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Elements of the ERAD ubiquitin ligase
Doa10 regulating sequential
poly-ubiquitylation of its targets

Adrian B. Mehrtash! and Mark Hochstrasser'.2.3.*

SUMMARY

In ER-associated degradation (ERAD), misfolded ER proteins are degraded by the
proteasome after undergoing ubiquitylation. Yeast Doa10 (human MARCHF6/
TEB4) is a membrane-embedded E3 ubiquitin ligase that functions with E2s
Ubc6 and Ubc7. Ubcé attaches a single ubiquitin to substrates, which is extended
by Ubc7 to form a polyubiquitin chain. We show the conserved C-terminal
element (CTE) of Doa10 promotes E3-mediated Ubcé activity. Doa10 substrates
undergoing an alternative ubiquitylation mechanism are still degraded in CTE-
mutant cells. Structure prediction by AlphaFold2 suggests the CTE binds near
the catalytic RING-CH domain, implying a direct role in substrate ubiquitylation,
and we confirm this interaction using intragenic suppression. Truncation analysis
defines a minimal E2-binding region of Doa10; structural predictions suggest that
Doa10 forms a retrotranslocation channel and that E2s bind within the cofactor-
binding region defined here. These results provide mechanistic insight into how
Doa10, and potentially other ligases, interact with their cofactors and mediate
ERAD.

INTRODUCTION

The endoplasmic reticulum (ER) is a continuous membrane system that includes the peripheral ER and nu-
clear envelope (NE). The ER is a major site for protein synthesis and maturation of membrane and secreted
proteins in eukaryotes (Ghaemmaghami et al., 2003). Maintaining protein homeostasis at the ER is there-
fore crucial, and eukaryotes have developed multiple quality control mechanisms to prevent the accumu-
lation of misfolded proteins in the ER (Babour et al., 2010; Braakman and Hebert, 2013; Ruggiano et al.,
2014; Satpute-Krishnan et al., 2014; Szoradi et al., 2018; Wu et al., 2014). In ER-associated degradation
(ERAD), proteins are ubiquitylated at the ER and subsequently degraded by the proteasome (Mehrtash
and Hochstrasser, 2019). Membrane and soluble luminal proteins targeted by ERAD must undergo mem-
brane extraction into the cytoplasm before or during proteasome-mediated degradation in a process
called retrotranslocation (Mehrtash and Hochstrasser, 2019; Tsai et al., 2002).

The ERAD pathways selectively target misfolded proteins as well as regulatory proteins in response to different
cellular stimuli. In the budding yeast Saccharomyces cerevisiae, three ER-resident ubiquitin ligase complexes
are responsible for the majority of ERAD: the canonical Doal0 and Hrd1 complexes as well as the more
recently characterized Asi complex, which is restricted to the inner nuclear membrane (INM) (Bordallo et al.,
1998; Foresti et al., 2014; Hampton et al., 1996; Khmelinskii et al., 2014; Swanson et al., 2001). Collectively, these
enzyme complexes target a diverse array of substrates. Doa10 mainly recognizes ERAD substrates with proteo-
lytic targeting elements (“degrons”) in the cytoplasm/nucleoplasm (ERAD-C) (Huyer et al., 2004; Metzger et al.,
2008; Ravid et al., 2006) whereas Hrd1 recognizes ERAD substrates with degrons in the ER Jumen (ERAD-L) or
ER membrane (ERAD-M) (Carvalho et al., 2006; Gauss et al., 2006; Sato et al., 2009). Although Hrd1 is largely
excluded from the INM, the Asi complex is capable of recognizing ERAD-M substrates in this cellular compart-
ment (Deng and Hochstrasser, 2006; Natarajan et al., 2020; Ruggiano et al., 2014).

The primary component of the Doa10 complex is the E3 ubiquitin ligase Doa10, a large polypeptide that lo-
calizes throughout the ER/NE, including the INM, and contains 14 transmembrane helices (TMs) and an N-ter-
minal RING-CH domain (Deng and Hochstrasser, 2006; Kreft et al., 2006). Doa10-mediated ubiquitylation
almost always requires two different E2 ubiquitin-conjugating enzymes, Ubcé and Ubc7 (Chen et al., 1993;
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Swanson et al., 2001). These E2s use a sequential ubiquitylation mechanism where Ubcé attaches an initial
ubiquitin molecule to a substrate (“priming”) that is subsequently elongated by Ubc7 to form a polyubiquitin
chain (Weber et al.,, 2016). Following substrate ubiquitylation, soluble substrates of Doal0 are directly
degraded by the proteasome; however, membrane-embedded substrates must initially undergo membrane
extraction into the cytoplasm. This extraction step —known as retrotranslocation— requires the AAA+ ATPase
Cdc48 and its associated factors Ufd1 and Npl4 (Mehrtash and Hochstrasser, 2019; Ravid et al., 2006). The
ERAD ES3 ligases and the Derlin rhomboid pseudoproteases have been proposed to participate directly in
membrane extraction (Natarajan et al., 2020; Neal et al., 2018; Schmidt et al., 2020; Stein et al., 2014; Swanson
et al., 2001), potentially by forming retrotranslocation channels (Rao et al., 2021; Wu et al., 2020).

The Doal0 pathway degrades proteins with diverse characteristics in multiple cellular compartments,
including soluble proteins in the cytoplasm and nucleoplasm as well as membrane proteins throughout
the ER/NE (Mehrtash and Hochstrasser, 2019). These include misfolded protein quality control substrates
as well as regulatory proteins whose levels must be tightly regulated. For example, the Doa10 pathway pro-
motes the degradation of Erg1, an essential enzyme in the sterol biosynthetic pathway, in response to high
sterol levels (Foresti et al., 2013). The human ortholog of Doa10, MARCHF6/TEB4, similarly regulates the
abundance of sterol biosynthetic enzymes in response to sterol levels, including the two rate-limiting en-
zymes squalene monooxygenase (the human ortholog of Erg1) and HMG-CoA reductase (Chua et al., 2017;
Forestiet al., 2013; Zelcer et al., 2014). Doa10 also mediates the degradation of mislocalized proteins, such
as those originally destined for the mitochondria or lipid droplets (Dederer et al., 2019; Matsumoto et al.,
2019; Ruggiano et al., 2016; Shakya et al., 2021). Although certain characteristics of Doa10-dependent de-
grons have been defined (Chua et al., 2017; Furth et al., 2011; Johnson et al., 1998; Kats et al., 2018; Kim
et al., 2013), the functional domains in Doa10 involved in substrate recognition remain completely unknown
and no direct substrate interaction with Doa10 has been reported. Moreover, it is unclear why the Doa10
pathway requires two E2 enzymes and how these E2s operate within the same protein complex.

To identify regions within Doal0 responsible for particular functions, we first investigated the highly
conserved 16-residue C-terminal element (CTE), an element required for the turnover of most substrates
(Zattas et al., 2016). These analyses revealed that the CTE contributes to but is not essential for the turnover
of the ERAD-M substrates Ubcé and Sbh2, which exhibit only partial degradation defects in CTE mutant
cells. We show the CTE is required specifically for Doa10-mediated activity of Ubcé. Unlike most Doa10
substrates, E3-mediated activity of Ubcé is not needed for efficient ubiquitylation of Ubcé and Sbh2,
enabling their turnover in CTE mutant cells. Truncation analysis of Doal0 revealed the last four TMs
(TMs 11-14) are not essential for ERAD-M turnover; by contrast, a mutant lacking the last five TMs of
Doal0 (TMs 10-14), while still able to bind its cofactors (Ubcé, Cuel, and Ubc7), is degradation-deficient.
The minimal uninterrupted cofactor-binding region of Doa10 was determined to include TMs 1-9. Struc-
tural predictions for Doa10 and its orthologs using AlphaFold2 revealed several interesting features, the
most prominent being a large central channel formed from the 14 TMs of Doa10. Of interest, the conserved
CTE is predicted to interact with the stem of the catalytic RING domain and TM1 of Doa10. We provide
support for this interaction through mutagenesis and degradation analyses, including striking intragenic
suppression involving two residues predicted to form a saltbridge. The CTE and RING-CH domain are pre-
dicted to form a linked structural motif that could provide insight into the unique catalytic properties of
Doa10. Moreover, AlphaFold-Multimer predictions for Doa10 with Cue1, Ubc7, and Ubcé suggest cofactor
binding occurs outside of the central Doa10 channel and in the minimal cofactor-binding region defined
here. Overall, this study defines critical functional regions within Doa10 and provides mechanistic insights
into how a conserved ERAD complex facilitates E2-E3 interactions and mediates substrate ubiquitylation.

RESULTS

The CTE is required for normal turnover kinetics of Doa10 substrates

Mutation or deletion of the CTE (Figure 1A) blocks the turnover of most Doa10 substrates (Scheffer et al., 2019;
Zattas et al.,, 2016). The CTE is highly conserved, and it is also required for the function of the human ortholog
of Doa10, MARCHF6/TEB4 (Zattas et al., 2016), suggesting the CTE has a crucial and conserved function in the
Doa10 pathway. We therefore performed a more detailed degradation analysis of the two substrates appar-
ently unaffected in CTE mutant cells, Steé6* and Ubcé (Zattas et al., 2016). Steb is a membrane protein that lo-
calizes to the cell surface and contains 12 TMs and two nucleotide-binding domains (NBDs) (Loayza et al.,
1998). The truncation variant Ste6* contains a misfolded NBD2 that results in ER retention and degradation
(Loayza et al., 1998). Because Steb6* turnover is regulated by at least three different ubiquitylation pathways
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Figure 1. The CTE is required for normal turnover kinetics of Doa10 substrates

(A) Membrane topology of S. cerevisiae Doal10 highlighting three conserved regions important for Doa10 function. These
include an N-terminal RING domain, the TEB4-Doa10 (TD) domain, and the C-terminal element (CTE).

(B) Cycloheximide chase analysis of Chimera A*. Following addition of cycloheximide (CHX), cells at the indicated time
points were lysed and analyzed by anti-HA and anti-Pgk1 (PGK) immunoblotting. The graph (right panel) represents data
as mean + SEM from three experiments, ****p < 0.0001, two-way ANOVA with Tukey’s post hoc analysis. Band intensities
were normalized to the PGK loading control.

(C) Degradation of Ubcé was analyzed as in panel B except CHX-chase analysis was performed on endogenous Ubcé,
which was detected by anti-Ubcé immunoblotting. The graph (right panel) represents data as mean + SEM from three
experiments, ***p < 0.001, two-way ANOVA with Tukey's post hoc analysis.

(D) Degradation of Sbh2 was analyzed as in panel B, except CHX-chase analysis was performed on ectopically expressed
FLAG-Sbh2 in ssh14 cells. FLAG-Sbh2 was detected by anti-FLAG immunoblotting. The doa10-2CTM mutant contains
two point mutations in the CTE (G1309L, N1314A). The graph (right panel) represents data as mean + SEM from three
experiments, ****p < 0.0001, two-way ANOVA with Tukey’s post hoc analysis.

(Stolz et al., 2013), we performed cycloheximide (CHX)-chase analyses of Chimera A*, a simplified Doa10 sub-
strate that contains 2 TMs and the misfolded NBD2 from Ste6* (Guerriero et al., 2017). Chimera A* was stabi-
lized to the same extent in doalOmutant cells lacking either all of Doa10 or the CTE, doa104 or doa10(1-1291),
respectively (Figure 1B). Thus, like the other ERAD-C substrates tested previously, Doal0-mediated turnover
of Chimera A* requires a functional CTE (Zattas et al., 2016).
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Although Doa10 primarily targets ERAD-C substrates, a few ERAD-M substrates have been characterized.
The TA protein Ubcé is an unusual Doa10 substrate in that it functions both as an E2 enzyme in the Doal10
complex and contains an ERAD-M degron (Kreft and Hochstrasser, 2011; Swanson et al., 2001; Walter et al.,
2001). Initial degradation analyses suggested that Ubcé turnover did not require the Doa10 CTE; however,
further examination of Ubcé turnover through cycloheximide (CHX)-chase analyses revealed deletion of the
CTE partially blocked Ubcé degradation (Figures 1C and S1). Of the many Doa10 substrates analyzed in
CTE mutant cells (Zattas et al., 2016), we had only observed partial stabilization for Ubcé; all other
substrates were completely dependent on the CTE for their Doa10-dependent turnover.

We next asked whether other substrates, particularly those with features similar to Ubcé, require the CTE
for their turnover. Sbh2 is a component of the non-essential Ssh1 translocon complex in S. cerevisiae and
like Ubcé, a TA protein that contains an ERAD-M degron (Finke et al., 1996; Habeck et al., 2015). Sbh2 is
rapidly degraded by the Doa10 complex in cells lacking one of its binding partners, Ssh1 (Habeck et al.,
2015). We performed CHX-chase analyses of Sbh2 in ssh14 cells bearing several different doal0 mutant
alleles. Either missense mutations (doal0-2CTM) or deletion (doal0-CTEA4; C-terminal residues 1292—
1319 removed) of the CTE partially blocks the turnover of Sbh2 (Figure 1D). Thus, the CTE, while contrib-
uting, is not essential for degradation of the two known ERAD-M substrates targeted primarily by the
Doa10 pathway. Our data suggest there could be a potential link between ERAD substrate classification
(ERAD-C or ERAD-M) and degree of sensitivity to CTE mutation. A functional CTE is required for the ubig-
uitylation of Deg1-containing Doal0 substrates, suggesting it has a role during substrate recognition or
ubiquitylation (Zattas et al., 2016). The data presented here indicate the CTE contributes to the turnover
of all Doa10 substrates. However, unlike most substrates, Ubcé and Sbh2 turnover persists in CTE mutant
cells compared to a doa0 null strain, suggesting these substrates are recognized or ubiquitylated through
an additional, distinct mechanism.

Ubcé auto-ubiquitylation enables its turnover in CTE mutant cells

To gain insight into the mechanistic contributions of the CTE, we further investigated the degradation of
Ubcé, which exhibits partial degradation defects in CTE mutant cells (Figure 1C). Ubcé is a unique sub-
strate that functions as a Doa10 cofactor, and its E2 catalytic activity is required for its turnover (Swanson
et al., 2001; Walter et al., 2001). Doa10 likely contains a distinct Ubcé-binding site that allows Ubcé to
bind Doa10 and ubiquitylate substrates at a separate substrate-binding site. The conserved TD domain
(Figure TA) may represent one of these interaction sites as mutational analyses have identified several TD
mutants that lead to Ubcé-specific degradation changes (Kreft and Hochstrasser, 2011). One of these is a
point mutation in TM5, doal0-E633Q, which leads to very rapid degradation of both epitope-tagged
Ubcé and endogenous Ubcé (Figure S2), likely by enhancing its association with the substrate-binding
site of Doal0 (Kreft and Hochstrasser, 2011). Of interest, catalytically inactive Ubcb6-HA(C87A) is
degraded in doal0-E633Q cells only when active Ubcé is present in trans, but it is highly stable in
wild-type DOA10 cells. (Kreft and Hochstrasser, 2011). These results suggest that inactive Ubcé-
HA(C87A) occupying the substrate-binding site in the mutant Doa10(E633Q) protein can be efficiently
ubiquitylated by active Ubcé at the Ubcé-binding site (Figure 2A). Thus, this E3 point mutant offers a use-
ful tool for analyzing Ubcé turnover at the substrate-binding site where Ubcé auto-ubiquitylation is no
longer required for its turnover.

The degradation of inactive Ubc6-HA(C87A) in doa10-E633Q cells requires Doal10 E3 ligase (RING) activity
as well as Ubc7 and Ubcé E2 activity in trans (Kreft and Hochstrasser, 2011). We sought to determine
whether inactive Ubc6-HA(C87A) turnover in the doal0-£633Q strain also requires a functional CTE. For
this we introduced a second mutation into the chromosomal doa10-E633Q allele to inactivate the CTE
in these cells, generating the mutant doal0-E633Q,CTE4. Consistent with previous studies (Kreft and
Hochstrasser, 2011), inactive Ubc6-HA(C87A) was rapidly degraded in doal0-E633Q cells. Strikingly,
degradation of Ubc6-HA(C87A) in the doal0-£633Q,CTEA strain was nearly completely blocked (Fig-
ure 2B), suggesting its ubiquitylation at the substrate-binding site requires the CTE. By contrast, active
Ubc6-HA turnover proceeded in the double mutant (Figure 2C). Both active and inactive forms of Ubcé
are presumably recognized by Doal10 in a similar manner. This implies that the CTE is not specifically
required for substrate recognition. In contrast to active Ubcé, which can undergo auto-ubiquitylation,
degradation of inactive Ubcé-HA(C87A) strictly requires Ubcé activity in trans in doal0-E633Q cells, as
noted above (Kreft and Hochstrasser, 2011). Therefore, these results suggest auto-ubiquitylation of wild-
type Ubcé enables its turnover in doal0-CTEA4 cells.
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Figure 2. Ubcé auto-ubiquitylation enables its turnover in CTE mutant cells

(A) Model for Ubcé binding in wild-type (WT) and doa10-E633Q cells. (1) In WT cells, only a single Ubcé molecule can interact
with Doa10 at the “Ubcé-binding site.” The Doal0 pathway does not degrade catalytically inactive (C87A) Ubcé in this E3
context. We hypothesize that the doa0-E633Qmutation (Il) allows redirection of Ubcé from its normal Ubcé-binding site to
the “substrate-binding site,” where it can be efficiently ubiquitylated for degradation. As a result, expression together of
active and inactive versions of Ubcé in doa10-E633Q cells enables the ubiquitylation of inactive Ubcé at the substrate-binding
site. The locations of the Ubcé-and substrate-binding sites in this speculative model are hypothetical.

(B) Degradation of Ubcé-HA(C87A) was analyzed as in Figure 1B except CHX-chase analysis was performed on ectopically
expressed Ubcé-HA(C87A) in the indicated yeast strains. Ubc6-HA(C87A) was detected by anti-HA immunoblotting. The
graph (right panel) represents data as mean £+ SEM from three experiments, ***p < 0.001, two-way ANOVA with
Bonferroni’s post hoc analysis.
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Figure 2. Continued

(C) The degradation of Ubcé-HA and Ubcé-HA (C87A) was analyzed as in (B) except CHX-chase analysis was performed on
ectopically expressed Ubcé-HA and Ubcé-HA(C87A) in doa10-E633Q, ACTE cells. The graph (right panel) represents data
as mean + SEM from four experiments, ****p < 0.0001, two-way ANOVA with Bonferroni’s post hoc analysis.

(D) Degradation of Ub-Ubc6-HA(C87A) was analyzed as in Figure 1C except CHX-chase analysis was performed on
ectopically expressed Ub-Ubcé-HA(C87A) in the indicated yeast strains. Ub-Ubc6-HA(C87A) and G6PDH were detected
by anti-HA and anti-G6PDH immunoblotting, respectively. The graph (right panel) represents data as mean + SEM from
three experiments, ****p < 0.0001, two-way ANOVA with Tukey’s post hoc analysis.

(E) Degradation of Ub-Ubc6-HA(C87A) was analyzed as in (D) in the indicated yeast strains.

To test this idea, we investigated whether bypassing the need for Ubcé auto-ubiquitylation now allows
inactive Ubc6(C87A) turnover in doal0-CTEA mutant cells. The attachment of a non-cleavable ubiquitin
(Ubg7sv) to the N-terminus of inactive Ubcé, Ubgze-Ubcb(C87A), bypasses the need for Ubcé activity
and leads to efficient degradation initiated by Ubc7 alone (Weber et al., 2016). We speculated that N-ter-
minal attachment of ubiquitin would also enable the turnover of inactive Ubc6-HA(C87A) in doal10-CTEA
mutant cells. Notably, the turnover of Ubg7ey-Ubcb-HA(C87A) was only slightly stabilized in doa104 cells
when evaluated using longer chase times than had been used previously (Figure 2D). Complete stabiliza-
tion of Ubg7ev-Ubcb-HA(C87A) required combined deletion of DOA10 and UFD4, an E3 ligase involved in
the ubiquitin-fusion degradation (UFD) pathway (Johnson et al., 1995). To focus on Doal0-mediated
degradation of Ubg7ey-Ubcb-HA(C87A), we performed additional CHX-chase analyses in cells lacking
UFD4 (Figure 2E). These experiments revealed that N-terminal attachment of ubiquitin to Ubcé-
HA(C87A) was indeed able to overcome the degradation defect of the inactive E2 in doal0-4CTE cells.

Together, these data indicate the ability of Ubcé to undergo auto-ubiquitylation enables its turnover when
Doa10 lacks the CTE. Notably, while most substrates require Doa10 for Ubcé-mediated mono-ubiquityla-
tion, Ubcé can undergo mono-ubiquitylation independently of Doal10 (Schmidt et al., 2020; Weber et al.,
2016). This distinct ubiquitylation mechanism enables Ubcé degradation in CTE mutant cells.

E2 and CTE mutants differentially inhibit the turnover of a Doa10 ERAD-M substrate

The data presented to this point would imply that the Doa10 CTE is required for E3-mediated activity of
Ubcé, the initial “priming” step during Doa10-mediated ubiquitylation. Unlike most substrates, Ubcé and
Sbh2 turnover might persist in CTE mutant cells because these substrates can be ubiquitylated through
distinct mechanisms. Doa10 E3 activity is not required for auto-ubiquitylation of Ubcé, as just noted, and
Sbh2 is efficiently ubiquitylated by Ubc7 alone, although in vivo Ubcé is required for maximal degradation
(Habeck et al., 2015; Weber et al., 2016). To investigate whether the CTE is required for Ubcé function, we
first compared the degradation kinetics of Sbh2 in ssh14 cells lacking either UBC6 or the Doa10 CTE (Fig-
ure 3A). Although Sbh2 turnover is partially stabilized in either ubcé4 or doal0-CTEA4 single mutants, the
degree of Sbh2 stabilization is significantly greater in the CTE mutant, suggesting the CTE is not only
required for Ubcé function but could also contribute to another aspect of the Doa10 ERAD pathway.

We next tested whether the CTE is essential only for Doa10-mediated activity of Ubcé toward Sbh2, as was
shown for Ubcé. In fact, further stabilization of Sbh2 was observed in the ubcéd doalO-CTEA4 double
mutant as compared to the doal0-CTE4 single mutant (Figure 3B). Hence, Ubcé also contributes to
Sbh2 degradation in a way that is independent of the Doa10 CTE. Although Ubcé primarily functions in
the Doa10 ERAD pathway, Ubcé can also function in the Hrd1 ERAD pathway (Lips et al., 2020). Because
deletion of HRD1 modestly stabilizes Sbh2 turnover (Habeck et al., 2015), we wondered whether additional
stabilization of Sbh2 in the ubcé4 doa10-CTEA4 double mutant is because of inhibition of Hrd1-mediated
degradation of Sbh2 (as opposed to the Doa10 pathway). In support of this notion, we found that Sbh2 turn-
over was stabilized in the hrd14 doal0-CTE4 double mutant (Figure 3C) to a degree similar to that in the
ubcé4 doal0-CTEA double mutant (Figure 3B). Moreover, deletion of HRD1 in cells lacking UBC6 had no
impact on the turnover kinetics of Sbh2, suggesting Hrd1-mediated degradation of Sbh2 requires the
E2 Ubcé. Together, these data indicate the CTE is indeed required for Doa10-mediated activity of Ubcé
toward Sbh2; however, greater stabilization of Sbh2 in the doal0-CTEA4 single mutant compared to the
ubcé4 single mutant suggests mutation of the CTE also impairs another aspect of Doa10 function.

The last 4 TMs of Doa10 are not essential for the turnover of its ERAD-M substrates

Besides the likely presence of a both general substrate-binding site and a Ubcé-binding site (Kreft and
Hochstrasser, 2011), Doa10 likely has an additional binding site for the Ubc7 activator Cue1, which anchors
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Figure 3. E2 and CTE mutants differentially inhibit turnover of a Doa10 ERAD-M substrate

(A) CHX-chase analysis of ectopically expressed FLAG-Sbh2 in ssh14 cells was done as in Figure 1D in the indicated yeast
strains. The graph (right panel) represents data as mean + SEM from three experiments, **p < 0.01, two-way ANOVA with
Tukey's post hoc analysis.

(B) The degradation of FLAG-Sbh2 was analyzed as in panel A in the indicated yeast strains. The graph (right panel)
represents data as mean + SEM from four experiments, ****p < 0.0001, two-way ANOVA with Tukey's post hoc analysis.
(C) The degradation of FLAG-Sbh2 was analyzed as in panel A in the indicated yeast strains. The graph (right panel)
represents data as mean + SEM from three experiments, **p < 0.01, ****p < 0.0001, two-way ANOVA with Tukey’s post
hoc analysis.

Ubc7 to the ER membrane, stabilizes Ubc7 levels, and stimulates Ubc7 E2 activity (Bazirgan and Hampton,
2008; Biederer et al., 1997; Chen et al., 1993; Ravid and Hochstrasser, 2007; von Delbruck et al., 2016). The
locations of these Doa10 binding sites have yet to be defined. To identify specific regions within Doa10
important for its function, we analyzed the turnover of Ubcé in several chromosomally derived C-terminal
truncation mutants of Doal10 (Figure 4A). Although all known Doa10 orthologs possess 12-16 TMs (Kreft
etal., 2006), we found a Doa10 fragment, doa10(1-1080), still capable of causing Ubcé degradation despite
only having TMs 1-10 (Figure 4B) (See Figure 5B for comparable expression of the truncation mutants).
Ubcé was partially stabilized in this truncation mutant, and further truncation that included Loop%-TM10,
doa10(1-1000), strongly stabilized Ubcé, indicating this region could have a central role in substrate turn-
over (Figure 4B). We also tested how these truncation mutants impact the turnover of another Doa10
ERAD-M substrate. Like the Ubcé degradation results, turnover of Sbh2 was partially stabilized in the
doa10(1-1080) mutant but fully stabilized in the doal0(1-1000) strain (Figure 4C). Therefore, truncation
of Loop9-TM10 in Doa10 likely interferes with a crucial step in the Doa10 pathway, at least for ERAD-M
substrates.

We speculated that disrupting Loop9-TM10 of Doa10 could either interfere with substrate binding or
Doa10-mediated activity (“E3 stimulation”) of its cognate E2 enzymes. To test whether C-terminal trunca-
tion through TM10 interferes with Doa10-mediated Ubcé function, we analyzed the turnover of Ubg7ey-
Ubc6-HA(C87A), a substrate that does not require Ubcé function, in ufd44 cells. Ubgzey-Ubcb-HA(C87A)
was stabilized in doa10(1-1000) mutant cells, demonstrating that this mutant does not specifically interfere
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Figure 4. The last 4 TMs of Doa10 are not essential for turnover of its ERAD-M substrates

(A) Cartoon depicting the various C-terminal truncations of Doa10 used to analyze substrate turnover.

(B) CHX-chase analysis of endogenous Ubcé was analyzed as in Figure 1C in the indicated yeast strains. The graph (right
panel) represents data as mean + SEM from three experiments, *p < 0.05, two-way ANOVA with Tukey's post hoc
analysis.

(C) CHX-chase analysis of FLAG-Sbh2 was analyzed as in Figure 1D in the indicated yeast strains. The graph (right panel)
represents data as mean + SEM from three experiments, **p < 0.01, ****p < 0.0001, two-way ANOVA with Tukey’s post
hoc analysis.

(D) CHX-chase analysis of Ub-Ubc6-HA(C87A) was analyzed as in Figure 2D in the indicated yeast strains.The graph (right
panel) represents data as mean + SEM from four experiments.

(E) Co-immunoprecipitation (co-IP) analysis of Doa10 to investigate interactions between Doa10 and Ubcé. Microsomes
were isolated from the indicated yeast strains and solubilized with digitonin. MYC-tagged Doa10 was
immunoprecipitated with anti-Doa10 antibodies and the bound proteins were analyzed by anti-MYC and anti-Ubcé
immunoblotting. Note that there is a weak nonspecific band observed near Ubcé in the anti-Doa10 IP (see lane 3).
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Figure 5. The minimal continuous cofactor binding region of Doa10 includes TMs 1-9

(A) Cartoon depicting the various C- and N-terminal truncations of Doa10 used to analyze Cuel and/or Ubc7 binding.
(B) Co-IP analysis to investigate interactions between Doa10 and Ubc7 was performed as in Figure 4E except bound
proteins were analyzed by anti-MYC and anti-HA immunoblotting. All strains in this panel except one (third lane) contain
PRH373-UBC7-2HA integrated at the TRP1 locus.

(C) Binding of Cue1 to Doa10 was analyzed as in panel B except bound proteins were analyzed by anti-MYC and anti-Cue1
immunoblotting.

(D) Binding of Cue1 to the indicated Doa10 mutants was analyzed as in panel C except MYC-tagged Doa10 was
immunoprecipitated with anti-MYC antibodies.

(E) Binding of ectopically expressed Cue1-3XFLAG and Cue4-3XFLAG to Doal0 variants expressed from the endogenous
locus was analyzed in the indicated yeast strains as in panel B except bound proteins were analyzed by anti-MYC and anti-
FLAG immunoblotting.

with Ubcé function (Figure 4D). Next, co-immunoprecipitation (co-IP) analysis was performed between
endogenous Ubcé and the truncation mutants to determine how these mutants impact Ubcé binding. Bind-
ing was measured in strains lacking UBC7 to prevent Ubcé turnover and ensure Ubcé levels are comparable
in the different mutant strains. We found that the degradation-deficient doa10(7-1000) mutant, which lacks
the CTE and TMs 11-14, was still capable of binding Ubcé (Figure 4E); therefore, we speculated that disrup-
tion of this region interferes with some aspect of Ubc7 function, such as its ability to bind Doa10 or ubig-
uitylate substrates. Notably, truncation mutants lacking Doa10-TM9 [Doa10(1-950) and Doa10(1-824)]
were incapable of interacting with Ubcé (Figure 4E). We have not been able to detect binding between
Doa10 and ERAD-C substrates, most likely because of the transient nature of these interactions; therefore,
whether ERAD-C substrates are also capable of interacting with these truncation mutants is unclear and will
likely require crosslinking experiments, such as those previously performed (Nakatsukasa et al., 2008).

The minimal continuous cofactor-binding region of Doa10 includes TMs 1-9

Our analyses of C-terminal truncation mutants of Doal0 suggested the region surrounding TM10 is
crucial for Doa10 function. A loss of binding between Ubc7 and Doa10 was previously reported in the
doal0(1-950) truncation mutant, which lacks TMs 9-14 (Kreft and Hochstrasser, 2011). Therefore, the
degradation defects observed in doal0(1-1000) mutant cells, which lack TM10 and regions further C-ter-
minal to it (Figure 5A), could also be related to impaired binding between Ubc7 and Doa10. To test this,
we performed co-IP analyses between Doa10 and Ubc7 in the C-terminal truncation mutants of Doa10 (Fig-
ure 5B). While the truncation mutants lacking TM9 were indeed deficient in Ubc7-binding, continued bind-
ing of Ubc7 was seen for the less extensive truncation mutants, including the degradation-deficient
doa10(1-1000) mutant. Therefore, removal of the region downstream of TM9 interferes with Ubc7 activity,
but not binding between Ubc7 and Doa10. Given Ubc7 is recruited to the Doa10 complex by the cofactor
Cuel (Bagola et al., 2013), we also performed a similar binding analysis between Cue1 and Doa10. As seen
for Ubc7, only the mutants lacking TM9 were deficient in Cuel-binding (Figure 5C). Because Cue1 recruits
Ubc7 to the ER membrane, where it functions with Doa10, these results indicate their binding does not
require TMs 10-14 of Doa10.

Notably, all three ERAD E3 ligase complexes in yeast require Cue1 and Ubc7 for substrate ubiquitylation
(Biederer et al., 1997; Khmelinskii et al., 2014; Swanson et al., 2001); however, the location of their binding
sites within the ERAD E3s is unknown. To identify the N-terminal end of the minimal cofactor-binding re-
gion of Doal0, we started with the doal0(1-1000) chromosomal mutant, whose product still can bind
Cuel-Ubc7, and removed segments encoding N-terminal Doa10 sequences from the endogenous locus.
We then performed co-IP experiments. The minimal truncation variant capable of binding Cuel was
doal0(122-1000), a mutant lacking the catalytic RING-CH domain (Figure 5D). Further truncation of
Doa10 from its N-terminus, such as deletion of TM1 (doa10(190-1000)), completely disrupted Cuel bind-
ing. Therefore, the minimal Cuel-binding region of Doa10 encompasses TMs 1-9 and surprisingly, does
not require the RING-CH domain, which is expected to activate E2~ubiquitin transfer to substrate. At-
tempts to measure Ubcé binding with the N-terminal truncation mutants of Doal0 were unsuccessful
because of high background associated with the Doa10-Myc IP. Nevertheless, we have narrowed the loca-
tion of the Ubcé-binding region to within the first 1000 residues of Doa10, which include TMs 1-9 (Fig-
ure 4E). Although it is uncertain if Ubcé can interact with Doa10 truncations lacking N-terminal segments,
we define the minimal cofactor-binding region of Doa10 capable of binding Cuel (and by implication,
Ubc7) as the segment bracketing TMs 1-9.
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To verify the specificity of these co-IP interactions, we compared Doa10 binding by Cue1 and its paralog
Cued. Cued was chosen as a negative control because it is an ER membrane protein that has not previously
been linked to ERAD, but it shares a high degree of sequence similarity with the Doa10-interacting region
of Cuel (residues 1-64) defined here, which includes its single transmembrane domain (Figure S3).
Epitope-tagged versions of Cuel and Cued were both stably expressed in yeast at similar levels, yet
only Cuel interacted with Doa10 (Figure 5E). Therefore, co-IP interactions under the conditions used are
highly specific to proteins within the Doa10 complex.

The CTE and RING-CH domain of Doa10 are predicted to interact

To gain insight into the role of the functionally important regions analyzed in this study, we examined the pre-
dicted structure of Doa10 by AlphaFold2 (Figure 6A) (Jumper et al., 2021). This structural prediction revealed
several interesting features, including a large apparent channel formed by the TMs of Doa10 (Figure 6B). The
potential protein channel, which is partially lined by the conserved TD domain, could represent an ERAD chan-
nel that aids in substrate recognition and retrotranslocation. Moreover, the first (TM1) and last (TM14) TMs of
Doa10 are juxtaposed, and the RING-CH domain and CTE are predicted to interact; an anti-parallel beta-
sheet is formed by strands from the CTE and the stem just below the zinc-coordinating RING-CH domain,
and several electrostatic interactions are predicted between these elements (Figure 6C). These terminal inter-
actions enable the TMs to form a large transmembrane ring. Very similar interactions are predicted for the hu-
man and Schizosaccharomyces pombe orthologs of Doal10 (not shown). Given that the CTE is required for
Doa10-mediated activity of Ubcé, the predicted interaction between the CTE and the catalytic RING-CH
domain suggests the CTE has a direct role in E2 activation and substrate ubiquitylation.

To determine whether the location of the CTE is crucial for its function, we appended the CTE to the end of
the doa10(1-1080) mutant, which is otherwise functionally similar to the doal0-CTE4 mutant in that it also
retains partial activity against ERAD-M substrates of Doal10 (Figure 4). We monitored ERAD-C turnover,
which is fully dependent on the CTE, using a degradation-sensitive growth assay. Because the membrane
substrate Deg1-Vma12-Ura3 is the only source of Ura3 in these cells, yeast grow poorly on media lacking
uracil when it is rapidly degraded via the Doa10 pathway, but strong growth is seen when Doa10 is elimi-
nated (Kreft and Hochstrasser, 2011). We found that the doa10(1-1080-CTE) mutant was unable to rescue
ERAD-C turnover (Figure 6D). Moreover, attachment of the wild-type CTE to the C-terminus of the doa10-
2CTM mutant protein also failed to rescue ERAD-C turnover, indicating the CTE must be precisely located
within the Doa10 protein to perform its function (Figure 6D).

We next tested whether potential RING-CH-binding residues are important for CTE function. To this end,
we focused on mutating charged or polar residues of the CTE that are predicted to interact with the RING-
CH domain (K1308, E1313, N1314, E1318). The only point mutant that strongly stabilized Deg1-Vma12-Ura3
turnover was the doal0-N13714A mutant (Figures S4 and S5) (Zattas et al., 2016), which is expected to
disrupt the predicted hydrogen bond between N1314 and H54. Of interest, among the polar or charged
CTE residues predicted to interact with the RING domain, N1314 is the most conserved and the Asn-His
interaction is also predicted by AlphaFold2 to occur in the human ortholog of Doa10, MARCHF6.

Because the Deg1-Vma12-Ura3 spot assay only detects mutants that strongly impair Doa10 function, we
also performed spot assays with the soluble Deg1-Ura3 reporter, which can identify mutants that produce
very modest degradation defects (Figures 6E and S6). We found the more conservative N1314D mutation
also impairs substrate turnover, thereby highlighting the importance of this conserved residue. Of interest,
AlphaFold2 prediction of the Doa10-N1314A mutant protein suggested this mutation leads to local struc-
tural rearrangements while still maintaining the overall CTE-RING interaction (Figure S7). We were unable
to validate the predicted CTE-RING interaction through in vitro binding experiments using soluble versions
of the CTE and RING-CH (not shown). We anticipate that the proximal location of these elements within
endogenous Doal10 helps to facilitate this interaction. In particular, TM1 and TM14 are predicted to interact
through hydrophobic and hydrophilic interactions near the cytosolic/ER membrane boundary, which
includes an ionic interaction between E1304 and K119 (Figure 6F).

To test whether the predicted interaction between the regions near TM1 and TM14 is important for Doa10
function, we analyzed point mutations at E1304 of the CTE. Notably, a negatively charged residue (D/E) is
absolutely conserved at this position among evolutionarily distant species (Zattas et al., 2016). Based on
growth assays, the opposite charge E1304R mutation produced the strongest defect on Deg1-mediated

¢? CellPress

OPEN ACCESS

iScience 25, 105351, November 18, 2022 1"




¢? CellPress

OPEN ACCESS

Deg1-FL-Vma12-Ura3
SD-trp SD-ura
PITEEe @ ® ©
doat0(1-1291)-13myc YK JR]

Cytoplasm
wr CICNCY
doat0-N1314D
doat0-N1314A
doato-£13130
doat0E1313A
doat0-K1308R
doat0-K1308A
doaton
ER lumen
G Degt-FL-Urad H Deg1-FL-Ura3 turnover
wT
doal0-E1304A 10
j0a
- doal0A

doat10-E1304D

~
@

" = doal0-E1304R
= -+ doal0-K119E, E1304R
-« DOA10

doa10-E1304R
doat0-K119A
doat0-K119E

% Deg1-FL-Ura3 remaining

doa10-KT19E, E1304R

8
‘l_l

0 30 60
Chase time (min)

Figure 6. The CTE and RING-CH domain of Doa10 are predicted to interact

(A) Side view of the AlphaFold2 model for Doa10 displaying the RING domain (residues 6-~112) in green, TMs 1-10
(residues shown are 113-225, 463-825, 961-1052) in cyan, TMs 11-14 (residues 1095-1306) in maroon, and the cytoplasmic
portion of the CTE (residues 1307-1318) in yellow. Boundaries of the membrane bilayer are approximate. Residues not
noted here are hidden for image clarity.

(B) AlphaFold2 model for Doal10 viewed from the cytoplasmic side of the ER membrane. Regions are displayed as in
(A) except the conserved TD domain (608-761) is orange. A red asterisk highlights the location of the predicted Doa10
channel.

(C) Detailed cartoon representation of the RING-CTE motif as predicted by AlphaFold2. Electrostatic interactions
between the RING finger and CTE are highlighted with dashed lines.

(D) Degradation-dependent yeast growth assay using the membrane substrate Deg1-Vma12-Ura3 expressed from the
MET25 promoter. Serial dilutions of the indicated strains transformed with the TRP1-marked Deg1-Vma12-Ura3
expression plasmid were spotted on the indicated media. The doa10-2CTM mutants contain two CTE mutations (G1309L,
N1314A).

(E) Degradation-dependent growth assay as in (D) except the indicated yeast strains were transformed with the soluble
substrate Deg1-FLAG-Ura3.

(F) AlphaFold2 model showing TM1 and TM14 of Doa10 viewed from inside the Doa10 channel. The dashed lines
highlight the ionic interaction predicted between E1304 and K119. Other residues depicted include W1293, T1297, N1300
(TM14) and K127, T123, S120 (TM1).

(G) Degradation-dependent growth assay as in (E) using the indicated strains.

(H) CHX-chase analysis of Deg1-FL-Ura3. The graph represents data as mean + SEM from three experiments, **p < 0.01,
*rxp < 0.0001, two-way ANOVA with Tukey’s post hoc analysis. Band intensities were normalized to the G6PDH loading
control. See Figure S9 for a representative western blot of this data.
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Figure 7. Topology model for S. cerevisiae Doa10 based on the AlphaFold2 prediction model

Doal0 contains 14 transmembrane helices (TMs) and both termini face the cytoplasmic side of the ER membrane. The
catalytic RING-CH domain is located at the N-terminus whereas the C-terminal element (CTE) is at the C-terminus. The
conserved TEB4-Doa10 (TD) domain contains TMs 5-7 as well as the loop regions between. Here, we also define a potential
Ubc7-sensitive region (U7SR), which we predict is required for Doa10-mediated activity of Ubc7, and the Cuel-binding region
encompassing TMs 1-9 of Doa10. Notably, because the AlphaFold2 structure lacks lipid molecules, the TM boundaries shown
here are not definitive. A number of the predicted helices are remarkably long, most notably TM1 and TM5.

turnover, the E1304A mutation had an intermediate effect, and the E1304D mutation had no impact on
either Deg1-Vma12-Ura3 or Deg1-Ura3 turnover (Figures 6G and S8). When the K119 residue in the N-ter-
minal domain that is predicted to form a saltbridge with E1304 was mutated to an oppositely charged Glu
residue, Deg1-Ura3 was also stabilized. Remarkably, introducing the K119E mutation into the doal0-
E1304R allele completely restored Doal0 function based on growth assays and CHX-chase analysis
(Figures 6G, 6H, S8, and S9). These results provide strong in vivo evidence supporting the AlphaFold2
structure prediction and suggest the interaction between the terminal domains of Doa10 is important
for E3 function. We propose that the cytoplasmic ends of the terminal Doa10 transmembrane helices,
TM1 and TM14, facilitate both formation of an exit channel —and are potentially part of a lateral gate—
and interaction between the CTE and RING-CH domain. Overall, our genetic and biochemical analyses
support key aspects of the AlphaFold2 structural prediction for Doa10, such as the formation of a long-
range interaction between the CTE and RING-CH domain, that is crucial for E3-mediated ubiquitylation.

DISCUSSION

Since the initial discovery of Doa10 over twenty years ago, identification of regions within the E3 respon-
sible for particular functions or protein interactions has been limited, with the major exception being the
RING-CH domain (Swanson et al., 2001). RING fingers contain conserved cysteine and histidine residues
that coordinate Zn?* and mediate E2 binding (Metzger et al., 2014). They also contain a conserved “linchpin
residue” that engages both ubiquitin and E2 through hydrogen bonding (Pruneda et al., 2012). The Doa10
RING domain contains a cysteine and histidine at coordinating positions four and five (RING-CH), respec-
tively, and is therefore distinct from the classical RING-HC domain (Swanson et al., 2001). Moreover, the
Doa10 RING-CH finger contains a suboptimal histidine residue as its linchpin, which appears to be ineffi-
cient at ubiquitin priming (Lips et al., 2020). On the other hand, the basal activity of Ubcé is unusually high,
and its enzymatic activity is minimally stimulated by the Doa10 RING in vitro (Lips et al., 2020). This could in
part explain how Doa10 and Ubcé mediate ubiquitin priming with a suboptimal RING linchpin residue.
However, because full-length Doa10 significantly enhances Ubcé activity (Schmidt et al., 2020), it is likely
that additional regions contribute to proper E2/E3 pairing and Doa10-mediated stimulation of Ubcé.

Inthis study, we have characterized Doa10 elements involved in different aspects of sequential protein poly-
ubiquitylation: ubiquitin priming as well as E2 and Cue1 cofactor binding (Figure 7). One focus of our analysis
was the conserved CTE, an element we show is required for Doa10-mediated mono-ubiquitylation (ubiqui-
tin priming). Thus, the CTE is essential for the degradation of most Doa10 substrates, i.e., those targeted for
degradation through a sequential E2 mechanism involving Ubcé and Ubc7 (Weber et al., 2016). Although
Ubcé and the CTE are absolutely required for Doa10-mediated ubiquitin priming, the CTE also likely con-
tributes to Ubc7-mediated ubiquitin chain elongation. This was inferred from degradation analyses of the
ERAD-M substrate Sbh2, which revealed that single mutants in either Ubcé or the CTE differentially inhibit
Sbh2 turnover (Figure 3). If the CTE were solely required for Doa10-mediated mono-ubiquitylation by Ubcb,
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deletion of UBC6 would be expected to produce a similar degradation defect to the CTE single mutant
rather than the observed weaker effect. Although we provide strong genetic evidence that links the
Doa10 CTE function to ubiquitin priming, it was still unclear if the CTE was involved directly in this process.

To gain insight into the underlying mechanism of the CTE in ubiquitin priming, we analyzed the predicted
structure of Doa10 and its orthologs by AlphaFold2. There are several interesting features revealed from these
structures. These include the relative location of the catalytic RING-CH domain and the CTE. Although these
elements are encoded at the extreme N- and C-terminus of the protein, respectively, AlphaFold2 predicted a
closely intertwined association between the two. The mutagenesis analyses performed here support the pre-
dicted CTE-RING-CH interactions. We also show the precise location of the CTE is crucial for its function (and
presumably for binding to the RING-CH domain). Most importantly, intragenic suppression by complementary
mutations of residues K119 and E1304 near the two ends of Doa10 yielded results consistent with their forming
a functionally critical saltbridge. Doa10-K119 is not broadly conserved, but a similarly positioned saltbridge
between human MARCHF6 residues D77 and K881 in the CTE is predicted by AlphaFold2. Thus, residues
bringing together the N- and C-terminal domains of Doa10 might be co-evolving.

We predict interactions between the terminal TM1 and TM14 helices and their respective cytoplasmic tails
facilitate specific binding between the CTE and RING-CH domain as well as Doa10 channel formation. The
central channel predicted for Doa10 and its orthologs could potentially serve as a conduit for extracting
transmembrane substrates of Doa10 from the ER. This function implies the presence of a lateral gate to
allow membrane substrate entry into the channel. TM1 and TM14 might contribute to this gate, with the
CTE-RING-CH domain association potentially acting as a dynamic clasp.

The exact function of the predicted CTE-RING-CH interaction is not certain; however, the presence of the
CTE at the enzyme active site of Doa10 implies a direct role in substrate ubiquitylation. The CTE-RING
binding motif appears to be conserved in Doa10 orthologs based on sequence conservation and structural
predictions by AlphaFold2 (Jumper et al., 2021; Zattas et al., 2016). This was supported by a previous study
that found mutation of a conserved asparagine in the CTE of human MARCHFé (equivalent to yeast N1314)
impaired E3 function (Zattas et al., 2016). Consistent with our findings here, a very recent paper reported
biochemical evidence for direct CTE-RING binding in MARCHF6 (Nguyen et al., 2022). There are likely
some differences in how the Doal0 and MARCHF6 CTEs function. For example, Nguyen et al. found
that the MARCHFé C-terminal domain (residues 870-910) was necessary and sufficient for binding to the
human Ubcé and Ubc7 E2 orthologs, whereas the equivalent Doa10 domain is not necessary for E2 binding
(Figures 4 and 5). Further work is needed to determine whether the CTE in MARCHF6 is similarly required
for E3-mediated mono-ubiquitylation. The CTE appears to be a motif exclusive to Doa10 orthologs based
on sequence comparisons (Zattas et al., 2016). It is possible that it has evolved to couple the dynamics of the
Doal0 protein exit channel with potentiation of RING-CH ubiquitylation activity.

In this study, we also sought to identify the regions within Doa10responsible for either E2 or substrate bind-
ing. The locations of these Doa10 binding sites had been unknown, although the conserved TD domain was
predicted to represent either an E2 or substrate-binding site (Kreft and Hochstrasser, 2011; Swanson et al.,
2001). As Doa10 ERAD-M substrates are still degraded to some degree in cells lacking a functional CTE, we
generated several C-terminal truncation mutants to identify other regions needed for substrate turnover.
We found a mutant with only TMs 1-10 (TM11-14A) is functionally similar to a CTE mutant retaining all 14
TMs. It appears that the last four TMs are dispensable (at least for the tested substrates) except for the
proper positioning of the CTE. This was an unexpected result given that all known Doa10 orthologs contain
12-16 predicted TMs (Kreft et al., 2006). Additional deletion of Loop9-TM10 in doa10(1-1000) produced a
degradation defect similar to that in cells completely lacking DOA10 (Figure 4). This degradation-deficient
mutant is still capable of binding Ubcé, Cuel, and Ubc7 but lacks the ability to target ERAD-M substrates
(even when "primed"”). We predict the deletion of this region produces a specific defect in Ubc7 activity.

Moreover, we define the minimal cofactor-binding region of Doa10, namely the region capable of binding
Ubcé, Ubc7, and Cuel, as the segment including TMs 1-9. The Doa10 RING domain was previously shown
to interact weakly with Ubcé and Ubc7 in vitro (Lips et al., 2020), yet we found it is not required for stable
interactions between Doa10 and Cuel, the cofactor that recruits Ubc7 to the ER membrane and the Doa10
complex (Bagola et al., 2013; Biederer et al., 1997). We were unable to narrow the minimal continuous
cofactor-binding region any further, as N-terminal truncation mutants lacking TM1 were incapable of
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binding Cuel. We do not anticipate that this entire minimal binding region, which consists of residues 122—
1000 and includes nine TMs, participates directly in protein-protein interactions. Instead, we imagine that
cofactor binding is abrogated in the more extensive N-terminal truncations because of improper folding of
subsequent domains or to the possibility that the critical binding elements happen to be near the ends of
the linear polypeptide sequence.

We employed AlphaFold-Multimer (Evans et al., 2021) to predict the full structure of the Doa10 ligase complex
and gain additional insight into cofactor binding. These predictions suggest cofactor binding occurs within the
binding region we have defined experimentally. In particular, the TM segments of Cue1 and Ubcé are located
outside of the Doa10 channel near TM7, TM9, and Loop 8 (Figures S14 and S15). Of interest, Loop 8 is pre-
dicted to form an unusual globular domain near the cytosolic/ER membrane interface (Figure S16), where it
interacts with both Cuel and Ubcé (Figure S15). These structures provide insight into how the doa10(1-950)
truncation mutant, which lacks TM9 and part of Loop 8, disrupts cofactor binding. The first several N-terminal
TM segments, which are required for cofactor association (Figures 4E and 5B), do not appear to participate
directly in their binding, consistent with the assumption these TMs are needed for proper downstream TM
insertion and folding. Notably, the cofactor-binding region defined here is the first known E2-binding site
for an ERAD E3 in yeast. In mammalians cells, the ERAD E3 gp78 contains a UBE2G2 Binding Region
(G2BR) (Das et al., 2009); however, the G2BR is a soluble domain and relatively small compared to the
cofactor-binding region of Doa10. Although Ubc7 contains a mammalian ortholog that functions in ERAD,
there is no apparent mammalian ortholog for the cofactor Cuel. Despite this, the ERAD accessory protein
AUP1 appears to perform an analogous function (Smith et al., 2021). More work is needed to further under-
stand E2-E3 pairing in mammalian orthologs of Doa10 and the other ERAD E3s.

In summary, we have provided mechanistic insights into how Doa10 and its E2 enzymes assemble into
a functional membrane ubiquitin-ligase complex. Future experiments are needed to determine the
exact mechanistic contributions of the RING-CTE motif and its function in other Doa10 orthologs.
Moreover, structural studies are needed to validate the AlphaFold2 predictions. In these predicted
structures, the TMs of Doa10 appear to form an ERAD protein channel, which likely contributes to substrate
recognition and retrotranslocation. This channel is distinct from other recently proposed ERAD channels,
which are formed from multiple proteins or polypeptide subunits (Rao et al., 2021; Wu et al., 2020). We pre-
dict substrate recognition occurs within the conserved TD domain (Kreft et al., 2006), which partially lines
the putative Doa10 channel but also protrudes into the cytoplasm/nucleoplasm. Although Doa10 mediates
Ubcé retrotranslocation in vitro (Schmidt et al., 2020), primed versions of Ubcé that are targeted by Ufd4
can be degraded (and presumably retrotranslocated) independently of Doa10 (Figure 2D). We anticipate
it will be difficult to demonstrate retrotranslocase activity of Doa10 in vivo because there are several ex-
pected avenues for retrotranslocation (reviewed in (Mehrtash and Hochstrasser, 2019)). Alternative use
of distinct protein retrotranslocation channels in different cellular compartments has also been reported
(Flagg etal., 2021). It will be interesting to determine the retrotranslocation pathways involved in the degra-
dation of different Doa10 substrates, particularly those that localize to the INM.

Limitations of the study

We determined that two Doa10 ERAD-M substrates exhibit partial degradation defects in CTE mutant
cells, whereas ERAD-C substrate turnover is completely blocked. These results are likely because of differ-
ences in ubiquitylation mechanism as opposed to ERAD substrate class per se. Additional substrates will
need to be tested to determine whether there is a definitive link between ERAD substrate classification
(ERAD-C or ERAD-M) and degree of sensitivity to CTE mutation. Moreover, we define a relatively large min-
imal cofactor-binding region consisting of TMs 1-9 of Doal0, but we anticipate based on structural
modeling that smaller regions of Doa10 directly associate with cofactors. It is likely that the N-terminal
TMs are required for proper folding of the cofactor binding site within Doa10. Finally, we analyzed struc-
tural predictions of Doal0 using AlphaFold. Although we confirmed the predicted interaction between
K119 and E1304 through intragenic suppression, future structural studies will be crucial for further insight
into Doal0 and related E3 structures.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-HA Sigma-Aldrich Cat#H9658; RRID: AB_260092

Mouse monoclonal anti-HA BioLegend Cat#901513; RRID: AB_2565335

Rabbit polyclonal anti-Ubcé Walter et al. (2001) N/A

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat#F3165; RRID: AB_259529

Mouse monoclonal anti-Myc Covance Cat#MMS-150R; RRID: AB_291325

Rabbit anti-Doa10 serum
Mouse monoclonal anti-PGK

Rabbit monoclonal anti-G6PDH

Kreft et al. (2006)
ThermoFisher

Sigma-Aldrich

N/A
Cat#459250; RRID: AB_2532235
Cat#A9521; RRID: AB_258454

Rabbit anti-Cue 1 serum Cohen et al. (2015) N/A

Bacterial and virus strains

Escherichia coli TOP10F" Competent Cells ThermoFisher Cat#C303003
Chemicals, peptides, and recombinant proteins

Cycloheximide Sigma-Aldrich Cat#01810

PMSF AmericanBio Cat#329-98-6
Aprotonin Roche Cat#10236624001
cOmplete protease inhibitor tablet Roche Cat#11697498001
Digitonin EMD Millipore Cat#300410
Immobilized Protein A RepliGen Cat#IPA300
Experimental models: Organisms/strains

Saccharomyces cerevisiae MHY500 (DF5) Chen et al. (1993) N/A
Saccharomyces cerevisiae JY103 (YPH499- Swanson et al. (2001) N/A

derived)

Additional yeast strains used: refer to Table S1

Recombinant DNA

Plasmids used: refer to Table S2.

Software and algorithms

AlphaFold?2
AlphaFold-Multimer

Prism 9 for Mac

Jumper et al. (2021)
Evans et al. (2021)
GraphPad Software

https://alphafold.ebi.ac.uk
N/A
https://www.graphpad.com/scientific-

software/prism/

RESOURCE AVAILABILITY
Lead contact

Requests for materials and resources can be directed to the lead contact, Mark Hochstrasser, Yale Univer-

sity (mark.hochstrasser@yale.edu).

Materials availability

All unique/stable reagents generated in this study are available from the leader contact on request.

Data and code availability

@ All data reported in this article will be shared by the lead contact on request.

® This article does not report original code.

iScience 25, 105351, November 18, 2022 19


mailto:mark.hochstrasser@yale.edu
https://alphafold.ebi.ac.uk
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/

¢? CellPress

OPEN ACCESS

e Additional information required to reanalyze the data reported in this article is available by the lead con-
tact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All strains in this study are derived from either the MHY500 (Chen et al., 1993) or JY103 (YPH499-derived)
background (Swanson et al., 2001).

METHOD DETAILS

Yeast methods

Yeast were genetically manipulated using standard techniques and grown at 30°C for all experiments.
Yeast rich (YPD) and minimal (SD) media were prepared as described (Guthrie and Fink, 2002). For the
degradation-sensitive growth assays, cells were grown in selective medium overnight. Each culture was
diluted to an ODggg of 0.2, and 5-fold serial dilutions were made. Diluted cultures were spotted onto min-
imal media plates and incubated for 2-3 days.

Yeast strain and plasmid methods

Strains and plasmids used in this study are listed in Tables ST and S2, respectively. C-terminal truncation
mutants of Doa10 were constructed using a similar approach described previously (Zattas et al., 2016).
The deletion cassettes for the N-terminal truncation mutants of Doa10 were generated by two sequential
PCRs. In the first reaction, genomic DNA from MHY 10842 was used as template for generating the various
N-terminal truncation variants of doa10(1-1000); these PCR products also contained an ATG start codon, a
selectable marker, and homology (~250bp) to the DOA10 terminator. Homology to the DOA10 promoter
(~70bp) was added in the forward primer for the second reaction. The deletion cassettes were then trans-
formed into a doa104 haploid strain (MHY10818) and integrated at the doa104 locus. Transformants were
crossed with MHY3054, and strains were confirmed by PCR and proper expression by immunoblotting. The
deletion cassette for MHY 11333 (doa10(1-1080-CTE)) was also generated by two PCR reactions. First, the
CTE-13myc cassette was amplified from MHY8655. Second, homology was added to this cassette to enable
integration following codon 1080 of DOAT0in the yeast genome. Finally, the cassette was transformed into
JY112 and the resulting transformant was crossed with JY103. The yeast strains containing CTE or TM1 mu-
tations were made using Scel-mediated delitto perfetto (Storici and Resnick, 2006). This was performed
in MHY12186, MHY12449, or MHY12494 with DNA generated from digestion of the p414-GPD-
doal0_1198-1319 or pRS316-doal0_1-310 variants. All mutants were verified by PCR and proper expres-
sion by immunoblotting (510-513).

Standard techniques were used for recombinant DNA work in Escherichia coli (Rubenstein et al., 2012). We
generated YCplac33-Ubgzey-Ubcb-HA (C87A) by subcloning a BspEl/Hindlll fragment from pRS416-Ubcé-
HA-C87A into pTR1650 (Sommer and Jentsch, 1993; Weber et al., 2016). All other plasmids in this study
were generated by restriction digest and ligation of MHY500-derived PCR products or QuikChange
mutagenesis.

Antibodies and immunoblotting

Immunoblotting was performed as described (Buchanan et al., 2019). The following antibodies were used
forimmunoblotting: mouse anti-HA (H9658, Sigma) at 1:2,000; rabbit anti-Ubcé (gift from Thomas Sommer)
(Walter et al., 2001) at 1:10,000; mouse anti-FLAG (F3165; Sigma) at 1:10,000; mouse anti-HA (16B12,
BioLegend) at 1:1,000; mouse anti-MYC (?E10, Covance) at 1:10,000; rabbit anti-Doa10 at 1:2,000 (Kreft
et al., 2006); rabbit anti-Cue1 at 1:2,000 (Cohen et al., 2015); mouse anti-PGK (459250, Thermo Fisher) at
1:20,000; rabbit anti-G6PDH (A9521, Sigma) at 1:20,000. Primary antibody incubations were followed
with either peroxidase-coupled sheep anti-mouse or peroxidase-coupled goat anti-rabbit secondary anti-
bodies (GE Healthcare) at 1:10,000 and visualized by enhanced chemiluminescence (Mruk and Cheng,
2011) with imaging on a G:Box system (Syngene).

Cycloheximide-chase assays and protein extraction

Cycloheximide (CHX)-chase assays were performed as described previously (Buchanan et al., 2016; Huyer
etal., 2004). Briefly, yeast cells were grown in YPD or selective SD media at 30°C to mid-exponential phase.
12.5 ODgpo units were harvested and CHX was added to a final concentration of 0.25 mg/mL. For each time-
point, ~2.5 ODygp units were taken, diluted in cold stop mix (20 mM sodium azide) to a final concentration
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of 10 mM sodium azide, and kept on ice until the end of the chase. Cells were then lysed using the alkaline
lysis method (Buchanan et al., 2016) and in some cases, trichloroacetic acid (TCA) precipitation was
performed following cell lysis (Huyer et al., 2004). Whole cell lysates or TCA pellets were resuspended in
2X Laemmli sample buffer or TCA sample buffer, respectively, and incubated at 37°C for 30 min. Protein
samples were centrifuged to remove precipitated material and then separated by SDS-PAGE and analyzed
by western blot.

Co-immunoprecipitation analysis

Yeast co-immunoprecipitation (co-IP) analyses were performed using a previously described method with
minor modifications (Kreft and Hochstrasser, 2011). Yeast cells were grown in YPD or selective SD media to
mid-exponential phase and 35 ODg4qo units were harvested by centrifugation. All of the following steps were
performed at 4°C or on ice. Cell pellets were resuspended in 0.6 mL cold extraction buffer (50 mM Tris pH
7.5) with protease inhibitors PMSF (1 mM) and aprotonin (5 pg/mL) and disrupted using glass bead lysis.
Lysates were diluted with 0.4 mL extraction buffer and cleared by centrifugation for 5 min at 400 xg.
The crude microsomal fraction was isolated by centrifugation for 10 min at 16,000 X g and resuspended
in 0.5 mL resuspension buffer (RB) (50 mM Tris pH 7.5, 200mM NaCl, 10% glycerol, with protease inhibitors
(PMSF (1 mM), aprotonin (5 ng/mL), and cOmplete protease inhibitor tablet). Membranes were solubilized
in 1% digitonin for 10 min on ice and then subject to centrifugation for 10 min at 16,000 x g. Following
centrifugation, the supernatant was diluted 1:1 in RB and an aliquot (1.5% total) was taken for the input.
Rabbit anti-Doa10 serum was added to the diluted supernatant and incubated for 2 h with gentle agitation.
Afterwards, protein A-Sepharose beads were added and incubated for an additional hour. Beads were
washed four times with RB without protease inhibitors. Proteins were eluted following addition of 40uL
2X Laemmli sample buffer and incubation at 37°C for 30 min. Eluted samples were analyzed by SDS-
PAGE and immunoblotting.

AlphaFold structure prediction

The predicted structure of S. cerevisiae Doa10 was obtained from the AlphaFold protein structure data-
base (https://alphafold.ebi.ac.uk). The predicted structure of the Doa10-N1314A mutant protein was pro-
cessed using the high-performance computing (HPC) cluster at Yale with the open source code for
AlphaFold2 (Jumper et al., 2021). The maximum template release date used was 2020-05-14. The predicted
structure of the S. cerevisiae Doa10 complex, which included full-length Doa10, Ubcé, Cuel, and Ubc7, was
processed by the Yale HPC with the open source code for AlphaFold-Multimer (Evans et al., 2021). The
maximum template release date used was 2021-12-01 with the settings “—-model_preset=multimer”,
“"—db_preset=full_dbs"”, and "“~is_prokaryote_list=false".

QUANTIFICATION AND STATISTICAL ANALYSIS

All data is represented as + SEM from three or four experiments. Band intensities from immunoblotting
were quantified using Gene Tools (Syngene) and normalized to the loading control. Statistical analysis
was performed using GraphPad Prism. For CHX-chase experiments involving two strains, two-way
ANOVA with Bonferroni’s post hoc analysis was applied to compare data. For experiments involving at
least three strains, two-way ANOVA with Tukey's post hoc analysis was applied for data comparison. Sig-
nificance was indicated as following: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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