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ABSTRACT Protein quality mechanisms are fundamental for proteostasis of eukaryotic cells.
Endoplasmic reticulum-associated degradation (ERAD) is a well-studied pathway that en-
sures quality control of secretory and endoplasmic reticulum (ER)-resident proteins. Different
branches of ERAD are involved in degradation of malfolded secretory proteins, depending
on the localization of the misfolded part, the ER lumen (ERAD-L), the ER membrane (ERAD-
M), and the cytosol (ERAD-C). Here we report that modification of several ER transmembrane
proteins with the photosensitive degron (psd) module resulted in light-dependent degrada-
tion of the membrane proteins via the ERAD-C pathway. We found dependency on the
ubiquitylation machinery including the ubiquitin-activating enzyme Uba1, the ubiquitin-
conjugating enzymes Ubcé and Ubc7, and the ubiquitin—protein ligase Doa10. Moreover, we
found involvement of the Cdc48 AAA-ATPase complex members Ufd1 and Npl4, as well as
the proteasome, in degradation of Sec62-myc-psd. Thus, our work shows that ERAD-C
substrates can be systematically generated via synthetic degron constructs, which facilitates
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future investigations of the ERAD-C pathway.

INTRODUCTION

The ubiquitin—proteasome system (UPS) in eukaryotic cells is funda-
mental for regulated proteolysis of unnecessary or damaged
proteins. In humans, dysregulation of UPS activity or increased
abundance of damaged proteins is connected to aging and disease
development (Cuanalo-Contreras et al., 2013; Vilchez et al., 2014).
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This emphasizes the importance of the protein quality control ma-
chinery that selects damaged or misfolded proteins for degrada-
tion. Here, the first crucial step is recognition of a degradation signal
(degron) that is exposed by a protein, which can be executed by
ubiquitin—protein ligases (E3) or by chaperones (Ravid and Hoch-
strasser, 2008). Subsequently, the substrate is ubiquitylated by the
E3 together with a ubiquitin-conjugating enzyme (E2); this step re-
quires activated ubiquitin, which is provided by a ubiquitin-activat-
ing enzyme (E1; Ciechanover, 2005). Substrate polyubiquitylation
then triggers targeting to the proteasome, followed by substrate
unfolding and degradation. However, the proteasome itself recog-
nizes some specific degrons, which leads to ubiquitin-independent
degradation of the attached proteins (Erales and Coffino, 2014).
The photosensitive degron (psd) module contains the photore-
ceptor domain LOV2 from Arabidopsis thaliana and the synthetic
ubiquitin-independent degron cODC1, which was derived from the
carboxy-terminal degron of murine ornithine decarboxylase (ODC).
It consists of a peptide of 37 amino acids without secondary
structure comprising a cysteine—alanine motif, which is important for
proteasomal degradation (Erales and Coffino, 2014). The LOV2
domain exposes cODC1 upon illumination with blue light, which
triggers degradation of the whole protein by the proteasome
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(Renicke et al., 2013; Trauth et al., 2019). The degron cODC1 was
successfully utilized to target two membrane proteins for degrada-
tion, the ER membrane protein Secé62 from Saccharomyces
cerevisiae and the membrane protein synaptotagmin (SNT1) from
Caenorhabditis elegans (Renicke et al., 2013; Hermann et al., 2015).

These findings raised the question of how these secretory pro-
teins were targeted for destruction. The endoplasmic reticulum (ER)
harbors an extensively studied machinery for protein quality control,
the ER-associated protein degradation (ERAD) system. ERAD recog-
nizes misfolded proteins in the lumen of the ER (ERAD-L), in the ER
membrane (ERAD-M), and in cytosolic domains of ER membrane
proteins (ERAD-C). The main components of ERAD multiprotein
complexes consist of an E3, several E2s, and associated proteins.

In yeast, it has been demonstrated that the E3 ligase Hrd1 com-
plex acts mostly in ERAD-L and ERAD-M, whereas the E3 Doa10/
Ssm4 complex acts on ERAD-C substrates. There is evidence that
these complexes are directly involved in export of luminal and trans-
membrane substrates; however, the translocon has also been impli-
cated in this process (Zattas and Hochstrasser, 2015; Preston and
Brodsky, 2017; Rémisch, 2017). The cytosolic AAA-ATPase complex
Cdc48-Npl4-Ufd1, which is attached to the ER membrane by the
receptor protein Ubx2, is involved in transfer of ERAD substrates to
the proteasome for degradation. For some substrates, it has been
shown that this transfer activity is dependent on the AAA-ATPases
of the proteasome itself (Mayer et al., 1998; Walter et al., 2001; Ye
etal., 2017).

Here we investigated the degradation of several ER membrane
proteins modified with the photosensitive degron module and com-
pared it with the degradation of soluble psd-modified proteins
(Figure 1). This revealed that the ERAD-C pathway and the E3

Sec61-3Myc-psd NeSeCh1
C
cODC1 LOV2 3Myc
Sec62-3Myc-psd N Sec62
C
cODC1 LOV2 3Myc
Sec66-3Myc-psd Sec66/Sec71 N
c cODC1 LOV2 3Myc
RFP-psd
N=RFp LOV2 cODC1 ~
Cytosol ER-lumen

FIGURE 1: Scheme of the substrates used in this study. The essential
protein Secé1 was modified at the C-terminus with a 3 Myc tag and a
photosensitive degron (psd) module. The latter consists of the
photoreceptor LOV2 from Arabidopsis thaliana phototropin 1 and a
synthetic degron derived from the C-terminus of murine ornithine
decarboxylase (cODC1). The degron is caged and inactive in
darkness, whereas illumination of LOV2 with blue light results in
exposure and activation of the cODC1 degron, which induces
degradation by the proteasome. Secé1 is an integral ER-membrane
protein with 10 transmembrane domains; the N- and C-terminus are
localized in the cytosol. The translocon-associated protein Sec62 has
two transmembrane domains and both termini in the cytosol; Secé66
has its N-terminus in the ER and the C-terminus in the cytosol. The
substrates were modified at the C-terminus with the psd module. As
cytosolic control substrate, the psd module was fused to the
C-terminus of the red fluorescent protein mCherry.
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Doa10 are involved in degradation of these substrates. Degradation
requires an active E3 and the carboxy terminus of Doa10, which has
been linked to substrate recognition (Zattas et al., 2016). Further-
more, the Cdc48 complex and the AAA-ATPases of the proteasome
are required for efficient degradation. Overall, our investigation
has implications for degron recognition by Doal0 and by the
proteasome.

RESULTS

Destabilization of diverse membrane proteins by the
photosensitive degron module

The psd module was developed to regulate protein stability using a
conditional degron that is recognized directly by the proteasome.
Previously, we observed that the ER transmembrane protein Secé2
can be targeted for degradation in a blue light-dependent manner
using the psd module (Renicke et al., 2013). In this study, we inves-
tigated whether modification with the psd module is a general way
to control the stability of ER membrane proteins with their C-termi-
nus exposed to the cytosol. Thus, we tagged ER membrane proteins
with one, two, or 10 membrane-spanning domains with the psd
module (Figure 1). The psd module was integrated at the 3" end of
the genes, resulting in strains that contained only the fusion proteins
and no unmodified variant. We measured the half-life of SecéT,
Sec62, and Secéb (also referred to as Sec71) modified with the
3myc-psd module in darkness and in cells exposed to blue light by
using the translational inhibitor cycloheximide (chx) to block protein
synthesis. In cells kept in darkness, we measured half-lives of 20 + 3,
18 £ 2, and 18 £ 2 min for Sec61-3myc-psd, Sec62-3myc-psd, and
Sec66-3myc-psd, respectively. Exposure of the cells to blue light
induced rapid protein degradation, resulting in half-lives of 4 *
0.6 min (Sec61-3myc-psd), 1 £ 0.1 min (Sec62-3myc-psd), and 2 +
0.3 min (Sec66-3myc-psd; Figure 2, A-C). The light-induced degra-
dation of the membrane proteins modified with the psd module
resulted in much quicker degradation than with a soluble protein
tagged with the psd module. For the latter, a half-life of 20 min has
been measured (Renicke et al., 2013). This suggested a changed
degradation mechanism, which we were interested in investigating
further.

A blue light-induced growth phenotype was reported for Secé2-
3myc-psd (Renicke et al., 2013). Similarly, we observed that Sec61-
3myc-psd cells were unable to proliferate when exposed to blue
light (Supplemental Figure S1D). This suggests that the rapid degra-
dation of Sec61-3myc-psd in cells exposed to blue light (Figure 2A)
leads to greatly diminished ER-import and subsequently to loss of
viability. We also checked the functionality of Sec61-3myc-psd and
Sec62-3myc-psd in darkness and in cells exposed to blue light by
visualizing carboxypeptidaseY (CPY) and its precursors by immu-
noblotting. CPY is synthesized as preproCPY (cytosolic, 60 kDa) and
posttranslationally imported into the ER. There, the signal sequence
is cleaved off and the protein is glycosylated, resulting in proCPY,
with a molecular mass of 67 kDa (p1CPY). The carbohydrates are
processed in the Golgi, resulting in the p2CPY form (69 kDa). In the
vacuole, CPY is processed to the active protease (mCPY, 61 kDa) by
proteolysis (Rendueles and Wolf, 1988). This showed that a certain
amount of cytosolic preproCPY is already present in darkness in
both cases, suggesting diminished activity of Secé61 and Secé2 after
modification with the psd module (Supplemental Figure S1E). Inter-
estingly, we did not observe a pronounced increase of preproCPY in
cells exposed to blue light. This may be explained by the constitu-
tive degradation of preproCPY in the cytosol (Metzger et al., 2008).
Then, we checked whether the modification of Secé1, Secé2, and
Sec66 with the 3myc-psd module disturbed membrane integration
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FIGURE 2: Degradation kinetics of ER membrane proteins modified with the psd module.

(A) Cycloheximide chase analysis of Sec61 modified with a psd tag (YDS462). A strain without
psd module was used to assess antibody specificity (c = negative control, yeast strain SUB62).
The translational inhibitor cycloheximide (chx) was used to stop protein synthesis after removal
of the first sample (t = 0 min). Cells were exposed to blue light (465 nm, 30 umol m=2 s™") after
addition of chx. Samples taken at the indicated time points were subjected to alkaline lysis and
immunoblottting. Antibodies directed against Myc and Tub1 (loading control) were used for
detection. The immunoblot shows an illustrative result. The graph at the bottom shows
quantification of four independent experiments (n = 4; error bars indicate SEM). The

complete membrane with molecular size markers is shown in Supplemental Figure STA.

(B, C) Cycloheximide chase analysis of Sec62 (YDS174) and Sec66 (YDS189) modified with a psd
tag. Experimental conditions as in A. The complete membranes with molecular size markers are

shown in Supplemental Figure S1, B and C.

using a carbonate extraction assay. This showed profound solubili-
zation of the psd-modified proteins only with 1% Triton X-100, which
suggests that the proteins are embedded in a membrane (Supple-
mental Figure STF). As the strains that carry only Secé1-3myc-psd or
Sec62-3myc-psd are viable in darkness, it can be concluded that
these proteins are functional transmembrane proteins.

Degradation of Sec62-3myc-psd requires proteasomal
AAA-ATPases

We selected Sec62-3myc-psd as a model substrate to investigate
the light-induced degradation of ER membrane proteins modified
with the psd module in more detail. First, we tested degradation
of Sec62-3myc-psd in yeast strains with mutations in the invariant
lysine of the Walker A motif of the proteasomal AAA-ATPases
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4A). The impact of the mutations on Secé2-
3myc-psd proteolysis was profound enough
to allow growth of the ufd1 and npl4 mutant
strains exposed to blue light (Figure 4B).
Similarly, deletion of UBX2 prolonged the
half-life of Sec62-3myc-psd in blue light and
allowed growth of the strain exposed to
blue light, although at a lower rate than in
the isogenic control strain (Figure 4, C and
D). Presumably, Sec62-3myc-psd stabiliza-
tion in the absence of Ubx2 under blue-light
conditions is not profound enough to reach
normal Secé2 levels. This may result in se-
cretory pathway problems that manifest in a
slow-growth phenotype under restrictive
conditions. The involvement of the Cdc48-
Ufd1-Npl4 complex and its membrane receptor Ubx2 in degrada-
tion of Sec62-3myc-psd indicated that a ubiquitylation step might
be part of the degradation process.

20 40 60
time (min)

Sec62-3myc-psd degradation depends on the E3 Doa10

Next, we tested ERAD E3s Doa10 and Hrd1, as well as ERAD com-
ponent Hrd3. The assays revealed strong stabilization of Sec62-
3myc-psd in doa0A cells, whereas absence of Hrd1 or Hrd3 had no
impact (Figure 5A). Quantification showed no degradation of Sec62-
3myc-psd in the doalOA mutant strain (Figure 5B). Moreover, the
doal0A strain was growing robustly when exposed to blue light
(Figure 5C). In addition, we tested the involvement of other known
ERAD components, such as the yeast derlins, as well as the translo-
con, in degradation of Sec62-3myc-psd using a der1A dfmi1A

Molecular Biology of the Cell
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Light-induced depletion of Sec62-3myc-psd requires functional AAA-ATPases of the proteasome.
(A) Cycloheximide chase analysis of strains with defective proteasomal AAA-ATPases. Experimental conditions as in
Figure 2A using strains YDS232 (sec62-3myc-psd), YDS224 (rpt1), YDS235 (rpt2), YDS223 (rpt3), YDS230 (rpt4), YDS228
(rpt5), and YDS227 (rpté), all containing sec62-3myc-psd. (B) Quantification of the immunoblots shown in A. The graph
shows the mean of three independent experiments (error bars, SEM). (C) Streaks of the yeast strains used in A on YPD
plates. The plates were incubated at 30°C for 2 d and exposed to blue light (as indicated) or kept in darkness.

double mutant, a sec61-2 mutant, and a sbh1A sbh2A double mu-
tant. However, neither the derlins (Supplemental Figure S2) nor the
translocon mutants (Supplemental Figure S3) had an impact on
Sec62-3myc-psd degradation.

Next, we investigated whether Doa10 was involved in degrada-
tion of Sec62-3myc-psd in its capacity as an E3 using a mutant with
a cysteine-to-serine exchange in the RING finger domain (Doa10%3%%).
Similarly to the results with a full-deletion mutant, we found a block
in Sec62-3myc-psd degradation (Figure 6A). The viability assay con-
firmed this result: the RING finger mutation allowed growth of a
Sec62-3myc-psd-containing strain exposed to blue light (Figure 6B).
Recently, the cytosolic C-terminus of Doa10 has been implicated in
recognition of transmembrane and soluble substrate proteins
(Zattas et al., 2016). We replaced this C-terminal tail of Doa10 with
3mCherry and investigated the degradation of Sec62-3myc-psd.
Again, we found complete stabilization of light-induced degrada-
tion of Sec62-3myc-psd and growth of the mutant strain under
Sec62-3myc-psd—destabilizing conditions (Figure 6, C and D). The
immunodetection of Doa10 and ofDoa10C with antibodies against
mCherry show similar protein amounts for both Doal0 variants
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(Figure 6C); however, the interpretation is hindered by the appear-
ance of multiple bands. These might indicate partial Doa10 degra-
dation or might originate from mCherry disintegration during
SDS-PAGE sample preparation, which has been documented (Gross
etal., 2000). Furthermore, we tested Doa10 involvement in the deg-
radation of Sec61-3myc-psd and Secé6-3myc-psd. Both proteins
are located in the ER membrane with multiple transmembrane do-
mains (Sec61) or a single transmembrane-spanning region (Secéé;
Figure 1). Similarly, we found nearly complete stabilization of these
substrates in the absence of Doa10, demonstrating that the number
of transmembrane segments does not influence the degradation
process (Supplemental Figure S4, A and B). In conclusion, Doa10
activity and its potential substrate recognition domain are necessary
for degradation of psd-modified ER-membrane proteins.

Sec62-3myc-psd degradation is dependent on
ubiquitylation machinery

The ODC-like degron and a critical cysteine residue, which is lo-
cated in the central part of the degron sequence, are essential com-
ponents for efficient proteasomal degradation of cytosolic proteins
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an npl4-1 mutant strain (YDS288), a UFD1 control strain (YDS289),
and a ufd1-1 mutant strain (YDS285), all containing Sec62-3myc-psd.
Experimental conditions as in Figure 2A, but performed at room
temperature. The graph shows the mean of four independent
experiments (error bars, SEM). (B) Streaks of the yeast strains shown
in A and a wild-type NPL4 strain (FY23), an npl4-1 mutant strain
(PSY2340), a wild-type UFD1 strain (YCT397), and a ufd1-1 mutant
strain (YCT415) without Sec62-3myc-psd. Experimental conditions
as in Figure 3C, but the strains were incubated at room
temperature. (C) Cycloheximide chase analysis of a UBX2 control
strain (YDS174) and a ubx2A deletion strain (YDS305), both
containing Sec62-3myc-psd. Experimental conditions as in Figure
2A. The graph shows the mean of four independent experiments
(error bars, SEM). (D) Streaks of the yeast strains shown in C and a
wild-type strain (YDS28) without Sec62-3myc-psd. Experimental
conditions as in Figure 3C.
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modified with the psd module (Renicke et al., 2013; Usherenko
et al., 2014). We fused a variant of the psd module to Sec62 that
carries a cysteine-to-alanine exchange at this position. Compared
with the original psd construct, Sec62-3myc-psd“* degradation was
slowed down and the mutant strain was able to grow slowly when
exposed to blue light (Figure 7, A and B).

Next, we tested the dependency of Sec62-3myc-psd degrada-
tion on ubiquitylation machinery using an ubal® mutant strain
(Palanimurugan et al., 2004). This revealed that Sec62-3myc-psd
degradation was delayed in an uba1® mutant under restrictive con-
ditions and that this strain was able to grow while exposed to blue
light (Figure 8, A and B).

Moreover, we tested the impact of the ubiquitin-conjugating
enzymes Ubcé and Ubc7 on Secé62-3myc-psd degradation. These
E2s are the regular partners of Doa10 during degradation of ERAD
substrates (Swanson et al., 2001). The assay revealed that Sec62-
3myc-psd degradation was completely blocked in the absence of
Ubcé or Ubc7 and in a double mutant lacking both E2s (Figure 8C).
In addition, absence of the E2s allowed the growth of the Secé2-
3myc-psd strain (Figure 8D). These results demonstrate that degra-
dation of Sec62-3myc-psd required ubiquitylation by Doa10. Next,
we investigated whether ubiquitylated Secé2-3myc-psd is detect-
able after a short pulse of blue light. We found strong accumulation
of polyubiquitylated Sec62-3myc-psd in rpt4<??’R mutants, whereas
in Sec62-3myc-psd control cells and in a strain lacking DOAT10, only
few ubiquitylated proteins were precipitated with Myc-specific anti-
bodies (Figure 9). Quantification revealed that in doal0A cells the
amount of precipitated material detected by the o-ubiquitin
antibody was even smaller than that in the control cells, which
underlines the role of Doa10 as critical E3 for Sec62-3myc-psd
degradation.

In comparison to Secé62-psd, we investigated the degradation
behavior of soluble fluorescent proteins fused to the psd to assess
whether these proteins rely on a similar degradation pathway as
membrane proteins fused to psd. We followed the degradation of
GFP-3myc-psd in cells impaired in proteasomal degradation (pre1-1
pre2-2 and prel-1 pre4-1) and corresponding control cells. As ex-
pected, we found strong impairment of blue-light induced degrada-
tion in the proteasome mutants for GFP-3myc-psd (Figure 10A). In
comparison with the transmembrane proteins modified with 3myc-
psd, the soluble psd substrate is degraded with slower degradation
kinetics upon blue-light exposure in otherwise wild-type cells.

Then we investigated the degradation of RFP-psd and RFP-
psd“* in cells lacking the E3 DOA10, as well as in the corresponding
control cells. This revealed a slower degradation of RFP-psd®* than
of RFP-psd in control cells (Figure 10B). Unexpectedly, we also
observed a profound influence of Doa10 on the degradation of
RFP-psd and RFP-psd®A. Interestingly, the cysteine-alanine muta-
tion had a stronger impact than the absence of Doa10 on RFP-psd
degradation, which suggests that the degradation depends mostly
on ubiquitin-independent degradation induced by the cODC1
degron. Nevertheless, RFP-psd®* in doal0A cells was almost
completely stable over the course of 90 min, which indicates that
ubiquitylation machinery including the E3 Doa10 has a nonnegligi-
ble influence on soluble psd substrates.

To clarify the influence of the ubiquitylation machinery on degra-
dation of soluble psd substrates, we investigated the degradation
of RFP-psd in ubal® cells with the same strain background
that has been used for the Sec62-3myc-psd degradation assay
(Palanimurugan et al., 2004). Also, for RFP-psd, we observed a
slower degradation in ubaT® cells than in the control cells (Figure
10C). Next, we followed RFP-psd degradation by fluorescence

Molecular Biology of the Cell
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measurements (Hasenjager et al., 2019). We performed a cyclohexi-
mide chase assay in control cells, as well as in ubcéA, ubc7A, ubcb6A
ubc7A, and doa10A mutant cells. Again, we observed the reduction
in RFP-psd degradation in the doa10A cells from that in the controls,
as well as reduced degradation in the strains lacking the E2s Ubcé
and Ubc7 and the double- deletion strain, which indicates that
the ERAD-C pathway is involved in degradation of soluble psd
substrates as well (Figure 10D).

DISCUSSION

Here, we characterized the degradation of ER transmembrane
proteins modified with the psd module and demonstrated that they
follow the ERAD-C pathway. This shows that such substrates can be
systematically generated with the psd module. Compared to exist-
ing ERAD substrates, proteins modified with the psd module have
the benefit of being conditional substrates that can be switched from
a more stable conformation to a state of rapid degradation. Initially,
a conditional mutant of S. cerevisiae SEC62 was created in this way
and the membrane protein SNT1 was successfully targeted in C.
elegans, whereas the strategy was not successful for the plasma
membrane protein Pmal and the ER membrane protein Sec63
(Renicke et al., 2013; Hermann et al., 2015). Moreover, we tested
SEC61 and SEC66 and found light-induced degradation in both
cases. This suggests that the number of transmembrane-spanning
segments is not relevant to the question of whether a transmem-
brane protein might be suitable for psd module-dependent genera-
tion of a conditional mutant. The translocon component Secé1
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has 10 transmembrane domains, similarly to Pma1 (Wilkinson et al.,
1996; Ferreira et al., 2002), which was found to resist light-induced
degradation if modified with the psd module (Renicke et al., 2013).
Therefore, other reasons such as accessibility of the C-terminus
might account for the difference in successful application of the psd
module. The structures of the eukaryotic translocon complex and the
yeast posttranslational Sec protein-translocation channel complex
are available (Voorhees et al., 2014; Braunger et al., 2018; ltskanov
and Park, 2018; Wu et al., 2019). Unfortunately, the C-termini of the
complex members are not all fully resolved and the structural data
do not provide a clear explanation of why the psd module was
successful with Secé1, Sec62, and Secbb but not with Secé3.

To gain further insight into the degradation process, we focused
on light-induced degradation of Sec62-3myc-psd. Briefly, all tested
components of the ERAD-C degradation machinery were required
for the degradation process, whereas components of other ERAD
pathways did not influence degradation of Sec62-3myc-psd. This is
in accordance with the cytosolic localization of the psd module,
which makes the ERAD-C machinery the most likely candidate for
degradation of Sec62-3myc-psd. However, the necessity for ubiqui-
tylation during the degradation poses several questions how Sec62-
3myc-psd is recognized at the ER membrane.

One question is how accessible cytosolic domains of ER mem-
brane proteins are for the proteasome. Proteasome-dependent
release of a transcription factor after partial proteolysis by the pro-
teasome has been observed previously in yeast (Rape and Jentsch,
2004), which suggests susceptibility of ER membrane proteins to the
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Sec62-3myc-psd degradation requires the Doa10 RING
domain and the C-terminus. (A) Cycloheximide chase analysis of a
DOA10 strain (YCT1344) and a doa10% mutant strain (YCT1346), in
which a cysteine of the RING domain has been mutated to serine.
Both strains contain Sec62-3myc-psd. Experimental conditions as in
Figure 2A except that Doa10-9myc and Doa10%5-9myc were detected
as well. The graph shows the mean of four independent experiments
(error bars, SEM). (B) Streaks of the yeast strains shown in A and a
DOA10 strain (YCT1343) as well as a doa10% mutant strain
(MHY2901), both without Sec62-3myc-psd. Experimental conditions
as in Figure 3C. (C) Cycloheximide chase analysis of a control strain
(YDS463) with 3mCherry-tagged Doa10 and a doa10¢ mutant strain
(YDS453), in which the C-terminus of Doa10 has been deleted with
3mCherry (c = negative control, yeast strain MHY500). Experimental
conditions as in Figure 2A except that Doa10-3mCherry and Doa104¢-
3mCherry were detected as well. The multiple Doa10-3mCherry and
Doa104¢ bands that are visible are most likely fragmentation products
from degradation of the proteins or disintegration of mCherry during
sample preparation. The graph shows the mean of four independent
experiments (error bars, SEM). (D) Streaks of the yeast strains shown
in C. Experimental conditions as in Figure 3C.

proteasome. Yet, in the absence of Doal0, in the Doa10 RING-
finger mutant or in ubcé and ubc7 mutants, Secé62-3myc-psd was
completely stabilized. Partial proteolysis of the psd module and as-
sociated cytosolic parts of Secé62 was not observable. Thus, the psd
module is inaccessible for the proteasome. Either molecular restric-
tions in the vicinity of the ER membrane or masking of the ODC-like
degron by other proteins; for example, chaperones hinder proteoly-
sis of the psd module at the ER membrane. Chaperones of the
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Figure 3C.

Hsp70 and Hsp40 families have been found to be involved in ERAD
of diverse substrates; during ERAD-C, substrate ubiquitylation
seems to rely on chaperone action (Zhang et al., 2001; Taxis et al.,
2003; Han et al., 2007; Nakatsukasa et al., 2008; Stolz and Wolf,
2010). The lack of proteasomal proteolysis or the inaccessibility of
the Sec62-3myc-psd module is remarkable, as it is clearly different
from a soluble cytosolic psd-modified substrate, which is accessible
to proteasomal degradation as well in the absence of ERAD-C com-
ponents. The C-terminal cytosolic parts of the three substrates
Sec61, Secb2, and Secbb are of different length (~20, 70, and 150
residues, respectively). However, how accessible these C-termini are
is not clear. The tagged proteins are functional, as suggested by the
robust growth of Secé1-3myc-psd and Sec62-3myc-psd in darkness.
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Because the proteins are embedded in
larger complexes to fulfill their cellular role,
direct access by the proteasome could be
reduced. Ubiquitylation might be a trigger
for processing by the Cdc48-Npl4-Ufd1
complex, resulting in excavation of the
modified subunit out of the translocon com-
plex, as has been suggested for other
Cdc48-Npl4-Ufd1-dependent substrates (Ye
etal., 2017). Subsequently, the Cdc48-Npl4-
Ufd1 complex facilitates transfer to the cyto-
sol, followed by proteasomal degradation.
Our data indicate that the Cdc48-Npl4-
Ufd1 complex is involved in Sec62-3myc-psd
degradation. However, whether it is solely
responsible for the membrane-extraction
step is less clear. We observed complete sta-
bilization for mutants that interfere with ubig-
uitylation of Sec62-3myc-psd, whereas in the
case of the Cdc48-Npl4-Ufd1 complex and
the ubx2A mutant, only partial stabilization
was observed. This might be because of in-
complete penetration of these mutants or
because of partial rescue by the AAA-
ATPases of the proteasome. In the case of
Ubx2, removal of the membrane anchor for
the Cdc48-Npl4-Ufd1 complex might not be
enough to inhibit the membrane extraction
activity of the complex completely. Degrada-
tion of diverse ERAD substrates such as
malfolded carboxypeptidase Y (CPY*), Hmg-
CoA-reductase (HMGR), and Ole1 depends
on the Cdc48-Npl4-Ufd1 complex (Bays
etal., 2001; Ye etal., 2001; Braun and Matus-
chewski, 2002; Jarosch et al., 2002; Rabinov-
ich et al., 2002). Yet parallel or sequential in-
volvement of the Cdc48-Npl4-Ufd1 complex
and the proteasomal AAA-ATPases in sub-
strate dislocation has been suggested for
ERAD (Lipson et al., 2008; Bagola et al.,
2011; Morris et al., 2014). Moreover, direct
involvement of proteasomes was shown to
be required for complete removal of the
ERAD substrates Ubcé and Deg1-Secé2 and
mutated pre-pro o factor (Mayer et al., 1998;
Walter et al., 2001; Lee et al., 2004). Our data
on Secé2-3myc-psd degradation disfavor di-
rect involvement of the proteasome in the
dislocation process. Although the mutation
of the critical cysteine of cODC1 showed
partial stabilization of Sec62-3myc-psd, it
cannot be ruled out that this cysteine influ-
ences the recognition of the activated psd
module by Doa10 as well. Furthermore, the
complete stabilization of all three membrane
proteins modified with psd in the absence of

of the yeast strains shown in C and an
additional wild-type strain (MHY501), as well
as a UBC6 UBC7 deletion strain (MHY552),
both without Sec62-3myc-psd. Experimental
conditions as in Figure 3C.
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FIGURE 9: Sec62-3myc-psd is ubiquitylated by the E3 Doa10.
Extracts of the strains YDS232 (control), YDS230 (rpt4<??7R), and
YDS249 (doa10A) were prepared after brief blue-light illumination,
subjected to Myc-directed immunoprecipitation, followed by
SDS-PAGE and immunoblotting with antibodies directed against
ubiquitin and the myc epitope. As a reference for substrate input, the
lysates were directly analyzed as well using antibodies recognizing the
Myc epitope (lower blot). The graph at the bottom shows the
quantification of the signal detected with the o-ubiquitin antibody (in
the blot area marked Ub-Sec62-3myc-psd) after normalization to the
amount of precipitated Sec62-3myc-psd (n = 4; error bars, SEM).

Doa10 indicates that the proteasome is not targeting these proteins
in the absence of crucial components of the ERAD-C pathway.
Interestingly, our data suggest that Sec62-3myc-psd is stabilized
equally well in UBCé and UBC7 deletion mutants. A similar observa-
tion has been made previously for ERAD substrate Deg1-Vma12
(Rubenstein et al., 2012). Whereas both E2s team up with Doa10 for
the degradation of ERAD-C substrates, Ubc7 is also part of the Hrd1
ligase complex that targets ERAD-M and ERAD-L substrates. The
importance of Ubcé and Ubc7 for substrate degradation is varying.
In many substrates removal of Ubc7 has a greater impact on
substrate turnover—for example, in the case of Degl-Sec62
(Rubenstein et al., 2012; Zattas and Hochstrasser, 2015). Recently, it
has been shown that for Doa10 substrates the E2s have sequential
activity: Ubcé monoubiquitylates the substrate and Ubc7 extends it
to a polyubiquitin chain by adding further ubiquitin molecules
(Weber et al., 2016). This findings explain the importance of Ubcé
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for the degradation of Deg1-Vma12. In the case of Sec62-3myc-
psd, a similar degradation mechanism may take place.

It is interesting to compare the proteasomal AAA-ATPase re-
quirement for Sec62-3myc-psd degradation with other ERAD sub-
strates or cytosolic proteins. For ERAD substrates CPY* and Hmg2,
it was shown that in rpt2RF and rpt4R mutants considerable stabili-
zation takes place (Lipson et al., 2008). Furthermore, a moderate
stabilization has been observed for CPY* in the rpté6R mutant in the
same study. We found profound stabilization in the rpt4R mutant
and slight stabilization in rptéR. With a different set of RPT-mutants,
it was observed that FLAG-tagged murine ODC degradation re-
quires functional Rpt4 and Rpt5 (Erales et al., 2012). Such subtle
differences in RPT-mutants have been explained by the individual
Rpt subunits facilitating the recognition and degradation of different
substrate subsets (Bar-Nun and Glickman, 2012).

An interesting point is to compare the degradation mechanism
of the membrane-anchored psd module with the soluble cytosolic
psd module fused to a fluorescent protein. Unexpectedly, the lat-
ter showed partial dependency on ubiquitylation machinery,
whereas the former seems to be completely protected from
proteasomal recognition in the absence of components of the
ERAD-C machinery necessary for ubiquitylation of psd-modified
membrane proteins. Switches in degradation requirements have
been observed before, such as for ERAD substrate Deg1-Sec62.
Association of Deg1-Sec62 with the translocon induced Hrd1-
dependent degradation of Deg1-Secé2, whereas mutational dis-
ruption of the affinity to the translocon resulted in Doa10 depen-
dent degradation (Rubenstein et al., 2012). Similarly, addition of a
transmembrane anchor to Degl resulted in Cdc48-dependent
degradation of Degl1-Vma12, whereas soluble Degl fusion
proteins were degraded independent of the Cdc48-Npl4-Ufd1
complex (Ravid et al., 2006).

Interestingly, the full stabilization of Sec62-3myc-psd in mutants
of the ERAD-C ubiquitylation machinery (Doa10, Ubcé, and Ubc7)
indicates that the psd module is not recognized or not processed by
the proteasome under these conditions. This implies that the ODC-
like degron is masked selectively in the membrane-anchored psd
module by a factor that does not bind soluble psd modules or that
access of proteasomes to membrane-bound psd is otherwise
prohibited. The former model is supported by the observation that
during usage of a reconstituted in vitro ERAD-C system, active
Hsp70 could be provided only by the microsomal fraction and not
by wild-type cytosol (Nakatsukasa et al., 2008). Among others, the
author proposed a model with a membrane-associated chaperone
complex that sterically restricts cytosolic factors. The masking of the
psd module from the proteasome might be another hint for such a
model. Alternatively, it has been proposed that association of the
proteasome with the ER membrane may depend on the Cdc48
complex, which in turn binds to ubiquitylated ER proteins (Nakatsu-
kasa et al., 2013). Such a scenario would argue that proteasomes do
not associate with the ER without targeting by the Cdc48 complex.
On the basis of current knowledge about degradation of psd-mod-
ified membrane proteins, we cannot distinguish between these
models. Our finding that Secé2-3myc-psd is ubiquitylated is in
agreement with the latter model as well.

The use of the psd module to create conditional mutants of
transmembrane proteins and the subsequent characterization of the
degradation pathway have revealed that ubiquitylation is necessary
for degradation of membrane proteins and also that the degrada-
tion of soluble proteins modified with the psd module is influenced
by components of the ERAD-C pathway. In summary, the blue-light
switch that is provided by the psd module provides an opportunity
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FIGURE 10: Degradation of a soluble psd substrate requires activity of ERAD-C components. (A) Involvement of the
proteasome in GFP-psd degradation. Cycloheximide chase experiment (experimental conditions as in Figure 2A) using
strains WCG4a, WCG4a/11/22, and YH29/14 carrying pDS112. A wild-type strain without plasmid (wt) was used as
antibody control. The graph shows the mean of four independent experiments (error bars, SEM; n = 4). Please note the
much slower degradation kinetics of the soluble GFP-3myc-psd (chase time 90 min) compared with Secé1-3myc-psd,
Sec62-3myc-psd, and Sec66-3myc-psd (chase time usually 30 min). (B) Cycloheximide chase analysis to assess the
involvement of the critical cysteine and the E3 Doa10 in tagRFP-psd degradation. Experimental conditions as in A using
strains BY4741 (DOA10) and YHUM1137 (doa10A) carrying pCT334 (RFP-psd) or pDS87 (RFP-psd®A). Error bars, SEM;

n = 4. (C) Ubiquitylation is necessary for efficient tagRFP-psd degradation. Experimental conditions as in A using strains
JDA47 (wild type) and JD77 (ubaT*) containing plasmid pCT334, except that the strains were grown at room temperature
and then shifted to the restrictive temperature of 37°C for 1 h before the start of the chase. Error bars, SEM; n=3.

(D) The ubiquitin-conjugating enzymes Ubcé and Ubc7 are involved in mCherry-psd degradation. For the cycloheximide
chase experiment, cells were treated as described in Figure 2A. The samples were treated with sodium azide (10 mM
end concentration) and subjected to flow cytometry. The plasmid pDS252 was used to express mCherry-psd in the
strains MHY501 (wild type), MHY552 (ubcbA ubc7A), MHY1631 (doaT10A), YCT1347 (ubc7A), and YCT1348 (ubcbA). Error
bars, SEM; n=6.
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for novel investigations of the ERAD-C protein quality—control
machinery.

MATERIALS AND METHODS

Yeast strains and growth conditions

The S. cerevisiae strains are derivatives of ESM356-1 and BY4741
(Brachmann et al., 1998; Pereira et al., 2001), as well as FY23, BWG1-
7a, Sub62, MHY500, MHY501, JD47-13C, and W303 (Finke et al.,
1996; Rubin et al., 1998; Swanson et al., 2001; Jarosch et al., 2002;
Goédderz et al.,, 2011). The ubal® strain and its control strain were
shifted to the restrictive condition of 37°C 1 h before the harvesting
of the first sample. Plate-growth assays were done as described
(Renicke et al., 2013; Usherenko et al., 2014). Standard preparations
of media were used for growth on plates (Sherman, 2002). Yeast cells
were transformed with plasmids by the lithium acetate method (Gi-
etz et al., 1992). Low-fluorescence medium was used to grow yeast
cells in liquid cultures exposed to blue light using standard plastic
cell culture flasks (Usherenko et al., 2014). Modification of yeast
genes with the psd module at chromosomal level was performed as
described using plasmid pDS96 as template (Lutz et al., 2016). Thus,
all psd-modified variants of SEC61, SEC62, and SEC66 are the sole
copies of these genes. Chromosomal taggings and gene deletions
were performed as described by Janke et al. (2004).

Immunoblotting, antibodies, ubiquitylation assay, carbonate
extraction, and statistics

Cycloheximide chases and immunoblotting were done as de-
scribed previously (Renicke et al., 2013; Usherenko et al., 2014).
Antibodies were obtained from commercial suppliers:; mouse o-
Myc (clone 9E10; Cell Signalling, Danvers, MA); rabbit o-tRFP
(Evrogen, Moscow, Russia); rabbit a-Tub1 (Abcam, Cambridge,
UK); HRPO-conjugated secondary antibodies (Dianova, Hamburg,
Germany). Detection was performed with a Chemostar profes-
sional imaging device (INTAS, Géttingen, Germany). Representa-
tive images and image quantification were obtained with the help
of the software Fiji (Schindelin et al., 2012) by inverting gray values
and adjusting brightness and contrast as well as using the blot
quantification tool.

The ubiquitylation assay was performed essentially as described
by Weber et al. (2016). Briefly, cells in exponential growth phase
(culture size 50 ml) were harvested, washed with 4 ml of cold H,O
containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM
NaN3, and 20 mM N-ethyl maleimide (NEM) and lysed with glass
beads in lysis buffer (6 M urea, 50 mM Tris/HCI, pH 7.5, 150 mM
NaCl, 1% SDS, 1 mM PMSF, 20 mM NEM, and Roche complete
inhibitor mix). Cell debris was removed by centrifugation and the
lysate was diluted with nine volumes of IP dilution buffer (55 mM
Tris/HCI, pH 7.5, 165 mM NaCl, 5.5 mM EDTA, 1.1% Triton X-100,
1 mM PMSF, 20 mM NEM, and Roche complete inhibitor mix). The
input control was removed and 40 pl of ANTI-Myc Affinity Gel
(Sigma-Aldrich) was added. The samples were placed overnight on
an orbital shaker at 4°C. The samples were subjected to centrifuga-
tion and the supernatant was removed. The affinity gel was washed
five times with IP dilution buffer. The affinity gel was treated with
HU-SDS-PAGE sample buffer (8 M urea, 200 mM NaH,POy, pH 6.8,
5% SDS, 0.1 mM EDTA, 0.1% bromophenol blue) at 42°C for
15 min. The supernatant was mixed with 1,4-dithiothreitol (DTT)
(final concentration 25 mM) and subjected to SDS-PAGE followed
by immunoblotting.

A basic cell fractionation assay was performed for the carbonate
extraction assay. Cells in the exponential growth phase (culture size
50 ml) were harvested, washed with 4 ml of cold water containing
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1 mM PMSF and 10 mM NaNj3, and lysed with glass beads in lysis
buffer (0.7 M sorbitol, 50 mM Tris/HCI, pH 7.5). Cell debris was re-
moved by centrifugation (500 x g, 5 min) and the supernatant was
treated with lysis buffer, Na,CO3 (0.1 M final concentration), or
Triton X-100 (1% final concentration) for 30 min on ice. Pellet and
supernatant fraction were separated by centrifugation (20,000 x g,
45 min, 4°C) and proteins of the supernatant were precipitated with
TCA (final concentration 10%). The precipitates of the pellet and the
supernatant fractions were dissolved in HU-SDS-PAGE sample buf-
fer containing DTT and subjected to SDS-PAGE followed by
immunoblotting.

Quantification data obtained with Fiji were imported into the
software LibreOffice Calc. The mean and the SEM were calculated
from at least three independent experiments (biological replicates).
If applicable, statistical significance was calculated using a two-
sided Student's t test with LibreOffice Calc.

Fluorescence microscopy and flow cytometer measurements
Fluorescence microscopy of living yeast cells was performed as de-
scribed (Jungbluth et al., 2010) with a Zeiss Axiovert 200 equipped
with a Hamamatsu camera, EGFP and rhodamine filter sets, and a
63x Plan Apochromat oil lens (NA 1.4). Transmission light and fluo-
rescence images were collected in a single plane using the image
acquisition software Volocity 5.03 (Perkin Elmer, Waltham, MA). The
software Fiji was used for image processing and fluorescence quan-
tification (Schindelin et al., 2012). Flow cytometer measurements
were performed as described by Hasenjager et al. (2019). Briefly,
yeast cells in logarithmic growth phase were treated with sodium
azide (10 mM final concentration) and transferred to a 96-well plate.
The measurements were performed with an Attune NxT (Thermo-
Fisher) equipped with an autosampler. Mean red fluorescence of six
independent measurements was used to generate the graph; error
bars shows the SEM.
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