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1 Abstract
2 Selective macroautophagy of the endoplasmic retmulER) and the nucleus,
3  known as ER-phagy and nucleophagy respectivelypareesses whose mechanisms
4  remain inadequately understood. Through an imalgagged screen, we find that in
5 the fission yeasEchizosaccharomyces pombe, Yepl (also known as Hva22 or Ropl),
6 the ortholog of human REEP1-4, is essential forgiagy and nucleophagy, but not
7  for bulk autophagy. In the absence of Yepl, théiainphase of ER-phagy and
8 nucleophagy proceeds normally, with the ER-phagyfophagy receptor Eprl
9 co-assembling with Atg8. However, ER-phagy/nuclephcargos fail to reach the
10  vacuole. Instead, nucleus- and cortical-ER-deriveunbrane structures not enclosed
11 within autophagosomes accumulate in the cytoplasmriguingly, the outer
12 membranes of nucleus-derived structures remainimanis with the nuclear
13 envelope-ER network, suggesting a possible outenbrane fission defect during
14  cargo separation from source compartments. Wetfiatithe ER-phagy role of Yepl
15 relies on its abilities to self-interact and shapembranes, and requires its C-terminal
16  amphipathic helices. Moreover, we show that hum&EMRL-4 and budding yeast
17  Atg40 can functionally substitute for Yepl in ERagly, and Atg40 is a divergent
18 ortholog of Yepl and REEP1-4. Our findings uncoaer unexpected mechanism
19 governing the autophagosomal enclosure of ER-phagi¢ophagy cargos and shed
20 new light on the functions and evolution of REERilg proteins.
21
22 Keywords: ER-phagy, nucleophagy, autophagosomal enclosure, REEP family,
23  Schizosaccharomyces pombe
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Introduction

—

2 In eukaryotes, the endoplasmic reticulum (ER) is iatricate membrane
3 organelle composed of interconnected sheet-likecsires and tubular networis

4  The formation and maintenance of ER morphology lwevéwo conserved families of
5 integral membrane proteins, the reticulons (RTNg) the REEP family proteifd

6 The ER plays a crucial role in many cellular preess such as protein folding, lipid
7  synthesis, ion homeostasis, and communication etter organellés Disturbances
8 of ER functions have been implicated in a wide eaofhuman diseases

9 Under starvation and ER stress conditions, portminge ER are turned over
10 through macroautophagy (hereafter autophagy), ipracess termed ER-phagy.
11 During ER-phagy, ER membrane fragments are seqeedstato autophagosomes,
12  which are double-membrane vesicles that delivegasato the lysosome/vacuole for
13 degradatiof®® In yeasts, the ER mainly consists of the nuckrarelope and the
14 cortical ER®'. Both sub-compartments of the ER can be targegeifbphagy. The
15 autophagic sequestration of the nuclear envelopg mesult in the engulfment of
16 intranuclear components into autophagosomes. TBRsphagy and nucleophagy
17 may occur concurrentt§*?

18 The recruitment of the autophagic machinery duBRyphagy and nucleophagy
19 is mediated by specialized autophagy receptorsedent years, a large number of
20 ER-phagy receptors have been identified, includirR§M134B, FAM134A,
21 FAM134C, SEC62, RTN3L, CCPG1, ATL3, TEX264, p62,IC20CO1, and C53 in
22  mammal$*1>16:17:18.19.2021,2223.24 21439 gnd Atg40 in budding yedstand Eprl in
23 fission yeasf. These ER-phagy receptors, which are integral enpperal ER
24 membrane proteins, all harbor binding motifs forg&tfamily proteins and
25 consequently can mediate the association betweenER and Atg8-decorated
26 autophagic membranes. Some of them solely prorhet&R-Atg8 connection during
27 ER-phagy. For example, in the fission yeStizosaccharomyces pombe, the soluble
28 ER-phagy receptor Eprl, which localizes to the BRough binding integral ER
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membrane proteins VAPS, can be rendered dispenbglilesing an Atg8-interacting

2 motif to an integral ER membrane protein Erg1Dn the other hand, mammalian
3 FAM134B and budding yeast Atg40, both of which swtegral membrane proteins,
4  have roles beyond establishing the ER-Atg8 conogftf®2%3-31

5 In budding yeast and mammalian cells, genetic sange have uncovered a
6 large number of genes important for ER-piHagy suggesting that ER-phagy
7  receptors are not the only factors specificallyurezgl for ER-phagy. We conduct an
8 imaging-based chemical mutagenesis screen in fisgast and identify Yepl, the
9 ortholog of human REEP1-4, as a crucial factorathtER-phagy and nucleophagy.
10 Yepl is not required for ER-phagy/nucleophagy atitin, but is needed for
11 autophagosomal enclosure of cargo membrane stesctlihe ER-phagy function of
12 Yepl requires not only its first 113 residues thah self-interact and shape ER
13 membrane, but also its C-terminal amphipathic kslievhich are dispensable for the
14  membrane-shaping ability. Interestingly, the ERgyhdunction of Yepl can be
15  substituted by human REEP1-4 and budding yeast QAtgfhylogenetic analysis
16  suggests thaltg40 is a divergent ortholog of Yepl and REEPM% propose that
17 Yepl and its equivalents in other eukaryotes playcracial but previously
18 unanticipated role in ER-phagy and nucleophagy.

19

20 Results

21  Yeplisrequired for ER-phagy and nucleophagy

22 To identify S pombe genes important for ER-phagy, we performed an
23 imaging-based mutant scredrigure 1A). Chemical mutagenesis was applied to a
24  strain in which the copy numbers of 22 general ph&gy genes were doubled to
25 reduce the chance of isolating their mutants insitreen. ER-phagy was monitored
26 by examining microscopically the re-localizationtloé integral ER membrane protein
27 Ost4-GFP to the vacuole upon DTT treatmi&ft?® A mutant clone isolated in this

28 screen was subjected to next-generation sequeassigted bulk segregant anal§&is

4
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which indicated that a missense mutation (T17M)aim uncharacterized gene
SPBC30D10.09c is a candidate causal mutatidriqure S1A). For reasons described
below, we named this gernyepl (for Yopl- and REEP-related protein required for
ER-phagy). Yepl protein belongs to the REEP proteinilfanthis protein family
encompasses two subfamilies, both of which areeptéa most metazoan and fungal
species Figure 1B)*"*%3% There are six REEP family proteins in humans. Ago
them, REEP1-4 proteins belong to one subfamilyRB&P5-6 proteins belong to the
other.S pombe has two REEP family proteins, Yepl and Yopl. Yepthe ortholog
of human REEP1-4 and Yopl is the ortholog of hurREEP5-6 Figure 1B).
Human REEP1-4 are ER-localizing protéftfé*? Similarly, we found that Yepl

exhibited an ER localization pattern during vegegagrowth Eigure S1B).

Threonine 17 in Yepl is a conserved residue in REERubfamily proteins.
Thus, we hypothesized that the T17M mutation mampmomise the function of
Yepl and consequently cause an ER-phagy defectisfent with this idea, deletion
of yepl severely diminished the re-localization of Ost4RGb the vacuole upon DTT
treatment (+DTT) or nitrogen starvation treatmeri) (Figure 1C). yep1A cells also
exhibited a severe defect in the autophagic provgssf GFP-tagged integral ER
membrane protein Ergll into free GAHRgures 1D and 1E). Re-introducing Yepl
into yepl4 cells completely rescued the defect. These resutisate that Yepl is

essential for ER-phagy.

As Ost4 and Ergl1 localize to both the cortical &R the nuclear envelope, we
also examined the autophagic processing of Rtn1-@fRh localizes exclusively at
the cortical ER, and Ish1-GFP, which is a nucleasetope protein. The loss of Yepl
abolished DTT- and starvation-induced processingRofil-GFP and Ish1l-GFP
(Figures 1F and 1G), indicating that Yepl is required for the autoghaf both

sub-compartments of the ER.

The observation that the nuclear envelope protsiil-IGFP is subjected to

autophagy suggested to us that the autophagicvermd nucleoplasmic components,

5
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i.e. nucleophagy, may occur B pombe. Indeed, under both DTT and starvation
treatments, a nucleoplasmic protein Pus1-mECiinae processed to free mECitrine
in an Atg5-dependent manneFigures 1H and 1l). The loss of the ER-phagy
receptor Eprl diminished the processing of Pus1-tniB€, suggesting that Eprl also
acts as a nucleophagy receptor. Deletionygil abolished the processing of
Pus1-mECitrine in both DTT- and starvation-treatedls, indicating that Yepl is

essential for nucleophagy. Consistent with its rioleER-phagy and nucleophagy,
Yepl was observed to form puncta at approximat@Bp f the sites where both

Atg8 and Eprl formed punctaFigures S1C and S1D), suggesting that Yepl

o © oo N o o b~ oW N
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participates in ER-phagy and nucleophagy at sitesitmphagosome assembly.

11 In contrast to the severe ER-phagy and nucleoptafpcts ofyepla cells, bulk

12  autophagy inyepla cells was largely normal as indicated by the pssig of

13  CFP-Atg8 Figure 1J). In addition, another readout of bulk autophabeg, processing
14  of fluorescent protein-tagged cytosolic protein Td{glyceraldehyde-3-phosphate
15  dehydrogenase, GAPDH) was also largely unaffected yapl4 cells Figure S1E).

16  Consistent with the lack of bulk autophagy defetrtmsmission electron microscopy
17  (TEM) analysis showed that autophagosome accuraalatithefscl4 mutant, which

18 is defective in autophagosome-vacuole fu$iomvas not notably affected by the
19  deletion ofyepl (Figure S1F). Inspection of the electron micrographs showed it

20 fscl4 cells, there are autophagosomes containing a hiagest membrane structure,
21 possibly of the ER/nuclear envelope origin. We calich autophagosomes
22  double-ring structures. The level of double-ringustures was higher under DTT
23 treatment than under starvation treatmé&mgre S1G). This is inconsistent with the
24  results of the fluorescent protein cleavage agsessibly because the cleavage assay
25 underestimates autophagic flux under DTT treatrdesetto an inhibition of vacuolar
26 proteolysis by DTT treatmefit The number of double-ring structures per cell was

27 markedly lower infscld yepla cells than infscl4 cells Figures S1F and S1G),
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1 suggesting a defect in forming autophagosomes icomga ER-phagy and

2 nucleophagy-related cargo membrane structures.

Yepl acts independently of Eprl and is not required for the initiation of

ER-phagy

The most well-understood type of proteins imporfantER-phagy but not bulk
autophagy are ER-phagy receptors, whose functielysan their interactions with
Atg8. We examined whether Yepl can interact witg8Atising the Pill co-tethering

assay”. Eprl but not Yepl interacted with Atg8 in thissag Figure S1H),

o ©O© 0 N o

indicating that Yep1l is unlikely to be an ER-phaggeptor.

11 As the proper functioning of the fission yeast Biagy receptor Eprl depends
12 on Irel, which up-regulates the expression of Epring ER stre<§ we examined
13 the possibility that Yepl also promotes the expoes®f Eprl. Immunoblotting
14  analysis showed that ER stress-induced upregulatfothe protein level of Eprl
15 occurred normally inyeplad cells Figure SilI), ruling out this possibility. No
16 interaction between Yepl and Eprl was detectedguairyeast two-hybrid assay
17  (Figure S1J). Furthermore, even though the role of Eprl camymassed by fusing
18  an artificial AIM to the integral ER membrane piint&rgl® (Figure S1K), this
19  fusion did not suppress the ER-phagy defectepfis (Figure S1L), indicating that
20 the main role of Yepl is not promoting the functadrEprl. Consistent with this idea,
21 increasing the level of Eprl did not suppregsla (Figure S1L), and increasing the
22 level of Yepl did not suppregprl4 (Figure S1K). Together, these results suggest
23 that Yepl and Eprl play different roles in ER-phagy

24 Next, we examined whethegepl1 affects the localization of Eprl and Atg8
25 during ER-phagy. In both wild-type ary@pla cells, Eprl and Atg8 co-localized at
26 punctate structures shortly after ER-phagy indacbyg DTT or starvation treatment

27 (Figure S2A), indicating that Yepl is not essential for thitiah stage of ER-phagy
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1 during which Eprl mediates a connection between ERe and Atg8-decorated

2 autophagic membranes.

Yepl is required for the autophagosomal enclosure of ER-phagy and

nucleophagy car gos

In our analysis of nucleophagy phenotypesing strains expressing the
nucleoplasmic protein Pusl-mECitrine, we noticedt tFPus1l-mECitrine formed
cytoplasmic puncta iyepla cells after ER-phagy inductiorFigure 2A). We then

examined an inner nuclear membrane protein Bqt4 fandd that it also formed

o ©O© 0 N o

cytoplasmic puncta igepla cells after ER-phagy inductioffrigure 2B). No Pusl or
11 Bqt4 puncta were observed @mg54 cells andyepla atg54 cells Figures 2A and
12 2B), suggesting that these puncta are autophagyedekituctures. Under starvation
13  treatment, no Pusl or Bqt4 puncta were observedilohtype cells. Under DTT
14  treatment, a smaller number of Pusl and Bqt4 pumeta observed in wild-type cells,
15  possibly becaus®TT treatment causes a mild accumulation of autgpkames in
16  the cytoplasm (see below). We examined whether Pustta and Bqt4 puncta in
17  yeplAa cells co-localize and found that, Pusl puncta airabgays overlapped with
18 Bqt4 puncta and a great majority (> 80%) of Bqthgia overlapped with Pusl
19 puncta Figures 2C and S2B). Thus, the nucleophagy defect ggpla is
20 accompanied by the cytoplasmic accumulation of eusderived membrane
21  structures containing inner nuclear membrane commsn and nucleoplasmic
22 components. Inyepla cells, less than 10% of Pusl puncta and Bqt4 puncta
23  co-localized with Atg8 punctaF{gures S2C and S2D), indicating that most
24  nucleus-derived membrane structures accumulatirnthencytoplasm ofepls cells

25 are not associated with autophagic membranes dedondgth Atg8.

26 To better understand the nature of the structuepsesented by cytoplasmic

27 puncta of Bgt4 and Pusl, we performed TEM analyBiss analysis showed that
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ring-shaped membrane structures accumulated ioytioplasm ofyepl4 cells but not
yepla atgbAa cells Figures 2D, S2E and S2F). These structures differ in location
from the ring-shaped autophagosomes that accurduiat¢he fscla cells Figure
S1D). Autophagosomes accumulating in teel1 cells are almost always juxtaposed
to vacuoles. In contrast, ring-shaped membranetsies in the cytoplasm ggplAa

cells were never observed juxtaposed to vacuolee Shape and size of these
structures are similar to those of the inner rimgthe double-ring structures observed
in the fscl4 cells Figure S2G). Thus, we proposed that these structures are

ER-phagy/nucleophagy cargos not enclosed withioph#tgosomes, and they include

o ©O©W 00 N o g b~ 0w DN
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structures represented by the Bqgt4 and Pusl puricteDTT-treated but not

—_—
—

starvation-treated wild-type cells, autophagosonuesaposed to vacuoles can be

—
N

observedFigure S2E). They likely include structures correspondinghe Bqt4 and

—
w

Pusl puncta observed in wild-type cells by fluoee®e microscopy.

14 To further examine the nature of the ring-shapedmbrane structures
15 accumulating in the cytoplasm gépl1 cells, we fused an genetically encoded EM
16 tag, MTn, to the integral ER membrane protein Gstd examined its distribution in
17  yepld cells using a recently developed EM technoffgyMTn-generated gold
18 nanoparticles were observed not only on the nueeeelope and the cortical ER, but
19 also on ring-shaped cytoplasmic membrane structteesmbling the ring-shaped
20 structures observed in the TEM analy$igy(re 2E), confirming that nucleus- and/or
21  cortical-ER-derived  structures without surroundingutophagic membranes

22  accumulate in the cytoplasmyspl/ cells.

23 To obtain more corroborating evidence on the acdatiom of

24 ER-phagy/nucleophagy cargos yepl1 cells, we employed the degron protection
25 assa¥’. In this assay, an auxin-inducible degron (Al imfused to a protein so that
26 the protein is degraded when exposed to the cytmstohot when residing inside a
27 membrane compartment. We used the cytosolic prégid, a bulk autophagy cargo,

28 to verify whether a protein enclosed within the opitagosome is resistant to

9
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1 AlD-mediated degradation. In untreated cells, PYD-mECitrine was completely

2  degraded upon the addition of the auxin analogeBraatyl-IAA (Ad-IAA)*® (Figure

3 S3A). When autophagy was induced by nitrogen stamatRykl-AlD-mECitrine

4  signal in small round-shaped structures, whichvaioles labelled by the vacuole

5 lumen marker Cpyl-mCherry, persisted in wild-typellsc after the addition of

6 Ad-IAA. Similarly, persisting Pyk1-AlD-mECitrine ghal in vacuoles was observed

7 in nitrogen-starvedepl/ cells, confirming that bulk autophagy is largelymal in

8 yepla cells. Infscla cells, which are defective in autophagosome-vactdeon,

9 persisting Pykl-AlID-mECitrine signal in structurest overlapping with vacuoles
10 was observed after the addition of Ad-IAA. Theseudtures are presumably
11 autophagosomes, suggesting that AlID-mediated datioad does not happen to
12  proteins enclosed within autophagosomes. For aalysis of ER-phagy/nucleophagy
13  cargos accumulating iyeplA cells, we chose Eprl as the degradation targetias i
14  peripheral membrane protein facing the cytosol Bndoncentrated at the sites of
15 ER-phagy/nucleophagy. As expected, in untreated-type oryeplA cells, signals of
16  Eprl-AID-mECitrine completely disappeared after #duglition of Ad-IAA (Figure
17  S3B). In contrast, in wild-type cells starved for 6Bpr1-AlD-mECitrine re-localized
18 to the vacuole lumen, and the vacuolar signal giediafter the addition of Ad-IAA.
19 In yepla cells, Eprl-AID-mECitrine formed cytoplasmic puactsome of which
20 co-localized with Pusl cytoplasmic puncta. Upon thddition of Ad-IAA,
21  Eprl-AID-mECitrine puncta completely disappearBty(re S3B), indicating that in
22  yepla cells, the outer surface of nucleus-derived mengtructures accumulating
23 inthe cytoplasm is exposed to the cytosol.

24 To determine whether cortical-ER-derived membratmactures not enclosed

25 within autophagosomes also accumulatedyapls cells, we applied the degron
26 protection assay to the integral ER membrane prd&nl, which localizes to the
27  cortical ER but not the nuclear envelopég(re S3C). Rtn1-AID-mECitrine signal

28 in untreated wild-type angepl/ cells disappeared upon the addition of Ad-IAA. In

10
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1 starvation-treated wild-type cells, Rtn1-AID-mE@it partially re-localized to the
vacuole lumen and the vacuole-localized signal ipte$ upon the addition of
Ad-1AA. In starvation-treategyepl cells, Rtn1-AlD-mECitrine formed cytoplasmic
puncta, which disappeared after the addition oflA#-(Figure S3C), suggesting

that like the situation of nucleophagy cargos, icaHER-phagy cargos not enclosed

o o oW N

within autophagosomes also accumulategepi cells.

~

We next investigated whether the ER-phagy/nuclegpltargo structures that

accumulated iryeplA cells were fully separated from the source conmpants. Live

9 cell imaging showed that in starvation-treayepll1 cells, cytoplasmic puncta formed
10 by the nucleoplasmic protein Pus1-mECitrine codiaed with puncta formed by the
11 ER membrane marker Ost4-mCherry and the ER lumerkemanCherry-ADEL
12 (ADEL is an ER retention signalfrigures 2F and 2G). Notably, these Pusl-positive
13  ER marker puncta were often associated with cysopia ER tubules or cortical ER
14  (Figures 2F, 2G, and 2H), suggesting that the nucleophagy cargo structures
15 remained attached to the nuclear envelope/ER nktidmwever, the signals of Pusl
16  and the inner nuclear membrane protein Bqt4 wevemebserved on ER tubule-like
17  structuresKigures 2A-C and 2F-G), indicating that the inner contents and the inner
18 membranes of the nucleophagy cargo structures m@ilenger continuous with the
19 nucleoplasm and the inner nuclear membrane, ragelyct Supporting this,
20 fluorescence recovery after photobleaching (FRARplsis showed that the
21  fluorescence signals of photobleached Pusl-mChpemgta only recovered slightly
22  (Figure 2l). The minor increase in fluorescence signals eaahaps be attributed to
23  the reversible photoswitching of mChéftyin contrast, the fluorescence signals of
24  Pusl-positive Ost4-mCherry puncta substantiallyovesed after photobleaching
25 (Figures 2H, 2 and S3F), supporting that the outer membranes of the optiagy
26  cargo structures were continuous with the nucleaelepe/ER network. Using TEM
27 analysis, we also observed nucleus- and/or coffiBaterived cargo structures that

28 had filamentous membrane protrusions, which aeiER tubulesKigure S3D).

1"
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Taken together, the above findings demonstrate Ylegtl is required for the
autophagosomal enclosure of ER-phagy/nucleophagypsaln the absence of Yepl,
ER-phagy/nucleophagy cargo structures devoid ofosading autophagosomal
membranes accumulate in the cytoplasm. The innanbranes of these cargo
structures are fully disconnected from the soummpartments. However, the outer

membranes of these cargo structures remain consnwih the nuclear envelope/ER

N o o hwWwDN

network.

9  Yepl possesses the ability to shapethe ER membrane

10 In fission yeast, three ER-shaping proteins, th&REamily protein Yopl, the
11 reticulon family protein Rtnl, and the TMEMS33 fayiprotein Ttsl, localize to
12  tubular ER and act in a partially redundant martwemaintain tubular ER. We
13  observed that Yepl exhibited co-localization wittn R Yopl, and Tts1Rjgures 3A

14  and $4A), suggesting that Yepl may share similar functisitls these proteins.

15 In the absence of Rtnl, Yopl, and Ttsl, the cdrkBabecomes less reticulate
16  and more sheet-like, with the frequent appearafd&ge holes in images of the top
17  or bottom plane of the cells and extended gapsniages of the mid-plane of the
18  cells®. We found that this alteration of ER morphology dze reversed to a large
19  extent by either introducing back Rtnl or incregsine expression level of Yepl
20 (Figures 3B and $4B). Thus, Yepl, when overexpressed, can fulfill filmection of
21  maintaining tubular ER independently of Rtn1, Yoadd Tts1.

22 The ER structure aberration caused by the losstof,Rropl, and Ttsl also
23 leads indirectly to a severe septum positioningeckef manifesting as long-axis
24  septum, multiple septa, and tilted septlirithis phenotype is easier to score than the
25 ER morphology phenotype and can reveal the weakqifees of single deletion
26  mutants lacking Rtn1, Yop1l, or TtsEi@ure 3C). We observed thatepl1 caused a

27 noticeable but even weaker septum positioning defean rtnl4, yopld, or ttslA.
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1 Combinedyepla with the double and triple deletion dhl, yopl, andttsl invariably
resulted in a more severe phenotypegre 3C). The most pronounced phenotypic
enhancement was observed wtyepl4 was combined with thetnl4 ttsl4 double
deletion. The defect atnl4 ttsl4 yepla can be rescued to the levelroil/ ttsl4 by
re-introducing Yepl Rigure $AC). Moreover, increasing the expression level of
Yepl ameliorated the septum positioning defeattrf/ yopl/ ttsl4 (Figure $AD).

These results demonstrate that Yepl shares the raeebhaping ability of Rtn1l,

o N oo o b~ ow N

Yopl, and Tts1 and contributes to the maintenahcermnal ER structure.

9 We assessed whether Rtnl, Yopl, and Ttsl functioBR-phagy. DTT and
10  starvation-induced processing of Ergll-GFP was dafityhtly diminished in the
11 rtnlAa yoplA ttslA triple deletion mutantHigure SAE), suggesting that ER-phagy still
12  occurs in the absence of these three proteinsddiitian, overexpression of Rtnl,
13 Yopl, or Ttsl did not alleviate the severe ER-phdgfect ofyepla (Figure SAF).
14 Thus, Rtnl, Yopl, and Ttsl cannot substitute fa éssential role of Yepl in
15 ER-phagy.

16

17 Yepl sdf-interaction is important for its membrane-shaping ability and
18 ER-phagy function

19 Several ER-shaping proteins, including Yop1, arevkmto self-interact*>!°*°3

20 It has been recently shown that the formation aved-shape homo-oligomer of
21 ER-shaping proteins is responsible for generathmg tubular membrane shdpe
22 Using the co-immunoprecipitation assay, we foundt tNepl can self-interact
23 (Figure 3D). Bimolecular fluorescence complementation (BiF€)nfirmed the
24  self-interaction of Yepl and suggested that Yepdemyoes self-interaction on the ER

25 membraneRigure S5A).

26 We wused AlphaFold-Multimer to predict the structureof Yepl

27  homo-oligomer¥ (Figure 3E and S5B). Regardless of the number of Yepl

13
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sequences (from two to eight) in the input, AlpHdRdultimer only predicted one
type of oligomeric structure—the structure of thepY dimer, indicating that the
dimer is the preferred oligomerization state of Yejm the predicted structure of the
Yepl dimer Figure 3F), within each Yepl molecule, there are three laiinglices in
the N-terminal region. They largely encompass tivee transmembrane segments
predicted by TOPCONS~{gures 3G and S5C). The C-terminal cytoplasmic region
contains two short-helices, two longi-helices, and a disordered Tgi(Figures 3G
and S5C). Inter-molecular contacts mainly involve the ffitsvo transmembrane

helices (TMHs). The two short C-terminal heliceani@o acids 98-113) also

o ©W 00 N o o b~ W DN

—_—

contribute to the dimer interface by engaging théefhinal helices of the other

-_—
—

molecule Figure 3F).

12 In the result of the co-immunoprecipitation assdyth Yepl-GFP and
13  Yepl-mCherry appeared as doublets, and the lowed lzd Yepl-mCherry was
14  co-immunoprecipitated with Yepl-GFPFigure 3D). Based on the apparent
15 molecular weights, the upper band and the low bkkely correspond to the
16  full-length protein and an N-terminally cleaved f@in, respectively. To assess where
17 the cleavage occurred, we expressed two N-termgindiuncated form,
18  Yepl(35-166)-mCherry and Yepl(79-166)-mCherry Fig(res S5D).
19  Yepl(35-166)-mCherry appeared as a doublet, whehgsl(79-166)-mCherry
20 appeared as a single band running slightly lowen the lower doublet ban&igures

21  SHE-S5F), indicating that the cleavage likely occurredrdigaipstream of residue 79,
22  between the second and third TMHdures S5D). Neither Yepl(35-166)-mCherry
23  nor Yepl(79-166)-mCherry was co-immunoprecipitateith Yepl-GFP Figures
24  SBE-S5F), suggesting that, consistent with the predicteacture of the Yepl dimer,
25 the N-terminal region of Yepl is necessary for-gakraction. We speculate that the
26 cleavage, which possibly occurred during proteintraetion, did not cause
27 dissociation of the N-terminal region of Yepl undéne non-denaturing

28 immunoprecipitation conditions and therefore did aitect self-interaction.
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Also consistent with the predicted structure of tepl dimer, Yepl(1-97)
failed to exhibit self-interaction in the co-immuprecipitation analysisHgure S5G),
whereas Yepl1(1-113) was able to self-inter&ogyre S5H). The septum positioning
defect ofrtnlA tts14 yepla was rescued to the level dhlA ttsl4 by the expression
of Yepl(1-113), but not Yepl(1-97) Figure 3H), suggesting that the
membrane-shaping ability of Yepl depends on ifsistraction. Internal deletion of
residues 98-113 abolished the abilities of Yeplsed-interact and to rescue the
septum positioning defect atnla ttsiA1 yepla (Figures 3H and 31). Moreover,

Yepl lacking residues 98-113 can no longer sugpRrphagy Figure 3J). Together,

o ©OW 00 N o o b~ DN

—_—

these results suggest that Yepl self-interactiomertant for its membrane-shaping

—_—
—

ability and imply that the membrane-shaping abiigyimportant for its role in

—
N

ER-phagy.
13
14 Amphipathic helices of Yepl are essential for its ER-phagy function

15 Even though Yepl(1-113) can self-interact and ms&sethe membrane-shaping
16  ability, it cannot support ER-phagy ipepla cells Figure S6A). In contrast,
17  Yepl(1-131) and Yepl(1-150), which contained one &wvo additional C-terminal
18 long helices, respectively, can support ER-phagterhal deletion of both but not
19 either one of these two helices abolished the E&gptiunction of Yepl, suggesting
20 that these two long helices play redundant roledife ER-phagy function of Yepl
21  (Figure 3K). Consistent with the results obtained on Yepl{3)l the internal
22  deletion mutant Yep4(114-150), which lacks both long helices, and Y&pl50)
23 can self-interact and can resaurl/ ttsl4 yepla to the same extent as full-length

24  Yepl Figures S6B-S6E).

25 HeliQuest analyses of the C-terminal helices arnsuali inspection of the
26  AlphaFold-predicted structure indicated that thege long helices are amphipathic

27 helices (APHs), whereas the two upstream shoricé®lido not exhibit obvious

15
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1 amphipathicity’ (Figures S6F-H). To examine whether the amphipathic nature of
these two APHSs is functionally important, we suloséid three hydrophobic amino
acids with aspartates in each APH to disrupt thgitrophobic fac®>° (Figure Sal).
Mutating the first APH substantially weakened, bid not abolish, the ER-phagy
function of Yepl Figure 3L). Mutating the second APH slightly weakened the
ER-phagy function, while mutating both APHs renderéepl nonfunctional in

ER-phagy Figure 3L). Together, these results demonstrate that thddidsAare

o N o o b~ ow N

redundantly essential for the ER-phagy functioYepl.

10 REEP1-4 subfamily proteins and Atg40 share the same ER-phagy function with
11 Yepl

12 To understand whether the structural features gblYare conserved in its
13 homologs, we applied the same analyses, includiegimnspection of AlphaFold
14  predicted structures, TOPCONS prediction of memdraopology, and HeliQuest
15 analysis of APHSs, to several other representatiz&MR family proteinsKigures 4A

16  and 4B). Consistent with a previous repBrtour analyses showed that REEP1-4
17  subfamily proteins have three TMHs, whereas REEBGHamily proteins have four
18 TMHs. They all contain APHs in the C-terminal cyexpmic region. REEP5-6

19  subfamily proteins also possess APHs in the N-teaihgytoplasmic region.

20 In S, pombe, as our data showF{gure $A4F), the REEP5-6 subfamily member
21 Yopl cannot substitute for the ER-phagy functiomhef REEP1-4 subfamily member
22  Yepl. We examined whether heterologously expredsimgan REEP family proteins
23 can suppress the ER-phagy defecyail4. Remarkably, REEP1 and REEP3 fully
24  suppresseglepl, and REEP2 and REEP4 exhibited partial suppregEigare 4C).
25 In contrast, REEP5 and REEP6 showed no suppre¢Bigare 4C). These results
26  suggest that REEP1-4 subfamily proteins but not RE& subfamily proteins share a

27  conserved ER-phagy function wighpombe Yepl.
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Even thougts. cerevisiae does not have an obvious REEP1-4 subfamily member,

2 a known ER-phagy receptor ¥ cerevisiae, Atg40, resembles REEP1-4 subfamily
3 proteins in the number and topology of its TMH®ur analysis showed that it also
4 possesses APHs downstream of its three TMHgu(es 4A, 4B, and S7A). To
5 understand the relationship between Atg40 and REEBWbfamily proteins, we
6 surveyed the species distribution of Atg40 homolmgd REEP1-4 subfamily proteins
7 in the Ascomycota phylum Figure 4D). PSI-BLAST-detectable sequence homologs
8 of Atg40 (hereafter referred to as Atg40 protews)ye only found in budding yeast
9 species belonging to tHeaccharomycetaceae family. Interestingly, these species all
10 lack a REEP1-4 subfamily protein. In contra&scomycota species outside of the
11 Saccharomycetaceae family all have at least one REEP1-4 subfamily t@iro
12  Remarkably, within the subphylu®@accharomycotina (budding yeasts), species not
13  belonging to theSaccharomycetaceae family all possess one REEP1-4 subfamily
14  protein harboring a C-terminal AIM, resembling @ituation in Atg40 Figures 4D
15 and S7B). Furthermore, genes encoding these AlIM-contaifitEP1-4 subfamily
16  proteins share synteny witBaccharomycetaceae genes encoding Atg40 proteins
17  (Figure 4E). These observations indicate that Atg40 protanesdivergent orthologs
18 of REEP1-4 subfamily proteins. Supporting this id@@hylogenetic analysis showed
19  that Atg40 proteins andscomycota REEP1-4 subfamily proteins fall into the same
20 clade, andAscomycota REEP5-6 subfamily proteins fall into a sister elgBigure
21 S7C).
22 Consistent with the results of the phylogenetidysis, heterologous expression

23  of Atg40 inS pombe rescued the ER-phagy defectyepl/ (Figure 4F). In contrast,
24 the S cerevisiae nucleophagy receptor Atg39 failed to resgepld. The ability of
25 Atg40 to rescueyepls is independent of its AIM Higure 4F). Interestingly,
26 heterologous expression of Atg40Snpombe can also rescue the ER-phagy defect of

27 eprl4, and this rescue requires its AINfigure S7D). Moreover, Atg40 can even
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1 rescue the ER-phagy defect of tlgeplt eprld double mutant Rigure S7E),
2  suggesting that Atg40 fulfills the combined rolé¥epl and Eprl in ER-phagy.

3 We examined the role of the APHs in Atg40 by trdiwa analysis.
4  Atg40(1-193), which lacks the C-terminal disordetaill was still able to rescue the
5 ER-phagy defect oyepla (Figures 4G-H). In contrast, Atg40(1-153), which lacks
6 the two C-terminal APHs, failed to support ER-phagyepl/ cells Figures 4G-H).
7 To address the question why REEP1-4 subfamily preteand Atg40 but not
8 REEP5-6 subfamily proteins can substitute for Yep#, replaced the C-terminal
9 region of Yepl with a C-terminal APH-encompassiagreent ofS cerevisiae Atg40
10 or S pombe Yopl. The ER-phagy defect gbpld can be suppressed to a similar
11  extent by the two mosaic protein§igures S7F and 4l), indicating that the
12  C-terminal APHs of REEP5-6 subfamily proteins aapable of supporting ER-phagy.
13  One possibility is that the extra TMH and/or theopyasmic tail in the N-termini of
14 REEP5-6 subfamily proteins are incompatible with -fiRgy. Supporting this
15  possibility, we found that adding the N-terminafimn of Yopl upstream of its
16  second TMH or only the first TMH of Yopl to the Brminus of Yepl disrupted the
17  ER-phagy function of YeplF{gures S7F and S7G). However, the presence of the
18 extra N-terminal sequence may not be the only reasby REEP5-6 subfamily
19 proteins cannot support ER-phagy, as removing theriinal region of Yopl
20 upstream of its second TMH did not render it capabl substituting for Yepl
21  (Figures S7F and S7H).
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1 Discussion
2 In this study, through an imaging-based chemicalkagenesis screen, we
3 identify Yepl as an essential factor for ER-ph&ayr follow-up investigation reveals
4 that Yepl is crucial for ER-phagy/nucleophagy und@#-stress and starvation
5 conditions, but is dispensable for bulk autophalgy.the absence of Yepl, the
6 recruitment of the autophagic machinery at theygaitese of ER-phagy/nucleophagy
7 occurs normally, but ER-phagy/nucleophagy cargacsires without surrounding
8 autophagic membranes accumulate in the cytoplasdicating that Yepl plays a
9 critical role in the autophagosomal enclosure of rgea during
10 ER-phagy/nucleophagy.
11 The formation of nucleophagy cargo structures #waumulate inyepla cells
12  requires Atg5. This is possibly because the buddinthe cargo structures depends
13 on the local assembly of the isolation membranthbyAtg machinery. liyeplA cells,
14  the outer membranes but not the inner membranethefnucleophagy cargo
15  structures remain continuous with the nuclear emp&ER network. We propose two
16  alternative hypotheses to explain tHtsgure S8). The first posits that igepl/ cells,
17  fission of the inner membranes but not the outambranes occurs at the neck of the
18 budded cargo structures. This results in the fdonaof luminal vesicles. These
19 vesicles may move along cytoplasmic ER tubuleseoplished away as ER tubules
20 form and extend on the source compartment side.s€cend hypothesis proposes
21 that the cargo structures fully separate from th&ce compartments initially before
22 re-associating with the ER network through homatyfpision. The first hypothesis
23  more readily explains the autophagosomal enclodefiect.
24 The best understood ER-phagy factors are ER-phacgptors, which mediate
25 the recruitment of the autophagic machinery. SéveRaphagy receptors have been
26 shown to have additional functions. For example VB84 family proteins and
27 RTN3L promote the remodeling and fragmentation Bf Bembrangs'61827:28.30:31
28 and Atg40 bends ER membranes to facilitate ER pcainto autophagosonfés
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Non-receptor ER-phagy factors can be classified iwto types based on their

2 functions. The first type promotes ER-phagy througgulating ER-phagy receptors.
3 Examples of this type include Irel that upreguldkesprotein level of Epff, CK2

4  that enhances the Atg8-binding affinity of TEX3%4and CAMK2B that promotes
5 FAM134B oligomerizatioff. The second type, mainly studieddrcerevisiae, acts in

6 concert with ER-phagy receptors to promote the &iiom of ER-phagy sites or the
7 packaging of ER membranes into autophagosomes. types of factors includes
8 Lnp1® the Lst1-Sec23 compl® Vps13? and a group of proteins regulating actin
9 assembly at sites of contact between the cortiBaafd endocytic pits The loss of
10 any essential ER-phagy factors invariably results the failure to form
11 autophagosomes containing ER membranes. Howevess ihot been reported before
12 that ER-phagy cargo structures without surroundiagtophagic membranes
13 accumulate in an ER-phagy mutant. Thus, our finglimgveal an unexpected
14  mechanism ensuring the successful autophagosonwbsene of cargos during
15 ER-phagy.

16 Compared to ER-phagy, nucleophagy is more poortietstood. It is unclear to
17  what extent nucleophagy shares the same undentgeananisms with ER-phag$.

18 cerevisiae Atg39 is the only known autophagy receptor wittdedicated role in
19 nucleophag¥. Atg39 has non-receptor functions in linking theneér and outer
20 nuclear membranes and in deforming the nuclear lepe@®® No non-receptor
21  factors required for nucleophagy have been repo@ed findings here show that $
22 pombe, Eprl serves as an autophagy receptor for botkeopitagy and ER-phagy,
23 and Yepl is required for autophagosomal enclosurecargos during both
24 nucleophagy and ER-phagy, suggesting that thesg@tacesses share a common set
25 of factors.
26 The exact role of Yepl in ER-phagy/nucleophagy tiesanclear. Here, we
27 discuss two possibilities based on the requireroérits membrane-shaping ability:
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1  Yepl may remodel cargo membranes, or it may hedpisly autophagic membranes.

2  These two possibilities are not mutually exclusive.

3 In the first possibility, as an integral ER memlagotein, Yepl may exert its
4  function on the ER/nuclear envelope. This propasede of Yepl is similar to the

5 non-receptor roles proposed for RTN3L and FAM134Bmammalian cells and

6 Atg40 in S cerevisiae. The fact that the outer membranes of the cargectsires

7 accumulating iryepl4 cells remain continuous with the nuclear enveleRefietwork

8 suggests that Yepl may promote the fission of theeromembranes of cargo

9 structures. Supporting a role of Yepl on the ER brame, in an
10 immunoprecipitation coupled with mass spectromeinglysis using Yepl-GFP as
11  bait, we found that a large number of ER membran®teps were
12 co-immunoprecipitated with Yepl (Table S1). Amohgrh are Scs2 and Scs22, two
13 VAP-family proteins responsible for the ER localina of the ER-phagy receptor
14 Epr?® It is possible that the VAP proteins connect YeplEprl. Additionally,
15  several ER-shaping proteins, including Rtnl, Yoptsl, Seyl (atlastin homolog),
16 and Lnpl (lunapark homolog), co-immunoprecipitaiéth Yepl. This is analogous
17  to the situation in mammalian cells where FAM134&sters with other ER-shaping
18  proteins to promote ER-phajy”. These potential Yep1 interactions warrant further
19  investigation in the future.
20 In the second possibility, some Yepl molecules nealpcalize from the ER to
21 the isolation membrane and play a role in shaphmg isolation membrane. We
22  speculate that this re-localization may take th&eaf COPII vesicles, which have
23 been shown to transport an integral ER membrandeiprdao the autophagic
24 membrane$. If Yepl functions on the isolation membrane,dgb the question: why
25 is Yepl essential for ER-phagy/nucleophagy buteatispble for bulk autophagy? We
26  speculate that one possible explanation is thégrdifit types of autophagy may utilize
27 different membrane sources for the isolation memdaraAs a result, the isolation
28 membrane for ER-phagy/nucleophagy may have a protenposition different from
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the isolation membrane for bulk autophagy, and Yephot important for bulk

2 autophagy because there are other factors playsimiéar function on the isolation

3 membrane for bulk autophagy. Another possibilitythat the size and shape of

4 ER-phagy/nucleophagy cargos impose a special egemt for the shape of the

5 isolation membrane, and Yepl is needed to meetahisrement.

6 During the preparation and submission of this mampis Wang et al. and

7  Fukuda et al. reported the identification of Yeplaa autophagy facf8”. Wang et

8 al. show that Yepl (called Ropl in their paperglzes to the isolation membrane,

9 supporting the second possibility discussed abdhere are several discrepancies
10  between our study and that of Wang et al. Yepbusd to be largely dispensable for
11 bulk autophagy in our study but shown to be impurfar bulk autophagy by Wang
12 et al. In addition, we show that Atg40 can substifor the role of Yepl in ER-phagy,
13 while Wang et al. shows that Atg40 fails to suppré®e sensitivity of/epla to ER
14  stress. The exact reasons of these discrepan@@esnatear but may be related to
15 differences in strain backgrounds and assaying itons. Similar to our findings,
16 Fukuda et al. showed that Yepl (called Hva22 inrtlpaper) is essential for
17 ER-phagy but dispensable for bulk autophagy, aedBR-phagy function of Yepl
18 can be substituted by budding yeast Atg40. NeitNang et al. nor Fukuda et al.
19 reported the cargo structure accumulation phendtygiewe observed iyepl/ cells,
20 likely because they did not examine the localizatmf nuclear proteins, which
21  provides the clearest evidence of this phenotype.
22 Based on the phylogenetic analysis results showr Ifeigure 1B) and
23 elsewher®?#394° hoth the REEP1-4 subfamily and the REEP5-6 suibfagwist in
24  the common ancestor of animals and fungi. The fligslthat human REEP1-4 but not
25 REEP5-6 can substitute for the ER-phagy functiodegil indicate that the REEP1-4
26  subfamily may have an ancestral role in ER-phagy. &halyses of the evolutionary
27 relationships of REEP family proteins in tWscomycota phylum Eigures 4D-E,
28 S7B-C) suggest that in thé&accharomycotina subphylum (budding yeasts), the
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1 ER-phagy role of the REEP1-4 subfamily proteinsfusther enhanced by the
acquisition of a C-terminal AIM so that they casahct as ER-phagy receptors. For
reasons unclear, substantial sequence divergeppeied to the REEP1-4 subfamily
proteins in the common ancestor of Baecharomycetaceae family, giving rise to the
Atg40 proteins. Further studies will be neededndarstand to what extent REEP1-4

subfamily proteins in different species share comniR-phagy functions and

N o o b~ w N

mechanisms.
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1 Methods

2  Strain and plasmid construction

3  Fission yeast strains used in this study are list8thble S2, and plasmids used in this

4 study are listed in Table S3. The genetic methaals strain construction and

5 composition of media are as previously descfibebeletion strains were generated

6 by PCR-based gene targeting. The strain contamnegadditional copy of each of 23

7 core autophagy genestdl, atg2, atg3, atg4, atgb, atg6, atg7, atg8, atg9, atglO,

8 atgll, atgl?2, atgl3, atgl4d, atgl6, atgl7, atgl8a, atgl8b, atgl8c, atgl0l1, vps34,

9 psl5, andctll) was constructed using the CRISPR-Cas9 syStefine plasmids
10 expressing proteins fused with different N-termioalC-terminal tags (GFP, CFP,
11 mECtrine, mCherry, mTurquoise2) under exogenouspters P41nmtl, Pnmtl, or
12 Padhl) were constructed utilizing modified pDUAL vect6tsor modified SIV
13 vectord™. The plasmids expressing Ergl1-AfMvere based on modified SIV vectors.
14 AIM®" corresponds to 3xEEEWEEL
15
16  Screening for mutants defective in ER-phagy
17  Log phase cells were harvested and resuspended imlOof TM buffer (50 mM
18 Tris-maleate). Mutagenesis was induced by adding @l of 2 mg/ml
19  N-methyl-N"-nitro-N-nitrosoguanidine (MNNG) to tleell suspension and incubating
20 at room temperature for 60 minutes. The mutageniztld were then plated on the
21 EMM medium and incubated at 30 °C for 4 days. Smadl medium-sized colonies
22  were selected, transferred to 96-well deep-welleglagrown for 24 hours in EMM
23  liquid medium at 30 °C, and treated with 10 mM Diar 12 hours to induce
24 ER-phagy. A high-content imaging system (Opera BérkinElmer) was used for
25 observing the subcellular localization of Ost4-GERndidate mutants defective in
26 vacuolar re-localization of Ost4-GFP were furthealeated using a DeltaVision
27 PersonalDV system (Applied Precision). Strains whpkenotypes were confirmed
28 by reexamination were backcrossed, and the badenigsrogeny were analyzed via
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1 next-generation sequencing-assisted bulk segremzaiysi$®. For each backcross,
2 mutations enriched in ER-phagy defective progenyevemnsidered as the candidate
3  phenotype-causing mutations.
4
5  Fluorescence microscopy
6 Live-cell imaging was performed using a DeltaVisi@arsonalDV system (Applied
7 Precision) and a Dragonfly high-speed confocal osicope system (Andor
8 Technology). The DeltaVision system was equippeith \&i 100%, 1.4-NA objective,
9 an mCherry/YFP/CFP filter set, and a PhotometrigkCED camera. The Dragonfly
10  system was equipped with a 100x, 1.4-NA objectivemCherry/YFP/CFP filter set,
11 an mCherry/GFP filter set, and a Sona sCMOS cartraeye analysis was conducted
12  using the SoftWoRx software and Fiji (ImageJ).
13
14  Immunoblotting-based protein processing assay
15 5.0 ODygo units of cells expressing a GFP-tagged proteigXEr Ishl, or Rtnl), an
16  mECtirine-tagged protein (Pusl), or a CFP-taggentepr (Atg8 or Tdhl) were
17  harvested. The cells were mixed with 3d0f 20% trichloroacetic acid (TCA) and
18 lysed by beating with 0.5-mm-diameter glass beailsgua FastPrep instrument at a
19 speed of 6.5 m/s for three cycles of 20 seconds. & cell lysate was centrifuged
20 and the pellet was resuspended in HU buffer (150 Tnist HCI, 6% SDS, 6 M urea,
21 10% 2-mercaptoethanol, 0.002% bromophenol blueg@)i and incubated at 42 °C
22  for 20 min. The samples were then separated by 3D%PAGE and immunoblotted
23 with antibodies. The antibodies used for immundhbigt were anti-GFP mouse
24  monoclonal antibody (1:3,000 dilution, Roche, 1183@001) and anti-mCherry
25 mouse monoclonal antibody (1:3,000 dilution, Hugkio, HX1810).
26
27  Electron micraoscopy

25
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For regular transmission electron microscopy (TEMalysis, 50 OB units of cells

2 were harvested after being starved for 12 houtseated with 10 mM DTT for 12 h.
3  Cells were fixed with 1% glutaraldehyde and 4% KMn&nhd dehydrated through a
4 graded ethanol series. The samples were then emteddSpurr's resiff. Thin
5 sections were examined using an FEI Tecnai G2tSgéctron microscope equipped
6 with a Gatan 895 4kx4k CCD camera. The diameteh®fring-shaped structures
7 were determined using the method previously usednieasuring the sizes of
8 autophagosomes or autophagic botfi€s P-values were calculated using Welch's
9 t-test.For electron microscopy analysis employing the teally encoded EM tag
10  MTn, samples were prepared as previously descfibBdgiefly, 20 OD600 units of
11  cells expressing Ost4-MTn were harvested aftetrtreat with 10 mM DTT for 12 h.
12  Cells were incubated with 3 mM dithiodipropioniaca¢DTDPA) in 0.1 M PIPES at
13 4°C for 30 min and then treated with 0.5 mg/ml zigase 20T and 50 mM DTT in
14  PBS buffer for 10 minutes to remove the cell wahe zymolyase-treated cells were
15  permeabilized with 0.05% Triton X-100 for 5 min, darprocessed for gold
16 nanoparticle synthesis. Cells were mixed with 60 r2ivhercaptoethanol, 0.5 mM
17  HAuClIs 50 mM diphenylethylenediamine (DPEN), anduM NaBH,, and subjected
18 to standard high-pressure freezing/freeze-substitiditxation. After resin infiltration,
19 embedding, polymerization, and thin sectioning, #amples were used for EM
20 imaging as described above.
21
22  Pill co-tethering assay
23 To investigate the Atg8-interacting ability, YepddaEprl were fused to GFP as the
24  prey, and Atg8 was fused to Pill-mCherry as th&"biog-phase cells co-expressing
25 Dboth proteins were then analyzed by fluorescenceasiopy.
26
27  Protein depletion using the auxin-inducible degron (Al D)

26
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Cells cultured in EMM liquid media at 30 °C wereedsPrior to observation, cells in

2  EMM liquid media were treated withiiM 5-adamantyl-IAA for 1.5 hours at 30 4C

3

4  Fluorescence recovery after photobleaching (FRAP)

5 FRAP experiments were performed using a LSM800 amaif microscope system

6 (Carl Zeiss) equipped with a 63x oil objective. Rag of 1 umx1l um were

7  photobleached for 20 iterations by a 561-nm laset08% output intensity. After

8 photobleaching, the samples were imaged every #1220 s. For quantification, the

9 fluorescence intensity before photobleaching wastsel00%. The background
10 fluorescence was subtracted. The fluorescence detayng imaging was
11 compensated by calculating the fluorescence desttiy of unbleached regions and
12  applying the ratio as a normalization factor.

13

14 Immunopr ecipitation

15 100 ODyo units of log-phase cells were harvested. Cellseweixed with 15Qul of

16  lysis buffer (50 mM HEPES-NaOH pH 7.5, 150 mM NaChM EDTA, 1 mM DTT,
17 1 mM PMSF, 0.05% NP-40, 10% glycerol, 1xRoche @s¢einhibitor cocktail) and
18  were lysed by beating with 0.5-mm-diameter glassibaising a FastPrep instrument
19 at a speed of 6.5 m/s for three cycles of 20 sexe@adh. The lysate was incubated
20 with GFP-Trap agarose beads at 4°C for 3 hours.bBaels were washed twice and
21  proteins were eluted by boiling in SDS-PAGE loadindfer. Samples were separated
22 by 10% SDS-PAGE and analyzed by immunoblotting gisianti-GFP and
23 anti-mCherry antibodies described above. For thaunmoprecipitation coupled with
24  mass spectrometry (IP-MS) experiment using Yepl-@&Bait, imnmunoprecipitated
25 samples were processed and mass spectrometry wésnms as described
26 previously®. Table S1 lists ER-localizing proteins (GO:0005788th a spectral
27 count of at least 30 in the Yepl-GFP IP samplerantk than 6-fold higher than the
28  spectral count in a control IP sample.
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2  Bi-fluorescence complementation (BiFC) assays

3 To investigate the self-interaction of Yepl, thadidninal Venus fragment (VN173)
4 and the C-terminal Venus fragment (VC155) were duse Yepl, respectivefy,

5 Log-phase cells co-expressing the VN173 fusing gimoand the VC155 fusing
6 protein were analyzed by fluorescence microscopy.

7

8 Phylogenetic analysis and synteny analysis

9 Protein sequences were aligned using the L-INSraiive refinement algorithm of
10  MAFFT on the online MAFFT server (https://mafft.chp/alignment/serverf}. The
11 maximum likelihood trees were calculated using IREE (version 2.1.3) for Mac
12 OS X’® Trees were rooted by midpoint rooting and vieeliusing FigTree (version
13  1.4.4) (http://tree.bio.ed.ac.uk/software/figtreedynteny plot was generated using
14  clinker on the CAGECAT webserver
15  (https://cagecat.bioinformatics.nl/tools/clinkér)

16

17  Prediction of protein structures, transmembrane topology, and amphipathic
18  helices

19 The structures of the Yepl monomer and oligomersewpredicted using
20  AlphaFold-Multimer (version 2.2.0) with default paneter®. The structure with the
21  highest confidence score among the predicted outpstselected for further analysis.
22  The predicted structures were visualized usingMbé& Viewer (version 2.5.0). The
23 transmembrane topology was predicted using the TONE web server
24  (https://topcons.cbr.su.se/préd/)The amphipathic nature of helices was analyzed
25 using the HeliQuest web server
26  (https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputPasaoy) .
27
28
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2 Figurel Yeplisrequired for ER-phagy and nucleophagy.

3 (A) Schematic of the imaging-based screen for ER-phagwnts. Mutagenized

4  clones harboring the Ost4-GFP reporter were treaigdDTT for 16 h to induce

5 ER-phagy. The phenotype-causing mutation in an B&gp deficient clone was

6 identified by bulk segregant analysis.

7  (B) Phylogenetic relationships of REEP family protamsepresentative metazoan

8 and fungal species. A maximum likelihood tree waisstructed using 1Q-TREE and

9 rooted by midpoint rooting. Branch labels are theeh RT support values (%) and
10 the UFBoot support values (%) calculated by IQ-TRE€&ale bar indicates 0.3
11  substitutions per site.
12 (C) Re-localization of the integral ER membrane protest4-CFP to the vacuole
13  after nitrogen starvation (—N) or DTT treatment () was abolished igepl cells.
14 Wild-type (WT),yepla, andatg54 cells expressing Ost4-CFP were examined by
15  microscopy before and after 12 h starvation or &&atment. Cpyl-mCherry is a
16  vacuole lumen marker. Bar, 5 um.
17  (D-E) Autophagic processing of the ER membrane protegl EEGFP was abolished
18 in yepl4 cells. Cells expressing Ergl1-GFP were collectefbre and after 24 h
19 starvation (D) and DTT treatment(E), and total lysates were analyzed by
20 immunoblotting using an antibody against GFP. Rostunoblotting staining of the
21 PVDF membrane usingoomassie Brilliant Blue (CBB) seed as the loading control.
22  The third sampleygpla Yepl) is ayepla strain transformed with an integrating
23  plasmid expressing Yepl tagged with mCherry. Tlo¢ inhage is a representative of
24  triplicate experiments. Quantitation of triplicagxperiments is shown below the
25 image.
26 (F) Autophagic processing of the cortical ER proteimIRGFP was abolished in
27 yepla cells. The blot image is a representative of itgie experiments. Quantitation
28  of triplicate experiments is shown below the image.
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1 (G) Autophagic processing of the nuclear envelopeegmidshl-GFP was abolished
2 in yepla cells. The blot image is a representative of iogie experiments.
3 Quantitation of triplicate experiments is showndwethe image.
4 (H) DTT-inducedautophagic processing of the nucleoplasmic prd@eisil-mECtrine
5 was abolished ireprl4 and yepla cells. The blot images are representatives of
6 triplicate experiments. Quantitation of triplicagxperiments is shown below the
7  images.
8 (1) Nitrogen starvation-inducedautophagic processing of the nucleus protein
9 Pusl-mECtrine was diminished éprl4 cells and abolished iyeplAa cells. The blot
10 image is a representative of triplicate experimer@uantitation of triplicate
11 experiments is shown below the image.
12 (J) Autophagic processing of CFP-Atg8 was largely ndrimgepl1 cells. The blot
13 image is a representative of triplicate experime@tgantitation of triplicate
14  experiments is shown below the image.
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Figure S1. The identification and initial characterization of Yepl as a factor

2 required for ER-phagy and nucleophagy.
3 (A) Bulk segregant analysis identifying a mutationSPBC30D10.09c (yepl) as a
4  candidate phenotype-causing mutation in an ER-pldagdgctive mutant. The scatter
5 plot depicts the reference allele frequencies & Skes in the pool of the ER-phagy
6 defective segregants derived from a cross betweemutant strain and a wild-type
7  strain. The T17M mutation i8PBC30D10.09c (yepl) is highlighted in red.
8 (B) Subcellular localization of Yepl-mCherry expresfedh theP41nmtl promoter.
9 Log-phaseyepla cells co-expressing Yepl-mCherry and the ER magkgll-GFP
10  were examined by fluorescence microscopy. Bar, 5 um
11 (C) Yepl-mECitrine formed puncta co-localizing with E@nd Atg8 double positive
12  puncta after ER-phagy induction by nitrogen staovetand DTT treatment. Red
13 arrows denote puncta where Yepl-mECitrine, Eprl-em§hand mTurquoise2-Atg8
14  co-localize. Bar, 5 um.
15 (D) Quantification of the percentage of Eprl and Atg8lle positive (Atg8+/Eprl+)
16  puncta that are also positive for Yepl in the asialghown in (C) (more than 100
17  Atg8+/Eprl+ puncta were examined for each sample).
18 (E) Autophagic processing of the bulk autophagy markeéhl-CFP was largely
19  normal inyeplA cells.
20 (F) Electron microscopy analysis of starved and DT atedfscl4 andfscld yepla
21 cells. N, nucleus; V, vacuole; A, autophagosomeulid®ring structures are denoted
22 by pink arrows. Bar, 1 um.
23  (G) Quantification of the number of double-ring strues per cell in the analysis
24  shown in (E) (more than 50 cells with autophagosomere examined for each
25 sample).
26 (H) Yepl did not interact with Atg8 in a Pill co-tetimgr assay. Log-phase cells
27  co-expressing the bait (Pil1l-mCherry or Pill-mCiektg8) and the prey Yepl-GFP
28 were examined by fluorescence microscopy. Cellexgressing Pill-mCherry-Atg8
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and Eprl-GFP served as a positive control. Pergbipdaines of the cells were imaged.
Bar, 5 um.

(1) Yepl is not required for the DTT-induced increaéehe protein level of Eprl.
isp64 psp34 background, which lacks vacuolar protease actwitivas used to
prevent the degradation of Eprl. Endogenously thdgg@l-mCherry was analyzed
by immunoblotting.

(J) Yepl did not interact with Eprl in a Y2H assay. Zderved as a specificity
control, and the self-interaction of Crb2 and theeriaction between Eprl and Atg8

served as positive controls.

o O oo N o o b~ oW N

-_—

(K) Ectopic expression of Ergl1-Af¥ibut not Yepl from thd®41nmtl promoter

—_—
—

suppressed the ER-phagy defectwflA.

—
N

(L) Ectopic expression of Erg11-Al¥or Eprl did not rescue the ER-phagy defect

—_
w

of yepl4.
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2 Figure 2. Yeplisrequired for the autophagosomal enclosure of ER-phagy and

3 nucleophagy cargos.

4 (A) Bqt4-mECtrine formed cytoplasmic puncta yeplt cells after nitrogen

5 starvation (-N) or DTT treatment. Bar, 5 pum.

6 (B) Pusl-mECtrine formed cytoplasmic punctyéplA cells after nitrogen starvation

7 or DTT treatment. Bar, 5 um.

8 (C) Theco-localization betweeBqt4 puncta and Pusl puncta accumulatingepi/

9 cells. Bar, 5 um.
10 (D) Electron microscopy analysis ofplt cells treated with DTT or nitrogen
11  starvation. N, nucleus; V, vacuole; M, mitochondrioRing-shaped membrane
12  structures are denoted by pink arrows. Bar, 1 um.
13  (E) Electron microscopy analysis of gold nanopartieleeled membrane structures of
14  the ER/nuclear envelope origin iyepld cells. MTn tagging of Ost4 allowed
15 membrane structures of the ER/nuclear envelopenorigbe labeled by EM-visible
16 gold nanoparticles. N, nucleus; M, mitochondrionolds nanoparticle-labeled
17  ring-shaped membrane structures are denoted byapioks.
18 (F and G) Pusl puncta that accumulated in nitrogen-stamvdteatedyeplt cells
19 co-localized with puncta formed by ER markers Qs@herry (F) and
20 mCherry-ADEL (G), and these ER marker puncta wetenoassociated with ER
21  tubules.Red arrows denote puncta-associated ER tubules2Ban.
22 (H) Percentages of different types cytoplasmic Pusitgauin images acquired in the
23 analysis shown in G (more than 200 puncta were @i Pusl puncta were
24  classified into four types based on their locatifingacytoplasmic or peripheral) and
25 whether the co-localizing mCherry-ADEL punctum veasociated with ER tubules.
26 (I and J) FRAP analysis of cytoplasmic Pusl-mCherry puncta dnd
27  Pusl-co-localizing Ost4-mCherry puncta (J)yepla cells treated with nitrogen
28 starvation. The images were taken before (pre) afigr photobleaching.
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1  Photobleached puncta are indicated by red arroass.Bum. Fluorescence intensities
2  of the puncta were quantitated and are shown assrneatandard deviations (n = 31
3  for Pusl-mCherry puncta and n = 30 for Ost4-mChpunycta).

4

5
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2 Figure S2. ER-phagy and nucleophagy cargos accumulated in the cytoplasm of
3 yepld cdls.
4 (A) Yepl is not required for the co-localization of Epand Atg8 at punctate
5 structures shortly after ER-phagy induction. Wygé andyepl4 cells co-expressing
6 Eprl-mCherry and mTurquoise2-Atg8 were examinedhlyoscopy after 2.5 h DTT
7  or 1.5 h starvation treatment. Bar, 5 pum.
8 (B) Quantification of the co-localization between Bguhcta and Pusl puncta in the
9 analysis shown in Figure 2C (more than 250 punetiewxamined for each sample).
10 (C-D) The vast majority of cytoplasmic Pusl puncta (8) 8qt4 puncta (D) in
11 yepl4 cells did not co-localize with Atg8 puncta. Barpub. Over 200 Pusl or Bqt4
12 puncta were examined per sample.
13  (E) Electron microscopy analysis of nitrogen-starved B T-treated wild-type and
14 yepla atgb4 cells. N, nucleus; V, vacuole; M, mitochondrion; &ytophagosome.
15 Bar, 1 pum.
16  (F) Quantification of the number of cytoplasmic ringapkd structures in the analysis
17  shown in Figure 2D and Figure S2E (more than 3G acegeére examined for each
18 sample). Autophagosomes, which are ring-shapedtstes juxtaposed to vacuoles,
19  were excluded from this quantification.
20 (G) Quantification of the diameters of the ring-shapedctures iryepl1 cells in the
21  analysis shown in Figure 2D and the inner ringh@&double-ring structures faclA
22 cells in the analysis shown in Figure S1F. P-valwese calculated using Welch’s
23  t-test.
24

N
()]
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1

2 Figure S3. ER-phagy and nucleophagy cargos not enclosed within

3  autophagosomes accumulated in the cytosplasm of yepl4 cells.

4 (A) Applying the degron protection assay on the cytosolic protein
5 Pykl1-AID-mECitrine. Prior to observation, cells wetreated with (+Ad-1AA) or
6 without (-Ad-lIAA) 5-adamantyl-IAA for 1.5 h. BF, lghtfield. Cpyl-mCherry is a
7  vacuole lumen markeBar, 5 um.

8 (B) Applying thedegron protection assay on Eprl-AlD-mECitrine. BFghtfield.

9 Bar,5um.
10 (C) Applying thedegron protection assay on Rtn1l-AID-mECitrine. BEghtfield.
11 Bar, 5 um.
12 (D) Electron microscopy images of ER-phagy/nucleophegggo structures with
13 filamentous membrane protrusionsyapl/ cells. N, nucleus; V, vacuole. Pink arrows
14 denote filamentous membrane protrusions that exterftbom the
15 ER-phagy/nucleophagy cargo structures. Bar, 1 pm.
16
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2 Figure 3. The ER-phagy role of Yepl relies on its abilities to self-interact and
3 shapemembranes, and requiresits C-terminal amphipathic helices.
4 (A) Yepl co-localized with ER-shaping proteii@ingle optical sections focused on
5 the top (or bottom) of the cells are shown. Imageee processed by deconvolution to
6 allow better visualization of the cortical ER netkwoBar, 5um.
7  (B) The aberrant cortical ER morphology rdhl/4 yopl/ ttsl4 cells can be partially
8 rescued by the overexpression of Yepl. A periphgeale and a central plane of the
9 same cells are shown. Red arrows denote the larige n images of the peripheral
10 planes or the extended gaps in images of the ¢gtdrzes. Images were processed by
11 deconvolution to allow better visualization of ttatical ER network. Bar, pm.
12 (C) Quantification of the septum abnormality phenotyfresre than 200 cells with
13  septa were examined for each sample). The septawrrahlity phenotypes include
14 long-axis septum, multiple septa, and tilted septiBepta were visualized by
15  calcofluor staining.
16 (D) Yepl exhibited self-interactionYepl-GFP was immunoprecipitated and
17  co-immunoprecipitation of Yepl-mCherry was analypgdmmunoblotting.
18 (E) The outcomes of predicting the structures of Yepllgomers using
19  AlphaFold-Multimer.
20 (F) The AlphaFold-Multimer-predicted Yepl homo-dimerusture shown in the
21 cartoon representation. One subunit is colored.grég other subunit is colored to
22  match the diagram in G, with the transmembraneél(TMHS) colored green, the
23 two C-terminal amphipathic helices (APHs) coloredgenta, and othex-helices
24  colored light blue.
25 (G) Topology model of Yepl. The secondary structurkaised on the predicted 3D
26  structure shown in (F). The topology is based @& T®WPCONS membrane protein
27 topology prediction shown in Figure S5C. Transmemnbr helices (TMHs) are
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1  colored green. The two C-terminal amphipathic lesli(APHs) are colored magenta.

2  Othera-helices are colored light blue.

3 (H) Quantification of the septum abnormality phenosypértnlA ttsla cells, rtnlAa

4 ttsl4 yepla cells, andrtnl4 ttsl4 yepla cells expressing full-length Yepl,

5 Yepl(1-97), Yepl(1-113), or Yep{98-113) (more than 200 cells with septa were

6 examined for each sample).

7 (1) Yepla(98-113) did not exhibit self-interaction in a comunoprecipitation

8 analysis.

9 (J) YeplA(98-113) was unable to rescue the ER-phagy defegeaii. The blot
10 images are representatives of triplicate experimei@Quantitation of triplicate
11 experiments is shown below the images.

12 (K) Internal deletion of both but not either one af tivo helices in Yep1(114-150)
13  abolished the ER-phagy function of Yepl. The biohges are representatives of
14  triplicate experiments. Quantitation of triplicaéxperiments is shown below the
15 images. Proteins expressedyapl1 were tagged with mCherry and their expression
16 levels were analyzed by immunoblotting using arbaxy against mCherry.

17 (L) The amphipathic nature of APHs is important fa ER-phagy function of Yepl.
18 Yep?™" ™" harbors the 1117D, F120D, and L124D mutations; 8™ harbors
19  the A137D, V141D, and L148D mutations; YEp1I™"PH2Mharhors the 1117D,
20 F120D, L124D, A137D, V141D, and L148D mutations e(séelical wheel
21 representations in Figure S6l). The blot images r@@esentatives of triplicate
22 experiments. Quantitation of triplicate experimermgsshown below the images.
23  Proteins expressed yepla were tagged with mCherry and their expression tevel
24  were analyzed by immunoblotting using an antiboglirsst mCherry.

25
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1
2  Figure $4. Yepl possesses the ability to shapethe ER membrane.
3 (A) Co-localization between Yepl-mCherry and Rtn1-G¥éh1-GFP, or Tts1-GFP
4 was quantitated using Pearson's correlation coftiqPCC). The PCC values are
5 presented as meants.d. (n=10 cells).
6 (B) Quantification of the percentages of cells witheexted gaps in images of the
7 mid-plane in the analysis shown in Figure 3B (ntbin 300 cells were examined for
8 each sample).
9 (C-D) Quantification of the septum abnormality phenotygpe®re than 200 cells
10  with septa were examined for each sample).
11 (E) ER-phagy induced by DTT treatment or nitrogenvstiaon was largely normal in
12  the absence of Rtnl, Yopl, and Tts1.
13 (F) The ER-phagy defect gEpl1 cells was not suppressed by the ectopic expression
14  of Rtnl, Yopl, or Ttsl. Proteins expressegapld were tagged with mCherry and
15  their expression levels were analyzed by immunthbtptusing an antibody against
16  mCherry.
17
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1
2  Figure S5. Yepl self-interaction, the predicted structure of the Yepl dimer, and
3  thepredicted topology of Yepl.
4 (A) Yepl exhibited self-interaction in the BIFC asshgg-phase cells expressing
5 Yepl-VenusN173 alone, Yepl-VenusCl155 alone, or betre examined by
6 fluorescence microscopy. Bar, 5 um.
7 (B) The predicted aligned error (PAE) plot and pLDDTotp of the
8 AlphaFold-Multimer-predicted structure of the Yepbmo-dimer shown in Figure
9 3F
10 (C) TOPCONS membrane protein topology prediction fepY.
11 (D) Schematics of wild-type and truncated Yepl.
12  (E) Yepl(35-166) did not interact with full-length Yepila co-immunoprecipitation
13 analysis.
14  (F) Yepl(79-166) did not interact with full-length Yepia co-immunoprecipitation
15  analysis.
16 (G) Yepl(1-97) did not exhibit self-interaction in @kenmunoprecipitation analysis.
17  (H) Yepl(1-113) exhibited self-interaction in a co-imnmoprecipitation analysis.
18
19
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2 Figure S6. APHs of Yepl are essential for its ER-phagy function.

3  (A) Yep1(1-131) or Yep1(1-150), but not Yep1(1-113plde to support ER-phagy.

4  (B) Yepl(1-150) exhibited self-interaction in a co-imnmoprecipitation analysis.

5 (C) YeplA(114-150) exhibited self-interaction in a co-immprexipitation analysis.

6 (D) Quantification of the septum abnormality phenotypestnl/ ttsl4 cells, rtnl4

7 ttsl4 yepla cells, and rtnla ttsl4 yepla cells expressing full-length Yepl,

8 Yepl(1-150), or YepA(114-150) (more than 200 cells with septa were éxadhfor

9 each sample).
10 (E) Summary of the truncation and internal deletioalygsis of Yepl.
11 (F) Helical wheel representations of two APHs of Yephe helical wheels were
12  generated using HeliQuest. Hydrophobic residuesal@ed in yellow, hydrophilic
13  residues in blue (R and K), red (D and E), purfleafd S), and pink (N and Q),
14  alanine in grey, and proline in green. The HeliQueadculated hydrophobic moment
15  (uH) of the helix is shown.

16 (G) The amphipathic nature of APHs is visualized in e th
17  AlphaFold-Multimer-predicted structure. The two A®lnd the intervening amino
18 acid are shown in the surface representation am@@ored base on hydrophobicity.
19  The rest of Yepl is shown in the cartoon represienta
20 (H) Helical wheel representation and the hydrophobianert (1H) of residues
21 97-113 of Yepl.
22 (1) Helical wheel representations and the hydrophaobanents H) of mutated
23  APHs.
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2  Figure 4. REEP1-4 subfamily proteins and Atg40 shar e the same ER-phagy

w

function with Yepl.

(A) Schematics of predicted structuresegiresentative members of the REEP family
and S. cerevisiae Atg40. The depicted structural elements are basedlphaFold
predicted structures, TOPCONS prediction of membdreopology, and HeliQuest
analysis of APHs.

(B) Topology models of representative REEP family pisteand Atg40.

Transmembrane helices (TMHs) are colored greerer@ihal APHs are colored

o © o N oo o A

magenta.

11 (C) The ER-phagy defect gfepla can be suppressed by expressing any one of the
12 four human REEP1-4 subfamily proteins but not bpregsing human REEP5 or
13 REEPS6. The blot images are representatives ofdajgl experiments. Quantitation of
14  triplicate experiments is shown below the imagestdihs expressed yeplal were

15 tagged with mCherry and their expression levelsewaralyzed by immunoblotting
16  using an antibody against mCherry.

17 (D) S cerevisiae Atg40 and its PSI-BLAST-detectable sequence honsologother

18  Saccharomycetaceae species (referred to as Atg40 proteins here)ikedyldivergent

19 REEP1-4 subfamily proteins. Shown on the left isn@e-calibrated species tree of
20 representative Ascomycota specie¥. REEP5-6 subfamily proteins, REEP1-4
21  subfamily proteins, and Atg40 proteins presenhise species are listed on the right.
22  All Atg40 proteins and some REEP1-4 subfamily pregeharbor a C-terminal AIM

23  (see Figure S7B).

24 (E) Saccharomycetaceae genes encoding Atg40 proteins share synteny with
25 non-Saccharomycetaceae genes encoding AlM-containing REEP1-4 subfamily
26 proteins. Syntenic genes are shown as colored areowl non-syntenic genes are
27 shown as grey arrows. The namesSaécharomyces cerevisiae genes are shown in

28 bold. For the other species, the accession numioérsAtg40 proteins and
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1 AlM-containing REEP1-4 subfamily proteins are showntop of the corresponding

2 genes, which are denoted by green arrows.

3 (F) Expressings. cerevisiae Atg40 rescued the ER-phagy defecyegbls in a manner

4  independent of itétg8-interacting motif (AIM). Atg40™™" harbors the Y242A and

5 M245A mutations. The blot images are representatiok triplicate experiments.

6  Quantitation of triplicate experiments is showndvethe images. Proteins expressed

7 in yepl1 were tagged with mCherry and their expression tevetre analyzed by

8 immunoblotting using an antibody against mCherry.

9 (G) Schematics of wild-type and truncated Atg40.
10 (H) Atg40(1-193) but not Atg40(1-153) rescued the ERgyhdefect ofyepla. The
11  blot images are representatives of triplicate expemts. Quantitation of triplicate
12  experiments is shown below the images. Proteinsesszpd inyeplt were tagged
13 with mCherry and their expression levels were aredyby immunoblotting using an
14  antibody against mCherry.
15 (1) Fusing an APH-containing fragment from eitlSeicerevisiae Atg40 or S. pombe
16  Yoplto Yepl(1-113) can partially restore its ERagf function. The blot images are
17  representatives of triplicate experiments. Quainditaof triplicate experiments is
18 shown below the images. Proteins expressaeph were tagged with mCherry and
19 their expression levels were analyzed by immundghbptusing an antibody against
20 mCherry.
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2 Figure S7. REEP1-4 subfamily proteins and Atg40 share the same ER-phagy

3 function with Yepl.

4  (A) Helical wheel representations and the hydrophobaenents ((H) of the two

5 C-terminal APHSs in Atg40.

6 (B) The alignment of the C-terminal AIM in the proteimkose names are colored red
7 in (C). The AIM core motif is highlighted.

8 (C) Phylogenetic relationships of REEP family protemsd Atg40 proteins in
9 representativeAsconmycota species. The sequences of REEP family proteing wer
10 retrieved by PSI-BLAST from the NCBI refseq_protéimtabase using the sequences
11 of Yarrowia lipolytica orthologs ofS. pombe Yopl and Yepl as queries. The
12 sequences of Atg40 proteins were retrieved by RH:AS from the NCBI
13  refseq_protein database using the sequenc8. akrevisiae Atg40 as query. A
14  sequence alignment was generated using MAFFT anaxamum likelihood tree was
15  constructed using IQ-TREE. The tree was rooted gusie REEP5-6 subfamily
16  proteins as outgroup. Branch labels are the SH-akRdport values (%) and the
17 UFBoot support values (%) calculated by IQ-TREE.e Thames of proteins
18 containing a C-terminal AIM are colored red. Thalsdar indicates 0.8 substitutions
19  per site.

20 (D) S cerevisiae Atg40 rescued the ER-phagy defecepifl4 in a manner dependent
21 on its Atg8-interacting motif (AIM). Atg48"™" harbors the Y242A and M245A
22 mutations. Proteins expressed yepld were tagged with mCherry and their
23 expression levels were analyzed by immunoblottirgjngl an antibody against
24  mCherry.

25 (E) S cerevisiae Atg40 rescued the ER-phagy defectepfl4 yepld in a manner
26 dependent on its AIM. Proteins expressedeplad were tagged with mCherry and
27  their expression levels were analyzed by immunéhiptusing an antibody against
28 mCherry.
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(F) Schematics of wild-type and truncated Yopl. Yo8B(182) appears in Figure 4l.
Yop1(1-52) and Yop1(35-52) appear in (G). Yopl(B2)appears in (H).

(G) Adding an extra N-terminal transmembrane helix Mo Yepl disrupted its
ER-phagy function. Yop1(1-52) includes the N-teratioytosolic region and the first
TMH of Yop1l. Yop1(35-52) includes only the first TH/of Yop1l. Proteins expressed
in yepl4 were tagged with mCherry and their expression sevetre analyzed by
immunoblotting using an antibody against mCherry.

(H) Removing the N-terminal region of Yopl upstreamtefsecond TMH did not

render it capable of substituting for Yepl. Yopi{®2) lacks the N-terminal

o W 00 N o o b~ v DN

—_—

cytosolic region and the first TMH. Proteins exgex$ inyepld were tagged with

—_—
—

mCherry and their expression levels were analyzgdntmunoblotting using an

—
N

antibody against mCherry.
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2 Figure S8. Schematic depicting two hypotheses explaining the cargo structure

3 accumulation phenotype of yepla.

4 In wild-type cells, ER-phagy/nucleophagy cargos asequestered into
5 autophagosomes after their separation from the ceowompartments and are
6 delivered to the vacuole through autophagosomeetaciusion. In the absence of
7 Yepl, the recruitment of the autophagic machinety tlze early phase of
8 ER-phagy/nucleophagy occurs normally, but ER-phagyleophagy cargos fail to be
9 delivered to the vacuole. Instead, ER-phagy/nudlegp cargo structures not
10  enclosed within autophagosomes accumulate in ttupl@sm. The outer membranes
11 of these structures remain continuous with the earckenvelope-ER network. In
12  hypothesis 1, we propose that fission of the outerembranes of
13 ER-phagy/nucleophagy cargos fails to occur duriage separation, resulting in the
14  formation of luminal vesicles. These vesicles mawenalong the cytoplasmic ER
15 tubules. In hypothesis 2, cargo separation happemsautophagosome enclosure
16 somehow fails. Fully separated cargos re-assoeidte the ER network through
17 homotypic fusion.
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