-OMP25 treated with bort./epox. and separated into cytosolic (cyto.) and 

membrane-bound (memb.) fractions.

(C) SPP inhibition stabilizes mislocalized F-OMP25. Fluorescent flow cytometry of F-

OMP25 levels normalized to mitotracker staining in WT or ATP13A1 KO cells treated 

without or with 5 μM (Z-LL)2-ketone.

(D) SPP depletion does not rescue mitochondrial TA protein localization. Pearson’s 

correlation coefficients (PCC; mean ± sd and individual points for indicated sample size) 

measuring the colocalization of F-OMP25 and the ER marker TRAPα in WT or ATP13A1 

KO cells treated with control (cont.) or SPP siRNAs as in Figure S2G. ****, p<0.0001; ***, 

p<0.0003. Cont. siRNA samples are a subset of Figure 1B.

(E) CEND1 is an ATP13A1-dependent mitochondrial TA protein. Immunofluorescence 

(left) and PCC (right; mean ± sd and individual points for indicated sample size) showing 

colocalization of a FLAG-tagged reporter containing the CEND1 TM (F-CEND1, green) 

and the ER marker TRAPα (magenta) in WT or ATP13A1 KO Flp-In HeLa T-REx cells. 

Scale bar, 10 μm; ****, p<0.0001.

(F) Mislocalized CEND1 is cleaved by SPP. SDS-PAGE and immunoblotting of soluble 

fractions from semi-permeabilized WT or ATP13A1 KO cells expressing F-CEND1 treated 

without or with proteasome inhibitors (bort./epox.) and/or (Z-LL)2-ketone.

See also Figures S2, S3, and Supplemental Table 1.
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Figure 3. A reporter system to assay ER membrane protein topology and stability.
(A) Scheme of split fluorescent reporter system to assay protein topology. Flp-In 293 

T-REx cells were engineered to express the first 10 β-strands mNeonGreen3K [GFP(1–10)] 

in the cytosol and the first 10 β-strands of mCherry3V [RFP(1–10)] localized to the ER 

by the bovine preprolactin signal sequence and a C-terminal KDEL ER retention signal. 

Reporters incorporated into the Flp-In locus express proteins without or with an N-terminal 

ER targeting signal sequence (SS) or type II TM followed by the distinct 11th β-strands 

of mNeonGreen3K (GFPb11) and mCherry3V (RFPb11) and separated by a P2A ribosome 

skipping sequence from TagBFP (BFP).

(B) Protein products of the reporter system in (A). GFPcyto and RFPER fluorescence depends 

on reporter protein topology.

(C) RFPER:BFP (left) and GFPcyto:BFP (right) ratios of topology reporters of the type II 

protein ASGR1 (dark orange) or the cytosolic protein DHFR (teal).

(D) RFPER:BFP (left) or GFPcyto:BFP (right) ratios of topology reporters of wildtype 

CHST10 (dark gray) or CHST10 in which His2 and His3 are mutated to glutamines (QQ-

CHST10; teal) or arginines (RR-CHST10; dark orange). The N-terminal and TM sequence 

of CHST10 is shown with His2 and His3 in blue.

See also Figure S4.
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Figure 4. ATP13A1 facilitates type II membrane protein topogenesis.
(A) ATP13A1 is required for CHST10 stability. RFPER:BFP ratios of wildtype CHST10 

(left), RR-CHST10 (middle), or ASGR1 (right) type II protein topology reporters in 

wildtype cells treated with control siRNAs (control KD; gray; same samples as Figure 3D) 

or siRNAs against ATP13A1 (ATP13A1 KD; light blue).

(B) Reconstitution of ATP13A1-dependent CHST10 topogenesis. SDS-PAGE and 

autoradiography (left) of radiolabeled CHST10, RR-CHST10, or ASGR1 synthesized in 
vitro without or with ER-derived rough microsomes (RMs) isolated from wildtype (WT) 

or ATP13A1 knockout (KO) cells before (tot.) or after carbonate extraction (carb. ext.) 

to isolate membrane-embedded populations. All proteins contain N-glycosylation sites that 

are modified in the correct type II topology (right) and a C-terminal FLAG tag used for 

denaturing immunoprecipitations. FL, full-length substrate; +glyc, glycosylated substrate.

(C) Glyc.:FL ratios (mean ± sem) of CHST10 (left) or RR-CHST10 (right) in insertion 

assays as in (B) containing RMs derived from WT, ATP13A1 KO, or ATP13A1 KO cells 

re-expressing WT or catalytically inactive (D533A; mut.) ATP13A1, normalized to reactions 

containing WT RMs for 3 replicates.

See also Figure S5.
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Figure 5. ATP13A1 facilitates signal sequence topogenesis.
(A) ATP13A1 is required for the stability of WNT1 homologs. RFPER:BFP ratios of 

topology reporters of the signal sequence-containing proteins WNT1, its C. elegans homolog 

EGL-20, an EGL-20 variant with a more hydrophobic signal sequence (EGL-20H), or 

preprolactin (PRL) in wildtype (WT; gray) or ATP13A1 knockout (KO; light blue) cells.

(B) Reconstitution of ATP13A1-dependent signal sequence topogenesis. SDS-PAGE and 

autoradiography (top) of radiolabeled EGL-20 or EGL-20H synthesized in vitro without or 

with ER-derived rough microsomes (RMs) isolated from WT or ATP13A1 KO cells before 

(tot.) or after pelleting (tot.) to enrich RM-associated proteins. All proteins contain a C-

terminal FLAG tag used for denaturing immunoprecipitations. Precursor and signal-cleaved 

substrates were quantified from the pelleted samples (bottom) and normalized to the average 

WT signal for each substrate. Shown are mean +/− sem of precursor (orange with negative 

orange error bar), signal-cleaved (gray with positive orange error bar), and total (black error 

bar) values for 3 replicates.

(C) Fluorescence microscopy showing RFPER, GFPcyto, and BFP signal of the EGL-20H 

topology reporter in untreated WT cells or ATP13A1 KO cells treated with 1 μM MLN7243. 

Scale bar, 10 μm.

See also Figure S6.
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Figure 6. ATP13A1 protects misoriented proteins from ERAD.
(A) Inhibiting the ubiquitin-proteasome system stabilizes misoriented proteins. GFPcyto:BFP 

(top) and RFPER:BFP (bottom) ratios of the CHST10 type II (left) or WNT1 signal sequence 

(right) topology reporter in wildtype (WT; gray) or ATP13A1 knockout (KO; light blue) 

cells treated without or with inhibitors (inhib.) of SPP (purple), proteasomal activity (bort./

epox.; light green), the E1 ubiquitin activating enzyme (1 μM MLN7243; dark green), or the 

p97 AAA-ATPase (1 μM CB-5083; dark blue).

(B) Distinct ubiquitin ligases mediate misoriented CHST10 ERAD. GFPcyto:BFP (left) and 

RFPER:BFP (right) ratios of the CHST10 topology reporter in WT (gray) ATP13A1 KO 

cells treated with siRNAs to knock down (KD) the indicated factors. Shown are median 

values and interquartile range of at least two biological replicates of n≥5,000 each.

(C) Specific but redundant ubiquitin ligases mediate misoriented protein ERAD. 

GFPcyto:BFP ratios of the CHST10 (top) or WNT1 (bottom) topology reporter in ATP13A1 

KO cells treated without (light blue) or with E1 inhibitor (dark green), or with siRNAs to 

knock down either AMFR and RNF185 (purple) or SYVN1 and MARCH6 (pink).

(D) Timecourse of misoriented CHST10 ERAD. Translation shut-off reactions of ATP13A1 

KO cells expressing the CHST10 topology reporter treated without (light blue) or with 

siRNAs against AMFR and RNF185 (purple) or E1 inhibitor (dark green). Samples taken 

at the indicated timepoints were analyzed by immunoblotting for unmodified CHST10, 

normalized to time = 0 min, and the mean +/− sem for 3 replicates plotted.

See also Figure S7.
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Figure 7. ATP13A1 prevents wasteful ERAD of mislocalized and misoriented proteins.
(A) Dislocation by ATP13A1 provides mislocalized mitochondrial TA proteins additional 

opportunities to insert into the outer membrane of mitochondria (mito.) and protects against 

SPP-mediated ERAD.

(B) Correct topogenesis of certain signal sequences and type II TMs requires ATP13A1, 

which prevents ERAD of misoriented substrates mediated by ER-resident ubiquitin ligases. 

Ribosomes present during cotranslational protein translocation and TM insertion are omitted 

for clarity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FLAG M2 Sigma F1804 (RRID: AB_262044)

FLAG M2-HRP Sigma A8592 (RRID: AB_439702)

CHST10 Sigma PA5-92187 (RRID: AB_2806403)

SEL1L Sigma PA5-88333 (RRID: AB_2804837)

DERL1 Abcam ab176732 (RRID: AB_2858187)

BAG6 Gift from R.S. Hegde N/A

TRAPα Gift from R.S. Hegde N/A

TOM20 Abcam ab186735 (RRID: AB_2889972)

ATP13A1 Proteintech 16244-1-AP (RRID: AB_2290293)

CNX Enzo Life Sciences ADI-SPA-865 (RRID: 
AB_10618434)

EMC2 Proteintech 25443-1-AP (RRID: AB_2750836)

EMC6 Abcam Ab84902 (RRID: AB_1925516)

GET1 Synaptic Systems 324 002 (RRID: AB_2620063)

Ubiquitin Santa Cruz Biotechnology sc-8017 (RRID: AB_628423)

SQLE Proteintech 12544-1-AP (RRID: AB_2195888)

OMP25 Proteintech 15666-1-AP (RRID: AB_2201149)

PLAT3 Abcam Ab88447 (RRID: AB_2041691)

SPP Abcam Ab247061

AMFR Novus Biologicals NBP2-15374

SYVN1 Abcam Ab170901 (RRID: AB_2833021)

RNF185 Abcam Ab181999

PEX14 Proteintech 10594-1-AP (RRID: AB_2252194)

SGTA Mateja et al., 2015

β-catenin Cell Signaling Technology 9562 (RRID: AB_331149)

WNT1 Invitrogen PIMA515544

FITC-conjugated FLAG M2 Sigma F4049 (RRID: AB_439701)

Peroxidase-conjugated anti-HA antibody Cell Signaling Technology 2999 (RRID: AB_1264166)

Peroxidase-conjugated Goat Anti-Mouse Jackson ImmunoResearch 115-035-003 (RRID: 
AB_10015289)

Peroxidase-conjugated Goat Anti-Rabbit Jackson ImmunoResearch 111-035-003 (RRID: AB_2313567)

Alexa Fluor 488-conjugated Goat Anti-Mouse Jackson ImmunoResearch 115-545-003 (RRID: AB_2338840)

Alexa Fluor 594-conjugated Goat Anti-Rabbit Jackson ImmunoResearch 111-585-003 (RRID: AB_2338059)

Bacterial and virus strains

DH5α E. coli Homemade N/A

Biological samples

RRL-based in vitro translation system Feng and Shao, 2018 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

In vitro transcription system Feng and Shao, 2018 N/A

Chemicals, peptides, and recombinant proteins

Acetonitrile Millipore Sigma 34851

Doxycycline hyclate Sigma D9891

Hygromycin B Millipore Sigma 31282-04-9

Blasticidin S HCl Gibco A11139-03

Puromycin Gibco A11138-03

Bortezomib LC laboratories B-1408

Epoxomicin ApexBio 134381-21-8

(Z-LL)2-ketone Millipore Sigma 313664-40-3

E1 inhibitor (MLN7243) Cayman Chemical 1450833-55-2

P97 inhibitor (CB-5083) Cayman Chemical 1542705-92-9

Cycloheximide Sigma 01810

Paraformaldehyde Electron Microscopy Sciences 100503-917

MitoTracker CMXRos Invitrogen M7512

RNase-free DNase QIAGEN 79254

Lys-C protease, MS grade ThermoFisher Scientific 90051

Trypsin Gold, MS grade Promega V5280

Urea Millipore Sigma 51456

Hydroxylamine, 50% ThermoFisher Scientific 90115

Trifluoroacetic acid, LC-MS grade ThermoFisher Scientific 85183

Formic acid Sigma 27001

cOmplete EDTA-free protease inhibitor cocktail Roche 05056489001

CaptivA PriMAB Protein A affinity resin Repligen CA-PRI-1000

Commercial assays

Pierce BCA protein assay kit ThermoFisher Scientific 23225

Pierce quantitative colorimetric peptide assay ThermoFisher Scientific 23275

TMTpro 18-plex label reagent set ThermoFisher Scientific A52045

Deposited data

Proteomics data MassIVE repository MSV000088575

Experimental models: Cell lines

HEK293T ATCC CRL-3216 (RRID: CVCL_0063)

Flp-In 293 T-REx Invitrogen R78007 (RRID: CVCL_U427)

Flp-In HeLa T-REx Gift from B. Raught N/A

ATP13A1 KO Flp-In HeLa T-REx McKenna, Sim et al. 2020 N/A

ATP13A1 KO Flp-In 293 T-REx McKenna, Sim et al. 2020 N/A

ATP13A1 KO Flp-In 293 T-REx: WT ATP13A1 McKenna, Sim et al. 2020 N/A

ATP13A1 KO Flp-In 293 T-REx HEK293: D533A ATP13A1 McKenna, Sim et al. 2020 N/A

ATP13A1 KO, EMC6 KO Flp-In 293 T-REx This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Flp-In HeLa T-REx: F-OMP25 McKenna, Sim et al. 2020 N/A

ATP13A1 KO Flp-In HeLa T-REx: F-OMP25 McKenna, Sim et al. 2020 N/A

Flp-In HeLa T-REx: F-BAK1 McKenna, Sim et al. 2020 N/A

Flp-In HeLa T-REx: F-CEND1 This study N/A

ATP13A1 KO Flp-In HeLa T-REx: F-CEND1 This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: ASGR1-NCb11-P2A-
BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx: 
ASGR1-NCb11-P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: DHFR-NCb11-P2A-
BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: BFP-P2A-CNb11-
SEC61β

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: CHST10-NCb11-
P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx: 
CHST10-NCb11-P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: QQ-CHST10-NCb11-
P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: RR-CHST10-NCb11-
P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: WNT1-NCb11-P2A-
BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx: 
WNT1-NCb11-P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: EGL-20-NCb11-
P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx: 
EGL-20-NCb11-P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: EGL-20H-NCb11-
P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx: 
EGL-20H-NCb11-P2A-BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER Flp-In 293 T-REx: PRL-NCb11-P2A-
BFP

This study N/A

GFP(1-10)cyto RFP(1-10)ER ATP13A1 KO Flp-In 293 T-REx: PRL-
NCb11-P2A-BFP

This study N/A

Oligonucleotides

SRP14 fwd GAGAGCGAGCAGTTCCTGAC

SRP14 rev GTTTGGTTCGACCGTCATACT

TRC8 fwd CAAAGCCGGTTCTGCATCG

TRC8 rev AGTTGCAGCTAACAGAAAGGC

MARCH6 fwd GTTCCCTTGGATCAGACTCC
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REAGENT or RESOURCE SOURCE IDENTIFIER

MARCH6 rev CAATGTTCCGGATGCCATTTG

EMC6 sg1 fwd CACCGGCCGCCTCGCTGATGAACGG

EMC6 sg1 rev AAACCCGTTCATCAGCGAGGCGGCc

Recombinant DNA

pHDM-G PlasmID EvNO00061606

pHDM-HGPM2 PlasmID EvNO00061607

pHDM-tat1B PlasmID EvNO00061608

pRC-CMV-rev1B PlasmID EvNO00061616

pHAGE-FLAG-mNG3K(1-10)-P2A-Prl(SS)-mCh3V(1-10)-KDEL This study N/A

pX459 Addgene 62988

pcDNA5 FRT/TO F-OMP25 McKenna, Sim et al. 2020 N/A

pcDNA5 FRT/TO F-CEND1 This study N/A

pcDNA5 FRT/TO GFP-OMP25 This study N/A

pcDNA5 FRT/TO GFP-MAVS This study N/A

pcDNA5 FRT/TO ASGR1-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO DHFR-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO BFP-P2A-NCb11-SEC61β This study N/A

pcDNA5 FRT/TO CHST10-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO QQ-CHST10-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO RR-CHST10-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO WNT1-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO EGL-20-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO EGL-20H-NCb11-P2A-BFP This study N/A

pcDNA5 FRT/TO PRL-NCb11-P2A-BFP This study N/A

pSP64 F-OMP25 McKenna, Sim et al. 2020 N/A

pSP64 F-SQS This study N/A

pSP64 F-STX1B This study N/A

pSP64 CHST10-FLAG This study N/A

pSP64 RR-CHST10-FLAG This study N/A

pSP64 EGL-20-FLAG This study N/A

pSP64 EGL-20H-FLAG This study N/A

pSP64 PRL-FLAG This study N/A

pDONR ASGR1 DNASU HsCD00005525

pDONR CHST10 Gift from the Harper lab N/A

pRK5-HA-ubiquitin-WT Addgene 17608

pTAG-BiP(SS)-BFP-KDEL Friedman et al., 2011 N/A

Software and algorithms

ImageJ NIH N/A

Prism 9 GraphPad N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

FlowJo v10 FlowJo N/A

Illustrator Adobe N/A

Photoshop Adobe N/A

ImageQuant TL Cytiva N/A

In-house MS data analysis software Huttlin et al., 2010 N/A

Other

Control siRNA Horizon D-001810-10-05

EMC2 siRNA Horizon L-010631-00-0005

EMC5 siRNA Horizon L-018365-00-0005

EMC6 siRNA Horizon L-014711-02-0005

WRB siRNA Horizon L-011898-01-0005

ATP13A1 siRNA Horizon L-020426-00-0005

SPP siRNA Horizon L-005896-00-0005

TRC8 siRNA Horizon L-006942-00-0005

MARCH6 siRNA Horizon L-006925-00-0005

AMFR siRNA Horizon L-006522-00-0005

SYVN1 siRNA Horizon L-007090-00-0005

RNF185 siRNA Horizon L-007107-00-0005

SEL1L siRNA Horizon L-004885-00-0005

BAG6 siRNA Horizon L-005062-01-0005

DERL1 siRNA Horizon L-010733-02-0005

DMEM + GlutaMAX Gibco 10569-010

FluoroBrite DMEM Gibco A1896701

Trypsin-EDTA Gibco 25200-056

PBS Gibco 10010-023

DMSO Sigma 472301

OPTI-MEM Gibco 31985-062

TransIT-293 Mirus MIR 2706

Lipofectamine 3000 Invitrogen L3000-015

Lipofectamine RNAiMAX Invitrogen 13778-150

SuperSignal West Pico PLUS Chemiluminescent Substrate ThermoFisher Scientific 34580

Ponceau S solution Sigma P7170

EasyTag L-[35S]-Methionine Perkin Elmer NEG709A005MC

Polypropylene Microfuge Tubes Beckman Coulter 357448

Digitonin Millipore Sigma 11024-24-1

Triton X-100 Sigma T9284

Tween 20 Sigma P7949

10% SDS Sigma 71736

40% acrylamide (29:1) Bio Rad 1610146
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REAGENT or RESOURCE SOURCE IDENTIFIER

Nitrocellulose membrane Bio Rad 1620112

Multi-well glass-bottom cell culture plates MatTek P24G-1.5-13-F

BioMax MR film Carestream 894 1114

Buffer RLT QIAGEN 79216

RNeasy Mini Kit QIAGEN 74106

SuperScript III First-Strand Synthesis System Invitrogen 18080051

SYBR Green Master Mix Applied Biosystems 4309155

Pierce C18 tips, 100 μL ThermoFisher Scientific 87784

Sep-Pak C18 cartridge, 100 mg Waters Wat036935

300Extend C18 column Agilent custom

Accucore 150 resin ThermoFisher Scientific 16126-000
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