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Abstract The ubiquitin-like protein Atg8, in its lipidated form, plays central roles in autophagy.
Yet, remarkably, Atg8 also carries out lipidation-independent functions in non-autophagic
processes. How Atg8 performs its moonlighting roles is unclear. Here we report that in the fission
yeast Schizosaccharomyces pombe and the budding yeast Saccharomyces cerevisiae, the lipidation-
independent roles of Atg8 in maintaining normal morphology and functions of the vacuole require
its interaction with a vacuole membrane protein Hfl1 (homolog of human TMEM184 proteins).
Crystal structures revealed that the Atg8-Hfl1 interaction is not mediated by the typical Atg8-
family-interacting motif (AIM) that forms an intermolecular B-sheet with Atg8. Instead, the Atg8-
binding regions in Hfl1 proteins adopt a helical conformation, thus representing a new type of
AlMs (termed helical AlMs here). These results deepen our understanding of both the functional
versatility of Atg8 and the mechanistic diversity of Atg8 binding.

DOI: https://doi.org/10.7554/eLife.41237.001

Introduction

Macroautophagy (hereafter autophagy) is an evolutionarily conserved bulk degradation pathway
essential for cellular homeostasis. In autophagy, cytosolic materials to be degraded are sequestered
and enclosed inside double-membrane vesicles termed autophagosomes. Autophagosome forma-
tion is a complicated process that requires many autophagy-related (Atg) proteins
(Mizushima et al., 2011). Among them, the ubiquitin-like protein Atg8 (called LC3/GABARAP pro-
teins in humans) plays a central role. Atg8 is conjugated to the membrane lipid phosphatidylethanol-
amine (PE) through a series of enzymatic reactions including its processing by the protease Atg4,
activation by an E1-like enzyme Atg7, and covalent linking of its G116 residue to PE by the collabo-
rative activities of an E2-like enzyme Atg3 and an E3-like complex Atg12-Atg5-Atg16
(Ichimura et al., 2000; Hanada et al., 2007). This covalent attachment of Atg8 to lipid is termed lip-
idation. Lipidated Atg8 on autophagic membranes is critically important for autophagosome forma-
tion (Kirisako et al., 1999), and also serves as a recruitment platform for selective autophagy
receptors (Shintani et al., 2002).
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Selective autophagy receptors and other Atg8-interacting proteins bind to Atg8 using a short lin-
ear motif termed Atg8-family-interacting motif (AIM) or LC3-interacting region (LIR) (Pankiv et al.,
2007; Ichimura et al., 2008; Noda et al., 2008; Noda et al., 2010; Birgisdottir et al., 2013). The
core consensus sequence of the AIM motif is the four-amino-acid sequence W/F/YxxL/I/V, in which
‘x" denotes any amino acid. When bound to Atg8, this motif adopts an extended P strand conforma-
tion and forms an intermolecular parallel B-sheet with the B2 strand of Atg8. The conserved aromatic
residue (W/F/Y) and hydrophobic residue (L/I/V) in the AIM motif insert into two hydrophobic pock-
ets on Atg8, termed the ‘W-site’ and the ‘L-site’, respectively (Noda et al., 2010). In addition to
these two most conserved residues, acidic residues within or flanking the core consensus sequence
also contribute to Atg8 binding by electrostatic interactions with basic residues on Atg8.

Apart from its lipidation-dependent roles in autophagy, Atg8 has been shown to play lipidation-
independent roles in both autophagic and non-autophagic processes. The lipidation-independent
roles that have been discovered in model yeast species are those related to the vacuole, an equiva-
lent of the lysosome in animals. Yeast vacuoles are usually spherical or near-spherical in shape. In the
methylotrophic yeast Pichia pastoris, the loss of Atg8 caused aberrant vacuole morphology, a phe-
notype not shared by atg7A and atg8-G116A, two mutants defective in Atg8 lipidation
(Mukaiyama et al., 2004, Tamura et al., 2010). In another model yeast species, the fission yeast
Schizosaccharomyces pombe, the loss of Atg8 was also shown to cause abnormal vacuole morpholo-
gies, including the formation of tubular-shaped vacuoles, but the lipidation- and autophagy-deficient
atg8-G116A mutant did not exhibit any vacuole morphology abnormalities (Mikawa et al., 2010).
Lipidation-independent functions of Atg8 have also been reported in animals (Al-Younes et al.,
2011; Cali et al., 2008; Chang et al., 2013; Reggiori et al., 2010, Sharma et al., 2014). The molec-
ular mechanisms underlying the lipidation-independent functions of Atg8 remain unclear.

In this study, we found that in both S. pombe and Saccharomyces cerevisiae, Atg8 physically
interacts with Hfl1, a vacuole membrane protein. This interaction promotes the localization of Atg8
at the vacuole membrane in a lipidation-independent manner. hfl1A and atg8A caused the same vac-
uole-related phenotypes, which are not shared by other atg mutants. We solved the crystal struc-
tures of Atg8 in complex with Atg8-interacting regions of Hfl1 proteins. The structures showed that
the Atg8-Hfl1 interaction is mediated by noncanonical mechanisms—using Hfl1 sequences adopting
helical conformation (termed helical AIMs here) and in the case of budding yeast, involving a previ-
ously unreported binding site on Atg8. These results unveil the molecular basis of the lipidation-
independent vacuolar functions of Atg8 and expand our understanding of the diversity of Atg8-bind-
ing mechanisms.

Results

Atg8 interacted with Hfl1 and was recruited to the vacuole membrane
by Hfl1

To identify Atg8-binding proteins in S. pombe, we performed affinity purification coupled with mass
spectrometry analysis of C-terminally YFP-FLAG-His, (YFH)-tagged Atg8 expressed in atg4A cells
(without the Atg4 protease, Atg8-YFH cannot be processed and lipidated). Among the proteins that
specifically co-purified with Atg8-YFH is a protein called Hfl1 (systematic ID SPAC30D11.06c)
(Supplementary file 1). Hfl1 was found in an unpublished study to be a vacuole membrane protein
whose absence resulted in abnormal vacuole morphology (the name stands for ‘Has Fused Lyso-
somes’) (Lilavivat, 2013). It belongs to a conserved eukaryotic protein family (InterPro ID:
IPRO05178; PFAM ID: PF03619, formerly DUF300). Like other proteins in this family, Hfl1 is predicted
to contain seven transmembrane helices followed by a C-terminal cytosolic tail (Figure 1A and Fig-
ure 1—figure supplement 1A). In the model yeasts S. pombe, S. cerevisiae, and P. pastoris, there is
one protein belonging to this family per species, whereas in other fungi and in animals, there are
often two or more proteins belonging to this family per species (Figure 1—figure supplement 1B).
In humans, members of this family include three TMEM184 proteins (TMEM184A, TMEM184B, and
TMEM184C) and SLC51A (also known as organic solute transporter subunit alpha or OSTa). The
TMEM184 proteins are more closely related to the fungal members of this family than SLC51A is
(Figure 1—figure supplement 1B).
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Figure 1. Hfl1 interacts with Atg8 and recruits Atg8 to the vacuole membrane. (A) Schematic depicting the transmembrane topology of Hfl1 and its
related proteins, as predicted using PolyPhobius (see Figure 1—figure supplement 1A for a sequence alignment). (B) SpHfl1 was co-
immunoprecipitated with SpAtg8. (C) ScAtg8 was co-immunoprecipitated with ScHfl1. Scatg4A background was used to prevent the processing of
ScAtg8-mCherry. (D) SpHfl1 localized to the vacuole membrane. Zhf1 is a vacuole membrane marker. (E) mYFP-SpAtg8 exhibited both cytosolic and
vacuole membrane localizations in the wild-type cells, and the vacuole membrane localization was abolished in Sphfl1A cells. (F) Overexpression of
SpHfl1 using the nmt1 promoter resulted in the concentration of mYFP-SpAtg8 on the vacuole membrane. (G) Overexpression of ScHfl1 using the TEF1
promoter resulted in the concentration of ScAtg8-mCherry on the vacuole membrane. Scatg4A background was used to prevent the processing of
ScAtg8-mCherry. Bars, 3 um.

DOI: https://doi.org/10.7554/eLife.41237.002

The following figure supplement is available for figure 1:

Figure supplement 1. Sequence alignment and phylogenetic tree of Hfl1-related proteins.
DOI: https://doi.org/10.7554/eLife.41237.003

We confirmed that Atg8 interacts with Hfl1 in S. pombe using a co-immunoprecipitation analysis
(Figure 1B). To determine whether this interaction is conserved, we performed a co-immunoprecipi-
tation analysis in S. cerevisiae, and found that the homolog of Hfl1 in S. cerevisiae, a previously
uncharacterized protein YKRO51W, can interact with S. cerevisiae Atg8 (Figure 1C). We named
YKRO51W Hfl1. Hereafter, we will use SpHfl1 and ScHfl1 to refer to the Hfl1 proteins in these two
yeasts, and use SpAtg8 and ScAtg8 to refer to the Atg8 proteins in these two yeasts.

In fission yeast, endogenously C-terminally GFP-tagged SpHfl1 localized to the vacuole mem-
brane (Figure 1D). Endogenously N-terminally mYFP-tagged SpAtg8 exhibited both a cytosolic dis-
tribution and a faint but detectable vacuole membrane localization (Figure 1E). The vacuole
membrane localization of mYFP-SpAtg8 was completely abolished in Sphfl1A cells (Figure 1E). Fur-
thermore, when SpHfl1 was overexpressed from a strong nmt1 promoter, the cytosolic signal of
mYFP-SpAtg8 disappeared and the vacuole membrane localization of mYFP-SpAtg8 became much
more conspicuous (Figure 1F). In budding yeast, we could not detect endogenously tagged ScHfl1
using live cell imaging, presumably because of low abundance. Using a strong TEFT promoter to
express ScHfl1, we found that like SpHfl1, it also localized to the vacuole membrane (Figure 1G).
Similar to the situation in fission yeast, the overexpression of ScHfl1 resulted in the relocalization of
ScAtg8 from the cytosol to the vacuole membrane (Figure 1G). Thus, as a vacuole-membrane-local-
ized integral membrane protein, Hfl1 binds to Atg8 and is able to recruit Atg8 to the vacuole mem-
brane in both yeasts.

Liu et al. eLife 2018;7:e41237. DOI: https://doi.org/10.7554/eLife.41237 3of 21


https://doi.org/10.7554/eLife.41237.002
https://doi.org/10.7554/eLife.41237.003
https://doi.org/10.7554/eLife.41237

LI FE Cell Biology | Structural Biology and Molecular Biophysics

Loss of Hfl1 resulted in the same vacuole defects as those caused by
the loss of Atg8

Given the essential role of Atg8 in autophagy, we examined whether Hfl1 is also important for
autophagy. Using CFP-SpAtg8 in fission yeast and GFP-ScAtg8 in budding yeast as reporters to
monitor autophagy, we found that neither the loss of SpHfl1 in fission yeast nor the loss of ScHfl1 in
budding yeast affected starvation-induced autophagy (Figure 2—figure supplement 1A-C).

We then investigated the possibility that Hfl1 is involved in the lipidation-independent non-auto-
phagic functions of Atg8. In fission yeast, loss of SpAtg8 but not loss of SpAtg8 lipidation caused
aberrant vacuole morphologies (Mikawa et al., 2010). The most striking Spatg8A phenotype
reported by Mikawa et al. was tubular-shaped vacuoles, which became more frequent upon treat-
ment with the oxidative-stress-inducing agent paraquat. In our hands, tubular-shaped vacuoles were
not readily observed in untreated or paraquat-treated Spatg8A cells (Figure 2A and data not
shown), possibly owing to differences in experimental details. After testing a number of other stress-
inducing conditions, we found that treating cells with the reducing agent dithiothreitol (DTT)
resulted in the formation of tubular-shaped vacuoles in Spatg8A but not wild-type cells (Figure 2A
and B). DTT may perturb vacuole function either directly by affecting ion channel activities
(Carpaneto et al., 1999, Palmer et al., 2001), or indirectly by triggering the unfolded protein
response (UPR) (Kimmig et al., 2012; Guydosh et al., 2017). This phenotype of Spatg8A was shared
by Sphfl1A but not by Spatg1A, Spatg2A, Spatg3A, Spatg4A, Spatg5A, SpatgbA, Spatg7A, and
Spatg8-G116A (Figure 2A and B, and Figure 2—figure supplement 1D), indicating that SpHfl1 and
SpAtg8 act in a non-autophagic process to maintain normal vacuole morphology.

The vacuole is important for metal homeostasis and mutants defective in vacuole functions often
exhibit altered metal sensitivity (Ortiz et al., 1992, Ramsay and Gadd, 1997). To further explore
the vacuole-related function(s) of SpAtg8 and SpHfl1, we examined whether the loss of SpAtg8 or
SpHfl1 affects metal sensitivity. Among the metal salts we tested, which include NaCl, KClI, LiCl,
MgSQOy,, CaCl,, ZnCl,, CoCly, and MnCl,, Spatg8A and Sphfl1A cells exhibited stronger sensitivity to
ZnCl,, CoCly, and MnCl; than the wild type (Figure 2C and data not shown). The metal sensitivity
phenotype was not shared by the lipidation-defective mutants Spatg8-G116A, Spatg3A, and
Spatg7A (Figure 2D and Figure 2—figure supplement 2). Notably, the severity of the metal sensi-
tivity phenotype was the same for Spatg8A and Sphfl1A, and the double mutant Spatg8A Sphfl1A
did not show stronger phenotype than the two single mutants (Figure 2C and D, and Figure 2—fig-
ure supplement 2), demonstrating that SpAtg8 and SpHfl1 act in the same pathway to confer nor-
mal metal tolerance.

Compared to S. pombe and P. pastoris, the lipidation-independent function(s) of Atg8 in S. cere-
visiae has been less well characterized. It was reported that Scatg8A but not Scatg7A was partially
defective in hypo-osmotic stress-induced vacuole fusion (Tamura et al., 2010). However, we could
not detect this Scatg8A phenotype, perhaps because it is too mild. Another study reported that vac-
uolar microdomain formation in stationary phase required ScAtg8 but not ScAtg8 lipidation
(Wang et al., 2014). We were able to reproduce this observation and found that vacuolar microdo-
mains manifested as the reticular Vph1-mCherry pattern were readily observed in wild-type but not
Scatg8A cells at day 1 (D1) of the stationary phase (Figure 2E and F). This phenotype of Scatg8A
was shared by Schfl1A but not by ScatglA and Scatg7A (Figure 2E and F), indicating that ScHfl1
and ScAtg8, but not ScAtg8 lipidation or autophagy, are important for vacuolar microdomain forma-
tion in cells cultured to D1 of the stationary phase. Given that Hfl1 physically interacts with Atg8 in
both yeasts, the mutant phenotype data strongly suggest that Hfl1 is required for the lipidation-
independent vacuolar functions of Atg8 in these two species.

Mapping the SpAtg8-interacting region of SpHfl1 to amino acids 386-
409

To dissect the structure-function relationship of SpHfl1, we first examined which regions of SpHfl1,
when removed, disrupt the ability of SpHfl1 to recruit SpAtg8 to the vacuole membrane. The N-ter-
minal 7-transmembrane-helix region of SpHfl1, SpHfl1(1-269), when expressed from a plasmid in
Sphfl1A cells, was able to localize properly to the vacuole membrane but failed to recruit SpAtg8
(Figure 3—figure supplement 1A), indicating that SpAtg8 recruitment requires the C-terminal cyto-
solic tail of SpHfl1. We then examined a series of C-terminally truncated versions of SpHfl1, and
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Figure 2. Hfl1 is required for the lipidation-independent vacuolar functions of Atg8. (A, B) Micrographs (A) and quantitation (B) showing that DTT
treatment induced the formation of tubular-shaped vacuoles in Spatg8A and Sphfl1A cells, but not in wild-type cells. Hmt1-mCherry and Cpy1-Venus
are a vacuole membrane marker and a vacuole lumen marker, respectively. A representative result of three independent experiments is shown. (C)
Spatg8A and Sphfl1A exhibited the same metal hyper-sensitivity. Five-fold serial dilutions of cells were spotted on a YES plate and YES plates with
metal salts at the indicated concentrations. (D) Spatg8A Sphfl1A double mutant exhibited no enhanced metal sensitivity compared with the two single
mutants, and mutants defective in Atg8 lipidation did not show metal hyper-sensitivity. See Figure 2—figure supplement 2 for the results of CoCl,
and MnCl; treatment. (E, F) Micrographs (E) and quantitation (F) showing that Scatg8A and Schfl1A, but not Scatg 1A and Scatg7A, were defective in
stationary-phase-induced vacuolar microdomain formation. A representative result of three independent experiments is shown. Bars, 3 um.

DOI: https://doi.org/10.7554/eLife.41237.004

The following figure supplements are available for figure 2:

Figure supplement 1. Hfl1 is not required for starvation-induced autophagy and fission yeast autophagy mutants other than Spatg8A do not exhibit
vacuole morphology defect after DTT treatment.

DOI: https://doi.org/10.7554/elife.41237.005

Figure supplement 2. Spatg8A Sphfl1A double mutant exhibited no enhanced metal sensitivity compared with the two single mutants, and mutants
defective in Atg8 lipidation did not show metal hyper-sensitivity.

DOI: https://doi.org/10.7554/eLife.41237.006

found that SpHfl1(1-410), which lacks the last 16 amino acids, retained the ability to recruit SpAtg8,
whereas SpHfl1(1-385) and several shorter fragments lost the ability (Figure 3—figure supplement
1A), indicating that the region between amino acids 385 and 410 is critical for SpAtg8 recruitment.
Consistent with this idea, SpHfl1A(386-409), which lacks 24 amino acids, also failed to recruit SpAtg8
(Figure 3—figure supplement 1A). Using the same set of plasmids to complement the vacuole mor-
phology defect of Sphfl1A, we found that only SpHfl1(1-410) was able to complement (Figure 3—
figure supplement 1B), suggesting that the SpAtg8-recruitment ability of SpHfl1 is important for
maintaining normal vacuole morphology.

We hypothesized that the recruitment of SpAtg8 to the vacuole membrane by SpHfl1 is mediated
by the SpAtg8-SpHfl1 interaction. Supporting this idea, we found that SpHfl1(1-410) but not SpHfl1
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(1-385) or SpHfl1A(386-409) was able to co-immunoprecipitate SpAtg8 (Figure 3—figure supple-
ment 2A and B). Furthermore, the cytosolic tail region, SpHfl1(270-426), was sufficient for co-immu-
noprecipitating SpAtg8 (Figure 3—figure supplement 2A). As Atg8 binding is usually mediated by
short sequence segments on Atg8-binding proteins, we proceeded to test whether the 24 amino
acids required for SpAtg8 co-immunoprecipitation, SpHfl1(386-409), are sufficient for SpAtg8 bind-
ing. We synthesized an SpHfl1(386-409) peptide and performed in vitro pull-down analysis. SpHfl1
(386-409) could efficiently pull down recombinant SpAtg8 but not a control protein Yng2-PHD (Fig-
ure 3—figure supplement 2C). Using the same assay, we found that SpHfl1(386-409) could pull
down ScAtg8 as efficiently as SpAtg8 (Figure 3—figure supplement 2C), despite that this region of
SpHfl1 is not well conserved in ScHfl1 (Figure 3—figure supplement 2D).

Structural basis of the noncanonical interactions between Atg8 and

Hfl1

There is no recognizable AIM motif in SpHfl1(386-409) (Figure 3—figure supplement 2D), suggest-
ing a novel mode of Atg8 binding. To understand the atomic details of the SpHfl1-SpAtg8 interac-
tion, we solved the crystal structure of SpAtg8 complexed with SpHfl1(386-409) at 2.2 A resolution
(Figure 3A and B, Figure 3—figure supplement 2E, and Supplementary file 2—Table S1). The
structure of SpAtg8 is similar to other Atg8-family proteins, consisting of a ubiquitin fold and two o-
helices attached at the N-terminus. The structure of SpAtg8 can be superimposed on that of ScAtg8
with an rms difference of 0.8 A for main-chain atoms except for those of terminal tails (Figure 3—fig-
ure supplement 2F). As a result, the two AIM-binding hydrophobic pockets (W-site and L-site) on
SpAtg8 resemble those on ScAtg8 and other Atg8 homologs (Figure 3B and D). SpHfl1(386-409) is
comprised of an extended coil followed by an o-helix, and interacts with the W-site, the L-site, as
well as 03 of SpAtg8, burying ~2000 A2 of surface area (detailed interactions are summarized in Fig-
ure 3—figure supplement 3A). SpHfl1(386-409) forms little interaction with crystallographically
adjacent SpAtg8 molecules (Figure 3—figure supplement 3B), suggesting that the complex struc-
ture is not markedly affected by crystal packing. In the case of canonical AlMs, the consensus W/F/
YxxL/I/V sequence (x is any residue) adopts an extended B-conformation and forms an intermolecular
B-sheet with B2 of Atg8 (Figure 3—figure supplement 2G, top), with the side chain of W/Y/F bind-
ing to the W-site and that of L/I/V to the L-site. The number of residues intervening the two hydro-
phobic residues is strictly two (Figure 3E). Strikingly, SpHfl1(386-409) neither forms an
intermolecular B-sheet with B2 of Atg8 (Figure 3—figure supplement 2G, middle), nor uses two
hydrophobic residues separated by two residues to engage the W-site and the L-site. Instead,
SpHfl1(386-409) uses Phe388 at the coil and Tyr398 at the helix for binding to the W-site and the
L-site, respectively, with as many as nine residues between them (Figure 3E and F). In addition, a
hydrophobic interaction is formed between Leu386 of SpHfl1 and a hydrophobic pocket near the
W-site, some electrostatic interactions are formed between the side-chains of Asp391 and Glu395 of
SpHfl1 and Lys46 and Arg28 of SpAtg8, respectively, and two hydrogen bonds are formed between
the main-chain of SpHfl1 and the side-chain of SpAtg8 (Figure 3B and F, Figure 3—figure supple-
ment 3A).

We next studied the molecular interaction between ScAtg8 and ScHfl1. Using the sequence align-
ment between SpHfl1 and ScHfl1 as a guide to identify the ScAtg8-binding region in ScHfl1, our
GST pulldown analysis indicated that residues 368-389 of ScHfl1 correspond to a minimal region for
a strong binding with ScAtg8 (Figure 3—figure supplement 2H). Because a complex formed by
ScAtg8 and ScHfl1(368-389) did not crystallize, we resorted to a fusion between them for crystalliza-
tion, a strategy widely utilized for crystallization of a complex between an Atg8-family protein and a
canonical AIM (Suzuki et al., 2014; Wu et al., 2015). The crystal structure of ScHfl1(368-389)-ScAtg8
fusion protein was determined at 2.45 A resolution (Figure 3—figure supplement 2| and
Supplementary file 2—Table S1). The asymmetric unit of the crystal contains seven copies of the
fusion protein, all of which form an intermolecular ScAtg8-ScHfl1(368-389) complex in a head-to-tail
manner (Figure 3—figure supplement 2J). Among the seven copies of ScHfl1(368-389), two have a
slightly different conformation from the others due to crystal packing, while the other five copies
have almost the same conformation (Figure 3—figure supplement 2K and L); therefore, we use
one representative structure of the ScAtg8-ScHfl1(368-389) complex from the five copies hereafter
(Figure 3C and D). ScHfl1(368-389) has an elongated conformation with a short helical conformation
at the residues 374-377, and forms extensive interactions with the W-site, the L-site, a3, as well as
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the SpAtg8-SpHfl1(386-409) complex (A) and the ScAtg8-ScHfl1(368-389) complex (C) in ribbon diagrams. (B, D) Electrostatic surface potentials
calculated for the surfaces of SpAtg8 (B) and ScAtg8 (D). (E) Structural comparison of a canonical AIM and the helical AIMs in SpHfl1 and ScHfl1. Crystal
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shown with stick models, and the side chains of the two hydrophobic residues that bind to the W-site and the L-site are also shown. The residues
intervening the two hydrophobic residues are numbered. (F) Summary of the interactions observed between Atg8 and Hfl1. The residues forming
hydrophobic interactions are colored yellow, while those forming electrostatic interactions are colored blue (basic) and red (acidic). Hfl1 residues that
when mutated affect the affinity with Atg8 by ITC measurements are highlighted with bold letters.

DOI: https://doi.org/10.7554/eLife.41237.007
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The following figure supplements are available for figure 3:

Figure supplement 1. The abilities of SpHfl1 to recruit SpAtg8 and complement the vacuole morphology defect of Sphfl1A require its amino acids

386-409.

DOI: https://doi.org/10.7554/eLife.41237.008

Figure supplement 2. Mapping and structural analysis of the Atg8-binding regions in SpHfl1 and ScHfl1.
DOI: https://doi.org/10.7554/eLife.41237.009

Figure supplement 3. LigPlot" diagrams and crystal packing of SpAtg8-SpHfl1(386-409).

DOI: https://doi.org/10.7554/eLife.41237.010

B3 of ScAtg8, burying ~2400 A? of surface area (detailed interactions are summarized in Figure 3—
figure supplement 3A). As is the case with SpHfl1, ScHfl1 neither forms an intermolecular B-sheet
with Atg8 B2 (Figure 3—figure supplement 2G, bottom), nor uses a canonical AIM sequence for
binding to the W-site and the L-site. Instead, ScHfl1(368-389) uses Trp371 at the coil and 1le375 at
the short helix for binding to the W-site and the L-site, respectively, with three residues between
them (Figure 3E and F, Figure 3—figure supplement 3A). Unexpectedly, Tyr387 of ScHfl1 binds to
a hydrophobic pocket formed between a3 and B3 of ScAtg8. This pocket, which has never been
reported to be a binding site for AlMs, is named ‘Y-site’ because it accommodates a conserved Tyr
residue in Hfl1. In addition to the hydrophobic interactions, electrostatic interactions are formed
between the side-chains of Asp373, Asp374, and Asp384 of ScHfl1 and Arg28, Argé7, and Argé5 of
ScAtg8, respectively, and as many as 12 hydrogen bonds are formed between ScHfl1 and ScAtg8
using both the main-chain and side-chain atoms (Figure 3—figure supplement 3A). Because the
Atg8-binding regions in both SpHfl1 and ScHfl1 do not form an intermolecular B-sheet with Atg8 (a
strictly conserved feature of canonical AlMs) and instead use a helical conformation to bind to the
L-site, we named this new type of Atg8-binding sequences ‘helical AIMs'.

Isothermal titration calorimetry (ITC) analysis of helical AIM mutants

To determine the binding affinity of helical AIMs to Atg8, we performed ITC analysis. SpHfl1(386-
413) and ScHfl1(362-391), which encompass the Atg8-binding regions in the crystal structures,
showed Kd values of 161 nM and 1.38 uM to SpAtg8 and ScAtg8, respectively (Figure 4A and Fig-
ure 4—figure supplement 1A). These affinities, especially that of SpHfl1, are strong compared with
canonical AlMs that typically show a Kd value of 1-100 uM (Zaffagnini and Martens, 2016). The ver-
sions used for crystallographic studies, SpHfl1(386-409) and ScHfl1(368-389), showed only a small
decrease in affinity (327 nM and 2.20 uM, respectively), whereas further truncations markedly
reduced the affinities, confirming that the regions of Hfl1 used for structural studies are necessary
and sufficient for strong Atg8 binding (Figure 4A and Figure 4—figure supplement 1A). Next, we
designed helical AIM mutants to validate the interactions observed in the crystal. Alanine-substitu-
tion of SpHfl1 Phe388 (F388A) and Tyr398 (Y398A), which bind to the W-site and the L-site in
SpAtg8, resulted in ~4 fold and ~1000 fold decrease in the affinity with SpAtg8, respectively
(Figure 4A). This result suggests that binding to the L-site is much more important than that to the
W-site for the SpHfl1-SpAtg8 interaction, which is in contrast to the interactions between canonical
AlMs and Atg8 where the W-site binding is usually more important than the L-site binding
(Noda et al., 2008). In this regard, ScHfl1 is more similar to canonical AIMs than SpHfl1: ScHfl1 uses
Trp371 and 1le375 for binding to the W-site and the L-site, respectively, and the W371A mutation
showed a much more pronounced reduction in affinity with ScAtg8 (~170 fold) than the 1375A muta-
tion (~13 fold) (Figure 4A). Canonical AIMs often contain acidic residues between or upstream of
the two hydrophobic residues. Alanine substitution of several acidic residues located between the
two hydrophobic residues of Hfl1 (D391A and E395A in SpHfl1, and D373A and D374A in ScHfl1)
moderately reduced the affinity with Atg8 (Figure 4—figure supplement 1B), indicating that elec-
trostatic interactions also contribute to the affinity to some extent. Besides the residues binding to
the canonical binding surfaces of Atg8, alanine substitution of Tyr387 and Asp384 in ScHfl1, which
bind to the Y-site and Argé5 of Atg8, showed ~5 fold and ~7 fold reduction in affinity, respectively
(Figure 4A and Figure 4—figure supplement 1B). Interestingly, even though SpHfl1(386-409) binds
to SpAtg8 almost as strongly as SpHfl1(386-413), in the context of SpHfl1(386-413), the Y411A muta-
tion (corresponding to the Y387A mutation in ScHfl1) resulted in ~24 fold decrease in the affinity
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Figure 4. The Atg8-Hfl1 interaction is important for the lipidation-independent vacuolar functions of Atg8. (A) ITC results obtained by titration of SpHfl1
(386-413) into SpAtg8 or ScHfl1(348-389) into ScAtg8. (B) The effects of point mutations in the SpAtg8-binding region of SpHfl1 on the ability of SpHfl1
to recruit SpAtg8 to the vacuole membrane. (C) The effects of point mutations in the SpAtg8-binding region of SpHfl1 on the ability of SpHfl1 to
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Figure 4 continued

result of three independent experiments is shown. (E) Y398A mutation strongly diminished the ability of SpHfl1 to complement the metal hyper-
sensitivity phenotype of Sphfl1A and fusion with SpAtg8 restored this ability. (F) The effects of point mutations in the ScAtg8-binding region of ScHfl1
on the ability of ScHfl1 to recruit ScAtg8 to the vacuole membrane. ScHfl1 was expressed using the strong TEFT promoter. (G) The effects of point
mutations in the ScAtg8-binding region of ScHfl1 on the ability of ScHfl1 to complement the microdomain formation phenotype of Schfl1A. ScHfl1 was
expressed using the strong TEFT promoter. (H) Quantitation of the microdomain formation phenotype shown in (G). A representative result of three
independent experiments is shown. (I) ITC results obtained by titration of ScHfl1(368-389) with an additional Tyr residue at the C-terminus into ScAtg8.
Addition of Tyr allowed the quantification of the concentration of the ScHfI1(W371A 1375A D384A Y387A) by absorbance at 280 nm. (J) Fusing ScAtg8
to ScHfl1(W371A 1375A D384A Y387A) restored the ability to complement the microdomain formation phenotype of Schfl1A. A representative result of
three independent experiments is shown. Bars, 3 um.

DOI: https://doi.org/10.7554/eLife.41237.011

The following figure supplements are available for figure 4:

Figure supplement 1. ITC experiments for identifying Hfl1 residues important for its binding to Atg8 and structural comparison with two other Atg8
binding sequences that possess a helical conformation.

DOI: https://doi.org/10.7554/eLife.41237.012

Figure supplement 2. Fusion with SpAtg8 rescued the ability of SpHfl1-Y398A to complement the vacuole morphology defect of Sphfl1A.

DOI: https://doi.org/10.7554/eLife.41237.013

Figure supplement 3. Fusing SpAtg8 with non-SpHfl1 vacuole membrane proteins did not bypass the requirement of SpHfl1.

DOI: https://doi.org/10.7554/eLife.41237.014

Figure supplement 4. Assessing the ability of ScHfl1 mutants expressed from a weak promoter to complement the microdomain formation defect of
Schfl1A.

DOI: https://doi.org/10.7554/eLife.41237.015

with SpAtg8 (Figure 4A). YA09A mutation in SpHfl1(386-413) resulted in ~6 fold decrease in the
affinity with SpAtg8, whereas the same mutation in SpHfl1(386-409) showed almost no effect on the
affinity (Figure 4—figure supplement 1C). These observations suggest that additional interactions
involving Y411 and Y409 are important for the longer SpHfl1 peptide to bind with SpAtg8 strongly,
probably because of the larger entropic cost of the longer peptide (London et al., 2010). Thus, it is
likely that helical AIMs from both SpHfl1 and ScHfl1 utilize the Y-site of Atg8 for reinforcing the
interaction. In sum, ITC data revealed that the L-site-binding Tyr398 is by far the most important res-
idue in SpHfl1 for the SpHfl1-SpAtg8 interaction, while the W-site-binding Trp371 is the most impor-
tant residue in ScHfl1 for the ScHfl1-ScAtg8 interaction, and that additional hydrophobic and
electrostatic contacts play reinforcing roles.

Atg8-Hfl1 interactions are essential for the lipidation-independent
vacuolar functions of Atg8

To determine the functional importance of the Atg8-Hfl1 interactions, we analyzed the in vivo func-
tions of helical AIM mutants. In fission yeast, the point mutations L386A, E393A, L397A, or Y411A
affected neither the ability of SpHfl1 to recruit SpAtg8 to the vacuole membrane, nor the ability of
SpHfl1 to complement the vacuole morphology defect of Sphfl1A (Figure 4B-D). F388A and E395A
moderately weakened the SpAtg8-recruitment ability, but did not substantially affect the ability to
complement Sphfl1A, probably because the residual recruitment of SpAtg8 is largely sufficient for
fulfilling the vacuole morphology maintenance function. The point mutation that had the strongest
effect in the in vitro ITC analysis, Y398A, completely abolished the SpAtg8-recruitment ability and
strongly diminished the ability to complement the vacuole morphology phenotype of Sphfl1A. Fur-
thermore, we found that SpHfl1(Y398A) lost the ability to complement the metal sensitivity pheno-
type of Sphfl1A (Figure 4E). To determine whether the phenotype caused by the Y398A mutation is
mainly due to a loss of SpHfl1-SpAtg8 association, we performed a fusion rescue analysis. SpHfl1
and SpAtg8 were fused respectively to the N terminus and the C terminus of the same mCherry pro-
tein. Because the N and C termini of mCherry are at the same end of the B-barrel structure of
mCherry, the spatial proximity of SpHfl1 and SpAtg8 is likely to be preserved. We found that such a
fusion restored the ability of SpHfl1(Y398A) to complement Sphfl1A (Figure 4E and Figure 4—fig-
ure supplement 2), thus demonstrating that the phenotypic consequences of the Y398A mutation
mainly result from a disruption of the SpHfl1-SpAtg8 binding. Together, these results indicate that
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the physical association between SpHfl1 and SpAtg8 is essential for the lipidation-independent vacu-
olar functions of SpAtg8.

To assess whether the role of SpHfl1 is solely the recruitment of SpAtg8 to the vacuole mem-
brane, we applied the fusion approach to determine whether we can bypass the requirement of
SpHfl1 by fusing SpAtg8 to other vacuole membrane proteins with a C-terminal cytosolic tail. Nei-
ther fusion to the vacuolar phytochelatin transporter Hmt1 nor fusion to the vacuolar zinc transporter
Zhf1 was able to rescue the vacuole morphology phenotype of Sphfl1A (Figure 4—figure supple-
ment 3), suggesting that SpHfl1 may have role(s) beyond recruiting SpAtg8 to the vacuole
membrane.

In budding yeast, consistent with the ITC results, the W371A, 1375A, D384A, and Y387A muta-
tions each strongly diminished the ability of TEFT1-promoter-expressed ScHfl1 to recruit ScAtg8 to
the vacuole membrane (Figure 4F). Surprisingly, none of these mutations individually had an obvious
effect on the ability of ScHfl1 expressed from either the strong TEF1 promoter or the weak URA3
promoter to complement the microdomain formation defect of Schfl1A (Figure 4G and H, and Fig-
ure 4—figure supplement 4), suggesting that the residual Atg8-binding ability is sufficient for the
microdomain formation function. To further reduce the ScAtg8-binding ability of ScHfl1, we com-
bined mutations together and found that combining W371A and 1375A to simultaneously disrupt the
interactions at the W-site and the L-site was not able to abolish the ability of ScHfl1 to complement
Schfl1A, whereas combining W371A, 1375A, D384A, and Y387A together led to the complete loss of
the complementing ability (Figure 4G and H, and Figure 4—figure supplement 4). We confirmed
by ITC measurements that the double mutant (W371A 1375A) retained weak affinity, but that the
quadruple mutant (W371A 1375A D384A Y387A) showed no binding with ScAtg8 (Figure 41 and Fig-
ure 4—figure supplement 1B). Thus, ScAtg8-ScHfl1 interactions outside of the W-site and the L-site
are sufficient for supporting the microdomain formation function. The ability of ScHfl1(W371A 1375A
D384A Y387A) to complement Schfl1A was restored by fusing it with ScAtg8 (Figure 4J), indicating
that the microdomain formation defect of this ScHfl1 mutant is indeed due to a loss of ScAtg8-bind-
ing ability. In sum, our results showed that the physical interaction between Atg8 and Hfl1 is vitally
important to the lipidation-independent vacuolar functions of Atg8 in these two model yeast
species.

Discussion

In this study, we discovered the molecular underpinnings of the lipidation-independent vacuolar
functions of Atg8 in yeasts. Our results provide new insights on two fronts: on the one hand, we
identified the integral membrane protein Hfl1 as a key partner of Atg8 in fulfilling its lipidation-inde-
pendent vacuolar functions, and thus opening up the ‘black box’ in this special aspect of Atg8 func-
tions; on the other hand, we found that, unlike canonical Atg8 binders, Hfl1 proteins employ a
heretofore-unknown Atg8-binding mode—helical AlMs.

Canonical AIMs/LIRs share two common features: one is that they adopt an extended B-confor-
mation and form an intermolecular B-sheet with the B2 strand of Atg8, and the other is that they use
the two conserved hydrophobic residues in the W/F/YxxL/I/V motif to bind to the W- and L-sites,
respectively, on Atg8. The helical AIMs we identified in SpHfl1 and ScHfl1 do not conform to these
rules: they do not form an intermolecular B-sheet with Atg8 and they do not have a W/F/YxxL/I/V
motif. Instead, SpHfl1 and ScHfl1 respectively use FxxxxxxxxxY and Wxxx| sequences for Atg8 bind-
ing. The larger numbers of intervening residues between the two hydrophobic residues are possible
because helical AIMs do not have to form an intermolecular B-sheet—if an intermolecular B-sheet is
formed, the number of intervening residues must be strictly two.

Other than the helical AIMs described here, there have been two reports describing Atg8 binding
sequences that possess a helical conformation and do not form an intermolecular B-sheet with Atg8
(Figure 4—figure supplement 1D). One example is a non-natural synthetic peptide named K1 that
binds to GABARAP with high affinity (Kd = 354 nM) (Weiergraber et al., 2008). The K1 peptide con-
tains a WxxLxW sequence, and interestingly the sequence binds to GABARAP in a reverse direction:
the N-terminal WxxL portion with a helical conformation binds to the L-site using both Trp and Leu,
while the C-terminal Trp in the sequence binds to the W-site. It remains to be elucidated whether
such binding sequence is present in natural proteins. Another example is the coiled-coil region of
the retroviral restriction factor Trim50, which was reported very recently to bind to mammalian
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ATGS proteins using the coiled-coil architecture, and thus is named helical LIR (Keown et al., 2018).
Helical LIR of Trim5a uses Trp196 to bind to the W-site, but lacks a hydrophobic residue that binds
to the L-site, which may be one reason for its weak affinity with mammalian Atg8 homologs
(Kd = 80 ~ 100 uM). The functional importance of helical-LIR-mediated Trim50.-Atg8 interaction
remains unclear.

The helical AIMs described here are distinct from canonical AIMs with an accessory helix such as
the AIM/LIR in FYCO1 (Cheng et al., 2016), which uses a canonical W/F/YxxL/I/V motif for interac-
tion and forms an intermolecular B-sheet with Atg8. In FYCO1, a helix is attached to the canonical
AIM and increases the affinity by additional interactions. Extended AlIMs/LIRs in ankyrin proteins also
possess a helix attached to a canonical AIM and show exceptionally strong affinity to mammalian
Atg8 family proteins (Li et al., 2018). The noncanonical LIR motif of NDP52 (termed CLIR) uses LVV
sequence for specific interaction with LC3C, a mammalian Atg8 homolog (von Muhlinen et al.,
2012). Although the sequence is quite distinct from canonical AlMs, CLIR also forms an intermolecu-
lar B-sheet with LC3C in a manner similar to canonical AlMs.

In canonical AlMs, the aromatic residue that binds to the W-site of Atg8 is essential for the inter-
action—without it almost no interaction is observed. In the case of helical AIMs, the aromatic residue
that binds to the W-site can be much less important: the F388A mutation in SpHfl1 only mildly
reduced the binding affinity with SpAtg8. Although the W371A mutation in ScHfl1 severely reduced
the binding affinity with ScAtg8, it did not disrupt the function of ScHfl1 in maintaining vacuole mor-
phology. Usage of the 'Y-site’ as another binding site may contribute to the low dependence on
W-site.

Another extraordinary characteristic of helical AlMs is that Tyr can be used to bind to the L-site of
Atg8. In the case of canonical AlMs, Leu, lle, and Val are favored L-site-binding residues because the
distance between the L-site and the L-site-binding residue is restrained owing to the intermolecular
B-sheet, which makes it difficult for larger residues such as Tyr to bind to the L-site without steric
clash. In contrast, in the case of helical AlMs, the distance between the L-site-binding residue and
the L-site can be optimized by repositioning the helix, thus allowing a large residue to fit the L-site.

Both Atg8 and Hfl1 are conserved eukaryotic proteins. Yeast Hfl1 proteins closely resemble the
mammalian TMEM184 proteins in the seven-transmembrane helix region. TMEM184A (also called
Sdmg1) localizes to endosomes in mouse Sertoli cells and is required for the normal localization of
the plasma membrane SNARE protein Stx2 (Best et al., 2008). TMEM184A also acts as a heparin
receptor in vascular cells and regulates angiogenesis (Farwell et al., 2017, Pugh et al., 2016).
TMEM184B localizes to recycling endosomes in mouse neurons and is important for the maintenance
of synaptic architecture (Bhattacharya et al., 2016). In the model plant Arabidopsis thaliana, two
TMEM184-related proteins, LAZ1 and LAZ1H1, localize to the vacuole membrane and are redun-
dantly required for normal vacuole morphology and functions (Liu et al., 2018). Thus, yeast Hfl1 pro-
teins and their closest homologs in animals and plants share a common attribute of localizing to
either endosomal or lysosomal compartments, but whether they share a common function remains
to be determined.

More distantly related to the yeast Hfl1 proteins but belonging to the same InterPro IPRO05178
protein family are the animal SLC51A/OSTa proteins, which bind to the single-transmembrane
SLC51B/OSTR proteins and transport bile acids and steroids at the plasma membrane
(Ballatori et al., 2013; Dawson et al., 2010). It is tempting to speculate that like SLC51A proteins,
Hfl1 and TMEM184 proteins may also act as transporters. However, a recent phylogenetic study has
grouped TMEM184 proteins and SLC51A proteins into the transporter-opsin-GPCR (TOG) super-
family, which includes non-transporter proteins such as the G protein-coupled receptors (GPCRs)
(Saier et al., 2016; Yee et al., 2013), hinting that the InterPro IPRO05178 family proteins may not
necessarily all be transporters. It is possible that Hfl1, as a GPCR-like transmembrane protein on the
vacuole membrane, could play a sensing role to monitor changes occurring inside the vacuole
lumen, and Atg8 may facilitate signal transduction in the cytoplasm.

The two vacuole-related phenotypes of Spatg8A and SphflTA mutants—metal sensitivity and
abnormal vacuole morphology—may share the same underlying cause, as the same perturbation of
vacuole organization or function may reduce the ability of this organelle to sequester metals, and at
the same time, alter its morphology. Consistent with this idea, genome-wide deletion library screens
in S. cerevisiae have shown that a substantial fraction of deletion mutants sensitive to metals are
those exhibiting abnormal vacuole morphology (Pagani et al., 2007; Ruotolo et al., 2008). Even
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though vacuole morphology maintenance has not been as extensively investigated in S. pombe as in
S. cerevisiae, the tubular vacuole morphology phenotype of Spatg8A and Sphfl1A mutants seems
quite distinctive. To our knowledge, the only other genetic perturbation that can result in tubular
vacuoles in fission yeast is the overexpression of the dynamin homolog Vps1 (Réthlisberger et al.,
2009). Furthermore, vpsTA suppressed the tubular vacuole phenotype of Spatg8A (Mikawa et al.,
2010). Thus, SpAtg8 and SpHfl1 may directly or indirectly restrain the vacuole tubulation activity of
Vps1.

The microdomain formation defect of Scatg8A and Schfl1A mutants indicates that ScAtg8 and
ScHfl1 contribute to the stationary-phase-induced vacuole membrane partitioning process
(Toulmay and Prinz, 2013). Previous studies have implicated a diverse group of proteins in this pro-
cess, including the lipid kinase Fab1, the protein phosphatase Nem1, the MAP kinase Slt2/MpkT1,
the ESCRT pathway protein Vps4, the vacuolar protease Pep4, the phosphatidylinositol-3 kinase sub-
unit Atgé, sterol ester synthesis enzymes Arel and Are2, and sterol transport proteins Lamé/Ltc1,
Ncr1, and Npc2 (Murley et al., 2015; Toulmay and Prinz, 2013; Tsuji et al., 2017, Wang et al.,
2014). Further studies will be needed to clarify the mechanism of microdomain formation and deter-
mine how ScAtg8 and ScHfl1 are involved.

Lipidation-independent functions of Atg8 in both autophagic and non-autophagic processes have
been reported in animals. In Drosophila, a form of noncanonical autophagy required for pro-
grammed midgut removal is dependent on Atg8 but not Atg7 and Atg3, the E1 and E2 proteins
needed for Atg8 lipidation (Chang et al., 2013). How Atg8 is recruited to the autophagosomal
membrane during this process is unknown. In mammalian cells, a non-autophagic process, the for-
mation of ERAD tuning vesicle/EDEMosome, depends on non-lipidated LC3, but the exact mecha-
nism is unclear (Cali et al., 2008; Reggiori et al., 2010). Our findings on the lipidation-independent
vacuolar functions of Atg8 in yeasts suggest the possibility that interactions between Atg8 and a
transmembrane protein may underlie these lipidation-independent functions of Atg8 in animals.

Materials and methods

(species) or resource Designation Source or reference Identifiers Additional information

Gene hfl1 NA PomBase:

(Schizosaccharomyces pombe) SPAC30D11.06¢

Gene HFL1 NA SGD:YKRO51W

(Saccharomyces cerevisiae)

Genetic reagent Fission yeast strains this paper See

(Schizosaccharomyces pombe) used in this study Supplementary file 2—Table S2
Genetic reagent Budding yeast strains this paper See

(Saccharomyces cerevisiae)

used in this study Supplementary file 2—Table S3

Antibody

anti-GFP Roche
(mouse monoclonal)

Cat# 11814460001;
RRID:AB_390913

Antibody anti-mCherry Abmart
(mouse monoclonal)
Recombinant Plasmids used for this paper See
DNA reagent this study Supplementary file 2—Table S4
Commercial GFP-Trap agarose ChromoTek Cati# gta-20;
assay or kit beads RRID: AB_2631357
Commerecial Pierce High Thermo Fisher Scientific Cat# 20359
assay or kit Capacity Streptavidin
Agarose

Yeast strain construction

Fission yeast and budding yeast strains used in this study are listed in Supplementary file 2—Table
S2 and S3, respectively, and plasmids used for yeast strain construction are listed in
Supplementary file 2—Table S4. The deletion strains used in this study were constructed either by
PCR amplifying the deletion cassettes in the Bioneer fission yeast deletion strains and transforming
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them into our laboratory strains, or by standard PCR-based gene targeting. Strains expressing pro-
teins with tags (mCherry, GFP, Venus, etc.) under native promoters were generated by PCR-based
tagging. The strain expressing SpAtg8 fused at the N-terminus with a CFP tag was as previous
described (Sun et al., 2013). Plasmids expressing proteins under the control of the Pnmt1 or
P41nmt1 promoter were constructed using modified pDUAL vectors (Wei et al., 2014). To construct
atg8-G116A fission yeast strain, we used overlap-extension PCR to assemble the following three
fragments into one final PCR product: the C-terminal region of the atg8 ORF (amplified using the
primer 5'-TTAATTAACCCGGGGATCCGctaaaaaggaaacactgttGeaaat-3', which introduces the G116A
mutation, and the primer 5’-acaacacccattgtttttgtca-3’), a kanMX marker from pFAéa plasmid (ampli-
fied using primers 5'- CGGATCCCCGGGTTAATTAA-3' and 5'- CGATGAATTCGAGCTCGTTT-3),
and the sequence downstream of the atg8 ORF (amplified using primers 5-AAACGAGCTCGAA
TTCATCGatcaacaatttgcctgttttaaga-3' and 5'-aaggatagaatcagctgatgat-3’), and transformed the final
PCR product into fission yeast. Plasmids expressing proteins in budding yeast under the control of
the pTEF1 promoter were constructed using pNH605 vectors (plasmids cut with Pmel before trans-
formation) (Zhang et al., 2017). To create a fission yeast strain expressing Atg8 tagged at its N-ter-
minus with mYFP or mEGFP, Patg8 promoter, from —609 to +3 bp with respect to the start codon
of the atg8 gene, was cloned between the Bglll and Pacl sites of pFA6a-kanMX6-P41nmt1-mYFP or
pFA6a-kanMX6-P41nmt1-mEGFP plasmid to replace the P41nmt1 promoter (Bahler et al., 1998).
The kanMX6-Patg8-mYFP and kanMX6-Patg8-mEGFP regions of the resulting plasmids were then
PCR amplified with primers containing sequences homologous to regions immediately upstream or
downstream of the start codon of atg8 and used to transform a wild type strain JW81 (h” ade6-M210
leu1-32 ura4-D18), as previously described (Bahler et al., 1998). Colonies resistant to geneticin
(G418) were further verified by PCR amplification across the homologous recombination junctions.

Affinity purification coupled with mass spectrometry (AP-MS) analysis
We used an Spatg4 deletion mutant fission yeast strain overexpressing SpAtg8 fused at the C termi-
nus with an YFP-FLAG-His, (YFH) tag to perform affinity purification of SpAtg8. For specificity con-
trol, a parallel affinity purification was performed using a fission yeast strain overexpressing YFH-
tagged SPBC16E9.02c. About 1500 OD600 units of cells nitrogen-starved for 2 hr were harvested
and washed once with ice-cold water and once with ice-cold lysis buffer (50 mM HEPES-NaOH, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol). The cell pellet was mixed with equal vol-
ume of lysis buffer containing detergent and protease inhibitors (50 mM HEPES-NaOH, pH 7.5, 150
mM NaCl, 1T mM EDTA, 1 mM DTT, 1 mM PMSF, 0.05% NP-40, 10% glycerol, 1 x Roche protease
inhibitor cocktail) and 2 x volume ice-cold 0.5 mm glass beads (BioSpec). Cell lysates were prepared
by the bead-beating lysis method using a FastPrep-24 instrument at a setting of 6.5 m/s for four
cycles of 20 s bead beating and 5 min on-ice cooling. After centrifugation at 13,200 rpm for 30 min
twice, the supernatant was incubated with GFP-Trap agarose beads (Chromotek) for 3 hr. After incu-
bation, the beads were washed twice using lysis buffer and twice using lysis buffer without NP-40.
Bead-bound proteins were eluted twice by incubation at 65° with elution buffer (1% SDS, 100 mM
Tris, pH 8.0). Eluted proteins were precipitated with 20% TCA. Protein precipitates were washed
three times using ice-cold acetone and then dissolved in 8 M urea, 100 mM Tris, pH 8.5, reduced
with 5 mM TCEP for 20 min, and alkylated with 10 mM iodoacetamide for 15 min in the dark. Then
the samples were diluted four folds using 100 mM Tris, pH 8.5, and digested by trypsin (Promega) in
2 M urea, 1 mM CaCl,, 100 mM Tris, pH 8.5. The LC-MS/MS analysis was performed as described
previously (Liu et al., 2015).

Antibodies

The antibodies used for immunoblotting were as follows: anti-GFP mouse monoclonal antibody
(Roche), anti-mCherry mouse monoclonal antibody (Abmart, Shanghai, China).

Immunoprecipitation

Cells were lysed in lysis buffer (50 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
DTT, 1 mM PMSF, 0.05% NP-40, 10% glycerol, 1 x Roche protease inhibitor cocktail) by bead beat-
ing using a FastPrep instrument. After centrifugation at 13,200 rpm for 30 min, the supernatant was
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incubated with GFP-Trap agarose beads (Chromotek). After incubation, the beads were washed
three times with lysis buffer and bead-bound proteins were eluted using SDS-PAGE sample buffer.

Fluorescence microscopy

Live cell imaging was performed using a DeltaVision PersonalDV system (Applied Precision)
equipped with an mCherry/YFP/CFP filter set (Chroma 89006 set) and a 100 x 1.4 NA objective.
Images were acquired with a Photometrics CoolSNAP HQ2 camera or a Photometrics Evolve 512
EMCCD camera, and were analyzed with the SoftWoRx software. For quantitation, at least 140 cells
were analyzed for each sample.

Spot assay

For metal sensitivity analysis, including NaCl, KCI, LiCl, MgSQO,, CaCl,, ZnCl,, CoCl,, and MnCly,
five-fold serial dilutions of cells were spotted onto YES solid medium with or without indicated con-
centration of the chemicals. The plates were incubated for 4 to 6 days at 30°C before scanning.

CFP-Atg8 processing assay

About 10 OD600 units of yeast cells before and after treatment with nitrogen starvation were har-
vested and lysed using a post-alkaline extraction method (Sun et al., 2013). 10 pul of samples were
separated on an SDS-PAGE gel and immunoblotted with anti-GFP antibody.

Protein expression and purification for peptide pull-down

Plasmids for purification of SpAtg8 and ScAtg8 were generated through In-Fusion cloning technol-
ogy using pETDuet vector cut with Hindlll and EcoRI. His,-tagged SpAtg8 and ScAtg8 were
expressed from BL21 E. coli cells. After adding 0.4 mM of isopropyl B-D-1-thiogalactopyranoside
(IPTG) to induce protein expression, 200 ml of culture was incubated at 18°C for 20 hr. Bacteria cells
were lysed in lysing buffer (50 mM phosphate buffer, pH 8.0, 0.3 M NaCl, 10 mM imidazole, 10%
glycerol, 1 mM PMSF) by sonication. Purification was performed using Ni-NTA-agarose (QIAGEN).
The buffer of the eluate was changed to storage buffer (50 mM Tris-HCI, pH 7.5, 0.1 M NaCl, 10%
glycerol).

Peptide pull-down assay

30 ug of recombinant protein purified from E. coli and 2 ug of biotin-labeled peptide (1 mg/ml, Gen-
Script) were mixed together in binding buffer (50 mM Tris-HCI, pH 7.5, 0.1 M NaCl, 0.05% NP-40, 1
mM PMSF) and incubated with rotation at 4°C for 3 hr. 15 pl of streptavidin agarose beads (Thermo)
was added and incubated for 1 hr at 4°C. Beads were washed with 1 ml of binding buffer for four
times. Bead-bound protein was eluted by SDS sample buffer. Samples were analyzed by SDS-PAGE
and Coomassie Brilliant Blue (CBB) staining.

Plasmids for expressing recombinant protein used in structural analysis
All mutations were generated by PCR-based mutagenesis. SpAtg8 gene optimized for bacteria
expression was purchased from GenScript. cDNA encoding ScAtg8(1-116) with K26P mutation and
the synthesized gene encoding wild-type SpAtg8(1-116) were inserted into pGEX-6P-1 (GE Health-
care) with Ndel and BamHI. As a result, artificial Gly-Pro-His residues were generated ahead of the
original first Met of these proteins after GST-tag removal. ScHfl1 variants and ScHfl1(368-389)-
ScAtg8 K26P fusion were cloned into the downstream of human rhinovirus (HRV) 3C recognition
sequence (HRV 3C seq) of pGEX-6P-1 by using NEBuilder HiFi DNA Assembly Master Mix (New Eng-
land Biolabs). MBP expression vector was based on a pET15b vector in which HRV 3C seq and MBP
gene were inserted with Ncol and Ndel. SpHfl1 variants were cloned into the upstream of HRV 3C
seq in the MBP expression vector. As a result, artificial Met and Leu-Glu-Val-Leu-Phe-GIn were
added to N- and C-termini of SpHfl1 variants, respectively.

Protein expression and purification for structural analysis

All proteins for crystallizations and in vitro experiments were expressed in E. coli BL21 (DE3). After
cultivating bacteria at 37°C until ODggp reached 0.8 to 1.2, overnight culturing with 100 uM IPTG
was performed at 16°C. After centrifugation, the bacteria were resuspended to PBS with 5 mM
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EDTA and lysed by sonication for 10 min. After centrifugation, the supernatants were incubated with
affinity resin column: GST accept resin (Nacalai Tesque) for GST-fused proteins and Amylose Resin
High Flow resin for MBP-fused proteins (New England Biolabs). After washing the resin with PBS
three times, the proteins were eluted with glutathione buffer (10 mM glutathione and 50 mM Tris-
HCI pH 8.0) for GST-fused proteins or maltose buffer (10 mM maltose, 20 mM Tris-HCI pH 8.0, 200
mM sodium chloride) for MBP-fused proteins. The eluates were then digested by HRV 3C protease
at 4°C for overnight to remove the affinity tag. The proteins were further subjected to size exclusion
chromatography (SEC) with 20 mM HEPES pH 6.8 and 150 mM sodium chloride by using Superdex
75 26/60 or Superdex 75 10/300 column (GE Healthcare). Synthesized SpHfl1(386-398) peptide (pur-
chased from Bex Co.) was dissolved in water and purified by SEC with 20 mM HEPES pH 6.8 and
150 mM sodium chloride by using Superdex peptide 10/300 column (GE Healthcare).

Crystallization

All crystallization trials were performed by the sitting-drop vapor-diffusion method. Protein and res-
ervoir solutions were mixed at 1:1 vol ratio and equilibrated against the reservoir solution at 20°C.
To crystallize the complex of SpHfl1(386-409) with SpAtg8, 4.5 mg/ml of SpHfl1(386-409) and 5.9
mg/ml of SpAtg8 were mixed at a molar ratio of 1:1 and incubated for 1 hr at 4°C. The crystals were
obtained after 24 hr incubation using 27.5% PEG8000, 0.2 M sodium acetate, 0.1 M Bis-Tris pH 5.5
as a reservoir solution. To crystallize ScHfl1(368-389)-ScAtg8 K26P fusion proteins, 50.3 mg/ml of
the fusion protein was used. The crystals were obtained after 24 hr incubation using 6% PEG6000,
0.1 M sodium citrate pH 5.0.

Diffraction data collection

The crystals of SpHfl1-SpAtg8 complex were soaked in the reservoir supplemented with 5% MPD
and transferred to liquid nitrogen. The ScHfl1 crystals were sequentially soaked in the reservoir sup-
plemented with 75 mM sodium chloride and 10, 20, or 27% glycerol and transferred to liquid nitro-
gen. The flash-cooled crystals were kept in a stream of nitrogen gas at —178°C during data
collection. Diffraction data of the SpHfl1-SpAtg8 crystals and the ScHfl1-ScAtg8 crystals were col-
lected by using EIGER X 9M detector at the beamline of BL32XU, SPring-8, Japan and ADSC Quan-
tum 315 r detector at the beamline of BL-5A, KEK, Japan, respectively. The diffraction data were
indexed, integrated, and scaled using XDS (Kabsch, 2010) for the SpHfl1-SpAtg8 crystals and the
HKL2000 program suite (Otwinowski and Minor, 1997) for the ScHfl1-ScAtg8 crystals.

Structure determination

The structures of the SpHfl1-SpAtg8 complex and the ScHfl1-ScAtg8 fusion protein were solved by
the molecular replacement method with the program Phenix (Adams et al., 2010). For both struc-
tures, the crystal structure of ScAtg8 (Noda et al., 2008) (PDBID: 2ZPN) was used as a search model.
Crystallographic refinement was performed with Phenix. Manual model building was done with the
COOQOT program (Emsley et al., 2010). Ramachandran plot analysis with the program Rampage
(Lovell et al., 2003) showed that 96.9% and 3.1% residues of the SpAtg8-SpHfl1 complex structure
and 97.1% and 2.9% residues of the ScAtg8-ScHfl1 complex structure are in the favored and allowed
regions, respectively. All structural models in this manuscript were prepared with the program
PyMOL except for those with electron-density map (Figure 3—figure supplement 2E and I), which
were prepared with COOT. Superimposition of structures in Figure 3E, and Figure 3—figure sup-
plement 2F and K was performed by minimizing the rms difference of main-chain atoms of Atg8
using COOT.

2D protein interaction diagrams (LigPlot™ diagrams)

Diagrams were generated with PDB ID 6AAF (chain A and B) and 6AAG (chain A and F) using
LigPlot™ ver 2.1 (Laskowski and Swindells, 2011). Hydrogen-bond calculation parameters were set
to 2.70 and 3.35 as maximum H-A and D-A distances, respectively. Non-bonded contact parameters
were set to 2.90 and 3.90 as minimum and maximum contact distances, respectively. Representa-
tive-hydrophobic-only option was used for clarity.
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GST pulldown assay

GST pulldown assay was performed as previously described (Yamasaki et al., 2016). Briefly, 50 nug
of GST-fused ScHfl1 variants were incubated with 7.5 ul of GST-accept resin in 300 ul of PBS for 1
hr. After short centrifugation, the supernatants were removed, and 50 pug of ScAtg8 were added
with 300 pl of PBS. The resin was incubated for 60 min, washed three times with PBS, and eluted
with glutathione buffer. Sample buffer was added to the eluate and boiled. Samples were analyzed
by SDS-PAGE and stained with CBB. The gel images were captured by Gel-Doc EZ (Bio-rad).

Isothermal titration calorimetry

ITC experiments were done using Microcal iTC200 calorimeter (Malvern Panalytical), with stirring at
1000 rpm at 25°C. Hfl1 peptides and Atg8 were prepared at the concentrations of 250 uM and 25
uM for SpHfl1(386-413) WT data in Figure 4A and all data in Figure 4—figure supplements 1A,
300 uM and 30 uM for SpHfl1(386-413) variants and ScHfl1(368-389) WT and Y387A data in
Figure 4A and SpHfl1(386-413) variants and ScHfl1(368-389) D384A data in Figure 4—figure sup-
plement 1B, or 2 mM and 200 uM for ScHfl1(368-389) W371A and I375A data in Figure 4A, all data
in Figure 4I, and ScHfl1(368-389) D373A, D374A and W371A 1375A data in Figure 4—figure sup-
plement 1B, respectively. 2 ul of Hfl1 peptides in the syringe were injected into a sample cell filled
with 200 ul Atg8 for 18 times at intervals of 120 s. The same set of syringe samples were also titrated
to a sample cell filled with 200 pl buffer and the obtained reference data were used for subtraction
of heat of dilution. MicroCal Origin 7.0 software was used to determine the enthalpy (AH), dissocia-
tion constant (Kd) and stoichiometry of binding (N). Thermal titration data were fit to a single-site
binding model, and thermodynamic parameters AH and Kd were obtained by fitting to the model.
When the fitting was not convergent due to weak interaction, N was fixed to 1.0 in order to acquire
values of other parameters. The error of each parameter shows the fitting error.

Data availability
The atomic coordinates and reflection data of the crystal structures of fission yeast and budding

yeast Atg8-Hfl1 complexes have been deposited in the Protein Data Bank under accession codes
6AAF and 6AAG, respectively.

Acknowledgments

We thank Chao-Wen Wang for providing S. cerevisiae strains expressing Vph1-mCherry, Zhi-Ping Xie
for providing S. cerevisiae strains expressing GFP-ScAtg8 and helpful suggestions, and Ping Wei for
the pNH605 vectors. This work was supported by JSPS KAKENHI (25111004, 18H03989 to NNN;
17K18339 to AY) and CREST, Japan Science and Technology Agency (JPMJCR13M7 to NNN), by
National Institute of General Medical Sciences of NIH grant ROTGM 118746 to JQW, and by funding
to LLD from the Ministry of Science and Technology of China.

Additional information

Competing interests
Hitoshi Nakatogawa: Reviewing editor, eLife. The other authors declare that no competing interests

exist.

Funding

Funder Author

Japan Society for the Promo- Akinori Yamasaki
tion of Science Nobuo N Noda
Japan Science and Technology Nobuo N Noda
Agency

National Institute of General Jian-Qiu Wu

Medical Sciences

Liu et al. eLife 2018;7:e41237. DOI: https://doi.org/10.7554/eLife.41237 17 of 21


https://doi.org/10.7554/eLife.41237

e LI FE Research article

Cell Biology | Structural Biology and Molecular Biophysics

Ministry of Science and Tech- Li-Lin Du
nology of the People’s Repub-
lic of China

The funders had no role in study design, data collection and
interpretation, or the decision to submit the work for publication.

Author contributions

Xiao-Man Liu, Akinori Yamasaki, Xiao-Min Du, Investigation, Writing—original draft; Valerie C Coff-
man, Jian-Qiu Wu, Resources, Writing—review and editing; Yoshinori Ohsumi, Hitoshi Nakatogawa,
Resources; Nobuo N Noda, Li-Lin Du, Conceptualization, Writing—original draft, Writing—review
and editing

Author ORCIDs

Hitoshi Nakatogawa () https://orcid.org/0000-0002-5828-0741
Nobuo N Noda (@ https://orcid.org/0000-0002-6940-8069
Li-Lin Du @ http://orcid.org/0000-0002-1028-7397

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.41237.024
Author response https://doi.org/10.7554/elife.41237.025

Additional files

Supplementary files

o Supplementary file 1. Data of the affinity purification coupled with mass spectrometry (AP-MS)
analysis.

DOV https://doi.org/10.7554/eLife.41237.016

 Supplementary file 2. Supplementary tables listing the crystallographic data collection and refine-
ment statistics, and the yeast strains and plasmids used in this study.

DOI: https://doi.org/10.7554/eLife.41237.017

« Transparent reporting form

DOI: https://doi.org/10.7554/eLife.41237.018

Data availability

The atomic coordinates and reflection data of the crystal structures of fission yeast and budding
yeast Atg8-Hfl1 complexes have been deposited in the Protein Data Bank under accession codes
6AAF and 6AAG, respectively.

The following datasets were generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier
Yamasaki A, Noda 2018 Crystal structure of fission yeast http://www.rcsb.org/ Protein Data Bank,
NN Atg8 complexed with the helical structure/6AAF 6AAF

AIM of Hfl1
Yamasaki A, Noda 2018 Crystal structure of budding yeast  http://www.rcsb.org/ Protein Data Bank,
NN Atg8 complexed with the helical structure/6AAG 6AAG

AIM of Hfl1
References

Adams PD, Afonine PV, Bunkéczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung LW, Kapral GJ, Grosse-
Kunstleve RW, McCoy AJ, Moriarty NW, Oeffner R, Read RJ, Richardson DC, Richardson JS, Terwilliger TC,
Zwart PH. 2010. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta
Crystallographica Section D Biological Crystallography 66:213-221. DOI: https://doi.org/10.1107/
S0907444909052925, PMID: 20124702

Liu et al. eLife 2018;7:e41237. DOI: https://doi.org/10.7554/eLife.41237 18 of 21


https://orcid.org/0000-0002-5828-0741
https://orcid.org/0000-0002-6940-8069
http://orcid.org/0000-0002-1028-7397
https://doi.org/10.7554/eLife.41237.024
https://doi.org/10.7554/eLife.41237.025
https://doi.org/10.7554/eLife.41237.016
https://doi.org/10.7554/eLife.41237.017
https://doi.org/10.7554/eLife.41237.018
http://www.rcsb.org/structure/6AAF
http://www.rcsb.org/structure/6AAF
http://www.rcsb.org/structure/6AAG
http://www.rcsb.org/structure/6AAG
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.7554/eLife.41237

e LI FE Research article

Cell Biology | Structural Biology and Molecular Biophysics

Al-Younes HM, Al-Zeer MA, Khalil H, Gussmann J, Karlas A, Machuy N, Brinkmann V, Braun PR, Meyer TF. 2011.
Autophagy-independent function of MAP-LC3 during intracellular propagation of Chlamydia trachomatis.
Autophagy 7:814-828. DOI: https://doi.org/10.4161/auto.7.8.15597, PMID: 21464618

Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A, Steever AB, Wach A, Philippsen P, Pringle JR. 1998.
Heterologous modules for efficient and versatile PCR-based gene targeting in Schizosaccharomyces pombe.
Yeast 14:943-951. DOI: https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<943::AID-YEA292>3.0.CO;2-Y,
PMID: 9717240

Ballatori N, Christian WV, Wheeler SG, Hammond CL. 2013. The heteromeric organic solute transporter, OSTao-
OSTR/SLC51: a transporter for steroid-derived molecules. Molecular Aspects of Medicine 34:683-692.

DOI: https://doi.org/10.1016/j.mam.2012.11.005, PMID: 23506901

Best D, Sahlender DA, Walther N, Peden AA, Adams IR. 2008. Sdmg1 is a conserved transmembrane protein
associated with germ cell sex determination and germline-soma interactions in mice. Development 135:1415-
1425. DOI: https://doi.org/10.1242/dev.019497, PMID: 18321981

Bhattacharya MR, Geisler S, Pittman SK, Doan RA, Weihl CC, Milbrandt J, DiAntonio A. 2016. TMEM184b
Promotes Axon Degeneration and Neuromuscular Junction Maintenance. Journal of Neuroscience 36:4681-
4689. DOI: https://doi.org/10.1523/JNEUROSCI.2893-15.2016, PMID: 27122027

Birgisdottir AB, Lamark T, Johansen T. 2013. The LIR motif - crucial for selective autophagy. Journal of Cell
Science 126:3237-3247. DOI: https://doi.org/10.1242/jcs.126128, PMID: 23908376

Cali T, Galli C, Olivari S, Molinari M. 2008. Segregation and rapid turnover of EDEM1 by an autophagy-like
mechanism modulates standard ERAD and folding activities. Biochemical and Biophysical Research
Communications 371:405-410. DOI: https://doi.org/10.1016/].bbrc.2008.04.098, PMID: 18452703

Carpaneto A, Cantu AM, Gambale F. 1999. Redox agents regulate ion channel activity in vacuoles from higher
plant cells. FEBS Letters 442:129-132. DOI: https://doi.org/10.1016/S0014-5793(98)01642-1, PMID: 9928987

Chang TK, Shravage BV, Hayes SD, Powers CM, Simin RT, Wade Harper J, Baehrecke EH. 2013. Uba1 functions
in Atg7- and Atg3-independent autophagy. Nature Cell Biology 15:1067-1078. DOI: https://doi.org/10.1038/
ncb2804, PMID: 23873149

Cheng X, Wang Y, Gong Y, Li F, Guo Y, Hu S, Liu J, Pan L. 2016. Structural basis of FYCO1 and MAP1LC3A
interaction reveals a novel binding mode for Atg8-family proteins. Autophagy 12:1330-1339. DOI: https://doi.
org/10.1080/15548627.2016.1185590, PMID: 27246247

Dawson PA, Hubbert ML, Rao A. 2010. Getting the mOST from OST: Role of organic solute transporter,
OSTalpha-OSTbeta, in bile acid and steroid metabolism. Biochimica et Biophysica Acta (BBA) - Molecular and
Cell Biology of Lipids 1801:994-1004. DOI: https://doi.org/10.1016/].bbalip.2010.06.002, PMID: 20538072

Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and development of Coot. Acta Crystallographica
Section D Biological Crystallography 66:486-501. DOI: https://doi.org/10.1107/S0907444910007493,

PMID: 20383002

Farwell SLN, Reylander KG, lovine MK, Lowe-Krentz LJ. 2017. Novel Heparin Receptor Transmembrane Protein
184a Regulates Angiogenesis in the Adult Zebrafish Caudal Fin. Frontiers in Physiology 8:671. DOI: https://doi.
org/10.3389/fphys.2017.00671, PMID: 28936181

Guydosh NR, Kimmig P, Walter P, Green R. 2017. Regulated Ire1-dependent mRNA decay requires no-go mRNA
degradation to maintain endoplasmic reticulum homeostasis in S. pombe. eLife 6:29216. DOI: https://doi.org/
10.7554/elife.29216, PMID: 28945192

Hanada T, Noda NN, Satomi Y, Ichimura Y, Fujioka Y, Takao T, Inagaki F, Ohsumi Y. 2007. The Atg12-Atg5
conjugate has a novel E3-like activity for protein lipidation in autophagy. Journal of Biological Chemistry 282:
37298-37302. DOI: https://doi.org/10.1074/jbc.C700195200, PMID: 17986448

Ichimura Y, Kirisako T, Takao T, Satomi Y, Shimonishi Y, Ishihara N, Mizushima N, Tanida |, Kominami E, Ohsumi
M, Noda T, Ohsumi Y. 2000. A ubiquitin-like system mediates protein lipidation. Nature 408:488-492.

DOI: https://doi.org/10.1038/35044114, PMID: 11100732

Ichimura Y, Kumanomidou T, Sou YS, Mizushima T, Ezaki J, Ueno T, Kominami E, Yamane T, Tanaka K, Komatsu
M. 2008. Structural basis for sorting mechanism of p62 in selective autophagy. Journal of Biological Chemistry
283:22847-22857. DOI: https://doi.org/10.1074/jbc.M802182200, PMID: 18524774

Kabsch W. 2010. XDS. Acta crystallographica. Section D, Biological crystallography 66:125-132. DOI: https://doi.
org/10.1107/S0907444909047337, PMID: 20124692

Keown JR, Black MM, Ferron A, Yap MW, Barnett MJ, Pearce FG, Stoye JP, Goldstone DC. 2018. A helical LIR
mediates the interaction between the retroviral restriction factor Trim50. and the mammalian autophagy related
ATG8 proteins. Journal of Biological Chemistry:jbc.RA118.004202. DOI: https://doi.org/10.1074/jbc.RA118.
004202, PMID: 30282803

Kimmig P, Diaz M, Zheng J, Williams CC, Lang A, Aragédn T, Li H, Walter P. 2012. The unfolded protein response
in fission yeast modulates stability of select mRNAs to maintain protein homeostasis. eLife 1:e00048.

DOI: https://doi.org/10.7554/eLife.00048, PMID: 23066505

Kirisako T, Baba M, Ishihara N, Miyazawa K, Ohsumi M, Yoshimori T, Noda T, Ohsumi Y. 1999. Formation
process of autophagosome is traced with Apg8/Aut7p in yeast. The Journal of Cell Biology 147:435-446.

DOI: https://doi.org/10.1083/jcb.147.2.435, PMID: 10525546

Laskowski RA, Swindells MB. 2011. LigPlot+: multiple ligand-protein interaction diagrams for drug discovery.
Journal of Chemical Information and Modeling 51:2778-2786. DOI: https://doi.org/10.1021/ci200227u,

PMID: 21919503

Liu et al. eLife 2018;7:e41237. DOI: https://doi.org/10.7554/eLife.41237 19 of 21


https://doi.org/10.4161/auto.7.8.15597
http://www.ncbi.nlm.nih.gov/pubmed/21464618
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10%3C943::AID-YEA292%3E3.0.CO;2-Y
http://www.ncbi.nlm.nih.gov/pubmed/9717240
https://doi.org/10.1016/j.mam.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23506901
https://doi.org/10.1242/dev.019497
http://www.ncbi.nlm.nih.gov/pubmed/18321981
https://doi.org/10.1523/JNEUROSCI.2893-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27122027
https://doi.org/10.1242/jcs.126128
http://www.ncbi.nlm.nih.gov/pubmed/23908376
https://doi.org/10.1016/j.bbrc.2008.04.098
http://www.ncbi.nlm.nih.gov/pubmed/18452703
https://doi.org/10.1016/S0014-5793(98)01642-1
http://www.ncbi.nlm.nih.gov/pubmed/9928987
https://doi.org/10.1038/ncb2804
https://doi.org/10.1038/ncb2804
http://www.ncbi.nlm.nih.gov/pubmed/23873149
https://doi.org/10.1080/15548627.2016.1185590
https://doi.org/10.1080/15548627.2016.1185590
http://www.ncbi.nlm.nih.gov/pubmed/27246247
https://doi.org/10.1016/j.bbalip.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20538072
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.3389/fphys.2017.00671
https://doi.org/10.3389/fphys.2017.00671
http://www.ncbi.nlm.nih.gov/pubmed/28936181
https://doi.org/10.7554/eLife.29216
https://doi.org/10.7554/eLife.29216
http://www.ncbi.nlm.nih.gov/pubmed/28945192
https://doi.org/10.1074/jbc.C700195200
http://www.ncbi.nlm.nih.gov/pubmed/17986448
https://doi.org/10.1038/35044114
http://www.ncbi.nlm.nih.gov/pubmed/11100732
https://doi.org/10.1074/jbc.M802182200
http://www.ncbi.nlm.nih.gov/pubmed/18524774
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
https://doi.org/10.1074/jbc.RA118.004202
https://doi.org/10.1074/jbc.RA118.004202
http://www.ncbi.nlm.nih.gov/pubmed/30282803
https://doi.org/10.7554/eLife.00048
http://www.ncbi.nlm.nih.gov/pubmed/23066505
https://doi.org/10.1083/jcb.147.2.435
http://www.ncbi.nlm.nih.gov/pubmed/10525546
https://doi.org/10.1021/ci200227u
http://www.ncbi.nlm.nih.gov/pubmed/21919503
https://doi.org/10.7554/eLife.41237

e LI FE Research article

Cell Biology | Structural Biology and Molecular Biophysics

Li J, Zhu R, Chen K, Zheng H, Zhao H, Yuan C, Zhang H, Wang C, Zhang M. 2018. Potent and specific Atg8-
targeting autophagy inhibitory peptides from giant ankyrins. Nature Chemical Biology 14:778-787.
DOI: https://doi.org/10.1038/s41589-018-0082-8, PMID: 29867141

Lilavivat S. 2013. The Role of HFL1 in Lysosomal Homeostasis. Department of Biochemistry, University of Utah.

Liu XM, Sun LL, Hu W, Ding YH, Dong MQ, Du LL. 2015. ESCRTs Cooperate with a Selective Autophagy
Receptor to Mediate Vacuolar Targeting of Soluble Cargos. Molecular Cell 59:1035-1042. DOI: https://doi.org/
10.1016/j.molcel.2015.07.034, PMID: 26365378

Liu Q, Vain T, Viotti C, Doyle SM, Tarkowska D, Novak O, Zipfel C, Sitbon F, Robert S, Hofius D. 2018. Vacuole
Integrity Maintained by DUF300 Proteins Is Required for Brassinosteroid Signaling Regulation. Molecular Plant
11:553-567. DOI: https://doi.org/10.1016/j.molp.2017.12.015, PMID: 29288738

London N, Movshovitz-Attias D, Schueler-Furman O. 2010. The structural basis of peptide-protein binding
strategies. Structure 18:188-199. DOI: https://doi.org/10.1016/}.5tr.2009.11.012, PMID: 20159464

Lovell SC, Davis IW, Arendall WB, de Bakker PI, Word JM, Prisant MG, Richardson JS, Richardson DC. 2003.
Structure validation by Calpha geometry: phi,psi and Cbeta deviation. Proteins 50:437-450. DOI: https://doi.
org/10.1002/prot.10286, PMID: 12557186

Mikawa T, Kanoh J, Ishikawa F. 2010. Fission yeast Vps1 and Atg8 contribute to oxidative stress resistance.
Genes to Cells 15:229-242. DOI: https://doi.org/10.1111/].1365-2443.2009.01376.x, PMID: 20070859

Mizushima N, Yoshimori T, Ohsumi Y. 2011. The role of Atg proteins in autophagosome formation. Annual
Review of Cell and Developmental Biology 27:107-132. DOI: https://doi.org/10.1146/annurev-cellbio-092910-
154005, PMID: 21801009

Mukaiyama H, Baba M, Osumi M, Aoyagi S, Kato N, Ohsumi Y, Sakai Y. 2004. Modification of a ubiquitin-like
protein Paz2 conducted micropexophagy through formation of a novel membrane structure. Molecular Biology
of the Cell 15:58-70. DOI: https://doi.org/10.1091/mbc.e03-05-0340, PMID: 13679515

Murley A, Sarsam RD, Toulmay A, Yamada J, Prinz WA, Nunnari J. 2015. Ltc1 is an ER-localized sterol
transporter and a component of ER-mitochondria and ER-vacuole contacts. The Journal of Cell Biology 209:
539-548. DOI: https://doi.org/10.1083/jcb.201502033, PMID: 25987606

Noda NN, Kumeta H, Nakatogawa H, Satoo K, Adachi W, Ishii J, Fujioka Y, Ohsumi Y, Inagaki F. 2008. Structural
basis of target recognition by Atg8/LC3 during selective autophagy. Genes to Cells 13:1211-1218.
DOI: https://doi.org/10.1111/j.1365-2443.2008.01238.x, PMID: 19021777

Noda NN, Ohsumi Y, Inagaki F. 2010. Atg8-family interacting motif crucial for selective autophagy. FEBS Letters
584:1379-1385. DOI: https://doi.org/10.1016/j.febslet.2010.01.018, PMID: 20083108

Ortiz DF, Kreppel L, Speiser DM, Scheel G, McDonald G, Ow DW. 1992. Heavy metal tolerance in the fission
yeast requires an ATP-binding cassette-type vacuolar membrane transporter. The EMBO Journal 11:3491-
3499. DOI: https://doi.org/10.1002/j.1460-2075.1992.tb05431.x, PMID: 1396551

Otwinowski Z, Minor W. 1997. Processing of X-ray diffraction data collected in oscillation mode. Methods in
Enzymology 276:307-326. DOI: https://doi.org/10.1016/50076-6879(97)76066-X, PMID: 27754618

Pagani MA, Casamayor A, Serrano R, Atrian S, Arifio J. 2007. Disruption of iron homeostasis in Saccharomyces
cerevisiae by high zinc levels: a genome-wide study. Molecular Microbiology 65:521-537. DOI: https://doi.org/
10.1111/j.1365-2958.2007.05807.x, PMID: 17630978

Palmer CP, Zhou XL, Lin J, Loukin SH, Kung C, Saimi Y. 2001. A TRP homolog in Saccharomyces cerevisiae forms
an intracellular Ca(2+)-permeable channel in the yeast vacuolar membrane. PNAS 98:7801-7805. DOI: https://
doi.org/10.1073/pnas. 141036198, PMID: 11427713

Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H, @vervatn A, Bjerkey G, Johansen T. 2007. p62/
SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by
autophagy. Journal of Biological Chemistry 282:24131-24145. DOI: https://doi.org/10.1074/jbc.M702824200,
PMID: 17580304

Pugh RJ, Slee JB, Farwell SL, Li Y, Barthol T, Patton WA, Lowe-Krentz LJ. 2016. Transmembrane Protein 184A Is
a Receptor Required for Vascular Smooth Muscle Cell Responses to Heparin. Journal of Biological Chemistry
291:5326-5341. DOI: https://doi.org/10.1074/jbc.M115.681122, PMID: 26769966

Ramsay LM, Gadd GM. 1997. Mutants of Saccharomyces cerevisiae defective in vacuolar function confirm a role
for the vacuole in toxic metal ion detoxification. FEMS Microbiology Letters 152:293-298. DOI: https://doi.org/
10.1111/j.1574-6968.1997.tb10442.x, PMID: 9231423

Reggiori F, Monastyrska |, Verheije MH, Cali T, Ulasli M, Bianchi S, Bernasconi R, de Haan CA, Molinari M. 2010.
Coronaviruses Hijack the LC3-I-positive EDEMosomes, ER-derived vesicles exporting short-lived ERAD
regulators, for replication. Cell Host & Microbe 7:500-508. DOI: https://doi.org/10.1016/j.chom.2010.05.013,
PMID: 20542253

Réthlisberger S, Jourdain |, Johnson C, Takegawa K, Hyams JS. 2009. The dynamin-related protein Vps1
regulates vacuole fission, fusion and tubulation in the fission yeast, Schizosaccharomyces pombe. Fungal
Genetics and Biology 46:927-935. DOI: https://doi.org/10.1016/j.fgb.2009.07.008, PMID: 19643199

Ruotolo R, Marchini G, Ottonello S. 2008. Membrane transporters and protein traffic networks differentially
affecting metal tolerance: a genomic phenotyping study in yeast. Genome Biology 9:R67. DOI: https://doi.org/
10.1186/gb-2008-9-4-r67, PMID: 18394190

Saier MH, Reddy VS, Tsu BV, Ahmed MS, Li C, Moreno-Hagelsieb G. 2016. The Transporter Classification
Database (TCDB): recent advances. Nucleic Acids Research 44:D372-D379. DOI: https://doi.org/10.1093/nar/
gkv1103, PMID: 26546518

Liu et al. eLife 2018;7:e41237. DOI: https://doi.org/10.7554/eLife.41237 20 of 21


https://doi.org/10.1038/s41589-018-0082-8
http://www.ncbi.nlm.nih.gov/pubmed/29867141
https://doi.org/10.1016/j.molcel.2015.07.034
https://doi.org/10.1016/j.molcel.2015.07.034
http://www.ncbi.nlm.nih.gov/pubmed/26365378
https://doi.org/10.1016/j.molp.2017.12.015
http://www.ncbi.nlm.nih.gov/pubmed/29288738
https://doi.org/10.1016/j.str.2009.11.012
http://www.ncbi.nlm.nih.gov/pubmed/20159464
https://doi.org/10.1002/prot.10286
https://doi.org/10.1002/prot.10286
http://www.ncbi.nlm.nih.gov/pubmed/12557186
https://doi.org/10.1111/j.1365-2443.2009.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/20070859
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.1146/annurev-cellbio-092910-154005
http://www.ncbi.nlm.nih.gov/pubmed/21801009
https://doi.org/10.1091/mbc.e03-05-0340
http://www.ncbi.nlm.nih.gov/pubmed/13679515
https://doi.org/10.1083/jcb.201502033
http://www.ncbi.nlm.nih.gov/pubmed/25987606
https://doi.org/10.1111/j.1365-2443.2008.01238.x
http://www.ncbi.nlm.nih.gov/pubmed/19021777
https://doi.org/10.1016/j.febslet.2010.01.018
http://www.ncbi.nlm.nih.gov/pubmed/20083108
https://doi.org/10.1002/j.1460-2075.1992.tb05431.x
http://www.ncbi.nlm.nih.gov/pubmed/1396551
https://doi.org/10.1016/S0076-6879(97)76066-X
http://www.ncbi.nlm.nih.gov/pubmed/27754618
https://doi.org/10.1111/j.1365-2958.2007.05807.x
https://doi.org/10.1111/j.1365-2958.2007.05807.x
http://www.ncbi.nlm.nih.gov/pubmed/17630978
https://doi.org/10.1073/pnas.141036198
https://doi.org/10.1073/pnas.141036198
http://www.ncbi.nlm.nih.gov/pubmed/11427713
https://doi.org/10.1074/jbc.M702824200
http://www.ncbi.nlm.nih.gov/pubmed/17580304
https://doi.org/10.1074/jbc.M115.681122
http://www.ncbi.nlm.nih.gov/pubmed/26769966
https://doi.org/10.1111/j.1574-6968.1997.tb10442.x
https://doi.org/10.1111/j.1574-6968.1997.tb10442.x
http://www.ncbi.nlm.nih.gov/pubmed/9231423
https://doi.org/10.1016/j.chom.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20542253
https://doi.org/10.1016/j.fgb.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19643199
https://doi.org/10.1186/gb-2008-9-4-r67
https://doi.org/10.1186/gb-2008-9-4-r67
http://www.ncbi.nlm.nih.gov/pubmed/18394190
https://doi.org/10.1093/nar/gkv1103
https://doi.org/10.1093/nar/gkv1103
http://www.ncbi.nlm.nih.gov/pubmed/26546518
https://doi.org/10.7554/eLife.41237

e LI FE Research article

Cell Biology | Structural Biology and Molecular Biophysics

Sharma M, Bhattacharyya S, Nain M, Kaur M, Sood V, Gupta V, Khasa R, Abdin MZ, Vrati S, Kalia M. 2014.
Japanese encephalitis virus replication is negatively regulated by autophagy and occurs on LC3-I- and EDEM1-
containing membranes. Autophagy 10:1637-1651. DOI: https://doi.org/10.4161/auto.29455, PMID: 25046112

Shintani T, Huang WP, Stromhaug PE, Klionsky DJ. 2002. Mechanism of cargo selection in the cytoplasm to
vacuole targeting pathway. Developmental Cell 3:825-837. DOI: https://doi.org/10.1016/51534-5807(02)
00373-8, PMID: 12479808

Sun LL, Li M, Suo F, Liu XM, Shen EZ, Yang B, Dong MQ, He WZ, Du LL. 2013. Global analysis of fission yeast
mating genes reveals new autophagy factors. PLOS Genetics 9:e1003715. DOI: https://doi.org/10.1371/journal.
pgen.1003715, PMID: 23950735

Suzuki H, Tabata K, Morita E, Kawasaki M, Kato R, Dobson RC, Yoshimori T, Wakatsuki S. 2014. Structural basis
of the autophagy-related LC3/Atg13 LIR complex: recognition and interaction mechanism. Structure 22:47-58.
DOI: https://doi.org/10.1016/j.str.2013.09.023, PMID: 24290141

Tamura N, Oku M, Sakai Y. 2010. Atg8 regulates vacuolar membrane dynamics in a lipidation-independent
manner in Pichia pastoris. Journal of Cell Science 123:4107-4116. DOI: https://doi.org/10.1242/jcs.070045,
PMID: 21045113

Toulmay A, Prinz WA. 2013. Direct imaging reveals stable, micrometer-scale lipid domains that segregate
proteins in live cells. The Journal of Cell Biology 202:35-44. DOI: https://doi.org/10.1083/jcb.201301039,
PMID: 23836928

Tsuji T, Fujimoto M, Tatematsu T, Cheng J, Orii M, Takatori S, Fujimoto T. 2017. Niemann-Pick type C proteins
promote microautophagy by expanding raft-like membrane domains in the yeast vacuole. eLife 6:625960.
DOI: https://doi.org/10.7554/eLife.25960

von Muhlinen N, Akutsu M, Ravenhill BJ, Foeglein A, Bloor S, Rutherford TJ, Freund SM, Komander D, Randow
F. 2012. LC3C, bound selectively by a noncanonical LIR motif in NDP52, is required for antibacterial autophagy.
Molecular Cell 48:329-342. DOI: https://doi.org/10.1016/].molcel.2012.08.024, PMID: 23022382

Wang CW, Miao YH, Chang YS. 2014. A sterol-enriched vacuolar microdomain mediates stationary phase
lipophagy in budding yeast. The Journal of Cell Biology 206:357-366. DOI: https://doi.org/10.1083/jcb.
201404115, PMID: 25070953

Wei Y, Wang HT, Zhai Y, Russell P, Du LL. 2014. Mdb1, a fission yeast homolog of human MDC1, modulates
DNA damage response and mitotic spindle function. PLOS ONE 9:€97028. DOI: https://doi.org/10.1371/
journal.pone.0097028, PMID: 24806815

Weiergréber OH, Stangler T, Thielmann Y, Mohrlider J, Wiesehan K, Willbold D. 2008. Ligand binding mode of
GABAA receptor-associated protein. Journal of Molecular Biology 381:1320-1331. DOI: https://doi.org/10.
1016/j.jmb.2008.06.086, PMID: 18638487

Wu F, Watanabe Y, Guo XY, Qi X, Wang P, Zhao HY, Wang Z, Fujioka Y, Zhang H, Ren JQ, Fang TC, Shen YX,
Feng W, Hu JJ, Noda NN, Zhang H. 2015. Structural Basis of the Differential Function of the Two C. elegans
Atg8 Homologs, LGG-1 and LGG-2, in Autophagy. Molecular Cell 60:914-929. DOI: https://doi.org/10.1016/j.
molcel.2015.11.019, PMID: 26687600

Yamasaki A, Watanabe Y, Adachi W, Suzuki K, Matoba K, Kirisako H, Kumeta H, Nakatogawa H, Ohsumi Y,
Inagaki F, Noda NN. 2016. Structural Basis for Receptor-Mediated Selective Autophagy of Aminopeptidase |
Aggregates. Cell Reports 16:19-27. DOI: https://doi.org/10.1016/j.celrep.2016.05.066, PMID: 27320913

Yee DC, Shlykov MA, Vastermark A, Reddy VS, Arora S, Sun El, Saier MH. 2013. The transporter-opsin-G protein-
coupled receptor (TOG) superfamily. FEBS Journal 280:5780-5800. DOI: https://doi.org/10.1111/febs.12499,
PMID: 23981446

Zaffagnini G, Martens S. 2016. Mechanisms of Selective Autophagy. Journal of Molecular Biology 428:1714—
1724. DOI: https://doi.org/10.1016/j.jmb.2016.02.004, PMID: 26876603

Zhang ZB, Wang QY, Ke YX, Liu SY, Ju JQ, Lim WA, Tang C, Wei P. 2017. Design of Tunable Oscillatory
Dynamics in a Synthetic NF-xB Signaling Circuit. Cell Systems 5:460-470. DOI: https://doi.org/10.1016/].cels.
2017.09.016, PMID: 29102361

Liu et al. eLife 2018;7:e41237. DOI: https://doi.org/10.7554/eLife.41237 21 of 21


https://doi.org/10.4161/auto.29455
http://www.ncbi.nlm.nih.gov/pubmed/25046112
https://doi.org/10.1016/S1534-5807(02)00373-8
https://doi.org/10.1016/S1534-5807(02)00373-8
http://www.ncbi.nlm.nih.gov/pubmed/12479808
https://doi.org/10.1371/journal.pgen.1003715
https://doi.org/10.1371/journal.pgen.1003715
http://www.ncbi.nlm.nih.gov/pubmed/23950735
https://doi.org/10.1016/j.str.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24290141
https://doi.org/10.1242/jcs.070045
http://www.ncbi.nlm.nih.gov/pubmed/21045113
https://doi.org/10.1083/jcb.201301039
http://www.ncbi.nlm.nih.gov/pubmed/23836928
https://doi.org/10.7554/eLife.25960
https://doi.org/10.1016/j.molcel.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/23022382
https://doi.org/10.1083/jcb.201404115
https://doi.org/10.1083/jcb.201404115
http://www.ncbi.nlm.nih.gov/pubmed/25070953
https://doi.org/10.1371/journal.pone.0097028
https://doi.org/10.1371/journal.pone.0097028
http://www.ncbi.nlm.nih.gov/pubmed/24806815
https://doi.org/10.1016/j.jmb.2008.06.086
https://doi.org/10.1016/j.jmb.2008.06.086
http://www.ncbi.nlm.nih.gov/pubmed/18638487
https://doi.org/10.1016/j.molcel.2015.11.019
https://doi.org/10.1016/j.molcel.2015.11.019
http://www.ncbi.nlm.nih.gov/pubmed/26687600
https://doi.org/10.1016/j.celrep.2016.05.066
http://www.ncbi.nlm.nih.gov/pubmed/27320913
https://doi.org/10.1111/febs.12499
http://www.ncbi.nlm.nih.gov/pubmed/23981446
https://doi.org/10.1016/j.jmb.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26876603
https://doi.org/10.1016/j.cels.2017.09.016
https://doi.org/10.1016/j.cels.2017.09.016
http://www.ncbi.nlm.nih.gov/pubmed/29102361
https://doi.org/10.7554/eLife.41237

