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Inner-nuclear-membrane–associated degradation 
employs Dfm1-independent retrotranslocation 
and alleviates misfolded transmembrane-protein 
toxicity

ABSTRACT  Before their delivery to and degradation by the 26S proteasome, misfolded 
transmembrane proteins of the endoplasmic reticulum (ER) and inner–nuclear membrane 
(INM) must be extracted from lipid bilayers. This extraction process, known as retrotransloca-
tion, requires both quality-control E3 ubiquitin ligases and dislocation factors that diminish 
the energetic cost of dislodging the transmembrane segments of a protein. Recently, we 
showed that retrotranslocation of all ER transmembrane proteins requires the Dfm1 rhom-
boid pseudoprotease. However, we did not investigate whether Dfm1 also mediated ret-
rotranslocation of transmembrane substrates in the INM, which is contiguous with the ER but 
functionally separated from it by nucleoporins. Here, we show that canonical retrotransloca-
tion occurs during INM-associated degradation (INMAD) but proceeds independently of 
Dfm1. Despite this independence, ER-associated degradation (ERAD)-M and INMAD cooper-
ate to mitigate proteotoxicity. We show a novel misfolded-transmembrane-protein toxicity 
that elicits genetic suppression, demonstrating the cell’s ability to tolerate a toxic burden of 
misfolded transmembrane proteins without functional INMAD or ERAD-M. This strikingly 
contrasted the suppression of the dfm1Δ null, which leads to the resumption of ERAD-M 
through HRD-complex remodeling. Thus, we conclude that INM retrotranslocation proceeds 
through a novel, private channel that can be studied by virtue of its role in alleviating 
membrane-associated proteotoxicity.

INTRODUCTION
The ubiquitin proteasome system (UPS) monitors and degrades in-
tegral inner-nuclear-membrane (INM) proteins through a process 
known as INM-associated degradation (INMAD) (Smoyer and 
Jaspersen, 2019). Discovered and characterized in Saccharomyces 
cerevisiae, INMAD employs the classic cascade of E1, E2, and E3 
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enzymes to recognize and polyubiquitinate integral INM-localized 
substrates (Deng and Hochstrasser, 2006; Omnus and Ljungdahl, 
2014). Ubiquitination of substrates by INMAD-specific E3 ligases 
results in their subsequent degradation by nuclear-localized 26S 
proteasomes (Chen et al., 2011; Boban et al., 2014). In this way, 
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INMAD facilitates both regulated degrada-
tion, wherein normal proteins are degraded 
to control their abundance, and degradative 
protein quality control, wherein misfolded 
and otherwise aberrant proteins are de-
graded to prevent proteotoxic stress (For-
esti et al., 2014; Khmelinskii, Blaszczak, 
et al., 2014).

The INM is contiguous with the canoni-
cal endoplasmic reticulum (ER) but sepa-
rated by the complex barrier of the nuclear 
pore (Figure 1A). Thus, it is important and 
interesting to compare the relatively new 
INMAD to the canonical pathways of ER-as-
sociated degradation (ERAD) (Hampton and 
Garza, 2009; Sun and Brodsky, 2019). ERAD 
governs both regulated and quality-control 
degradation of ER proteins, and the ERAD 
pathway employs dedicated E3 ligases that 
determine substrate selection. Specifically, 
the Hrd1 E3 ligase mediates the ubiquitina-
tion of membrane (ERAD-M) and luminal 
(ERAD-L) substrates (Plemper et al., 1998; 
Vashist and Ng, 2004) and the Doa10 E3 
ligase primarily mediates the ubiquitination 
of cytosolic (ERAD-C) substrates (Swanson 
et al., 2001; Carvalho et al., 2006). In all 
cases, substrates are retrotranslocated into 
the cytosol and transported to cytosolic 26S 
proteasome for degradation (Richly et al., 
2005).

Given the similar molecular challenges 
faced by INMAD and ERAD, it is unsurprising 
that these pathways employ some of the 
same UPS machinery. For instance, it has 
been shown that the hexameric AAA ATPase 
Cdc48 (known as p97 in mammals) is 
required for the retrotranslocation and 
degradation of all ER and INM substrates 
studied to date (Ye et al., 2001; Braun and 
Matuschewski, 2002; Foresti et al., 2014). 
Similarly, a portions of ERAD and INMAD are 
governed by Doa10, which recognizes and 
ubiquitinates substrates in both subcellular 
compartments (Deng and Hochstrasser, 
2006). Alternatively, some substrates access 
both the ER and INM and undergo degrada-
tion by the HRD (HMG-CoA reductase deg-
radation) pathway when in the canonical ER 
and the INMAD pathway when in the nucleus 
(Foresti et al., 2014), the proportion of each 
probably determined by the stochastic parti-
tioning between the two compartments.

These overlaps are made possible by two 
features of the INM. First, the INM encloses 
and is in direct contact with the nucleoplasm, 
which is the same aqueous compartment as 
the cytosol (Figure 1A). Cdc48 and the 26S 
proteasome are permitted into the nucleo-
plasm from the cytosol through nucleoporins 
and thereby gain access to INMAD sub-
strates (Chen et al., 2011; Foresti et al., 2014; 

FIGURE 1:  Sec61-2-GFP is quality-control substrate of Hrd1 and Asi1. (A) Depiction of the 
contiguous ER and INM. A subset of ER proteins can diffuse through the nuclear pore complex 
(NPC) into the INM. Both the 26S proteosome and Cdc48 can access the nucleoplasm through 
nucleoporins, and cell physiology thus supports ERAD retrotranslocation into the cytoplasm and 
INMAD retrotranslocation into the nucleoplasm. (B) Sec61-GFP is stable, whereas sec61-2 GFP 
is a degraded. Isogenic strains expressing Sec61-GFP or Sec61-2-GFP were grown into log 
phase, and the degradation of each protein was measured using cycloheximide chase (CHX). 
After the addition of CHX, cells were collected and lysed at the indicated times. Lysates were 
analyzed by SDS–PAGE and immunoblotting with α-GFP and α-Pgk1. Densitometry was 
performed using ImageJ, and the α-GFP signal was normalized to α-Pgk1 signal. t = 0 was taken 
as 100% ,and data plotted are mean ± SD from three experiments. (C) Sec61-2-GFP is stabilized 
by the proteasome inhibitor MG132. A pdr5Δ strain expressing Sec61-2-GFP was grown into log 
phase and then treated with either MG132 (25 µg/ml) or DMSO. Degradation was then 
measured by CHX. After the addition of CHX, cells were collected and lysed at the indicated 
times. Lysates were analyzed by SDS–PAGE and immunoblotting with α-GFP and α-Pgk1. Data 
plotted are mean ± SD from three experiments. (D) Sec61-2-GFP degradation depends on both 
Hrd1 and Asi1. WT, hrd1Δ, asi1Δ, and hrd1Δasi1Δ strains expressing Sec61-2-GFP were 
subjected to CHX. After the addition of CHX, cells were collected and lysed at the indicated 
times. Lysates were analyzed by SDS–PAGE and immunoblotting with α-GFP and α-Pgk1. Data 
plotted are mean ± SD from three experiments. (E) Sec61-2-GFP degradation requires the 
Cdc48 ATPase. WT, hrd1Δasi1Δ, and retrotranslocation-deficient cdc48-2 strains expressing 
Sec61-2-GFP were subjected to CHX. After the addition of CHX, cells were collected and lysed 
at the indicated times. Lysates were analyzed by SDS–PAGE and immunoblotting with α-GFP 
and α-Pgk1. Data plotted are mean ± SD from three experiments.
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Gallagher et al., 2014). Second, the INM is contiguous with the ER, 
which allows a subset of proteins, such as Doa10, to diffuse freely 
between the two compartments (Deng and Hochstrasser, 2006; For-
esti et al., 2014; Natarajan et al., 2020). It seems that diffusion of 
membrane proteins is also gated by nucleoporins and that the size of 
a protein’s cytosolic domain(s) is the major determinant of diffusion 
into the INM (Ohba et al., 2004; Smoyer et al., 2016).

While the INM structure allows significant overlap in the use of 
INMAD and ERAD machinery, the INM also possesses UPS compo-
nents distinct from those employed in ERAD. The best characterized 
of these is the Asi E3 ligase complex. Originally identified as a com-
ponent of nutrient-sensing pathways, the Asi complex is composed 
of two RING-H2 motif E3 ubiquitin ligases, Asi1 and Asi3, and an 
adaptor, Asi2 (Zargari, Boban, et al., 2007). All three components 
are restricted to the INM (Zargari, Boban, et al., 2007; Smoyer et al., 
2016). Like other INMAD and ERAD ligases, the Asi complex has 
been shown to promote regulated degradation of substrates such 
as Erg11 and quality-control degradation of misfolded substrates 
such as Sec61-2 (Foresti et al., 2014; Khmelinskii, Blaszczak, et al., 
2014; Natarajanet al., 2020). However, the degree to which the Asi 
complex and INMAD rely on known components of the UPS re-
mains uncertain.

In particular, it is unclear how INMAD pathways perform the 
critical step of retrotranslocation. In the case of integral membrane 
substrates, retrotranslocation involves extraction of full-length, ubiq-
uitinated proteins from the membrane, thereby facilitating transport 
to and degradation by the 26S proteasome (Garza et al., 2009a; 
Neal et al., 2018). As in ERAD, the Asi complex seems to rely on 
Cdc48 ATP hydrolysis to provide the free energy required for this 
process (Foresti et al., 2014). However, in all known cases, Cdc48 is 
not sufficient to promote retrotranslocation, and there is a growing 
consensus that retrotranslocation requires other factors that can 
facilitate the thermodynamically challenging extraction of membrane 
proteins from their stable locations within the ER/IN membrane 
(Baldridge and Rapoport, 2016; Schoebel et al., 2017; Neal et al., 
2018, 2020; Natarajan et al., 2020; Schmidt et al., 2020; Vasic et al., 
2020; Wu et al., 2020). A recent study shows that the Asi complex 
itself can play this role in a purified system, at least for the subset of 
INMAD substrates that engage Asi2 (Natarajan et al., 2020). In these 
instances, Asi2 performs an essential role in retrotranslocation by 
binding to substrates within the lipid bilayer. Upon Asi2-mediated 
interaction, clients can be retrotranslocated in vitro by a reconsti-
tuted INMAD pathway including ubiquitin, appropriate E2s, Asi1, 
Asi2, Asi3, and Cdc48, implying that the Asi complex facilitates not 
only dislocation from the membrane but also the recruitment of 
Cdc48 to the ubiquitinated substrate. However, several substrates 
of the Asi complex, such as Sec61-2 (studied below), do not require 
Asi2 for degradation and instead rely solely on As1 and Asi3. These 
Asi2-independent substrates suggest the presence of another route 
of retrotranslocation in the INM.

Recently, we identified a key ERAD-M retrotranslocation factor, 
the derlin Dfm1, a six-pass integral ER membrane protein. Dfm1 is a 
member of the rhomboid pseudoprotease family (Kandel and Neal, 
2020) and bears a cytosolic SHP box that anchors Cdc48 to the ER 
membrane (Sato and Hampton, 2006; Stolz et al., 2010). We showed 
that Dfm1 is necessary for the retrotranslocation of a remarkably 
wide variety of integral ER membrane substrates, including HRD 
and Doa10 membrane substrates as well as Hrd1 itself (Neal et al., 
2018). We also demonstrated that successful retrotranslocation re-
quires both the SHP box and transmembrane domains. However, 
we did not directly investigate Dfm1 involvement in INMAD in those 
studies, and the question of Dfm1 participation in Asi-complex 

retrotranslocation remained unaddressed. In this work we have 
addressed this question.

Here, we demonstrate that INMAD, like classical ERAD-M, 
involves the retrotranslocation of full-length, ubiquitinated, 
multispanning substrates, but we conclude that INMAD retrotrans-
location does not require Dfm1. We show that the Hrd1-Asi client 
Sec61-2 is ubiquitinated by Hrd1 and the Asi complex in vivo and 
that the full-length substrate is then successfully retrotranslocated 
from the INM in vivo in dfm1Δ null strains. To further confirm the 
Dfm1 independence of the Asi complex, we show that Erg11, like 
Sec61-2, is degraded in a dfm1 null background. Finally, we show 
that the Doa10 client Asi2 (a protein localized exclusively in the INM) 
is successfully degraded in the absence of Dfm1. On the basis of 
these data, we conclude that one or more INM factors must substi-
tute for Dfm1 in both Asi- and Doa10-mediated INMAD.

To better understand the proteostatic physiology of the intercon-
nected ER and INM membranes, we also demonstrate a novel form 
of proteotoxicity mediated by the misfolded substrate Sec61-2. We 
show that a lethal proteotoxic stress is imposed by Sec61-2 in the 
absence of both INMAD and ERAD-M, suggesting a form of proteo-
toxicity specific to the contiguous ER-INM membrane. We also show 
that this lethal proteotoxic stress can select for the sequential dupli-
cation of chromosomes V and XIV. In cells that achieve this aneu-
ploidy, Sec61-2 is tolerated when both INMAD and ERAD-M are 
absent. Importantly, these changes do not restore degradation. 
These results demonstrate a novel form of ER-INM proteotoxic stress 
as well as a genetic pathway that allows the suppression of such 
stress. The detailed mechanism(s) by which a misfolded protein such 
as Sec61-2 interferes with cellular health present a promising direc-
tion for future studies, and the conditional lethality of Sec61-2 pro-
vides a means for the discovery of new INMAD/ERAD components.

RESULTS
INMAD substrates were degraded in the absence of Dfm1
To determine whether Dfm1 plays a role in INMAD, we set out to 
investigate a functional, misfolded sec61-2 allele of the essential 
protein Sec61 (Biederer et al., 1996). Previously, Sec61-2 has been 
demonstrated to be a target of both Asi-mediated INMAD and 
Hrd1-mediated ERAD-M (Foresti et al., 2014). These pathways 
function in parallel, and Sec61-2 degradation persists unless both 
pathways are disrupted.

To construct quantifiable SEC61 and sec61-2 fusions, we capital-
ized on the SEC61-GFP strain from the yeast green fluorescent 
protein (GFP) collection. In previous studies, a SEC61-GFP strain 
was viable and produced the expected ER localization of Sec61, 
suggesting that the C-terminal GFP tag interfered with neither func-
tion nor localization of its essential fusion partner (Huh et al., 2003). 
We subcloned both SEC61-GFP and the corresponding sec61-2-
GFP into constructs bearing a GAL1-inducible promoter. As ex-
pected, Sec61-GFP was stable when subjected to cycloheximide 
chase, whereas Sec61-2-GFP was rapidly degraded (Figure 1B). 
Notably, rapid degradation of Sec61-2-GFP was observable at 30°C 
and did not require shifting cells to 37°C, despite the supposition 
that elevated temperature is required for degradation of the original 
Sec61-2 protein (Biederer et al., 1996; Foresti et al., 2014). Like the 
parent mutant, Sec61-2-GFP still supported cell growth at the per-
missive temperature and showed the expected temperature sensi-
tivity: when we integrated sec61-2-GFP at the endogenous SEC61 
locus, the resultant strain was viable at 30°C and unviable at 37°C 
(Supplemental Figure S1). Moreover, our Sec61-2-GFP fusion had a 
half-life equivalent to that of untagged Sec61-2, as reported in other 
studies (Sato et al., 2009). Sec61-2-GFP degradation was fully 
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FIGURE 2:  INMAD proceeds independently of Dfm1. (A) Dfm1 acts downstream of Hrd1 and in 
parallel with the Asi complex. WT, dfm1Δ, hrd1Δdfm1Δ, and asi1Δdfm1Δ strains expressing 
Sec61-2-GFP were subjected to CHX. After the addition of CHX, cells were collected and lysed 
at the indicated times. Lysates were analyzed by SDS–PAGE and immunoblotting with α-GFP 
and α-Pgk1. Data plotted are mean ± SD from three experiments. (B) Sec61-2-GFP degradation 
is recapitulated by flow cytometry. WT, dfm1Δ, hrd1Δdfm1Δ, and asi1Δdfm1Δ strains expressing 
Sec61-2-GFP were subjected to CHX. After the addition of CHX, cells were assayed for 
fluorescence by flow cytometry, and at each time point, the mean fluorescence of 10,000 cells 
was measured. t = 0 was taken as 100%, and data plotted are the mean ± SD from three 
experiments. (C) Erg11-3HA degradation is Dfm1 independent. WT, dfm1Δ, and asi1Δ strains 
expressing Erg11-3HA were subjected to CHX. After the addition of CHX, cells were collected 
and lysed at the indicated times. Lysates were analyzed by SDS–PAGE and immunoblotting with 
α-HA and α-Pgk1. Data plotted are mean ± SD from three experiments. (D) HA-Asi2 is stabilized 
in neither dfm1Δ nor doa10Δ strains. WT, dfm1Δ, and doa10Δ strains were subjected to CHX. 
After the addition of CHX, cells were collected and lysed at the indicated times. Lysates were 
analyzed by SDS–PAGE and immunoblotting with α-HA and α-Pgk1. Data plotted are mean ± 
SD from three experiments. (E) HA-Asi2 degradation by Doa10 and the Asi complex is Dfm1 
independent. WT, asi1Δ, asi1Δdfm1Δ, and asi1Δdoa10Δ strains were subjected to CHX. After the 
addition of CHX, cells were collected and lysed at the indicated times. Lysates were analyzed by 
SDS–PAGE and immunoblotting with α-HA and α-Pgk1. Data plotted are mean ± SD from three 
experiments.

proteasome dependent. Pretreatment with the proteasome inhibi-
tor MG132 (benzyloxycarbonyl-Leu-Leu-aldehyde) led to complete 
stabilization of Sec61-2-GFP in a cycloheximide chase (Figure 1C).

We introduced pGal1::sec61-2 CEN/ARS plasmids into an 
ERAD-M–deficient hrd1Δ strain, an INMAD-deficient asi1Δ strain, 
and an asi1Δhrd1Δ strain lacking both pathways. When these strains 
were subjected to cycloheximide chase, the asi1Δ and hrd1Δ strains 
showed only modest stabilization of Sec61-2-GFP. However, the 

asi1Δhrd1Δ double null strain was com-
pletely unable to degrade the substrate 
(Figure 1D). Consistent with previous stud-
ies on Sec61-2, the Sec61-2-GFP fusion was 
a substrate of both HRD and ASI pathways, 
and its degradation was mediated by the 
joint efforts of these routes (Foresti et al., 
2014).

We next used the Sec61-2-GFP sub-
strate to explore the requirements for IN-
MAD retrotranslocation. We first confirmed 
the expected “universal” role of the AAA-
ATPase Cdc48 in both pathways. Cyclohexi-
mide chase demonstrated that a strain with 
the retrotranslocation-deficient cdc48-2 
allele strongly stabilized Sec61-2-GFP deg-
radation. Indeed, the degradation kinetics 
of a cdc48-2 strain phenocopied those of 
the asi1Δhrd1Δ strain (Figure 1E). These 
findings are in accordance with previous 
studies (Foresti et al., 2014).

We next tested the role of the Dfm1 
ERAD-M retrotranslocation factor in the 
degradation of Sec61-2-GFP. We expected 
the ERAD-M pathway of Sec61-2 degrada-
tion to be ablated in a dfm1Δ strain because 
Dfm1 has been shown to mediate the 
retrotranslocation of all ERAD-M substrates 
studied to date. Indeed, our previous 
studies showed stabilization of Sec61-2 in a 
dfm1Δ strain (Neal et al., 2018). On the 
other hand, the Asi complex’s contribution 
to Sec61-2 degradation has not been sys-
tematically examined for Dfm1 involvement. 
We therefore used cycloheximide chase to 
make a preliminary inquiry into the role of 
Dfm1 in the INMAD component of Sec61-2 
retrotranslocation. We expressed Sec61-2-
GFP in dfm1Δ, dfm1Δhrd1Δ, and 
asi1Δdfm1Δ strains and assessed the degra-
dation in each. The results suggested that 
Dfm1 did not participate in the INMAD 
portion of Sec61-2-GFP degradation: both 
dfm1Δ and dfm1Δhrd1Δ were partially 
and identically deficient in their ability to 
degrade the Sec61-2-GFP, whereas the 
asi1Δdfm1Δ strain was fully incapable of 
degrading the substrate and was thus a 
phenocopy of the asi1Δhrd1Δ strain (Figure 
2A). These results were recapitulated by 
flow cytometry, with which Sec61-2-GFP 
degradation can be quantitated by loss of 
fluorescence over time (Figure 2B). Dfm1 
seemed to be restricted to the HRD compo-

nent of Sec61-2 degradation; the Asi pathway did not seem to em-
ploy the widely used extraction factor.

To further test the idea that Dfm1 did not participate in Asi-com-
plex–mediated degradation, we conducted cycloheximide chase 
experiments on Erg11. Erg11 is a single-pass transmembrane pro-
tein, and Erg11-3HA has been shown to be a specific substrate of 
only Asi-complex–mediated INMAD (Foresti et al., 2014; Natarajan 
et al., 2020). In contrast to Sec61-2-GFP degradation, which requires 
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only Asi1 and Asi3, Erg11-3HA degradation requires Asi1, Asi2, and 
Asi3 (Foresti et al., 2014; Natarajan et al., 2020). We performed cy-
cloheximide chase of Erg11-3HA and found that Asi1-Asi2-Asi3–de-
pendent INMAD similarly did not require Dfm1 (Figure 2C). A dfm1Δ 
strain degraded Erg11-3HA with kinetics identical to that of a wild-
type (WT) strain, whereas an asi1Δ strain was completely unable to 
degrade the Erg11 substrate. Thus, cycloheximide chase of 
both Sec61-2-GFP and Erg11-3HA strongly suggested the Dfm1 
independence of Asi-complex–mediated INMAD.

We wondered whether Asi-dependent degradation was a unique 
case of Dfm1-independent INMAD or whether Doa10-mediated 
INMAD was also Dfm1 independent. To test these possibilities, we 
used Asi2 itself as a model substrate (Boban et al., 2014). Asi2 is an 
integral membrane protein that localizes almost exclusively to the 
INM (Zargari, Boban, et al., 2007) and undergoes degradation that 
is partially mediated by Doa10 and dependent on nuclear-localized 
proteasomes (Boban et al., 2014). Asi2 degradation is not related to 
the Asi complex’s role in regulating the amino-acid–induced SPS-
sensor–dependent pathway (Boban et al., 2014). Rather, it seems 
that Asi2 undergoes constitutive degradation, perhaps reflecting 
the role of INMAD in degrading orphan Asi2 and thereby maintain-
ing Asi-complex stoichiometry. Thus, under standard conditions, 
Asi2 provided an opportunity to evaluate Doa10-mediated INMAD 
with little or no contribution from canonical Doa10-mediated ERAD-
M, which is entirely Dfm1-dependent (Neal et al., 2018). We intro-
duced HA-Asi2 into WT, dfm1Δ, and doa10Δ strains and performed 
cycloheximide chase. HA-Asi2 was rapidly degraded in each of 
these null mutants, and we were unable to observe the modest but 
detectable increase in Asi2 stability that has been previously re-
ported (Boban et al., 2014; Figure 2D). This may be attributable to 
differences in the AA255/PLY115 background (Antebi and Fink, 
1992) used previously and the lab strain used in this study, though 
both are derived from S288C. It may also be attributable to the C-
terminally HA-tagged Asi2 used previously and the N-terminally HA-
tagged Asi2 used here, though others have shown that HA-Asi2 
functions and assembles into the Asi complex (Foresti et al., 2014). 
Irrespective of these differences, a doa10Δ null background did not 
fully stabilize Asi2 in this or previous studies (Boban et al., 2014). We 
therefore wondered whether HA-Asi2 was a substrate of both Asi-
complex– and Doa10-mediated INMAD and whether the loss of 
both pathways was required to observe HA-Asi2 stabilization. In 
support of this hypothesis, it has previously been shown that a 
ubc7Δ null background strongly stabilizes Asi2 (Boban et al., 2014), 
and Ubc7 can act as an E2 for both Doa10 (Swanson et al., 2001) and 
the Asi complex (Foresti et al., 2014; Khmelinskii, Blaszczak, et al., 
2014). To test whether both pathways degraded Asi2, we introduced 
the HA-Asi2 substrate into asi1Δ, asi1Δdfm1Δ, and asi1Δdoa10Δ 
strains. HA-Asi2 was strongly stabilized in the asi1Δdoa10Δ strain, 
indicating that HA-Asi2 was indeed a substrate of both INMAD 
pathways(Figure 2E). By contrast, HA-Asi2 underwent rapid degra-
dation identical to that of the single asi1Δ null in an asi1Δdfm1Δ 
strain (Figure 2E). These data strongly suggested that, like the Asi 
complex, Doa10 promoted INMAD independently of Dfm1. Nota-
bly, recent in vitro studies suggest the possibility that purified Doa10 
itself could serve as a retrotranslocon (Schmidt et al., 2020).

Dfm1 was not required for INMAD retrotranslocation
Having observed Dfm1-independent degradation of a variety of 
INMAD substrates, we set out to test whether INMAD substrates 
still underwent the canonical mechanism of ubiquitination followed 
by Cdc48-dependent retrotranslocation of the full-length substrate. 
To do so, we focused again on Sec61-2-GFP as a model substrate.

First, we performed in vivo ubiquitination assays on WT, 
asi1Δ, hrd1Δ, and asi1Δhrd1Δ strains. As suggested by our and 
others’ cycloheximide chase experiments, Sec61-2-GFP was 
polyubiquitinated by both the Asi and HRD complexes (Figure 3). 
Proteasome inhibition with MG132 increased the degree of polyu-
biquitination by the Asi (hrd1Δ) or the HRD (asi1Δ) complex, demon-
strating that polyubiquitination was on a pathway with proteasomal 
degradation in each pathway. The in vivo ubiquitination assay also 
showed that each complex can ubiquitinate Sec61-2-GFP indepen-
dently: single nulls displayed diminished ubiquitination while the 
asi1Δhrd1Δ double null displayed only trace ubiquitination that did 
not increase upon proteasome inhibition.

We next directly tested for retrotranslocation of polyubiquitinated 
Sec61-2-GFP with an in vivo retrotranslocation assay developed in 
our Dfm1 studies (Garza et al., 2009a; Neal et al., 2018, 2019). Strains 
expressing Sec61-2-GFP were treated with proteasome inhibitor for 
an incubation period and then subjected to detergent-free lysis. 
Membrane and soluble fractions from these cells were isolated by 
ultracentrifugation, allowing the separation of soluble, retrotranslo-
cated Sec61-2-GFP from membrane-bound Sec61-2-GFP. The solu-
ble fraction was then subjected to immunoprecipitation (IP) using 
anti-GFP antibody, followed by immunoblotting (IB) with anti-ubiqui-
tin and anti-GFP. In parallel, the pellet fraction, containing polyubiqui-
tinated material that has not been retrotranslocated, was solubilized 
and subjected to identical IP/IB analysis. For each strain, total (T), 
pellet (P), and supernatant (S) fractions were compared, and volumes 
were used that allow direct comparison of % of total by visual inspec-
tion (see Materials and Methods). Strains capable of retrotransloca-
tion were expected to produce ubiquitin signal in both the P and S 
fractions, whereas retrotranslocation-deficient strains were expected 
to retain all polyubiquitinated substrate in the membrane fractions 
(ER and INM), leading to ubiquitin signal only in the P fraction.

We first confirmed that each of the ERAD and INMAD pathways 
was capable of retrotranslocating Sec61-2-GFP. We assayed for 
Sec61-2-GFP retrotranslocation in WT, asi1Δ, hrd1Δ, and cdc48-2 
backgrounds (Figure 4A). In the retrotranslocation-competent WT 
strain, a fraction of ubiquitinated Sec61-2-GFP was detected in the 
soluble fraction, demonstrating that Sec61-2-GFP undergoes ret-
rotranslocation into the cytosol and/or nucleoplasm under standard 
conditions. Conversely, a strain bearing the retrotranslocation-
deficient cdc48-2 allele retained all ubiquitinated Sec61-2-GFP in the 

FIGURE 3:  Both Asi1 and Hrd1 ubiquitinate Sec61-2-GFP in vivo. The 
indicated strains expressing Sec61-2-GFP were grown into log phase 
and treated with MG132 or a vehicle control (DMSO). Cells were 
lysed, and microsomes were collected and immunoprecipitated with 
α-GFP. Samples were then subjected to SDS–PAGE and immunoblot 
by α-ubiquitin and α-GFP. One of three biological replicates is shown.
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pellet fraction, showing no retrotranslocation of ubiquitinated mate-
rial into the soluble fraction. Finally, asi1Δ and hrd1Δ strains indicated 
that retrotranslocation could occur through either the ERAD or IN-
MAD pathway, respectively. In each null mutant, a fraction of polyu-
biquitinated material was still retrotranslocated into the soluble frac-
tion through the remaining pathway.

A remarkable feature of ERAD-M retrotranslocation is extrac-
tion of full-length multispanning substrates from the ER mem-
brane and into the soluble fraction (Garza et al., 2009a; Neal 
et al., 2018). Full-length retrotranslocation is observable by treat-
ing the soluble, polyubiquitinated, retrotranslocated material 
gathered in an in vivo retrotranslocation assay with the catalytic 
core of the deubiquitinase Usp2 (Ryu et al., 2006). Usp2 removes 
polyubiqutin chains from the substrate and thereby causes 
characteristic polyubiquitination laddering to collapse to the ex-
pected size of the full-length, retrotranslocated ERAD-M sub-
strates (Garza et al., 2009a; Neal et al., 2018, 2019). We used this 
method to test whether retrotranslocation by INMAD also in-
volved the extraction of full-length substrate from the INM. WT, 

asi1Δ, and hrd1Δ strains expressing Sec61-2-GFP were subjected 
to the in vivo retrotranslocation protocol, and polyubiquitination 
of Sec61-2-GFP was detected before and after treatment with 
Usp2. In all cases, laddered, polyubiquitinated Sec61-2-GFP 
collapsed to a single band of the expected molecular weight, 
indicating that both ERAD and INMAD remove the full-length 
substrate from the ER and INM, respectively.

Having demonstrated the ability of the ERAD and INMAD path-
ways to perform classical retrotranslocation of Sec61-2-GFP, we 
used the in vivo retrotranslocation assay to elucidate Dfm1’s role in 
retrotranslocation from the INM. WT, dfm1Δ, dfm1Δhrd1Δ, 
dfm1Δasi1Δ, and cdc48-2 strains expressing Sec61-2-GFP were 
tested. Retrotranslocation persisted in both the dfm1Δ and 
dfm1Δhrd1Δ backgrounds, suggesting that Dfm1 mediated ret-
rotranslocation through the ER alone (Figure 4C). By contrast, the 
dfm1Δasi1Δ background could not perform retrotranslocation, 
indicating that the loss of both pathways was necessary to ablate 
the retrotranslocation of the polyubiquitinated substrate. In agree-
ment with our preliminary cycloheximide chase results, the in vivo 

FIGURE 4:  Retrotranslocation of full-length Sec61-2-GFP. (A) In vivo retrotranslocation of Sec61-2-GFP through both 
Hrd1 and Asi channels. WT, hrd1Δ, asi1Δ, and cdc48-2 strains expressing Sec61-2-GFP were grown into log phase and 
treated with MG132 (25 µg/ml). Crude lysates were ultracentrifuged to separate Sec61-2-GFP that has been 
retrotranslocated into the soluble fraction (S) and Sec61-2-GFP that has not been retrotranslocated from membrane (P). 
Sec61-2-GFP was immunoprecipitated from both fractions and then analyzed by SDS–PAGE and immunoblotting with 
α-GFP and α-ubiquitin. One representative of three biological replicates is shown. (B) In vivo retrotranslocated Sec61-2-
GFP is full length. WT, hrd1Δ, asi1Δ, and cdc48-2 strains expressing Sec61-2-GFP were grown into log phase and treated 
with MG132 (25 µg/ml). Crude lysates were ultracentrifuged to separate Sec61-2-GFP to collect retrotranslocated 
Sec61-2-GFP from soluble fractions. Solubilized Sec61-2-GFP was immunoprecipitated and then either treated with 
either buffer (–) or the catalytic core of the deubiquitinase Usp2 (+). Samples were analyzed by SDS–PAGE and 
immunoblotted with α-GFP and α-ubiquitin. One representative of three biological replicates is shown. (C) In vivo 
retrotranslocation of Sec61-2-GFP through Asi1 is Dfm1 independent. WT, dfm1Δ, dfm1Δhrd1Δ, dfm1Δasi1Δ, and 
cdc48-2 strains expressing Sec61-2-GFP were grown into log phase and treated with MG132 (25 µg/ml). Crude lysates 
were ultracentrifuged to separate Sec61-2-GFP that has been retrotranslocated into the soluble fraction (S) and 
Sec61-2-GFP that has not been retrotranslocated from membrane (P). Sec61-2-GFP was immunoprecipitated from both 
fractions and then analyzed by SDS–PAGE and immunoblotting with α-GFP and α-ubiquitin. One representative of three 
biological replicates is shown.
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ubiquitination and retrotranslocation assays confirmed that INMAD 
acts independently of Dfm1.

ERAD and INMAD ameliorated a lethal proteotoxic 
membrane stress in parallel
Despite the functional separation of INMAD and ERAD retrotranslo-
cation suggested by these data, it now seems clear that these two 
degradative pathways comprise an interconnected proteostasis 
network. This is not limited to the quality-control and regulated deg-
radation affected by each pathway in its respective compartment. 
For instance, the ASI complex seems to provide a means of clearing 
orphaned subunits from the ER: in the absence of their binding part-
ners, these lone subunits freely diffuse into the INM, where they are 
recognized and degraded (Natarajan et al., 2020). Research into 
how INMAD and ERAD overlap, complement, and compensate for 
one another is in its infancy, but the physiological importance of the 
INMAD-ERAD network has been clearly demonstrated by the 
synthetic lethality of asi1Δhrd1Δire1Δ strains (Foresti et al., 2014; 
Khmelinskii, Blaszczak, et al., 2014). We wondered whether a mem-
brane quality-control substrate recognized by both ERAD and 
INMAD would cause discernible cell stress or lethality in the 
absence of either or both pathways. To pursue this line of inquiry, we 
again turned to the model substrate Sec61-2-GFP.

To control the imposition of a membrane-protein–induced toxic 
stress, we employed a powerful galactose-regulated promoter 
(pGAL1) to allow sudden expression of a test protein. The GAL1 
promoter is essentially inactive when cells are grown in glucose but 
is strongly and suddenly activated when glucose is replaced with 
galactose in the growth medium. In this way, levels of Sec61-2 or the 
WT Sec61-GFP could be strongly elevated in a controlled manner to 
test for growth stress. We introduced a pGAL1::sec61-2-GFP or 
pGAL1::SEC61-GFP constructs on low-copy plasmids into WT, 
asi1Δ, hrd1Δ, and asi1Δhrd1Δ in the BY4741 background. These 
strains were then serially diluted onto either 2% dextrose or 2% 
galactose plates, and their growth was monitored over time. Under 
inducing conditions, WT and asi1Δ strains bearing sec61-2-GFP 
grew normally, while a hrd1Δ strain bearing sec61-2-GFP evinced 
mild slow growth (Figure 5A). In striking contrast, the asi1Δhrd1Δ 
strain was inviable upon sec61-2-GFP induction. Cells identically ex-
pressing WT SEC61-GFP, on the other hand, were uniformly viable, 
suggesting that the lethality observed in our sec61-2-GFP experi-
ments reflected a bona fide misfolded membrane-protein toxicity 
that is mitigated by ERAD and INMAD in parallel (Figure 5B).

To further explore the role of the Asi complex in alleviating this 
proteotoxic stress, we also tested the effect of Sec61-2 stress in the 
absence of Asi3 and Asi2. Elsewhere, Asi3 has been shown to be 
necessary for Sec61-2 degradation (Foresti et al., 2014). In our 
growth assay, Asi3 also proved to be necessary for alleviating 
Sec61-2 proteotoxicity: an asi3Δhrd1Δ strain recapitulated the 
asi1Δhrd1Δ lethality (Figure 5C). In contrast to Asi1 and Asi3, Asi2 is 
not required for Sec61-2 degradation (Foresti et al., 2014). However, 
this did not preclude a role for Asi2 in alleviating the observed 
Sec61-2 toxicity, especially considering the recent finding that Asi2 
can interact directly with substrates through membrane residues 
(Natarajan et al., 2020). Nevertheless, unlike the asi1Δhrd1Δ and 
asi3Δhrd1Δ double nulls, an asi2Δhrd1Δ strain phenocopied a hrd1Δ 
strain, showing some slow growth but not lethality upon induction 
on galactose. In line with its dispensability for degradation, we did 
not observe a role for Asi2 in mitigating Sec61-2 toxicity.

While an asi1Δhrd1Δ strain demonstrated the crucial role of Asi1 
in this system, it did not allow us to assess whether the catalytic 
activity of Asi1 or an unknown property of its transmembrane 

domain was responsible for combating proteotoxicity. We there-
fore set out to test a catalytically inactive RING-dead Asi1 (Boban 
et al., 2006) in our toxicity assay. We introduced either a Asi1-RD 
(C583S-C585S) or a WT ASI1 plasmid into asi1Δ and asi1Δhrd1Δ 
strains. While the WT gene fully complemented the null mutant 
(Figure 5E), the RING-dead version failed to rescue the phenotype 
(Figure 5F). These observations suggest that Asi1-mediated ubiqui-
tination is required to prevent cell death.

Sec61-2 toxicity can be suppressed by aneuploidy
The above-described proteotoxicity represents one of only two 
well-documented membrane-associated quality-control toxicities. 
The other is caused by overexpressing ERAD-M substrates in a 
dfm1Δ null background, which prevents retrotranslocation and traps 
substrates in the ER (Neal et al., 2018, 2020). The latter stress not 
only causes a strong growth defect but also leads to rapid suppres-
sion by the duplication of chromosome XV (Neal et al., 2018). 
Remarkably, suppression of dfm1Δ alleviates proteotoxic stress by 
fully restoring retrotranslocation, and chromosome XV is duplicated 
for the sole purpose of increasing the gene dosage of HRD1. In a 
recent analysis, we showed that overexpression of HRD1 allows for 
self-remodeling of the HRD complex, allowing Hrd1 to retrotranslo-
cate ERAD-M substrates without Dfm1 (Neal et al., 2020); in normal 
circumstances, ERAD-M retrotranslocation is completely dependent 
on Dfm1, with no involvement of Hrd1. Thus, elucidating the mech-
anisms of dfm1Δ suppression led to the discovery of new functions 
for the HRD complex and an expanded view of Hrd1’s molecular 
abilities. Given the considerable genetic and biochemical insight 
produced by this approach, we wondered whether a similar pathway 
to suppression could be identified in the case of sec61-2 toxicity.

To expose cells to constitutive proteotoxic stress, we trans-
formed strains with a stably integrating plasmid on which sec61-2-
GFP expression is driven by the strong TDH3 promoter. When this 
plasmid was transformed into an asi1Δhrd1Δ null, all resultant 
transformants bore the plasmid growth marker but were nonfluo-
rescent, suggesting strong selection for those transformants that 
had lost substrate expression (unpublished data). To circumvent 
this issue, we pursued a 5-fluoroorotic acid (5-FOA) counterselec-
tion strategy. We first introduced HRD1 on a URA3 CEN/ARS plas-
mid into an asi1Δhrd1Δ null. As expected, this HRD1-compli-
mented strain phenocopied an asi1Δ null, and it was therefore able 
to stably express not only Sec61-GFP but also proteotoxic Sec61-
2-GFP on a TDH3 promoter (Figure 6A, -Trp -Ura). These viable, 
HRD1-complemented strains were then grown on 5-FOA to bring 
about removal of the HRD1 plasmid. In effect, 5-FOA selects for 
cells that spontaneously lose URA3 CEN/ARS plasmids (i.e., it 
counterselects such plasmids), and in this way, 5-FOA allowed us 
to rapidly unveil an asi1Δhrd1Δ genotype. On 5-FOA, the strain 
expressing WT SEC61-GFP produced lawn growth, indicating that 
the unveiled asi1Δhrd1Δ strain was viable (Figure 6A, -Trp 5-FOA). 
On the other hand, the strain expressing Sec61-2-GFP produced 
only a small number of nonoptical colonies, indicating that the un-
veiled asi1Δhrd1Δ strain suffered the expected lethal proteotoxic 
stress. We reasoned that the rare “escaper” colonies that eventu-
ally emerged would be suppressees.

After extended outgrowth on 5-FOA plates, the newly gener-
ated asi1Δhrd1Δ nulls gave rise to a small number of suppressees 
that were optically bright. In strong contrast to dfm1Δ suppressors, 
these strains continued to express high levels of Sec61-2-GFP and 
did not regain their ability to degrade the substrate (Figure 6B). 
Thus, whereas dfm1Δ suppressees harness additional modes of 
ERAD retrotranslocation, asi1Δhrd1Δ suppressees remained unable 
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to degrade the stressing substrate, suggesting that no additional 
modes of INMAD were available to cells, at least by the genetic 
mechanisms available to growth-restored escapers.

As mentioned above, dfm1Δ suppressees uniformly acquire a 
duplication of chromosome XV, which allows acquisition of a 
novel route of restored ERAD-M (Neal et al., 2018, 2020). We 
wondered if asi1Δhrd1Δ suppression relied upon similar genetic 
mechanism. We therefore isolated four suppressed strains and 
subjected them to high-throughput genome sequencing. This 
uncovered two classes of suppressed strain (Figure 6C). In the 
first class, the complete chromosome V was duplicated. In the 
second class, both chromosome V and XIV were fully duplicated, 
suggesting a sequential suppression pathway. Together, these 
data demonstrated that the membrane stress imposed by 

Sec61-2 can indeed induce a novel, aneuploidy-based suppres-
sion pathway that allows for the tolerance of high levels of mem-
brane proteotoxic stress.

To identify candidate suppressor genes on chromosomes V and 
XIV, we used the Saccharomyces Genome Database (SGD) and the 
associated Yeast Mine tool (Balakrishnan et al., 2012; Cherry et al., 
2012). First, we used Yeast Mine to collect the SGD gene descrip-
tions assigned to each open reading frame (ORF) on chromosomes 
V and XIV. We then searched those descriptions for keywords re-
lated to protein quality control, ER and nuclear localization, and 
stress (Materials and Methods). The results of those searches were 
then subjected to manual curation, and ORFs that encoded proteins 
with relevant localization and function were selected. In addition to 
this description-based approach, we also leveraged the results from 

FIGURE 5:  Sec61-2-GFP is lethal to cells lacking INMAD and ERAD. (A, B) Galactose-induced Sec61-2-GFP expression 
is lethal to asi1Δhrd1Δ cells. WT, asi1Δ, hrd1Δ, and asi1Δhrd1Δ cells bearing empty vector (–), GAL-driven Sec61-GFP, or 
GAL-driven Sec61-2-GFP were monitored for growth by dilution assay. Fivefold dilutions of each strain were spotted 
onto glucose- or galactose-containing plates to induce Sec61-GFP and Sec61-2-GFP overexpression. Plates were 
incubated at 30°C and imaged at the indicated times. One representative of three biological replicates is shown. 
(C) Galactose-induced Sec61-2-GFP expression is also lethal to asi3Δhrd1Δ cells. WT, asi3Δ, hrd1Δ, and asi1Δhrd1Δ cells 
bearing GAL-driven Sec61-GFP or GAL-driven Sec61-2-GFP were monitored for growth by dilution assay. Fivefold 
dilutions of each strain were spotted onto glucose- or galactose-containing plates to induce Sec61-GFP and Sec61-2-
GFP overexpression. Plates were incubated at 30°C and imaged at the indicated times. One representative of three 
biological replicates is shown. (D) Galactose-induced Sec61-2-GFP expression is not lethal to asi2Δhrd1Δ cells. WT, 
asi3Δ, hrd1Δ, and asi2Δhrd1Δ cells bearing GAL-driven Sec61-GFP or GAL-driven Sec61-2-GFP were monitored for 
growth by dilution assay. Fivefold dilutions of each strain were spotted onto glucose- or galactose-containing plates to 
induce Sec61-GFP and Sec61-2-GFP overexpression. Plates were incubated at 30°C and imaged at the indicated times. 
One representative of three biological replicates is shown. (E, F) Asi1 catalytic activity is required to prevent Sec61-2-
GFP lethality. WT, asi1Δ, hrd1Δ, and asi1Δhrd1Δ cells bearing GAL-driven Sec61-2-GFP were cotransformed with empty 
vector (–), WT ASI1, or RING-dead ASI1 (RD-Asi1). These strains were then monitored for growth by dilution assay. 
Fivefold dilutions of each strain were spotted onto glucose- or galactose-containing plates to induce Sec61-GFP and 
Sec61-2-GFP overexpression. Plates were incubated at 30°C and imaged at the indicated times. One representative of 
three biological replicates is shown.
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FIGURE 6:  Suppressees of Sec61-2-GFP lethality are ChrV and XIV aneuploids. (A) Constitutive overexpression of 
Sec61-2-GFP is lethal to asi1Δhrd1Δ cells. Left, schematic denoting the genotypes of each strain tested before exposure 
to 5-FOA. Center and right, the indicated strains were streaked onto plates that either selected (-Trp -Ura) or 
counterselected the URA3 plasmids. Plates were incubated at 30°C for 2 d before imaging. One representative of three 
biological replicates is shown. (B) Lethality suppressees cannot degrade the Sec61-2-GFP. Four suppressees and a WT 
strain expressing Sec61-2-GFP were subjected to CHX chase. After the addition of CHX, cells were assayed for 
fluorescence by flow cytometry, and at each time point, the mean fluorescence of 10,000 cells was measured. t = 0 was 
taken as 100%, and data plotted are the mean ± SD from three experiments. (C) Genome profiling reveals duplications 
of ChrV and XIV in suppressees. Chromosome profiles of whole-genome sequencing are mapped across the yeast 
genome. Copy number is indicated on the y-axis, and the chromosome number is indicated on the x-axis. Reads from 
each of four suppressees are shown.
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two previous high-throughput screens. The first screen systemati-
cally measured the induction of the unfolded protein response (UPR) 
in single-knockout strains (Jonikas et al., 2009), the second the 
induction of heat shock elements (HSE) in single knockout 
and decreased-abundance-by-mRNA-perturbation (DAmP) strains 
(Brandman et al., 2012). Again using Yeast Mine, we identified all 
genes on chromosomes V and XIV that were scored as one of the 
∼400 hits in the UPR study or had one of the top 400 z scores (z ≥ 
0.29) in the HSE study. Identified genes were subjected to manual 
curation, and final tables of candidate genes on chromosomes V 
and XIV were compiled (Tables 1 and 2). Candidate genes, their 
score in each of the two screens, and their gene description are 
tabulated.

Among the genes duplicated by chromosome V aneuploidy 
were numerous factors involved in protein quality control. These 
include the E3 ubiquitin ligase Rsp5, which mediates a plasma-
membrane quality-control system (Zhao et al., 2013) as well as 
ubiquitination of cytosolic proteins subsequent to heat shock 
(Fang et al., 2014), and the Hsp70 chaperone Ssa4, which localizes 
to the nucleus under stress conditions (Chughtai et al., 2001; Quan 
et al., 2004) and is transcriptionally up-regulated upon the deletion 
of the nuclear quality-control E3 ligase San1 (Gardner et al., 2005). 
Also on chromosome V are UBC6, which encodes an E2-conjugat-
ing enzyme used by the Asi complex and Doa10 (Swanson et al., 
2001; Khmelinskii, Blaszczak, et al., 2014), and PRE1, which en-
codes a subunit of the 20S proteasome (Groll et al., 1999).

Many candidate genes from chromosome XIV are similarly cru-
cial to protein quality control. These include the Hsp40 chaperone 
Ydj1, which participates in the degradation of both ERAD-M (Huyer 
et al., 2004; Youker et al., 2004; Nakatsukasa et al., 2008) and 
cytoplasmic substrates (Metzger et al., 2008; Heck et al., 2010; 
Singh et al., 2020). Intriguingly, chromosome XIV also contains both 
ASI2 and ASI3, perhaps indicating that these INMAD component 
act to mitigate stress even in the absence of ASI1. Which, if any, of 
these genes are required for suppression requires further study, but 
the observation of a suppression pathway indicates that the novel 
physiological stress imposed by Sec61-2-GFP is surmountable and 
thus amenable to study by understanding the processes that are 
altered to restore viability.

DISCUSSION
Though ERAD-M is entirely Dfm1 dependent, in these studies we 
found that INMAD was Dfm1 independent. This was true of all 
INMAD substrates tested, including the ASI-HRD substrate Sec61-
2-GFP, the pure ASI substrate Erg11, and the ASI-DOA substrate 
Asi2. Notably, these substrates allowed us to test the Dfm1 depen-
dence of all INMAD pathways characterized to date. This includes 
both the Asi1-Asi3 and Asi1-Asi2-Asi3 configurations of the ASI 
complex, which target sec61-2 and Erg11, respectively. In every 
case, INMAD proceeds in the absence of Dfm1.

To further corroborate these data, we performed in vivo 
biochemical analyses of Sec61-2 degradation by ERAD and INMAD 
pathways. We directly demonstrated Hrd1- and Asi-mediated 
ubiquitination of Sec61-2 in vivo, and we showed that Sec61-2 is 
extracted from lipid bilayers by both HRD and ASI pathways in an in 
vivo retrotranslocation assay. In both cases, retrotranslocation was 
completely Cdc48-dependent and involved removal of the full-
length transmembrane Sec61-2 protein from the lipid bilayer. This 
thermodynamically impressive feat is a hallmark of all ERAD and 
INMAD substrates tested to date.

To our knowledge, these studies constitute the first demonstra-
tions of in vivo ubiquitination and retrotranslatiocation of a full-length, 

transmembrane Asi substrate. Thus, it is clear that Sec61-2-GFP is an 
extraordinarily tractable tool for exploring INM retrotranslocation 
and the stresses that are mitigated by those pathways.

More generally, this study and others suggest that a growing 
number of proteins possess the ability to retrotranslocate quality-
control substrates out of or through lipid bilayers. These include, but 
as we show are not limited to, Hrd1, Dfm1, Doa10, and the Asi 
complex (Baldridge and Rapoport, 2016; Schoebel et al., 2017; 
Neal et al., 2018, 2020; Natarajan et al., 2020; Schmidt et al., 2020; 
Vasic et al., 2020; Wu et al., 2020). While redundancy is a common 
feature of protein-quality-control pathways, it will be interesting to 
further dissect the biochemical and cell-biological nuances that 
necessitate these dedicated channels.

One possible benefit to a broad collection of retrotranslocons is 
the ability to couple ubiquitination and retrotranslocation in some 
instances and to decouple them in others. For instance, Hrd1 both 
ubiquitinates and retrotranslocates ER luminal proteins by forming a 
pore (Carvalho et al., 2006; Baldridge and Rapoport, 2016; Schoebel 
et al., 2017; Vasic et al., 2020), but retrotranslocation of Hrd1 itself is 
entirely Dfm1 dependent (Neal et al., 2018). Recent in vitro analysis 
suggests that the ASI complex is similarly unable to effect self-ret-
rotranslocation: whereas the reconstituted ASI complex is fully com-
petent to retrotranslocate a transmembrane Erg11-derived degron, 
polyubiquitinated Asi3 is not extracted from proteoliposomes 
(Natarajan et al., 2020). Similarly, degradation of Asi1 is ASI complex 
independent (Pantazopoulou et al., 2016). It seems that, while 
ubiquitin ligases are often efficient retrotranslocons, they do not 
affect their own retrotranslocation, perhaps as a means to prevent 
runaway self-degradation.

While separation of E3 functions may necessitate numerous ret-
rotranslocons, it does not account for Dfm1’s inability to participate 
in INMAD. It could be that Dfm1 simply cannot pass through nuclear 
pores to access the INM. That restriction could be enforced by 
multimerization with the HRD complex (Stolz et al., 2010) and/or 
some intrinsic feature of Dfm1 structure. Tellingly, Dfm1 was not de-
tected in the INM in a recently conducted split-GFP screen (Smoyer 
et al., 2016), but a definitive illustration of Dfm1 localization will re-
quire electron microscopy. It is also possible that the INM presents 
a unique biochemical challenge for retrotranslocation. Indeed, the 
INM has a distinct lipid composition that may require a distinct 
mode of retrotranslocation and distinct retrotranslocons 
(Romanauska and Köhler, 2018). This is a particularly interesting pos-
sibility with derlin-based retrotranslocation, which may involve lipid 
biophysics as an underlying mechanism, rather than classic pore 
formation (Greenblatt et al., 2011; Wu et al., 2020). It will be intrigu-
ing to identify functionally important transmembrane motifs of INM 
retrotranslocons as they are discovered, and to compare and 
contrast them with the WR and GxxxG motifs of Dfm1. It is also pos-
sible that the distinct composition of the INM requires a distinct 
mechanism for retrotranslocation, or a lipid modulating factor 
tailored for INM lipid composition.

These studies also described the apparent autonomy of IN-
MAD retrotranslocation. This autonomy may stem from the fact 
that, once ubiquitinated, substrates would be sterically trapped in 
the ER or INM subcompartment. A key feature of nuclear pore re-
striction appears to be the simple steric rubric of cytoplasmic do-
mains needing to be less than ∼60 kDa (Ohba et al., 2004; Smoyer 
et al., 2016). Even four ubiquitin molecules in a chain would add 
more than 30 kDa to the cytoplasmic size of the modified protein. 
The resulting entrapment within a compartment would further ne-
cessitate the existence of dedicated, INM-localized retrotranslo-
cons. Consistent with this idea, there was a precipitous decrease in 
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Sec61-2 retrotranslocation in a dfm1Δ null background (Figure 4C, 
lanes 4–6) despite robust Hrd1-dependent ubiquitination. More-
over, when we compared hrd1Δ and dfm1Δhrd1Δ null back-
grounds, there was no apparent decrease in retrotranslocation in 
the double null to indicate the loss of substrates that are ubiquiti-
nated in the ER and retrotranslocated in the INM (Figure 4C, lanes 
7–9). These data demonstrate an epistatic relationship between 
HRD1 and DFM1, which suggests that Dfm1 alone can retrotrans-
locate Hrd1-ubiquitinated Sec61-2-GFP.

These studies also provide a means of separating the ERAD and 
INMAD components of the DOA (degradation of alpha) pathway. 
We have demonstrated elsewhere that a dfm1Δ null background 
ablates the ERAD-M component of the DOA pathway. Here we 
showed that the INMAD component of the DOA pathway remains 
intact in Dfm1’s absence. In this way, a dfm1Δ null could prove useful 
in separating the two channels of DOA degradation. For instance, 
Sbh2 is found in the ER and INM and is degraded by the DOA path-
way (Habeck et al., 2015; Smoyer et al., 2016). A dfm1Δ null back-
ground could be used to discern whether this substrate is degraded 
in the ER or INM. The ability to detect compartment-specific degra-
dation could, in turn, allow for the discovery of compartment-spe-
cific determinants of degradation.

While these studies evinced a number of ways that INMAD and 
ERAD are functionally distinct, it remains the case that these two 
pathways are interconnected and mutually supportive. We demon-
strated that Sec61-2-GFP imposes a lethal proteotoxicity when the 
HRD and ASI pathways are disrupted in tandem. Notably, this 
indicates a very specific role for shared maintenance of membrane-
protein proteostasis, whereas the asi1Δhrd1Δire1Δ synthetic lethality 
(Foresti et al., 2014; Khmelinskii, Blaszczak, et al., 2014) demonstrates 
a more general proteostatic network shared between the ER and 
INM. As importantly, this cell-death phenotype has great potential for 
screening. A whole-genome array could be used to cross a hrd1Δ null 
strain bearing pGal1::sec61-2 to the deletion collection, with compo-
nents of INMAD phenocopying a cross to the asi1Δ and asi3Δ nulls. 
Along with the putative retrotranslocon, such a screen could unveil 
novel components of INMAD-mitigated stress pathways.

Finally, we demonstrated that prolonged Sec61-2 toxicity elicits 
a novel suppression pathway involving the duplication of chromo-
somes V and XIV. This is distinct from suppression of dfm1Δ, which 
requires the duplication of chromosome XV. Moreover, suppression 
of Sec61-2 toxicity did not result in renewed degradation of the 
substrate, whereas dfm1 suppression fully restores retrotransloca-
tion and degradation of all ERAD-M substrates. Notably, both 
chromosome V and chromosome XIV possess a variety of quality-
control factors, raising the possibility of a remodeled proteostatic 
network that can tolerate Sec61-2-GFP toxicity.

Taken together, these results imply the existence of distinct 
INM machinery that mediates retrotranslocation and mitigates 
proteotoxicity. One final, intriguing possibility is that ERAD and 
INMAD retrotranslocons play both of these roles, not only re-
moving substrates from membranes but also detoxifying them 
upon binding. Indeed, Dfm1 is responsible for the retrotransloca-
tion of all known integral ER membrane substrates, and in the 
absence of Dfm1, those substrates induce considerable proteo-
toxic stress (Neal et al., 2018, 2020). Perhaps the Asi1-Asi3 con-
formation of the ASI complex has similar properties. As men-
tioned above, ASI3 is duplicated as part of chromosome XIV in 
our suppressees, without restoration of degradation. Perhaps 
upon duplication, overexpressed Asi3 gains the ability to ade-
quately detoxify Sec61-2-GFP, even in the absence of Asi1 and 
functional INMAD. If Asi1 and Asi3 do form a retrotranslocon, it 

will be of great interest to investigate how the complex effects 
retrotranslocation and to elucidate why some transmembrane 
substrates require recognition by Asi2 while others are com-
pletely Asi2 independent.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents
MG132 and NEM (N-ethyl maleimide) were purchased from Sigma-
Aldrich. Mouse anti-ubiquitin antibody was purchased from the Fred 
Hutchinson Cancer Research Center (Seattle, WA). Living Colors 
mouse monoclonal anti-GFP was purchased from Clontech. Mouse 
anti-PGK antibody was purchased from Molecular Probes. Mouse 
anti-HA antibody was purchased from Thermo Fisher Scientific. 
Polyclonal rabbit anti-GFP antibody was a gift from C. Zucker 
(University of California, San Diego). Horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibody was purchased from Jackson 
ImmunoResearch Laboratories, and goat anti-rabbit antibody was 
purchased from Bio-Rad. Protein A–Sepharose beads were pur-
chased from Amersham Biosciences. Usp2Core was purchased from 
LifeSensors.

Yeast and bacteria growth media
Unless otherwise stated, yeast strains were grown in either minimal 
medium (Difco yeast nitrogen base with necessary amino acids and 
nucleic acids) with 2% glucose or rich medium (YPD) and were 
grown at 30°C with aeration. For expression of constructs under the 
control of the galactose-inducible promoter in liquid culture, yeast 
cells were first grown for at least 24 h in minimal medium with 2% 
raffinose and 0.1% dextrose before being diluted into medium with 
2% raffinose and no dextrose and grown into log phase. Cells were 
then induced for 2 h by the addition of galactose at a final concen-
tration of 0.2%.

Escherichia coli DH5α was grown in Lysogeny broth (LB) plus 
ampicillin at 37°.

Plasmids and strains
All plasmids used in these studies are listed in Supplemental Table 
S1. Plasmids were constructed using standard molecular-biological 
techniques, as previously described (Sato et al., 2009). Primer infor-
mation can be provided upon request. All plasmids made for this 
study were sequence verified (Eton Biosciences). The YCp URA3 
HRD1 plasmid was a gift from Ernst Jarosch (MDC Berlin, Berlin, 
Germany).

All strains used in these studies are listed in Supplemental Table 
S2. Strains are derived from either S288C (RHY2863) or BY4741. 
Yeast were transformed with plasmids or PCR products using the 
standard LiOAc method (Ito et al., 1983). Null strains were either 
obtained from the yeast deletion collection (Winzeler, Shoemaker, 
Astromoff, Liang, et al., 1999) or generated using a PCR-mediated 
knockout strategy. Briefly, yeast were transformed with an amplicon 
composed of a selectable marker (NatMX, KanMX, or HphMX) 
flanked by 50 base pairs directly upstream and downstream of the 
gene to be deleted. Transformants were recovered on YPD plates 
and then replica plated to selection plates containing CloNat/
nourseothricin, G418, or hygromycin. All deletions were confirmed 
using diagnostic PCR.

Flow cytometry
A BD Accuri C6 flow cytometer (BD Biosciences) was used to mea-
sure GFP fluorescence as previously described (Garza et al., 2009b). 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-10-0622
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All readings comprise 10,000 cells, and statistics were acquired from 
BD Accuri software.

Whole cell lysates and Western blotting
Three OD eq cells were harvested by centrifugation at 14,000 × g 
for 5 min. Pellets were resuspended in 100 µl SUME (SDS, urea, 
MOPS, ETDA) buffer (1% SDS, 8 M urea, 10 mM MOPS, 10 mM 
EDTA, pH 6.8) with protease inhibitors (PIs) (1 mM phenylmethyl-
sulfonyl fluoride, 260 mM 4-(2-aminoethyl) benzenesulfonyl 
fluoride hydrochloride, 100 mM leupeptin hemisulfate, 76 mM 
pepstatin A, 5 mM 6-aminocaproic acid, 5 mM benzamidine, and 
142 mM tosyl phenylalanyl chloromethyl ketone [TPCK]), and 
0.5 mm glass beads were added to the meniscus. Cells were lysed 
three times at 1-min intervals on a multivortexer at room tempera-
ture with 1 min on ice in between. After the addition of 100 µl 2× 
urea sample buffer (2× USB: 8 M urea, 4% SDS, 200 mM dithioth-
reitol [DTT], 125 mM Tris, pH 6.8), samples were heated at 95°C for 
10 min and clarified by centrifugation at 14,000 × g for 5 min. 
Samples were resolved by SDS–PAGE, transferred to nitrocellulose 
in 12% methanol, and blotted with mouse monoclonal anti-GFP 
antibody (Living Colors), anti-HA antibody (Thermo Fisher Scien-
tific), or anti-PGK1 antibody (Molecular Probes) (loading control) 
followed by goat anti-mouse HRP-conjugated secondary antibody 
(Jackson ImmunoResearch).

Cycloheximide chase
Cycloheximide chases were performed as described elsewhere 
(Sato et al., 2009). Yeast strains were grown in minimal media to 
early log phase (OD600 < 0.3) before the addition of cycloheximide 
at a final concentration of 50 µg/ml. In MG132 experiments, MG132 
was added to 25 µg/ml, or an equal volume of dimethyl sulfoxide 
(DMSO) vehicle control was used. Samples were taken at the indi-
cated time points and subjected to lysis, resolution by SDS–PAGE, 
and immunoblotting.

In vivo ubiquitination assay
Western blotting to detect in vivo ubiquitination was performed 
as described previously (Garza et al., 2009b). Briefly, yeast strains 
were grown to log phase (OD600 of 0.2–0.3) and treated with 
MG132 for 2 h. Fifteen OD equivalents of cells were pelleted by 
centrifugation and resuspended in lysis buffer (0.24 M sorbitol, 
1 mM EDTA, 20 mM KH2PO4, pH 7.5) with PIs, after which 0.5 mm 
glass beads were added to the meniscus. The cells were lysed by 
vortexing in 1-min cycles at 4°C, with 1 min on ice in between, for 
six to eight cycles. Lysates were clarified by centrifugation at 
2500 ×g for 5 min. The clarified lysates were moved to fresh 
tubes, and 600 µl immunoprecipitation buffer (IPB; 15 mM 
Na2HPO4, 150 mM NaCl, 2% Triton X-100, 0.1% SDS, 0.5% de-
oxycholate, 10 mM EDTA, pH 7.5) and 15 µl of rabbit polyclonal 
anti-GFP antisera (C. Zucker, University of California, San Diego) 
were added. Samples were incubated on ice for 5 min, clarified 
by centrifugation at 14,000 × g for 5 min, and moved to a fresh 
tube. Tubes were incubated at 4°C overnight with rocking 
followed by the addition of 100 µl of equilibrated protein A-Sep-
harose in IPB (50% wt/vol). Samples were then incubated at 4°C 
for 2 h with rocking. Beads were washed twice with IPB and then 
washed once with IP wash buffer (50 mM NaCl, 10 mM Tris, pH 
7.5). Beads were aspirated to dryness, resuspended in 55 µl 2× 
USB, and incubated at 4°C for 10 min. Samples were resolved by 
SDS–PAGE on 8% gels, transferred to nitrocellulose, and 
immunoblotted with monoclonal anti-ubiquitin (Fred Hutchinson 
Cancer Research Institute) and anti-GFP (Living Colors) primary 

antibodies followed by goat anti-mouse (Jackson ImmunoRe-
search Laboratories) or goat anti-rabbit (Bio-Rad) HRP-conjugated 
secondary antibody.

In vivo retrotranslocation assay
The in vivo retrotranslocation assay was adapted from Neal et al., 
2018. Cells in log phase (OD600 0.2–0.3) were treated with MG132 
(Sigma) at a final concentration of 25 μg/ml (25 mg/ml stock dissolved 
in DMSO) for 2 h at 30°C. Cells were resuspended in H2O, 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-min intervals for 6–8 min at 4°C. Lysates 
were combined and clarified by centrifugation at 2500 × g for 5 min. 
Clarified lysate was ultracentrifuged at 100,000 × g for 15 min to sepa-
rate the pellet (P100) and supernatant fraction (S100). The 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 NEM (Sigma) followed by the 
addition of 600 μl IPB with PIs and NEM. S100 supernatant was added 
directly to the IPB with PIs and NEM. Rabbit polyclonal anti-GFP anti-
sera (15 μl; C. Zuker, University of California, San Diego) was added to 
P100 and S100 fractions for immunoprecipitation (IP) of Sec61-2-GFP. 
Samples were incubated on ice for 5 min, clarified at 14,000 × g for 5 
min and removed to a new Eppendorf tube and incubated overnight 
at 4°C. Equilibrated protein A-Sepharose (100 μl) in IPB (50% wt/vol) 
(Amersham Biosciences) was added and incubated for 2 h at 4°C. Pro-
teins A beads were washed twice with IPB and washed once more with 
IP wash buffer (50 mM NaCl, 10 mM Tris), aspirated to dryness, resus-
pended in 2× urea sample buffer (8 M urea, 4% SDS, 1 mM DTT, 125 
mM Tris, pH 6.8), and incubated at 55°C for 10 min. IPs were resolved 
by 8% SDS–PAGE, transferred to nitrocellulose, and immunoblotted 
with monoclonal anti-ubiquitin (Fred Hutchinson Cancer Center, Seat-
tle, WA) and anti-GFP (Clontech, Mountain View, CA). Goat anti-
mouse (Jackson ImmunoResearch, West Grove, PA) and goat anti-
rabbit (Bio-Rad) conjugated with HRP recognized the primary 
antibodies. Western Lightning Plus (Perkin Elmer, Waltham, MA) che-
miluminescence reagents were used for immunodetection.

Proteolytic removal of ubiquitin from retrotranslocated 
Sec61-2-GFP
Ubiquitin removal was accomplished with the broadly active Usp2 
ubiquitin protease as previously described (Neal et al., 2018), except 
that human recombinant Usp2Core (LifeSensors, Malvern, PA) was 
used, and leupeptin and NEM were excluded from all buffers. Briefly, 
100 μl of S100 supernatant containing in vivo retrotranslocated 
Sec61-2-GFP was incubated with 20 μl of Usp2Core (5 g) for 1 h at 
37°C. The reaction was quenched with 200 μl of SUME (1% SDS, 8 M 
urea, 10 mM MOPS, pH 6.8, 10 mM EDTA) with PIs, and retrotranslo-
cated Sec61-2-GFP was immunoprecipitated as described above. IP 
(20 μl)was used for detection of Sec61-2-GFP with α-GFP.

Spot-dilution growth assay
Growth assays were carried out as described previously (Neal et al., 
2020). Briefly, cells were grown into log phase (OD600 0.2–0.3) in 
medium with 2% dextrose. Cells were then diluted to 0.015 OD/ml 
and subjected to fivefold serial dilutions in a 96-well plate. An 8 × 12 
pinning tool was then used to spot dilutions onto SC -Ura plates 
with either 2% dextrose or 2% galactose. Plates were incubated at 
30°C and imaged at days 4 and 7.

5-FOA counterselection and suppressee generation
Strains to be counterselected were initially maintained on selec-
tive plates lacking uracil. Strains were then patched to YPD to 
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allow loss of URA3 plasmids, and cells from these patches were 
subsequently streaked either onto plates lacking uracil or plates 
with 5-FOA.

Outgrowth time for suppressees was variable. 5-FOA plates 
were incubated at 30°C for up to 7 d, and plates were examined 
daily for bright colonies using a GFP-visualizing platform (Cronin 
and Hampton, 1999). Such colonies were picked and restreaked to 
5-FOA plates to verify viability before use.

Yeast genome sequencing and analysis
Sequencing and analysis were performed as described elsewhere 
(Neal et al., 2018). Briefly, genomic DNA was collected using the 
MasterPure Yeast DNA purification kit (Epicenter). Genomic DNA 
was then tagmented using the Nextera DNA Sample Preparation Kit 
(Illumina) with Tn5 (Tagment DNA Enzyme 1). Samples were purified 
using the ChIP DNA Clean and Concentrate kit (Zymo Research) and 
barcoded using PCR. Libraries were size selected by gel isolation 
and sequenced SE75 on a NextSeq 2500 (Illumina). 3′End adaptor 
sequences were trimmed, and reads were aligned with bowtie 2 
(version 2.3; default parameters) (Langmead and Salzberg, 2012) to 
the S. cerevisiae genome (sacCer3). HOMER (Heinz et al., 2010) was 
used to tile the genome and to generate normalized read densities 
using the annotatePeaks.pl command.

Search for chromosome V and XIV suppressors
An initial list of all chromosome V and XIV genes was constructed 
using the Yeast Mine template “chromosome → genes of a selected 
feature.” The selected feature was set to ORF and the chromosome 
set to V or XIV. The systematic name, standard name, and descrip-
tion of all chromosome V and XIV genes were downloaded, and the 
two lists were searched for the following keywords: ER, endoplas-
mic, nuclear, nucleus, transmembrane, integral, membrane, chaper-
one, ubiquitin, unfolded, misfolded, and stress. The resultant fil-
tered lists were manually curated, and selected genes were 
compiled with those identified by the description-based approach 
to yield (Tables 1 and 2).

In parallel, high-throughput screening data were collected from 
a UPRE::GFP screen (Jonikas et al., 2009) and an HSE::GFP screen 
(Brandman et al., 2012). Jonikas et al. categorize ∼400 gene dele-
tions as hits in their UPRE::GFP screen, and a list of those genes was 
collected. Genes from Brandman et al. (2012) were ranked accord-
ing to z-score from an HSE::GFP screen conducted at 25°C, and a 
list of the top 400 genes was collected. Both lists were entered into 
Yeast Mine and filtered by chromosome identifier to isolate genes 
located on chromosomes V and XIV. The resultant filtered lists were 
manually curated, and selected genes were compiled with those 
identified by the description-based approach to yield final tables of 
candidates.
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