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Abstract

Selective autophagy is the capture of specific cytosolic contents in double membrane vesicles that
subsequently fuse with the vacuole or lysosome, thereby delivering cargo for degradation.
Selective autophagy receptors (SARs) mark the cargo for degradation and, in yeast, recruit Atgl1,
the scaffolding protein for selective autophagy initiation. The mitochondrial protein Atg32 is the
yeast SAR that mediates mitophagy, the selective autophagic capture of mitochondria. Atg11-
Atg32 interactions concentrate Atg32 into puncta that are thought to represent sites of mitophagy
initiation. However, it is unclear how Atgl1 concentrates Atg32 to generate mitophagy initiation
sites. We show here that the coiled coil 3 (CC3) domain of Atgl1l is required for concentrating
Atg32 into puncta. We determined the structure of the majority of the CC3, demonstrating that the
CC3 forms a parallel homodimer whose dimer interface is formed by a small number of
hydrophaobic residues. We further show that the CC3 interface is not required for Atg11
dimerization but is required for shaping Atg32 into functional mitophagy initiation sites and for
delivery of mitochondria to the vacuole. Our findings suggest that Atg11 self-interactions help
concentrate SARSs as a necessary precondition for cargo capture.
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Introduction

Autophagy, a catabolic cellular process that is conserved from yeast to mammals, leads to
the capture of cytosolic material in double membrane vesicles, termed autophagosomes
[1,2]. Once autophagosome biogenesis is completed, these vesicles fuse with the vacuole in
yeast and plants, or lysosomes in animal cells, leading to the degradation of the captured
cytosolic contents. The capture of autophagic cargos can occur by a non-selective or a
selective mechanism. In selective autophagy, cargos, including aggregated proteins,
pathogens, mitochondria, endoplasmic reticulum (ER), and other organelles, are marked for
degradation by selective autophagy receptors (SARS) [3,4]. In yeast, SARs recruit Atgll, a
cytoplasmic protein that serves as the scaffold for selective autophagy initiation. Once bound
to SARs, Atgl1 recruits other autophagy components to mediate autophagosome biogenesis

[5].

Atg32 is the yeast SAR that mediates mitophagy, the selective autophagy of mitochondria
[6-8]. This single-pass transmembrane protein is localized to the outer mitochondrial
membrane (OMM). In mitophagy-inducing conditions, Atg32 is activated by a series of
post-translational modifications leading to the recruitment of Atgll [9-12]. Atgll binding to
Atg32 triggers the formation of Atg32 puncta on the surface of mitochondria [13]. These
puncta initially colocalize with Atgl1, then with the autophagosomal marker Atg8, and
finally are delivered to the vacuole [13]. Thus, Atg32 puncta on the surface of mitochondria
have been proposed to represent the site of mitophagy initiation [14]. While it has been
established that Atg11 is required for the formation of Atg32 puncta, its role in this process
is not yet known.

Atgll is a 1178 amino acid cytoplasmic scaffolding protein that binds to all SARs in yeast
to initiate selective autophagy [15]. No structures have been determined for any region of
Atgll, but secondary structure predictions suggest that it contains 4 coiled coil (CC)
domains (CC1-4, Figure 1(a)). The N-terminal region of Atgll spans residues 1-576 and
contains the first two coiled coil domains (CC1 and CC2). This region binds the core
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autophagy factors Atgl (homologue of the mammalian ULK1), Atg13, and Atg9 [16-19].
The C-terminal region spans residues 860-1178 and includes CC4 [5,15]. This region binds
SARs, including Atg32 and Atg19 [10,15]. Two crystal structures were recently determined
for the C-terminal region of FIP200, the proposed mammalian analog of Atgl1. These
structures revealed the presence of a CLAW domain at the extreme C-terminus of FIP200,
which like the CTD of Atgl1, is responsible for binding SARs [20]. Based on sequence
homology to FIP200, it is likely that Atgl1 contains a similarly structured CLAW domain at
its C-terminus for SAR binding.

The longest of the Atgl1 coiled coil domains is the CC3, which is predicted to span residues
699-860, bridging the N and C terminal regions of Atg11. Very little is known about the role
that the CC3 plays in Atgl1 function. Given its location between the N-terminal and C-
terminal regions of Atgl1 it may simply be a spacer separating the core autophagy
machinery from the cargo. However, there is some evidence to suggest that its role in
selective autophagy may be more complicated. The CC3 has been proposed to dimerize,
although the role of this potential dimerization has not been explored [15]. The CC3 has no
known binding partners apart from Atg11, including any of the core autophagy machinery.
Nonetheless, deletion of the entire CC3 prevents recruitment of the core autophagy
machinery to the phagophore assembly site (PAS) [15]. The PAS serves as the initiation site
for cytoplasm to vacuole targeting (Cvt), a form of selective autophagy in yeast that delivers
proteases to the vacuole [21]. Thus, it seems plausible that the CC3 plays an important
structural role during the initiation of selective autophagy. Given its potential structural role
in PAS formation, we wondered if the CC3 might also play a role in the formation of
mitophagy initiation sites.

Airyscan Imaging of Atg32 puncta

We used Airyscan confocal microscopy to monitor the formation of GFP-Atg32 puncta as a
marker of mitophagy initiation sites. Airyscan confocal microscopy achieves a resolution of
140 nm laterally and 400 nm axially and provides high sensitivity and a high signal-to-noise
ratio. This enabled us to discern small differences in the structure and shape of mitophagy
initiation sites upon perturbation of Atg11. Atg32 puncta have been shown to accumulate on
mitochondria when atgZ is deleted in yeast [13]. To confirm this result, GFP-Atg32 was
expressed in atglAatg32A cells that were grown in nitrogen rich media (SMD) and
transferred to media lacking nitrogen sources for 1 hr (SD-N). In agreement with previous
findings, we observed that Atg32 was restructured from a diffuse mitochondrial pattern into
puncta that were retained on mitochondria (Figure 1(b) and (c)) [13,22]. We measured the
diameter and brightness of Atg32 puncta and found that most were circular or slightly ovular
in shape and were 0.39 + 0.12 um in diameter (Figure 1(d) and (e)). The mean fluorescence
intensity (MFI) of Atg32 puncta was 7.7 times brighter than that of the surrounding
mitochondria (Figure 1(e)), demonstrating that Atg32 puncta represent sites where Atg32 is
highly concentrated.

To confirm the requirement of Atg11 for Atg32 puncta formation, we quantified puncta
abundance in afg11A4atg324 cells. In contrast to atglAatg32A cells, atg11Aatg32A cells had
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essentially no Atg32 puncta, even after transfer to SD-N (Figure 1(b) and (c)). These data
confirm that Atg11 is required for the formation of Atg32 puncta. We found similar results
when Atg32 was expressed at either lower or higher levels on mitochondria (Figure S1(a)),
suggesting that the concentration of Atg32 in the OMM does not affect the formation of
Atg32 puncta. We also found similar results using mCherry-Atg32 (Figure S1(b) and (c)),
suggesting that the fluorophore used did not affect Atg32 puncta formation. We concluded
that, following a mitophagy-inducing stimulus, Atg32 is reorganized from a diffuse
mitochondrial localization into distinct foci in an Atgl1-dependent manner.

Atgl1CC3 is required for Atg32 puncta formation

Since there is currently no established role for the CC3 in mitophagy initiation, we
wondered if it was required for the reorganization of Atg32 into puncta. To test this, we
generated a set of Atgl1 constructs that were driven by the endogenous Atgll promoter,
including full-length Atg11 (Atgl11), Atg1l lacking residues 699-860 (Atg11ACC3), and
Atgl1 lacking residues 965-1178 (Atg11ACt), which is deficient in Atg32 binding [10]. We
co-expressed these constructs with GFP-Atg32 in afg11A4atg32A4 cells and monitored the
formation of Atg32 puncta. As expected, expression of Atgl1 restored the formation of
Atg32 puncta (Figure 1(b)) and GFP-Atg32 was delivered to the vacuole in many cells. In
contrast, Atg11ACt did not restore Atg32 puncta formation, likely due to the loss of Atg32
binding (Figure 1(b) and (c)). Surprisingly, Atg11ACC3 showed a comparable reduction in
Atg32 puncta formation.. The difference in puncta was not attributable to differences in
GFP-Atg32 expression in the presence of different Atgll variants as all Atgl1 variants had
similar GFP-Atg32 expression (Figure S2). This suggests that mitophagy initiation sites
were unable to form in the absence of the Atg11CC3.

One possible explanation for the loss of Atg32 puncta in cells expressing Atg11ACC3 is that
deletion of the CC3 leads to a loss of Atg11 binding to Atg32. To test this, we expressed
GFP-Atg32 with FLAG-Atgll, FLAG-Atg11ACC3 or FLAG-Atg11ACt and performed a
co-immunoprecipitation assay. We found that Atg11ACC3 was still able to pull down Atg32,
although there was a reduction in binding compared to full-length Atg11. In contrast,
Atg11ACt was unable to pull down any Atg32, consistent with the role of the C-terminus of
Atgll in SAR binding (Figure 2(a)). It has been proposed that SAR clustering promotes
cargo capture by increasing the avidity for binding FIP200 and other autophagy proteins
[4,23] [20]. Since Atg11ACC3 cannot cluster Atg32, it may have a reduced avidity for
Atg32, which would explain why we observed a decrease in Atg32 binding to Atg11ACC3
as compared to full-length Atg11. Thus, it seems that the CC3 enhances Atgl1 binding to
Atg32 but is not absolutely required for Atg32 binding.

Due to the reduction in binding between Atg32 and Atg11ACC3, we wanted to determine if
removing the CC3 affected the recruitment of Atgl1 to mitochondria. To test this, we
expressed Atgl1l constructs tagged with two tandem copies of GFP in afgZ1A4 cells. We
found that 2GFP-Atg11 and 2GFP-Atg11ACC3 were both recruited to the mitochondrial
surface following incubation in SD-N (Figure 2(b) and (c)). In contrast, 2GFP-Atg11ACt
was not recruited to mitochondria (Figure 2(b) and (c)). These findings support the
interpretation that, unlike the Atg11Ct, Atg11CC3 is not strictly required for Atgl11l
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recruitment to the mitochondria or binding to Atg32. Thus, the near complete loss of Atg32
puncta formation and vacuolar delivery in cells expressing Atg11ACC3 must be attributable
to some other function performed by the CC3.

Atgl1CC3 is a parallel coiled coil dimer

To explore how the CC3 might function in the formation of mitophagy initiation sites, we
crystallized and determined the structure of Atgl1 residues 699-800 (Atgllggg.g00) (Figure
3(a) and Table 1), which includes the majority of the CC3. The structure shows that this
region forms a parallel coiled coil dimer. The asymmetric unit contained a single copy of
Atgllggag.goo and the crystallographic 2-fold symmetry mate contained the dimeric partner
(Figure 3(a)). Electron density was observed for residues 699-784, leaving residues 785-800
unbuilt in the structure. Surprisingly, a large portion of the residues in the structure
contained poor electron density and had high B-factors, suggesting that these regions of
Atg11 are more dynamic than the central region of the coiled coil (Figure S3).

The region of the structure containing the clearest electron density and the lowest B-factors
(< 60) was for residues 730-760 (Figure 3(b) and (c) and Figure S3). Within this region, 6
hydrophobic amino acids (1le731, Met734, 11738, Leu741, Leu752, Leu755) sit at the
interface between the two copies of the CC3. Coiled coil domains consist of heptad repeats
that are defined by repeating sequences of 7 amino acids, labeled a through g. Most
commonly, positions a and d are occupied by hydrophobic residues that pack in the center of
the helices, while positions e and g are occupied by charged residues that form electrostatic
interactions on the outside surface the helical bundle. The 6 hydrophobic residues in the
730-760 region do indeed conform to a standard heptad repeat (Figure 3(b)). The dimer
interface is further supported by electrostatic interactions between Lys745 and Glu744.
Together, these 8 residues appear to be the most important residues for supporting the coiled
coil dimer interface. This central region of strong heptad repeats is flanked on either side by
sequences (724-730 and 766-772) that lack hydrophobic residues in either position a or d,
potentially contributing to the increased flexibility that we observed in the crystal structure
(Figure 3(b)).

We also observed a sulfate ion packed between two coiled coil dimers of Atgllggg-g00
(Figure 3(d)). The packing of this sulfate ion is coordinated by two highly conserved
residues, Lys745 and Arg749. Notably, Arg749 is located away from the coiled coil
interface, suggesting that it may not be directly involved in CC3 dimerization. Since sulfate
ions can dock at functionally important sites, including potential protein-protein interaction
sites, these conserved residues may contribute to the function of the CC3 in mitophagy
initiation. Taken together, our structural data shows that the 699-800 region of Atgl1 forms
a dimeric coiled coil, supported in its central region by eight interfacing residues that make
up a stretch of clear heptad repeats.

Atgl11CCa3 is not required for the overall dimerization of Atgl1

Atgll is known to dimerize /in vivo, and recent studies on recombinantly expressed and
purified Atg11 indicate that both the N- and C-terminal fragments are capable of
dimerization [15,24]. However, it is not clear whether the CC3 is required for Atg11l
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dimerization /n vivo. To test this, we expressed FLAG-Atg11 or FLAG-Atg11ACC3 with
HA-Atgll or HA-Atg11ACC3 and performed a co-immunoprecipitation assay. We found
that Atg11 co-immunoprecipitated in both SMD and SD-N media, confirming its capacity to
self-associate independent of nutrient availability (Figure 3(e)). To our surprise, loss of the
CC3 did not diminish Atg11 co-immunoprecipitation (Figure 3(e)), even when both Atgl1l
constructs were lacking the CC3. This suggests that the CC3 is entirely dispensable for the
overall dimerization of Atgl1, even though the CC3 is itself a dimer.

Atgl11CC3 promotes the organization of mitophagy initiation sites

To test the importance of the CC3 interface for Atg32 puncta formation, we generated four
Atgl11 constructs: a deletion of the crystallized region (Atg11A699-800), a deletion of the
well-ordered region (Atg11A731-765), a mutation of the 6 hydrophobic amino acids that
form the CC3 interface (Atgl1®6A) to Ala, and a double mutation, Lys745Ser and
Arg749Ser (Atgl1-2Ser), to disrupt the sulfate docking site. We transformed these
constructs along with GFP-Atg32 into atgl1A4atg32A cells and monitored the formation of
Atg32 puncta following SD-N treatment (Figure 4(a) and (b)). We found that cells
expressing Atg11A699-800, Atg11A731-765, or Atgl1d6A had significantly fewer Atg32
puncta than cells expressing full-length Atg11 (Fig. 4A and B). This striking loss of function
is particularly noteworthy in the Atgl1®6A mutant, where there is no truncation and only a
disruption of the CC3 interface. Importantly, the loss of GFP-Atg32 puncta in these
experiments was not due to reduced expression of GFP-Atg32 when it was co-expressed
with different Atgl1 variants (Figure S2).

To further explore the effects of the CC3 interface on Atg32 assembly, we examined the
shape and brightness of the Atg32 puncta formed in the presence of the different CC3
mutants. In cells expressing Atg11A731-765 or Atg11®6A the majority of the puncta
contained either crescent or ring-shaped concentrations of Atg32 (Figure 4(c)). These
crescent and ring-shaped structures were never observed in cells expressing full-length
Atgll. The ring-shaped structures formed by Atg11A731-765 were on average as bright as
Atg32 puncta formed in the presence of full-length Atgl1, but they exhibited a greater range
of fluorescence. Their diameter was also significantly greater (0.69 + 0.22 pm) than standard
Atg32 puncta, with a distinct dip in fluorescence in the center (Figure 4(d)). Time-lapse
imaging of GFP-Atg32 in cells expressing Atg11A731-765 revealed that Atg32 was initially
concentrated into smaller puncta, which then expanded to form the ring shape (Figure 4(g)).
These structures may represent the attempted clustering of Atg32 upon Atg11 binding,
suggesting that without the CC3 interface, proper organization of Atg32 cannot be achieved.

Cells expressing the Atg11-2Ser mutant also had fewer Atg32 puncta than cells expressing
full-length Atgl1, (Fig. 4A and B), but Atg32 did not form crescent or ring-shaped
structures. Instead, all Atg32 puncta formed in the Atg11-2Ser were similar in shape to the
Atg32 puncta formed in cells expressing wildtype Atgl11.

The Atg11CC3 interface is required for mitophagy

To investigate whether the CC3 was required for functional mitophagy, we performed the
well-established OM45-GFP assay, which utilizes the degradation of the OMM protein
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OM45 as a readout for mitophagy completion [25]. The OM45-GFP assay was performed in
atg11A cells with different Atgl1 variants under the control of their endogenous promoter
(Figure 5(a) and (b)). As expected, mitophagy was entirely lost in cells lacking Atg11, and
expression of full-length Atg11 fully restored mitophagy. In contrast, cells expressing
Atg11A699-860 or Atg11A699-800 had essentially no detectable mitophagy. Moreover,
expression of Atg11A731-765 or Atg11d6A only supported a 10% restoration of mitophagy
compared to full-length Atg11. These data confirm that the CC3 interface is crucial to the
proper formation of mitophagy initiation sites and the delivery of mitochondrial cargo to the
vacuole. Expression of Atg11-2Ser produced a 64% restoration of mitophagy, supporting the
notion that these residues are required for efficient Atg11 function, but that they are less
important for mitophagy than the CC3 interface. Importantly, there was no significant
difference in the expression of the different Atg11 variants, indicating that the reduction in
mitophagy levels and the changes in the shape of mitophagy initiation sites are not due to
different levels of Atgll expression (Figure S4). We therefore concluded that the Atg11CC3
interface is required for successful capture of mitochondria during selective autophagy.

Discussion

In this study, we explored the structure and function of the Atg11CC3, a coiled coil domain
in Atg11 whose function is not yet known. We show here that the Atg11CC3 forms a
parallel coiled coil dimer, and that the interface of the CC3 is crucial for the reorganization
of Atg32 into functional mitophagy initiation sites. Taken together, our data demonstrates
that the CC3 plays an important structural role in mitophagy initiation.

The crystal structure of Atgllggg-gog revealed that this region is a parallel coiled coil dimer
containing a short interface (residues 730-760) that is flanked on either side by regions
containing poor electron density and high B-factors. This may be due to a lack of crystal
contacts in these regions or it could suggest that these portions of the CC3 are more dynamic
than the dimer interface. If these regions are indeed flexible in full-length Atg11 this may be
due to a breakdown of the heptad repeat sequence for residues 724-730 and 766-772.
Neither of these stretches contain any hydrophobic residues in the standard positions that
would support hydrophobic packing in the center of the helical bundle. If these flanking
regions are indeed dynamic in the full-length protein, their flexibility may permit a greater
range of movement for the N and C terminal regions of Atg11.

Atgl1 has previously been shown to self-associate in cells, and this capacity was primarily
assigned to the N-terminal region [15,16]. However, it was not known how the CC3
contributed to Atgl1 self-association. Later studies showed that recombinantly expressed
full length Atg11, the N-terminal region of Atgl1 and the C-terminal region of Atgl1l
including the CC3 can all form dimers, making it unclear how each region of Atg11
contributes to the overall self-association of Atg11 in cells [24]. It has also been shown that
Atgll may exist in cells as a monomer that dimerizes only once bound to Atg32 [16]. In this
study, we found that full length Atg11 is self-associated /n vivo, independent of nutrient
availability. However, we found that the CC3 was entirely dispensable for Atgl1 self-
association overall. This suggests that Atg11 dimerization is supported primarily by a
different interface. Recent work on FIP200, the mammalian analog of Atgl11, demonstrated
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that the N-terminal region of FIP200 is a C shaped dimeric structure [26]. If Atgl1 contains
a similar N-terminal region it may serve as the primary site of Atgl1 dimerization.

Our data suggests that the CC3 is required for the organization of mitophagy initiation sites.
One possible function of the CC3 in the formation of these sites could be as a spacer
separating the cargo and the core autophagy machinery. However, we found that deletion of
only the CC3 interface (Atg11A730-760) or point mutations disrupting the hydrophobic
interactions of the CC3 interface (Atg1l1®6A) significantly impaired Atg32 puncta
formation and almost entirely abolished delivery of mitochondria to the vacuole. Since the
Atgl1®6A mutant contains the same number of amino acids as the wildtype protein, this
suggests that the function of the CC3 is unlikely to be a spacer.

Another possible role for the CC3 could be to support interactions with other coiled coil
domains in Atg11. However, prior work from the Klionsky laboratory demonstrated that
Atgl1 lacking the CC2 is unable to bind to full length Atgl1 [15]. This suggests that the
CC3is unlikely to support Atg11 interactions by binding to other coiled coil regions within
Atgl1. Taking this work together with our data suggests that the N-terminal region is the
main dimerization sites for Atgl1, while the CC3 plays other roles in selective autophagy
initiation.

Previous studies have shown that, in yeast, autophagosomes and mitochondrial fragments
captured in autophagosomes are approximately 400 nm in diameter [27-29]. The Atg32
puncta formed in the presence of full length Atg11 are consistent with these measurements.
The Atg11 mutants Atg11A730-760 and Atg11®6A were still able to partially concentrate
Atg32 into puncta, but they restructured Atg32 into extended crescent and ring-shaped
structures that far exceeded the standard size of autophagosomes and mitochondrial
fragments. Tellingly, these structures were not able to progress further in selective
autophagy. This suggests that simply concentrating Atg32 is not sufficient to allow for
selective autophagy initiation. It seems that Atg32 must also be organized in a specific
manner as a necessary precondition for functional mitophagy. We therefore propose that the
CC3 plays an important structural role, helping the concentrated Atg32 in the OMM to
assume a shape and size suitable for autophagic capture.

A similar principle may hold true for other SARs and their cargos. In yeast, the SAR Atg19
restricts the size of its cargo, the self-associating vacuole protease APE1 [30]. In mammalian
systems, the SAR p62 self-associates, but FIP200 limits cargo size by binding to p62,
thereby limiting the size of p62 aggregates [31,32]. The mammalian ER membrane anchored
SAR FAM134B also clusters during selective autophagy, although it is not yet known how
the size of FAM134B puncta is regulated [32]. Our study suggests that, in the case of yeast
mitophagy, Atgl1l is required for both concentration of the SAR and restriction of the cargo
to a proper size. Thus, the capacity to self-associate may reside in the cargo itself, the SAR,
or the adaptor, but in any case, must be regulated to produce cargo suitable for autophagic
capture.

Finally, it is important to consider how Atg32 and Atgl1 clustering might be influenced by
other components of the core autophagy machinery. A recent study demonstrated that the
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initiation site for non-selective autophagy is formed by liquid-liquid phase separation of the
core autophagy machinery, including Atgl, Atg13, Atgl7, Atg29, and Atg31 [33]. This
phase separation is supported by interactions between Atg13 and Atgl7. Atgll and Atgl7
are thought to play counterpart roles in the initiation of selective and non-selective
autophagy, respectively. Thus, the proper multimerization of Atg32 and Atgll may be
important for the recruitment and assembly of other elements in the core autophagy
machinery, adding another layer of complexity to the mechanism by which mitophagy
initiation sites are formed.

Materials and Methods

Plasmids

For protein purification, Atgl1gg99.g9¢ from S. cerevisiae was codon optimized for E. coli
and cloned into pHis2 such that the construct contained an N-terminal hexahistidine tag
followed by a TEV cleavage site. For all other constructs, Atg32 and Atgl1 were amplified
from a S. cerevisiae genomic library (Novagen). Atg11 containing 300 base pairs flanking
the start and end of the coding region was cloned into yCPLAC33 [34]. 2GFP from LD231,
which was a gift from Zhiping Xie (Addgene), was then cloned at the N-terminus of Atg11
using Gibson Cloning (NEB) to generate 2GFP-Atg11 yCPLAC33 [35]. sSfGFP from the
plasmid 1GFP, which was a gift from Scott Gradia, and mCherry were cloned into
pCu415CUP1 and pCu416CUP1 vectors, respectively [36]. Atg32 was then cloned into GFP
pCu415CUP1 and mCherry pCu416CUP1. HA or FLAG tags were added to Atg11 using
PCR and these were cloned into pCu415CUP1 and pCu416CUP1, respectively. Point
mutants and truncations were generated using Q5 Site-Directed Mutagenesis (NEB) and all
mutagenesis primers were designed using NEBaseChanger (http://nebasechanger.neb.com/).

Yeast Strains

Microscopy

atglA and atg11A cell lines were obtained from the S. cerevisiae knockout collection
(Invitrogen). atg32 was replaced with the NAT cassette from pAG25 [37] in the atgi4 and
atg11A cell lines to generate KBY006 (MATa his3A1 leu2A0 lys2A0 ura3A0 atgI1A..KAN
atg32A4::NAT) and SKY004 (MATa his341 leuZA0 lys2A0 ura3A0 atg11A::KAN
atg324::NAT). TKYM22 (SEY 6210 OM45-GFP::TRPI) was a gift from Daniel Klionsky
[22,38]. atg11 was replaced with the NAT cassette from pAG25 in TKYM22 to generate
XXY003 (TKYM22 atg11A::NAT).

Cells were grown in SMD (0.67% yeast nitrogen base, 2% glucose and supplemented with
the appropriate amino acid and vitamin mixture) with 0.5uM copper unless otherwise stated,
to an OD of 1. For SD-N treatment, cells were washed once in SD-N (0.17% yeast nitrogen
base without amino acids and ammonium sulfate, 2% glucose), then resuspended in SD-N
and incubated for 1 hr. To visualize mitochondria, cells were stained with 50nM Mitotracker
red CMXRos (Invitrogen) for 10 minutes, then washed in the appropriate media (SMD or
SD-N) and imaged.
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Cells were plated in SMD or SD-N media on MatTek glass bottom dishes and allowed to
settle for 5 minutes before imaging. Images were acquired on a Zeiss Airyscan LSM 880
microscope using an alpha Plan-Apochromatic 100x oil lens with NA=1.46 using Zeiss
Immersol 518 F immersion oil at room temperature. GFP was excited using a 488 Argon
laser, mCherry and CMXRos Mitotracker were excited using a DPSS 561 laser. Emission
was detected using a Zeiss GaAsP-PMT detector. Cells were imaged in z-stacks to a final
height of 6um. For time lapse imaging, cells were imaged as described above at 15 second
intervals. Acquisition was performed using the ZEN black software and analyzed using ZEN
black, ZEN blue and ImageJ software. Airyscan images were deconvoluted by Airyscan
processing set to 3D with a processing strength of 6, and the 3D stacks were used to
generate 3D max projections. No gamma correction was performed.

Puncta were defined based on the phenotype observed in atglAatg32A cells expressing GFP-
Atg32 that were incubated in SD-N for 1 hr (Figure 1(b)). The experiment was performed in
3 independent repeats, and >50 puncta were analyzed in total. MFI values were obtained
from raw data and the fluorescence values measured outside cells was subtracted. The MFI
of puncta was normalized to the MFI of mitochondria directly adjacent. For puncta diameter
measurements, each trace was analyzed independently.

For puncta quantification, each experiment was performed in 3 independent repeats. In each
repeat, at least 6 fields were acquired from different regions of the dish, yielding >300 cells
imaged per group per repeat. All the cells imaged were analyzed, totaling >1000 cells per
group. Since GFP was entirely absent from the vacuole of atglAatg324 and atg11Aatg32A
cells, we determined that GFP delivery to the vacuole was entirely dependent on selective
autophagy as described previously [39]. We therefore categorized cells with vacuolar GFP as
having recently contain GFP-Atg32 puncta.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0. Data was compared using one-
way ANOVA with Tukey’s or Dunnet’s multiple comparison tests (Figure 2(c) and 5(b),
respectively) or two-way ANOVA with Sidak’s multiple comparison tests (Figure 1(e) and
4(b)). * p<0.05, *** p<0.001, **** p<0.0001.

Protein Expression and Purification

BI21(DE3)-RIL cells transformed with Atg11ggg.ggg in pHis2 were grown in LB (Fisher
Scientific) at 37°C to an OD600 between 0.6-0.8. Cells were incubated at 4°C while the
incubator cooled to 18°C. Expression was then induced with 1 mM IPTG and cells were
grown at 18°C overnight. Cells were harvested by centrifugation at 4000 x g for twenty-five
minutes at 4°C, then resuspended in 30 mL lysis buffer containing 50 mM Tris pH 8.0, 500
mM NacCl, 0.1% Triton X-100 (Alfa Aesar), 166 uM MgCIl, with a cOmplete, EDTA-free
Protease Inhibitor tablet (Sigma Aldrich) and benzonase (Sigma Aldrich). Cells were lysed
using a French Press (Thermo Electron) and lysates were cleared by centrifugation at 40,000
X g at 4°C. Cleared lysate was subjected to purification using TALON resin (Clontech)
which was equilibrated with 50 mM Tris, pH 8.0, 500 mM NaCl and protein was eluted with
20 mM Tris, pH 8.0, 200 mM NacCl, 200 mM Imidazole. The hexahistidine tag was cleaved

J Mol Biol. Author manuscript; available in PMC 2021 October 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Margolis et al.

Page 11

overnight with recombinant TEV protease at 4°C. Atg11699-800 was further purified with a
second TALON resin purification followed by size exclusion chromatography using a
HilLoad Superdex 75 PG column (GE Healthcare) equilibrated in 20 mM Tris pH 8.0, 200
mM NacCl.

For selenomethionine labeling, BI21(DE3)-RIL cells transformed with Atgl1ggg.ggg in
pHis2 were grown in M9 minimal media with 2% glucose at 37°C to an OD600 of 0.5-0.6.
Methionine production was blocked using an amino acid mixture containing 50 mg leucine
(Alfa Aesar), 50 mg isoleucine (Tokyo Chemical Industry), 50 mg valine (Alfa Aesar), 100
mg lysine (Tokyo Chemical Industry), 100 mg phenylalanine (Tokyo Chemical Industry),
100 mg threonine (Tokyo Chemical Industry) per liter of media. 60 mg of selenomethionine
(Acros Organics) was also added to each liter of media. After fifteen minutes of additional
growth at 37°C, cells were stored at 4°C while the incubator cooled to 18°C and then protein
expression was induced with 1 mM IPTG (VWR) and expressed at 18°C overnight. Protein
was purified as above but with 5 mM 2-mercaptoethanol added to all lysis and talon buffers
and with 0.2 mM tris(2-carboxyethyl)phosphine added to the size exclusion buffer.

Crystallization and Structure Determination of Atg11g99.300

Atgllgg99.890 Was concentrated to 11.8 mg/mL using Amicon ultra 3000 concentrators
(Millipore). After optimization, rod-shaped crystals containing native protein grew within
one day at room temperature in 90 mM LiNaK, 0.1 M Morpheus Il buffer system 4 pH 6.5,
50% v/v Morpheus Il precipitant mix 6 using a protein to reservoir ratio of 1:2. Crystals
containing selenomethionine labeled protein grew in similar conditions (90 mM LiNaK, 0.1
M Morpheus buffer system 4 pH 6.5, 10.5% PEG 4k, 15% 1,2,6 hexanetriol protein to
reservoir ratio 1:1). Anomalous data on selenomethionine crystals were collected at NE-CAT
(24-1D-C) at APS while data was collected on native protein crystals at FMX (17-1D-2) at
NSLSII. Images were processed in XDS [40] and scaled using AIMLESS [41]. Autosol [42]
within Phenix [43] was used for SAD phasing. An initial model was built in Coot [44]and
this partial model was then used as an MR search model in Phenix with the higher resolution
native data set. Subsequently, iterative model building in Coot and refinement in Refmac
[45] in CCP4 [46] were performed. The final structure was deposited in the PDB as 6VZF.

Co-Immunoprecipitation

atg11A4 or SKYO004 cells were transformed with the appropriate vectors. Cells were grown to
mid-log phase in SMD. Protein expression was then induced with 0.5 uM copper (Sigma).
After 3 hrs of induction, cells were pelleted (2,000 x g, 5 min) and either stored at —80°C for
SMD conditions or resuspended in SD-N with 1 mM PMSF (Amresco) for 30 min and then
harvested and stored at —80°C. Cells were resuspended in lysis buffer containing 1X
phosphate-buffered saline (Corning), 0.2 M sorbitol (Sigma), 1 mM MgCI2 (VWR), 1%
Triton X-100 (Alfa Aesar), 1 mM PMSF, and 1 complete EDTA-free tablet (Sigma Aldrich).
Cells were lysed by bead beating and centrifuged at 16,100 x g at 4°C. Supernatant was
incubated with FLAG M2 magnetic beads (Sigma), rocking for 2 hrs at 4°C. After removal
of the flow-through, beads were washed 5 times with lysis buffer. 1 X NUPAGE LDS sample
buffer (Invitrogen) was added to each tube. Tubes were then incubated at 37°C for 30 min to
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elute proteins bound to the magnetic beads. Supernatant was analyzed by western blot and
probed with anti-FLAG (Sigma), anti-HA (Abcam) or anti-GFP (Santa Cruz) antibodies.

OM45-GFP Processing Assay

The OM45-GFP processing assay was performed as previously described [25]. XXY003
cells were transformed with the appropriate vectors to add back atgl11 variants. Cells were
grown at 30°C in SMD to an OD600 of 0.9-1.0, pelleted at 1,400 x g for 10 min and
resuspended in SML (0.67% yeast nitrogen base, 2% lactic acid and supplemented with the
appropriate amino acid and vitamin mixture). After growing to an OD600 of 0.8-1.5, cells
were pelleted and resuspended in SD-N for six hours. After incubation in SD-N, cells were
harvested, lysed by bead beating and GFP was detected by western blot.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported by R35GM128663 and P20GM113132. We would like to thank Dan Klionsky for
reagents. DNA sequencing was performed using the Molecular Biology Shared Resource at Dartmouth which is
supported by P30CA023108. Crystallography data were collected at NE-CAT (24-1D-C) at APS and FMX (17-
ID-2) at NSLSII. This work is based upon research conducted at the Northeastern Collaborative Access Team
beamlines, which are funded by the National Institute of General Medical Sciences from the National Institutes of
Health (P30 GM124165). The Pilatus 6M detector on 24-1D-C beam line is funded by a NIH-ORIP HEI grant (S10
RR029205). This research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE)
Office of Science User Facility operated for the DOE Office of Science by Argonne National Laboratory under
Contract No. DE-AC02-06CH11357. The Center for Biomolecular Structure (CBMS) operation of the FMX beam
line at NSLS Il is primarily supported by the National Institute of Health, National Institute of General Medical
Sciences (NIGMS) through a Core Center of Excellence P30 Grant, (1P30GM133893) and by the DOE Office of
Biological and Environmental Research (BER) through BER-BO 070 grant. As a National facility resource, the
National Synchrotron Light Source 11 at Brookhaven National Laboratory, is supported by the U.S. Department of
Energy (DOE). Worked performed at the CBMS facilities are supported in part by the DOE Office of Science,
Office of Basic Energy Sciences Program (BES), BES-FWP-PS001.

References

[1]. Dikic I, Elazar Z, Mechanism and medical implications of mammalian autophagy, Nat. Rev. Mol.
Cell Biol 19 (2018) 349-364. [PubMed: 29618831]

[2]. Wen X, Klionsky DJ, An overview of macroautophagy in yeast, J. Mol. Biol 9 (2016) 1681-1699.

[3]. Gatica D, Lahiri V, Klionsky DJ, Cargo recognition and degradation by selective autophagy, Nat.
Cell Biol 20 (2018) 233-242. [PubMed: 29476151]

[4]. Zaffagnini G, Martens S, Mechanisms of Selective Autophagy, J. Mol. Biol 9 (2016) 1714-1724.

[5]. Zientara-Rytter K, Subramani S, Mechanistic Insights into the Role of Atgl1 in Selective
Autophagy, J. Mol. Biol 432 (2020) 104-122. [PubMed: 31238043]

[6]. Pickles S, Vigié P, Youle RJ, Mitophagy and Quality Control Mechanisms in Mitochondrial
Maintenance, Curr. Biol 28 (2018) R170-R185. [PubMed: 29462587]

[7]. Kanki T, Wang K, Cao Y, Baba M, Klionsky DJ, Atg32 Is a Mitochondrial Protein that Confers
Selectivity during Mitophagy, Dev. Cell 17 (2009) 98-109. [PubMed: 19619495]

[8]. Okamoto K, Kondo-Okamoto N, Ohsumi Y, Mitochondria-Anchored Receptor Atg32 Mediates
Degradation of Mitochondria via Selective Autophagy, Dev. Cell 17 (2009) 87-97. [PubMed:
19619494]

[9]. Wang K, Jin M, Liu X, Klionsky DJ, Proteolytic processing of Atg32 by the mitochondrial i-AAA
protease Ymel regulates mitophagy, Autophagy. 9 (2013) 1828-1836. [PubMed: 24025448]

J Mol Biol. Author manuscript; available in PMC 2021 October 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Margolis et al.

Page 13

[10]. Aoki Y, Kanki T, Hirota Y, Kurihara Y, Saigusa T, Uchiumi T, Kang D, Phosphorylation of serine

[11].

[12].

[13].

[14].
[15].
[16].

[17].

[18].

[19].

[20].

[21].
[22].

[23].

[24].
[25].
[26].

[27].

[28].

[29].

114 on Atg32 mediates mitophagy, Mol. Biol. Cell 22 (2011) 3206-3217. [PubMed: 21757540]
Kanki T, Kurihara Y, Jin X, Goda T, Ono Y, Aihara M, Hirota Y, Saigusa T, Aoki Y, Uchiumi T,
Kang D, Casein kinase 2 is essential for mitophagy, EMBO Rep. 14 (2013) 788-794. [PubMed:
23897086]

Farré JC, Burkenroad A, Burnett SF, Subramani S, Phosphorylation of mitophagy and pexophagy
receptors coordinates their interaction with Atg8 and Atgl1, EMBO Rep. 14 (2013) 441-449.
[PubMed: 23559066]

Furukawa K, Fukuda T, ichi Yamashita S, Saigusa T, Kurihara Y, Yoshida Y, Kirisako H,
Nakatogawa H, Kanki T, The PP2A-like Protein Phosphatase Ppgl and the Far Complex
Cooperatively Counteract CK2-Mediated Phosphorylation of Atg32 to Inhibit Mitophagy, Cell
Rep. 23 (2018) 3579-3590. [PubMed: 29925000]

Yamashita Sl, Kanki T, How autophagy eats large mitochondria: Autophagosome formation
coupled with mitochondrial fragmentation, Autophagy. 13 (2017) 980-981. [PubMed: 28521613]
Yorimitsu T, Klionsky DJ, Atg11 links cargo to the vesicle-forming machinery in the cytoplasm
to vacuole targeting pathway, Mol. Biol. Cell 16 (2005) 1593-1605. [PubMed: 15659643]
Matscheko N, Mayrhofer P, Rao Y, Beier V, Wollert T, Atg11 tethers Atg9 vesicles to initiate
selective autophagy, PLoS Biol. 17 (2019).

Kamber RA, Shoemaker CJ, Denic V, Receptor-Bound Targets of Selective Autophagy Use a
Scaffold Protein to Activate the Atgl Kinase, Mol. Cell 59 (2015) 372-381. [PubMed:
26166702]

Chang CY, Huang WP, Atg19 mediates a dual interaction cargo sorting mechanism in selective
autophagy, Mol. Biol. Cell 18 (2007) 919-929. [PubMed: 17192412]

Torggler R, Papinski D, Brach T, Bas L, Schuschnig M, Pfaffenwimmer T, Rohringer S,
Matzhold T, Schweida D, Brezovich A, Kraft C, Two Independent Pathways within Selective
Autophagy Converge to Activate Atgl Kinase at the Vacuole, Mol. Cell 64 (2016) 221-235.
[PubMed: 27768871]

Turco E, Witt M, Abert C, Bock-Bierbaum T, Su MY, Trapannone R, Sztacho M, Danieli A, Shi
X, Zaffagnini G, Gamper A, Schuschnig M, Fracchiolla D, Bernklau D, Romanov J, Hartl M,
Hurley JH, Daumke O, Martens S, FIP200 Claw Domain Binding to p62 Promotes
Autophagosome Formation at Ubiquitin Condensates, Mol. Cell 74 (2019) 330-346. [PubMed:
30853400]

Lynch-Day MA, Klionsky DJ, The Cvt pathway as a model for selective autophagy, FEBS Lett.
584 (2010) 1359-1366. [PubMed: 20146925]

Mao K, Wang K, Zhao M, Xu T, Klionsky DJ, Two MAPK-signaling pathways are required for
mitophagy in Saccharomyces cerevisiae, J. Cell Biol. 193 (2011) 755-767. [PubMed: 21576396]
Wurzer B, Zaffagnini G, Fracchiolla D, Turco E, Abert C, Romanov J, Martens S,
Oligomerization of p62 allows for selection of ubiquitinated cargo and isolation membrane
during selective autophagy, Elife. 4 (2015) e08941. [PubMed: 26413874]

Suzuki H, Noda NN, Biophysical characterization of Atgl1, a scaffold protein essential for
selective autophagy in yeast, FEBS Open Bio. 8 (2018) 110-116.

Kanki T, Kang D, Klionsky DJ, Monitoring mitophagy in yeast: The Om45-GFP processing
assay, Autophagy. 5 (2009) 1186-1189. [PubMed: 19806021]

Shi X, Yokom AL, Wang C, Young LN, Youle RJ, Hurley JH, ULK complex organization in
autophagy by a C-shaped FIP200 N-terminal domain dimer, J. Cell Biol 219 (2020).

KisSova I, Salin B, Schaeffer J, Bhatia S, Manon S, Camougrand N, Selective and non-selective
autophagic degradation of mitochondria in yeast, Autophagy. 3 (2007) 329-336. [PubMed:
17377488]

Backues SK, Chen D, Ruan J, Xie Z, Klionsky DJ, Estimating the size and number of autophagic
bodies by electron microscopy, Autophagy. 10 (2014) 155-164. [PubMed: 24270884]

Xie Z, Nair U, Geng J, Szefler MB, Rothman ED, Klionsky DJ, Indirect estimation of the area
density of Atg8 on the phagophore, Autophagy. 5 (2009) 217-220. [PubMed: 19088501]

J Mol Biol. Author manuscript; available in PMC 2021 October 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Margolis et al.

[30].

[31].

[32].

[33].

[34].

[35].
[36].
[37].
[38].
[39].
[40].
[41].

[42].

[43].

[44].

[45].

[46].

Page 14

Yamasaki A, Watanabe Y, Adachi W, Suzuki K, Matoba K, Kirisako H, Kumeta H, Nakatogawa
H, Ohsumi Y, Inagaki F, Noda NN, Structural Basis for Receptor-Mediated Selective Autophagy
of Aminopeptidase | Aggregates, Cell Rep. 16 (2016) 19-27. [PubMed: 27320913]

Ciuffa R, Lamark T, Tarafder AK, Guesdon A, Rybina S, Hagen WJH, Johansen T, Sachse C,
The Selective Autophagy Receptor p62 Forms a Flexible Filamentous Helical Scaffold, Cell Rep.
11 (2015) 748-758. [PubMed: 25921531]

Jiang X, Wang X, Ding X, Du M, Li B, Weng X, Zhang J, Li L, Tian R, Zhu Q, Chen S, Wang L,
Liu W, Fang L, Neculai D, Sun Q, FAM 134B oligomerization drives endoplasmic reticulum
membrane scission for ER -phagy, EMBO J. 39 (2020) €102608. [PubMed: 31930741]

Fujioka Y, Alam JM, Noshiro D, Mouri K, Ando T, Okada Y, May Al, Knorr RL, Suzuki K,
Ohsumi Y, Noda NN, Phase separation organizes the site of autophagosome formation, Nature.
578 (2020) 301-305. [PubMed: 32025038]

Gietz RD, Sugino A, New yeast-Escherichia coli shuttle vectors constructed with in vitro
mutagenized yeast genes lacking six-base pair restriction sites, Gene. 74 (1988) 527-534.
[PubMed: 3073106]

Li D, Song JZ, Shan MH, Li SP, Liu W, Li H, Zhu J, Wang Y, Lin J, Xie Z, A fluorescent tool set
for yeast Atg proteins, Autophagy. 11 (2015) 954-960. [PubMed: 25998947]

Labbé S, Thiele DJ, Copper ion inducible and repressible promoter systems in yeast, Methods
Enzymol. 306 (1999) 145-153. [PubMed: 10432452]

Goldstein AL, McCusker JH, Three new dominant drug resistance cassettes for gene disruption in
Saccharomyces cerevisiae, Yeast. 15 (1999) 1541-1553. [PubMed: 10514571]

Kanki T, Klionsky DJ, Mitophagy in yeast occurs through a selective mechanism, J. Biol. Chem
283 (2008) 32386-32393. [PubMed: 18818209]

Xia X, Katzenell S, Reinhart EF, Bauer KM, Pellegrini M, Ragusa MJ, A pseudo-receiver domain
in Atg32 is required for mitophagy, Autophagy. 14 (2018) 1620-1628. [PubMed: 29909755]
Kabsch W, XDS, Acta Crystallogr. Sect. D Biol. Crystallogr 66 (2010) 125-132. [PubMed:
20124692]

Evans PR, Murshudov GN, How good are my data and what is the resolution?, Acta Crystallogr.
Sect. D Biol. Crystallogr 69 (2013) 1204-1214. [PubMed: 23793146]

Terwilliger TC, Adams PD, Read RJ, McCoy AJ, Moriarty NW, Grosse-Kunstleve RW, Afonine
PV, Zwart PH, Hung LW, Decision-making in structure solution using Bayesian estimates of map
quality: The PHENIX AutoSol wizard, Acta Crystallogr. Sect. D Biol. Crystallogr 65 (2009)
582-601. [PubMed: 19465773]

Liebschner D, Afonine PV, Baker ML, Bunkoczi G, Chen VB, Croll TI, Hintze B, Hung LW, Jain
S, McCoy AJ, Moriarty NW, Oeffner RD, Poon BK, Prisant MG, Read RJ, Richardson JS,
Richardson DC, Sammito MD, Sobolev OV, Stockwell DH, Terwilliger TC, Urzhumtsev AG,
Videau LL, Williams CJ, Adams PD, Macromolecular structure determination using X-rays,
neutrons and electrons: Recent developments in Phenix, Acta Crystallogr. Sect. D Struct. Biol
D75 (2019) 861-877.

Emsley P, Lohkamp B, Scott WG, Cowtan K, Features and development of Coot, Acta
Crystallogr. Sect. D Biol. Crystallogr D66 (2010) 486-501.

Murshudov GN, Vagin AA, Dodson EJ, Refinement of macromolecular structures by the
maximum-likelihood method, Acta Crystallogr. Sect. D Biol. Crystallogr D53 (1997) 240-255.

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, Keegan RM, Krissinel EB,
Leslie AGW, McCoy A, McNicholas SJ, Murshudov GN, Pannu NS, Potterton E, Powell HR,
Read RJ, Vagin A, Wilson KS, Overview of the CCP4 suite and current developments, Acta
Crystallogr. Sect. D Biol. Crystallogr D67 (2011) 235-242.

J Mol Biol. Author manuscript; available in PMC 2021 October 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Margolis et al.

Page 15

Highlights.

The outer mitochondrial membrane protein Atg32 is clustered to start
mitophagy.

The third coiled coil domain of Atgl1 is required for Atg32 clustering.

The 2.03 A crystal structure of Atgl1gg9.800 Was determined.

Mutation of the dimer interface of Atgllggg-gog blocks Atg32 clustering.

Atg32 puncta must be shaped by Atgl11 for mitophagy.
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Figure 1.
Atg11CC3 is required for the formation of Atg32 puncta. (a) A schematic of the domain

architecture of Atg11 with the amino acid number for the start and end of each domain
listed. (b) Representative images showing GFP-Atg32 driven by the CUP1 promoter with
0.5 UM copper in either atg1latg32A or atg11Aatg32A cells. Where noted, atg11Aatg324
cells were also expressing the indicated Atg11 constructs. Cells were grown in SMD, then
transferred to SD-N for 1 hr. Scale bar: 5um. (c) Quantification of the percent of cells
containing puncta from B. Three independent repeats were performed with a total of >1000
cells analyzed per group. Significance was determined using a two-way ANOVA with
Sidak’s multiple comparison test. **** p<0.0001. (d) Representative images showing the
variation in shape of GFP-Atg32 puncta in atglAatg32A cells incubated in SD-N for 1h.
Scale bar: 2um. (e) MFI of GFP-Atg32 puncta and surrounding mitochondria. GFP
fluorescence was measured along the dotted line and normalized to baseline fluorescence of
Atg32 in the surrounding mitochondria. Measurements were made for 50 puncta imaged in 3
separate experiments. Black line — mean MFI; gray border — SD.
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Figure 2.
Atg11ACC3 is still recruited to mitochondria during mitophagy induction. (a) GFP-Atg32

and FLAG-Atgll, FLAG-Atgl1ACC3, or FLAG-Atg11ACt were expressed in
atg11Aatg32A cells. Cells were grown in SMD and then transferred to SD-N media for 30
minutes. Lysate was immunoprecipitated with anti-FLAG resin and probed with anti-FLAG
and anti-GFP antibodies. Experiments were performed in triplicate; representative blots are
shown. (b) Representative images of afgZ1A cells expressing 2GFP-Atg11 constructs. Cells
were grown in SMD and then transferred to SD-N media for 1 hr, then stained with
MitoTracker Red and imaged. Single plane images are shown. (c) Quantification of the
puncta from 2b. Significance was determined using a one-way ANOVA with Tukey’s
multiple comparisons test, ** p<0.01.
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Figure 3.
Crystal structure of Atgllggg-goo. (a) Crystal structure of Atgllggeg-gog Shown as a ribbon

diagram. Side chains are shown for residues at the CC3 interface. The N and C termini are
labeled. (b) Helical wheel diagram of a standard heptad repeat along with the sequence of S.
cerevisiae Atgll from 703 to 786 organized by heptad repeat. The helical wheel diagram
was generated using DrawCoil 1.0 (https://grigoryanlab.org/drawcoil/). Hydrophobic
residues, positively charged and negatively charged residues are colored yellow, blue and
red, respectively. For an ideal heptad repeat, hydrophobic residues should be in positions a
and d while charged residues are in positions e and g. (c) Close up view of the central region
of the CC3 interface. Residues in a are shown as stick representations and labeled.
Electrostatic interactions are shown as dashed lines. (d) Residues involved in coordinating a
sulfate ion are shown. Polar contacts are shown as dashed lines. () FLAG-Atgl1 or FLAG-
Atg11ACC3 and HA-Atg1l or HA-Atg11ACC3 were expressed in atgZ1A cells. Cells were
grown in SMD and then transferred to SD-N media for 30 minutes. Lysate was
immunoprecipitated with anti-FLAG resin and probed with anti-FLAG and anti-HA
antibodies. Experiments were performed in triplicate; representative blots are shown.
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Figure 4.
Coiled coil interface mutants in the Atg11CC3 disrupt the formation of Atg32 puncta. (a)

Representative images of atgl1Aatg32A cells expressing GFP-Atg32 and the indicated
Atgl1 constructs. (b) Quantification of the percent of cells containing puncta or vacuolar
GFP from a. Three independent repeats were performed with a total of >1000 cells analyzed
per group. Significance was determined using a two-way ANOVA with Sidak’s multiple
comparison test. **** p<0.0001 *** p<0.001 and * p<0.05 (c) Representative images
showing the variation in crescent and ring-shaped GFP-Atg32 puncta in atg1A4atg32A4 cells
expressing Atg11A731-765 and incubated in SD-N for 1 hr. Scale bar: 2um. (d) MFI of
GFP-Atg32 rings and surrounding mitochondria shown in c. GFP fluorescence was
measured along the dotted line and normalized to baseline fluorescence of Atg32 in the
surrounding mitochondria. Measurements were made for 28 ring structures imaged in 3
separate experiments. Black line — mean MFI; gray border — SD. (e) Time lapse imaging of
GFP-Atg32 in atg11A4atg32A cells expressing Atg11A731-765. Cells were imaged at 15
second intervals, starting 1hr after transfer to SD-N.
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Figure 5.

Coiled coil interface mutants in the Atg11CC3 are required for mitophagy. (a) Atgl1l
variants were expressed using the endogenous Atgl1 promoter in afgZ1A cells expressing
OM45-GFP. Cells were incubated in SML and transferred to SD-N for 6 hrs and blotted for
GFP. An actin loading control is shown below. (b) Quantification of the GFP bands in each
of the SD-N lanes in a. GFP levels were normalized to actin levels, and then to Atgl1.
Significance was determined using a one-way ANOVA with Sidak’s multiple comparison
test, compared to cells expressing Atgll. **** p<0.0001
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Table 1 —
X-ray data collection and refinement statistics
SeMet-SAD Native

Data Collection
Beamline 24-1D-C APS 17-1D-2 NSLS-11
Space group P3121 P3121
Cell dimensions
a b ch) 102.71,102.71,37.24  103.11, 103.11, 37.52
a By 90.00, 90.00, 120.00 90.00, 90.00, 120.00
Resolution (&) 44.48-2.15 (2.22-2.15)  44.65-2.03 (2.08-2.03)
Rmerge 0.152 (1.961) 0.104 (1.805)
Rpim 0.049 (0.625) 0.034 (0.597)
/ol 14.4 (1.8) 16.7 (2.0)
ccl2 0.999 (0.714) 0.999 (0.661)
Completeness (%) 100.0 (100.0) 99.9 (100.0)
Redundancy 20.2 (20.9) 20.2 (19.5)
Refinement
Resolution (A) 34.61-2.03
Rwork/Rfree 0.2261/0.2449
No. atoms 737

Protein 706

Ligand/ion 5

Water 26
B factors 88.692

Protein 89.875

Ligand/ion 37.664

Water 66.375
r.m.s. deviations

Bond lengths (A) 0.0124

Bond angles (°) 1.7128
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