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SUMMARY

Accumulation of misfolded proteins is a known source of cellular stress and can be detrimental
to cellular health. While protein aggregation is a known hallmark of many diseases, the
mechanisms by which protein aggregates cause toxicity and the molecular machines that prevent
this toxicity are not completely understood. Here, we show that the accumulated misfolded
membrane proteins form endoplasmic reticulum (ER) localized aggregates, impacting ubiquitin
and proteasome homeostasis. Additionally, we have identified a chaperone ability of the yeast
rhomboid pseudoprotease Dfim1 to influence solubilization of misfolded membrane proteins and
prevent toxicity from misfolded membrane proteins. We establish that this function of Dfml
does not require recruitment of the ATPase Cdc48 and it is distinct from Dfm1’s previously

identified function in dislocating misfolded membrane proteins to the cytosol for degradation.
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INTRODUCTION

Proper and efficient protein folding is essential for maintaining cellular health. Eukaryotic cells
are equipped with protein quality control pathways for preventing the accumulation of misfolded
proteins. One of the major pathways of protein quality control at the endoplasmic reticulum (ER)
is ER associated degradation (ERAD)!. ERAD utilizes the ubiquitin proteasome system (UPS) to
selectively target and degrade unassembled or misfolded proteins at the ER?. To properly
regulate the large variety of proteins folded at the ER, there are multiple branches of ERAD, with
specific machinery that is exclusive to each branch. ERAD-L targets misfolded luminal proteins

while ERAD-M and ERAD-C target misfolded membrane proteins**.

ERAD is a well conserved process from yeast to mammals. ERAD of membrane proteins
requires four universal steps: 1) substrate recognition®, 2) substrate ubiquitination®, 3)
retrotranslocation of substrate from the ER to the cytosol’, and 4) degradation by the cytosolic
proteasome?. A hexameric cytosolic ATPase, Cdc48 in yeast and p97 in mammals, is required
for retrotranslocation of all ERAD substrates®®!?. While similar machinery is needed for all
branches of ERAD, there are some distinct differences. ERAD-M substrates can be targeted by
the DOA (degradation of alpha2) pathway or the HRD pathway (Hydroxymethyl glutaryl-
coenzyme A reductase degradation), utilizing the E3 ligases Doal0 and Hrdl, respectively.
Dfml, a yeast rhomboid pseudoprotease, is specifically required for the retrotranslocation of
misfolded membrane substrates, in both the HRD and DOA pathways’. The HRD pathway is
also required for degradation of ERAD-L substrates. The other yeast rhomboid pseudoprotease,

Derl, is required for retrotranslocation of luminal proteins in yeast!!. The retrotranslocation
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function of Derl requires the E3 ligase Hrd1, with each protein forming half of a channel for

misfolded protein dislocation!2.

In contrast to Derl, Dfm1’s retrotranslocation function is independent of Hrd17:!3. We have
previously observed that in dfimi4 cells, when a misfolded membrane protein is strongly
expressed, the cells show a severe growth defect!3. This is seen specifically in the absence of
Dfml, and this growth defect is not observed in the absence of other ERAD components,
indicating a specific function for Dfm1 in sensing and/or adapting cells to misfolded membrane

protein stress (Fig. 1)!%. This is in line with a previous study linking Dfm1 to ER homeostasis'4.

While misfolded proteins are known to pose a threat to the health of cells, in many
circumstances, the exact mechanism by which these proteins prove toxic to cells is unclear.
Cellular stress responses to misfolded proteins have been studied extensively in the context of
misfolded luminal ER proteins, in the form of the unfolded protein response (UPR). In contrast,
there is very little research into how accumulation of misfolded membrane proteins both affects
cells and how cells prevent toxicity from these proteins. Despite the dearth of research on this
topic, a previous study implicates the transcription factor Rpn4!> in resolving misfolded
membrane protein stress, a protein we have also identified in the present study. In addition, we
show that rhomboid pseudoprotease Dfm1 as well as the deubiquitinases Ubp6, Doa4, Ubp14,
and Ubp?9 are critical in preventing misfolded membrane protein toxicity. For Dfm1, we
determine that its ability to prevent membrane protein toxicity is because of a previously
unidentified chaperone function. This study is the first to demonstrate any rhomboid protein

acting as a chaperone. Furthermore, our results indicate that Dfm1 does not have to recruit the
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ATPase Cdc48 to function as a chaperone. We propose a model in which upon accumulation of
misfolded membrane proteins in the absence of Dfm1, misfolded membrane proteins form
aggregates, resulting in disruptions to ubiquitin homeostasis and impairment to proteasomes. In
the presence of Dfml, this toxicity is prevented by Dfm1’s ability to solubilize membrane

proteins, independent of its ability to retrotranslocate proteins.

RESULTS

Absence of Dfml and Expression of Integral Misfolded Membrane Proteins Cause Growth Stress
Previous research from the Neal lab has revealed that accumulation of a misfolded membrane
protein in the absence of Dfinl causes a severe growth defect in the substrate-toxicity assay'®. In
the substrate-toxicity assay, strains with a misfolded protein under the control of a galactose
inducible promoter are plated in a spot assay onto selection plates with either 2% galactose or
2% dextrose as a carbon source (Fig. 1)!7. This allows for comparison of growth of yeast strains
with different genetic perturbations with expression of misfolded substrates. This growth defect
can be seen with both strong expression of three misfolded membrane proteins; Hmg2 and
Pdr5*, ERAD-M substrates, as well as Ste6*, an ERAD-C substrate (Fig. 1A-C). We have
previously shown that this growth defect is specific to misfolded membrane proteins at the ER,
as expression of an ERAD-L substrate, CPY*, elicits no growth defect and still shows the same
growth as WT cells with CPY*!6, Interestingly, this growth defect is not seen when misfolded
proteins are expressed in the absence of other ERAD components, such as the E3 ligases Hrd1
and Doal0 (Fig.1A-C). In the case of dfmiA, hrd1A, and doal0A cells, misfolded membrane
proteins accumulate at the ER due to defects in ERAD, but only in the case of dfimi4 cells is a

growth defect observed with Hmg2 expression. Altogether, we surmise that this growth defect
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triggered by the absence of Dfm1 along with expression of misfolded membrane protein is due to

cellular stress caused by misfolded membrane protein toxicity.

By utilizing the substrate-toxicity assay, we observed a growth defect in dfiml4 cells and normal
growth in hrd1A and doal0A cells upon expression of ERAD membrane substrates. The cell
biological difference amongst these ERAD knockout strains is that membrane substrates are
ubiquitinated in dfim 14 cells and not ubiquitinated in hrdI A and doal0A cells, due to the absence
of the ER E3 ligases. One possibility is that the growth stress is not specific to dfmi4 cells and is
solely dependent on the accumulation of ubiquitinated membrane substrates. To rule out this
possibility, we utilized a hypomorphic Cdc48 allele, cdc48-2, which also results in the
accumulation of ubiquitinated ERAD membrane substrates, just like dfinlA cells. The substrate-
toxicity assay was employed on cdc48-2 strains using membrane substrates Hmg?2, Pdr5*
(another ERAD-M substrate), and Ste6* (Fig. 1D-F). These strains showed a growth defect while
growing on galactose plates due to inherent slow growth of cdc48-2 strains, but this was not
worsened by expression of misfolded integral membrane proteins, despite those membrane
proteins being ubiquitinated. These results indicate that Dfm1 plays a specific role in the

alleviation of misfolded membrane protein stress.

Growth Defect in dfmlA Cells is Ubiquitination Dependent

The observation that a growth defect is only seen in the absence of Dfm1, and not in cells
lacking either of the ER E3 ligases Hrd1 and Doal0, led us to hypothesize that this growth defect
is dependent upon ubiquitination of the misfolded membrane proteins. The substrate-toxicity

assay results using cdc48-2 cells indicate that the growth defect is not solely due to defective
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ERAD or the accumulation of ubiquitinated misfolded membrane proteins. Nonetheless, we still
explored the possibility that misfolded membrane protein-induced toxicity is dependent on

substrate ubiquitination.

We examined whether growth defects were seen in either dfimiAhrd1 A or dfimiAdoal(0A cells
expressing either Hmg?2 (a Hrd1 target) or Ste6* (a DoalO target), respectively (Fig. 1G). These
results showed no growth defect in the double mutants for which the membrane protein

expressed was not ubiquitinated by the absent E3 ligase: dfimlAhrdi A cells expressing Hmg?2 and
dfmiAdoal0A cells expressing Ste6* (Fig. 1G). In contrast, a growth defect was observed in the
double mutants for which the absent E3 ligase did not participate in ubiquitination of the
expressed membrane protein: dfmlAhrdl A expressing Ste6* and dfimlAdoal(0A expressing
Hmg?2. This indicates that growth stress in dfiniA cells is dependent upon ubiquitination of the

accumulated misfolded membrane protein.

As an alternative approach to determine if membrane proteins must be ubiquitinated to cause
toxicity in the absence of Dfim1, we tested the expression of well-characterized, stabilized Hmg2
mutants. These mutants, Hmg2 (K6R), Hmg2 (K357R), and Hmg2 (K6R, K357R), were
previously identified by the Hampton lab in a genetic screen for stabilized Hmg2 mutants'®. Both
KR stabilized mutations disrupt Hmg2 ubiquitination, and these sites are hypothesized to be
Hmg?2 ubiquitination sites. While the Hampton lab has shown that ubiquitination levels of both
substrates are negligible, they also showed that the K6R mutant is not further stabilized in an
ERAD deficient background, while the K357R mutant is slightly more stable in an ERAD

deficient background than in a WT background!8. We propose that because of this slight level of
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degradation in the K357R mutant, some fraction of this mutant must be ubiquitinated and
targeted to the Hrd1 ERAD pathway. Our model predicts that growth defect is ubiquitin
dependent: thus, we would expect that more stabilized K6R with negligible ubiquitination should
not elicit a growth defect whereas K357R, which slightly undergoes ubiquitination and
degradation should elicit a growth defect. Indeed, we observed no growth defect in dfimiA
expressing the K6R mutant, while the K357R mutant still showed a growth defect. Moreover, the
growth defect is still observed in the double mutant Hmg2 (K6R, K357R), consistent with the
model that growth stress in absent of Dfm1 is dependent on the accumulation of ubiquitinated

membrane substrates (Fig. 1H).

Growth Defect in dfmlA Cells is Not Caused by Activation of the Unfolded Protein Response
The canonical ER stress pathway triggered by the accumulation of misfolded proteins is the
unfolded protein response (UPR)!". The UPR is known to be induced by the accumulation of
misfolded soluble proteins within the ER lumen. To test if misfolded membrane protein
accumulation at the ER activates UPR, we used a fluorescence-based flow cytometry assay. In
this assay, yeast cells encoding both a galactose inducible misfolded protein and UPR optical
reporter 4xUPRE-GFP were treated with or without 0.2% galactose and 2 pg/mL of the ER
stress inducing drug tunicamycin or DMSO as the vehicle control. GFP expression was measured
by flow cytometry every hour for 5 hours following galactose treatment. We found that GFP
expression did not increase over the time course in dfinl4 cells compared to pdr5A cells
expressing any of the substrates tested: Hmg2 (ERAD-M), Ste6* (ERAD-C), or empty vector
(EV) (Fig. 2A-H). We also determined that the stress in dfm 4 cells is not due to a lack of ability

of these cells to mount UPR, as addition of tunicamycin to these cells allowed them to activate
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UPR at similar levels as pdr5A4 cells (Fig. 2A-H). As expected, expression of the ERAD-L
substrate CPY * activated the UPR in dfmi4 cells and pdr5A cells (Fig. 2E&F). Unexpectedly,
the level of UPR activation was much higher in dfimi4 cells expressing CPY* than in pdr54
cells. This was further seen in the cells that were treated with tunicamycin, as CPY* expression
with tunicamycin treatment in dfm A cells resulted in a large percentage of the cells dying by the

5-hour time point, resulting in a decrease in average fluorescence by the end of the time course.

While CPY* exacerbates UPR activation in cells with defective ERAD-M, the inverse is not true
regarding Hmg?2 expression in cells with defective ERAD-L. Expression of Hmg2 did not
trigger any increase above baseline UPR activation, when compared to cells containing EV, in
deri4 cells, where ERAD of luminal proteins is ablated (Fig. SIA&B). This indicates that
inability of cells to remove misfolded membrane proteins, but not misfolded ER luminal

proteins, increases sensitivity to other cellular stressors.

Our findings from flow cytometry experiments were further corroborated by measuring Hacl
splicing via polymerase chain reaction (PCR) (Fig. 21&J). In yeast, there is one transducer of the
UPR, IRE1%. IRE1 is a kinase and sequence-specific RNAase that when activated cleaves the
mRNA of the transcription factor HAC1, creating a splice variant that is 252bp shorter and much
more efficiently transcribed, resulting in more HAC1 present in the cell?!. Activation of HAC1
by IRE1 results in the transcriptional reprogramming associated with the UPR. In our assay,
samples with a band for both the spliced and unspliced variant indicated UPR activation, while a
single band of the unspliced variant indicated no UPR activation. The results from these

experiments were in agreement with the flow cytometry-based assay; we found no HAC1
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splicing with misfolded membrane protein overexpression in dfmiA cells and an increase in

HACI splicing in dfm1A cells expressing CPY* (Fig. 2J).

Accumulation of Misfolded Membrane Proteins Upregulate Proteasome Components

After determining the UPR is not activated in dfimi4 cells expressing Hmg2, we next sought to
determine the transcriptional changes that occur with misfolded membrane protein stress. To
address this question, we utilized RNA sequencing (RNA-seq). We prepared and sequenced
cDNA libraries from mRNA extracted from pdr5A4 cells, hrd1 A pdr5A cells, and dfimiA

pdr5A cells expressing Hmg2 or EV. We used principal component analysis (PCA) to determine
genes that were upregulated and downregulated most in dfm 4 cells expressing Hmg2 versus the
control strains; WT+EV, WT+Hmg2, hrd IA+EV, hrd1A+Hmg2, and dfmIA+EV. Principal
component 1 (PC1) value of all replicate strains except for dfmi4 + Hmg?2 cells clustered closer
to each other than they did to either replicate of the dfim/4 + Hmg?2 cells, indicating that these

strains were transcriptionally distinct from the others sequenced (Fig. 3A).

Upregulated (+ PC1 values) and downregulated (-PC1 values) genes in dfimlA+Hmg2 cells were
used for gene ontology (GO) analysis. The most overrepresented group of upregulated genes
were those classified as being involved in “Proteasomal Ubiquitin-Independent Protein Catabolic
Processes”, “Regulation of Endopeptidase Activity”, and “Proteasome Regulatory Particle
Assembly” (Fig. 3C). Several proteasome subunits were represented in this list of upregulated
genes. The most overrepresented group of downregulated genes in this dataset were those
classified as being involved in “rRNA Export from Nucleus”, “rRNA Transport”, and

“Translational Termination” (Fig. 3D). Because a downregulation of the mRNA for genes
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encoding ribosomal proteins is a general feature of stressed yeast cells??, we focused on the
upregulation of proteasome components. Plotting the PC1 and PC2 values for dfim14+Hmg2
cells for the highest PC1 value genes, we observed a large overlap between genes in this dataset

and those that are targets of the transcription factor Rpn4 (Fig. 3B, highlighted in red).

The Transcription Factor Rpn4 is Involved in Misfolded Membrane Protein Stress

Rpn4 is a transcription factor that upregulates genes with a proteasome-associated control
element (PACE) in their promoters®*. From our RNA-seq data, there was a remarkably high
overlap between the genes that were observed to be upregulated in dfini4 cells expressing Hmg2
and those that are known Rpn4 targets?>. We reasoned that Rpn4 may be involved in adapting
cells to misfolded membrane protein stress and predicted rpn4A4 cells should phenocopy dfmi4
cells by exhibiting a growth defect induced by ERAD membrane substrates. Using the substrate-
toxicity assay, we found expression of misfolded membrane proteins in rpn4A cells resulted in a
growth defect equivalent to that seen in dfml4 cells (Fig. 4A&B), indicating that Rpn4 is also
required for alleviating misfolded membrane protein stress. As with dfmi4 cells, this effect was
specific to membrane protein expression, as expression of CPY* in rpn44 cells did not result in a
growth defect (Fig. 4C). This is in line with previous research demonstrating Rpn4 is activated in
response to misfolded membrane protein accumulation, even in WT cells'®. Finally, we tested a
transcription factor that can regulate Rpn4, Pdr1?4, and did not observe any growth defect in

pdrid +Hmg2 cells (Fig. S2A).
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Misfolded Membrane Protein Stress in dfmiA Cells Leads to Proteasome Impairment

Because Rpn4 appears to be active in membrane protein-stressed dfm 4 cells, we hypothesized
that proteasome function is impacted in dfin/4 cells expressing an integral membrane protein.
We tested this using an MG 132 sensitivity assay developed by the Michaelis lab'>. MG132 is a
drug that reversibly inhibits proteasome function®>. For this assay, cells in liquid culture were
treated with MG132, plated, and examined for the number of colony forming units (CFUs). Due
to the risk of the retrotranslocation defect being suppressed in dfinl4 cells with constitutive
expression of a misfolded membrane protein, and thus possibly artificially increasing the number
of CFUs resulting from treatment of dfini4 cells with MG132, we opted to instead test dfim 4
hrd1A pdr5A cells. These cells are unable to suppress the retrotranslocation defect of dfimi4
cells, due to the absence of Hrd1, which has been characterized to function as an alternative
retrotranslocon when Dfim1 is absent!3. We utilized the engineered misfolded protein SUS-GFP.
SUS-GFP contains the RING domain of Hrd1 and catalyzes its own ubiquitination, thus still
causing the stress that is elicited by ubiquitinated misfolded membrane proteins in dfmi4 cells®.
We predicted that cells with compromised proteasome function will be sensitive to MG132
treatments, resulting in fewer CFUs. Strikingly, we found no CFUs upon MG132 treatment of
dfmiA hrdl A pdr5 A cells constitutively expressing SUS-GFP (Fig. 4F). All others strains and
treatments tested did not show as dramatic of a change in the number of CFUs, either with
MG132 or DMSO treatment (Fig. 4D-F). These results demonstrate that proteasome function is

impacted in dfmlA4 cells with misfolded membrane protein accumulation.
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Ubiquitin Homeostasis is Disrupted with Misfolded Membrane Protein Accumulation

There is increasing evidence that suggests ubiquitin homeostasis and maintenance of the free
ubiquitin pool is critical for cellular survival under normal and stress conditions?’°, Because we
observed that growth defect in dfini4 cells is dependent on ubiquitination of membrane
substrates, we hypothesized that ubiquitin conjugation to accumulating membrane proteins
reduces the availability of free ubiquitin, impacting cell viability. Deubiquitinase (DUB) Ubp6
is a peripheral subunit of the proteasome and recycles ubiquitin from substrates prior to
proteasome degradation®®. Accordingly, ubp64 cells were employed in the substrate-toxicity
assay to determine whether it is involved in alleviating misfolded membrane protein stress by
replenishing the free ubiquitin pool. By utilizing the substrate-toxicity assay, we found Hmg2 or
Ste6* expression causes a growth defect in ubp6A cells (Fig. SA&B). Like dfmiA and rpn4 A
cells, this growth defect was specific to misfolded membrane proteins and was not observed with
CPY* (Fig. 5C). To confirm whether this effect was specific to Ubp6, we also tested DUB Doa4,
another regulator of free ubiquitin, in the substrate-toxicity assay. Unexpectedly, we found that
doa4 A cells phenocopy ubp6A cells with Hmg2 expression (Fig. 5D, Fig. S2A). From this
observation, we tested a collection of DUB KOs in the substrate-toxicity assay. Of the fourteen
yeast DUBs tested (out of twenty-two DUBs total), we observed a growth defect with both
ubp94 and ubp14A cells (Fig. 6D, Fig. S2B). Interestingly, Ubp6, Doa4, and Ubp14 have all
previously been implicated in ubiquitin homeostasis and, to date, no research has been conducted

into the specific role of Ubp93L.

One hypothesis that would explain both substrate ubiquitination dependency of the growth defect

in dfmi4 cells and the importance of DUBs in preventing misfolded membrane protein toxicity
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is that the pool of monomeric ubiquitin is depleted by accumulation of misfolded membrane
proteins. If this hypothesis is correct, exogenous ubiquitin should rescue the growth defect seen
from substrate-induced stress in dfinlA cells. To that end, dfmiA+ Hmg2 cells harboring a
plasmid containing ubiquitin under the control of the copper inducible promoter, CUP132, were
tested in the substrate-toxicity assay. These cells were plated on 2% galactose and S0uM copper
to induce expression of Hmg2 and ubiquitin in dfm14 cells, respectively. Notably,
supplementation of ubiquitin restored the growth defect (Fig. 5F). We also observed restored
growth of cells plated on galactose plates without copper, which is most likely due to CUP1
being a leaky promoter®®. This result demonstrates that increasing free ubiquitin levels can
restore normal growth in these cells, indicating that levels of free ubiquitin are impacted with

misfolded membrane protein stress.

If ubiquitin depletion was the only disruption to ubiquitin homeostasis in all the DUB KOs
tested, it would be expected that expression of any ubiquitinated misfolded protein would cause
growth stress. We expressed the cytosolic misfolded protein AssCPY*, which is not targeted by
cytosolic protein quality control machinery (not by ERAD)**, in ubp64, doa44, ubp94, and
ubp144 cells in the substrate-toxicity assay (Fig. SE). AssCPY* expression did not elicit growth
stress in any of the strains tested (Fig. SE). This finding implies misfolded membrane proteins
alter ubiquitin homeostasis differently than cytosolic proteins, or that Ubp6, Doa4, Ubp14, and
Ubp9 prevent misfolded membrane protein toxicity through a different mechanism than directly

affecting the abundance of monomeric ubiquitin.
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Deubiquitinases and RPN4 Function in the Same Pathway as DFM1I, but Not in Parallel with
Each Other

We tested double knockouts of dfmlA rpn4 A, dfmiAubp6A, and rpn4A ubp6A cells in the
substrate-toxicity assay to determine whether these genetic components function within the same
or parallel pathways. Expression of either Hmg2 or Ste6* in either dfm14rpn44

or dfmlAubp64 cells resulted in a growth defect that phenocopied that observed in any of the
single knockouts (Fig. S3A&B), whereas expression of CPY* showed no growth defect (Fig.
S3C). In contrast, double-null rpn4Aubp64 cells showed a growth defect in the absence of
substrates whereas rpn44 and ubp64 displayed normal growth. Moreover, rpn4Aubp64 cells
along with expression of Hmg2 or Ste6* resulted in synthetic lethality (Fig. S3A-C), further

indicating Rpn4 and Ubp6 act in parallel in alleviating membrane protein toxicity.

We also tested expression of previously described Hmg2 mutants K6R and K357R in rpn44 and
ubp64 cells (Fig. S3E). As with dfm 14 cells expressing these mutants, expression of Hmg2-K6R
does not cause toxicity while Hmg2-K357R does cause toxicity in both rpn44 and ubp64. Thus,
ubiquitination of misfolded membrane proteins influences toxicity in dfinld, rpn44, and ubp64

cells.

Increased Expression of Dfml Relieves Misfolded Membrane Protein Stress in rpn4A and ubp64
Cells

Using the substrate-toxicity assay, we examined whether increasing expression of Dfim1 could
relieve growth stress in rpn44 and ubp64 cells expressing Hmg2. We utilized the substrate-
toxicity assay with the addition of galactose inducible Dfm1 to address this question. Increasing

Dfml in both rpn44+Hmg2 and ubp64+Hmg?2 cells restored normal growth (Fig. S3D).
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Importantly, endogenous Dfm1 is already present in these cells, but increasing expression level

relieves toxicity caused by misfolded membrane proteins.

Dfml has a Dual Role in ER Protein Stress and ERAD Retrotranslocation

Previous work from the Hampton lab establishing a role for Dfm1 in misfolded membrane
protein retrotranslocation also identified several motifs of Dfm1 that are essential for its
retrotranslocation function’. Additionally, by employing an unbiased genetic screen, recent work
from our lab identified five residues of Dfim1 that are required for retrotranslocation®. Here, we
tested whether these residues, critical for Dfm1’s retrotranslocation function, are required for

alleviating the growth stress in dfinl4 cells expressing Hmg?2.

Fig. 6A shows the amino acid sequence of Dfim1 as well as its predicted topology, spanning
seven transmembrane, with the highlighted motifs and residues that were previously
characterized to be critical for Dfim1’s ERAD function’-*. Dfm1 contains two motifs that are
well conserved amongst the rhomboid superfamily, the WR motif in Loop 1 and the GxxxG
(Gx3G) motif in transmembrane domain (TMD) 6°¢. Both of these motifs are required for Dfi1-
mediated retrotranslocation’>’. We first tested the requirement of the conserved rhomboid motif
mutants by expressing Hmg2 with WR mutants (WA and AR) and Gx3G mutants (Ax3G and
Gx3A) and observed no restoration in growth (Fig. 6B). Our previous work determined that
Loop 1 mutants (F58S, L64V, and K67E) obliterated Dfm1’s ability to bind a subset of
misfolded membrane substrates, and TMD 2 mutants (Q101R and F107S) reduce the lipid
thinning ability of Dfm1, a function which aids in Dfm1’s retrotranslocation function®’.

Accordingly, we utilized these mutants in our growth assay and did not observe a rescue of the
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growth defect (Fig. 6C). We have previously shown that alteration of the five signature residues
of the Dfm1 SHP box to alanine (Dfm1-5Ashp) ablates its ability to recruit Cdc48 (Fig. 6D). We
also established, Dfm1’s Cdc48 recruitment function is required for Dfm1’s retrotranslocation
function, whereas the Dfm1-5Ashp mutant impairs its retrotranslocation function’. Notably, in
contrast to the other mutants tested, Dfm1-5Ashp was still able to alleviate the growth defect the
same as WT Dfm1 (Fig. 6E). These results suggest that Dfm1’s substrate engagement and lipid
thinning function is required for alleviating membrane substrate-induced stress whereas Dfm1’s

Cdc48 recruitment function is dispensable for alleviating the growth stress.

Human Membrane Protein Causes Growth Stress and Human Derlins Relieve Growth Stress
Since a wide variety of misfolded membrane proteins elicit growth stress in dfiml4 cells, we
hypothesized that growth stress would also be observed with expression of clinically relevant
human misfolded membrane proteins. We tested expression of WT cystic fibrosis
transmembrane receptor (CFTR), CFTRAF508, the most common disease-causing variant of
CFTR, and the Z variant of alpha-1 proteinase inhibitor (A1PiZ), a protein variant that results in
alpha-1 antitrypsin deficiency (AATD). CFTR and CFTRAF508 are ERAD-M substrates when
expressed in yeast, while A1PiZ is a soluble misfolded protein targeted by ERAD-L*%3°. When
these proteins were expressed in dfimiA cells, both CFTR and CFTRAF508 resulted in a growth
defect, while none was observed with expression on A1PiZ (Fig. 6F). Expression of any of the
proteins in WT yeast cells resulted in no growth defect. While we had originally hypothesized
that only CFTRAF508 would cause a growth defect when expressed in dfmi4 cells, it was not

wholly surprising that WT CFTR also elicited growth stress. Previous studies have shown that
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while virtually all CFTRAF508 is targeted to ERAD, about 80% of WT CFTR is degraded via

ERAD in yeast and mammals®3:40-41,

Dfm1 is a rhomboid pseudoprotease, and a member of the derlin subclass of rhomboid proteins®’.
The human genome encodes three derlins, Derlin-1, Derlin-2, and Derlin-3. Yeast Dfml1 is the
closest homolog of the mammalian derlins®¢. All three are ER localized proteins that are
implicated in ERAD and adaptation to ER stress**#7. We expressed human Derlin-1 and Derlin-
2 in dfmiA+Hmg?2 cells. Both human derlins were able to rescue growth in these cells in the
substrate-toxicity assay (Fig. 6G). This was surprising, as we had previously found that
mammalian derlins cannot complement the retrotranslocation function of Dfm1 in yeast cells for

self-ubiquitinating substrate (SUS)-GFP, a similar substrate to Hmg23°.

Dfm1 Solubilizes Misfolded Membrane Protein Aggregates Independent of Cdc48 Recruitment
The above studies show that Dfm1 residues critical for retrotranslocation —through substrate
binding and its lipid thinning function— are also important for alleviating membrane substrate-
induced stress. Conversely, Dfm1’s Shp box mutant (Dfm1-5Ashp) (Fig. 6D) that does not
recruit Cdc48 exhibits normal growth in the substrate-toxicity assay. We surmise that Dfm1’s
actions —independent of its Cdc48 recruitment function— may be directly acting on misfolded
membrane substrates to prevent growth stress. One possibility is that Dfm1 may directly act on
misfolded membrane substrates by functioning as a chaperone. We hypothesize that Dfm1 acts
as either a holdase, preventing the aggregation of misfolded membrane substrates, or as a
disaggregase, disaggregating existing protein aggregates. This function of Dfm1 would allow it

to prevent cellular stress from misfolded membrane proteins. To address this hypothesis,
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fluorescence microscopy was used on dfmlA cells containing constitutively expressed Hmg?2-
GFP to visualize membrane substrate aggregation. Indeed, fluorescent microscopy images and
subsequent analysis revealed the majority of Hmg2-GFP in dfmiA cells form fluorescent puncta
(Fig. 7C). Moreover, both wildtype Dfm1 and SHP mutant Dfm1-5Ashp add-back in
dfmlA+Hmg2 cells showed a significant reduction in the fraction of Hmg2-GFP in puncta. To
confirm the fluorescent puncta are aggregates, we employed a detergent solubility assay.
Microsomes were isolated and incubated in dodecyl maltoside (DDM) and subjected to
centrifugation to separate aggregated substrate (pellet fraction) from solubilized substrate
(supernatant fraction). As shown in Fig. 7A, only a small amount of Hmg2-GFP in dfmiA cells
was soluble. Conversely, with Dfm1 and Dfm1-5Ashp add back cells, there was a significant
increase in detergent-solubilized Hmg2-GFP. As a control for these studies, we tested a properly
folded ER membrane protein, Sec61-GFP. In contrast to Hmg2-GFP, majority of Sec61-GFP
was in the detergent-solubilized supernatant fraction and there was no change in Sec61-GFP
detergent solubility with Dfm1 or Dfm1-5Ashp addback (Fig. S4A). It appears Dfm1—
independent of its Cdc48 recruitment function—functions as a holdase and prevents the
aggregation of misfolded membrane proteins. We next explored additional Dfm1 residues that
are required for solubilizing membrane substrates. Accordingly, mutants in the conserved
rhomboid mutants (AR and Ax3G), were employed in the solubility assay and all mutants tested
were unable to promote Hmg?2 solubilization when expressed in dfinl A cells (Fig. 7A&B). This
was supported through visualization of Hmg2-GFP puncta in the Dfm1-AR and Dfm1-Ax3G
add-backs (Fig. 7C&D). Altogether, with all criteria examined, Dfm1 is critical influencing the

solubility of its ERAD membrane substrate (Fig. 7E). Although Dfm1’s conserved rhomboid
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motifs are critical for its role preventing cellular stress, its Cdc48 recruitment activity — critical

for retrotranslocation--is not required for this newly-established chaperone function.

DISCUSSION

Proper protein folding and efficient elimination of misfolded proteins is imperative for
maintaining cellular health. Accumulation of misfolded proteins, which is a widespread
phenomenon in aging and diseased cells, is deleterious to cells and can impact cellular function.
Despite membrane proteins accounting for one-third of proteins in the cell, there is a dearth of
research on the source of stress that is triggered by accumulation of misfolded membrane
proteins. In this study, we sought to understand how cells are impacted by misfolded membrane
protein stress and how they prevent toxicity from these misfolded proteins. By employing
transcriptomic analyses and our genetically tractable substrate-toxicity assay, we found that the
source of cell toxicity was from aggregation of accumulated misfolded membrane proteins and
that Dfm1’s rhomboid motifs are required for solubilizing aggregation-prone substrates. We
propose a model in which dfmi4 cells form aggregates of ubiquitinated ERAD membrane
substrates, which compromises proteasome function and disrupts ubiquitin homeostasis. Overall,
our studies unveil a new role for rhomboid pseudoproteases in mitigating the stress state caused
by ERAD membrane substrates, a function that is independent of their retrotranslocation

function.

Our results above (Fig. 6B-D) indicate differential requirements for Dfm1’s role in membrane

substrate retrotranslocation, versus its role in stress alleviation. These results are fascinating,

because of all the retrotranslocation-deficient mutants tested, we were able to identify a mutant
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that was still able to rescue the growth defect observed in dfm/4+Hmg2 cell. This indicates a
bifurcated role of Dfm1 in retrotranslocation and membrane protein stress alleviation. The
retrotranslocation defective mutants that did not restore growth were mutations of conserved
rhomboid protein motifs (WR and Gx3G), mutants that obliterate substrate engagement (Loop 1
mutants: F58S, L64V, and K67E), and mutants that reduce the ability of Dfm1 to distort the ER
membrane (TMD 2 mutants: Q101R and F107S). This indicates the substrate binding and lipid
distortion roles of Dfm1 that are imperative for retrotranslocation are also imperative for
alleviation of misfolded membrane protein stress. In contrast, the SHP box mutant, which
prevents Cdc48 binding to Dfm1, restores growth in dfmi4 + Hmg2 cells (Fig. 6D). While
Cdc48 binding to Dfm1 is critical for retrotranslocation, this is not a requirement for Dfm1’s role
in preventing membrane proteotoxicity. Previous work from our lab indicates transient
interactions between membrane substrates and Dfim1 still occurs even when Dfm1’s Cdc48
recruitment activity is impaired®>. This suggests that this level of physical interaction is

sufficient for Dfm1 to directly act on substrates to prevent membrane substrate-induced stress.

We previously demonstrated that expression of integral membrane ERAD substrate induces
toxicity in yeast cells when Dfm1 function is impaired'®. Remarkably, this strong growth defect
phenotype is unique to dfiml A strains: other equally strong ERAD deficient mutants, both
upstream or downstream of Dfm1 (hrdIA or cdc48-2), show no growth stress upon similar
elevation of ERAD integral membrane substrates. Thus, the growth effects above suggest the
intriguing possibility that Dfm1 has a unique role in this novel ER stress. By analyzing the
transcriptome upon triggering this unique membrane substrate-induced stress state, we find that

many proteasomal subunits are upregulated. Interestingly, Rpn4 — a transcription factor known to
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induce proteasome subunit expression — upregulates many of the proteasomal subunits
upregulated in our transcriptome analysis. One interpretation of our data is that accumulation of
integral membrane proteins results in reduced proteasome efficiency, which triggers Rpn4-
mediated upregulation of proteasome subunits. Indeed, we and others have shown that rpn4A
cells phenocopy dfmiA cells by exhibiting a growth defect upon expression of ER integral
substrates, and not ERAD-L substrates'>. This was also supported by our above studies showing
ERAD-M substrates exacerbate cellular growth defects when proteasome function is
compromised with treatment of proteasome inhibitor, MG132 (Fig. 4D-F). These data indicate
that cells require optimal proteasome activity to avoid the proteotoxicity associated with integral

membrane ERAD substrates.

The facile and genetically tractable substrate-toxicity assay allowed us to ascertain how
membrane substrates cause the growth defect phenotype when Dfm1 is absent. Intriguingly, no
growth defect was observed in dfinl4 expressing the K6R Hmg2 mutant (with negligible
ubiquitination), while the K357R Hmg2 mutant (with slight ubiquitination) still showed a growth
defect, suggesting the source of Dfm1-mitigated stress is ubiquitination of the substrates. We
reasoned that accumulation of ubiquitinated ERAD membrane substrates disrupts the ubiquitin
pool through excessive ubiquitination of substrates and concomitant depletion of the ubiquitin
pool. Indeed, a collection of DUB mutants (ubp6A, doa4A, ubp14A) --known for their role in
replenishing the ubiquitin pool through their deubiquitinating function -- is unable to mitigate the
proteotoxic effect of integral membrane substrates and proteotoxic stress is rescued with
exogenous addition of ubiquitin molecules in dfm/4+Hmg2 cells. This observation is extended

in mammalian studies in which a mouse line with a loss-of-function mutation in Usp14, the
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mammalian homolog of Ubp6, reduction in the pool of free ubiquitin in neurons results in ataxia
that can be rescued with exogenous ubiquitin expression®®. Perhaps what is most fascinating is
that the stress state is only induced by excessive ubiquitination of integral membrane substrates
and not soluble proteins residing in the ER lumen or the cytosol, suggesting the source of stress
is due to excessive ubiquitination of substrates at the ER membrane. One possibility is that
ubiquitination of membrane proteins not only depletes the pool of cellular ubiquitin, but also
increases the propensity of membrane proteins to aggregate. This hypothesis will need to be

explored in future studies.

Our data on the ability of Dfml1 to influence misfolded membrane protein solubility provides
evidence that this is the mechanism by which Dfm1 prevents misfolded membrane protein
toxicity. We find that both WT Dfm1 and Dfm1-5Ashp promote solubility of Hmg?2 (Fig. 7A-C).
In contrast, the retrotranslocation defective Dfm1 rhomboid motif mutants, Dfm1-AR and Dfm1-
Ax3G are not able to promote Hmg2-GFP solubility. This is in agreement with our observation
that both WT Dfm1 and Dfm1-5Ashp can restore normal growth in dfini4 cells in the S-T assay,
but the rhomboid motifs mutants cannot (Fig. 6B&D). The exact mechanism by which Dfm1
influences Hmg?2 solubility is unclear. We propose two possible models that will be important to
distinguish between in future works. In one model, Dfm1 functions as a disaggregase to
physically separate misfolded membrane proteins from existing protein aggregates. In another
model, Dfm1 functions as a holdase to promote solubility of misfolded membrane proteins and
limit their ability to aggregate. While the ability of Dfm1-5Ashp to increase Hmg2 solubility in
dfmliA cells indicates that Dfm1’s chaperone ability is ATP-independent, we cannot exclude the

possibility that Dfm1 recruits another ATPase besides Cdc48, independent of the SHP box motif.
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Another possibility is that Dfm1 itself can bind and hydrolyze ATP. There are a growing number
of identified ATP-independent disaggregases*®, including one membrane protein dissagregase
identified in plants*. Understanding how Dfm1 influences the solubility of membrane substrates

will be an important future line of inquiry.

Protein aggregation has been linked to many human maladies, including neurodegenerative
disorders like Parkinson’s and Alzheimer’s disease. While protein aggregates are commonly
recognized as a feature of disease, the exact mechanism by which they prove toxic to cells is
elusive in many cases. Protein aggregation has been shown to induce toxicity through
sequestration of cellular components®. In our system, it is possible that aggregated membrane
proteins sequester ubiquitin, thereby disrupting ubiquitin homeostasis, as well as sequestering
proteasomes. It will be interesting to determine the protein composition of ER aggregates in the
absence of Dfm1. Nevertheless, this toxicity is prevented by Dfm1’s chaperone function. One
possible model for Dfm1’s function is that ERAD substrates are solubilized during the
retrotranslocation process, relying on Dfm1’s rhomboid motifs, substrate engagement function,

and lipid thinning function.

While the structure of Dfm1 has not been determined, there is a structure of its mammalian
homolog, Derlin-1°!. The cryo-EM structure of Derlin-1 reveals that it forms a homotetramer
with a pore in the center. If this is the type of structure derlins form to retrotranslocate proteins, a
chaperone ability would be necessary to ensure that substrates were properly solubilized to pass
through the pore. Previous work from the Brodsky lab demonstrated that aggregation-prone ER

proteins are more likely to be targeted by ERAD and are disaggregated by the ATP-dependent
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cytoplasmic disaggregase Hsp104, which aids in retrotranslocation®2. Our results demonstrate
that a component of membrane protein retrotranslocation machinery, Dfm1, also has a chaperone

function to aid in retrotranslocation.

Molecular chaperones have long been identified for their role in protein quality control systems,
including ERAD, for their ability to triage terminally misfolded proteins to degradation
machinery. In recent years, more studies have shown a dual function of protein quality control
machinery in directly controlling degradation and being chaperones>-*. We have now provided
evidence for rhomboid pseudoproteases, a subclass of proteins widely recognized as involved in
protein quality control, having chaperone function. This raises the question of whether chaperone
ability is more widespread among other protein quality control components, specifically those
known to bind to membrane proteins. The Carvalho group has demonstrated that the Asi
complex involved in inner nuclear membrane protein quality control in yeast and the mammalian
ERAD factor membralin are able to recognize transmembrane domains of misfolded
proteins>>%. It is possible that chaperone function has arisen more than once evolutionarily

among proteins involved in membrane protein quality control.

Rhomboid pseudoproteases have been recognized for over a decade as being involved in a
diverse array of cellular process, from protein quality control to cell signaling to adaptations to
cellular stress>’~®!. Our lab and others have made progress towards understanding how these
proteins are able to function is such diverse cellular process without an enzymatic function. With
the knowledge that Dfm1 is an ATP-independent chaperone, it will be of extreme interest to

determine if this function is conserved among all rhomboid pseudoproteases, and even among
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the active rhomboid proteases. Two specific areas of interest include determining the
conservation of this chaperone function and identifying the repertoire of substrates that can be
solubilized by rhomboid pseudoproteases. There are two subclasses of thomboid
pseudoproteases, iRhoms and derlins. Both of these classes are evolutionarily distinct and it will
be of interest to determine if chaperone ability is only specific to derlins, and not to iRhoms®2.
Derlins are known to function in retrotranslocation of a wide variety of substrates, including
disease-associated membrane substrates. In this study, we observed accumulation of both WT
and the disease causing CFTRAF508 caused growth stress in dfinlA cells!!-*64261 " Surprisingly,
we found that heterologous expression of both human Derlin-1 and Derlin-2 restores growth in
yeast dfim1A+Hmg2 cell implying the solubility function is a conserved feature amongst all
derlin rhomboid pseudoproteases. Moreover, research from our lab demonstrated that Derlin-1
and Derlin-2 does not support ERAD-M retrotranslocation in dfinl4 cells®. This indicates that
Derlin-1 and Derlin-2 relieves toxicity in dfml4 + Hmg?2 cells, without restoring

retrotranslocation, likely by a conserved chaperone function.

Our studies provide the first evidence that the derlin subclass of rhomboid pseudoproteases
function as chaperones by influencing the solubilization of misfolded membrane substrates.
Findings gleaned from our studies hold great promise for foundational and translational arenas of
cell biology, since fundamental understanding of a membrane protein chaperone will aid in
understanding a plethora of diseases associated with misfolded membrane proteins such as cystic

fibrosis, retinal degeneration, and neurodegenerative diseases.
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Materials availability
Plasmids and yeast strains generated in this study is available from our laboratory.
Data and Code Availability

Code for microscopy puncta analysis will be made available.

FIGURE LEGENDS

Figure 1: Integral Membrane Protein Overexpression Causes a Growth Defect in dfimiA

Cells in an ERAD Independent Manner

(A) WT, dfmIA, and hrdIA cells containing either GAL,-HMG2-GFP or EV were compared for

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

containing plates to drive HMG2-GFP overexpression, and plates were incubated at 30°C.

(B) Dilution assay as described in (A) except using WT, dfmlA, and doal0A cells containing

either GALp-STE6*-GFP or EV.

(C) Dilution assay as described in (A) except using WT, dfmIA, and hrdIA cells containing

either GALp-PDR5*-HA or EV.

(D) Dilution assay as described in (A) except using WT dfmIA, and cdc48-2 cells.

(E) Dilution assay as described in (B) except using WT dfmlA, and cdc48-2 cells.
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(F) Dilution assay as described in (C) except using WT dfinlA, and cdc48-2 cells.

(G) Dilution assay as described in (A) except using WT, dfmiIA, dfmlAhrdIA and dfmiAdoalOA

cells containing either GAL,-Hmg2-GFP, GAL-STE6*-GFP, or EV.

(H) Dilution assay as described in (A) except using WT and dfimIA cells containing either
GAL,-Hmg2-GFP, GAL,-Hmg2 (K6R)-GFP, GAL,-Hmg2 (K357R)-GFP, GAL,~-Hmg2 (K6R

and K357R)-GFP or EV.

Figure 2: Misfolded Membrane Protein Stress in dfmiA Cells does not Activate the

Unfolded Protein Response

(A) UPR activation overtime with overexpression of a misfolded integral membrane protein.
pdr5A cells containing GAL,-Hmg2-6MYC and 4xUPRE-GFP (a reporter that expresses GFP
with activation of the UPR) were measured for GFP expression using flow cytometry every hour
for 5 hours starting at the point of galactose induction and tunicamycin or equivalent volume of
DMSO was added at the 1-hour timepoint. In figure legend, +gal indicates addition of 0.2%
galactose to cultures and +tuni indicates addition of 2ug/mL tunicamycin. Fluorescence is plotted

as normalized fluorescence (arbitrary units) at timepoint 0-hours for each sample.

(B) Flow cytometry based UPR activation assay as described in (A) except using dfmIA cells.

(C) (E) and (G) Flow cytometry based UPR activation assay as described in (A) except using
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cells containing GAL,,-Ste6*-GFP, GAL,-CPY*-HA, or EV, respectively.

(D) (F) and (H) Flow cytometry based UPR activation assay as described in (B) except using

cells containing GAL,,-Ste6*-GFP, GAL,-CPY*-HA, or EV, respectively.

(I) PCR products of spliced and unspliced Hacl transcripts. pdr5A cells containing GALp-
Hmg2-6MYC, GALp-Ste6*-GFP, GAL,-CPY*-HA, or EV were treated with 0.2% galactose
and 2ug/mL tunicamycin (+) or an equivalent volume of DMSO. RNA was extracted from cells
and cDNA was generated and used as a template for PCR. uHac1 represents unspliced Hacl
transcripts and sHac1 represents spliced Hacl.

(J) Hacl splicing assay as in (I) except using dfm 1A cells.

Figure 3: Transcriptional Changes in Membrane Protein Stressed dfimiA Cells
(A) Principal component 1 (PC1) and principal component 2 (PC2) values of each of the two
replicates of RNA-seq samples for dfimlApdr54, and hrd1Apdr54 cells containing either

GAL-Hmg2-GFP or EV.

(B) PC1 and PC2 of sorted top 100 highest PC1 value genes from both replicates of dfinlApdr54

containing GALp-Hmg2-GFP. Red dots indicate Rpn4 target genes.

(C) Top 10 gene ontology (GO) terms and their enrichment factor for the set of 100

downregulated genes with the lowest PC1 scores.
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(D) Top 10 gene ontology (GO) terms and their enrichment factor for the set of 100 upregulated

genes with the highest PC1 scores.

Figure 4: Rpn4 is Required for Reducing Misfolded Membrane Protein Toxicity

(A) WT, dfmIA, and rpn44 cells containing either GALp-Hmg2-GFP or EV were compared for

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

containing plates to drive Hmg2-GFP overexpression, and plates were incubated at 30°C.

(B) Dilution assay as depicted in (A) except using cells containing GAL,-Ste6*-GFP.

(C) Dilution assay as depicted in (A) except using cells containing GAL,-CPY*-HA.

(D) Quantification of colony forming units (CFUs) formed on appropriate selection plates from

proteasome sensitivity inhibition assay. dfim I Ahrd1Apdr5A cells containing SUS-GFP or

EV in log phase were treated with 25uM of proteasome inhibitor MG132 or equivalent

volume of DMSO for 8 hours and samples were diluted 1:500 and 50uL of each sample

was plated.

(E) Proteasome sensitivity assay as in (D) except using hrd1Apdr5A cells.

(F) Proteasome sensitivity assay as in (D) except using pdr5A cells.
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For (D), (E), and (F), errors bars represent SEM. 3 biological replicates and 2 technical replicates

were performed for each strain.

Figure 5: Ubiquitin Stress Contributes to Misfolded Membrane Protein Toxicity
(A) WT, dfmlA, and ubp64 cells containing either GAL,-HMG2-GFP or EV were compared
for growth by dilution assay. Each strain was spotted 5-fold dilutions on glucose or galactose-

containing plates to drive Hmg2-GFP overexpression, and plates were incubated at 30°C.

(B) Dilution assay as in (A) except in cells containing GAL,-STE6*-GFP

(C) Dilution assay as in (A) except in cells containing GAL-CPY*

(D) Dilution assay as described in (A) dfmiIA, ubp94, ubp144, and doa4A cells.

(E) WT, dfmlA, ubp64, doa44, ubp94, and ubp 144 cells containing either GALp- AssCPY *-
MYC or EV were compared for growth by dilution assay. Each strain was spotted 5-fold
dilutions on glucose or galactose-containing plates to drive Hmg2-GFP overexpression, and

plates were incubated at 30°C.

(F) WT and dfmmIA cells containing either CUP1,-Ub or EV were compared for growth by

dilution assay. Each strain was spotted 5-fold dilutions on glucose or galactose-containing

plates to drive Hmg2-GFP overexpression, and plates were incubated at 30°C. Galactose

31


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

plates containing 50uM Cu2+ were used to allow expression of Ub driven by the CUP1

promoter.

Figure 6: Dfm1 Retrotranslocation Defective Mutants Show Differing Abilities to Restore

Growth

(A) Depiction of Dfim1 mutants (indicated in red for L1 and green for TM 2) that have been
previously identified as being retrotranslocation defective and did not restore growth in

dfmIA cells expressing an integral membrane protein (GAL,-Hmg2-GFP).

(B) dfinlA cells with an add-back of either WT Dfm1, EV, Dfm1-WA, Dfm1-AR, Dfm1-Ax3G
or Gx3A containing either GALp-Hmg2-GFP or EV were compared for growth by
dilution assay. Each strain was spotted 5-fold dilutions on glucose or galactose-containing

plates to drive Hmg2-GFP overexpression, and plates were incubated at 30°C.

(C) Dilution assay as described in (B) except using an add-back of either WT Dfm1, EV,

Dfm1(F107S), Dfm1(L64V), Dfm1(K67E), Dfm1(Q101R), or Dfm1(F57S).

(D) Depiction of Dfm1 and Dfm1-5Ashp. Dfm1 is an ER-localized membrane proteins with six
transmembrane domains. Both versions of Dfm1 have a cytoplasmic shp box, but the
5Ashp mutant is unable to recruit the cytosolic ATPase Cdc48.

(E) Dilution assay as described in (B) except using add-back of either EV, WT Dfml, or Dfm1-
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5Ashp mutant.
(F) Dilution assay as described in (B) except using WT or dfniA cells expressing human CFTR,
CFTRASF508, or A1PiZ.

(G) Dilution Assay as described in (B) except with add-back of human Derlin-1 or Derlin-2.

Figure 7: Dfm1 Reduces Misfolded Membrane Protein Toxicity by Acting as an ATP-
Independent Disaggregase

(A) Western blot of aggregated versus soluble membrane proteins at the ER. Lysates from dfim/A
cells containing HMG2-GFP, with either add-back of EV, WT DFM1, DFM1-5Ashp,
Dfm1-AR, Dfm1-AxxxG, Dfm1-L64V, Dfm1-F107S, Dfm1-K67E, Dfm1-Q101R, and
Dfm1-F58S were blotted using anti-GFP to detect HMG2. Top: ER aggregated fraction.

Bottom: ER soluble fraction.

(B) Quantification of band intensity of soluble Hmg2 in (A). Intensity was normalized to soluble
Hmg?2 intensity in dfinlA cell containing Hmg2 with add-back of WT Dfm1. Errors bars

represent standard error of the mean for 2 biological replicates.

(C) Representative confocal microscopy images and puncta mask of Hmg2-GFP in dfmIA cells
with add-back of EV, WT DFM1, DFM1-5Ashp, Dfm1-AR, and Dfm1-AxxxG. Two
biological replicates were imaged, and two images were taken of each strain.

(D) Fraction of Hmg2-GFP in puncta for dfimIA cells with add-back of EV, WT DFM1, DFM1-

5Ashp, Dfm1-AR, and Dfm1-AxxxG. Each dot represents an individual cell and each
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color of dots for each strain indicates the specific biological replicate. Error bars represent

SEM.

(D) Model depicting integrated model of Dfm1’s function in misfolded membrane protein stress.
Top: Misfolded membrane proteins in the absence of Dfm1 forming aggregates within the
ER membrane. Bottom: Cells with WT Dfm1 or 5Ashp-Dfm1 disaggregating misfolded

membrane proteins and preventing cellular toxicity.

Figure S1: UPR Activation in derIA cells

(A)UPR activation overtime with overexpression of a misfolded integral membrane protein.
derIA cells containing GAL-Hmg2-6MYC and 4xUPRE-GFP (a reporter that expresses
GFP with activation of the UPR) were measured for GFP expression using flow cytometry
every hour for 5 hours starting at the point of galactose induction and tunicamycin or
equivalent volume of DMSO was added at the 1-hour timepoint. In figure legend, +gal
indicates addition of 0.2% galactose to cultures and +tuni indicates addition of 2ug/mL
tunicamycin. Fluorescence is plotted as normalized fluorescence (arbitrary units) at
timepoint 0-hours for each sample.

(B) Flow cytometry based UPR activation assay as described in (A) except with cells containing

EV.

Figure S2: Misfolded Membrane Proteins do not Elicit Stress in cells lacking Transcription

Factor Pdr1 or Most Deubiquitinases

(A) WT, dfmlA, doa44, and pdriA cells containing either GAL,-HMG2-GFP or EV were
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compared for growth by dilution assay. Each strain was spotted 5-fold dilutions on glucose or
galactose-containing plates to drive Hmg2-GFP overexpression, and plates were incubated at
30°C.

(B) Dilution assay as in (A) except in dfimIA, ubp2A, ubp5A, miyIA, ubp8A, miy2A, otu2A,

ubpIA, ubplIA, ubp7A, and ubp3A cells.

Figure S3: Genetic Interactions Between Dfm1, Rpn4, and Ubp6 in Resolving Misfolded

Membrane Protein Toxicity

(A) dfmIA, dfmlArpndA, dfmlAubp64, and rpn4Aubp64 cells containing either GAL,-HMG2-
GFP or EV were compared for growth by dilution assay. Each strain was spotted 5-fold
dilutions on glucose or galactose-containing plates to drive Hmg2-GFP overexpression,

and plates were incubated at 30°C.

(B) Dilution Assays as depicted in (A) except using cells containing GAL,-STE6*-GFP.

(C) Dilution Assays as depicted in (A) except using cells containing GALp-CPY*.

(D) dfim1A, rpn44, and ubp64 cells containing either GAL,-Hmg2-GFP or EV and GAL-

Dfm1-10xHis or EV were compared for growth by dilution assay. Each strain was spotted

5-fold dilutions on glucose or galactose-containing plates to drive Hmg2-GFP and Dfm1-

10xHis overexpression, and plates were incubated at 30°C.
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(E) Dilution assay as described in (A) except using rpn4A and ubp6A cells containing either
GALp-Hmg2-GFP, GAL,-Hmg2 (K6R)-GFP, GAL,-Hmg2 (K357R)-GFP, GAL;-Hmg2 (K6R

and K357R)-GFP or EV.

Figure S4: Chaperone Function of Dfm1 is Specific to Misfolded Proteins
(A) Western blot of aggregated versus soluble membrane proteins at the ER. Lysates from dfm /A
cells containing SEC61-GFP, with either add-back of EV, WT DFM1, or DFM1-5Ashp

were blotted with anti-GFP was to detect SEC61. One biological replicate was performed.

METHODS

Plasmids and Strains

Plasmids used in this study are listed in Table S1. Plasmids for this work were generated using
standard molecular biological cloning techniques via polymerase chain reaction (PCR) of genes
from yeast genomic DNA or plasmid followed by ligation into a specific restricted digested site
within a construct and verified by sequencing (Eton Bioscience, Inc.). Primer information is
available upon request.

A complete list of yeast strains and their corresponding genotypes are listed in Table S2. All
strains used in this work were derived from S288C or Resgen. Yeast strains were transformed
with DNA or PCR fragments using the standard LiOAc method in which null alleles were
generated by using PCR to amplify a selection marker flanked by 30 base pairs of the 5’ and 3’
regions, which are immediately adjacent to the coding region of the gene to be deleted. The
selectable markers used for making null alleles were genes encoding resistance to G418 or

CloNat/nourseothricin or ability to synthesize histidine. After transformation, strains with drug
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markers were plated onto YPD followed by replica-plating onto YPD plates containing (500
pg/mL G418 or 200 pg/mL nourseothricin) or minimal media (-His) plates. All gene deletions

were confirmed by PCR.

Galactose Induction

For strains with plasmids containing galactose inducible promoters, protein expression was
achieved by growing proteins overnight in appropriate selection media containing 2% raffinose
as carbon source. The following day, samples were diluted between 0.10-0.200D at 600nm
(diluted absorbance was assay dependent). Cells in log phase were induced by adding 0.2%
galactose to media. Minimum time requirement for robust protein expression was determined for

strains using flow cytometry and was 2 or 3 hours for every strain used.

Flow Cytometry

Yeast were grown in minimal medium with 2% raffinose and 0.2% galactose and appropriate
amino acids into log phase (OD600 < 0.2). The BD Biosciences FACS Calibur flow cytometer
measured the individual fluorescence of 10,000 cells. Experiments were analyzed using Prism8

(GraphPad).

Unfolded Protein Response Activation Assay

Strains were inoculated overnight in minimal media (-His) with 2% raffinose. The following day,
samples were diluted to 0.200D in of minimal media (-His) and allowed to grow to log phase.
Samples were then diluted to 0.300D before adding 20% galactose to a final concentration of

0.2% galactose (+ GAL) or an equal volume of dH20O (-GAL). Timer was started after galactose
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addition and samples were measured using flow cytometry, as described above, every hour,
starting from the 0-hour mark and ending at the 5-hour mark. At the 1-hour time point, samples

were treated with either 2ug/mL tunicamycin or an equal volume of DMSO.

Hacl Splicing PCR

Strains were prepared the same as for the unfolded protein response activation assay, except they
were grown in minimal media (-Ura -His) with 2% raffinose. After 5 hours of incubation with
0.2% galactose and 2ug/mL tunicamycin, samples were pelleted and washed with dH20. RNA
from samples was extracted using Qiagen RNeasy Mini Kit. Samples were ethanol precipitated
by adding 1uL of glycoblue, 50uL. of 7.5M ammonium acetate, and 700uL of chilled 100%
ethanol. Tubes were then stored at -80°C for between three hours to overnight. Samples were
then centrifuged at 13,000xg for 30 minutes at 4°C and supernatant was removed. Pellets were
washed twice with 75% ethanol and centrifuged at room temperature at 13,000xg for 30 seconds.
After drying the pellet, it was resuspended in 15ul. of molecular grade water. 250ng of RNA
from each sample was used to generate cDNA using a standard protocol for Protoscriptll
Reverse Transcriptase (NEB), except with 1uL of Oligo(dT)12-18 (Thermo Fisher Scientific) used
for primer. Wizard SV Gel and PCR Clean-Up System (ProMega) was used on cDNA samples.
Hacl mRNA was amplified using forward primer S’ACTTGGCTATCCCTACCAACT 3’ and
reverse primer 5’ATGAATTCAAACCTGACTGC 3°. PCR products were resolved on a 2%

agarose gel.

MG132 Sensitivity Assay
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MG132 sensitivity assay was performed using a protocol adapted from (Metzger, M.B. and
Michaelis, S., 2009)'°. In brief, cultures grown minimal media (-his) 2% dextrose. Cultures in
log phase were split and treated with either 50uM MG132 in DMSO or an equal volume of
DMSO alone and incubated for 8h at3 0°C. Cultures were diluted 1:500 and 100uL of sample
was plated onto minimal media (-His) plates and grown at 30°C for 3 days. Experiment was done
with two technical replicates and three biological replicates for each strain. Colony forming units
(CFUs) were counted for DMSO- and MG132-treated cells using the ProMega Colony Counter

application for iPhone.

Spot dilution assay (Substrate-Toxicity Assay)

Yeast strains were grown in minimal selection media (-His) supplemented with 2% dextrose to
log phase (OD600 0.2-0.3) at 30°C. 0.10 OD cells were pelleted and resuspended in ImL dH20.
250 pL of each sample was transferred to a 96-well plate where a five-fold serial dilution in
dH20 of each sample was performed to obtain a gradient of 0.1-0.0000064 OD cells. The 8x6
pinning apparatus was used to pin cells onto synthetic complete (-His) agar plates supplemented
with 2% dextrose or 2% galactose. Plates were incubated at 30°C and removed from the

incubator for imaging after 3 days and again after 7 days.

RNA Sequencing

RNA was isolated using a Qiagen RNeasy kit using standard protocol for yeast. Samples were
eluted twice with 30uL. of molecular grade water. To cleanup samples, 1uL of DNase was added
to each sample and was incubated at 37°C for 25 minutes. 6ul. of DNase inactivation buffer was

added to samples and was incubated for 2 minutes. Samples were spun down at 10,000xg for 1.5
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minutes and supernatant was transferred to a new microfuge tube. Samples were ethanol
precipitated by adding 1uL of glycoblue, 50uL of 7.5M ammonium acetate, and 700uL of chilled
100% ethanol. Tubes were then stored at -80°C for between three hours to overnight. Samples
were then centrifuged at 13,000xg for 30 minutes at 4°C and supernatant was removed. Pellets
were washed twice with 75% ethanol and centrifuged at room temperature at 13,000xg for 30

seconds. After drying the pellet, it was resuspended in 15uL. of molecular grade water.

Samples were measured for RNA concentration and an equal concentration of each sample was
measured out into a total of S0ul of molecular grade water. RNA samples were added to
washed, room temperature oligo dT beads in 50uL of buffer. Samples were poly-A enriched by
incubating RNA with oligo dT beads at 65°C for 2 minutes and then incubating at room
temperature 5-10 minutes. Beads were collected with magnet and washed twice with wash buffer
1 and wash buffer 2. 5S0uL of RNA elution buffer was added and then incubated at 80°C for 2
minutes. On ice, beads were collected on magnet and supernatant was removed and transferred to
new chilled tubes. The beads were then washed with 200uL. RNA elution buffer and 200uL 2x
DTBB. Beads were resuspended in 50ul 2x DTBB and then RNA supernatant was transferred
back to the tube with beads. Poly-A selection steps were repeated up until the wash with wash

buffer 2 and samples were washed with 30uL of chilled 1x Superscript III first-strand buffer.

RNA was fragmented by resuspending beads in 10uL of fragmentation buffer and incubating at
94°C for 10 minutes. Beads were collected on magnet and supernatant was moved to new tubes.
First strand cDNA synthesis was accomplished by adding 1.5uL of primer master mix and

incubated at 55°C for 1 minute. 8.6uL of reverse transcriptase master mix was added to samples

and then incubated at 25°C for 10 minutes followed by 50°C for 55 minutes. 36uL. of RNAclean
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XP and isopropanol was added to samples and they were incubated on ice for 15 minutes. Beads
were collected on magnet for 5 minutes and supernatant was discarded. Sample were washed
twice with 80% ethanol and then RNA was eluted with 10uL of TET. To synthesize the 2™
strand with dUTP, 5uL of 2" strand master mix was added to eluted RNA and incubated at 16°C
for 2 hours to overnight. SuL of dsDNA repair master mix was added and incubated at 20°C for
30 minutes. Samples were cleaned by added 30uL of speed beads in 20% PEG 8000 and 2.5M
NaCl. Samples were spun down and 30uL isopropanol was added and incubated for 10-15
minutes. Beads were collected on magnets, supernatant was removed, and beads with washed
twice with 80% ethanol and RNA was eluted in 16.1ulL of warm TET. 13.9uL of dA tailing
master mix was added to samples and they were incubated at 37°C for 30 minutes. 45uL of 20%
PEG 8000 and 2.5M NaCl and an equal volume of isopropanol was added to samples and they
were incubated at room temperature for 10-15 minutes. Beads were collected on magnets,
supernatant was removed, and beads with washed twice with 80% ethanol and RNA was eluted

in 13.7ul of warm TET

To add adapters, 15.8uL of ligation master mix was added to each sample on ice and 0.5uL of
each unique barcode adapter was added to samples. Samples were incubated at room temperature
for 15 minutes and were resuspended in 11uL of 20% PEG 8000 and 2.5M NaCl and they were
incubated at room temperature for 10-15 minutes. Beads were collected on magnets, supernatant
was removed, and beads with washed twice with 80% ethanol and RNA was eluted in 14uL of
warm TET. UDG second strand digestion was accomplished by adding 1uL of UDG to samples

and incubating at 37°C for 30 minutes.
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Library was amplified by adding 10uL of PCR master mix to each sample and using the
following PCR settings for five cycles: 98°C for 3 minutes (one time), 98°C for 45 seconds,
60°C for 30 seconds, and 72°C for 30 seconds, followed by 72°C for 3 minutes. Samples were
cleaned by added 50uL of speed beads in 20% PEG 8000 and 2.5M NaCl. Beads were collected
on magnets, supernatant was removed, and beads with washed twice with 80% ethanol and RNA

was eluted in 15ulL of warm TET.

To select library, samples were run on a 10% acrylamide 1xTBE gel. Gel was stained with cyber
gold and bands were cut from 200-325bp. Samples were incubated overnight in gel elution
buffer and samples were cleaned using Zymo columns according to manufacturer’s protocol,
before eluting samples in 10ul of warm sequencing TET. Samples were sequenced using an

[llumina HiSeq 2500.

RNA Sequencing Data Analysis

Data was analyzed by normalizing reads per million and using principal components analysis to
determine genes with the highest PC1 (+) scores and lowest PC1 (-) scores between dfm A
+GAL,-Hmg2-GFP and every other strain tested. From this list, we used the top 100 genes with
the highest (+) and lowest (-) PCAT1 values, and cross referenced those to the normalized
transcript per million reads value for each gene and removed genes that were not expressed at
either a higher (for + PCAT1 values) or lower (for - PCA1 values) reads per million level than all
other conditions that were sequenced. Then, this list of upregulated and downregulated genes
was used for gene ontology (GO) analysis using http://geneontology.org/. All code will be made

available.
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Fluorescence Microscopy

To prepare cells, overnight cultures were diluted to ~0.20 OD in minimal media lacking uracil (-
URA). After growing ~3 hours, samples were pelleted and washed with dH20 before being
resuspended in 8ouL of media to be used for imaging. Fluorescence microscopy was
accomplished using a CSU-X1 Spinning Disk (Yokogawa) confocal microscope at the Nikon
Imaging Center on the UCSD campus. Samples were analyzed to measure the fraction of GFP in

puncta

Microscopy Quantification and Analysis

Microscopy images were analyzed using ImageJ/Fiji (NIH). Images were thresholded and cells
were manually traced in each image. Signals above the threshold were considered puncta. Mean
gray value of all puncta in an individual cell were summed and divided by the mean gray value of
the entire cell to determine fraction of Hmg2 in puncta for each cell. All statistical analysis was

done using Prism8 (GraphPad). All code for analysis will be made available.

Aggregation Assay

ER microsomes were isolated by centrifuging and pelleting 150D of yeast in log phase growth.
Pellets were resuspended in MF buffer with protease inhibitors and 0.5mM lysis beads were
added to each sample. Samples were vortexed six times in 1-minute intervals, with 1-minute on
ice in between. Lysed cells were transferred to new microcentrifuge tube and samples were
clarified by spinning at 1,500x for 5 minutes at 4°C. Microsomes were separated by centrifuging
clarified lysate at 14,000xg for 1 minute.. Fractions were incubated on ice in the presence or
absence of 1% DDM for 1 hour. The mixture was then centrifuged at 16,000 x g for 30 min at

4°C, and the detergent soluble fraction (i.e., the supernatant) was precipitated with 20%
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TCA. Proteins from both the soluble and insoluble fractions were resuspended in sample buffer

and resolved by SDS-PAGE.

Western Blot Quantification

Western blot images were quantified using Imagel/Fiji. Band intensities were measured from
high resolution TIF files of western blot images acquired from a BioRad Chemidoc Imager.
Statistical analysis was done using Prism8 (GraphPad).

REFERENCES

l. Hampton, R. Y. ER-associated degradation in protein quality control andcellular
regulation. Curr. Opin. Cell Biol. 14, 476482 (2002).

2. Werner, E. D., Brodsky, J. L. & McCracken, A. A. Proteasome-dependent endoplasmic
reticulum-associated protein degradation: An unconventional route to a familiar fate.
Proc. Natl. Acad. Sci. U. S. A. 93, 13797-13801 (1996).

3. Vashist, S. & Ng, D. T. W. Misfolded proteins are sorted by a sequential checkpoint
mechanism of ER quality control. 41-52 (2004).

4. Carvalho, P., Goder, V. & Rapoport, T. A. Distinct Ubiquitin-Ligase ComplexesDefine
Convergent Pathwaysfor the Degradation of ER Proteins. 361-373 (2008).

5. Sato, B. K., Schulz, D., Do, P. H. & Hampton, R. Y. Misfolded Membrane Proteins Are
Specifically Recognized by the Transmembrane Domain of the Hrd1p Ubiquitin Ligase.
Mol. Cell 34, 212-222 (2009).

6. Bays, N. W., Gardner, R. G., Seelig, L. P., Joazeiro, C. A. & Hampton, R. Y.
Hrd1p/Der3p is a membrane-anchored ubiquitin ligase required for ER-associated
degradation. Nat. Cell Biol. 3, 24-29 (2001).

7. Neal, S. ef al. The Dfm1 Derlin Is Required for ERAD Retrotranslocation of Integral
Membrane Proteins. Mol. Cell 69, (2018).

8. Ye, Y., Meyer, H. H. & Rapoport, T. A. The AAA ATPase Cdc48/p97 and its partners
transport proteins from the ER into the cytosol. Nature 414, 652—-656 (2001).

9. Twomey, E. C. et al. Substrate processing by the Cdc48 ATPase complex is initiated by
ubiquitin unfolding. Science (80-. ). 365, (2019).

10.  Rabinovich, E., Kerem, A., Frohlich, K.-U., Diamant, N. & Bar-Nun, S. AAA-ATPase
p97/Cdc48p, a Cytosolic Chaperone Required for Endoplasmic Reticulum-Associated
Protein Degradation. Mol. Cell. Biol. 22, 626—634 (2002).

11.  Knop, M., Finger, A., Braun, T., Hellmuth, K. & Wolf, D. H. Der1, a novel protein
specifically required for endoplasmic reticulum degradation in yeast. EMBO J. 15, 753—
763 (1996).

12.  Wu, X. et al. Structural basis of ER-associated protein degradation mediated by the Hrd1

44


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ubiquitin ligase complex. Science (80-. ). 368, 1-13 (2020).

13.  Neal, S., Syau, D., Nejatfard, A., Nadeau, S. & Hampton, R. Y. HRD Complex Self-
Remodeling Enables a Novel Route of Membrane Protein Retrotranslocation. iScience 23,
(2020).

14.  Sato, B. K. & Hampton, R. Y. Yeast Derlin Dfim I interacts with Cdc48 and functions in
ER homeostasis. Yeast 23, 1053—1064 (2006).

15. Boyle Metzger, M. & Michaelis, S. Analysis of Quality Control Substrates in Distinct
Cellular Compartments Reveals a Unique Role for Rpn4p in Tolerating Misfolded
Membrane Proteins. Mol. Biol. Cell 20, (2008).

16. Neal, S., Syau, D., Nejatfard, A., Nadeau, S. & Hampton, R. Y. HRD Complex Self-
Remodeling Enables a Novel Route of Membrane Protein Retrotranslocation.pdf. iScience
1-19 (2020).

17. Bhaduri, S. & Neal, S. E. Assays for studying normal versus suppressive ERAD-
associated retrotranslocation pathways in yeast. STAR Protoc. 2, 100640 (2021).

18.  Gardner, R. G. & Hampton, R. Y. A ‘distributed degron’ allows regulated entry into the
ER degradation pathway. EMBO J. 18, 5994-6004 (1999).

19. Hwang, J. & Qi, L. Quality Control in the Endoplasmic Reticulum: Crosstalk between
ERAD and UPR pathways. Trends Biochem. Sci. 43, 593—605 (2018).

20.  Walter, P. & Ron, D. The unfolded protein response: From stress pathway to homeostatic
regulation. Science (80-. ). 334, 1081-1086 (2011).

21.  Cox,J. S. & Walter, P. A Novel Mechanism for Regulating Activity of a Transcription
Factor That Controls. Cell 87, 391-404 (1996).

22.  Gasch, A. P. et al. Genomic Expression Programs in the Response of Yeast Cells to
Environmental Changes. Mol. Biol. Cell 11, 4241-4257 (2000).

23.  Mannhaupt, G., Schnall, R., Karpov, V., Vetter, I. & Feldmann, H. Rpn4p acts as a
transcription factor by binding to PACE, a nonamer box found upstream of 26S
proteasomal and other genes in yeast. FEBS Lett. 450, 27-34 (1999).

24.  Owsianik, G., Balzi, L. & Ghislain, M. Control of 26S proteasome expression by
transcription factors regulating multidrug resistance in Saccharomyces cerevisiae. Mol.
Microbiol. 43, 1295-1308 (2002).

25. Lee, D. H. & Goldberg, A. L. Proteasome Inhibitors Cause Induction of Heat Shock
Proteins and Trehalose, Which Together Confer Thermotolerance in Saccharomyces
cerevisiae . Mol. Cell. Biol. 18, 30-38 (1998).

26. Garza, R. M., Sato, B. K. & Hampton, R. Y. In vitro analysis of Hrd1p-mediated
retrotranslocation of its multispanning membrane substrate 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase. J. Biol. Chem. 284, 14710-14722 (2009).

27.  Cartier, A. E. et al. Regulation of synaptic structure by ubiquitin C-terminal hydrolase L1.
J. Neurosci. 29, 7857-7868 (2009).

28.  Anderson, C. et al. Loss of Usp14 results in reduced levels of ubiquitin in ataxia mice. J.
Neurochem. 95, 724731 (2005).

29. Wy, H,Ng, D. T. W,, Cheong, 1. & Matsudaira, P. The degradation-promoting roles of
deubiquitinases Ubp6 and Ubp3 in cytosolic and ER protein quality control. PLoS One 15,
1-37 (2020).

30. Hanna, J., Meides, A., Zhang, D. P. & Finley, D. A Ubiquitin Stress Response Induces
Altered Proteasome Composition. Cell 129, 747-759 (2007).

31.  Suresh, H. G., Pascoe, N. & Andrews, B. The structure and function of deubiquitinases:

45


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Lessons from budding yeast: Mechanism and function of DUBs. Open Biol. 10, (2020).

32.  Koller, A., Valesco, J. & Subramani, S. The CUP1 promoter of Saccharomyces cerevisiae
is inducible by copper in Pichia pastoris. Yeast 16, 651-656 (2000).

33.  Swaminathan, S., Amerik, A. Y. & Hochstrasser, M. The Doa4 deubiquitinating enzyme
is required for ubiquitin homeostasis in yeast. Mol. Biol. Cell 10, 25832594 (1999).

34. Heck, J. W, Cheung, S. K. & Hampton, R. Y. Cytoplasmic protein quality control
degradation mediated by parallel actions of the E3 ubiquitin ligases Ubrl and Sanl. Proc.
Natl. Acad. Sci. U. S. A. 107, 1106—1111 (2010).

35. Nejatfard, A. et al. Derlin rhomboid pseudoproteases employ substrate engagement and
lipid distortion to enable the retrotranslocation of ERAD membrane substrates. Cell Rep.
37, 109840 (2021).

36.  Greenblatt, E. J., Olzmann, J. A. & Kopito, R. R. Derlin-1 is a rhomboid pseudoprotease
required for the dislocation of mutant a-1 antitrypsin from the endoplasmic reticulum.
Nat. Struct. Mol. Biol. 18, 1147—-1152 (2010).

37. Nejatfard, A. et al. Derlin rhomboid pseudoproteases employ substrate engagement and
lipid distortion function for retrotranslocation of ER multi-spanning membrane substrates.
bioRxiv 1-69 (2021).

38. Zhang, Y. et al. Hsp70 molecular chaperone facilitates endoplasmic reticulum-associated
protein degradation of cystic fibrosis transmembrane conductance regulator in yeast. Mol.
Biol. Cell 12, 1303-1314 (2001).

39. Palmer, E. A. et al. Differential requirements of novel A1PiZ degradation deficient (ADD)
genes in ER-associated protein degradation. J. Cell Sci. 116, 2361-2373 (2003).

40. Gnann, A., Riordan, J. R. & Wolf, D. H. Cystic Fibrosis Transmembrane Conductance
Regulator Degradation Depends on the Lectins Htm1p/EDEM and the Cdc48 Protein
Complex in Yeast. Mol Biol Cell 15, 4125-4135 (2004).

41.  Cheng, S. H. ef al. Defective intracellular transport and processing of CFTR is the
molecular basis of most cystic fibrosis. Cel/ 63, 827-834 (1990).

42.  Ye, Y., Shibata, Y., Yun, C., Ron, D. & Rapoport, T. A. A membrane protein complex
mediates retro-translocation from the ER lumen into the cytosol. Nature 429, 841-847
(2004).

43. Lilley, B. N. & Ploegh, H. L. A membrane protein required for dislocation of misfolded
proteins from the ER. Nature 429, 834-840 (2004).

44. Oda, Y. et al. Derlin-2 and Derlin-3 are regulated by the mammalian unfolded protein
response and are required for ER-associated degradation. J. Cell Biol. 172, 383393
(2006).

45.  Hoelen, H. et al. Proteasomal degradation of proinsulin requires Derlin-2, HRD1 and p97.
PLoS One 10, 1-16 (2015).

46. Lilley, B. N. & Ploegh, H. L. Multiprotein complexes that link dislocation, ubiquitination,
and extraction of misfolded proteins from the endoplasmic reticulum membrane. Proc.
Natl. Acad. Sci. U. S. A. 102, 14296-14301 (2005).

47.  Ren, G. et al. Podocytes exhibit a specialized protein quality control employing derlin-2 in
kidney disease. Am. J. Physiol. Renal Physiol. 314, F471-F482 (2018).

48. Huang, L. et al. DAXX represents a new type of protein-folding enabler. Nature 597,
132-137 (2021).

49.  Jaru-Ampornpan, P. et al. ATP-independent reversal of a membrane protein aggregate by
a chloroplast SRP subunit. Nat. Struct. Mol. Biol. 17, 696702 (2010).

46


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

50. Bence, N. F., Sampat, R. M. & Kopito, R. R. Impairment of the ubiquitin-proteasome
system by protein aggregation. Science (80-. ). 292, 1552—1555 (2001).

51.  Rao, B. et al. The cryo-EM structure of an ERAD protein channel formed by tetrameric
human Derlin-1. Sci. Adv. 7, (2021).

52.  Preston, G. M., Guerriero, C. J., Metzger, M. B., Michaelis, S. & Brodsky, J. L. Substrate
Insolubility Dictates Hsp104-Dependent Endoplasmic-Reticulum-Associated Degradation.
Mol. Cell 70, 242-253.e6 (2018).

53. Wang, Q. et al. A Ubiquitin Ligase-Associated Chaperone Holdase Maintains
Polypeptides in Soluble States for Proteasome Degradation. Mol. Cell 42, 758-770
(2011).

54. Neal, S., Mak, R., Bennett, E. J. & Hampton, R. A Cdc48 ‘retrochaperone’ function is
required for the solubility of retrotranslocated, integral membrane Endoplasmic
Reticulum-associated Degradation (ERAD-M) substrates. J. Biol. Chem. 292, 31123128
(2017).

55.  Natarajan, N., Foresti, O., Wendrich, K., Stein, A. & Carvalho, P. Quality Control of
Protein Complex Assembly by a Transmembrane Recognition Factor. Mol. Cell 77, 108-
119.¢9 (2020).

56. van de Weijer, M. L. et al. Quality Control of ER Membrane Proteins by the
RNF185/Membralin Ubiquitin Ligase Complex. Mol. Cell 79, 768-781.e7 (2020).

57.  Zettl, M., Adrain, C., Strisovsky, K., Lastun, V. & Freeman, M. Rhomboid family
pseudoproteases use the ER quality control machinery to regulate intercellular signaling.
Cell 145, 79-91 (2011).

58. Lee, W. et al. IRhom1 regulates proteasome activity via PAC1/2 under ER stress. Sci.
Rep. 5, 1-14 (2015).

59.  Oda, Y. et al. Derlin-2 and Derlin-3 are regulated by the mammalian unfolded protein
response and are required for ER-associated degradation. J. Cell Biol. 172, 383-393
(2006).

60.  Christova, Y., Adrain, C., Bambrough, P., Ibrahim, A. & Freeman, M. Mammalian
iRhoms have distinct physiological functions including an essential role in TACE
regulation. EMBO Rep. 14, 884-90 (2013).

61. Lilley, B. N. & Ploegh, H. L. A membrane protein required for dislocation of misfolded
proteins from the ER. Nature 429, 834-840 (2004).

62. Lemberg, M. K. & Freeman, M. Functional and evolutionary implications of enhanced
genomic analysis of thomboid intramembrane proteases. Genome Res. 17, 1634—1646
(2007).

47


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

Hmg2 Ste6*

A Glucose Galactose B Glucose Galactose
Day 3 Day 3 Day 7 Day 3
LA R RN EEE R xR -
V"T[oooaooostoooﬁHmQZT W Ste6*1
000 *00® OO0 O & - i b
dfm1A[ 000 | * a5 - Hmg2t dfm1A[ x Ste6*T
00O H0O s |00 9 4 - =
hi1h||g 0 @ 60 ® o @@ @ & Hma2t 90aT0 Ste6*t
Pdr5*
C
Glucose Galactose Glucose Galactose
Day 7 Day 3 Day 3 Day 7
EA -
[ X *
Pdr5*1 WT[ Hmg2 t
| Pdr5*1 dfmml [r——
Pdr5*t cdc48-2[ o Hmg2 1
Ste6* Pdr5*
E Glucose Galactose F Galactose
Day 3
WT - [ X X B -
I oo s 2 2|Ste6*t VVT’. 00 3ge w + Pdr5*t
- s -
am1a| - |ste6*t  armia| 2.2 ¥ a5
cdo48:2| Ste6*t 0dod8-2 | pars
G Glucose H
Day 3 Day 3 Glucose Galactose
VVTI.""' ® o o Day 3 Day 7
esce |00 Ste6* 1 X XKD © ® © @|Hmg2t
oo s®s N o0 o e @ ® ® ® Hmg2-K6R?T
dfim1A | e o nf|ee . % ngfT WTi|eee s|lee @ ® ® ® Hmg2-K357R1
eeswles: Ste6* 008 ve ® @ @ |Hmg2-K6R, K357R
eco 00 - o0 nee Qe 9 -
dfm1Ahrd1A | eees:|0@ Hmg2? @ ® @& & @ Hmg2t
00e ulee: o | Ste6* 1 @ o o 300 - @ @ ® Hmg2-K6R T
| 000 #e.e - . dfm1A : : : : . ; U Hmg2-K357R1
dfm1adoaton ||@ @ @ (e = Hmg2 g : - ®|Hmg2-K6R, K357R
000 ¢o Ste6*t e e e es| -

Figure 1, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pdr5A+Hmg2 dfm1A+Hmg2
A B
] 15
® +gal +tuni +gal +tuni
o 154 ~ ; [} g
-=--gal +tuni .
2 % 104 -=-gal +uni
@ 10 o
19} 7]
S 2
S 5 . S 51
i - -gal ~tuni E ~o-gal -tuni
o —~ *gal -tuni ++gal -tuni
é 0
Tlme hrs) Tlme (hrs)
C D
pdr5A+Ste6” dfm1A+Ste6*
61 15-
+gal +tuni +gal +t
® ] gal +tuni
o -=-_gal +tuni Q -
S 4 9 € 10/ -=gal +tuni
& @
D (]
O 0
ot o
o 2 ) S 54
Ll_:_ ‘4*; = -gal uni 2 -e--gal -tuni
. ~++gal -tuni w - ++ga|-tun|
] 4 6
Time (hrs) T|me (hrs)
E * F
pdr5A+CPY dfm1A+CPY*
20
[0) +gal +tuni
24 -=gal +tuni 815 +gal +tuni
& & —=-gal +tuni
2 310 '
5 5 o —++gal -tuni
= S
[ ---gal -tuni 325
—+—+gal -tuni b —*--gal -tuni
6 °% 3
Tlme (hrs) T|me (hrs)
G drSA+EV H
P dfm1A+EV
20+ 15+
+gal +tuni © +gal +tuni
§15- -=-gal +uni §10_ -=-gal +tuni
@
3 104 2
IS o
<t 5 54
S 54 S
2 -*--gal -tuni © —*--gal -tuni
0 ++gal -tuni 0 —++gal -tuni
5 5
Tlme (hrs) Time (hrs)
| pdr5A J dfm1A
Hmg2t Ste6t CPY*? = Hmg2t Ste6t CPY*t =
Tunicamycin - + - + - + - + Tunicamycin - + - + - + - +

uHac1
L sHac1

Figure 2, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

csRNA_peaks PCA

so{ e dfm1Apdr5A +Hmg2-GFP .
e dfim1Apdr5A +EV
o hrd1Apdr5A +Hmg2-GFP dfm1A + Hmg2-GFP

60 ® hrd1Apdr5A +EV
o~ pdr5A +Hmg2-GFP 0.084
€ ® pdr5A +EV ~ . .
@ 40 -E
c
o . 2 0.064
o
£ ° o

20 Qo
Q . IS
© S 0.04- .
T o .
Q0 T N
o ° o °
c = Y
£ ‘ 2 0.029 ¢ 'i g

—20 ) fe=
o ]
» °
o ° 0.00--l'l'l'.l'l'l'l'Fl'|'l'l'l'l'l'l'l'l'l'|'l'l'l'Fl'Fl'l'l'|
0.00 0.05 0.10 0.15
° Principal Component 1
-40 =20 0 ) 20 . 40 60 80 100 120
Principal Component 1
C Top 10 upregulated GO terms
Proteasomal Ubiquitin-Indipendent Protein Catabolic Process = 1
Regulation of Endopeptidase Activity =4 1
Proteasome Regulatory Particle Assembly =4 1

Proteasome Assembly Ty
Regulation of Peptidase Activity=f= ]
Positive Regulation of Proteolysis =]
Protein Refolding
‘De Novo" Protein Folding
Proteasome-Mediated Ubiquitin-Dependent Protein Catabolic Proccess
Regulation of Proteolysis

0 20 40 60 80
Fold Enrichment

D Top 10 downregulated GO terms

rRNA Export from Nucleus 1
rRNA Transport=| |
Translational Termination={ 1
Cellular Protein Complex DI mbly=] 1
Cytoplasmic Translation={ 1
Protein Containing Complex Di mbly=4 1

ncRNA Export from Nucleus
Cellular Componenent Dissassembly:
Ribosomal Small SUbunit Biogenesis
Translation

T T
10 15 20 25
Fold Enrichment

© -
(3]

Figure 3, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hmg2 Ste6*

A Glucose alactose B Glucose Galactose
Day 3 Day 3 Day 7 Day 3 Day 3
Hmg2? WTIWW Ste6* 1
CX X X 18
® - Ste6* 1
[CX X A I8
®

WT[

1A Hmg21 dm1a|

rpn4AI _ng2T rpn4AI S _Ste6 1
C CPY*
Glucose Galactose
Day 3 Day 7
ez Qe CPY*1
WTI ..._ii’g:o... -
0o 5 @00 ® |CPY*!
dfmml XEE XXX IE
® e e 0 ®® 3| CPY*T
’p”4AI oo s |CesB|.
D E F
pdr5A pdr5Ahrd1A pdrSAdfm1Ahrd1A
800- 800 600-
600 600 - *
] \ 400 v
&5 400 & 400 g
200
200 200
0 0 0
SUSGFP + + - - SUS-GFP * * - - gysgrp +* + - -
MG132 - + - o+ MG132 - + - o+ MG132 - + - o+

Figure 4, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hmg2 Ste6*

A Glucose Galactose
Day 3 Day 7

B Glucose Galactose

AT -+ -+
M ubp6A[| o

CPY*

Glucose Galactose
Day 3 Day 3 Day 7

WT Mee®®ez o6 d|cryt
[‘..O..g"%“-b....'
9000 & (® 05 0.0 % |CPY!
dmii|g e o 00 e » s[@eee|-
208 %5 0@ B e @ D -
“bP6AI °® e 500 &80 e &s CPYT
AssCPY*
H 2 E Glucose Galactose
mg Day 3 Day 7
D Giucose Galactose WTI AssCPY*t
Day 3 Day 3 Day 7 = A -
Hmg2t  dfm1a| g | AssCPY™T
(A K] hd|C X ) . o |® ©® 3 §
ubp6AI Q@ & @|AssCPY*t
oL X K1l
doadA @ @ & =|AssCPY*?
a2 sjes 5581
i = &|(©° AssCPY*t
9o & o |0ew k|-
: ‘0@ %@ 0 ® B |AsCPYH
ubp14AI } e @ 8 2o @@ |-
Glucose Galactose Galactose
F Day 3 Day 3 Day 7

OuM Cu2+ 50uM Cu2+ QuM Cu2+ 50uM Cu2+ OuM Cu2+ 50uM Cu2+ Hmg2! Ubt

+ 4
oo I
®es sl _
Sl | - -
esed |,

-
ees | |
ees8o| -

Figure 5, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

- > NEG
ST My o vy o) ;;2
= ooy [osy pund T
sy o lamy e gy,
ot rigy  quel /yfqg

£ ¢ o S
2 7
-
Cp g n®
B dfm1A (o4 dfm1A
Glucose Galactose Glucose Galactose
Day 3 Day 3 Day 7

+ormillg o o < gzt +DFM| rimee!

Hmg2t - [ I:' mg21

Hmg2t +F1075| Hmg21

1

Hmg2t +K67E|

Hmg2t
Hmg2t

Hmg2t +Q107R| Hmg2t

+F575| Hmg21

dfm1A

Glucose Galactose
Day 7

Dfm1-5Ashp

F G dfm1A

Glucose Galactose

CFTRt Day3  Day3 Hmg2t
CFTRAF5081 Derlin-1T
A1PiZt Derlin-21
UL perin 1!
A1PIZt Derlln-ZT

WT

o+

dfm1A

Figure 6, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.25.477788; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

dfm1A+Hmg2

g
)
1

P
1
_|

Pellet a-GFP (Hmg2)

Normalized Soluble Hmg2
5
1

Q
S ?‘:}\Q‘ ?:{-bo 0.5 L
N NN N L -

i ]

2O X N X X yDa st

e ool L LLILILIL

Soluble a-GFP (Hmg2) EV WT5a-ShpAR GX3G
c D 1.0

dfm1A+Hmg2-GFP

+Dfm1-5Ashp

0.8

Representative
Cell

A

Fraction Flourescence in Puncta

Puncta Mask [l 0.2+
""‘r‘.‘l” 0.0 T T T | T
NP
S o
x@  x \ﬁ) ‘\& N
& O L
k9 S

Dfm1-mediated solubilization of aggregated membrane substrates

Figure 7, Kandel et al.


https://doi.org/10.1101/2022.01.25.477788
http://creativecommons.org/licenses/by-nc-nd/4.0/

