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Abstract

Transmembrane proteins have unique requirements to fold and integrate into the endoplasmic 

reticulum (ER) membrane. Most notably, transmembrane proteins must fold in three separate 

environments: extracellular domains fold in the oxidizing environment of the ER lumen, 

transmembrane domains (TMDs) fold within the lipid bilayer, and cytosolic domains fold in 

the reducing environment of the cytosol. Moreover, each region is acted upon by a unique set 

of chaperones and monitored by components of the ER associated quality control machinery 

that identify misfolded domains in each compartment. One factor is the ER lumenal Hsp70-like 

chaperone, Lhs1. Our previous work established that Lhs1 is required for the degradation of the 

unassembled α-subunit of the epithelial sodium channel (αENaC), but not the homologous β- and 

γENaC subunits. However, assembly of the ENaC heterotrimer blocked the Lhs1-dependent ER 

associated degradation (ERAD) of the α-subunit, yet the characteristics that dictate the specificity 

of Lhs1-dependent ERAD substrates remained unclear. We now report that Lhs1-dependent 

substrates share a unique set of features. First, all Lhs1 substrates appear to be unglycosylated, 
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and second they contain two TMDs. Each substrate also contains orphaned or unassembled TMDs. 

Additionally, interfering with inter-subunit assembly of the ENaC trimer results in Lhs1-dependent 

degradation of the entire complex. Finally, our work suggests that Lhs1 is required for a subset of 

ERAD substrates that also require the Hrd1 ubiquitin ligase. Together, these data provide hints as 

to the identities of as-yet unconfirmed substrates of Lhs1 and potentially of the Lhs1 homolog in 

mammals, GRP170.

Introduction

The assembly of multi-spanning or multimeric transmembrane domain (TMD) containing 

proteins is complex, one that often results in the production of misfolded or misassembled 

proteins. Misfolded and misassembled proteins are recognized by the quality control 

machinery in the endoplasmic reticulum (ER) and targeted for degradation by the 

cytosolic 26S proteasome. This process is termed ERAD (endoplasmic reticulum associated 

degradation) [1–6].

Most misfolded proteins are recognized for ERAD by molecular chaperones in the ER 

lumen and cytosol, extracted or retrotranslocated into the cytosol, ubiquitinated by E3 

ligases, and delivered to the proteasome. In yeast, the necessary flexibility required 

for ERAD substrate recognition with unique membrane topologies is facilitated by the 

aforementioned molecular chaperones as well as specific E3s, i.e. Hrd1 and Doa10 

[7,8]. The Hrd1 complex most commonly recognizes folding lesions in the ER lumen 

or membrane (‘ERAD-L/M’), whereas the Doa10 complex recognizes cytosolic lesions 

(‘ERAD-C’) [9]. Although chaperone-based ‘decisions’ frequently depend on Hsp70, a 

poorly characterized molecular chaperone, Lhs1, is also required for the ERAD of select 

substrates [10]. The spectrum of Lhs1-dependent substrates — or substrates recognized by 

the homologous GRP170 chaperone in mammalian cells — is currently unclear.

Like canonical Hsp70s, Lhs1 contains three domains, an ATPase domain, a substrate binding 

domain, and a lid domain [11]. Unlike traditional Hsp70s, Lhs1 also contains a large 

unstructured loop within the substrate binding domain and an extended C-terminal α-helical 

region [12,13]. Early work established that Lhs1 functions in two distinct processes. First, 

Lhs1 acts as a nucleotide exchange factor (NEF) and co-chaperone for the ER lumenal 

Hsp70, Kar2/BiP, and mutations in Lhs1 inhibit the co-translational translocation of some 

secreted proteins [14–17]. In addition, deletion of both Lhs1 and the other ER lumenal 

NEF, Sil1, leads to a synthetic lethal phenotype in yeast [17]. Second, Lhs1 possesses 

BiP-independent ‘holdase’ activity: Lhs1 prevents the aggregation of a misfolded protein 

[18], and GRP170 binds preferentially to aggregation-prone regions in misfolded substrates 

[19,20]. The importance of GRP170 is underscored by the fact that the loss of GRP170 is 

embryonic lethal [17], and an inducible, nephron-specific GRP170 knock-out mouse model 

leads to rapid induction of the unfolded protein response (UPR), widespread kidney injury, 

and defects in salt and water homeostasis [21].

We previously determined that Lhs1/GRP170 is required for the ERAD of the α-subunit 

of the epithelial sodium channel, ENaC, a renal heterotrimeric sodium channel composed 

primarily of homologous α, β, and γ subunits (Figure 1A) [22–26]. In contrast, the loss 
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of Lhs1 had no effect on either β- or γENaC degradation [10]. All three ENaC subunits 

assemble in the ER prior to plasma membrane transport [27–29], and indeed co-expression 

of the β- and γENaC subunits with the α-subunit — and thus assembly of the ENaC TMDs 

— blocked Lhs1-targeted degradation of αENaC (Figure 1B) [30]. We also reported that a 

lower-molecular weight unglycosylated αENaC species accumulated in yeast lacking Lhs1, 

yet the higher molecular weight/mature glycosylated subunit was degraded. In accordance 

with these results, GRP170 overexpression in either Xenopus oocytes or mammalian cells 

destabilized αENaC, and GRP170 preferentially associated with unglycosylated αENaC 

[10]. Why TMD assembly blocks Lhs1-targeted degradation and other features that dictate 

Lhs1 specificity are unknown.

By surveying model ERAD substrates in yeast containing or lacking Lhs1, we now confirm 

that the TMDs of αENaC are a transferable signal for Lhs1-directed ERAD. We also find 

that interfering with predicted intermolecular interactions between the ENaC subunits not 

only blocks TMD interactions but leads to Lhs1-dependent degradation of the α-subunit, 

along with the β- and γ-subunit. Next, we show that Lhs1 targets dual-spanning TMD 

proteins for ERAD that contain orphaned or unassembled TMDs, and that degradation 

requires the Hrd1 ubiquitin ligase.

Results

Our previous work reported that loss of Lhs1 stabilized a lower-molecular weight 

unglycosylated αENaC species (see Figure 1A for a recent example) [10,30], but had no 

effect on the stability of the β- or γENaC subunits [30]. We also determined that the 

αENaC TMDs and oligomeric assembly with the TMDs of the other subunits regulate Lhs1-

mediated degradation [30]. Inter-subunit assembly of the ENaC TMDs blocks Lhs1-targeted 

ERAD (Figure 1B, and as previously shown [30]). However, the mechanism by which the 

TMDs are recognized is unknown, as are the more general properties that dictate Lhs1 

substrate specificity.

Lhs1 dependence is transferable between ENaC subunits

To determine if the signal for Lhs1 dependence is transferable — and thus represents an 

Lhs1-dependent degron — we inserted the TMDs from αENaC into βENaC (βENaCαTM1–

2) and reciprocally replaced the αENaC TMDs with those from βENaC (αENaCβTM1–

2) (Figure 1C). We expressed these constructs in LHS1 and Δlhs1 yeast and performed 

cycloheximide chases to determine protein stability. As shown in Figure 1C, top 

panels, insertion of the αENaC TMDs into βENaC stabilized a lower-molecular weight, 

unglycsoylated species, and likewise inserting the βENaC TMDs into αENaC resulted in 

a more βENaC-like profile (bottom panels). Notably, the stable, unglycosylated species — 

a hallmark of Lhs1-dependent ERAD — is no longer present. These results support the 

notion that the αENaC TMDs are both an essential and transferrable motif for Lhs1-assisted 

degradation.

To assess how the TMDs of αENaC vary from those of β- and γENaC, we analyzed 

the relative apparent free energies for membrane insertion (ΔGapp) of each TMD using 

dgpred (https://dgpred.cbr.su.se/index.php?p=TMpred) [30]. While the ΔGapp for the second 
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TMD of all three ENaC subunits is similar (+4.3 to +5.9), the predicted ΔGapp for αENaC 

TMD1 is far less favorable than TMD1 from either β- or γENaC (+0.24 vs −2.4 and −3.3). 

Because prior work showed that membrane instability favors ERAD [31], we hypothesized 

that making the ΔGapp for membrane insertion of the αENaC TMD1 more favorable would 

decrease Lhs1-dependence. Therefore, two mutations in αENaC TMD1, E133A/E134A, 

were constructed to increase hydrophobicity and reduce the predicted ΔGapp from +0.24 to 

−2.1 kcal/mol (Figure 1D). Contrary to our prediction, these mutations further destabilized 

αENaC in WT yeast (Figure 1E and compare to Figure 1C; note the absence of protein at 

the 30 min time point).

Hydrophobic mutations in αENaC TMD1 may interfere with stabilizing inter-subunit 
contacts

When the β- and γENaC subunits are co-expressed with αENaC, channel assembly 

completely blocks Lhs1-dependent ERAD of the α-subunit (see Figure 1B and [30]). 

However, when we co-expressed the β- and γENaC subunits with αENaCE132A/E133A in 

WT or Δlhs1 yeast strains, the stable lower-molecular weight species remained in the 

Δlhs1 strain (Figure 2A). Unlike WT αENaC, the degradation of αENaCE132A/E133A was 

unaffected by co-expression of βγENaC. Because these data suggest a defect in ENaC 

TMD interactions, we used a structural model [32] of the TMDs and identified a predicted 

polar interaction between αENaC E133 and βENaC N512 (Figure 2B). Therefore, we 

examined whether the single hydrophobic E133A mutation might disrupt inter-subunit TMD 

interactions and alter Lhs1-dependence. Consistent with our hypothesis, a single alanine 

substitution in αENaC TMD1(E133A) led to the presence of the stable, lower-molecular 

weight αENaC species in the Δlhs1 mutant when co-expressed with β and γENaC (Figure 

2C, top panels, and quantified time-course data in Supplementary Figure S2B), consistent 

with defects in functional TMD interactions. Surprisingly, in the context of the αENaCE133A 

mutant, the degradation profiles of both β- and γENaC were also altered in the Δlhs1 strain. 

In contrast, when expressed individually, the loss of Lhs1 affected neither β nor γENaC 

[10]. We confirmed that the degradation of αENaCE133A expressed alone was stabilized in 

the Δlhs1 strain, as expected (Supplementary Figure S2A). We therefore suggest that subtle 

perturbations between the α and βENaC TMDs lead to Lhs1-dependent degradation of the 

entire channel (also see Discussion).

Disrupting putative polar intermolecular interactions between the ENaC TMDs targets β- 
and γENaC for Lhs1-dependent ERAD

Based on the results presented above, we asked if disrupting putative polar contacts 

between the ENaC TMDs generally impairs inter-subunit TMD assembly and promotes 

Lhs1-dependent degradation of all three ENaC subunits. To answer this question, we first 

generated the N512A mutation in TMD2 of βENaC, which we predicted would interact with 

αENaC E133 (Figure 2B). Consistent with our hypothesis, the βN512A mutant failed to 

block the Lhs1-dependent ERAD of αENaC (Figure 3A and quantified time-course data in 

Supplementary Figure S2C). In other words, disrupting the polar inter-subunit interaction, 

E133:βN512, shifts the β and γENaC subunits to what was previously seen as an αENaC-

specific, Lhs1-dependent degradation pathway.
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To determine if this effect is specific to α:βENaC interactions, we then generated an 

alanine substitution to disrupt the second inter-subunit polar interaction that we propose 

exists between αS576 and γN536 (Figure 2B). We then performed cycloheximide chases 

in the context of αS576Aβγ, as shown in Figure 3B (also see quantified time-course data in 

Supplementary Figure S2D). Interfering with the αS576A:γN536 polar interaction most likely 

compromised WT TMD interactions, as seen from the αENaC degradation profile, and 

resulted in a more αENaC-like degradation pathway for all three ENaC subunits. This was 

typified by the presence of a more stable, non-glycosylated ENaC species (−g). Therefore, 

if assembly of the ENaC pore-lining TMDs is disrupted, the βγENaC subunits are ‘pulled’ 

into the αENaC-like degradation pathway.

The degradation of ion channels and transporters containing additional TMDs is Lhs1-
independent

To more generally define the properties that define Lhs1-directed degradation, we measured 

the ERAD of other ion channels as well as ion transporters expressed in LHS1 and 

Δlhs1 yeast (Figure 4A). We previously showed that the degradation rates of a 12 TMD 

Cl− channel, the cystic fibrosis transmembrane conductance regulator (CFTR), and the 

soluble model ERAD substrate, CPY*, were unaffected by the loss of Lhs1 [10]. Here, 

the degradation of three ion channels targeted for ERAD in yeast, ROMK (renal outer 

medullary potassium channel), NCC (sodium chloride cotransporter), and ASIC1 (acid 

sensing ion channel) were measured. ASIC1 is an ENaC family member and is similarly a 

dual-spanning protein, but unlike ENaC, the subunit homotrimerizes. Surprisingly, ASIC1 

degradation was unaffected in yeast lacking Lhs1 (Supplementary Figure S3A). The 

degradation of ROMK, a two TMD protein with a large cytosolic domain that tetramerizes, 

and NCC, a 12 TMD-containing protein, were also unaffected when the gene encoding 

Lhs1 was deleted (Supplementary Figure S3B,C). These results strongly suggest that the 

unassembled TMDs of αENaC, when expressed in the absence of βγENaC, represent a key 

feature that targets this protein for Lhs1-directed ERAD.

Dual-spanning ERAD substrates with unassembled TMDs are also targeted for Lhs1-
depenent ERAD

Prior work established that a dual-spanning TMD substrate, Chimera A* (Figure 4A) [33], 

requires a cohort of cytosolic chaperones to ubiquitinate and maintain substrate solubility 

during ERAD [34]. Chimera A* contains the first TMD from the 12 TMD spanning ERAD 

substrate, Ste6* [35], along with a synthetic second TMD, both of which are fused to the 

truncated second nucleotide-binding domain (NBD2) of Ste6* (Figure 4A). The truncated 

NBD2, NBD2*, is a well-characterized degron that leads to recognition by the ERAD 

machinery and subsequent proteasome-dependent degradation [35]. Because Ste6 assembly 

is predicted to require multiple interactions between the 12 TMDs — based on the structures 

of related proteins [36] — we hypothesize that Chimera A*, like αENaC, would possess 

unassembled TMDs and become an Lhs1-dependent substrate. As anticipated, the loss of 

Lhs1 stabilized Chimera A* (Figure 4B), whereas degradation of Ste6*, even though it 

harbors a degron, was unaffected in the Δlhs1 strain (Supplementary Figure S3D). Moreover, 

the degradation of Chimera A, which harbors the same TMDs as Chimera A* but lacks the 

degron, was also significantly slowed in the absence of Lhs1 (Figure 4C). We then tested 
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a third construct, TM-Ubc9ts, in which the truncated NBD2 is replaced with a temperature-

sensitive version of Ubc9 that acts as a cytosolic degron at elevated temperatures [33]. 

Consistent with the results in Figure 4B,C, TM-Ubc9ts was Lhs1-dependent (Figure 4D).

As noted above, Chimera A* contains the first TMD from Ste6* along with a synthetic 

second TMD to ensure proper membrane insertion [34]. However, if the second TMD 

contains the bona fide second TMD from Ste6*, the majority of the protein exists as a 

single-spanning glycosylated species, known as Chimera N* (Figure 4A) [34]. When we 

examined Chimera N* degradation, only the dual spanning, unglycosylated Chimera N* 

species was Lhs1-dependent (Figure 4E; note that the glycosylation state of each substrate 

was confirmed by analysis with EndoH (Figure 4F) and quantification for the stability of 

unglycosylated and glycosylated species is shown in Supplementary Figure S4A).

Thus far, the Lhs1-dependent substrates we identified possess several common features. 

First, the substrates are dual spanning. Second, Lhs1-targeted substrates are unglycosylated. 

Third, all substrates contain TMDs that are either unassembled or in an orphaned state 

(i.e. αENaC, but not ASIC1). To further support these rules, we examined Sec62, a native 

two TMD protein that functions as a component of the Sec61 translocation machinery 

in yeast [37]. When the cytosolic degron, Deg1, is attached to the N-terminus of Sec62, 

Deg1–Sec62 is an ERAD substrate [38–41] (Figure 5A, model 1). Addition of Deg1 results 

in recognition by the ERAD-C machinery, yet surprisingly the majority of Deg1–Sec62 is 

glycosylated. Because the only N-linked glycosylation consensus sites in Deg1–Sec62 are 

predicted to reside in the cytosol and therefore should be inaccessible to the ER lumenal 

oligosaccharyltransferase machinery [41], two alternate topologies were proposed for Deg1–

Sec62 (model 2 and 3) to account for substrate glycosylation.

For the following reasons, we hypothesized that none of the proposed topologically distinct 

conformers in Figure 5A would be Lhs1-dependent substrates. The protein in model 1 

contains two native TMDs, and the proteins in model 2 and model 3 are glycosylated. 

Consistent with these predictions, the degradation rate of Deg1–Sec62 was unaffected by 

loss of Lhs1 (Figure 5B) [41]. In addition, because the Lhs1-dependent substrates we 

identified are unglycosylated, we also tested a Deg1–Sec61 N90D/N153D mutant in which 

the consensus sites for glycosylation are mutated [41]. Consistent with our hypothesis, 

the degradation of Deg1–Sec61 N90D/N153D remained Lhs1-independent (Figure 5C; 

the absence or presence of glycans was confirmed by EndoH digestion in Figure 5D). 

These data are consistent with Lhs1 targeting dual spanning, unglycosylated substrates with 

orphaned TMDs.

Lhs1 partners with the Hrd1 degradation complex to promote αENaC degradation

As discussed earlier, ERAD-M/L substrates require the E3 ligase, Hrd1, whereas ERAD-

C substrates require, Doa10 [7–9]. It is unknown whether Lhs1-dependent substrates are 

targeted for ERAD-L/M and/or ERAD-C. Lhs1 was proposed to acts as a BiP co-chaperone 

to maintain the association between Deg1–Sec62 with an ER membrane complex that 

includes Hrd1 and the translocon components Sec61 and Sec62. Interestingly, any mutation 

that interferes with Hrd1/Sec62/Sec61 complex association, such as the loss of Lhs1 or 

mutations in either Sec61 or Sec62, shifts Deg1–Sec62 from a Hrd1 to Doa10 dependent 
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ERAD substrate [41]. Moreover, we previously determined that αENaC was stabilized in the 

absence of either Hrd1 or Doa10 [42].

To generalize the relationship between Lhs1 and the Hrd1/Sec61/Sec62 complex, we 

assayed αENaC degradation in WT and Δlhs1 yeast strains in the absence of either Hrd1 

or Doa10 (Figure 6A). Interestingly, eliminating both Hrd1 and Lhs1 resulted in a similar 

phenotype as the loss of Lhs1 alone, as shown by the stable lower-molecular weight species 

(Figure 6A, −g). In contrast, in Δlhs1Δdoa10 yeast, there was preferential stabilization of 

the higher molecular weight, glycosylated species (+g) (see Supplementary Figure S5A 

for quantitation of each ENaC species in chase assays). These results suggest that Lhs1 

helps target unglycosylated αENaC to the Hrd1 pathway, whereas Doa10 preferentially 

targets the glycosylated protein for degradation. Indeed, an αENaC species that lacks 

N-linked glycosylation sites (ΔGαENaC) [10] was preferentially stabilized in Δhrd1, but 

not Δdoa10, yeast strains (Figure 6B and Supplementary Figure S5B). Similar to results in 

an Δlhs1 strain [10], loss of Hrd1 seems to result in the accumulation of more ubiquitinated 

ΔGαENaC rather than less modified protein (Supplementary Figure S5C), suggesting Hrd1 

may be required for protein retrotranslocation. Of note, deletion of the E3s, especially loss 

of Hrd1, resulted in a laddering of higher molecular weight bands. We confirmed that these 

bands were insensitive to EndoH and thus likely represented O-linked glycans (Figure 6C). 

Indeed, as the residence time of misfolded proteins in the ER increases, substrate O-linked 

mannosylation can also occur [43].

We next tested the role of another member of the suggested Hrd1–Sec61–Sec62 complex, 

Sec61. Since the SEC61 gene is essential, we expressed αENaC in WT yeast or 

sec61–2, a temperature-sensitive mutant strain [44]. Consistent with a role in degrading 

the unglycoslated species in conjunction with Lhs1, we again observed a stable, lower-

molecular weight species of αENaC in the sec61–2 strain (Figure 6D and a quantification 

of replicate time-courses in Supplementary Figure S5D), and the N-linked glycosylation 

status of the substrate was again confirmed by EndoH digestion (Figure 6E). Because Sec61 

is also required for protein translocation, we then used carbonate extraction to confirm 

that the unglycosylated αENaC species was membrane integrated in the mutant strain. 

Similar to the control, i.e. native Sec61, both the glycosylated and unglycosylated species of 

αENaC remained in the pellet after treatment with alkaline buffer, whereas the soluble ER 

lumenal protein, PDI, shifted to the supernatant fraction (Figure 6F). Together, our results 

are consistent with a model that Hrd1 and Sec61 are partners with Lhs1 and help direct 

Lhs1-dependent unglycosylated substrates for ERAD.

Discussion

Our goal was to better define the function of Lhs1, a poorly characterized ER lumenal 

molecular chaperone, during ERAD. We determined that TMD characteristics and inter-

domain contacts dictate whether Lhs1 is required for the selection of a given substrate 

for ERAD. We also demonstrated that Lhs1 dependence is transferable. Furthermore, we 

employed a series of well-characterized natural and/or model ERAD substrates to define 

which properties are common to Lhs1-dependent substrates (see Supplementary Table S1). 

Together, the loss of Lhs1 exclusively stabilizes unglycosylated, dual-spanning membrane 
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proteins, and in every case the substrate contains TMDs that are either unassembled 

members of a complex (e.g. αENaC) or harbor orphaned or non-native TMDs (e.g. the 

Chimera A* series; Figure 4A; also see Supplementary Table S3 for a summary of our 

results).

Other characteristics appear to be dispensable for Lhs1 based selection. For example, the 

bulk of ENaC is deposited in the ER lumen, which is where Lhs1 resides, but the largest 

domains in the Chimera A* series are cytosolic [34]. Yet, not all ENaC species undergo 

Lhs1-dependent degradation, and degradation of the single membrane-spanning Chimera 

A* derivative, Chimera N*, was also Lhs1-independent. In mammalian cells, three soluble 

proteins, the NHK variant of α−1-antitrypsin, Akita proinsulin, and a transthyretin mutant 

(D18G), as well as one single spanning protein, require the mammalian homolog of Lhs1, 

GRP170, for efficient degradation [45,46]. For NHK and transthyretin, GRP170 may act 

as a co-chaperone for BiP, but GRP170 prevented the aggregation of Akita proinsulin in 

the absence of BiP, which triggered degradation of Akita via the ER-phagy pathway. In the 

future, it will be vital to elaborate the repertoire of examined ERAD substrates in yeast and 

mammals to established if species-specific differences in substrate selection are evident, or 

whether other features dictate a reliance on Lhs1. In addition, as discussed above, ERAD 

substrates in yeast can be loosely categorized by their topology and location of the folding 

lesion. Yet, the rules do not appear to be followed as closely in mammalian cells [42,47]. 

This might also be reflected in the altered reliance on Lhs1 in these systems.

Soluble and integral membrane ERAD substrates require unique factors. For example, 

a yeast Derlin-like protein, the pseudo-rhomboid protease, Dfm1, is required for the 

retrotranslocation and ERAD of multi-spanning ERAD substrates. Interestingly, both 

Hrd1 (Pdr5*, Hmg2) and Doa10 (Ste6*) dependent substrates also require Dfm1 for 

retrotranslocation and efficient degradation [48]. Soluble (CPY* and KHN) and single 

spanning (KWW) substrates are instead Dfm1-independent but stabilized in the absence 

of another Derlin-like protein, Der1. Therefore, topology determines selection by Dfm1 

and Der1 [48]. In another example, a transmembrane protein, TMUB1, facilitates the 

degradation of membrane proteins based on the relative hydrophobicity of the TMDs [49].

We also report that proper assembly of TMDs within the lipid bilayer prevents Lhs1-targeted 

degradation. We previously determined that mutations in ENaC that interfere with TMD 

assembly do not block all subunit–subunit interactions, and ENaC subunits with TMD swaps 

still co-immunoprecipitate with WT subunits [30]. This inter-subunit association is likely 

maintained by the large ENaC extracellular domains, which is supported by recent structural 

determinations of ENaC using cryo-EM [50]. In the future, it will be vital to use more 

refined methods to confirm that the disruption of, for example, polar contacts between 

inter-subunit TMDs subtly alters the structure of the trimeric channel.

We predict that point mutations that interfere with TMD assembly (αE133A, βN512A, 

αS576A) do not block inter-subunit interactions between the large ENaC extracellular 

domains but are TMD specific. Disrupting these polar, inter-subunit TMD interactions 

results in conversion of the entire heterotrimer to an Lhs1-dependent substrate; when either 

β- or γENaC are expressed as monomers, neither subunit is affected by the loss of Lhs1. In 
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essence, αENaC ‘pulls’ β- and γENaC into an Lhs1-dependent ERAD pathway. There are 

other examples of unassembled subunits of multimeric complexes being targeted for ERAD, 

such as the α-subunit of the Na+/K+ ATPase and the H+, K+-ATPase [51–54]. Additionally, 

dominant negative mutations of channels and transporters have been identified that interfere 

with the trafficking of the WT subunits (e.g. voltage gated Na+ channel, KCNQ1, HERG 

channels, Kir2.1, and Ca2+ channels); reviewed in [55]). In these cases, a mutant subunit 

interferes with the assembly of a complex, resulting in ER retention and in many cases 

degradation of the entire complex. However, to our knowledge, our data represent the first 

example in which improper complex assembly results in an alternative degradation pathway 

for all associated members of the complex.

Each Lhs1-dependent substrate in this study lacks N-linked glycans. The 

oligosaccharyltransferase (OST) enzyme complex adds N-linked glycosylation 

cotranslationally as a protein emerges from the Sec61 translocon [56]. We use the presence 

of a stable lower-molecular weight species (i.e. the unglycosylated species) as a signature 

for Lhs1-dependent ERAD, but the lack of glycans is insufficient for Lhs1 dependence: 

glycanless versions of β- and γENaC are not Lhs1 substrates [10]. Previous work by our 

group and others showed that ENaC subunit glycosylation is inefficient in many systems 

[10,57,58]. Surprisingly, unglycosylated ENaC subunits still assemble and traffic to the cell 

surface [22,26], yet glycosylation of βENaC facilitates optimal channel trafficking [59]. 

Notably, only the unglycoslated species of Chimera N* was stabilized in the Δlhs1 strain, 

even though the unglycosylated form is only a small percentage of total protein in WT 

yeast. We hypothesize that the glycosylated ENaC species do not require Lhs1 because they 

subject to an alternative ERAD pathway; e.g. ER lectins can recognize N-linked glycans 

and assist in both protein folding and degradation [60] but some ungycosylated proteins are 

recognized directly by the ER lumenal Hsp70, BiP [61].

We determined that ubiquitinated αENaC amassed at the ER membrane when Lhs1 was 

absent [30], suggesting that Lhs1 acts during retrotranslocation. These data are consistent 

with the evidence presented before and here that Lhs1 works in concert with Hrd1 and 

Sec61, both of which assist with retrotranslocation to remove ERAD substrates from the ER 

[39,62–69]. Interestingly, previous studies in mammalian cells found that GRP170 binds to a 

Hrd1 partner, Sel1, thus linking BiP to the Hrd1 complex [45].

In conclusion, we have refined the view of how a cohort of substrates is targeted for ERAD 

and advanced our understanding of how multi-subunit TMD complexes are recognized by 

the ER quality control machinery. In addition, we have advanced our understanding of 

ENaC channel TMD assembly and quality control. Gain of function mutations in ENaC 

lead to Liddle’s syndrome and high blood pressure and hypoaldosteronism, whereas loss of 

function mutations result in low blood pressure/salt wasting [70,71]. ENaC activity is also a 

negative contributor in cystic fibrosis and is therefore being actively pursued as a drug target. 

Looking forward, it will be vital to test how Lhs1 acts on mutant and polymorphic forms of 

the ENaC subunits, as these data will further our understanding of ENaC quality control and 

trafficking and may lead to new insights into novel therapeutics.
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Materials and methods

Yeast strains and growth conditions

Yeast strains were grown using standard conditions and protocols for media preparation 

at 26°C unless otherwise noted [72]. BY4742 (WT) and Δlhs1 strains were obtained from 

Open Biosystems (Thermo Scientific). MHY500, Δlhs1, Δhrd1, Δdoa10, Δhrd1Δdoa10, 
Δhrd1Δlhs1, and Δdoa10Δlhs1 were generously provided by the Hochstrasser (Yale School 

of Medicine, New Haven, CT) or the Rubenstein (Ball State University, Muncie, IN) labs 

[41]. See Supplementary Table S2 for a complete list of yeast strains and sources.

Plasmid construction and molecular techniques

See Supplementary Table S3 for a complete list of plasmids and sources. Plasmids 

generated for this study: pRS423GPD-αENaCE132A/E133A-HA, pRS423GPD-αENaCE133A-

HA, pRS426GPD-βENaCN512A-13myc and pRS423GPD-αENaCS576A were generated 

using standard site directed mutagenesis protocols. All ENaC plasmids express murine 

ENaCs. ASIC1 was amplified from an expression vector (a gift from the Carattino Lab, 

University of Pittsburgh) and subcloned into the pRS415TEF expression vector [73] to 

generate pRS415TEF ASIC1(C70L)-HA.

Protein degradation assays

Cycloheximide chases were performed as previously described [42] unless otherwise noted 

in the text. Briefly, yeast transformed with the appropriate plasmid were grown overnight 

in selective media at 26°C. Cycloheximide at a final concentration of 50 μg/ml was added 

at time 0 and yeast were placed in a 37°C water bath. Samples were taken at the indicated 

times, and the yeast were pelleted and snap frozen in liquid N2. Protein lysates were made 

from frozen pellets by alkaline lysis and TCA precipitation as previously described [42,74]. 

Precipitated protein pellets were resuspended in 80 ml TCA sample buffer (0.325 M Tris, 

pH 6.8, 10% SDS, 5% β-mercaptoethanol, and 0.25 mg/ml bromophenol blue) with a 

mechanical pestle grinder and immediately resolved by SDS–PAGE prior to western blot 

analysis.

Western blots were probed with the following antibodies as indicated in the text: anti-

HA-HRP (clone 3F10; Roche Applied Science), anti-myc antiserum (Clontech), anti-V5 

antibody (Novex), anti-FLAG (Cell signaling), anti-glucose-6-phosphate dehydrogenase 

antiserum (G6P; Sigma). The anti-myc, anti-V5 primary antibodies were then detected 

with anti-mouse monoclonal IgG HRP conjugated secondary antibody (Cell Signaling 

Technology). The anti-G6P and anti-FlAG primary antibodies were detected with a donkey 

horseradish peroxidase conjugated anti-rabbit IgG secondary antibody (GE Healthcare).

Other biochemical assays

For endoglycosidase H (endoH) digestion, the pH of protein lysates in SDS–PAGE 

sample buffer was adjusted with pH 9.5 Tris–HCl. Digestion was completed according to 

manufacturer’s (Sigma) instructions for 2 hr at 37°C.
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For carbonate extraction, yeast strains were transformed with the appropriate expression 

vector and grown overnight in selective media. A total of 50 ml of yeast at OD600 = 1.5 

was harvested by centrifugation and resuspended in IP buffer (20 mM HEPES, pH = 7.4, 

50 mM KOAc, 2 mM EDTA, 0.1 M Sorbitol, 1 mM DTT, 1 mM pepstatin A, 2 μg/ml, 

leupeptin, 1 mM PMSF and one protease inhibitor tablet (Roche)). Cells were disrupted with 

small glass beads and agitation on a vortex mixer for 4 × 1 min. Unbroken cells and cellular 

debris were removed by a slow-speed centrifugation (2500g for 3 min). The supernatant was 

moved to a clean tube and centrifuged for 14 000g for 10 min at 4°C. Membrane pellets 

were resuspended in 500 μl IP butter and centrifuged at 14 000g for 10 min at 4°C. The 

membranes were then resuspended in 100 μl Buffer 88 (20 mM HEPES, pH 6.8, 5 mM 

MgOAC, 150 mM KOAC, and 250 mM sorbitol)) + protease inhibitors, as above. A total of 

40 μl of each sample was placed in a centrifuge tube and either 1 ml of 0.1 M Na2CO3 or 

Buffer 88 was added. Samples were incubated for 30 min on ice and then centrifuged for 

50,000g for 1 hr at 4°C. The supernatant was removed and saved, and the membrane pellet 

was resuspended in 500 ml of the appropriate buffer (carbonate or Buffer 88). Samples were 

then centrifuged at 60 000g for 10 min. The supernatant was discarded, and the pellets were 

resuspended in 35 μl SDS–PAGE sample buffer with a mechanical pestle. A total of 100 

μl of 50% TCA was added to each of the saved supernatant fractions and incubated on ice 

for 15 min followed by centrifugation at 14 000g for 10 min at 4°C. The supernatant was 

aspirated, and pellets were resuspended in 35 μl of SDS–PAGE buffer using a mechanical 

pestle. All samples were incubated at 37°C for 10 min and then subject to SDS–PAGE and 

immunoblotting.
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Refer to Web version on PubMed Central for supplementary material.
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CFTR cystic fibrosis transmembrane conductance regulator

ER endoplasmic reticulum
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ERAD ER associated degradation

NBD2 nucleotide-binding domain

NEF nucleotide exchange factor

TMD transmembrane domain

UPR unfolded protein response
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Figure 1. The Lhs1 dependence on αENaC biogenesis is based on transmembrane domain 
identity and is transferrable.
Cycloheximide chases were performed as described in Materials and Methods in either WT 
or Δlhs1 yeast strain transformed with the indicated constructs: (A) αENaC, (B) αENaC 

with βγENaC, (C) βENaCαTM1–2 or αENaCβTM1–2, (E) αENaCE133A/E134A. Protein 

lysates were prepared and immunoblotted with anti-HA (ENaC constructs) or anti-G6P 

(anti-glucose 6-phosphate dehydrogenase; Sigma) as a loading control. Data presented are 

representative images from n ≥ 4 experiments, graphs represent mean ± SD; * P < 0.05, 
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*** P < 0.001. Glycosylated (+g) and unglycosylated (−g) protein species are noted. See 

Supplementary Figure S1 for quantitation of multiple replicates of the experiment shown in 

this panel (D) The apparent free energy for membrane insertion for each ENaC TMD (ΔG) 

was calculated as described in the text. Hydrophobic (blue), polar (orange), and charged 

(red) residues are indicated.
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Figure 2. Disrupting the polar inter-subunit interactions between αENaC TMD1 and βENaC 
TMD2 maintain Lhs1-dependent degradation of all ENaC subunits.
(A,C) Cycloheximide chases were performed as described in Materials and Methods in WT 
or Δlhs1 yeast strains transformed with three ENaC subunits as indicated above the western 

blots. Protein lysates were generated and immunoblotted with anti-HA antibody (αENaC 

constructs), anti-V5 antibody (γENaC), anti-myc (βENaC) or anti-G6P (anti-glucose 6-

phosphate dehydrogenase; Sigma) as a loading control. Data presented are representative 

images from n ≥ 4 experiments. Glycosylated (+g) and unglycosylated (−g) protein species 

are noted. (B) Structural model of the ENaC TMDs (αENaC purple, βENaC gold and 

γENaC teal). Space filling models indicate predicted, polar inter-subunit interactions.
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Figure 3. Disrupting the polar inter-subunit interactions between αENaC TMD2 and γENaC 
TMD2 maintain Lhs1-dependent degradation of ENaC subunits.
Cycloheximide chases were performed as described in Materials and Methods in WT 
or Δlhs1 yeast strains transformed with (A) αENaC, βENaCN512A and γENaC, or (B) 

αENaCS576A, βENaC and γENaC. Protein lysates were generated and immunoblotted 

with anti-HA antibody (αENaC constructs), anti-V5 antibody (γENaC), anti-myc (βENaC 

constructs), or anti-G6P (anti-glucose 6-phosphate dehydrogenase; Sigma) as a loading 

control. Data presented are representative images from n ≥ 4 experiments. Glycosylated (+g) 

and unglycosylated (−g) protein species are noted.
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Figure 4. Dual-spanning model ERAD substrates exhibit Lhs1-dependent degradation.
(A) Shown are the diverse ERAD substrates for which the Lhs1 dependence was assessed. 

Topological models are depicted. (B–E) Cycloheximide chases were performed as described 

in Materials and Methods in WT or Δlhs1 yeast strains transformed with the indicated 

constructs. Protein lysates were generated and immunoblotted with anti-HA antibody 

(Chimera series of constructs and TM-Ubc9ts) or anti-G6P (anti-glucose 6-phosphate 

dehydrogenase; Sigma) as a loading control. Data presented are representative images from 

n ≥ 4 experiments, graphs present mean ± SD; * P < 0.05, ** P < 0.01, *** P < 0.001. (F) 
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Endo H digestion of the indicated protein lysates was performed as described in Materials 

and Methods. Protein lysates were immunoblotted with anti-HA antibody. Glycosylated (+g) 

and unglycosylated (−g) protein species are noted.
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Figure 5. Degradation of the model ERAD substrate, Deg1–Sec62, is Lhs1 independent.
(A) Model of alternative topologies for Deg1–Sec62 proposed by Rubenstein et al. [41]. 

(B,C) Cycloheximide chases were performed as described in Materials and Methods in 

WT or Δlhs1 yeast strains transformed with the indicated constructs. Protein lysates were 

generated and immunoblotted with anti-FLAG antibody (Deg1–Sec62 constructs) or anti-

G6P (anti-glucose 6-phosphate dehydrogenase; Sigma) as a loading control. Data presented 

are representative images from n ≥ 4 experiments. A darker exposure of Figure 5B is 

shown in Supplementary Figure S4B to illustrate the presence of the protein at later time-

points. (D) Endo H digestion of the indicated protein lysates was performed as described in 

Materials and Methods. Glycosylated (+g) and unglycosylated (−g) protein species are noted 

and asterisk denotes a non-specific band.
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Figure 6. Lhs1 functions with the Hrd1/Sec62/Sec61 ERAD complex.
Cycloheximide chases were performed as described in Materials and Methods in the 

indicated yeast strains transformed with constructs to express either αENaC (A,D) or 

a form of αENaC lacking N-linked glycosylation sites (ΔGαENaC) (B). Protein lysates 

were generated and immunoblotted with anti-HA antibody (αENaC constructs) or anti-G6P 

(anti-glucose 6-phosphate dehydrogenase; Sigma) as a loading control. Protein lysates 

from cycloheximide chased performed in HRD1/DOA10 and Δhrd1 yeast strains [75] 

transformed with either αENaC or ΔGαENaC (C) or from SEC61 and sec61–2 strains 
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transformed with a construct to express αENaC (E) were digested with endoglycosidase H 

(EndoH) as described in Materials and Methods and immunoblotted with anti-HA antibody 

to detect ENaC. (F) Protein lysates from SEC61 and sec61–2 yeast strains transformed 

with a construct to express αENaC were subject to carbonate extraction as described in 

Materials and Methods. The resulting fractions were immunoblotted and probed with anti-

HA antibody to detect αENaC, anti-Sec61 antibody and anti-PDI1 antibody. Glycosylated 

(+g) and unglycosylated (−g) protein species are noted. Data presented are representative 

images from n ≥ 4 experiments.
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