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SUMMARY

To maintain secretory pathway fidelity, misfolded proteins are commonly retained in the
endoplasmic reticulum (ER) and selected for ER-associated degradation (ERAD). Soluble
misfolded proteins use ER chaperones for retention, but the machinery that restricts aberrant
membrane proteins to the ER is unclear. In fact, some misfolded membrane proteins escape the ER
and traffic to the lysosome/vacuole. To this end, we describe a model substrate, SZ*, that contains
an ER export signal but is also targeted for ERAD. We observe decreased ER retention when
chaperone-dependent SZ* ubiquitination is compromised. In addition, appending a linear tetra-
ubiquitin motif onto SZ* overrides ER export. By screening known ubiquitin-binding proteins,
we then positively correlate SZ* retention with Ubx2 binding. Deletion of Ubx2 also inhibits the
retention of another misfolded membrane protein. Our results indicate that polyubiquitination is
sufficient to retain misfolded membrane proteins in the ER prior to ERAD.
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Sun et al. characterize how misfolded membrane proteins are delivered for either ERAD or
post-ER degradation in the secretory pathway. By using a model substrate that can access
both pathways, they show that substrate retention requires chaperone-dependent substrate
ubiquitination and interaction with a conserved ER membrane protein, Ubx2.

INTRODUCTION

In eukaryotes, approximately one-third of the proteome enters the secretory pathway at the
endoplasmic reticulum (ER). After proteins are synthesized, they are translocated into the
ER, fold under the guidance of resident chaperones, are post-translationally modified, and
may assemble into multi-subunit complexes (Balchin et al., 2016; Braakman and Hebert,
2013; Xu and Ng, 2015). During these events, ER quality-control systems monitor folding
efficacy and usually ensure that only folded and assembled proteins leave the ER in coat
protein complex 11 (CO-PII) vesicles for delivery to the Golgi (Barlowe and Helenius, 2016;
Gomez-Navarro and Miller, 2016). Despite the investment of cellular resources dedicated to
ER protein quality control, misfolding can occur quite frequently due to genetic mutations,
translational errors, and environmental stresses, of which each can lead to myriad human
diseases (Guerriero and Brodsky, 2012).

Proteins terminally misfolded or assembled inefficiently in the ER are degraded by ER-
associated degradation (ERAD) (McCracken and Brodsky, 1996). ERAD substrates are first
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recognized by ER lumenal (Bole et al., 1986; Gardner et al., 1993; Knittler et al., 1995;
Nishikawa et al., 2001; Plemper et al., 1997) and cytosolic (Han et al., 2007; Nakatsukasa et
al., 2008) chaperones as well as chaperone-like lectins (Bhamidipati et al., 2005; Hosokawa
et al., 2006; Kim et al., 2005; Szathmary et al., 2005). Depending on the site of a folding
lesion, ERAD substrates in yeast are ubiquitinated by distinct E3 ubiquitin ligases by one

of three branches of the ERAD pathway, as follows: ERAD-C, ERAD-M, and ERAD-L
(Carvalho et al., 2006; Denic et al., 2006; Vashist and Ng, 2004). Concomitant with
ubiquitination, misfolded substrates are retrotranslocated from the ER to the cytoplasm in an
ATP-dependent manner by the Cdc48/p97 complex (Jarosch et al., 2002; Rabinovich et al.,
2002; Ye et al., 2001). Finally, substrates are delivered to the 26S proteasome, often with the
assistance of ubiquitin-binding protein shuttles (Medicherla et al., 2004).

To protect against the transport of misfolded proteins to later compartments in the secretory
pathway, non-native proteins are largely excluded from COPII vesicles and are instead
retained in the ER for ERAD. Several models have been proposed to explain how
misfolded proteins are retained. Chaperone-mediated retention was first shown for misfolded
soluble proteins in the ER, such as thyroglobulin, a vesicular stomatitis virus G protein
mutant, and C-terminally truncated fragments of influenza hemagglutinin (de Silva et al.,
1990; Ellgaard and Helenius, 2003; Muresan and Arvan, 1998; Zhang et al., 1997). In
contrast, other ERAD-L substrates enter COPII vesicles and are liberated from the ER
when a strong export motif is appended, suggesting passive ER retention or, less likely,

that ER chaperones are limiting (Kincaid and Cooper, 2007). In this scenario, misfolded
proteins fail to exit the ER because export signals are absent or are unable to present

a signal to COPII adapters (Barlowe and Miller, 2013). Alternatively, some misfolded
proteins may be degraded so rapidly that there is no opportunity for COPII engagement.

In this case, inhibiting ERAD may spare substrates and favor export, particularly when
combined with small molecule folding “correctors” (Grove et al., 2009; Mu et al., 2008;
Wang et al., 2011). However, these varied ER retention mechanisms are not mutually
exclusive. For example, structural changes may recruit chaperones for active retention while
simultaneously obscuring COPII recognition. Nevertheless, misfolded proteins with folding
lesions located in distinct domains from ER export signals may still be recruited to COPI|I
vesicles. How the ER retains these misfolded proteins—especially misfolded membrane
proteins—with remote export signals and excludes them from Golgi-targeted COPII vesicles
is unclear.

We now report on the competition between ERAD and COPIlI-mediated export of a model
substrate, SZ*, a single-spanning membrane protein that contains both an ERAD-C degron
and a functional ER export signal (Sun and Brodsky, 2018). We show that inhibition of post-
ubiquitination steps in the ERAD pathway, e.g., proteasome-dependent degradation, fails to
augment SZ* export from the ER. Instead, compromised SZ* ubiquitination by inhibiting
chaperone-dependent selection or E3-dependent ubiquitination enhances ER export both

in vivoand in vitro. To test if substrate ubiquitination actively mediates ER retention,

we appended a linear ubiquitin moiety to SZ* and observed enhanced retention. After
screening ER-associated ubiquitin receptors, Ubx2 was found to facilitate retention through
its ubiquitin-binding domain (UBD). A negative correlation was then uncovered between
ER export and Ubx2 binding for both SZ* as well as another substrate. Thus, in contrast
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to the quality control of soluble secreted proteins, these data indicate that potentially toxic
membrane proteins are unable to - access later compartments in the secretory pathway
because—once ubiquitinated—they are actively retained in the ER with the assistance of a
ubiquitin-binding protein.

An Hsp40 selects a misfolded membrane protein for ERAD

To investigate how the decision between retaining or secreting a misfolded membrane
protein is made, we considered several previously characterized substrates (Figure S1;
Kincaid and Cooper, 2007; Reggiori and Pelham, 2002; Sun and Brodsky, 2018; Wang

and Ng, 2010). The substrates fall into five classes, with all except one targeted for either
post-ER degradation or ERAD. The exception is SZ*, which is exported inefficiently from
the ER because it also contains an ERAD-C degron (Sun and Brodsky, 2018). In addition,
SZ* lacks an ER lumenal domain, so ERAD-L-and thus retention by lumenal chaper-ones—
is minimized. We also previously showed that SZ* that escapes ERAD in COPII vesicles
is targeted for ESCRT and vacuole-dependent degradation. Based on the ability of SZ* to
toggle between the ERAD and post-ER degradation pathways, we explored how the fate of
SZ* is regulated.

Consistent with the presence of a misfolded domain facing the cytosol, SZ* degradation
requires the Hsp70 Ssal (Sun and Brodsky, 2018). The cytosolic, ER-tethered Hsp40
cochaperone Ydjl activates the ATPase activity of Ssal (Caplan et al., 1992) and facilitates
the degradation of other ERAD-C substrates (Han et al., 2007; Nakatsukasa et al., 2008;
Zhang et al., 2001). Therefore, we asked if Ydj1 is also required for SZ* degradation. As
predicted, SZ* turnover was slowed in yeast lacking Ydj1 (Figure 1A). Next, SZ* was
immunoprecipitated from cells maintained at 26°C or shifted to 37°C, a temperature at
which ERAD (versus SZ* trafficking) is enhanced (Sun and Brodsky, 2018). A ~2-fold
increase in the SZ*-Ydj1 interaction at 37°C was measured (Figures 1B and C). In contrast,
Ydj1 was dispensable for the degradation of Wsc1*, which is degraded in the vacuole (Wang
and Ng, 2010; Figure S2A). We then asked if another ER-associated Hsp40 homolog, Hlj1,
facilitates SZ* degradation, but turnover was identical between wild-type and A/j14 cells
(Figure S2B). These data suggest that Ydj1 recognizes SZ* and targets the substrate for
ERAD. Interestingly, this role of Ydj1 contrasts with the action of an ER-resident Hsp40,
ERdj3, during the selection of a secreted protein for ERAD. In this case, ERd]3 escorts
misfolded/aggregation-prone proteins to the extracellular space, thus preventing ERAD
(Genereux et al., 2015).

We next measured the degree of SZ* ERAD as Ydj1 levels increase. Consistent with a
receptor-mediated phenomenon, proteasome-dependent degradation rose with elevated Ydjl
levels (Figure 2A). Moreover, a negative correlation between Ydj1 levels and ER exit was
observed. This was determined by assessing the accumulation of vacuole-generated GFP
liberated from an SZ*-GFP fusion protein (Figures 2B and 2C). In the vacuole, GFP is
clipped from fusion proteins but is resistant to vacuolar proteases (Li et al., 1999). As
expected, neither SZ*-GFP stability nor GFP cleavage was altered in a strain deleted for the
gene encoding HIj1 (Figure S2C, left). Similarly, the results of a pulse-chase assay indicated

Cell Rep. Author manuscript; available in PMC 2021 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 5

that GFP cleavage from newly synthesized SZ*-GFP was accelerated when Ydj1 was absent
(Figure 2D). These data show that Ydj1 limits SZ* vacuolar sorting by targeting it for
ERAD.

To more directly assess how Ydj1 regulates ER exit, we used an /n vitro assay that
recapitulates COPII- and energy-dependent vesicle budding from ER-enriched membranes
(Figure 2E). In brief, microsomes containing SZ* were isolated from wild-type and yqj14
cells, which was followed by incubation in the presence or absence of highly enriched

COPII components (i.e., Sarl, Sec23/Sec24, and Sec13/Sec31) and ATP/GTP. In the
presence of these reagents and an energy-regenerating system, freed COPII vesicles are
resolved from membranes by differential centrifugation (Barlowe et al., 1994). By using this
confirmatory assay, we first noted that COPII budding of SZ* from wild-type microsomes
was inefficient (Figure 2F and G), even though a low but measurable amount of SZ* is
targeted for vacuolar degradation in yeast (Sun and Brodsky, 2018). This phenomenon likely
reflects the absence of accessory factors that support the recognition and budding of specific
cargo proteins /n vivo (Gimeno et al., 1995; Kodera et al., 2011; Supek et al., 2002). Yet, the
absence of Ydj1, which is normally ER associated, significantly increased SZ* incorporation
into COPII vesicles, consistent with the enhanced GFP cleavage observed in the yajiA
strain (Figure 2C). Unlike SZ*, the amount of incorporated Erv46 in this experiment and
others (see below) was unchanged when budding from wild-type and ydjZA microsomes was
compared (Figures 2F and 2G).

Substrate ubiquitination facilitates ER retention

Because cytosolic molecular chaperones are involved in substrate recognition as well

as the recruitment of ubiquitin ligases (McClellan et al., 2005; Nakatsukasa et al.,

2008), we next investigated if Ydj1 binding is required for SZ* ubiquitination. SZ* was
expressed in wild-type and ydji14 yeast along with myc-tagged ubiquitin, and after substrate
capture, SZ* ubiquitination was measured. As expected, heterogeneous high-molecular-
weight polyubiquitinated SZ* was apparent in wild-type yeast, which was enhanced
when cells were shifted to 37°C (Figure S2D). This result is consistent with previous

data demonstrating increased ERAD targeting after heat shock (Sun and Brodsky, 2018).
Notably, SZ* polyubiquitination was negligible when Ydj1 was absent, irrespective of the
temperature. In turn, the presence of Ydj1 had little if any effect on Wsc1* ubiquitination
(Figure S2E).

The dual functions of Ydj1, i.e., substrate binding (Figure 1B) and facilitating substrate
ubiquitination (see Figure S2D, above), presented an obstacle to understand how each
phenomenon contributes to retention, so we sought to uncouple these events. Notably, Ydj1
stimulates the ATPase activity of Ssal through the HPD motif in the J domain (Tsai and
Douglas, 1996). Given the role of Ssal in recruiting ubiquitin ligases for ERAD substrate
ubiquitination (Nakatsukasa et al., 2008), we hypothesize that the HPD motif would also be
required for SZ* ubiquitination. Indeed, a negligible amount of polyubiquitinated SZ* was
seen in yaj1A yeast expressing an HPD mutant (QAA) (Figure S2F). In line with defective
substrate ubiquitination, SZ* degradation was slowed in cells expressing the mutant (Figure
1A). In contrast, the QAA mutation had no effect on Ydjl-substrate interaction (Figures 1B
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and 1C). Therefore, the ability of the QAA mutant to compromise substrate ubiquitination
while remaining substrate binding proficient made it possible to distinguish possible dual
effects of Ydj1 during ER retention.

To test if ubiquitination regulates ER retention, we examined the steady-state GFP cleavage
of SZ* in yqj1A yeast expressing wild-type Ydj1 or the QAA Ydj1 mutant. Higher levels
of GFP cleavage were observed in yagj1A4 yeast expressing the QAA mutant (or containing a
vector control) than yajIA yeast expressing wild-type Ydj1 (Figure S2C, right), suggesting
that ubiquitination plays a critical role in retention. Of note, the QAA mutant also exhibited
a somewhat decreased ability to maintain substrate solubility, which could also negatively
affect ER exit (Figure S2G). Consequently, the amount of SZ* exiting the ER in yeast
expressing the QAA mutant probably underrepresents the effect of substrate ubiquitination
on ER retention.

To confirm that ubiquitination underlies retention, we instead examined SZ* biogenesis in
yeast deleted for the Doal0 ubiquitin ligase, which is also required for the ERAD of this
substrate (Sun and Brodsky, 2018). The absence of Doal0, as anticipated, led to decreased
SZ* ubiquitination (Figure 3A), but in contrast to the absence of Ydj1, the loss of Doal0
had no effect on SZ* solubility, most likely because the cytosolic chaperones remained
unaffected in doa10A yeast (Figure 3B). To more definitively test if ubiquitination regulates
the retention of SZ* in the ER, we next asked if deleting Doal0 augmented ER exit.
Therefore, we measured the level of cleaved GFP from SZ*-GFP at steady-state along with
the amount of protein that built up in the vacuole. Western blot analysis detected both

a greater level of accumulated GFP, which was cleaved from SZ*-GFP (Figure 3C), and
enhanced levels of vacuole-resident GFP in doa10A and yaj1A yeast (Figures 3D and 3E).
Newly synthesized SZ* was also more rapidly targeted to the vacuole in the absence of
Doal0, as measured by the generation of cleaved GFP in a pulse-chase assay (Figures

3F and 3G). In accordance with these data, a budding assay showed substantially more
SZ* incorporation into COPII vesicles when Doal0 was absent (see data corresponding to
“doal0A4” in Figures 2F and 2G). Together, these data link the acquisition of a ubiquitin
chain to the retention of a misfolded membrane protein in the ER.

An appended ubiquitin moiety overrides ER export

We next asked if ubiquitin was sufficient to retain SZ* in the ER. Therefore, a linear
tetra-ubiquitin moiety was appended onto the C terminus of SZ* (SZ*-GFP-Uby,; Figure
4A). Although the K48 linkage commonly signals proteasome degradation (Ravid and
Hochstrasser, 2008; Varshavsky, 2017), linear tetra-ubiquitin also supported the degradation
of a cytosolic protein in a Cdc48- and proteasome-dependent manner (Zhao and Ulrich,
2010). Next, to avoid further modification on available Lys side chains in the linear
tetra-ubiquitin moiety—which might then mask an ER exit signal-three Lys residues (K29,
K48, and K63) on each ubiquitin were mutated to Arg. As expected, polyubiquitinated SZ*-
GFP-Uby4 was barely detected (Figures S3A-S3C) compared to the signal when SZ*-GFP
was examined (Figures S3D and S3E). We next assessed the level of cleaved GFP in the
vacuole at steady state in yeast expressing SZ*-GFP-Ub, and found that the tetra-ubiquitin
appendage reduced the levels of vacuole-resident GFP (Figure 4B and C).
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Interestingly, SZ*-GFP-Ub, appeared to reside in puncta (Figure 4B). To characterize the
nature of these puncta, we first confirmed that SZ*-GFP-Ub, was retained in the ER. As
shown in Figure 4D, the SZ*-GFP-Ub,4 puncta co-localized with an ER marker, mCherry-
Scs2-tm. The puncta were reminiscent of ER-associated compartments (ERACS), which
form when the cystic fibrosis transmembrane conductance regulator (CFTR) or select Ste6
mutants are expressed in yeast (Fu and Sztul, 2003; Huyer et al., 2004; Kakoi et al.,

2013). Although ERACs are characterized by their co-localization with COPIl components,
SZ*-GFP-Ub4 failed to co-localize with Sec13 or Sec24 (Figure 4D). In addition, because
CFTR-generated ERACs require COPII function (Fu and Sztul, 2003), SZ*-GFP-Ub, puncta
formation was next examined when COPII transport was compromised in a sec12-4 strain
(Nakano et al., 1988). When Sec12 was inactivated upon temperature shift, SZ*-GFP-Ub,
was still found in puncta (Figure 4E). Importantly, even though there was minimal vacuolar
targeting of SZ*-GFP-Uby, residual vacuole transport/GFP cleavage still required both
vacuolar protease activity (pep44) and ESCRT (vps364) (Figure S3F). Combined with the
data presented above, our results suggest the existence of an ER retention mechanism that
acts upstream of COPII capture (also see below). Moreover, retained substrates appear to be
sequestered away from ER exit sites (ERESS).

At most, ~10% of SZ*-GFP is polyubiquitinated (Figure S3D; by comparing a polyubiquitin
signal in the hemagglutinin (HA) blot, not shown, to the HA signal, shown below).

Instead, the C-terminal non-cleavable tetra-ubiquitin motif represents most of the overall
ubiquitination signal. Not surprisingly, then, the loss of Doal0 has little if any effect on
SZ*-GFP-Uby ubiquitination (Figures S3B and S3C). Therefore, in contrast to the impact of
deleting Doal0 on SZ*-GFP exit (see above and Figure 3), we reasoned that SZ*-GFP-Uby,
would still be retained in a doal0A strain. As hypothesized, there was no affect on vacuole
targeting of either steady-state (Figures 4B and 4C) or newly synthesized (Figure 4F) SZ*-
GFP-Uby in doal0A4 yeast. Moreover, the loss of Doal0 increased the incorporation of SZ*
(Figure 2F) but not SZ*-GFP-Ub, (Figures 4G and 4H) into COPII vesicles. Collectively,
these results indicate that membrane protein ubiquitination can override an ER exit signal for
a substrate subject to ER and post-ER quality-control pathways.

Given the effect of appending a linear tetra-ubiquitin motif on misfolded membrane protein
retention, we next examined if appending tetra-ubiquitin also retained a native protein

in the ER. To address this question, we fused tetra-ubiquitin to the C terminus of a GFP-
tagged yeast ABC transporter, Yorl (Yorl-GFP) (Figure S4A), which confers oligomycin
resistance. In contrast to the ER-localized puncta formed by SZ*-GFP-Ub4 (Figure 4D), the
resulting Yor1-GFP-Ub4 fusion protein was routed to the vacuole in wild-type and doa10A
yeast (Figure S4B). Next, we asked if ubiquitination was sufficient for retention if a degron
was also present. Therefore, we added a cytosolic degron, Pcal(1-392) (Adle et al., 2009),
to the N terminus of Yorl-GFP-Uby, thus creating a Pcal(1-392)-Yor1-GFP-Ub, construct
(Figure S4A). In wild-type yeast, we found that Pcal(1-392)-Yorl-GFP and Pcal(1-392)-
Yor1-GFP-Ub, were rapidly degraded based on fluorescence imaging and immunaoblotting
(Figures S4B and SAE). However, the loss of Doal0 rescued the ER export of Pcal(1-392)-
Yorl-GFP and led to plasma membrane localization and oligomycin resistance (Figures
S4B, S4C, S4D, and S4E; Adle et al., 2009). In contrast, attaching the tetra-ubiquitin
moiety led to the formation of ER puncta (see Pcal(1-392)-Yorl-GFP-Ub, in Figures S4B
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and S4C), similar to what we observed when SZ*-GFP-Ub,4 was examined (Figure 4D).
Although the loss of Doal0 rescued the growth of Pcal(1-392)-Yorl-GFP-expressing yeast
on oligomycin, doal0A yeast expressing Pcal(1-392)-Yorl-GFP-Ub, remained oligomycin
sensitive (Figure S4D). These data indicate that a linear tetra-ubiquitin appendage can retain
a second membrane protein, but only one with folding lesions, in the ER.

Ubx2 facilitates ER retention

UBD-containing proteins regulate a variety of cellular processes (Husnjak and Dikic, 2012).
To test which protein might orchestrate SZ* retention, we selected yeast lacking one of
seven ER-associated proteins that contain UBA, CUE, or NZF domains. We then examined
GFP cleavage from SZ*-GFP under steady-state conditions. Even though most strains
exhibited similar or lower cleavage levels, the exception was the ubx2A strain, in which
cleavage was ~50% higher (Figure 5A).

To test if Ubx2 retains a ubiquitinated, misfolded membrane protein in the ER, we next
measured GFP liberated from SZ*-GFP under steady-state (Figures 5B and 5C) and
pulse-chase (Figure 5D) conditions. In both analyses, the loss of Ubx2 enhanced the
vacuolar targeting of SZ*. Consistent with this result, SZ* was incorporated more efficiently
into COPII vesicles when microsomes lacked this ER-integrated membrane protein (see
above and Figures 2F and 2G). Furthermore, in contrast to the rescue of ER export

when Ydj1 or Doal0 were absent—which blocked substrate ubiquitination (Figure S2D;
Figure 3A)—deleting Ubx2 enhanced SZ* ubiquitination (Figures S5A and S5B). Magnified
ubiquitination and a build-up of SZ* in the ER may arise due to the role of Ubx2 as a Cdc48
receptor (Neuber et al., 2005; Schuberth and Buchberger, 2005), which facilitates ERAD, as
well as due to its putative role as an ER retention factor for SZ*.

We next examined the effect of mutating Ubx2 on SZ*-GFP-Ub, transport. Consistent with
its function as a ubiquitin receptor, SZ*-GFP-Ub, exited the ER more efficiently when Ubx2
was absent (Figures S6A-S6D). Consistent with these /77 vivo data, the export of SZ*-GFP-
Ub,4 from the ER increased when COPII budding was measured using microsomes prepared
from ubx2A4 yeast (Figures 4G and 4H; Figures S6E and S6F). To provide further support
for the role of Ubx2 as an ER gate-keeper, we asked if ER retention requires an interaction
between Ubx2 and SZ* or between Ubx2 and ubiquitin. SZ* was immunoprecipitated from
wild-type and doal0A yeast, and as shown above (Figure 3A), SZ* ubiquitination was
reduced in a doal0A strain. More pertinent, the interaction between SZ* and Ubx2 was
reduced in this strain (Figures 6A and 6B). There was also a dramatic increase (~10-fold) in
Ubx2-SZ*-GFP-Ub, binding relative to the Ubx2-SZ*-GFP complex (Figures 6A and 6B).
As expected, the interaction between SZ*-GFP-Ub, and Ubx2 was Doal0 independent. In
addition, we observed a negative correlation between Ubx2- SZ* binding and ER export
efficiency (Figure 6C), consistent with Ubx2 acting in a receptor-mediated pathway.

To confirm that SZ*-GFP-Ub, retention requires direct interaction with Ubx2, we disrupted
the association by mutating key residues in the linear tetra-ubiquitin motif. Based on other
studies (Dikic et al., 2009; Hicke et al., 2005), three conserved hydrophobic residues

were mutated to polar residues (L8E, 144E, and VV70D) (Keren-Kaplan et al., 2013),

leading to the creation of a SZ*-GFP-Uhg* construct. As expected, significantly reduced
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binding was observed between Ubx2 and SZ*-GFP-Ub,* relative to SZ*-GFP- Ub, (Figure
S7A). In fact, SZ*-GFP- Ubs* binding to Ubx2 was comparable to the level observed
between Ubx2 and SZ*-GFP. Next, we investigated if defects in SZ*-GFP- Ubs* and
Ubx2 binding restored ER export and vacuolar trafficking. Indeed, when the biogenesis

of the SZ*-GFP- Ub,* protein was examined, ER export and vacuolar trafficking were
enhanced, as shown in a GFP cleavage assay (Figure S7B) and by live-cell fluorescence
imaging (Figures S7C and S7D). As predicted, SZ*-GFP-Ub,4* shares the same vacuolar
targeting pathway (ESCRT-mediated multi-vesicular body [MVB] pathway) as SZ*-GFP
(Figure S7B). Interestingly, the ER puncta pattern of SZ*-GFP-Ub4 also disappeared when
the L8E/I44E/VV70D mutations were introduced into the expression vector that contained
K29R, K48R, and K63R (Figure S7C). This result suggests that the puncta depend on

the interaction between ubiquitin and Ubx2. More generally, these data indicate that a
ubiquitin-Ubx2 axis oversees the ER retention of SZ*-GFP-Uby.

Ubx2 contains both a UBA domain and a UBX domain, which are responsible for

ubiquitin binding and Cdc48 recruitment, respectively (Neuber et al., 2005; Schuberth and
Buchberger, 2005; Schuberth et al., 2004). To identify the domain that binds ubiquitinated
SZ*, we used a series of mutants lacking UBA, UBX, or both domains (Figure 6D; Wang
and Lee, 2012). Loss of UBA on its own or in combination with the UBX domain abolished
the SZ*-GFP-Ub, complex (Figures 6E and 6F). Although deleting the UBX domain
decreased SZ*-GFP-Ub, binding, SZ* still associated with modified Ubx2, and this level
was greater than Ubx2 that lacked the UBA. It is possible that reduced binding in the

UBX mutant relative to the wild-type protein reflects secondary effects of domain-domain
interactions or the contributions of additional factors that support Ubx2-ubiquitin binding.
Regardless and consistent with these results, the loss of the UBA domain enhanced vacuolar
targeting (Figures 6G and 6H).

Based on our proposition that ubiquitinated SZ* builds up in the ER in the absence of Ubx2
(see above), we asked if SZ* accumulation in the ER facilitated ER exit, regardless of its
ubiquitination state. To this end, we inhibited proteasome activity with MG132, and the
extent of SZ* stabilization was comparable to the loss of Ydj1, Doal0, or Ubx2 (compare
Figure 2 and Figures S8A and S8C; data summary in Figure S8D; Sun and Brodsky, 2018).
Proteasome inhibition also enhanced SZ* ubiquitination to a similar degree as the loss of
Ubx2 (Figures S5A-5D). Nevertheless, GFP cleavage and thus ER exit were unchanged
(Figures S8B, S8C, and S8D). These data confirm that it is the ubiquitin-Ubx2 axis, rather
than SZ* abundance, that establishes SZ* retention.

Ubx2 facilitates the ER retention of another model substrate

To confirm that Ubx2 and substrate ubiquitination can orchestrate the retention of a
misfolded membrane protein in the ER, we developed a third model substrate. In this

case, we instead constructed a protein bearing a folding lesion in the ER lumen. Therefore,
the substrate would contain both an ERAD-L degron and an ER exit signal. To this end,
we designed a substrate based on ED-Wsc1-L63R (Wang and Ng, 2010), which contains
both (1) the CPY N-terminal domain that functions as an ERAD-L degron and (2) an ER
export signal from Wsc1. Previous work indicated that the turnover of ED-Wsc1-L63R
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required both Cuel and Pep4, suggesting that both ERAD and the vacuole contribute

to its degradation (Wang and Ng, 2010). We then appended tetra-ubiquitin to the C
terminus of ED-Wsc1-L63R, thereby creating “ED-Ub,” (Figure 7A). Like SZ*-GFP-Uby,
the attachment of tetra-ubiquitin to ED-Wsc1-L63R sequestered the substrate in ER puncta
(Figure 7B). Although some ED-Ub, could be routed for vacuolar transport (Figure S3F),
the loss of Ubx2 significantly enhanced vacuolar targeting of ED-Ub, (Figures 7B, 7C, and
7D). Consistent with the function of Ubx2 in the ER retention of ED-Uby, the deletion of
UBXZ2also rescues the vacuolar targeting of Pcal(1-392)-Yorl-GFP-Ub, (Figures S4F and
S4G).

DISCUSSION

Proteins traversing the secretory pathway are subject to multiple checkpoints, but those
failing to achieve their native states during or soon after synthesis are retained in the ER
(Anelli and Sitia, 2008; Arvan et al., 2002; MacGurn et al., 2012; Phillips et al., 2020; Sun
and Brodsky, 2019). Here, we delineate a previously uncharacterized mechanism that retains
misfolded membrane proteins in the ER. We find that substrate ubiquitination—catalyzed by
a chaperone-ubiquitin ligase complex—is sufficient to prevent misfolded membrane protein
trafficking. In contrast to some ERAD-L substrates (Kroeger et al., 2009; Mu et al., 2008;
Wang et al., 2011; White et al., 1999), compromising a post-ubiquitination step during
ERAD (i.e., proteasomal degradation) failed to liberate an ERAD-C substrate from the ER.
Moreover, the presence of a C-terminally appended tetra-ubiquitin tag was sufficient for
retention. We propose that retention of ubiquitinated membrane proteins—marked as a result
of compromised folding—prevents proteotoxicity in later secretory pathway compartments.
This is especially important when substrates contain strong ER export signals (Kawaguchi
et al., 2010; Kincaid and Cooper, 2007). We also found that the retained substrates failed to
enter COPII-marked ERES. These data are consistent with studies noting that ER-resident
chaperones BiP, calnexin, and PDI, which interact with premature or misfolded proteins,
are depleted from ERES (Anelli and Sitia, 2008; Barlowe and Helenius, 2016). For soluble
proteins, it is generally thought that the binding of ER molecular chaperones precludes
COPII entry (de Silva et al., 1990; Ellgaard and Helenius, 2003; Muresan and Arvan, 1998;
Zhang et al., 1997), but the mechanism underlying this phenomenon for membrane proteins
has been unclear.

We also show that Ubx2 is required for retention and propose that this ER-resident
ubiquitin-binding protein is positioned at a quality-control site distinct from ERES.

The presence of quality-control sites in the mammalian ER has long been appreciated
(Shenkman and Lederkremer, 2019). Recent data also suggest that ERAD-active zones are
distinct from ERES (Albert et al., 2020). These results suggest the ER is organized to
distinguish machineries required for quality control and exit. Consistent with this view,
Ubx2 associates with several ERAD-requiring factors, including Cdc48 and ubiquitin ligases
(Neuber et al., 2005; Schuberth and Buchberger, 2005; Schuberth et al., 2004), and the
unfolded protein response is induced in cells lacking Ubx2 (Jonikas et al., 2009). Our
demonstration of the critical role played by Ubx2 in overseeing the retention of misfolded
membrane proteins—but not a wild-type protein—was based on several results. First, deleting
Ubx2 or mutating key residues in tetra-ubiquitin required for UBD recognition enhanced ER
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export and vacuolar trafficking of four substrates (SZ*-GFP, SZ*-GFP-Uby, Pcal(1-392)-
Yorl-GFP-Uby, and ED-Uby,). Second, mutating these residues reversed the ER puncta
phenotype, so the substrate again exhibited a diffuse pattern in the ER. Chaperones also
likely contribute to this ER retention network. Together, our findings support a model
whereby the ER employs Ubx2 to actively retain misfolded membrane proteins prior to the
final steps of ERAD, i.e., retrotranslocation and degradation.

Our work was made possible by the use of a model substrate that accesses both ERAD

and post-ER degradation pathways (Sun and Brodsky, 2018), by the characterization of
additional substrates that exhibit this feature, and by appending a short ubiquitin moiety at
the C terminus. In contrast, larger polyubiquitin chains may mask ER exit motifs and/or
enlarge a substrate so it is unable to enter COPII vesicles. This would confound efforts

to resolve the relationship between ubiquitin conjugation and ER exit. Instead, appending

a mutated tetra-ubiquitin chain overrides these limitations. In addition, the relatively short
half-lives of ERAD substrates have traditionally made it difficult to detect an independent
ER retention step. However, tetra-ubiquitin extends substrate half-life (Zhao and Ulrich,
2010), thus allowing us to focus on retention. Furthermore, because the ubiquitin ligase
complex that forms linear ubiquitin chains is absent in yeast, the yeast ERAD machinery
may inefficiently decode linear ubiquitin chains, thus slowing ERAD but contributing to
more robust ER retention (Kirisako et al., 2006; Rahighi et al., 2009; Tokunaga et al., 2009).
Yet, this might also be a limitation in our Ubx2-substrate binding studies because Ubx2
likely evolved to bind isopeptide ubiquitin linkages containing K48 and K63. Unfortunately,
tools to readily append defined isopeptide-containing ubiquitin motifs to proteins are
currently lacking. We also note that the two tetra-ubiquitin-containing substrates assayed

in this study trafficked to the vacuole through the MVB pathway, albeit at low levels (Figure
S3F). The ability to access this pathway likely arose from both the ER exit signal in

SZ* along with the fact that linear and K63-linked ubiquitin chains, which facilitate MVB
association, exhibit similar topologies (Erpapazoglou et al., 2012; Lauwers et al., 2009;
Stringer and Piper, 2011). It is also important to comment on the fact that SZ*-GFP-Ub,
remained detergent soluble, ruling out a potential contribution of ER-phagy (Cui et al., 2019;
Grumati et al., 2018), and SZ* does not appear to be clipped prior to ERAD (data not
shown), which facilitates ERAD (Knopf et al., 2020). And, finally, because SZ* accesses
both ERAD and post-ER degradation pathways, degron-like sequences required for ERAD
and ER exit by the diacidic motif (Barlowe, 2003) in the cytosolic domain and in the Wscl
transmembrane domain (Karsten et al., 2004; Rayner and Pelham, 1997; Roberts et al.,
1992; Singh and Mittal, 2016; Wang and Ng, 2010) were accessible.

Misfolded proteins with ER exit signals are subject to a dynamic interplay between ERAD
and ER export. In mammalian cells, inhibiting ERAD can liberate some substrates from
the ER, a phenomenon co-opted to correct misfolded, disease-causing proteins (Guerriero
and Brodsky, 2012; Ong and Kelly, 2011; Qi et al., 2017). Yet, not every step during
ERAD is available for correction. Our work suggests that inhibiting steps prior to substrate
ubiquitination is most efficacious. Consistent with this view, stabilizing the disease-causing
F508del CFTR protein with proteasome inhibitors failed to rescue ER export and led

to the accumulation of ubiquitinated, insoluble aggresomes (Johnston et al., 1998). In
contrast, calnexin overexpression, which blunts F508del CFTR ubiquitination, increased
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plasma membrane residence (Okiyoneda et al., 2004). Similarly, inhibiting F508del CFTR
ubiquitination by genetic manipulations or with small molecules potentiates the effects of a
drug that aids F508del CFTR folding (Chung et al., 2016; Grove et al., 2011). However, for
proteins that are subjected to complex ER quality-control decisions, reducing the function
of quality-control factors can fail to restore ER export due to compensation (Pagant et

al., 2007). A similar phenomenon was likely evident when proteasome inhibitors were
investigated (Kroeger et al., 2009; Mu et al., 2008).

Our studies provide yet another indication that Ubx2 regulates proteostasis. In addition to
ERAD, Ubx2 maintains lipid droplet homeostasis and mitochondrial protein quality control.
In mitochondria, Ubx2 recruits Cdc48 to remove arrested precursor proteins from the
translocase in the outer membrane (Martensson et al., 2019). Similar to its yeast homolog,
human UBXDS8 recruits p97 to support the retrotranslocation of several substrates, such

as class | major histocompatibility complex heavy chain (Mueller et al., 2008), lipidated
ApoB-100 (Suzuki et al., 2012), and Insig-1 (Lee et al., 2008). Mammalian UBXD8 can also
restore defects in both ERAD and lipid droplet homeostasis in ubx24 yeast (Wang and Lee,
2012), suggesting that the function of Ubx2 in these pathways—as well as in the retention of
misfolded membrane proteins (this study)—is conserved.

Finally, our work suggests the existence of a quality-control center in the ER that precludes
the access of misfolded membrane proteins to ERES. Given the challenge of removing
transmembrane helices from the ER membrane, it is likely that retrotranslocation is the
rate-limiting step in the degradation of these proteins (Guerriero et al., 2017). Therefore,
Ubx2 may position membrane proteins destined for retrotranslocation at a Cdc48-active site
(Neuber et al., 2005; Schuberth and Buchberger, 2005), which is distinct from ERES. Still,
it is possible that polyubiquitination yields an enlarged substrate that fails to enter COPII
vesicles in yeast because this organism lacks components to enlarge secretory vesicles
(Raote and Malhotra, 2019). Consequently, the retention of ubiquitinated substrates may
result from active retention by ER-associated ubiquitin-binding proteins, such as Ubx2, and
by passive retention. Future studies will test these hypotheses.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for materials can be directed to the Lead
Contact, Dr. Jeffrey L. Brodsky, University of Pittsburgh (jbrodsky@pitt.edu).

Materials Availability—All unique/stable reagents generated in this study are available
from the Lead Contact without restriction.

Data and code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast was grown at 26°C on rich or selective media as described previously (Adams et
al., 1997). A complete list of Saccharomyces cerevisiae strains employed in this study is
presented in Key resources table.

METHOD DETAILS

Yeast strains and plasmid construction—Plasmids and primers used in this study
are listed in the STAR Methods. Tagging of Ubx2 with FLAG tag was performed by
standard PCR-based homologous recombination (Longtine et al., 1998). In brief, the
Ubx2-6xGly-3xFLAG fragment was first PCR amplified using primers RE113 and RE114
and wild-type genomic DNA as a template (Surma et al., 2013). The fragment was then
transformed into wild-type and doal0A BY 4742 yeast, and positive clones were then
screened by western blotting, thus generating the ySZ083, and ysZ084 yeast strains,
respectively. Plasmids 4623, 2625, 4626 and 4628 harboring full-length UBXZand its
truncation variants were inserted into the genome of vbx2A yeast, generating yeast ySZ087,
ySZ088, ysZ089, and y090, respectively.

To construct SZ*-GFP-Uby, we first mutated the BamHI site within the SZ*-GFP coding
region by site-directed mutagenesis, and amplified the modified SZ*-GFP fragment using
primers OSZ08 and OSZ16. The amplified SZ*-GFP fragment was then digested with Xbal
and BamHI. The Ub, fragment was generated and collected by cutting plasmid 1677 with
BamHI and HindlIll. Both SZ*-GFP and the Ub, fragments were then inserted into p416TEF
plasmid digested with Xbal and HindlIl, thus generating plasmid pSz10. Plasmid pSZ11
that expresses Ydj1-HPD/QAA was generated by site-directed mutagenesis of BPM390
using primers OSZ17 and OSZ18. To create the pSZ12, SZ*-GFP-Ub,* construct, we first
ordered the Ubg* sequence from IDT with the L8E, 144E, and V70D mutations (on top

of the K29R, K48R, and K63R mutations that are localized in SZ*-GFP-Ub,4 construct)
with BamHI and Xhol sites on the N- and C-terminal, respectively. A subcloning step
(BamHI-Hindlll) was done to replace original Ubsfrom SZ*-GFP-Ub, with Ubg*, thus
making the SZ*-GFP-Ub4* construct. For plasmid pSz13, Xbal and Xhol enzymes were
used to cut plasmid pSZ03 to release SZ*-GFP fragment, which was then ligated with
415TEF plasmid treated with same enzymes. In order to generate plasmid pSZ14, which
harbors ED-Uby, the ED-Wsc1-L63R fragment was first amplified using primers 0SZ21
and 0SZ22 and pSW144 as a template. The vector containing the Ub, fragment was made
by cutting SZ*-GFP fragment from pSZ10 using Xbal and BamHI. After being digested
by the same enzymes, the ED-Wsc1-L63R fragment was inserted into the vector with Uby,
generating pSZ14.

Yorl-GFP-Uby (pSZ15) and Pcal(1-392)-Yorl-GFP-Uby (pSZ16) were constructed by
Gibson assembly. In brief, a vector fragment was generated by digesting plasmid 105

with Xbal and Xhol enzymes. Next, the Yor1l-GFP and Pcal(1-392)-Yor1-GFP fragments
were PCR amplified using primers OSZ23 and OSZ24 with plasmid 105 and 106 as a
template, respectively. The Ub, fragment was then PCR amplified using primers 0SZ25 and
0SZz26 with plasmid pSZ10 as the template. Finally, the vector, Yorl-GFP, and the Uby
fragments were ligated by Gibson assembly, thus making Yorl-GFP-Ub,. In contrast, the
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vector, Pcal(1-392)-Yorl-GFP, and the Ub, fragments were ligated by Gibson assembly to
make Pcal(1-392)-Yorl-GFP-Ub,. The DNA sequences of all constructs were confirmed by
Genewiz.

Clycloheximide chase assays—To determine protein stability, cycloheximide chase
assays were performed as described previously (Sun and Brodsky, 2018). In brief, the
indicated yeast strains expressing the desired substrates were grown in synthetic complete
(SC) medium lacking specific amino acids and containing glucose to log phase (Aggg~0.8)
at 26°C. Cycloheximide was added to the culture media to a final concentration of 150
pg/ml. A 1 mL aliquot of culture was taken immediately after adding cycloheximide

for the zero time point. At each indicated time point, 1 mL aliquots were taken and
snap-frozen immediately in liquid nitrogen. Protein extraction was conducted using the
TCA precipitation method as previously described (Zhang et al., 2002). Samples were
then resolved on 10% SDS-PAGE and subject to western blot analysis using the indicated
antibodies or antisera.

Pulse chase assays—To determine the rate of GFP cleavage from GFP-fusion proteins,
pulse chase assays was performed as described previously with minor modifications (Tansey,
2007). In brief, yeast expressing distinct substrates were grown in SC medium lacking uracil
(-ura) and methionine (-met) but containing glucose to early log phase (Aggg ~0.5) at 26°C,
and newly synthesized proteins were pulse labeled with 35S-cys/met for 20 min at a final
concentration of 28 pCi/OD cells. The yeast cells were then washed twice with culture
medium and resuspended in 4 mL chase media (culture medium supplemented with 5 mg/ml
methionine and 5 mg/ml cysteine). A 1.2 mL aliquot of the culture was immediately taken
as the zero time point. At each indicated time point, 1.2 mL aliquots were removed, and
cells were pelleted by centrifugation followed by snap freezing in liquid nitrogen. Cell lysis
was conducted by agitation with glass beads, and the indicated GFP tagged proteins were
immunoprecipitated with a 2 h incubation with anti-GFP antibody (Invitrogen) followed by
overnight incubation with protein A Sepharose beads (GE healthcare). After washing, the
indicated substrates were eluted and subject to 12.5% SDS-PAGE. Gels were subsequently
dried and exposed to a storage phosphor screen (FUJI film), and substrates were detected by
phosphorimager analysis on a Amersham Typhoon imager (GE healthcare).

Detection of steady state levels of cleaved GFP—Plasmids expressing the indicated
substrates were transformed into distinct yeast strains, and 7 days post-transformation the
yeast were grown to log phase (Aggg ~1.0), and 1 OD of cells was harvested. Total protein
extraction was conducted using the TCA precipitation method (see above). Proteins were
then resolved by 10% SDS-PAGE and subject to western blot analysis.

Isolation of ER-enriched microsomes from yeast—Yeast expressing the indicated
substrates were grown in SC medium (-ura) containing glucose at 26°C until the Aggg Was
~1.5. Cells were collected by centrifugation and ER microsomes were purified using the
large-scale technique described previously (Nakatsukasa et al., 2008). In brief, cells were
first resuspended in Buffer A (100mM Tris-HCI, pH9.4, and 10mM DTT) for 15 min at
room temperature and then collected and resuspended in lyticase buffer (LOmM Tris-HCI,
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pH7.4, 0.75% yeast extract, 1.5% peptone, 0.5% glucose, and 0.7M sorbitol) plus 20 units of
lyticase for 1 h at 26°C to digest the cell wall. The treated cells were overlaid onto an equal
volume of Cushion 1 (20mM HEPES, pH 7.4, 0.8M sucrose, and 1.5% Ficoll 400) followed
by centrifugation. Next, the pellet were resuspended in cold lysis buffer (20mM HEPES, pH
7.4, 2mM EDTA, 50mM KOAC, 0.1M sorbitol, 1mM of freshly added DTT) plus protease
inhibitors (ImM PMSF, 1.5 pug/ml pepstatin A, and 3 pg/ml leupeptin) and lysed with a
motor driven Potter-Elvehjem homogenizer. The lysed cells were then overlaid onto an
equal volume of Cushion 2 (20mM HEPES, pH 7.4, 1M sucrose, 50mM KOAC, 1mM of
freshly added DTT) and centrifuged. The ER microsomes in the pellet was washed with
Buffer 88 (20mM HEPES, pH 6.8, 5mM MgOAC, 150mM KOAC, and 250mM sorbitol)
and re-centrifuged. The final pellet (ER microsomes) was resuspended in Buffer 88 to a final
concentration of 10mg/ml as determined by measuring the Apgg in 1% SDS.

Detergent solubility assays—The solubility of the indicated proteins was measured in
1% dodecylmaltoside (DDM) as described previously (Sun and Brodsky, 2018). In brief,
ER microsomes from distinct yeast backgrounds expressing the indicated substrates were
prepared as described above and incubated on ice for 30 min in Buffer 88 with protease
inhibitors in the presence of 1% DDM (EMD Millipore). The detergent soluble fraction
was separated from the insoluble fraction by centrifugation at 18,000 g for 30 min at 4°C.
Protein pellets from both the soluble (after TCA precipitation; see above) and insoluble
fractions were resuspended in the same volume of TCA sample buffer and resolved by
10% SDS-PAGE followed by immunaoblotting with anti-HA. Sec61 was used as an internal
control for microsomal membrane solubilization and protein extraction. Quantification was
performed using ImageJ version 1.48V.

Live cell fluorescence microscopy—~Plasmids expressing the indicated substrates were
transformed into distinct yeast strains, and 7 d post-transformation the cells were grown

to log phase (Aggg ~0.8), harvested, and incubated with CMAC in the dark for 15 min.

The treated cells were then imaged by fluorescent microscopy using FITC, DAPI and DIC
channels on an Nikon ECLIPSE Ti2 epifluorescence microscope.

In vivo ubiquitination assays—To investigate the roles of select E3 ubiquitin ligases
on the ubiquitination of select substrates, a 30 mL culture of the indicated yeast strains
co-expressing myc-tagged ubiquitin were grown at 26°C until the Aggg was ~0.8. Copper
sulfate was then added with to the culture medium at a final concentration of 100 uM to
induce the expression of myc-tagged ubiquitin for 1 h before the cells were harvested. An
equal number of cells were then resuspended in denaturing lysis buffer (50mM Tris-HCI pH
7.0, 150mM NaCl, 1% Triton X-100, 0.2% SDS) supplemented with protease inhibitors and
1mM NEM. Lysis of yeast cells was conducted by agitation with glass beads, and indicated
substrates were immunoprecipitated from these samples by overnight incubation with HA-
conjugated beads at 4°C to precipitate the HA-tagged substrates. After washing, substrates
were eluted and subject to 10% SDS-PAGE. Samples were next processed for western
blotting as described previously (Sun and Brodsky, 2018), except that the nitrocellulose
membrane was immersed in a boiling water bath for 1 h prior to blocking to better expose
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antibody epitopes on polyubiquitin chains. Polyubiquitin and the precipitated substrate were
visualized using anti-ubiquitin (P4D1) anti-HA (3F10) antibodies, respectively.

Native immunoprecipitation assays— Yeast cells (ySZ084 and ySZ083) expressing
SZ*-GFP or SZ*-GFP-Uby4 were grown in SC (-ura) medium containing glucose to
Agpo~1.2. Approximately 30 OD cells of ySZ084 and 60 OD cells of ySZ083 (Ubx2-FLAG
steady-state level in ySZ084 is about two fold of that in ySZ083) expressing indicated
substrates were harvested and resuspended in native lysis buffer (50mM Tris-HCI, pH 7.0,
150mM NaCl, 1% Triton X-100) supplemented with protease inhibitors. Cell lysate was
prepared using glass beads beating method followed by centrifugation at 18,000 g for
15min to isolate soluble membrane fractions. The clear membrane fraction was incubated
with protein A beads for 2 hours at 4°C as pre-clearance step. The supernatant was next
transferred to new micro-centrifuge tube with HA antibody (12CA5 Roche) for 4 hours
incubation at 4°C. Following that, protein A beads was added into the reaction for another
2 hours incubation at 4°C. Three times washing with native lysis buffer were applied to
protein A beads, and substrates were eluted with 1X SDS sample buffer (250mM Tris-HCI
pH 6.8, 4% SDS, 30% glycerol, 500mM DTT, and 0.25% bromo-phenol blue). Finally,
samples were resolved by 10% SDS-PAGE and analyzed by immunoblotting.

COPII protein purification—Sar1 was purified from the pTY40 plasmid (Barlowe et al.,
1994) in an £. coli BL21-based CBB205 strain (NEB). Cells were first grown to saturation
in 25 mL of LB medium with ampicillin as a seed culture, which was then inoculated to

3 | of medium. When the cells reached an ODggq of ~0.5, the expression of Sar1-GST

was induced by adding 2 mL of 1M IPTG (Sigma-Aldrich). The culture was incubated

at 37°C for 4 h, the ells were harvested by centrifugation, and frozen at —80°C. To lyse
cells, the frozen pellet was first resuspended in 30 mL TBS buffer (50mM Tris-HCI pH7.5,
and 150mM NacCl) supplemented with protease inhibitors, and then lysed 3 times at 1000
psi with an Avestin Emulsiflex C3 homogenizer. Triton X-100 was next added to the cell
lysate at a final concentration of 0.5%, which was then rotated at 4°C for 15 min. After
centrifugation at 14,000 rpm for 15 min in an SS34 rotor, the supernatant was added to a
bed volume of 3 mL of glutathione Sepharose beads (Millipore) and incubated at 4°C for

1 h. The beads were then washed with 15 mL TBST (TBS with 1% Triton X-100), and 70
uL of 1 M Tris-HCI, pH 9.4, and 400 pL of a 0.1M CaCl, stock were added together with
500 U of thrombin to the beads in 7 mL TBS to remove the GST tag via a 1 h incubation

at 25°C. The flow through was collected and dialyzed against Buffer 88 overnight at 4°C.
The final dialyzed Sarl faction was aliquoted and analyzed by 10% SDS-PAGE followed by
Coomassie blue staining.

Sec23/Sec24 was purified from yeast strain CBY 1285 (Barlowe et al., 1994). A 400 mL
seed culture in SC (-ura-leu) medium containing glucose was grown overnight. Yeast were
inoculated at an initial Aggp of ~0.05 in eight, 1.5 | cultures and grown at 23°C until an Aggg
of ~1.5 was reached. The cells were then harvested by centrifugation and frozen at —80°C.
Next, the frozen pellet was resuspended in 100 mL Buffer A (50mM HEPES, pH 7.0, 50
mM KOAC, 2 mM EDTA, 0.25 M sorbitol) supplemented with 2 mM 2-mercaptoethanol
and protease inhibitors, and then snap frozen in liquid nitrogen in small droplets. The frozen
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droplets were then lysed using a stainless steel blender filled half full with liquid nitrogen
and ground for 1 min 10 times with a 1min rest between each round. After thawing the
frozen yeast powder on ice, 100 mL of Buffer B (50 mM HEPES, pH 7.0, 1 M KOAC,

2 mM EDTA, 0.25 M sorbitol) supplemented with 2 mM 2-mercaptoethanol and protease
inhibitors was added to the lysate, which was homogenized with 5 strokes using a motor-
driven Potter-Elvehjem homogenizer. A clarified supernatant was collected after two rounds
of centrifugation at 14,000 rpm for 10 min in an SS34 rotor. The top layer of lipid was
removed by pouring supernatant through four layers of cheesecloth. The clear lysate was
then loaded onto a 35 mL DEAE column (GE healthcare), which was then washed with

500 mL Buffer C (50 mM HEPES, pH 7.0, 500 mM KOAC, 0.25 M sorbitol), and protein
was eluted with 50ml Buffer D (50 mM HEPES, pH 7.0, 0.75 M KOAC, 0.01% Triton
X-100) supplemented with protease inhibitors which was next loaded onto a 10ml Ni-NTA
column. Prior to elution with NTA buffer C (50 mM HEPES, pH 7.0, 0.15 M KOAC, 200
mM imidazole), the resin was washed with 25 mL of NTA Buffer A (50mM HEPES, pH 7.0,
0.5M KOAC) and 50ml of NTA Buffer B (50 mM HEPES, pH 7.0, 0.15 M KOAC, 15 mM
imidazole). Elution fractions of 1ml were manually collected and analyzed by SDS-PAGE
to determine the Sec23/Sec24 containing fractions, which were then combined and went
through desalting column (PD-10, GE healthcare). The final enriched proteins were eluted
with elution buffer (50 mM HEPES, pH 7.0, 1 mM MgOAC, 0.3 M KOAC) and analyzed by
SDS-PAGE followed by Coomassie blue staining.

Sec13/Sec31 was purified from CBY120 (Barlowe et al., 1994) yeast, which were grown

in eight 1.51 of SC (-ura) media containing glucose and harvested and lysed as described
above except that a cell suspension was made using 50 mL Buffer 88 supplemented with
protease inhibitors. A clarified supernatant was obtained as described above, and was loaded
onto a 10 mL Ni-NTA column for nickel column, which was washed with 25 mL NTA
Buffer A and 50 mL NTA Buffer B, and then protein was eluted with 20 mL NTA Buffer
C. Elution fractions of 1ml were manually collected and analyzed by SDS-PAGE followed
by Coomassie blue staining to determine the Sec13/Sec31 containing fractions, which were
then combined and loaded onto Q Sepharose XL (GE Healthcare). As above, a wash was
done with 75% Q BufferA+24% Q Buffer B, and 70% Q Buffer A +30% Q buffer B, and
elution was achieved with 20ml 25% Q buffer A+75% Q buffer B in 1ml fractions. Peak
fractions, determined by SDS-PAGE followed by Coomassie blue staining, were isolated
after a 100% Q Buffer B wash. The peak fractions were then concentrated and sanp

frozen in liquid nitrogen. Prior to storage at —80°C, protein aggregates were removed by
centrifugation at 18,000 g for 20 min.

In vitro budding assays—To determine the /7 vitro COPII budding efficiency of the
indicated substrates, an /n vitro budding assay was performed as described previously
(Barlowe et al., 1994; Shibuya et al., 2015). In brief, both ER microsomes from yeast cells
containing vectors for the desired substrates and COPIl components (Sarl, Sec23-Sec24,
and Sec13-Sec31) were prepared as described above. A 100 pL reaction was then set-up

by incubating 5 pg of ER microsomes in Buffer 88 supplemented with GTP (0.1mM) and
an ATP regeneration system (1 mM ATP, 40 uM creatine phosphate, 200 pg/ml creatine
phosphokinase) in the presence or absence of purified COPII proteins (Sarl:5 pug/ml; Sec23/
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Sec24, 4 pg/ml; Sec13/Sec31, 40 pg/ml) at 25°C for 20 min followed by a 5 min incubation
on ice. After centrifugation at 17,000 g for 5 min, unbudded membranes (in the pellet)

were separated from budded vesicles (in the supernatant), which were then collected by
ultracentrifugation at 195,500 g for 30 min. Unbudded membranes and budded vesicle pellet
fractions were solubilized with 60 uL and 12 pL of SDS-sample buffer, respectively. A total
of 6 pL (50% of the total) of the budded fractions and 1.5 pL (2.5% of the total) of the
unbudded membranes were resolved on 10% SDS-PAGE followed by immunoblotting for
HA and Erv46.

Oligomycin resistance assay—To measure the oligomycin resistant phenotype of yeast
expressing various substrates, wild-type or doal0A yeast containing a vector or the Yorl-
GFP, Yorl-GFP-Uby,, Pcal(1-392)-Yorl-GFP, and Pcal(1-392)-Yorl-GFP-Ub, were grown
overnight to stationary phase. Six 5-fold dilutions were made and transferred to YPEG solid
medium supplemented with 2.5 pg/ml oligomycin (dissolved in DMSQ). The plates were
incubated at 26°C for 5 days and imaged 5 using a Bio-Rad imaging station.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data represent the means = SE unless otherwise stated. The number of independent
experiments performed for each experiment is indicated in the figure legends. Band
intensities from western blotting and pulse chase experiments were quantified using ImageJ
version 1.48V and normalized to the loading control or to total protein. GFP fluorescence
intensities were quantified using FIJI (2.0.0-rc-69/1.52i). Statistical analysis in this work
was determined by Prism 7 using either unpaired t- tests, ordinary one-way ANOVA with
Holm-Sidak’s multiple comparison tests, or ordinary two-way ANOVA with a Dunnett’s
multiple comparisons test. Significance is defined by a p < 0.05. However, three variations
of significance were also presented in this study, which were used to show variations in the
level of significance for all data; * denotes p < 0.05, ** p < 0.005, and *** p < 0.0005.
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Highlights

Ubiquitination is sufficient to retain misfolded membrane proteins in the ER
for ERAD

Ubx2 is as a ubiquitin-dependent ER retention factor for misfolded membrane
proteins

A tetra-ubiquitin fusion sequesters a misfolded membrane protein from ER
exit sites

Inhibiting the Ubx2-ubiquitin axis allows for ER exit of misfolded membrane
proteins
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Figure 1. The cytosolic Hsp40 Ydj1 is required for the ERAD of SZ*
(A) The stability of SZ* from wild-type and yaj14 yeast expressing SZ* and the indicated

vector in a CEN plasmid was determined in a cycloheximide chase. The QAA mutant lacks
the Hsp70-interacting HPD motif. G6PD in this and other figures controls for equal loading.
Data are means + SE of 3-6 independent experiments; black asterisks apply to the +vector
(vdj14) versus +Ydj1 (yadj14) comparison, and red asterisks apply to the +QAA mutant
(vdaj14) versus +Ydj1 (yaj14) comparison. **p < 0.005, ***p < 0.0005.

(B) HA-tagged SZ* was immunoprecipitated from wild-type yeast containing a vector
control or ydjiA yeast expressing SZ* and Ydj1 or the QAA mutant. Cultures were shifted
to 37°C or remained at 26°C for 1 h prior to harvest. A total of 1% of the input was analyzed
to show equal loading. —LY'S, indicates a control experiment performed in the absence of
cell lysate. The asterisk denotes a contaminating species.

(C) This graph depicts relative Ydj1 binding to SZ* in yeast incubated at 26°C or 37°C, as
quantified from the data in part (B). Data are the means + SE of 3 independent experiments;
*p < 0.05; NS, not significant.
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Figure 2. Ydj1 facilitates the ER retention of SZ*
(A) Proteasome-dependent degradation of SZ* was measured in par5A yeast expressing both

SZ* and Ydj1 versus a vector control in the presence or absence of 100 uM MG132. Data
are the means + SE of 6-9 independent experiments; black asterisks apply to the MG132
(Ydj1 OE) versus DMSO (Ydj1 OE) comparison, and red asterisks apply to the MG132
(Ydjl OE) versus MG132 comparison. **p < 0.005, ***p < 0.0005.

(B) A schematic of SZ*-GFP sorting into the vacuole by the MVB pathway. N and C
indicate SZ*-GFP topology with the N terminus facing the ER lumen (not shown), but the
protein is then delivered to the vacuole in MVBs.
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(C) GFP cleavage in yeast expressing variable amounts of Ydj1 was determined by
immunoblotting. —, denotes yaj14; +, denotes YDJI (wild-type); ++, denotes wild-type
yeast overexpressing Ydj1. Numbers indicate average values of normalized GFP cleavage
levels from 3 independent experiments.

(D) GFP cleavage was measured by pulse-chase in wild-type and yagjIA yeast. Cleavage was
determined by normalizing free GFP to full-length SZ*-GFP at 0 min. Data are the means +
SE of 3 independent experiments; *p < 0.05.

(E) A schematic of the /n vitrobudding assay to measure ER exit by COPII vesicles.

(F) In vitro COPII budding efficiency of SZ*-GFP in the presence or absence of Ydj1,
Doal0, or Ubx2, respectively, was measured. V, 50% of total budded vesicles; M, 2.5%
unbudded microsomes used in the reaction; +COPII/NTP and —~COPII/NTP, indicate
experiments performed in the presence or absence of the purified COPII proteins and energy,
respectively.

(G) A graph depicting /n vitrobudding efficiency of SZ*-GFP and the positive control
Erv46, as quantified from part (F). Data are the means + SE of 4 independent experiments;
**p < 0.005; NS, not significant.
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Figure 3. Disrupting SZ* ubiquitination facilitates ER exit
(A) SZ* ubiquitination in wild-type and doal0A yeast was examined by

immunoprecipitation of SZ* under denaturing conditions. The arrowhead to the left is the
location at which SZ* migrates, and a molecular mass ladder (x103 Dalton) is shown to
the right. Total SZ* (HA) is also depicted. Data are the means + SE of 3 independent
experiments; ***p < 0.0005.

(B) Microsomes from wild-type or doal0A yeast expressing SZ* were treated with

1% DDM. Protein in the supernatant (S) and pellet (P) fractions was analyzed after
centrifugation and immunoblotting. Sec61 was blotted as a control. Data are the means

+ SE of 3 independent experiments; NS, non-significant (p > 0.05).
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(C) GFP cleavage was determined by immunoblotting in the presence or absence of Doal0.
Numbers indicate average values of normalized free GFP from 5 independent experiments.
(D) Live-cell fluorescence and differential interference contrast (DIC) imaging of SZ*-GFP
in wild-type, ydji14, and doal0Ayeast. CMAC marks the yeast vacuole.

(E) Quantification of the GFP signal in the vacuole from (D). Greater than 100 cells in each
strain were counted; **p < 0.005, ***p < 0.0005; a.u., arbitrary units.

(F) GFP cleavage from SZ*-GFP was measured by pulse-chase in wild-type and doal0A
yeast. Cleavage was determined as in Figure 2D.

(G) A graph depicting GFP cleavage rate of SZ*-GFP as quantified from (F). Data are the
means + SE of 3—4 independent experiments; *p < 0.05. Please note that DOAI0 (wild-type)
in this figure (F) is identical to YDJI (wild-type) in Figure 2D.
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Figure 4. Tetra-ubiquitin attenuates ER exit
(A) Predicted topologies of SZ*-GFP and SZ*-Ub,. N and C indicate the topology with

respect to the ER.

(B) Live-cell fluorescence and DIC imaging of SZ*-Ub, in wild-type and doal0A yeast and
SZ*-GFP in wild-type yeast. CMAC marks the yeast vacuole.

(C) Quantification of GFP intensity in the vacuole from (B). Greater than 100 cells in each
strain were counted; **p < 0.005, ***p < 0.0005.

(D) Live-cell fluorescence imaging of wild-type yeast expressing the integrated fluorescent
marker mCherry-Scs2-tm (ER-cherry), Sec13-RFP, or Sec24-mCherry, and containing the
SZ*-Uby expression plasmid.

(E) Live-cell fluorescence imaging of wild-type or sec12-4 yeast expressing SZ*-Uby.
Cultures were shifted to 37°C for 30 min prior to imaging.

(F) GFP cleavage was measured by pulse-chase in wild-type and doaZ0A yeast. Cleavage
was determined by normalizing free GFP to full-length SZ*-Uby4 at 0 min. Data are the
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means + SE of 3 independent experiments; *p < 0.05. Quantification of SZ*-GFP in wild-
type and doal0A yeast is also shown.

(G) In vitro COPII budding efficiency of SZ*-Uby in the presence or absence of Doal0

or Ubx2, respectively, was measured. V, 50% of total budded vesicles; M, 2.5% unbudded
microsomes used in the reaction; +COPII/NTP and —COPII/NTP, indicate experiments
performed in the presence or absence of the purified COPII proteins and energy,
respectively.

(H) Graph depicts /n vitro budding efficiency of SZ*-GFP as quantified from (G). Data are
the means + SE of 4 independent experiments; ***p < 0.0005.
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Figure 5. The loss of Ubx2 enhances SZ* ER exit
(A) GFP cleavage in wild-type and the indicated UBD-containing mutant strains was

determined by immunoblotting. Data are the means + SE of 3 independent experiments;
*p <0.05.

(B) Live-cell fluorescence imaging of SZ*-GFP in wild-type and vbx2A yeast. CMAC
marks the yeast vacuole.

(C) Quantification of GFP intensity in the vacuole of SZ*-GFP in (B). More than 100 cells
in each strain were counted; ***p < 0.0005.
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(D) GFP cleavage was measured by pulse-chase in wild-type and vbx2A yeast. Cleavage was
determined as in Figure 2D. Data are the means + SE of 3-9 independent experiments; *p <
0.05; **p < 0.005. UBXZ (wild-type) in this figure is identical to YDJI (wild-type) in Figure
2D.
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Figure 6. The interaction between SZ* and Ubx2 is enhanced by an appended tetra-ubiquitin

moiety
(A) HA-tagged SZ*-GFP and SZ*-Ub, were immunoprecipitated

from both wild-type and

doal0A yeast expressing the indicated substrates or containing a vector control. Ubx2
contains a triple FLAG tag. A total of 1% of the input was analyzed to show equal loading.
(B) A bar graph depicts relative Ubx2 binding by SZ*-GFP and SZ*-Uby in the indicated
yeast strains quantified from (A). Data are the means + SE of 4 independent experiments; *p

< 0.05 and **p < 0.005.

(C) Relative Ubx2 binding was determined by native immunoprecipitation from (A), and
percent cleaved GFP at 120 min was determined by pulse-chase from Figure 4F. Data are
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the means of 4 independent experiments for relative Ubx2 binding and 3—4 independent
experiments for percent GFP cleavage.

(D) Schematic of Ubx2 and truncated variants; FL, 1-585 amino acid (aa); AUBA, 71-585
aa; AUBX, 1-410 aa; AUBAAUBX, 71-410 aa.

(E) SZ*-GFP-Ub4 was immunoprecipitated from ubx2A yeast expressing the Ubx2 variants
or containing a vector control. After SDS-PAGE, the indicated antibodies were used to
detect SZ*-GFP-Uby (anti-HA) and the Ubx2 variants. A total of 1% of the input was
analyzed to show equal loading.

(F) A bar graph depicts SZ*-Ub, binding quantified from (E). Data are the means + SE of 3
independent experiments; *p < 0.05, **p < 0.005.

(G) Live-cell fluorescence imaging of SZ*-GFP in ubx2A4 yeast containing a vector or the
indicated Ubx2 variants. CMAC marks the yeast vacuole.

(H) Quantification of GFP intensity in the vacuole in (G). Greater than 100 cells in each
strain were counted; **p < 0.005, ***p < 0.0005.
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Figure 7. Ubx2 facilitates ER retention of an additional misfolded protein
(A) Schematic of SZ*-GFP, SZ*-Ub,, and ED-Ub,. N and C indicate the relative topology

with respect to the ER.

(B) Live-cell fluorescence imaging of ED-Uby in wild-type and vbx2A4 yeast. CMAC marks

the yeast vacuole.

(C) Quantification of GFP intensity in the vacuole in (B). Greater than 100 cells in each

strain were counted; ***p < 0.0005.

(D) GFP cleavage was measured by pulse-chase in wild-type and ubx2A yeast. Cleavage was
determined as in Figure 2D. Data are the means + SE of 3 independent experiments; *p <

0.05.
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REAGENT or
RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-HA Peroxidase
High Affinity (3F10,
rat)

Anti-HA (12CA5,
mouse)

Anti-glucose-6-
phosphate-
dehydrogenase
(Rabbit)

Anti-GFP (3E6,
mouse)

Anti-GFP (mouse)

Anti-Ubiquitin (P4D1,
mouse)

Anti-FLAG
(DYKDDDDK tag
antibody 2368, rabbit)

Anti-rabbit I1gG, HRP-
linked antibody (Goat)

Anti-mouse 1gG,
HRP-linked antibody
(Horse)

Anti-Ydj1 (Rabbit)

Anti-Erv46 (Rabbit)

Roche

Roche

Sigma-Aldrich

Invitrogen

Roche

Santa Cruz Biotechnology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Avrom Caplan Lab

Charles Barlowe Lab

12013819001

11583816001

A9521

A-11120

11814460001
SC-8017

2368S

7074S

7076S

Caplan and
Douglas, 1991

N/A

Anti-Sec61 (Rabbit) This Lab N/A

Anti-Ubx2 (Rabbit) Thomas Becker Lab N/A

Bacterial and virus strains

CBB205 Sarl-GST Barlowe et al.,
1994

E.coli (BL21) NEB C2530H

Chemicals, peptides, and recombinant proteins

ProSignal Pco ECL Genesee Scientific 20-300B

Reagent

ProSignal Femto ECL Genesee Scientific 20-302B

Reagent

Cycloheximide Sigma-Aldrich C7698

Oligomycin Sigma-Aldrich 04876-5MG

MG132 Millipore 474790

GTP Sigma-Aldrich G8877

ATP Sigma-Aldrich A2383

Creatine phosphate Roche 10621722001

Creatine Sigma-Aldrich C3755

Phosphokinase

Phenylmethanesulfonyl ~ Sigma-Aldrich P7626

fluoride (PMSF)
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REAGENT or SOURCE IDENTIFIER
RESOURCE
Leupeptin Sigma-Aldrich L9783
Pepstatin A Sigma-Aldrich P5318
N-ethylmaleimide Sigma-Aldrich E1271
(NEM)

Thrombin from human  Sigma-Aldrich T6884

plasma

Isopropyl B-D- Sigma-Aldrich 16758

thiogalactoside (IPTG)

CellTracker Blue Invitrogen C2110

CMAC Dye

4’,6’-Diamidino-2- Sigma-Aldrich D8417

phenylinadole (DAPI)

Triton X-100 Sigma-Aldrich X100

Dodecyl-beta-D- Calbiochem D310

maltoside (DDM)

Critical commercial assays

Pierce BCA Protein Thermo Fisher 23225

Assay Kit

EasyTag EXPRESS PerkinElmer Life Sciences NEG772014MC

353 Protein Labeling

Mix

Deposited data

Raw data files This study N/A

Experimental models: Organisms/strains

BY4742 MATa, his3A1, leu2A0, lys2A0 ura3A3 Winzeler et al.,
1999

par5A MATa, his341, leu2A0, ura3A3 parbA..KanMX Winzeler et al.,
1999

pars4pep4A MATa, met15A0, his341, leu2A0, ura3A3 pdr5A.:KanMX, pepdA::KanMX Winzeler et al.,
1999

yajia MATa, his3A1, leu2A0, ura3A3 yaj1A::KanMX Winzeler et al.,
1999

Vps364 MATa, his341, leu2A0, ura3A3 vps36A::KanMX Winzeler et al.,
1999

hrd1A MATa, his3A1, leu2A0, ura3A3 hrdlA::KanMX Winzeler et al.,
1999

doal0A MATa, his3A1, leu2A0, ura3A3 doalOA..KanMX Winzeler et al.,
1999

ubxiA MATa, his3A1, leu2A0, ura3A3 ubxIA::KanMX Winzeler et al.,
1999

ubx2A MATa, his3A1, leu2A0, ura3A3 ubx2A.:KanMX Winzeler et al.,
1999

ubx4A MATa, his3A1, leu2A0, ura3A3 ubx4A.:KanMX Winzeler et al.,
1999

cueld MATa, his3A1, leu2A0, ura3A3 cuelA.:KanMX Winzeler et al.,
1999

npl4A MATa, his3A1, leu2A0, ura3A3 npl4A::KanMX Winzeler et al.,
1999

raa23A MATa, his3A1, leu2A0, ura3A3 rad23A..KanMX Winzeler et al.,
1999
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REAGENT or SOURCE IDENTIFIER
RESOURCE
dsk2A MATa, his3A1, leu2A0, ura3A3 dsk2A::KanMX \l/\égmgeler etal,
cac48-2 Backcrossed 3X to BY4742 Moir et al.,

1982
y52083 UBX2-3FLAG::HISBY4T742 This study
52084 doal0A::KanMX UBX2-3FLAG.:HISBY4742 This study
ysz2087 ubx2A.::KanMX Pygx-UBX2::LEUBYA4742 This study
ySZ2088 Ubx2A::KanMX Pygx,-UBX2(AUBA)..LEUBY4742 This study
¥S2089 ubx2A::KanMX Pygx-UBX2(AUBX)::LEUBY 4742 This study
¥S2090 Ubx2A::KanMX Pgx-UBX2(AUBA AUBX)::LEUBY 4742 This study
Sec13-RFP Allison
O’Donnell lab
CBY120 Sec13/Sec31 purification Charles
Barlowe lab
CBY1285 Sec23/Sec24 purification Charles
Barlowe lab
secl2-4 MATa, SUC2, mal mel gal2 CUP1, sec12-4 Novick et al.,
1980
Oligonucleotides
0Sz08 GTACTCTAGAATGTTTTTCAACAGACTAAG Sun and
Brodsky, 2018
0Sz14 GCCTTTAGACATGGAGCCTGAGCCACCTCCT This study
08715 AGGAGGTGGCTCAGGCTCCATGTCTAAAGGC This study
0Sz16 GTCAGGATCCCTTTGTACAATTCGTCCATTC This study
RE113 GCACTGGATGAAGAAGATGAAGAAGATGAGGAAAATGAAGAACAAGGGGGAGGCGGGGGTGGA g(t)l;g\a etal.,
RE114 CTCTTTGTACGCGTTTGTCGTTTTTAACGATATGCTATTTTAGAATTCGAGCTCGTTTAAAC S(L)J;r;\a etal.,
0Sz17 AGCTTCCTCACTTGGATTCTTAGCTGCTTGGTATTTTAAGGCGCATTTTC This study
0Sz18 GAAAATGCGCCTTAAAATACCAAGCAGCTAAGAATCCAAGTGAGGAAGCT This study
0Ssz21 GTCATCTAGAACTAGTATGAAAGCATTCACCAGT This study
0Sz22 GTCAGGATCCCAGCTTTGTACAATTCGTCCAT This study
0SZ23 GCTTTGTACAATTCGTCCATTCCGCGGCCGCGTTTGTATAGTTCAT This study
0Sz24 GAACTTAGTTTCGACGGATT This study
08725 ATGAACTATACAAACGCGGCCGCGGAATGGACGAATTGTACAAAGC This study
0SZz26 GTGACATAACTAATTACATGACTCGAGTTAGCGGCCGCAAGCTTGCATGCCGGTAGAGGTGTG This study
Recombinant DNA
pSz01 CENURA3 P-TEF SZ* Sun and
Brodsky, 2018
pSZ03 CENURAS P-TEF SZ*-GFP Sun and
Brodsky, 2018
pSwW148 CENLEU2 P-GAS Wscl1* Wang and Ng,
2010
pSwW144 CENLEU2 P-PRC1 ED-Wsc1-L63R Wang and Ng,
2010
BPM390 CENLEU2 P-YDJ1 Ydj1 Elizabeth Craig
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REAGENT or SOURCE IDENTIFIER
RESOURCE
pTY40 Sarl-GST Barlowe et al.,

1994
pSz10 CEN URA3 P-TEF SZ*-GFP-Ub, This study
pSZ11 CENLEU2 P-YDJ1 Ydj1 (HPD/QAA) This study
pSZ12 CENURA3 P-TEF SZ*-GFP-Ub,* This study
pSZ13 CENLEU2 P-TEF SZ*-GFP This study
pRS315 CENLEU2 ATCC
pKN31 241 HIS3 Pepl-mycUb-Teycl Nakatsukasa et

al., 2008
pSz14 CEN URA3 P-TEF ED-Ub, This study
pSZ15 CEN LEU2 P-GPD Yorl-GFP-Ub, This study
pSZ16 CENLEU2 P-GPD Pcal(1-392)-Yor1-GFP-Ub, This study

pFA6a-6xGly-3xFLAG
-HIS3MX6

6xGly-3xFLAG-HIS3MX6

Leeetal., 2013

4625 LEU2 Py Ubx2(1-585)-Cyclterm Wang and Lee,
2012

4628 LEU2 Py Ubx2(71-585)-Cyclterm Wang and Lee,
2012

4626 LEU2 Py Ubx2(1-410)-Cyclterm Wang and Lee,
2012

4623 LEU2 Py Ubx2(71-410)-Cyclterm Wang and Lee,
2012

SFNB2443 LEU2 pRS305-SEC24-2xmCherry Susan Ferro-
Novick Lab

105 CEN LEU2 Pgpp-Yorl-GFP Adle etal.,
2009

106 CEN LEU2 Pgpp-Pcal(1-392)-Yorl-GFP Adleetal.,
2009

1677 CEN LEU2 P30 Pol30-Ub-Ub-Ub-Ub Zhao and
Ulrich, 2010

Software and algorithms

ImageJ 1.48V NIH https://
imagej.net/

F1J1 (2.0.0-rc-69/1.52i)  NIH https://
imagej.net/
software/fiji

GraphPad Prism (7.0c)  GraphPad Software https://
www.graphpad.
com/

Other

Anti-HA Affinity Roche 11815016001

Matrix

Protein A-Sepharose
CL-4B

DEAE Sepharose Fast
Flow

Q Sepharose XL
Ni-NTA agarose

Glutathione-Agarose

GE Healthcare

GE Healthcare

GE Healthcare
QIAGEN
Millipore
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REAGENT or SOURCE IDENTIFIER
RESOURCE
Amicon Ultra-15 Millipore UFC903024

Centrifugal Filter Unit
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