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HRD Complex Self-Remodeling Enables
a Novel Route of Membrane
Protein Retrotranslocation

Sonya Neal,1,2,* Della Syau,1 Anahita Nejatfard,1 Samantha Nadeau,1 and Randolph Y. Hampton1

SUMMARY

ER-associated degradation (ERAD) targets misfolded ER proteins for degrada-
tion. Retrotranslocation, a key feature of ERAD, entails removal of ubiquitinated
substrates into the cytosol for proteasomal destruction. Recently, it has been
shown that the Hrd1 E3 ligase forms a retrotranslocation channel for luminal
(ERAD-L) substrates. Conversely, our studies found that integral membrane
(ERAD-M) substrates exit the ER through a distinct pathway mediated by the
Dfm1 rhomboid protein. Those studies also revealed a second, Hrd1-dependent
pathway of ERAD-M retrotranslocation can arise in dfm1D null. Here we show
that, in the dfm1D null, the HRD complex undergoes remodeling to a form that
mediates ERAD-M retrotranslocation. Specifically, Hrd1’s normally present sto-
chiometric partner Hrd3 is efficiently removed during suppressive remodeling, al-
lowing Hrd1 to function in this novel capacity. Neither Hrd1 autoubiquitination
nor its cytosolic domain is required for suppressive ERAD-M retrotranslocation.
Thus, the HRD complex displays remarkable functional flexibility in response to
ER stress.

INTRODUCTION

About one-third of the eukaryotic cellular proteome is folded and matured in the endoplasmic reticulum

(ER) (Sicari et al., 2019). Often, proteins fail to fold or assemble properly and are eliminated by the ER-asso-

ciated degradation (ERAD) pathway (Sun and Brodsky, 2019). ERAD is a highly conserved, quality control

pathway that selectively targets misfolded or unassembled proteins for degradation. Failure to remove

misfolded proteins from the ER leads to ER stress that is associated with a variety of human maladies

including retinal degeneration, neurodegenerative diseases, type II diabetes, and cancer (Bhattacharya

and Qi, 2019).

ERAD involves recognition of protein substrates, ubiquitination by ER resident ubiquitin E3 ligases, and

transfer of the ubiquitinated clients to the cytosol for degradation by the 26S proteasome (Richly et al.,

2005). In S. cerevisiae, ERAD is mediated by the HRD (HMG-CoA Reductase Degradation) and DOA

(Degradation of alpha 2) pathways, both of which are conserved in all eukaryotes (Carvalho et al., 2006;

Chen et al., 2006; Foresti et al., 2013; Hampton and Garza, 2009). In the HRD pathway, the E3 ubiquitin

ligase Hrd1 recognizes and ubiquitinates a variety of substrates, including misfoldedmembrane substrates

(ERAD-M), lumenal substrates (ERAD-L), and some normal proteins such as the Hmg2 isozyme of HMG-

CoA reductase (Plemper et al., 1998; Vashist and Ng, 2004; Wangeline et al., 2017). In the DOA pathway,

the E3 ubiquitin ligase Doa10 recognizes and ubiquitinates misfolded soluble and membrane proteins,

often with lesions in the cytosolic domain (ERAD-C) (Huyer et al., 2004; Nakatsukasa et al., 2008).

A unifying feature of all ERAD pathways is the requirement for moving substrates from the ER to the cytosol

for proteasomal degradation. This transport process is broadly referred to as retrotranslocation or disloca-

tion (Baldridge and Rapoport, 2016; Garza et al., 2009a; Hiller et al., 1996; Nakatsukasa et al., 2008; Neal

et al., 2018). Retrotranslocation requires the Cdc48 ATPase (p97 in mammals) as an energy source for sub-

strate removal, entailing extraction of integral membrane substrates from ER membrane or movement of

luminal ERAD-L substrates across the ER membrane (Braun et al., 2002; Meyer et al., 2000; Neal et al., 2017;

Ye et al., 2001). The generality and high conservation of retrotranslocation has resulted in many studies on

the mechanism(s) at play in this process.
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Recent work has cast needed light on the machinery involved in this critical transfer process, althoughmany

questions remain. Because retrotranslocation of either lumenal (ERAD-L) or integral membrane (ERAD-M)

substrates were expected to require a channel or other catalytic enhancement, much work has been

focused on identifying candidate molecules involved (Carvalho et al., 2010; Garza et al., 2009a; Hampton

and Sommer, 2012; Nakatsukasa et al., 2016; Plemper et al., 1997; Scott and Schekman, 2008; Wahlman

et al., 2007). From in vitro, in vivo, and structural studies, it now appears that the multi-spanning E3 ligase

Hrd1 serves as a channel for lumenal ERAD-L substrates (Baldridge and Rapoport, 2016; Peterson et al.,

2019; Schoebel et al., 2017; Vasic et al., 2020). Until recently, the identity of an analogous channel for

ERAD-M substrates had remained unclear. Our earlier work demonstrated that Hrd1 is dispensable for

the full retrotranslocation of a self-ubiquitinating substrate (SUS), which allowed for the possibility of a

Hrd1-independent route out of the ERmembrane for actual ERAD-M substrates (Garza et al., 2009a). Going

forward with this idea, we employed SUS-GFP to screen the complete collection of yeast mutants with the

Single Plate Orf Compendium Kit (SPOCK) array, consisting of a 5,808 yeast strain array of non-essential

gene deletion mutants and essential DAmP gene mutants (Jaeger et al., 2018; Neal et al., 2018). This

work led to our identification of Dfm1 as an independent, dedicated, and specific mediator for retrotrans-

locating ERAD-M substrates including those from both the HRD and DOA pathways, and Hrd1 itself in cir-

cumstances when it is rapidly degraded by self-ubiquitination (Neal et al., 2018).

Dfm1’s role in ERAD-M was initially perplexing because we had much earlier (2006) reported that Dfm1 was

not involved in either HRD or DOA-dependent ERAD (Goder et al., 2008; Sato and Hampton, 2006),

whereas others had published a role for Dfm1 in only DOA-dependent branches of ERAD (Avci et al.,

2014; Stolz et al., 2010). We resolved this discrepancy by showing loss of Dfm1 function along with the

burden of strong ERAD-M substrate expression typical of the way we curated strains leads to rapid sup-

pression, masking the phenotype within nine passages of a test culture (Neal et al., 2018). Importantly, ret-

rotranslocation and degradation of ERAD-M substrates are completely restored in the suppressees.

Accordingly, we characterized the nature of suppression to discover the apparent alternate route of ER

membrane exit offered to ERAD-M substrates in the suppressed state (Neal et al., 2018). We found that

the HRD1 gene was required for suppression of dfm1D nulls; the absence of Hrd1 resulted in no suppres-

sion of dfm1D strains, even after many passages. Furthermore, suppressees always had a full duplication of

yeast chromosome XV, on which the HRD1 locus resides. However, providing Hrd1 on an autonomously

maintained ARS/CEN plasmid resulted in suppression without duplication of chromosome XV, implying

that the sole reason for the duplication was to amplify the HRD1 locus (Neal et al., 2018). Finally, all sup-

pressed dfm1D null strains showed significant elevation of the Hrd1 protein, to approximately 5-fold the

levels above normal expression from the single locus (Neal et al., 2018). Taken together, these results indi-

cate that Hrd1 could adopt a new action as a retrotranslocation factor for ERAD-M, despite the absence of

this ability in normal strains. A number of questions arose from these intriguing observations, including the

nature of the stress that favors the chromosome XV aneuploids, the sufficiency of Hrd1 to allow ERAD-M

dislocation, what prohibits Hrd1 from mediating ERAD-M retrotranslocation in normal circumstances,

and the extent to which this new action of Hrd1 is related to its established role in the biophysically distinct

process of ERAD-L retrotranslocation recently discovered.

In the studies below, we have thoroughly explored these and related questions. We have discovered that a

novel and profound stress is imposed by high levels of ERAD-M substrates in the absence of Dfm1 and that

elevated levels of Hrd1 can effectively alleviate this stress by providing a separate route of retrotransloca-

tion. Hrd1 itself appears sufficient to perform this function, but the HRD complex underwent drastic remod-

eling for ERAD-M retrotranslocation to occur. This new action of Hrd1 could occur in the absence of its

ubiquitination activity. Thus, the autoubiquitination mechanism that is critical for ERAD-L was not required

for Hrd1-mediated ERAD-M retrotranslocation. These studies demonstrate the critical importance of man-

aging membranes substrates in the ER and imply that the HRD machinery has unanticipated plasticity and

breadth of function to meet the changing stresses of this key organelle.

RESULTS

Integral Membrane Substrates Cause a Growth Defect in dfm1D

dfm1D null strains can undergo rapid phenotypic suppression, causing our early misimpression of Dfm1’s

non-involvement in ERAD (Neal et al., 2018). Rapid suppression of dfm1D strains requires high expression

levels of ERAD-M substrates like Hmg2 or SUS-GFP, whereas long-term passage of dfm1D strains (over

30 passages tested, Neal et al., 2018) in the absence of strongly expressed substrates maintain a
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ERAD-M-deficient phenotype. We noted that suppressees acquire a duplicated chromosome XV as a path

to suppression, which is rarely observed in normal strains (Neal et al., 2018). These observations imply that

strong expression of ERAD-M substrates in dfm1D cells induces a growth stress that brings about selection

for rare chromosome XV duplicant, suppressed strains. To test this idea, we developed a dilution plate

assay to directly examine the effect of strongly expressing ERAD-M substrates on dfm1D null growth.

The expression of each ERAD-M substrate was controlled by the strong, inducible GAL1-10 promoter

(GAL-10pr) that is turned off when cells are grown on glucose medium and strongly induced when cells

are grown on galactose. Liquid cultures of cells grown in glucose (no substrate expression) were plated

at decreasing dilution onto solid medium with galactose or glucose as the carbon source to evaluate

the effect of strong expression on cell growth. Plates were incubated for 3–7 days as indicated (Figures

1A–1F) to evaluate capacity for growth. We first tested the effect of Hmg2, a classic HRD pathway substrate

(Hampton et al., 1996). As expected from the suppression experiments, galactose-mediated induction of

Hmg2 expression resulted in strikingly slow growth of dfm1D null strains (Figure 1A). The slow growth

phenotype did not occur in dfm1D cells with an empty vector or wild-type (WT) cells with or without galac-

tose-driven Hmg2 (Figures 1A and S1A). Slow growth was also observed with high levels of a variety of other

ERAD-M substrates including the constitutively degraded 6myc-Hmg2, Sec61-2, Pdr5*, or SUS (Figures 1B–

1E and S1B–S1E). Interestingly, there was no growth defect observed in dfm1D nulls containing overex-

pressed ERAD-L substrate, CPY*, or wild-type Sec61 (Figures 1F, 1G, and S1F) suggesting the growth

defect in dfm1D is specific to integral membrane ERAD substrates targeted for ubiquitination and degra-

dation. Importantly, the growth defect observed is highly specific to dfm1D nulls: no other ERAD stabilizing

mutants tested, including the HRD ligase mutants (hrd1D), exhibited slow growth with strongly expressed

integral membrane substrates (Figures 1A–1E and S1A–S1E).

dfm1D null strains strongly expressing ERAD-M substrates exhibited a strong growth defect owing to ret-

rotranslocation being compromised. We surmised that suppressed strains with restored retrotranslocation

function would no longer exhibit growth stress and have normal growth restored. To test this idea, dfm1D

null strains were passaged in liquid culture containing galactose as the carbon source for turning on strong

expression of ERAD-M substrate, Hmg2. These cells were passaged to suppression with retrotranslocation

function completely restored and then subjected to the plate dilution assay to assess for growth fitness. As

expected, no growth defect was observed in passaged suppressed dfm1D cells (P11) in comparison with

non-passaged non-suppressed dfm1D cells (P0) (Figure 1H) demonstrating that suppressed dfm1D null

strains with alleviated retrotranslocation function has normal growth fitness.

It has been established that strongly expressed ERAD-L substrates induce ER stress (Kimata and Kohno,

2011; Travers et al., 2000). However, the extreme stress observed by overexpressed ERAD-M substrates

in dfm1D nulls is entirely new. We have not observed this effect in any ERAD mutants previously studied

(Federovitch et al., 2008). This begs the question as to what pathway(s) are involved in this novel sub-

strate-induced growth stress. One reasonable candidate is the Unfolded Protein Response (UPR), a well-

known ER stress response pathway activated by accumulation of misfolded lumenal proteins within the

ER lumen (Hetz et al., 2015; Huyer et al., 2004; Ron and Walter, 2007; Schröder and Kaufman, 2005; Walter

and Ron, 2011). In yeast, Ire1 senses misfolded lumenal proteins and responds by upregulating ER factors

to alleviate ER stress. Furthermore, expression of lumenal ERAD-L substrates in an ire1D null causes

extreme growth stress (Liu and Chang, 2008). We wondered if Ire1 was similarly involved in sensing

ERAD-M substrates in the suppression of dfm1D nulls. We first examined whether ire1D exhibited a similar

slow growth phenotype as a dfm1D null with similarly high expression of ERAD-M substrates. When the

ERAD-M substrate Hmg2 was strongly expressed, there was no growth stress observed in ire1D alone.

However, a strong genetic interaction was observed for Dfm1 and Ire1: dfm1D ire1D cells were killed

with high levels of integral membrane substrates (Figure 1I), rather than the slow growth caused in the sin-

gle dfm1D null. This dfm1Dire1D synthetic lethality caused by strongly expressed Hmg2 suggests that Ire1

plays a role in the induced dfm1D suppression pathway, possibly by regulating the expression of a protein

required for the restoration of ERAD-M in the dfm1D null suppressees.

Elevated Hrd1 Levels Were Sufficient for dfm1D Suppression

We previously reported that Hrd1 is absolutely required for dfm1D suppression and restoration of ERAD-M

retrotranslocation function. Indeed, a growth defect was still observed in passaged dfm1D hrd1D cells (P11)

in comparison with dfm1D cells (P11) (Figure 1J) demonstrating that Hrd1 is required to alleviate retrotrans-

location function and normal growth fitness in dfm1D null strains. Furthermore, Hrd1 is found on
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Figure 1. Strongly Expressed Integral Membrane Substrates Cause a Growth Defect in dfm1D Cells

(A) Galactose-induced Hmg2-GFP overexpression causes a growth defect in dfm1D cells. WT, dfm1D, and hrd1D cells either

containing empty vector or GAL-driven Hmg2-GFP were compared for growth by dilution assay. Each strain was spotted 5-fold

dilutions on glucose or galactose-containing plates to drive Hmg2-GFP overexpression, and plates were incubated at 30�C.
(B–F) WT, dfm1D, and hrd1D cells were spotted in 5-fold dilutions on glucose or galactose-containing plates to drive

overexpression of 6xmyc-Hmg2-GFP, Sec61-2-GFP, Pdr5*-HA, SUS-GFP, and CPY*-HA.

(G and H) Same as (A) except non-passaged dfm1D and dfm1D hrd1D non-passaged cells (P0) or cells passaged to

suppression (P11) were assessed for growth defect in the dilution assay.

(I) Same as (A) except dilution assay was performed using galactose-induced overexpression of WT Sec61-GFP or mutant

Sec61-2-GFP.

(J) Same as (A) except dilution assay was performed onWT, dfm1D, ire1D, dfm1D ire1D cells using GAL-driven Hmg2-GFP.
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chromosome XV, which was duplicated in dfm1D suppressees. Hrd1 appears to be the only chromosome

XV gene that requires increased gene dosage to suppress dfm1D since providing Hrd1 on an ARS/CEN

plasmid, which can stably exist in varying copy numbers within the cell (Flagg et al., 2019), allows suppres-

sion that no longer results in duplication of chromosome XV (Neal et al., 2018). This implies that elevated

Hrd1 is sufficient for suppressing dfm1D and that duplicating chromosome XV is the quickest way for

dfm1D cells to increase Hrd1 in a typical suppression experiment. Accordingly, we surmised that, if simply

attaining high enough levels of Hrd1 was sufficient for restoring retrotranslocation in a dfm1D null, then

supplying multiple copies of ARS/CEN HRD1 plasmid to dfm1D nulls would result in immediate suppres-

sion and degradation of SUS-GFP, without the need for outgrowth of rare cells with duplicated chromo-

some XV. To test this idea, we developed an ‘‘instant suppression assay’’ in which the ARS/CEN HRD1

plasmid is transformed into dfm1Dhrd1D cells strongly expressing SUS-GFP (Figure 2A). We reasoned

that, if simply having high levels of HRD1 was sufficient to suppress the dfm1D deficiency, then those col-

onies with enough copies of the HRD1-expressing plasmid would immediately show the suppressed

phenotype of restored SUS-GFP degradation. Indeed, approximately 10% of total transformants had

low colony florescence, as would be the case for isolates that had restored SUS-GFP retrotranslocation

and degradation. According to our model, we would expect a subset of colonies that were scored as sup-

pressees to have a higher copy number of the HRD1 plasmid, which would meet the threshold requirement

for suppression. Consistent with this idea, western blotting of Hrd1-myc levels in transformants scored as

dark suppressees were�3- to 6-fold above the isolates that remained bright and were not suppressed (Fig-

ure 2B). Importantly, several colonies from the same transformation plate with high SUS-GFP signal indeed

had low levels of Hrd1 (Figure 2B). Furthermore, biochemical analysis confirmed that retrotranslocation of

SUS-GFP was restored in the instant suppressees (Figure 2D, lanes 5–8). These results indicate that

increased HRD1 gene dosage was adequate for suppressing the dfm1D phenotype.

We previously reported that Hrd1-myc levels became elevated �5- to 10-fold in the course of passage-

dependent suppression of dfm1D (Neal et al., 2018). Thus, a salient question is: how does duplication of

chromosome XV during this suppression generate an �5- to 10-fold increase in Hrd1 levels when the

HRD1 locus has only been doubled? One possibility is that ER stress regulator Ire1, which induces the

expression of many genes including Hrd1 (Travers et al., 2000; Walter and Ron, 2011), is involved in the pas-

sage-dependent suppression of dfm1D. This suggests a model in which suppressive levels of Hrd1 are at-

tained though a combination of duplicating the HRD1 locus combined with Ire1-dependent upregulation

of the duplicated HRD1 gene. We next determined whether Ire1 had other roles in dfm1D suppression

distinct from upregulated HRD1 expression. Accordingly, we asked if Ire1 was dispensable for dfm1D

Figure 2. Amplified Hrd1 Levels Are Sufficient for Suppressing dfm1D Cells

(A) Depiction of HRD1 gene dosage reporter assay. To assess HRD1 dosage required for instant suppression of dfm1D

cells, we used an ARS/CEN plasmid containing myc-tagged HRD1 driven by its native promoter. The HRD1 plasmid was

transformed into dfm1Dhrd1D cells overexpressing SUS-GFP. HRD1 plasmid copy number was quantified by western

blotting with a-myc.

(B) Increased HRD1 copy number instantly suppressed dfm1Dhrd1D cells. dfm1Dhrd1D cells overexpressing SUS-GFP

were transformed with an ARS/CEN HRD1 plasmid. Subsequently, transformants were screened for instantly suppressed

non-fluorescent dark colonies. Both non-suppressed (bright colonies; n = 9) and suppressed cells (dark colonies; n = 9)

were grown to log phase, lysed, and analyzed by SDS-PAGE and immunoblotted for steady-state levels of Hrd1 with

a-myc and SUS with a-GFP. Mean G SEM, ***p < 0.001, nested t test.

(C and D) (C) Same as (B), except HRD1 plasmid was transformed into dfm1Dhrd1Dire1D cells overexpressing SUS-GFP.

Mean G SEM, ***p < 0.001, Nested t test (D) in vivo SUS-GFP retrotranslocation is restored in instantly suppressed

dfm1Dhrd1D cells. Crude lysate was prepared from the indicated strains treated with vehicle or MG132 (25 mg/mL).

Lysates were ultracentrifuged to discern ubiquitinated SUS-GFP that either has been retrotranslocated into the soluble

fraction (S) or remained in the membrane (P). Following fractionation, SUS-GFP was immunoprecipitated from both

fractions, resolved on 8% SDS-PAGE and immunoblotted with a-GFP and a-Ubi.

(E) Same as (D), except non-suppressed and instantly suppressed dfm1Dhrd1Dire1D transformants were used in the

in vivo retrotranslocation assay.

(F and G) (F) Strongly expressed Hrd1 instantly suppresses dfm1Dhrd1D + SUS-GFP cells. dfm1Dhrd1D +SUS-GFP cells

were transformed with empty vector or TDH3pr-Hrd1. SUS-GFP levels were analyzed by flow cytometry. Histograms of

10,000 cells are shown, with the number of cells versus GFP fluorescence. Note: panels are aligned so all fluorescent

histograms are comparable between panels. (G) Same as (B), except Hrd1 was strongly expressed in dfm1Dhrd1D cells

containing SUS-GFP.

(H) Same as (C), except dfm1Dhrd1Dire1D cells with empty vector or strongly expressed Hrd1 was used in the in vivo

retrotranslocation assay. Band intensities of Hrd1-Myc levels were quantified by ImageJ. Data are represented as pixel

intensities of Hrd1-Myc levels (n = 9) from at least three experiments.
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suppression when sufficient levels of Hrd1 were provided by alternate means. We used the above instant

suppression assay to specifically ask if instant suppressees caused by transformation with the ARS/CEN

HRD1 plasmid could still arise in a dfm1Dire1D cells. This was indeed the case: 10% of these transformants

showed the tell-tale low colony fluorescence and complete restoration of SUS-GFP ERAD (Figures 2C and

2E). Accordingly, our results suggest Ire1 is only needed in passage-dependent suppression to allow the

needed expression of Hrd1 from its duplicated locus.

The above experiments suggest that suppression of dfm1D requires only elevated Hrd1. In the initial pas-

sage-dependent suppression protocols described in recent work and above (Neal et al., 2018), the mech-

anism of Hrd1 elevation entails duplication of the HRD1 genomic locus combined with increased expres-

sion of HRD1 through Ire1 signaling. In the above ‘‘instant suppression’’ assay (Figures 2B and 2C), strains

with sufficient expression of HRD1 from a variable copy plasmid were immediately suppressed without

need for either multiple passages or the IRE1 gene. As a final test of the sufficiency of elevating Hrd1 as

a route to dfm1D suppression, we reasoned that Hrd1 expression alone would similarly generate stably

suppressed dfm1D cells if an appropriately strong promoter was used. To address this, we used a myc-

tagged HRD coding region driven by a strong heterologous promoter, TDH3pr. We quantified the

steady-state levels of SUS-GFP using flow cytometry and compared SUS-GFP levels in dfm1D cells contain-

ing empty vector control versus strongly expressed Hrd1. Indeed, dfm1D cells with Hrd1 expressed from

the strong TDH3 promoter displayed complete suppression: rapid degradation of SUS-GFP (Figure 2F)

was observed in dark transformation colonies and by measurement of fluorescence by flow cytometry.

Complete suppression was confirmed by biochemical analysis showing complete restoration of SUS-

GFP retrotranslocation (Figure 2G, lanes 5–8). Thus, sufficient expression of Hrd1 in dfm1D nulls generated

stably suppressed strains immediately upon transformation without the need for passaging. As would be

expected from the above experiments with the ARS/CEN plasmid-based ‘‘instant suppression,’’ the

TDH3pr-driven Hrd1 expression plasmid also suppressed an ire1Ddfm1D double null, consistent with

the only role of Ire1 in the original passage-based suppression experiments to allow heightened expression

of the duplicated HRD1 genomic locus (Figure 2H).

Hrd3 and USA1 Were Not Required for Suppression

Hrd1’s ability to substitute for Dfm1 raises the question of how this action relates to the known functions of

the HRD complex. Normally, the core HRD complex is composed of the Hrd1 E3 ligase, with a cytoplasmic

RING motif required for ubiquitination, the mostly lumenal Hrd3, and Usa1, with a cytoplasmic Ubiquitin-

like (Ubl) domain (Carroll and Hampton, 2010; Hampton et al., 1996; Mehnert et al., 2015; Vashistha et al.,

2016) (Figure 3A). Both Hrd3 and Usa1 are required for optimal Hrd1 function and stability when expressed

at normal genomic levels (Vashistha et al., 2016). We next tested if these key components were required for

Hrd1-mediated restoration of ERAD-M in the dfm1D nulls. We used the passaging-based suppression

assay to test the requirement for Hrd3 and Usa1 in Hrd1-mediated suppression by asking if nulls of either

gene still allowed suppression. Bright P0 dfm1Dusa1D or dfm1Dhrd3D cells expressing SUS-GFP were

repeatedly passaged in fresh minimal media. As seen in previous runs of this experiment, dark suppressees

emerged in each strain as indicated by the flow cytometry histograms, and at a rate identical to the controls

with HRD3 and USA1 intact. Thus, neither Usa1 nor Hrd3 was required in the dfm1D suppression pathway

(Figure 3B).

Hrd3 Is Rapidly Degraded upon dfm1D Null Suppression

Because Hrd1 is significantly elevated in suppressed dfm1D nulls, we examined the levels of the other core

components of the HRD complex. Since Cdc48 recruitment by Dfm1 is essential for retrotranslocation (Neal

et al., 2018), we also examined Cdc48 levels in suppressees. Immunoblotting of Cdc48 showed that steady-

state levels of these components were unchanged between non-suppressed P0 and suppressed dfm1D

P11 cells (Figure 3C). In striking contrast, Hrd3 was completely absent in the suppressed cells (Figure 3C).

Moreover, the addition of proteasome inhibitor MG132 to suppressed cells restored Hrd3 levels indicating

the normally highly stable Hrd3 was undergoing highly efficient proteasomal degradation in the suppres-

sees, resulting in undetectable steady-state levels (Figures 3D and 3E), presumably due to Hrd1-mediated

degradation, as discussed below. Because Hrd3 was not required for Hrd1-mediated suppression, the

observed loss of Hrd3 by degradation might not be expected to have consequences in the acquisition

of the suppressed state. However, this drastic change in Hrd3 levels upon suppression suggested two pos-

sibilities. It could be that Hrd3’s loss was simply a side result of the suppressed state and not mechanisti-

cally important for Hrd1’s acquired ability to mediate ERAD-M retrotranslocation. Alternatively, it could be
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that profound loss of Hrd3 was required for Hrd1-mediated restoration of ERAD-M in dfm1D suppressees.

We next tested the mechanistic importance of Hrd3’s loss in the suppressed state.

Forced Hrd3 Expression Reverses Hrd1-Mediated Suppression of dfm1D Cells

The above experiments indicate that suppression of dfm1D nulls occurs in response to a strong growth

stress imposed on the null cells when high levels of ERAD-M substrate are expressed (Figures 1A–1E).

The slow growth allows for selection of relatively rare chromosome XV duplicants that, in conjunction

with Ire1 activation, allows sufficient expression of Hrd1 to alleviate the loss of retrotranslocation and

thus restore normal growth. During this transition, we noted above that normally highly stable Hrd3 was

Figure 3. Hrd3 Is Rapidly Degraded in dfm1D Suppressees

(A) Depiction of the HRD complex that comprises the E3 ligase Hrd1, its partner, Hrd3, and Usa1, which recognizes and

ubiquitinates ERAD-M and ERAD-L substrates.

(B) Hrd3 and Usa1 is dispensable for suppression. The indicated strains overexpressing SUS-GFP were passaged to

suppression. Cells were passaged and SUS-GFP levels were analyzed by flow cytometry. Histograms of 10,000 cells are

shown, with the number of cells versus GFP fluorescence.

(C) Hrd3 is rapidly degraded in dfm1D suppressees. Steady-state levels of the indicated proteins were analyzed in dfm1D

P0 and dfm1D P11 cells strongly expressing Hmg2-GFP. Cells were lysed and analyzed by SDS-PAGE and immunoblotted

for Hrd1 with a-myc, Hmg2 with a-GFP, a-Cdc48, and Hrd3 with a-HA.

(D) Hrd3 is degraded by the proteasome in dfm1D suppressees. Steady-state levels of the indicated proteins were

analyzed in dfm1D P0 and dfm1D P11 strains treated with vehicle or MG132 (25 mg/mL). Cells were lysed and analyzed by

SDS-PAGE and immunoblotted for Hrd1 with a-myc and Hrd3 with a-HA.

(E) Degradation of Hrd3 was measured by CHX-chase assay in passaged suppressed dfm1D P11 strains treated with

vehicle or MG132 (25 mg/mL). After CHX addition, cells were lysed at the indicated times, analyzed by SDS-PAGE, and

immunoblotted for Hrd3 with a-HA. Band intensities were normalized to PGK1 loading control and quantified by ImageJ.

t = 0 was taken as 100%, and data are represented asmeanG SEM from at least three experiments, ***p < 0.001, repeated

measures ANOVA.
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efficiently removed by degradation to the point of undetectability (Figures 3C–3E). We next tested the

importance of Hrd3 removal in dfm1D suppression; we tested the effect of reintroducing Hrd3 in

already-suppressed dfm1D nulls. This was accomplished by using a GAL1-10 promoter (GAL-10pr)-induc-

ible HRD3 expression plasmid, which was introduced to suppressed cells in promoter-suppressing glucose

medium. Plasmid-bearing suppressees were then switched to galactose medium to observe the effects of

strong Hrd3 expression. We hypothesized that, if Hrd3’s presence blocks Hrd1-medated retrotransloca-

tion, then galactose-induced elevation of Hrd3 in dfm1D suppressees would cause the strong growth

defect seen when ERAD-M retrotranslocation is blocked. We used the dilution plate assay to determine

whether overexpressing Hrd3 caused resumption of growth stress in suppressed dfm1D nulls expressing

either ERAD-M substrates SUS-GFP (Figure 4A) or Hmg2-GFP (Figure 4B). In both cases, the presence of

the galactose-inducible HRD3 coding region caused a drastic growth defect that was observed neither

with empty vector nor when HRD3 was similarly elevated in WT cells or an ERAD-deficient hrd1D (Figures

4 and 4B). This Hrd3 toxicity implied an antagonistic role for Hrd3 for Hrd1-mediated retrotranslocation in

the suppression pathway.

If the loss of Hrd3 was important for Hrd1 to perform suppressive retrotranslocation in the dfm1D null, then

addition of sufficient levels of Hrd3 would be expected to block the restored degradation of ERAD-M sub-

strates. We next employed the suppressed strains that could express Hrd3 under the control of theGAL1pr

promoter described above to examine this question. When suppressed dfm1D cells harboring a GAL1-

driven HRD3 coding region were grown in glucose so that no Hrd3 was expressed, suppressive retrotrans-

location proceeded as expected, as indicated by low mean fluorescence and degradation of SUS-GFP and

a normal growth rate (Figures 4B–4D). When these cells were placed in galactose medium to cause strong

expression of Hrd3, the majority of the cell population displayed sudden lethality, which would be ex-

pected if the stress-alleviating suppression was suddenly compromised. As a control, strong expression

of Hrd3 in WT cells caused no growth defect and did not lead to lethality. The fraction of cells that survived

with severe growth stress showed strongly stabilized SUS-GFP indicating there was a block in retrotranslo-

cation upon forced expression of Hrd3 (Figures 4C and 4D).

Hrd1’s Ubiquitination Activity Was Dispensable for Suppressive ERAD-M Retrotranslocation

We previously reported that Hrd1’s ubiquitination activity was required for dfm1D-associated suppression.

Specifically, an inactive Hrd1 mutant (C399S) with ablated ubiquitination function is unable to support

dfm1D’s route to suppression (Neal et al., 2018 and Figure 5A). One possibility is the requirement for

Hrd1’s ubiquitination function in catalyzing the retrotranslocation process. An alternative possibility is

the requirement for Hrd1’s ubiquitination activity in the ubiquitination and removal of Hrd3. Since the

above studies indicate that Hrd3 removal was critical to permit Hrd1-mediated suppressive ERAD-M retro-

translocation, perhaps the reason inactive Hrd1 (C399S) could not support suppression, as we reported in

our original studies of dfm1D suppression, was due to its inability to allow degradative removal of Hrd3. If

that was true, then the prediction would be that in a hrd3D null background, C399S-Hrd1 would in fact be

able to support dfm1D suppression. Accordingly, we repeated the dfm1D suppression experiment in a

hrd3D null strain: dfm1Dhrd3D C399S-Hrd1 cells expressing SUS-GFP were passaged repeatedly in fresh

minimal media. Remarkably, dark suppressees emerged at a rate identical to dfm1D control strains,

whereas identical C399S-Hrd1 strains with the HRD3 gene intact resulted in no suppression (Figures 5B,

S2A and S2B). Hence, inactive C399S-Hrd1 is able to support substrate-induced dfm1D suppression, as

long as Hrd3 is not present. To test this idea further, we utilized a well-characterized truncated version

of Hrd1, hemi-Hrd1, with the catalytic RING domain completely removed, leaving Hrd1’s transmembrane

domain intact (Gardner et al., 2000 and Figure 5A). Again, HRD3 was removed beforehand to test the

requirement of hemi-Hrd1 for substrate-induced dfm1D suppression, and again, dfm1Dhrd3D hemi-

Hrd1 cells showed fully restored degradation of SUS-GFP by nine passages (P9) and thus, the transmem-

brane domain of Hrd1 alone could support restoration of degradation in the dfm1D strains, so long as

HRD3was absent (Figure 5B). Importantly, SUS degradation is unaffected in the control singlemutant back-

grounds hrd3D, C399S-HRD1, and hemi-HRD1, indicating that the HRD complex mutants tested herein do

not affect SUS in normal circumstances but only participate in the suppression pathway when Dfm1 is ab-

sent (Figure S2C).

The above studies indicate that Hrd1’s ubiquitination function is not required for restoring SUS-GFP retro-

translocation and degradation but rather serves to remove Hrd3, which impedes this action of Hrd1. We

then performed a series of biochemical experiments to directly test if inactive C399S-Hrd1 and truncated
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hemi-Hrd1 indeed support the restoration of membrane substrate retrotranslocation. As demonstrated

above, direct strong expression (from TDH3 promoter) of Hrd1 allowed rapid suppression of dfm1D strains

without passaging of cells to attain suppression. This simpler approach allows for more direct analysis of

the suppressed state and more rapid study of various questions. Hence, both inactive C399S-Hrd1 and

Figure 4. Hrd3 Antagonizes Hrd1’s Suppressive Retrotranslocation Function

(A and B) Galactose-induced Hrd3 overexpression causes cell lethality in dfm1D suppressed cells. WT, hrd1D, and dfm1D

suppressed cells overexpressing SUS-GFP (A) or Hmg2-GFP (B) and harboring either empty vector or GAL-driven Hrd3

were compared for growth by dilution assay. Each strain was spotted 5-fold dilutions on glucose-containing or galactose-

containing plates to drive Hrd3 overexpression, and plates were incubated at 30�C.
(C) Hrd3 overexpression blocks restoration of ERAD-M retrotranslocation. WT and dfm1D cells overexpressing SUS-GFP

were grown in the presence of glucose to turn off Hrd3 expression and passaged to suppression at the indicated number

of times into fresh minimal media (P11). P11WT and dfm1D cells were then passaged into minimal media containing

galactose as a sole carbon source to trigger Hrd3 overexpression (P12). Flow cytometry was used to assess SUS-GFP

steady-state levels. Histograms of 10,000 cells are shown, with the number cells versus GFP fluorescence.

(D) Degradation of SUS was measured by CHX-chase assay in passaged suppressed dfm1D strains containing either

empty vector or GAL-driven Hrd3. After CHX addition, cells were lysed at the indicated times, analyzed by SDS-PAGE,

and immunoblotted for SUS with a-GFP. Band intensities were normalized to PGK1 loading control and quantified by

ImageJ. t = 0 was taken as 100%, and data are represented as meanG SEM from at least three experiments, ***p < 0.001,

Repeated measures ANOVA.
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Figure 5. Hrd1’s Ubiquitination Activity Is Dispensable for Suppressive ERAD-M Retrotranslocation

(A) Depiction of E3 ligase Hrd1, C399S-Hrd1, and hemi-Hrd1. C399S-Hrd1 is an inactive version of Hrd1 in which the

essential cysteine is mutated in the RING finger. Hemi-Hrd1 is a truncated version Hrd1 only containing the

transmembrane domain.

(B) Removal of Hrd3 allows RING-dead C399S and hemi-Hrd1 to support suppression and degradation of SUS-GFP when

Dfm1 is absent. The indicated strains overexpressing SUS-GFP were passaged to suppression. Cells were passaged and

SUS-GFP levels were analyzed by flow cytometry. Histograms of 10,000 cells are shown, with the number of cells versus

GFP fluorescence.

(C) Overexpression of C399S-Hrd1 is sufficient for restoring retrotranslocation of SUS-GFP in dfm1Dhrd3D cells. Crude

lysate was prepared from the indicated strains treated with vehicle or MG132 (25 mg/mL). Lysates were ultracentrifuged to

discern ubiquitinated SUS-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the

membrane (P). Following fractionation, SUS-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-

PAGE, and immunoblotted with a-GFP and a-Ubi.

(D) Strongly expressed hemi-Hrd1 is sufficient for restoring retrotranslocation of SUS-GFP in dfm1Dhrd3D cells. Same as

(C) except dfm1Dhrd3D cells with empty vector or strongly expressed hemi-Hrd1 was used in the in vivo retrotranslocation

assay.

(E) hemi-Hrd1 restores Cdc48 recruitment to ER membrane. Total cell lysate (T) from the indicated strains were separated

into soluble cytosolic fraction (S) and pellet microsomal fraction (P) upon centrifugation at 14,000 3 g. Each fraction was
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hemi-Hrd1 expressed under control of the TDH3 promoter were transformed into dfm1D strains and

directly tested for restored retrotranslocation of SUS-GFP. As expected, overexpression of C399S-Hrd1

or hemi-Hrd1 dfm1D cells with HRD3 intact failed to restore retrotranslocation, indicated by a buildup of

ubiquitinated SUS-GFP in the pellet fraction in both untreated and MG132 treated cells (Figures 5C and

5D, lanes 1–4). The same experiment done with inclusion of the hrd3D null resulted in normal retrotranslo-

cation of SUS-GFP, which was enhanced by MG132 (Figures 5C and 5D, lanes 5–8). This experiment indi-

cates restoration of ERAD-M retrotranslocation does not require Hrd1’s ubiquitination activity.

Previously, we developed an assay for Cdc48 binding to microsomal membranes and have shown that

Cdc48 recruitment to the ER surface relied mainly on Dfm1 (Neal et al., 2018). In the case of suppressed

cells, we observed restored Cdc48 binding even with no Dfm1 present. Accordingly, we employed the

Cdc48 microsomal association assay to see if hemi-Hrd1 similarly restores Cdc48 recruitment in the sup-

pressed state. Briefly, lysates from WT, dfm1Dhrd1D, and dfm1Dhrd1Dhrd3D cells with overexpressed

hemi-Hrd1 were centrifuged at 20,000 3 g to separate membrane pellet (P) from supernatant (S) (Fig-

ure 5E). Fractions were analyzed on SDS-PAGE and immunoblotted for Cdc48 and the cytoplasmic

enzyme PGK1. In all strains, cytosolic PGK1 remained in the supernatant and no PGK1 associated with

the microsomal pellet. Hrd1 overexpression in dfm1Dhrd1D cells showed the expected Cdc48 binding,

with �20% of total Cdc48 associating with the microsome pellet. In contrast, hemi-Hrd1 overexpression

alone did not support Cdc48 binding to microsomes in dfm1D hrd1D cells (Figure 5E). However, once

Hrd3 was removed, hemi-Hrd1 showed full restoration of Cdc48 recruitment to the microsome in com-

parison with non-suppressed cells (Figure 5E). Overall, by all criteria examined, the rapid suppression

by overexpressed catalytically dead Hrd1 was complete, in terms of substrate degradation, Cdc48

recruitment, and restored retrotranslocation. So long as the substrate is polyubiquitinated by its fused

ubiquitinating domain (SUS-GFP) or by the Doa10 E3 ligase (Ste6*-GFP), suppressive retrotranslocation

does not require Hrd1’s ligase activity.

Hrd1’s Ubiquitination Activity Is Dispensable for Suppressive Retrotranslocation of DOA-

Dependent Membrane Substrates

So far, by using SUS-GFP, we demonstrated that Hrd1-dependent retrotranslocation can occur in the

absence of its ubiquitination activity. SUS-GFP contains Hrd1’s catalytic RING domain, allowing it to un-

dergo rapid self-ubiquitination independent of Hrd1. This valuable tool allows separate analysis of

Hrd1’s function distinct from its well-characterized self- or substrate ubiquitination. However, because

the Hrd1 RING domain is present on the SUS substrate, it is formally possible this trans-expressed RING

domain could interact with mutant Hrd1 derivatives (C399S and hemi-Hrd1) and thus create a ‘‘de facto’’

trans-associated Hrd1, as we have shown can occur in vivo (Gardner et al., 2000). To address this issue,

we tested the ability of Hrd1 to restore retrotranslocation of ERAD-M substrates ubiquitinated by the

Doa10 E3 ligase, thus obviating concerns surrounding inadvertent trans-reconstitution of full-length

Hrd1. We first examined Ste6* in our suppression experiments, a classic multispanning DOA substrate,

which mainly relies on E3 ligase Doa10 for ubiquitination and degradation (Figure S2D) (Huyer et al.,

2004; Ravid et al., 2006). Because this substrate is retrotranslocated by Dfm1, but ubiquitinated primarily

by Doa10, it allows examination of Hrd1-mediated suppressive retrotranslocation in the absence of the

Hrd1 RING domain present on SUS-GFP. Briefly, CHX-chase was performed on dfm1D nulls strongly ex-

pressing inactive C399S or hemi-Hrd1 and Ste6*-GFP degradation was monitored over time. By simply

overexpressing wild-type Hrd1 in dfm1Dhrd1D double null cells, we observed instant suppression and

degradation of Ste6*-GFP (Figure 6A, left panel). When Hrd3 was normally expressed, strong expression

of neither C399S nor hemi-Hrd1 could support suppression, as expected from the need for Hrd3 removal

to allow Hrd1-mediated retrotranslocation (Figure 6A, left panel). As predicted from this model, strongly

expressed C399S and hemi-Hrd1 were each able to support Ste6*-GFP in the dfm1D, when HRD3 was

removed beforehand indicating Hrd1’s ubiquitination function is also dispensable for removing a DOA

substrate, Ste6*-GFP, from the ER membrane (Figure 6A, right panel). Importantly, Ste6 degradation

Figure 5. Continued

analyzed by SDS-PAGE and immunoblotted for Cdc48 with a-Cdc48 and PGK1 with a-PGK1. The graph shows the

quantification of Cdc48 in the pellet fractions of the respective cells as measured from ImageJ. Data are represented

as percentage of Cdc48 that is bound to pellet fraction and is shown as mean G SEM from three independent

experiments, ****p < 0.0001, unpaired t test.
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was unaffected in DFM1 cells containing hrd3D or cells strongly expressing C399S or hemi-Hrd1 alone

(Figure S2D).

We next tested another well-characterized DOA-dependent membrane substrate, Deg1-Vma12-GFP, in

our suppression experiments. Deg1-Vma12-GFP is an ER membrane protein with Deg1-a degron recog-

nized by E3 ligase Doa10-fused to its N terminus, which renders it a DOA10 substrate (Ravid et al.,

2006). Importantly, Deg1-Vma12-GFP degradation is entirely Doa10 mediated, with no dependence on

Hrd1, allowing totally unambiguous separation of Hrd1’s retrotranslocation function from its classic ubiq-

uitination activity. Deg1 imparts remarkably rapid degradation to the fusion, such that the GFP signal is

almost entirely absent in a wild-type strain where Doa10-mediated degradation occurs (Figure 6B). How-

ever, the Deg1-Vma12-GFP signal is easily visible and equally strong in either the doa10D or the dfm1D

null but undetectable in a hrd1D null (Figure 6B). We also evaluated degradation of Deg1-Vma12-GFP

by immunoblotting. In our wild-type strains, steady-state levels of Deg1-Vma12-GFP were undetectable

from whole-cell yeast lysates but were detectable in isolated microsomes. Using microsomes, we observed

a dramatic elevation of Deg1-Vma12-GFP steady-state levels in doa10D cells, whereas WT or hrd1D cells

had undetectable levels of Deg1-Vma12-GFP (Figure 6C, left panel). Hence, in agreement to previous

studies, this substrate is targeted by E3 ligase Doa10 for ubiquitination and does not require Hrd1 for ubiq-

uitination or degradation (Ravid et al., 2006). Furthermore, in pdr5D cells treated with proteasome-inhib-

itor, MG132, Deg1-Vma12-GFP levels were stabilized indicating this substrate is ultimately degraded by

the proteasome (Figure 6C, right panel). The extent of Deg1-Vma12-GFP stabilization caused by

doa10D was as strong as that caused by dfm1D (Figures 6B and 6C). This is consistent with our hypothesis

that Dfm1’s involvement in ERAD-M retrotranslocation extends to both HRD and DOA branches (Neal

et al., 2018). We used both microscopy and microsome immunoblotting to study the role of Hrd1 in

dfm1D suppression of this Hrd1-independent ERAD-M substrate. As indicated in both assays, by fifteen

passages (P15), retrotranslocation and degradation of Deg1-Vma12-GFP were restored, as indicated by

undetectable steady-state levels (Figures 6D and 6E). Despite the complete non-involvement of Hrd1 ubiq-

uitination in Deg1-Vma12 degradation, the suppression was entirely dependent on Hrd1: the dfm1Dhrd1D

double null failed to undergo suppression: even after 15 passages, the levels of Deg1-Vma12-GFP re-

mained stabilized in the double null (Figures 6D and 6E).

The independence of Deg1-Vma12-GFP degradation from Hrd1 ubiquitination activity allowed us to test if

Hrd1 supports retrotranslocation of Deg1-Vma12-GFP when its ligase activity is ablated in the absence of

the Hrd1-RING domain usually found in SUS-GFP. We used ‘‘instant’’ suppression brought about by direct

strong expression of the various Hrd1 test constructs from the TDH3 promoter, as described above. As ex-

pected from the above studies with SUS or Ste6*-GFP, TDH3-driven native Hrd1 could support Deg1-

Vma12-GFP degradation in the hrd1Ddfm1D strain, whereas neither C399S- nor hemi-Hrd1 could support

restored degradation when HRD3 was present (Figure 6F ‘‘hrd1D dfm1D’’ group). In striking contrast, when

HRD3 was absent from these same strains (right panel ‘‘hrd3D’’), degradation of Deg1-Vma12-GFP was fully

restored by strong expression of either inactive Hrd1 variant, resulting in low steady-state levels due to

rapid degradation (Figure 6F). Altogether, all HRD and DOA pathways membrane substrates so far tested

undergo suppressive Hrd1-dependent retrotranslocation in the absence of its catalytic ubiquitination func-

tion, so long as HRD3 is absent.

Remodeled HRD Complex no Longer Functions in ERAD-L

Our findings reveal Hrd1-mediated translocation of membrane substrates is dispensable of its partner

component, Hrd3, as well as its ubiquitination activity. Recent studies suggest Hrd1-mediated transloca-

tion of ERAD-L occurs through self-ubiquitination activity of Hrd1, which has also been shown to be regu-

lated by Hrd3 (Baldridge and Rapoport, 2016; Peterson et al., 2019; Vasic et al., 2020). This led us to posit

whether HRD complex remodeling in the suppression pathway negatively affects ERAD-L. CHX-chase

assay was used to monitor the degradation rate of ERAD-L substrates, CPY* and KHN, in dfm1D sup-

pressed cells overexpressing SUS-GFP as well (Figures S3A and S3B). Interestingly, both CPY* and KHN

degradation was stabilized in suppressed cells. Hence, ERAD-M retrotranslocation is restored in the sup-

pression pathway, whereas ERAD-L is compromised.

DISCUSSION

This study adds a new dimension to our understanding of the Hrd1 E3 ligase and the functional plasticity of

the HRD complex. In normal circumstances, Dfm1 appears to be the only mediator of ERAD-M
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Figure 6. Hrd1’s Ubiquitination Activity Is Not Required for Suppressive Retrotranslocation of DOA-Dependent

Substrates, Ste6* and Vma12

(A) Inactive C399S-Hrd1 and hemi-Hrd1 restores degradation of Ste6*-GFP in dfm1Dhrd3D cells. Degradation of Ste6*-

GFP was measured by CHX-chase assay in the indicated strains that either contained empty vector or C399S-Hrd1 and

hemi-Hrd1 driven by a strong TDH3 promoter. After CHX addition, cells were lysed at the indicated times, analyzed by

SDS-PAGE, and immunoblotted for Ste6* with a-GFP. Band intensities were normalized to PGK1 loading control and

quantified by ImageJ. t = 0 was taken as 100%, and data are represented as meanG SEM from at least three experiments,

***p < 0.001, repeated measures ANOVA.

(B) VMA12-GFP fluorescence of indicated strains was examined by fluorescence microscopy. Equivalent number of cells

were captured in each panel using identical settings. Scale bar, 5 mm.

(C) Microsomes were isolated from the indicated strains, and the steady-state levels of VMA12 were analyzed by SDS-

PAGE and immunoblotted for VMA12 with a-GFP.
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retrotranslocation, with a broad range of integral membrane substrates from both the HRD or DOA path-

ways (Neal et al., 2018). As shown in our first studies of Dfm1, its dedicated route of ERAD-M even applies to

Hrd1 itself: in conditions where Hrd1 self-ubiquitination leads to its very rapid degradation, Dfm1 is abso-

lutely required for Hrd1 retrotranslocation, despite Hrd1’s clearly demonstrated role as a ERAD-L retro-

translocon (Neal et al., 2018). This strict boundary makes sense, considering that Hrd1 undergoes an elab-

orate cycle of self-ubiquitination and de-ubiquitination in the course of its dual roles as a ligase and a

lumenal retrotranslocon (Peterson et al., 2019; Vasic et al., 2020). If Hrd1 could mediate its own retrotrans-

location in normal circumstances, that might lead to catastrophic loss of this key quality control factor in the

course of its normal molecular duty cycle. There may be other evolutionary reasons for separate routes of

membrane and lumenal dislocation as well; the approaches and information from our and other’s recent

studies set the stage for exploring these intriguing questions.

Our discovery of Dfm1’s broad and critical role in ERAD-M retrotranslocation was delayed for over 10 years

by what we now know to be a rapid suppression mechanism that in the correct circumstances masks the

critical role of Dfm1 in ERAD (Neal et al., 2018). In dfm1D null cells that have undergone suppression,

retrotranslocation of ERAD-M substrates is fully restored, implying a separate and very efficient route of

retrotranslocation could occur. This suppression mechanism was first described and characterized in our

original description of Dfm1 as an ERAD-M retrotranslocon. In that work, we showed that elevation of

Hrd1 was a central feature of suppression, indicating that Hrd1 might be able to participate in ERAD-M ret-

rotranslocation in some conditions despite its usual non-participation in this branch of ERAD (Neal et al.,

2018). This surprising finding demanded investigation both to understand the details of Dfm1 action and to

more broadly explore the functional plasticity of the HRD machinery.

The suppression ofdfm1D strains was originally characterized in a simple passaging assay (Neal et al., 2018).

In null strains strongly expressing an ERAD-M substrate, suppression occurs rapidly, typically in less than 10

passages. The studies above show that in passage-derived suppressees, a fairly byzantine mechanism al-

lows amplification of Hrd1 to levels sufficient for restoration of ERAD-M: the entire Hrd1 chromosome is

amplified, combined with Ire1-stimulated HRD1 expression to bring about the >5-fold increase on Hrd1

needed for suppression. Thus, a key feature of the original passage-based suppression is the uniform

appearance of the duplicated chromosome XV. This is normally a very rare event that we have been unable

to observe in simple plating assays for a GFP-labeled chromosome XV to track for frequency of duplication

(S. Neal, D. Lam, unpublished observation). In exploring how such a rare duplication can occur with total uni-

formity, wediscovered that loss of Dfm1 function caused a drastic cellular stresswhenpresent in conjunction

with elevated levels of an ERAD-M substrate. The growth stress is profound (over 600-fold by plating) and

thus allows for a strong selection for the rare duplicant suppressees, which did indeed have a restored

normal growth rate alongwith restored ERAD-M retrotranslocation. Remarkably, this strong growth pheno-

type is unique todfm1D strains: other equally strongERAD-deficientmutants both upstreamor downstream

of Dfm1 (hrd1D or cdc48-2) show no growth stress upon similar elevation of ERAD-M substrates. Thus, the

growth effects above suggest the intriguing possibility that Dfm1 has a unique role in this novel ER stress.

This possible function for Dfm1 inmanagingmembrane-protein stress may be part of a larger role for rhom-

boids in stress physiology. For example,mitochondrial rhomboid protease PARL is a key participant inmito-

chondrial stress response (Hill and Pellegrini, 2010). Whether the above growth effects represent a stress

unique to Dfm1 function, or are a more general phenomenon of rhomboid biology, the assays above pro-

vide a facile and genetically tractable way to explore this aspect of Dfm1 action. It is critical to highlight that,

although strong expression of ERAD-L substrates has been known to trigger the UPR (Kimata and Kohno,

2011; Ron andWalter, 2007; Schröder and Kaufman, 2005;Walter and Ron, 2011), the extreme stress caused

by strongly expressed ERAD-M substrates indfm1D seems to be something distinct. There appears to be no

activation of the classical UPR upon initial strong expression of ERAD-M substrates (our observation) in the

dfm1D nulls. Several questions are raised from this dfm1D-associated stress state: (1) How do membrane

Figure 6. Continued

(D) dfm1D suppression results in restoration of VMA12 retrotranslocation and degradation. Steady-state levels of VMA12

was measured by fluorescence microscopy in the indicated strains that is either not passaged (P0) or passaged to

suppression (P15).

(E) Steady-state levels of VMA12 was measured by western blotting in the indicated strains that is either not passaged (P0)

or passaged to suppression (P15). Scale bar, 5 mm.

(F) C399S-Hrd1 and hemi-Hrd1 restores degradation of VMA12-GFP in dfm1Dhrd3D cells. VMA12-GFP steady-state levels

were analyzed by western blotting with a-GFP in the indicated strains.
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substrates cause the growth defect phenotype? (2) How are cells negatively affected from strong expression

of membrane substrates when Dfm1 is absent? Intriguingly, SUS-GFP, which contains a stably folded

domain, Hmg1, also elicits growth stress in the absence of Dfm1. This raises the possibility that the source

of stress is not from substrate buildup but from excessive ubiquitination of substrates at the ER membrane.

Understanding the extent that protein misfolding and/or ubiquitination is the source of Dfm1-mitigated

stress will reveal new features of dfm1D-associated stress physiology.

A variety of experiments indicated that the only outcome of these complex events needed for re-establish-

ment of ERAD-M retrotranslocation is elevation of Hrd1 levels; neither UPR nor any other portion of

chromosome XV was needed for Hrd1-dependent suppression. Although IRE1 was indeed needed for

the original growth-based assays when DFM1 was absent, this was due to the contribution that the UPR

made to establishing elevated Hrd1 levels expressed from the duplicated chromosome with its native

UPR-responsive promoter. If Hrd1 was instead expressed from a strong promoter to sufficient levels,

then the requirement for IRE1 was removed. It is worth noting, however, that the requirement for IRE1 is

consistent with the inability of the remodeled, dfm1D suppressing HRD complex to support ERAD-L as

demonstrated above, since loss of ERAD-L can lead to UPR activation (Kimata and Kohno, 2011; Ron

and Walter, 2007; Schröder and Kaufman, 2005; Walter and Ron, 2011).

The above studies of dfm1D suppressees revealed that the HRD complex undergoes surprising remodeling

concomitant with the restoration of ERAD-M retrotranslocation. The highly stable Hrd3 protein that is nor-

mally present at identical levels to Hrd1 undergoes drastic loss owing to proteasome-dependent degrada-

tion, which is dependent on Hrd1 ubiquitination activity. Based on our current model of the suppression

pathway, Hrd3 appears to be the ‘‘first victim’’ of elevated Hrd1. Specifically, as Hrd1 elevates above the

1:1 Hrd1:Hrd3 stoichiometry, Hrd3 becomes an ERAD-M substrate and constitutively degraded. So far,

very little is known about the feature requirement for Hrd3 degradation. Moreover, HRD complex remod-

eling leads to complete stabilization of ERAD-L, CPY* and KHN, degradation. This is distinct from earlier

results showing CPY* degradation in cells that are overexpressing Hrd1 even when Hrd3 is absent. This

discrepancy supports the idea that there are functional and, in all likelihood, compositional changes in

the HRD complex that allow ERAD-M supported by elevated Hrd1 with absence of ERAD-L. In fact, our pre-

vious studies have shown Der1, the HRD complex component involved in ERAD-L retrotranslocation, is

dispensable in the suppression pathway. Clearly these differences demand a detailed proteomic analysis

of the ERAD-M permissive HRD complex, and integrating the resulting information into the natural biology

of ERAD in normal and stressed cells.

Moreover, we have observed loss of Hrd3 was absolutely required for Hrd1-dependent suppression and

retrotranslocation. Consistent with this model, simple removal of Hrd3 by use of a hrd3D strain allowed

catalytically inactive C399S-Hrd1 or even Hrd1 missing its entire cytoplasmic region to function in suppres-

sive ERAD-M retrotranslocation. Forced reintroduction of Hrd3 to suppressees by activation of a strong

inducible promoter caused immediate cessation of restored ERAD-M retrotranslocation and recapitulation

of the drastic growth stress as seen in unsuppressed dfm1D strains with high levels of ERAD-M substrates.

This result could mean that under normal circumstances, Hrd3 prohibits Hrd1 frommediating ERAD-M ret-

rotranslocation. It is unclear what features of Hrd3 are blocking suppressive ERAD-M retrotranslocation.

Because our earlier studies demonstrated that the luminal domain of Hrd3 is sufficient for functioning

with Hrd1, along with the fact that functional Hrd3 homologs in other organisms are purely only luminal,

we believe the luminal region of Hrd3 is important for controlling Hrd1’s suppressive function. Further-

more, a cryo-EM structure of Hrd1-Hrd3 complex shows a portion of Hrd3 binds to TMD 1&2 of Hrd1-re-

gions suggested to serve as a lateral gate for incoming integral membrane substrates (Schoebel et al.,

2017). It is possible that the presence of Hrd3 blocks lateral gate function and prevents dislocation of

ERAD-M substrates. In addition, recent studies have shown that a subpopulation of mammalian HRD com-

plex can arise without SEL1 (SEL1 is the mammalian homolog of Hrd3) and this complex was more efficient

in retrotranslocating ER membrane clients, further implying an antagonistic or regulatory role of Hrd3 in

ERAD-M retrotranslocation (Hwang et al., 2017). Future studies will include analysis and understanding

of Hrd3’s action in its natural versus suppressed state using the tools and approaches gleaned from its spe-

cific role in dfm1D suppression.

We previously reported Cdc48 recruitment to the ER surface relies mainly on Dfm1 (Neal et al., 2018). Sur-

prisingly, the dfm1D suppressees show restored Cdc48 recruitment without Dfm1. This implies that Cdc48
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recruitment can be mediated by a number of mechanisms. For example, polyubiquitinated Hrd1 has been

shown to mediate the binding of Cdc48 (Baldridge and Rapoport, 2016; Stein et al., 2014). However, in the

suppressed dfm1D cells, a Hrd1 devoid of its RING domain was still able to support Cdc48 recruitment,

indicating that other effective modes of ER localization are yet to be discovered.

It would appear from these studies that elevation of Hrd1 can cause a remarkable remodeling of the HRD

complex leading to different actions and specificity. These insights were made possible by use of the

unique tool SUS-GFP, which provides powerful self-ubiquitinating activity (Garza et al., 2009b; Neal

et al., 2018). With this special substrate, it is possible to separate and examine other functions of Hrd1,

in particular its Hrd3-gated retrotranslocation of ERAD-M substrates. However, most studies use more

traditional substrates that are ubiquitinated by Hrd1, and thus separable observation of Hrd1’s other ac-

tions are not facile. Many earlier studies from our and other groups have shown that in normal strains,

Hrd1 overexpression will bypass the requirement of other upstream components (Hrd3, Usa1, and

Der1), suggesting Hrd1 might have a primordial function in both branches of ERAD (Carvalho et al.,

2010; Vashistha et al., 2016). However, these observations need to be integrated with the above and other

studies showing that that HRD complex function and composition is variable. Because many studies

including our own have capitalized on Hrd1 overexpression for studying aspects of ERAD (Garza et al.,

2009a; Vashistha et al., 2016), caution must be used in the interpretation of results so obtained with the

growing understanding of HRD complex’s complex behavior.

Several interesting questions arising from this study demand further investigation. First, how is it that eleva-

tion of Hrd1 leads to conversion of Hrd3 from a stable ERAD co-conspirator to a hapless, rapidly degraded

substrate? Also, how does Hrd1 remain stable in the absence of Hrd3, which is normally absolutely required

for Hrd1 stability (Vashistha et al., 2016)? How does the suppressed state restore the significant ER mem-

brane association of Cdc48 in the absence of its normal Dfm1-mediated association with the ER surface,

and more generally, what is the composition of the remodeled HRD complex that arises in suppression?

What features of Hrd1 are important for replacing Dfm1, and do any structural features of rhomboids, which

are not known to form channels, also exist in the Hrd1 transmembrane domain to allow suppression?

Finally, and most generally, are there normal physiological circumstances in which elevation of Hrd1 occurs

to bring about the remodeling observed in these studies? Are there stress response elements in the HRD1

promoters of yeast or mammals that are regulated by still-unknown signals of ER membrane stress? What-

ever the answers to these questions, it is now clear from this work that the ERAD machinery is capable of

surprising plasticity and functional flexibility to accommodate the large number of known and novel

stresses that arise during cellular life andmay lead to new ways tomodify ER-based quality control in funda-

mental and translational approaches to cellular quality control.

Limitations of the Study

We have shown that overexpression of membrane substrates in dfm1D cells elicits a profound growth

stress. For example, misfolded Sec61-2 is toxic to dfm1D cells, whereas its folded counterpart, Sec61,

has no impact on the growth of dfm1D null cells implying misfolding of membrane substrates is the source

of stress. In the contrary, SUS, the substrate initially used to characterize this pathway, has a stably folded

domain, Hmg1, suggesting accumulation of its ubiquitinated forms and not protein misfolding is the

source of growth toxicity. In fact, an earlier work by Metzger and Michaelis supports this idea of a similar

stress caused by ubiquitination of ERAD-M substrates (Metzger and Michaelis, 2009). Although the degree

to which ubiquitination and/or misfolding contributes to dfm1D null-associated stress has not been ad-

dressed in this study, studying the nature and features of this stress pathway opens up an entire line inquiry

for future studies.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
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Materials Availability

Plasmids and yeast strains generated in this study is available from our laboratory.
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Data and Code Availability
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All methods can be found in the accompanying Transparent Methods supplemental file.
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 Figure S1, Neal et al.

 

Figure S1.  Related to Figure 1.   dfm1  growth defect is caused by overexpression of an 
integral membrane substrate.  (A-F) Accumulation of ERAD-M substrates causes a growth 
defect in dfm1  cells and not in hrd1  cells. WT, dfm1 , and hrd1  cells either containing empty 
vector or GAL-driven ERAD-M substrates (Hmg2, 6xmyc-Hmg2-GFP, Sec61-2-GFP, Pdr5*-HA 
and SUS-GFP) or ERAD-L substrates (CPY*-HA) were compared for growth by dilution assay.  
Each strain was spotted 5-fold dilutions on glucose or galactose-containing plates to drive 
overexpression of the indicated substrate.  Plates were incubated at 30oC.  and imaged by a 
fluorescent imager.  



 Figure S2, Neal et al.
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Figure S2.  Related to Figure 5 and 6.  Ubiquitin ligase activity of Hrd1 is indispensable for 
dfm1 -associated suppression. (A) Inactive C399S-Hrd1 supports degradation of SUS-GFP in 
dfm1 hrd3  cells.  Degradation of SUS-GFP was measured by CHX-chase assay in the indicated 
strains that is either not suppressed (P0) or passaged to suppression (P9). After CHX addition, cells 
were lysed at the indicated times, analyzed by SDS-PAGE and immunoblotted for SUS with -
GFP.  (B)  Inactive C399S-Hrd1 restores retrotranslocation of SUS-GFP in dfm1 hrd3  cells.  
Crude lysate was prepared from the indicated strains treated with vehicle or MG132 (25 g/mL).   
Lysates were ultracentrifuged to discern ubiquitinated SUS-GFP that either has been 
retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following 
fractionation, SUS-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE 
and immunoblotted with -GFP and -Ubi.  (C&D) hrd3 , C399S-Hrd1 and hemi-Hrd1 alone 
does not affect SUS and Ste6* degradation.  Degradation of SUS or Ste6* was measured by CHX-
chase assay in the indicated strains. After CHX addition, cells were lysed at the indicated times, 
analyzed by SDS-PAGE and immunoblotted for SUS or Ste6* with -GFP. 



 Figure S3, Neal et al.
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Figure S3.  dfm1  suppression affects ERAD-L. (A) dfm1  suppression results in stabilization 
of CPY* degradation. CHX-chase assay was performed on dfm1  cells co-expressing SUS-GFP 
and CPY*-HA that is either is not suppressed (P0) or passaged to suppression (P9). After CHX 
addition, cells were lysed at the indicated times, analyzed by SDS-PAGE and immunoblotted for 
SUS with -GFP and CPY* with -HA. (B) Same as (A) except ERAD-L substrate, KHN-HA, 
was analyzed.  

 
 



	
Table S1.  Plasmids used in this study, Related to Figures 1-6  
Plasmid Gene  

 
pRH1120 
 
pRH2888 
 
pRH2879 
 
pRH3113 
 
pRH3114 
 
pRH3112 
 
pRH 2900 
 
pRH 2901 
 
pRH 469 

 
YCp   URA3            pGAL1-HMG2-GFP 
 
YCp   URA3            pGAL1-6xMYC-HMG2-GFP 
 
YCp   URA3            pGAL1-SEC61-2-GFP 
 
YCp   URA3            pGAL1-PDR5*-HA 
 
YCp   URA3            pGAL1-SUS-GFP 
 
YCp   URA3            pGAL1-CPY*-HA 
 
YIp    TRP1              pTDH3-SUS-GFP 
 
YIp    URA3             pTDH3-SUS-GFP 
 
YIp    URA3             pTDH3-HMG2-GFP 

 

 
pRH 1958 
 
pRH 2497 
 
pRH2441 
 
pRH2697                   
 
pRH3004 
 
pRH2513 
 
pRH2514                  
 
pRH1246                  
 
 

	
YIp    TRP1              pHRD1-5xMYC 
 
2μ      URA3             pPGK-STE6-166-3HA-GFP 
 
YCp   LEU2             pHRD3-HA 
 
YCp   URA3/HIS3   pHRD1-MYC 
 
YCp   URA3            pGAL1-HRD3-HA 
 
YIp    TRP1             pTDH3-HRD1-MYC 
 
YIp    TRP1             pTDH3-HRD1-C399S-MYC 
 
YIp    LEU2             pTDH3-HRD1-hemi-MYC 
 
 

	



 
 
pRH2515 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
YIp    TRP1        pMET25-DEG1-FLAG-VMA12-GFP 
 
 
 
 

	 	 	 	

	 	 	 	

	 	 	 	



Table S2.  Yeast strains used in this study, Related to Figures 1-6 
Strain Genotype Reference 
RHY 10520 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3 
 

This study 

RHY 10519 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 10518 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3 
 

This study 

RHY 10517 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 10655 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 hrd1∆::KanMX 
CEN::URA3 
 

This study 

RHY 10654 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 hrd1∆::KanMX 
CEN::URA::GAL1pr-HMG2-GFP 
 

This study 

RHY 10802 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3::GAL1pr-6xMYC-HMG2-GFP 
 

This study 

RHY 10804 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3::GAL1pr-6xMYC-HMG2-GFP 
 

This study 

RHY 11534 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 hrd1∆::KanMX 
CEN::URA3::GAL1pr-6xMYC-HMG2-GFP 
 

This study 

RHY 10803 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3::GAL1pr-SEC61-2-GFP 
 

This study 

RHY 10804 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3::GAL1pr-SEC61-2-GFP 
 

This study 

RHY 11533 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 hrd1∆::KanMX 
CEN::URA3::GAL1pr-SEC61-2-GFP 
 

This study 

RHY 11580 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3::GAL1pr-PDR5*-HA 
 

This study 

RHY 11581 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3::GAL1pr-PDR5*-HA 
 

This study 

RHY 11583 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 hrd1∆::KanMX 
CEN::URA3::GAL1pr-PDR5*-HA 

This study 



 
RHY 11584 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 hrd1∆::KanMX 
CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 11087 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3 
 

This study 

RHY 11088 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 pdr5∆::KanMX 
CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 11096 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3 
 

This study 

RHY 11098 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 dfm1∆::KanMX 
CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 11107 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 ire1∆::KanMX 
CEN::URA3 
 

This study 

RHY 11109 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 ire1∆::KanMX 
CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 11116 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 ire1∆::KanMX 
dfm1∆::NatR CEN::URA3 
 

This study 

RHY 11117 
 

Mata met15∆0 his3∆1 leu2∆0 ura3∆0 ire1∆::KanMX 
dfm1∆::NatR CEN::URA3::GAL1pr-HMG2-GFP 
 

This study 

RHY 10906 
 

Matα ade2-101 met2 lys2-801 his3∆200 trp1::hisG leu2∆ ura3-
52 hrd1∆::KanMX dfm1∆::NatR CEN::URA3::HIS3::prHRD1-
MYC 
 

This study 

RHY 11048 
 

Mata ade2-101 met2 lys2-801 his3∆200 trp1::hisG leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP hrd1∆::KanMX dfm1∆::NatR 
CEN::HIS3::prHRD1-MYC 
 

Neal et 
al., 2018 

RHY 11512 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP::TDH3pr-HRD1-MYC leu2∆ ura3-52 
hrd1∆::KanMX dfm1∆::NatR  
 

This study 

RHY 11514 
 

Mata ade2-101 met2 lys2-801 his3∆200 trp1::hisG::TRP leu2∆ 
ura3-52::URA3::TDH3pr-HMG2-GFP hrd3∆::KanMX 
dfm1∆::NatR hrd1∆::prHRD1-MYC CEN::LEU2::prHRD3-HA 
 
 

This study 



RHY 11063 
 

Mata ade2-101 met2 lys2-801 his3∆200 trp1::hisG leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP dfm1∆::NatR  

This study 

RHY 11030 
 

Mata ade2-101 met2 lys2-801 his3∆200 trp1::hisG leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX 
 

Neal et 
al., 2018 

RHY 11047 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52 
CEN::URA3 
 

This study 

RHY 11329 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52 
CEN::URA3::GAL1pr-HRD3-HA 
 

This study 

RHY 11330 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52  
hrd1∆::LEU2 CEN::URA3 
 

This study 

RHY 11331 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52  
hrd1∆::LEU2 CEN::URA3::GAL1pr-HRD3-HA 
 

This study 

RHY 11332 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52  
dfm1∆::NatR CEN::URA3 
 

This study 

RHY 11333 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52  
dfm1∆::NatR CEN::URA3::GAL1pr-HRD3-HA 
 

This study 

RHY 11334 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52  
dfm1∆::NatR CEN::URA3::GAL1pr-HRD3-HA 
 

This study 

RHY 11014 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::MET25pr-Deg1-FLAG-VMA12-GFP leu2∆ 
ura3-52  dfm1∆::NatR hrd1∆::KanMX  
 

This study 

RHY 11013 
 

Mata ade2-101 met2 lys2-801 his3∆200 trp1::hisG::TRP1 leu2∆ 
ura3-52::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX  
 

This study 

RHY  11023 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-HRD1-MYC leu2∆ ura3-
52::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX  
 

This study 



RHY  11024 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-C399S-HRD1-MYC leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX  
 

This study 

RHY  11025 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-hemi-HRD1-MYC leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX  
 

This study 

RHY 11026 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-C399S-HRD1-MYC leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX 
hrd3∆::LEU2 
 

This study 

RHY  11063 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-hemi-HRD1-MYC leu2∆ ura3-
52::URA3::TDH3pr-SUS-GFP dfm1∆::NatR hrd1∆::KanMX 
hrd3∆::LEU2 
 

This study 

RHY  11064 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-HRD1-MYC leu2∆ ura3-52 
dfm1∆::NatR hrd1∆::KanMX CEN::URA3::STE6-166-HA-GFP 
 

This study 

RHY  11076 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-C399S-HRD1-MYC leu2∆ ura3-52 
dfm1∆::NatR hrd1∆::KanMX CEN::URA3::STE6-166-HA-GFP 
 

This study 

RHY  11077 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-hemi-HRD1-MYC leu2∆ ura3-52 
dfm1∆::NatR hrd1∆::KanMX CEN::URA3::STE6-166-HA-GFP 
 

This study 

RHY  11112 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-C399S-HRD1-MYC leu2∆ ura3-52 
dfm1∆::NatR hrd1∆::KanMX CEN::URA3::STE6-166-HA-GFP 
hrd3∆::LEU2 
 

This study 

RHY  10907 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-hemi-HRD1-MYC leu2∆ ura3-52 
dfm1∆::NatR hrd1∆::KanMX CEN::URA3::STE6-166-HA-GFP 
hrd3∆::LEU2 
 

This study 

RHY  10890 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::MET25pr-Deg1-FLAG-VMA12-GFP leu2∆ 
ura3-52::URA3::TDH3pr-HRD1-MYC  dfm1∆::NatR 
hrd1∆::KanMX  
 

This study 



RHY 10891 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::MET25pr-Deg1-FLAG-VMA12-GFP leu2∆ 
ura3-52::URA3::TDH3pr-C399S-HRD1-MYC  dfm1∆::NatR 
hrd1∆::KanMX  
 

This study 

RHY  10892 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::MET25pr-Deg1-FLAG-VMA12-GFP  leu2∆ 
ura3-52::URA3::TDH3pr-hemi-HRD1-MYC dfm1∆::NatR 
hrd1∆::KanMX  
 

This study 

RHY  10893 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::MET25pr-Deg1-FLAG-VMA12-GFP leu2∆ 
ura3-52::URA3::TDH3pr-C399S-HRD1-MYC  dfm1∆::NatR 
hrd1∆::KanMX hrd3∆::LEU2  
 

This study 

RHY  10894 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::MET25pr-Deg1-FLAG-VMA12-GFP  leu2∆ 
ura3-52::URA3::TDH3pr-hemi-HRD1-MYC dfm1∆::NatR 
hrd1∆::KanMX hrd3∆::LEU2  
 

This study 

RHY  10895 
 

Mata ade2-101 met2 lys2-801 his3∆200 
trp1::hisG::TRP1::TDH3pr-SUS-GFP leu2∆ ura3-52 
dfm1∆::NatR CEN::URA3::CPY*-HA 
 

This study 
 

 



 
Table S3. KEY RESOURCES TABLE, Related to Figures 1-6 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse monoclonal anti-GFP Clontech Laboratories, 

Inc.  
Cat#632381; RRID: 
AB_2313808 

Mouse monoclonal anti-HA Thermo Fisher 
Scientific 

Cat#32-6700; RRID: 
AB_2533092 

Rabbit polyclonal anti-myc Genscript Cat#A00172; RRID: 
AB_914457 

Rabbit polyclonal anti-Cdc48 Neal et al., 2016 N/A 
Mouse monoclonal anti-PGK Thermo Fisher 

Scientific 
Cat#459250; RRID: 
AB_2569747 

Mouse monoclonal anti-Ubiquitin Richard Gardner: 
University of 
Washington 

N/A 

Bacterial and Virus Strains  
Escherichia coli DH5 alpha Competent Cells Thermo Fisher 

Scientific 
Cat#18265017 

Biological Samples   
   
   
   
   
   
Chemicals, Peptides, and Recombinant Proteins 
MG132 (benzyloxycarbonyl-Leu-Leu-aldehyde) Sigma-Aldrich 474787; CAS: 

133407-82-6 
Cycloheximide Sigma-Aldrich C7698; CAS: 66-819 
Protein A Sepharose GE Healthcare 17-0780-01 
   
Critical Commercial Assays 
   
   
   
Deposited Data 
Raw Files This study, Mendeley 

Data 
DOI: 
10.17632/py236jc9fh
.1 
 

   
   
   
   
Experimental Models: Cell Lines 
   
   
   
   



   
Experimental Models: Organisms/Strains 
Saccharomyces cerevisiae BY4741 GE Dharmacon Cat#YSC1048 
Saccharomyces cerevisiae S288C This study N/A 
Additional yeast strains used: refer to Table S2 This study  
   
   
   
Oligonucleotides 
   
   
   
   
   
Recombinant DNA 
Plasmids used:  refer to Table S1 This study  
   
   
   
   
Software and Algorithms 
Prism 7 for Mac GraphPad Software https://www.graphpa

d.com/scientific-
software/prism/ 
 

Image J NIH https://imagej.nih.go
v/ij/ 
 

FlowJo  Vashistha et al., 2016 https://www.flowjo.co
m/solutions/flowjo 

BD Accuri C6 BD Accuri Cat # 653122 
 
   
   
   
   
   

 
 
 
 

 



TRANSPARENT METHODS 

 

EXPERIMENTAL MODELS 

All experiments were carried out in Saccharomyces cerevisiae budding yeast in BY4741 and 

S288C background.  

 

METHOD DETAILS 

Yeast and Bacteria Growth Media 

Standard yeast Saccharomyces cerevisiae growth media were used, which included yeast extract-

peptone-dextrose (YPD) medium and ammonia-based synthetic complete dextrose (SC) and 

ammonia-based synthetic minimal dextrose (SD) medium supplemented with 2% dextrose and 

amino acids to enable growth of auxotrophic strains at 30oC.  Escherichia coli DH5 were grown 

overnight to saturation in standard LB media with ampicillin at 37oC (Gardner et al., 1998). 

 

Plasmids and Strains 

Plasmids used in this study are listed in Table S1.  Plasmids for this work were generated using 

standard molecular biological cloning techniques via polymerase chain reaction (PCR) of genes 

from yeast genomic DNA or plasmid followed by ligation into a specific restricted digested site 

within a construct and verified by sequencing (Eton Bioscience, Inc.).  Primer information is 

available upon request.  The CPY* (pRH1377) plasmid was a gift from Davis Ng (National 

University of Singapore, Singapore).  The Ste6* plasmid (pRH2058) was a gift from S. Michaelis 

(Johns Hopkins School of Medicine, MD). The VMA12 plasmid was a gift from Mark 

Hochstrasser (Yale School Medicine).   



A complete list of yeast strains and their corresponding genotypes are listed in Table S2.  All 

strains used in this work were derived from S288C or Resgen. Yeast strains were transformed with 

DNA or PCR fragments using the standard LiOAc method in which null alleles were generated by 

using PCR to amplify a selection marker flanked by 50 base pairs of the 5’ and 3’ regions, which 

are immediately adjacent to the coding region of the gene to be deleted. The selectable markers 

used for making null alleles were genes encoding resistance to G418 or CloNat/nourseothricin.  

After transformation, strains with drug markers were plated onto YPD followed by replica-plating 

onto YPD plates containing (500 μg/mL G418 or 200 μg/mL nourseothricin).  All gene deletions 

were confirmed by PCR.  

 

dfm1∆ strain handling 

To observe the phenotypic effect of dfm1∆ null strains, freshly transformed dfm1∆ null cells with 

the respective ERAD-M substrates was used in every assay. 

 

Cell passaging  

To observe suppression, dfm1∆ null strains with strongly expressed SUS-GFP were inoculated in 

fresh minimal selection media (-Ura). Once cells are grown to stationary phase, cells were 

passaged into fresh minimal selection media (.05 ODs) and grown to stationary phase. Cells were 

repeatedly passaged this way until dfm1∆ null strains are suppressed (typically by 8-10 passages).  

 

Spot dilution assay 

Yeast strains were grown in minimal selection media (-Ura) supplemented with 2% dextrose to 

log phase (OD600 0.2-0.3) at 30oC. 0.2 OD cells were pelleted and resuspended in 500 μL dH2O. 



250 μL of each sample was transferred to a 96-well plate where a five-fold serial dilution in dH2O 

of each sample was performed to obtain a gradient of 0.2-0.0000128 OD cells. The 8x12 pinning 

apparatus was used to pin cells onto synthetic complete (-Ura) agar plates supplemented with 2% 

dextrose or 2% galactose. Droplets of cells were air-dried in sterile conditions, then the plates were 

sealed with parafilm and incubated at 30oC. Plates were removed from the incubator for imaging 

after 3 days and again after 7 days. 

 

In Vivo Retrotranslocation Assay 

in vivo retrotranslocation assay was adapted and modified from (Jarosch et al., 2002). Cells in log 

phase (OD600 0.2-0.3) were treated with MG132 (benzyloxycarbonyl-Leu-Leu-aldehyde, Sigma) 

at a final concentration of 25 μg/mL (25 mg/mL stock dissolved in DMSO) for 2 hours at 30oC 

and GGPP (Geranylgeranyl pyrophosphate ammonium salt, Sigma) at a final concentration of 11 

μM for 1 hour at 30oC and 15 ODs of cells were pelleted.  Cells were resuspended in H20, 

centrifuged and lysed with the addition of 0.5 mM glass beads and 400 μL of XL buffer (1.2 M 

sorbitol, 5 mM EDTA, 0.1 M KH2PO4, final pH 7.5) with PIs, followed by vortexing in 1 minute 

intervals for 6-8 min at 4oC.  Lysates were combined and clarified by centrifugation at 2,500 g for 

5 min.  Clarified lysate was ultracentrifuged at 100,000 g for 15 min to separate pellet (P100) and 

supernatant fraction (S100).    P100 pellet was resuspended in 200 μL SUME (1% SDS, 8 M Urea, 

10 mM MOPS, pH 6.8, 10 mM EDTA) with PIs and 5 mM N-ethyl maleimide (NEM, Sigma) 

followed by addition of 600 μL immunoprecipitation buffer (IPB) with PIs and NEM.  S100 

supernatant was added directly to IPB with PIs and NEM.  15 μL of rabbit polyclonal anti-GFP 

antisera (C. Zuker, University of California, San Diego) was added to P100 and S100 fractions for 

immunoprecipitation (IP) of SUS-GFP.  Samples were incubated on ice for 5 minutes, clarified at 



14,000 g for 5 min and removed to a new eppendorf tube and incubated overnight at 4oC.  100 μL 

of equilibrated Protein A-Sepharose in IPB (50% w/v) (Amersham Biosciences) was added and 

incubated for 2 h at 4oC.  Proteins A beads were washed twice with IPB and washed once more 

with IP wash buffer (50 mM NaCl, 10 mM Tris), aspirated to dryness, resuspended in 2x Urea 

sample buffer (8 M urea, 4% SDS, 1mM DTT, 125 mM Tris, pH 6.8), and incubated at 55oC for 

10 min.  IPs were resolved by 8% SDS-PAGE, transferred to nitrocellulose, and immunoblotted 

with monoclonal anti-ubiquitin (1:4,000 dilution) (Fred Hutchinson Cancer Center, Seattle) and 

anti-GFP (1:10,000 dilution) (Clontech, Mountain View, CA).  Goat anti-mouse (Jackson 

ImmunoResearch, West Grove, PA) and goat anti-rabbit (1:10,000 dilution) (Bio-Rad) conjugated 

with horseradish peroxidase (HRP) recognized the primary antibodies.  Western Lightning® Plus 

(Perkin Elmer, Watham, MA) chemiluminescence reagents were used for immunodetection.   

 

Cycloheximide-Chase Assay 

Cycloheximide chase assays were performed in which cells were grown to log-phase (OD600 0.2-

.03) and cycloheximide was added to a final concentration of 50 μg/mL.  At each time point, a 

constant volume of culture was removed and lysed.  Lysis was initiated with addition of 100 μl 

SUME with PIs and glass beads, followed by vortexing for 4 min.  100 μl of 2xUSB was added 

followed by incubation at 55oC for 10 min.  Samples were clarified by centrifugation and analyzed 

by SDS-PAGE and immunoblotting (Sato et al., 2009).   

 

Cdc48 Microsome Association Assay 

Yeast strains were grown to log phase (OD600 0.2-0.3) and 15 ODs of cells were pelleted.  Cells 

were resuspended in H20, centrifuged and lysed with the addition of 0.5 mM glass beads and 400 



μL of XL buffer with PIs and vortexed in 1 minute intervals for 6-8 min at 4oC.  Lysates were 

combined and clarified by centrifugation at 2,500 g for 5 min.  50 μL of lysate was transferred to 

another tube and designated as total fraction (T).  The rest of clarified lysate was centrifuged at 

20,000 x g for 5 min to separate microsome pellet (P) and cytosolic supernatant fraction (S).    An 

equivalent volume of 2xUSB was added to T, P and S fractions followed by solubilization at 55oC 

for 10 min.  Samples were clarified by centrifugation, analyzed by SDS-PAGE and immunoblotted 

for Cdc48 and PGK1 with α-CDC48 (1:5,000) and α-PGK1(1:5,000) respectively.   

 

Flow Cytometry 

Yeast grown in minimal medium with 2% glucose and appropriate amino acids into log phase 

(OD600 < 0.2).  The BD Biosciences FACS Calibur flow cytometer measured the individual 

fluorescence of 10,000 cells. CellQuest software was used to analyze the data and plotted 

fluorescence vs. cell count histograms.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

ImageJ (NIH) was used for all western blot quantifications. Band intensities were measured 

directly from films scanned in high resolution (600 dpi) in TIFF file format.  “Mean gray value” 

was set for band intensity measurements. In such experiments, a representative western blot was 

shown and band intensities were normalized to PGK1 loading control and quantified.  t=0 was 

taken as 100% and data is represented as mean ± SEM from at least three experiments. GraphPad 

Prism was used for statistical analysis. Nested t-test, unpaired t-test or one-way factorial ANOVA 

followed by Bonferroni’s post-hoc analysis was applied to compare data. Significance was 



indicated as follow: n.s, not significant; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. The 

investigators were blinded during data analysis. 
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