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ABSTRACT
Coupling of Atg8 to phosphatidylethanolamine is crucial for the expansion of the crescent-shaped 
phagophore during cargo engulfment. Atg21, a PtdIns3P-binding beta-propeller protein, scaffolds 
Atg8 and its E3-like complex Atg12–Atg5-Atg16 during lipidation. The crystal structure of Atg21, in 
complex with the Atg16 coiled-coil domain, showed its binding at the bottom side of the Atg21 beta- 
propeller. Our structure allowed detailed analyses of the complex formation of Atg21 with Atg16 and 
uncovered the orientation of the Atg16 coiled-coil domain with respect to the membrane. We further 
found that Atg21 was restricted to the phagophore edge, near the vacuole, known as the vacuole 
isolation membrane contact site (VICS). We identified a specialized vacuolar subdomain at the VICS, 
typical of organellar contact sites, where the membrane protein Vph1 was excluded, while Vac8 was 
concentrated. Furthermore, Vac8 was required for VICS formation. Our results support a specialized 
organellar contact involved in controlling phagophore elongation. 

Abbreviations: FCCS: fluorescence cross correlation spectroscopy; NVJ: nucleus-vacuole junction; PAS: 
phagophore assembly site; PE: phosphatidylethanolamine;PROPPIN: beta-propeller that binds phosphoi
nositides; PtdIns3P: phosphatidylinositol-3-phosphate; VICS: vacuole isolation membrane contact site.
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Introduction

Macroautophagy (hereafter autophagy) is an evolutionarily 
conserved, homeostatic mechanism that eliminates defec
tive or unnecessary cellular components via lysosomal 
degradation. It is involved in many essential processes, 
including protein and organellar quality control, cell dif
ferentiation, development, and survival during starvation. 
Autophagy has also gained substantial attention due to its 
role in diverse diseases, including cancer and neurodegen
eration [1,2]. Thus, understanding the autophagy mechan
ism has a wide impact on many physiological and 
pathological processes.

Autophagy in S. cerevisiae involves over 40 autophagy- 
related (Atg) proteins, with diverse functions, orchestrating 
a complex series of membrane trafficking events. The process 
begins at the phagophore assembly site (PAS), where the 
assembly of a crescent-shaped double-layered membrane, 
called the phagophore, occurs. The phagophore then expands 
and closes to engulf its cytosolic cargo, thereby forming an 
autophagosome. After closure, its outer membrane fuses with 
the vacuole for degradation [1,3]. We here focus on under
standing the underlying mechanisms of phagophore elonga
tion. It has been shown that the ER tethers the phagophore 
during elongation [4–6] and that Atg2 here mediates the 

transfer of phospholipids [7,8]. Furthermore, the crucial role 
of the ubiquitin-like Atg8 for phagophore expansion is known 
[9]. The E1-like enzyme Atg7 first activates Atg8, which then 
transfers Atg8 to the E2-like enzyme Atg3, and finally, couples 
Atg8 covalently to the membrane phospholipid phosphatidy
lethanolamine (PE) [10,11]. In a second conjugation system, 
Atg12 covalently links to Atg5. The Atg12–Atg5 conjugate 
then forms a complex with Atg16, which acts as an E3-like 
complex during Atg8 lipidation [10,12–14]. Atg8 lipidation 
requires the recruitment of the E3 complex Atg12–Atg5- 
Atg16 to the phagophore. Two pathways can mediate this 
process either by the interaction of Atg12 with the Atg1- 
kinase complex, including Atg17 and Atg13 [15], or by the 
PtdIns3P-dependent Atg21 [16].

In brief, the PtdIns3-kinase complex generates PtdIns3P at the 
phagophore [9,17,18]. It recruits a conserved family of WD40 
repeat-containing PtdIns3P receptor proteins known as beta- 
propellers that bind phosphoinositides (PROPPINs) in yeast and 
WIPIs (WD40 repeat-containing proteins that interact with phos
phoinositides) in mammals. Yeast contains three homologous 
PROPPINs, Atg18, Atg21, and Hsv2, while mammals have four 
orthologs: WIPI1, WIPI2, WDR45B/WIPI3, and WDR45/WIPI4. 
Atg21 scaffolds the PtdIns3P-dependent Atg8 lipidation by bind
ing to Atg16 of the E3 complex and Atg8 [16]. Although Atg21 has 
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no clear mammalian ortholog, the splice variant WIPI2B exhibits 
a similar scaffolding function [19]. Previously, one edge of the 
phagophore was found in proximity to the vacuole and was termed 
VICS for vacuole isolation membrane contact site [20]. We now 
identified Atg21 at the VICS, which suggests that Atg21- 
dependent Atg8 lipidation occurs here. We further characterized 
the VICS as an organellar contact site, where vacuolar Vph1 is 
excluded, but Vac8 is concentrated. Our work thus puts the 
phagophore into a network of organellar contacts with the vacuole 
on one phagophore edge and the ER at the other. Our crystal 
structure of Atg21 in complex with the Atg16 coiled-coil domain 
further shows the geometry of the complex and allowed us to 
uncover the important role of three salt bridges and three hydro
phobic residues for its formation. Our structural data further 
suggested a high membrane avidity of the complex, well in agree
ment with our studies of the assembly of the complex.

Results

Crystal structure of Atg21 in complex with the Atg16 
coiled-coil domain

To further understand the role of Atg21 in the Atg8 lipidation 
complex, we acquired structural information. Crystals of K. lactis 
Atg21 in complex with the coiled-coil domain of A. gossypii 
Atg16(40–124) diffracted to a resolution of 3.7 Å (Table 1). The 
dimeric Atg16 coiled-coil domain interacts with the bottom sides 
of two Atg21 beta-propellers (Figure 1A,B), with the amino termi
nus of AgAtg16 oriented toward the PtdIns3P-binding FRRG 
motif of KlAtg21. Putative contacts between KlAtg21 and 
AgAtg16 included three salt bridges between (I) KlAtg21 K103 
and AgAtg16 D78 (corresponding to ScAtg21 R151 and ScAtg16 

D101), (II) KlAtg21 K355 and AgAtg16 E74 (ScAtg21 D460 and 
ScAtg16 E97), (III) KlAtg21 K82 and AgAtg16 E79 (ScAtg21 K130 
and ScAtg16 E102), (Figure 1C–F). The structure further showed 
that I81, I85, and L89, which are in three consecutive alpha-helical 
turns of AgAtg16, are bound by a hydrophobic cleft of KlAtg21 
between blades 2 and 3 (Figure 1G,H).

To evaluate putative interactions, we first reversed the charges 
of the residues forming the potential salt bridges by site-directed 
mutagenesis and analyzed prApe1 maturation. The strongest 
effects were observed for mutants of the salt bridge 
I (ScAtg21R151E or ScAtg16D101 R) with only half of the nor
mal prApe1 maturation (Figure 2A,B). Furthermore, both 
mutations almost abolished the binding of ScAtg16 to 
ScAtg21 in co-immunoprecipitations and reduced the 
number of Atg16-GFP puncta and its colocalization with 
mCherry-Atg21 (Figure 2C–G). Remarkably, the co-expres
sion of ScAtg21R151E and ScAtg16D101 R recovered prApe1 
maturation almost completely (Figure 2A,B). Also, the co- 
immunoprecipitation and localization of Atg16 were par
tially restored (Figure 2C–G), confirming direct interaction.

KlAtg21 K355 (ScAtg21 D460) of salt bridge II is not conserved 
among yeast proteins (Fig. S1); thus, the interaction in the crystal 
might be due to a combination of proteins from different organ
isms for crystallization. However, the neighboring KlAtg21 D356 
(ScAtg21 E461) is highly conserved and might interact with the 
conserved AgAtg16 K71 (ScAtg16 K94) (Figure 1C–F). Indeed, the 
expression of ScAtg16E97A or ScAtg21D460R did not reduce prApe1 
maturation (Figure 3A,B). ScAtg21D460R even showed a slight 
increase, probably by creating an artificial contact with ScAtg16 
E97. The stabilizing effect was further confirmed by the increased 
binding of ScAtg16 in co-immunoprecipitations (Fig. S2A and 
S2B). Instead, the expression of mutants of the neighboring resi
dues (ScAtg21E461 R or Atg16K94E) mildly reduced prApe1 matura
tion and drastically affected the co-immunoprecipitation of 
ScAtg16 (Figure 3A,B, S2B, and S2 C). The co-expression of 
ScAtg21E461R and Atg16K94E again restored prApe1 maturation, 
co-immunoprecipitation, and localization of ScAtg16 almost to 
wild-type levels confirming a salt bridge between ScAtg21 E461 
and ScAtg16 K94 (Figure 3A–C, S2B, S2 C, and S3). Combining 
mutations in the salt bridge I and II drastically decreased prApe1 
maturation. ScAtg16K94E D101R alone showed about half of prApe1 
maturation, while ScAtg21R151E E461R showed almost no matura
tion. The co-expression of both mutants restored prApe1 matura
tion to ~80% (Figure 3A,B). Similarly, we validated salt bridge III 
(Figure 3C–E, S2D, S2E, and S3). prApe1 maturation was not 
affected in mutants affecting other putative polar contacts 
(ScAtg21D9R or ScAtg16K116E) or ScAtg21K172E, which served as 
a control (Figs. 1C,E and 3A–D). Furthermore, ScAtg16K116E 

showed wild-type-like binding in co-immunoprecipitations (Fig. 
S2E and S2F).

We next evaluated putative hydrophobic interactions formed 
by AgAtg16 I81, I85, and L89. The mutant ScAtg16I104,I108,V112D 

(ScAtg16IIV) of the corresponding residues of ScAtg16 blocked 
prApe1 maturation and the interaction with ScAtg21 (Figs. 1F, 
3D,E, S2E, and S2 F). Furthermore, ScAtg16IIV-GFP shows a dis
persed cytosolic localization and no colocalization with 
mCherry-ScAtg21 (Figure 3C and S3). Together, the Atg16- 
Atg21 complex is mainly stabilized by three ionic interactions 
and hydrophobic interactions of ScAtg16 I104, I108, and V112.

Table 1. Crystallographic data collection and refinement statistics.

KlAtg21-AgAtg16(40–124)

Crystallographic data

Beamline X06SA (Swiss Light Source, Paul Scherrer Institute, 
Villigen, Switzerland)

Wavelength (Å) 0.97918
Resolution range (Å)a 46.29–3.70 (4.05–3.70)
Unique reflections 17,917
Redundancy 14.2 (14.4)
Completeness (%) 99.6 (99.9)
Space group P3(2)21
a = b (Å) 123.45
c (Å) 185.16
Rmerge (%) 23.0 (169.7)
Rpim (%) 6.2 (45.2)
Wilson B-factor (Å2) 119.2
I/σ (I) 9.4 (2.1)
CC1/2 99.9 (47.6)
Refinement statistics
Rwork/Rfree 0.2845/0.3065
No. of atoms 5698
Average B factor (Å2) 139.4
Root mean square 

deviation
Bonds Å 0.010
Angles (degree) 1.514
Ramachandran plot
Favored (%) 91.84
Allowed (%) 7.88
Outlier (%) 0.28
PDB code

6RGO
aValues for the data in highest resolution shell are shown in parentheses 
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Figure 1. Structure of the Atg16-Atg21 complex. (A) Crystal structure of K. lactis Atg21 (rainbow-colored: blue to red from amino to carboxy terminus) in complex 
with the coiled-coil domain of A. gossypii Atg16(40–124) (light gray). The crystal structure was solved up to a resolution of 3.7 Å. The conserved lipid-binding motif 
FRRG of KlAtg21 is labeled in pink. (B) View from the top on the carboxy-terminus of the AgAtg16 coiled-coil domain and the KlAtg21 beta-propellers. Arrows indicate 
the orientation of the propeller blades. (C) Putative polar contacts between the AgAtg16 coiled-coil domain and KlAtg21 were predicted using PyMOL. Red dashed 
circles highlight three potential salt bridges (I–III). (D and F) Sequence alignment of Sc and KlAtg21 (D) or Sc and AgAtg16 (F), respectively, using Jalview and MAFFT 
(Clustal color code [76]). The conservation of the potentially interacting residues of Atg21 and Atg16 is shown. Colored boxes represent the respective strands of 
Atg21. (E) Summary of the potential polar contacts between AgAtg16 and KlAtg21, as well as their conservation and counterparts in S. cerevisiae. (G) View from the 
carboxy-terminus of the monomeric AgAtg16 alpha-helical domain. Residues I81, I85, and L89 of AgAtg16, which are located in three consecutive alpha-helical turns 
form a hydrophobic patch that inserts into a hydrophobic cleft of KlAtg21 formed between blades 2 and 3. (H) View on the bottom side of the KlAtg21 beta-propeller 
that shows the position of the monomeric Atg16 coiled-coil domain at the beta-propeller.

1460 L. MUNZEL ET AL.



Figure 2. Analysis of the potential salt bridge between ScAtg21 R151 and ScAtg16 D101 (salt bridge I). (A – G) Effect of charge-change mutations of ScAtg21 R151 and 
ScAtg16 D101 (salt bridge I) under early stationary conditions. (A) Effect on the prApe1 maturation. (B) Quantification of the ratio of mApe1 to the total amount of 
Ape1 measured in (A) from ≥ three independent experiments. The amount of mApe1 of the WT was set to 100%. (C) Effect on the interaction of GFP-Atg21 and 
Atg16-HA using co-immunoprecipitations. (D) Quantification of (C) from ≥ four independent experiments. The amount of bound Atg16-HA was normalized to the 
amount of bound GFP-Atg21. The WT was set to 100%. (E) Effect on the localization of Atg16-GFP. (F and G) The number of Atg16-GFP dots per cell (F) and the 
number of mCherry-Atg21 dots colocalizing with Atg16-GFP (G) were determined. In four independent experiments, ≥ 28 images (n) were evaluated (≥ 1182 cells per 
strain). Data are presented in mean ± SEM. Statistical relevance related to the WT was determined using the one-sample t-test. Different strains were directly 
compared (squared bracket) using the unpaired two-tailed t-test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. n: number of independent experiments if not 
stated differently. The molecular weight marker is in kDa and scale bars represent 2 µm. DIC: differential interference contrast.
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Figure 3. Analysis of the potential salt bridges between Atg21 E461-Atg16 K94 (salt bridge II) and Atg21 K130-Atg16 E102 (salt bridge III). (A) Effect of charge-change 
mutations of ScAtg21 E461 and ScAtg16 K94 (salt bridge II) together with ScAtg21D460R, ScAtg16E97A, ScAtg21D9R (control) and combinations of mutants from salt 
bridges I and II on the prApe1 maturation under early stationary conditions. (B) Quantification of the ratio of mApe1 to the total amount of Ape1 measured in (A) 
from ≥ four independent experiments. The amount of mApe1 of the WT was set to 100%. (C) Effect of the indicated mutants of salt bridge II and III on the 
localization of Atg16-GFP. The number of Atg16-GFP dots per cell was determined. In at least two independent experiments, ≥ 21 images (n) were analyzed, resulting 
in ≥ 668 counted cells per strain. (D) Effect of charge-change mutations of ScAtg21 K130 and ScAtg16 E102 (salt bridge III) with ScAtg16IIV (I104D I108D V112D) and 
ScAtg21K172E (control) on the prApe1 maturation under early stationary conditions. (E) Quantification of the ratio of mApe1 to the total amount of Ape1 measured in 
(D) from ≥ four independent experiments. The amount of mApe1 of the strain expressing the WT proteins was set to 100%. Data are presented in mean ± SEM. 
Statistical relevance related to the WT was determined using the one-sample t-test. Different strains were directly compared (squared brackets) using the unpaired 
two-tailed t-test: ns, not significant p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. n: number of independent experiments if not stated differently. 
The molecular weight marker is in kDa.
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Assembly of the Atg16-Atg21 complex

To prevent Atg8 lipidation at unwanted sites, assembly of 
the Atg12–Atg5-Atg16 E3 complex and Atg21 must be 
tightly controlled. We speculated that this would occur 
after membrane attachment rather than in the cytosol. 
This notion is supported by the crystal structure, where 
the Atg16 coiled-coil domain binds two Atg21 molecules 
simultaneously, corresponding to four PtdIns3P binding 
sites. The increased number of PtdIns3P binding sites in 
the Atg16-Atg21 complex generates a high avidity to 
PtdIns3P-positive membranes, making the existence of 

a non-membrane attached complex in the cytosol unlikely. 
To test this, we used Atg21[FTTG], which is defective in 
PtdIns3P-binding. The integrity of Atg21 complexes is dif
ficult to preserve upon cell lysis. We, therefore, used fluor
escence cross-correlation spectroscopy (FCCS), which 
allows for the measurement of fluorescence fluctuations of 
individual fluorophores in intact cells. The interaction can 
be evaluated with the calculated cross-correlation curve 
between two fluorophores. As an internal control mimick
ing the interaction, beads carrying several fluorophores 
were used (Figure 4A). Atg16-GFP and mCherry-Atg21 

Figure 4. The Atg16-Atg21 complex is preferentially associated with membranes. (A) FCCS measurement of an in vitro control with fluorescent beads containing dyes 
emitting in four wavelength channels to establish the overlap volume of the two color-foci as well as to determine the quality of the alignment in the detection 
channels. (B and C) FCCS measurements of living yeast cells in early stationary phase containing Atg16-GFP together with mCherry-Atg21[FTTG] (B) or together with 
mCherry-Atg5 and Atg21[FTTG]-HA (C). Autocorrelation curves are shown in red (GFP-fused molecules) and blue (mCherry-fused molecules) and cross-correlation 
curves are shown in green. Correlations are plotted logarithmically. (D-G) Analysis of the interaction between the lipid-binding-deficient Atg21[FTTG] mutant and 
Atg16. (D) Co-immunoprecipitations of GFP-Atg21[FTTG] and Atg16-HA. (E) Quantification of (D) from six independent experiments. The amount of bound Atg16-HA 
was normalized to the amount of bound GFP-Atg21 or GFP-Atg21[FTTG]. The normalized amount of Atg16-HA bound to WT GFP-Atg21 was set to 100%. (F) BioID 
assay. BirA* alone or the empty vector pUG36 (-) served as controls for unspecific or background biotinylation in yeast cells. BirA* and its fusion proteins were 
detected using anti-MYC antibodies. (G) Quantification of (F) from three independent experiments. The amount of eluted Atg16-HA was normalized to its amount in 
the input fraction. The normalized amount of Atg16-HA eluted from the BirA*-ATG21 expressing strain was set to 100%. Data are presented in mean ± SEM. Statistical 
relevance was determined using the one-sample t-test: ** p < 0.01; *** p < 0.001; **** p < 0.0001. n: number of independent experiments. The molecular weight 
marker is in kDa.
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[FTTG] showed no cross-correlation, indicating no interac
tion in the cytosol within the detection limit, which was 
estimated at 1–2% interaction (Figure 4B). Since WT Atg21 
is bound to the membranes, we could not measure FCCS 
with Atg16 in our experimental setup. As another control, 
we, therefore, monitored the known interaction of Atg16- 
GFP with mCherry-Atg5 in a strain, also expressing Atg21 
[FTTG]. As expected, our FCCS measurements yielded 
a clear cross-correlation, demonstrating binding between 
Atg16-GFP and mCherry-Atg5 in the cytosol (Figure 4C). 
We conclude that the cytosolic level of Atg21 in a complex 
with Atg16 is very low, suggesting that Atg21 first associ
ates with the phagophore membrane and then binds to the 
E3 complex. However, we cannot exclude that the dimeric 
Atg21-E3 complex forms in the cytosol and very rapidly 
associates with membranes due to the high membrane 
avidity of its four PtdIns3P-binding sites.

We further assessed complex formation between Atg16 and 
Atg21 using standard methods. Compared to GFP-Atg21, GFP- 
Atg21[FTTG] co-immunoprecipitated only 61% of Atg16-HA 
(Figure 4D,E), suggesting that there was still binding but less. 
We also used the split-ubiquitin system to analyze binding. Here, 
the N-terminal half of ubiquitin (Nub) was fused with Atg21 and 
the C-terminal domain (Cub) with Atg16. The interaction of the 
proteins restores ubiquitin, which is cleaved by ubiquitin proteases 
and finally leads to the degradation of a proteolytically sensitive 
Ura3 protein. Cells with interacting proteins thus are unable to 
grow without uracil but are not sensitive to 5-fluoroorotic acid 
(5-FOA) [21]. Similar to the co-immunoprecipitation results, the 
split-ubiquitin system demonstrated an interaction between Atg21 
[FTTG] and Atg16, thus in the absence of Atg21 membrane 
binding (Fig. S4). In contrast to the other methods used, this 
interaction seemed to be even stronger than that of the WT 
proteins. However, it must be considered that both immunopre
cipitation and the split-ubiquitin system also detect weak and 
transient interactions. In our immunoprecipitations, only a low 
percentage of Atg16-HA from the input fraction was precipitated. 
Furthermore, the concentration of the bait protein on beads might 
favor interaction. In addition, in the split-ubiquitin system, both 
ubiquitin-halves already possess a binding affinity, which might 
stabilize otherwise weak interactions. Also, the membrane associa
tion of the Atg16-Atg21 complex might sterically hinder the 
association of the ubiquitin halves, leading to the underestimation 
of their interaction. All these points limit the reliability of both 
immunoprecipitation and the split-ubiquitin system.

Thus, as a final approach, we looked for a method to quanti
tatively monitor protein interactions in intact cells. To this end, 
we attached the unselective E. coli biotin ligase BirA* to the bait 
protein Atg21. Proteins in close proximity are then biotinylated 
and can be isolated with biotin-affinity columns. For BirA*- 
Atg21, we set the amount of biotinylated Atg16-HA to 100%. 
For BirA*-Atg21[FTTG], we detected only 11% and for the 
BirA* control 7% of biotinylated Atg16-HA (Figure 4F,G). 
This result corresponds to the lack of cross-correlation in the 
FCCS measurements. We conclude that in the cytosol, only 
minor amounts of Atg21[FTTG] and Atg16 are in a complex. 
Together, our quantitative analyses suggest that the Atg16-Atg21 
complex preferentially occurs when associated with membranes.

Localization of Atg21 at the phagophore

Remarkably, in the Atg16-Atg21 crystal structure, the PtdIns3P 
binding sites of the two Atg21 molecules are in a conformation, 
which suggests preferential binding to concave membranes 
(Figure 1A). Assuming that the Atg16-Atg21 complex is preferen
tially associated with membranes, we were wondering where 
Atg21 is located at the phagophore.

To allow spatial resolution of the Atg-machinery during the 
early stages of autophagosome biogenesis when Atg8 lipidation 
mediates elongation of the crescent-shaped phagophore, we over
expressed the selective autophagic cargo prApe1. This approach 
results in the formation of a giant cargo, which can be monitored 
by fluorescence microscopy [20]. Using GFP-Atg8 or Atg16-GFP, 
we first established conditions allowing for the detection of the 
different stages of phagophore elongation around prApe1-RFP 
(Fig. S5). The quantification showed that elongated and crescent- 
shaped phagophores were best detectable in wild-type cells starved 
for 1–2 h in nitrogen-free SD-N medium (Fig. S5B and S5 C). To 
validate our approach, we further localized two phagophore- 
associated proteins with known localization: Atg14, which is 
a specific component of the PtdIns3-kinase complex at phago
phores, and one of the PROPPINs, Atg18. As published, Atg14- 
3xGFP was restricted to the phagophore edge proximal to the 
vacuole (VICS) (Fig. S6A), while Atg18-GFP was detected at 
both edges of the elongating phagophore (Fig. S6B) [20]. We 
also recapitulated the localization of Atg3, the E2-like enzyme 
during Atg8 lipidation. As amino- or carboxy-terminal tagging 
of Atg3 affects its function, we inserted GFP between D265 and 
G266. As published, Atg3 was dispersed over the phagophore (Fig. 
S6C) [22,23]. Thus, our system recapitulates known molecular 
events of phagophore biogenesis.

Next, we analyzed the localization of Atg21-YFP in nitrogen- 
starved cells. The majority (~80%) of the Atg21-YFP puncta 
colocalized with the phagophore edge in contact with the 
vacuole (Figure 5A,B). The residual Atg21 puncta were also in 
contact with the vacuole, but within the crescent-shaped phago
phore (Figure 5A). Thus, the phagophore can either grow out of 
the Atg21 punctum in different directions, or more than one 
phagophore is formed. 3-dimensional reconstruction of 
mCherry-Atg8 in these cells indeed showed a single phagophore 
growing in different directions (Figure 5C). A large part of Atg8 
lipidation depends on Atg21 [15,16], we thus expect that Atg21- 
dependent Atg8 lipidation occurs at the VICS.

We further analyzed the effect of ATG21 deletion on PAS 
formation and phagophore elongation. In line with former 
reports [16], the recruitment of GFP-Atg8 to prApe1-RFP com
plexes was significantly reduced. We now also found decreased 
phagophore growth (Figure 5D), well in agreement with the role 
of the lipidated Atg8 in phagophore expansion [9].

The membrane association of Atg21 requires its binding to 
PtdIns3P [16]. Thus, we also monitored the distribution of 
PtdIns3P using mRFP-2xFYVE (a fusion protein containing the 
PtdIns3P-binding FYVE domain) (Fig. S6D). In agreement with 
published data [24,25], PtdIns3P was dispersed across the phago
phore. This result suggests additional mechanisms that restrict the 
localization of Atg21 and Atg18 at the phagophore.
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The vacuole forms a specialized Vac8-positive domain 
near the phagophore

The proximity of the phagophore to the vacuolar membrane has 
been reported [20]. However, it has not been clarified if a contact 
site is formed and if it affects autophagy. Typically, the protein 
composition at organellar contacts is distinct from the residual 
membrane. For example, at the nucleus-vacuole junction (NVJ), 
which is formed during piecemeal microautophagy of the 
nucleus, Vph1, a component of the vacuolar H+-ATPase is 
excluded, while the phosphatase Pho8 is evenly distributed at 

the vacuole [26]. We analyzed the distribution of these vacuolar 
proteins in our APE1-overexpressing system. 3xtagBFP-Pho8 
was dispersed all over the vacuolar membrane (Fig. S7A). Also, 
fluorescence intensity profiling showed no alterations in the 
vicinity of the phagophore. Vph1-GFP, however, was clearly 
excluded from the vacuolar membrane near the prApe1 complex 
and in the vicinity of about 90% of GFP-Atg8-positive puncta 
and crescent-shaped structures (Figure 6A–C). Vph1-GFP was 
further excluded from the vacuolar membrane proximal to the 
Hoechst 33342-stained nucleus, according to the presence of 
NVJs (Figure 6D,E). To further evaluate the spatial organization, 

Figure 5. Atg21 localizes to the VICS. (A) Distribution of Atg21 at the phagophore. In an atg8∆ atg21∆ strain, plasmid-encoded mCherry-ATG8 and ATG21-YFP were 
expressed using their endogenous promoters. The APE1-overexpressing cells were analyzed after 1 h of starvation in SD-N. Scale bars: 2 µm. DIC: differential 
interference contrast. (B) Quantification of the localization of the Atg21-YFP puncta at the mCherry-Atg8-positive phagophores in (A). In three independent 
experiments, 29 images (n) were analyzed, resulting in 54 counted phagophores. (C) 3-dimensional reconstruction from the collected z-stacks of the respective 
mCherry-Atg8-positive phagophores of (A) using Huygens Professional. Arrows indicate rotation angles between the depicted views. (D) Effect of ATG21 deletion on 
the formation of the phagophore in APE1-overexpressing cells after 1 h starvation. In the atg8∆ APE1-RFP (WT) or the atg8∆ APE1-RFP atg21∆ (atg21∆) strain, plasmid- 
encoded GFP-ATG8 was expressed using its endogenous promoter. In two independent experiments with ≥ 1001 counted cells per strain, the colocalization of GFP- 
Atg8-positive structures with prApe1 complexes was determined. The shape of the colocalizing GFP-Atg8 structures was grouped into punctate, slightly elongated, 
and crescent-shaped. The colocalization rate of each group per prApe1 complex was calculated. Data are presented in mean ± SEM. Statistical relevance was 
determined using the unpaired two-tailed t-test: * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. n: number of analyzed images per strain.
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Figure 6. The vacuolar membrane is Vac8-enriched and Vph1-depleted at the VICS. (A-E) Analysis of the distribution of Vph1 at the vacuolar membrane in relation to 
the growing phagophore and the nucleus in APE1-overexpressing cells after 1 h starvation in SD-N. White and black arrows highlight the exclusion zones of Vph1 in 
proximity with the phagophore and the nucleus. (A) In an atg8∆ VPH1-mCherry APE1-mTagBFP2 strain, plasmid-encoded GFP-ATG8 was expressed from its 
endogenous promoter. (B) Fluorescence profile of the Vph1-mCherry-positive vacuole from the respective cell of (A). Fluorescence intensities of Vph1-mCherry 
(red), GFP-Atg8 (green), and Ape1-mTagBFP2 (blue) were measured along the depicted circular plotline and plotted against the circular line distance from 0°-360°. (C) 
Quantification of the number of Vph1 exclusions in proximity with GFP-Atg8-positive structures in (A). 14 images (n) were analyzed with a total of 602 counted cells.
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we also co-expressed Vph1-mCherry with Atg21-YFP and 
mTagBFP2-Atg8. As expected, the Atg21-YFP puncta coloca
lized with the Vph1-exclusion zone (Fig. S7 C and S7D).

We expected that vacuolar proteins involved in VICS forma
tion accumulate at this site. A good candidate is the vacuolar 
protein Vac8, which is involved in autophagy [27] and is crucial 
for the formation of NVJs [28]. Indeed, Vac8-GFP accumulated at 
the VICS in proximity with mCherry-Atg8 (Figure 6F–H). 
Together, the protein composition of the vacuolar membrane in 
the vicinity of the phagophore is distinct, indicating an organellar 
contact.

Vac8 is required for the formation of the phagophore 
vacuole contact site and phagophore elongation

Next, we analyzed the role of Vac8 and Atg21 for VICS 
formation in cells expressing GFP-Atg8, prApe1-RFP, and 
BFP-Pho8 (Figure 7A–E). While the deletion of ATG21 only 
had a minor effect on VICS formation (Figure 7A–C), the 
deletion of VAC8 caused a drastic increase in phagophores 
without vacuolar contact. This observation points to a crucial 
role of Vac8 in establishing phagophore vacuole contacts.

The deletion of VAC8 has several effects, such as vacuole 
fragmentation. Thus, we further wanted to generate a Vac8 
mutant protein with reduced binding to Atg13. Vac8 uses 
R276, R317, and R359 to interact with either Atg13 during 
autophagy or with Nvj1 at the NVJ [29]. We thus generated 
a Vac8R276,317,359E (Vac8[EEE]) triple mutant. As published, 
Vac8[EEE]-GFP did not accumulate near the nucleus, con
sistent with its inability to interact with Nvj1 and to form 
NVJs (Figure 8A) [29]. However, under the required starva
tion conditions, Vac8[EEE]-GFP was still enriched in the 
vicinity of the Atg8-positive structures and prApe1- 
mTagBFP2 complexes (Figure 8A–C). So, Vac8 is either 
interacting with additional components of the Atg machinery 
or the Vac8[EEE] mutant possesses residual interaction with 
Atg13. Indeed, in co-immunoprecipitations of Vac8[EEE]- 
GFP, compared to the wild-type Vac8-GFP, we observed 
a significant reduction to ~41%, but no loss of, binding to 
Atg13-HA (Figure 8D,E). The remaining interaction might be 
sufficient to microscopically detect its enrichment near pha
gophores. Accordingly, the number of GFP-Atg8-positive 
structures without vacuolar contact was only slightly 
increased in Vac8[EEE]-HA-expressing cells (Figure 8F). 
However, phagophore elongation was significantly decreased 
with Vac8[EEE]-HA or in vac8∆ cells (Figure 8G). We, thus, 
conclude that the VICS plays a role in phagophore elongation 
(Figure 8F,G, and S8).

We next stained the vacuole with the styryl dye FM 4–64 
[30] and monitored phagophore formation as before. FM 

4–64 was absent from growing phagophores, suggesting 
a diffusion barrier that prevents unregulated lipid-mixing, 
which is typical for organellar contact sites (Figure 9A,B). 
However, this does not exclude a regulated lipid-transfer 
from vacuole to phagophore reminiscent to the function of 
Atg2 at the ER-phagophore contact site [5,8]. To examine the 
relationship between the ER-phagophore and the vacuole- 
phagophore contact, we analyzed cells co-expressing 
mCherry-Atg8, 3xtagBFP-Pho8, and the ER-marker Sec63- 
GFP. Contacts between mCherry-Atg8-positive phagophores 
and Sec63-GFP were mainly detected at the phagophore edge 
most distant from the vacuole (Figure 9C,D). In vac8∆ cells, 
the mCherry-Atg8-positive structures still contacted the 
ER, but the vacuolar contact was often absent (Figs. 7D,E 
and 9C,D), suggesting the independent existence of both 
contacts. We, thus, expect that growing phagophores are 
spanned between the vacuole and ER.

Discussion

We solved the crystal structure of Atg21 in complex with the Atg16 
coiled-coil domain, which points with its amino terminus toward 
the PtdIns3P-binding sites of Atg21 and thus the membrane 
(Figure 1). Combined with published structural and functional 
data of Atg12–Atg5 in complex with the Atg16 amino-terminal 
domain [31–33], we predict that Atg12–Atg5 is oriented near the 
membrane around the circumference of Atg21 toward its top side. 
This orientation might be stabilized by membrane binding of Atg5 
via K160 and R171 [34]. Furthermore, a membrane-binding 
amphipathic alpha-helix was identified in the amino-terminal 
part of human ATG16L1 [35], which might also be present in 
the yeast homolog and could contribute to membrane association.

The Atg16-Atg21 complex is stabilized by ionic interac
tions (Figs. 2 and 3). Interestingly, the mammalian ATG16L1 
complex with WIPI2B is similarly stabilized by a salt bridge 
between WIPI2B R108 and ATG16L1 E230 [19]. WIPI2B 
R108 directly corresponds to ScAtg21 R151 (salt bridge I), 
highlighting the conservation of functional principles. 
However, despite the conservation of ScAtg16 D101 in the 
mammalian complex, not the corresponding residue but 
ATG16L1 E230 is used for the salt bridge. ATG16L1 E230 is 
part of a carboxy-terminal extension of the coiled-coil domain 
that continues into a WD40 beta-propeller domain, which are 
both missing in the yeast protein [36]. In our structure, the 
carboxy-terminus of Atg16 is oriented away from the mem
brane above the beta-propeller of Atg21 (Figure 1). In 
a similar orientation, the WD40 domain of the mammalian 
ATG16L1 would be exposed away from the lipidation site. 
This orientation might explain why this WD40 domain is only 
required for non-canonical lipidation at the phagosomes after 

Data are presented in mean ± SEM. (D) In an atg8∆ VPH1-GFP strain, plasmid-encoded mCherry-ATG8 was expressed from its endogenous promoter. The nucleus was 
visualized using Hoechst 33324. (E) Fluorescence profile of the Vph1-GFP-positive vacuole from the respective cell of (D). Fluorescence intensities of Vph1-GFP 
(green), mCherry-Atg8 (red), and Hoechst 33,324 (blue) were measured along the depicted circular plotline and plotted against the circular line distance from 0°-360°. 
(F-H) Distribution of Vac8-GFP at the vacuolar membrane in relation to the growing phagophore. White and black arrows highlight Vac8-enriched regions. (F) In an 
atg8∆ vac8∆ strain, plasmid-encoded VAC8-GFP and mCherry-ATG8 were expressed using their endogenous promoters. The APE1-overexpressing cells were analyzed 
after 1–2 h starvation in SD-N. (G) Fluorescence profile of the Vac8-GFP-positive vacuole from the respective cell of (F). Fluorescence intensities of Vac8-GFP (green) 
and mCherry-Atg8 (red) were measured along the depicted circular plotline and plotted against the circular line distance from 0°-360°. (H) 4x Magnification of the 
white dashed boxes in (F). Scale bars: 2 µm. DIC: differential interference contrast.
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Figure 7. Vac8 is required for the contact between the vacuole and phagophore. (A-C) Analysis of the deletion of ATG21 and VAC8 on the vacuolar contact with the 
phagophore. (A) In the atg8∆ APE1-RFP 3xtagBFP-PHO8 (WT) strain, either ATG21 (atg21∆) or VAC8 (vac8∆) was deleted. Plasmid-encoded GFP-ATG8 was expressed 
using its endogenous promoter. Analysis was done in APE1-overexpressing cells after 1 h of starvation. White arrows highlight the position of the GFP-Atg8-positive 
structures. (B) 3-dimensional reconstruction from the collected z-stacks of the respective cells from (A) using Huygens Professional. White arrows highlight the 
position of the GFP-Atg8-positive phagophores. (C) Quantification of the number of GFP-Atg8-positive structures of each strain in (A) with and without contact with 
the vacuolar membrane. In two independent experiments ≥ 22 images (n) with ≥ 935 cells per strain were analyzed. (D) The orientation of the GFP-Atg8-positive 
phagophores toward the vacuolar membrane was quantified in the WT strain of (A). Phagophores were grouped into those that contact the vacuole with one edge
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the uptake of bacteria, but not for normal autophagy [37,38]. 
A study further identified a WIPI2 mutation, which is asso
ciated with a complex developmental disorder, that affects the 
interaction of WIPI2B with ATG16L1, highlighting the med
ical relevance of this interaction [39].

We also showed the essential role of Atg16 I104, I108, and 
V112 for binding to Atg21 (Figure 3C,D, S2E, and S2F). 
Interestingly, there are reports that these residues mediate 
the formation of a coat-like structure of Atg12–Atg5-Atg16, 
with Atg8-PE, on the convex, outside of the phagophore 
[14,40]. This observation would suggest that Atg16 can either 
be in complex with Atg21 or part of a proposed coat-like 
complex.

In the crystal, the Atg16 coiled-coil domain binds to two Atg21 
molecules simultaneously, corresponding to four PtdIns3P bind
ing sites. This arrangement generates high avidity to PtdIns3P- 
positive membranes and makes the existence of a non-membrane- 
attached complex in the cytosol unlikely. Recent studies also high
lighted the membrane affinity of human ATG16L1 [35,41]. In line, 
our analyses on complex assembly (Figure 4) uncovered that 
PtdIns3P-binding-deficient Atg21[FTTG] only interacts with 
Atg16 to a limited extent in the cytosol.

In fluorescence microscopy, Atg21-YFP was restricted to the 
phagophore edge close to the vacuole, the VICS (Figure 5). 
Remarkably, Vac8 was enriched at the VICS, while Vph1 was 
excluded (Figs. 6 and 8). This observation underlines the for
mation of a specialized subdomain at the vacuolar membrane. 
Vph1 exclusion is reminiscent of NVJs and the phase separa
tion at vacuolar membranes observed after glucose-limitation 
[42]. Here sterol-rich, liquid-ordered domains devoid of Vph1 
and liquid-disordered domains, including Vph1, are formed. 
While this work was under revision, the vacuolar tethering of 
phagophores by Vac8 was also detected in another study [43]. 
Interestingly, Pho8 was evenly distributed at NVJs, which is 
consistent with its access to VICS (Fig. S7A) [26]. The lack of 
FM 4–64 transfer from the vacuole to the phagophore suggests 
that no free lipid mixing occurs between the vacuole and the 
phagophore membrane (Figure 9A,B). Vac8 interacts with 
Atg13 [44], and their binding sites have been characterized 
[29,45,46]. We observed a significant loss of VICS formation 
in the absence of Vac8, or when mutating the Atg13-binding 
site of Vac8 (Figs. 7 and 8). The VICS, thus, fulfills the criteria 
of an organellar contact site, which is typically involved in non- 
vesicular lipid transfer [47]. It is, thus, tempting to speculate 
that lipids targeted to the vacuole by fusion of the autophago
somal outer membrane might here be recycled to novel 
phagophores. This scenario would ensure vacuolar homeostasis 
and explain the involvement of Vac8 into phagophore elonga
tion (Figure 8). In this scenario, additional membranes could 
be supplied by the ER-phagophore contact site [5,7,8] and via 
vesicular transport.

The localization of Atg21 to the VICS (Figure 5A) indi
cates that the part of Atg8 lipidation, which depends on its 
presence, might be restricted to this site. This restriction of 
Atg8 would open an easy way to deliver Atg8-PE to both 
the inner and outer phagophore membrane to mediate its 
elongation. Indeed, the deletion of ATG21 affected phago
phore elongation (Figure 5D). However, in contrast to 
Vac8, the absence of Atg21 had only mild effects on VICS 
formation (Figure 7). Atg21 and Vac8 are both essential for 
selective autophagy. Unselective starvation-induced auto
phagy can proceed in their absence, albeit at 
a significantly reduced level [44,48]. Indeed, the formation 
of aberrantly small autophagosomes were observed even in 
the absence of Atg8 [49].

PtdIns3P mediates membrane binding of Atg21, but 
since it is dispersed over the whole phagophore (Fig. S6D) 
[24], additional mechanisms must restrict Atg21 localiza
tion. Probably, preferential binding to curved membranes 
contributes to this restriction. Indeed, loop 6CD of yeast 
PROPPINs partially penetrates membranes and contributes 
to membrane binding and bending [50–53]. Regulated 
membrane association of Atg18 by phosphorylation of this 
loop underlines this function [54]. Furthermore, our struc
ture of KlAtg21 in complex with the AgAtg16 coiled-coil 
domain shows the two Atg21 molecules in a twisted orien
tation (Figure 1A). Most likely, yet unknown protein- 
protein interactions of Atg21 at the VICS are involved, 
which might also explain why the complex does not assem
ble on other PtdIns3P-positive membranes, such as the 
endosomes.

Materials and methods

Yeast strains, media and growth conditions

All Saccharomyces cerevisiae strains used in this study are listed in 
Table 2. They are derivatives of the WT strain WCG4a [55] if not 
stated differently. The indicated knockouts were generated as 
described by using pFA6a-hphNT1 or pFA6a-natNT2 as tem
plates [56]. Chromosomal tagging with yeGFP, mCherry, RFP, 
6xHA, mTagBFP2 or 3xGFP was done by following previous 
reports and using pYM25, pYM25-mCherry, pYM25-RFP, 
pYM17, pFA6a-TagBFP2-natNT2 or pFA6a-3xGFP-HIS3MX6 
as templates, respectively [56,57]. 3xtagBFP-PHO8 was integrated 
into the LEU2 locus by cutting pRS305-PGK1p-3xtagBFP-PHO8 
[6] with BstEII. The resulting fragment was transformed into the 
indicated strains. Generated strains were subsequently verified by 
PCR of the genomic DNA.

Strains were grown at 30°C in complete minimal medium 
(0.67% [w:v] yeast nitrogen base w/o amino acids [Becton 
Dickinson, 291920], 2% [w:v] glucose [Roth, 6780.2], pH 5.6,  

(edge) and those that contact the vacuole at their circumference (core). In total, 24 images (n) from two independent experiments were analyzed with 50 counted 
phagophores. (E) Fluorescence profiles were measured around prApe1-RFP complexes from WT cells in (A) to support the grouping in (D). Fluorescence intensities of 
prApe1-RFP (red), GFP-Atg8 (green), and 3x-tagBFP-Pho8 (blue) were measured along the depicted circular plotline and plotted against the circular line distance from 
0°-360°. The contact of the phagophore edge (upper panel) and of the circumference of the phagophore (lower panel) with the vacuole can be distinguished by the 
distance between the GFP-Atg8 and the 3x-tagBFP-Pho8 intensity peaks. White and black arrows highlight the contact site of phagophore and vacuole. Data are 
presented in mean ± SEM. Statistical relevance was determined using the unpaired two-tailed t-test: * p < 0.05; **** p < 0.0001. Scale bars: 2 µm. DIC: differential 
interference contrast.
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Figure 8. Efficient phagophore growth requires Vac8 and its interaction with Atg13. (A-C) Effect of charge-change mutation of R276 R317 R359 in the Atg13/Nvj1- 
binding region of Vac8 (Vac8[EEE]) on the distribution of Vac8-GFP at the vacuolar membrane. Analysis was done in APE1-overexpressing cells after 1 h of starvation. 
White arrows highlight Vac8-enriched regions. (A) Distribution of Vac8-GFP in relation to the nucleus. In an atg8∆ vac8∆ strain, plasmid-encoded mCherry-ATG8 and 
VAC8-GFP or VAC8[EEE]-GFP were expressed using their endogenous promoters. The nucleus was visualized using Hoechst 33324. (B) Distribution of Vac8-GFP in 
relation to the phagophore and the prApe1 complex. In an atg8∆ vac8∆ APE1-mTagBFP2 strain, plasmid-encoded mCherry-ATG8 and VAC8-GFP or VAC8[EEE]-GFP were 
expressed using their endogenous promoters. (C) Quantification of the number of Vac8-enriched regions at the vacuolar membrane in proximity with the mCherry- 
Atg8-positive phagophores or the prApe1-mTagBFP2 complexes of (B). ≥ 11 images (n) with ≥ 24 mCherry-Atg8-positive structures per strain were analyzed. (D)
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Effect of the Vac8[EEE]-GFP mutant on the interaction with Atg13-HA using co-immunoprecipitations. (E) Quantification of (D) in three independent experiments (n). 
The amount of bound Atg13-HA was normalized to its amount in the input fraction and to the amount of bound GFP, Vac8-GFP, or Vac8[EEE]-GFP, respectively. The 
WT was set to 100%. (F and G) Effect of the Vac8[EEE] mutant on the vacuolar contact (F) and the formation of the phagophore (G). In an atg8∆ vac8∆ APE1- 
mTagBFP2 strain plasmid-encoded GFP-ATG8 and VAC8-HA or VAC8[EEE]-HA were expressed using their endogenous promoters. Furthermore, an atg8∆ vac8∆ APE1- 
mTagBFP2 strain carrying an empty vector (-) was analyzed. The vacuolar membrane was visualized using FM 4–64. Analysis was done in APE1-overexpressing cells 
after 1 h of starvation. In total, 15 images (n) with ≥ 390 cells per strain were analyzed. (F) Quantification of the number of GFP-Atg8-positive structures of each strain 
with and without contact with the vacuolar membrane. (G) Quantification of the phagophore growth by grouping the GFP-Atg8-positive structures into punctate, 
slightly elongated, and crescent-shaped and calculating the colocalization rate of each group per prApe1 complex. Data information: data are presented in mean ± 
SEM. Statistical relevance related to the WT was determined using the one-sample t-test. Different strains were directly compared (squared brackets) using the 
unpaired two-tailed t-test: ns, not significant p > 0.05; * p < 0.05; ** p < 0.01; **** p < 0.0001. Scale bars: 2 µm. DIC: differential interference contrast.

Figure 9. The phagophore is arranged within a network of organellar contacts with the vacuole on one edge and the ER at the other. (A) Analysis of the distribution 
of FM 4–64 at the vacuolar membrane and the phagophore. In an atg8∆ strain, plasmid-encoded GFP-ATG8 was expressed using its endogenous promoter. Analysis 
was done in APE1-overexpressing cells after 1 h of starvation. Heat maps represent fluorescence intensities of FM 4–64. (B) Fluorescence profile of the GFP-Atg8- 
positive phagophore from the respective cell of (A). Fluorescence intensities of GFP-Atg8 (green) and FM 4–64 (red) were measured along the depicted circular 
plotline and plotted against the circular line distance from 0°-360°. The white and black arrow highlights the contact site of vacuole and phagophore. (C) Analysis of 
the localization of Sec63-GFP in relation to the phagophore and the vacuole-phagophore contact site. In an atg8∆ 3xtagBFP-PHO8 (WT) or an atg8∆ 3xtagBFP-PHO8 
vac8∆ (vac8∆) strain, plasmid-encoded SEC63-GFP and mCherry-ATG8 were expressed using their endogenous promoters. White arrows highlight the contacts of 
phagophore and ER or vacuole. (D) Fluorescence profiles of the mCherry-Atg8-positive phagophores from the respective cells of (C). Fluorescence intensities of Sec63- 
GFP (green), mCherry-Atg8 (red) and 3xtagBFP-Pho8 (blue) were measured along the depicted circular/oval plotline and plotted against the circular line distance 
from 0°-360°. Black arrows highlight the contact sites of phagophore and ER or vacuole. White scale bars: 2 µm. DIC: differential interference contrast.
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supplemented with appropriate amino acids) for auxotrophic 
selection. Autophagy was induced by incubating stationary 
cells (OD600 4–5) for 1–2 h in nitrogen-free SD-N medium 
(0.17% [w:v] yeast nitrogen base w/o amino acids and ammonium 
sulfate [Becton Dickinson, 233520], 2% glucose).

Plasmids

All used plasmids are listed in Table 3. The mutated and MYC- 
tagged gene of the biotin protein ligase (BirA*) from E. coli was 
donated by H. D. Schmitt (Dep. of Neurobiology, Max Planck 
Institute for Biophysical Chemistry, Goettingen). It was cloned 
into pUG36 using the XbaI/XhoI restriction sites. The plasmids 
Nub-Atg21, Nub-Ubc6, and Ste14-Cub were a kind gift of 
F. Reggiori (Dep. of Cell Biology, University of Groningen). 
The yomTagBFP2 gene derived from the plasmid pFA6a-link- 

yomTagBFP2-Kan, which was a gift from Wendell Lim and Kurt 
Thorn (Addgene, 44899) [58].

Indicated mutations of Atg21, Atg16, and Vac8 were intro
duced into the plasmids Atg21-GFP, mCherry-Atg21, BirA*- 
Atg21, Nub-Atg21, Atg21-HA, Atg16-HA, Atg16-GFP, Vac8- 
GFP, and Vac8-HA, respectively, using the QuikChange 
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, 
210518).

Antibodies

The anti-Ape1 antibody was described previously [59]. The anti- 
MYC antibody (cell supernatant precipitated with ammonium 
sulfate) was from S. Callegari and P. Rehling (Dep. of Cellular 
Biochemistry, University of Goettingen). Other antibodies were 
anti-GFP (from mouse IgG1κ; Roche, 11814460001), HA-probe 
antibody (F-7, mouse monoclonal IgG2a; Santa Cruz 

Table 2. List of S. cerevisiae strains used in this study.

Strain Genotype Reference

WCG4a (WT) MATα his2-11,15 leu2-3,112 ura3 [55]
atg1∆ WCG4a atg1∆::KAN [77]
atg8∆ WCG4a atg8∆::KAN [78]
atg8∆ atg3∆ WCG4a atg8∆::KAN atg3∆::hphNT1 This study
atg8∆ ATG14-3xGFP WCG4a atg8∆::KAN 

ATG14-3xGFP(S65 T)::HIS3MX6
This study

atg8∆ atg18∆ WCG4a atg8∆::KAN atg18∆::natNT2 This study
atg8∆ atg21∆ WCG4a atg8Δ::KAN atg21∆::natNT2 [16]
atg8∆ atg21∆ atg16∆ WCG4a atg8∆::KAN atg21∆::hphNT1 

atg16∆::natNT2
[16]

atg8Δ atg21Δ VPH1-mCherry WCG4a atg8∆::KAN atg21∆::natNT2 
VPH1-mCherry::hphNT1

This study

atg8Δ APE1-RFP WCG4a atg8∆::KAN 
APE1-mRFP::hphNT1

This study

atg8Δ APE1-RFP atg21∆ WCG4a atg8∆::KAN APE1-mRFP::hphNT1 atg21∆::natNT2 This study
atg8Δ APE1-RFP 3xtagBFP-PHO8 WCG4a atg8∆::KAN 

APE1-mRFP::hphNT1 pRS305-PGK1p- 
3xtagBFP-PHO8

This study

atg8Δ APE1-RFP 
atg21Δ 3xtagBFP-PHO8

WCG4a atg8∆::KAN 
APE1-mRFP::hphNT1 atg21∆::natNT2 
pRS305-PGK1p-3xtagBFP-PHO8

This study

atg8Δ APE1-RFP vac8Δ 3xtagBFP-PHO8 WCG4a atg8∆::KAN 
APE1-mRFP::hphNT1 vac8∆::natNT2 
pRS305-PGK1p-3xtagBFP-PHO8

This study

atg8∆ vac8∆ WCG4a atg8∆::KAN vac8∆::hphNT1 This study
atg8∆ vac8∆ APE1-mTagBFP2 WCG4a atg8∆::KAN vac8∆::hphNT1 

APE1-mTagBFP2::natNT2
This study

atg8∆ 3xtagBFP-PHO8 WCG4a atg8∆::KAN pRS305-PGK1p- 
3xtagBFP-PHO8 LEU2::natNT2

This study

atg8∆ 3xtagBFP-PHO8 vac8∆ WCG4a atg8∆::KAN pRS305-PGK1p- 
3xtagBFP-PHO8 LEU2::natNT2 vac8∆::hphNT1

This study

atg8∆ VPH1-GFP WCG4a atg8∆::KAN 
VPH1-yeGFP::hphNT1

This study

atg8∆ VPH1-mCherry APE1-mTagBFP2 WCG4a atg8∆::KAN VPH1-mCherry::hphNT1 APE1-mTagBFP2::natNT2 This study
atg16Δ APE1-RFP WCG4a atg16∆::natNT2 

APE1-RFP::hphNT1
This study

atg21∆ atg16∆ WCG4a atg21∆::KAN atg16∆::natNT2 [16]
atg21∆ atg16∆ atg5∆ WCG4a atg21∆::KAN atg16∆::natNT2 

atg5∆::hphNT1
This study

SEY6210 (SEY WT) Sey6210 MATa ura3-52 leu2-3,112 
his3-∆200 lys 2–801 trp1-∆901 suc2-∆9 
mel GAL

[79]

SEY6210 atg16∆ Sey6210 atg16∆::natNT2 [16]
SEY6210 atg16∆ atg21∆ Sey6210 atg16∆::natNT2 

atg21∆::hphNT1
This study

vac8∆ ATG13-6xHA WCG4a vac8∆::hphNT1 
ATG13-6xHA::natNT2

This study

1472 L. MUNZEL ET AL.



Table 3. List of plasmids used in this study.

Name Characteristics Source

AgAtg16(40-124)-6xHis pET-28a AgATG16(40-124)-6xHis KANR This study
Atg3-GFP pRS313 ATG3p-ATG3-ATG3D265-yeGFP-ATG3G266-ATG3 t This study
Atg16-Cub pRS313 MET17p-ATG16-Cub-RURA3 [16]
Atg16-HA pRS313 CUP1p-ATG16-6xHA [16]
Atg16E97A-HA pRS313 CUP1p-ATG16E97A-6xHA This study
Atg16K94E-HA pRS313 CUP1p-ATG16K94E-6xHA This study
Atg16K94E D101R-HA pRS313 CUP1p-ATG16K94E D10R-6xHA This study
Atg16D101R-HA pRS313 CUP1p-ATG16D101R-6xHA This study
Atg16E102R-HA pRS313 CUP1p-ATG16E102R-6xHA This study
Atg16K116E-HA pRS313 CUP1p-ATG16K116E-6xHA This study
Atg16IIV-HA pRS313 CUP1p-ATG16I104,I108,V112D-6xHA This study
Atg16-GFP pRS313 ATG16p-ATG16-GFP [16]
Atg16K94E-GFP pRS313 ATG16p-ATG16K94E-GFP This study
Atg16D101R-GFP pRS313 ATG16p-ATG16D101R-GFP This study
Atg16E102R-GFP pRS313 ATG16p-ATG16E102R-GFP This study
Atg16IIV-GFP pRS313 ATG16p-ATG16I104,I108,V112D-GFP This study
Atg18-GFP pUG23 ATG18p-ATG18-yeGFP-CYC1 t This study
Atg21[FTTG]-HA pRS315 ATG21p-ATG21R343,R344 T-His6- 

3xHA
This study

Atg21-YFP pRS313 ATG21p-ATG21-EYFP This study
Atg21-YFP pRS315 ATG21p-ATG21-EYFP This study
BirA* pUG36 MET17p-MYC-BirAR118 G-CYC1 t This study
BirA*-Atg21 pUG36 MET17p-MYC-BirAR118 G-ATG21- 

CYC1 t
This study

BirA*- Atg21[FTTG] pUG36 MET17p-MYC-BirAR118 G-ATG21R343,R344T-CYC1 t This study
GFP-Atg8 pRS313 ATG8p-GFP-ATG8-ATG8 t This study
GFP-Atg8 pRS315 ATG8p-GFP-ATG8-ATG8 t [80]
GFP-Atg21 pUG36 MET17p-yeGFP-ATG21-CYC1 t [81]
GFP-Atg21D9R pUG36 MET17p-yeGFP-ATG21D9R-CYC1 t This study
GFP-Atg21D460R pUG36 MET17p-yeGFP-ATG21D460R-CYC1 t This study
GFP-Atg21E461R pUG36 MET17p-yeGFP-ATG21E461R-CYC1 t This study
GFP-Atg21[FTTG] pUG36 MET17p-yeGFP-ATG21R343,R344T-CYC1 t This study
GFP-Atg21K130E pUG36 MET17p-yeGFP-ATG21K130E-CYC1 t This study
GFP-Atg21R151E pUG36 MET17p-yeGFP-ATG21R151E-CYC1 t This study
GFP-Atg21R151E E461R pUG36 MET17p-yeGFP-ATG21R151E E461R-CYC1 t This study
GFP-Atg21K172E pUG36 MET17p-yeGFP-ATG21K172E-CYC1 t This study
KlAtg21-6xHis pET-28a KlATG21-6xHis KANR This study
mCherry-Atg5 pUG36 MET17p-mCherry-ATG5-CYC1 t This study
mCherry-Atg8 pRS315 ATG8p-mCherry-ATG8-ATG8 t This study
mCherry-Atg21 pUG36 MET17p-mCherry-ATG21-CYC1 t [16]
mCherry-Atg21E461R pUG36 MET17p-mCherry-ATG21E461R-CYC1 t This study
mCherry- Atg21[FTTG] pUG36 MET17p-mCherry-ATG21R343,R344 T-CYC1 t [16]
mCherry-Atg21K130E pUG36 MET17p-mCherry-ATG21K130E-CYC1 t This study
mCherry-Atg21R151E pUG36 MET17p-mCherry-ATG21R151E-CYC1 t This study
mRFP-2xFYVE pRS315 AgTEF1p-mRFP-2xFYVE(Hrs)- CYC1 t [81]
Nub-Atg5 pRS314 CUP1p-Nub-ATG5-ATG5 t [16]
Nub-Atg21 pRS314 CUP1p-Nub-ATG21 F. Reggiori
Nub- Atg21[FTTG] pRS314 CUP1p-Nub- ATG21R343,R344 T This study
Nub-Ubc6 pRS314 CUP1p-Nub-UBC6 F. Reggiori
pFA6a-3xGFP- 

HIS3MX6
3xGFPS65 T-ADH1 t AgTEF1p-HIS3MX6-AgTEF1 t This study

pFA6a-hphNT1 AgTEF1p-HygR-CYC1 t [56]
pFA6a-natNT2 AgTEF1p-NrsR-ADH1 t [56]
pFA6a-TagBFP2-natNT2 TagBFP2 AgTEF1p-NrsR-ADH1 t This study
pRS305-PGK1p-3xtagBFP-PHO8 PGK1p-3xtagBFP-PHO8 LEU2 [6]
pRS313 CEN/ARS AmpR ori lacZ’ HIS3 [82]
pRS314 CEN/ARS AmpR ori lacZ’ TRP1 [82]
pRS423-CUP1p-Ape1 pRS423 2μ HIS3 CUP1p-APE1 This study
pUG36 CEN/ARS AmpR ori URA3 MET17p-yeGFP-lacZ’/MCS-CYC1 t [83]
PVac8-GFP pUG23 VAC8p-yeGFP-CYC1 t This Study
pYEX-BX(Ape1) pYEX-BX 2μ URA3 CUP1p-APE1 [20]
pYM17 6xHA AgTEF1p-NrsR-ADH1 t [56]
pYM25 yeGFP AgTEF1p-HygR-CYC1 t [56]
pYM25-mCherry mCherry AgTEF1p-HygR-CYC1 t This study
pYM25-RFP mRFP1 AgTEF1p-HygR-CYC1 t This study
Sec63-GFP pRS316 SEC63p-SEC63-GFPS65 T V163A [84]
Ste14-Cub pRS313 MET17p-STE14-Cub-RURA3 F. Reggiori
Vac8-GFP pUG23 VAC8p-VAC8-yeGFP-CYC1 t This study
Vac8[EEE]-GFP pUG23 VAC8p-VAC8R276,R317,R359E-yeGFP-CYC1 t This study
Vac8-HA pRS313 VAC8p-VAC8-6xHA This study
Vac8[EEE]-HA pRS313 VAC8p-VAC8R276,R317,R359E-6xHA This study
yomTagBFP2-Atg8 pRS313 ATG8p-yomTagBFP2-ATG8-ATG8 t This study
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Biotechnology, sc-7392), horseradish peroxidase-conjugated goat 
anti-rabbit IgG (Thermo Fisher Scientific, G-21234) and horse
radish peroxidase-conjugated goat anti-mouse IgG (Dianova, 
115–035-166).

Fluorescence microscopy

For the generation of giant prApe1 complexes in the cell, 
APE1 was overexpressed using high copy plasmids pYEX-BX 
(Ape1) or pRS423-CUP1p-Ape1 as described previously [20]. 
Respective cells were grown to stationary phase in complete 
minimal medium supplemented with 100 µM CuSO4 and 
subsequently starved for 1–2 h in SD-N medium. To visualize 
the nucleus, 12.5 μg/ml Hoechst 33324 (Thermo Fisher 
Scientific, H1399) were added to the culture 15 min before 
analysis by fluorescence microscopy. For the FM™ 4–64 stain
ing, stationary cells were incubated for 30 min with 20 µg/ml 
FM™ 4–64 dye (Thermo Fisher Scientific, T3166) prior to 
starvation in SD-N medium.

For localization studies of Atg16 and Atg21, atg8∆ atg16∆ 
atg21∆ cells carrying mCherry-Atg21 and Atg16-GFP or their 
variants as indicated were grown to early stationary phase 
(OD600 2) in complete minimal medium supplemented with 
0.3 mM methionine.

In vivo fluorescence microscopy was performed using a 
DeltaVision® Core setup, based on an inverted IX71 micro
scope (Olympus), equipped with the UPlanSApo x100, 1.4 
numerical aperture, oil immersion objective (Olympus) and 
a CoolSNAPHQ2

™ couple-charged device camera (Roper 
Scientific). For the detection of fluorescent proteins and 
dyes, the following built-in filter sets were used, DAPI (exci
tation wavelength: 390/18 nm; emission wavelength: 435/ 
48 nm), FITC (excitation wavelength: 475/28 nm; emission 
wavelength: 523/36 nm), TRITC (excitation wavelength: 542/ 
27 nm; emission wavelength: 594/45 nm), GFP (excitation 
wavelength: 475/28 nm; emission wavelength: 525/50 nm) 
and mCherry (excitation wavelength: 575/25 nm; emission 
wavelength: 632/69 nm). The DeltaVision® Core setup was 
operated using softWoRx® (Applied Precision), which was 
also used for the deconvolution of the images. The cells 
were imaged taking z-stacks of at least 20 focal planes with 
a distance of 0.2 µm. The resulting images were further 
processed using Fiji [60]. Fluorescence intensities were mea
sured along with circular/oval or linear plotlines using Fiji. 
Resulting profiles were plotted in arbitrary units against the 
line distance of the plotline (in µm or degree). Heat maps of 
the fluorescence intensity were generated by coloring the 
indicated channel with the look-up-table fire (bright [yellow; 
high intensity] to dark [deep blue; low intensity]) using Fiji. 
3-dimensional reconstructions were generated by processing 
the imaged focal planes with the surface rendering function of 
Huygens Professional (Scientific Volume Imaging). Images 
were reduced to the area of interest prior to processing.

Dual-color fluorescence cross-correlation spectroscopy 
(FCCS)

(I) Preparation of cultures for FCCS of living yeast cells: 
atg21∆ atg16∆ cells carrying Atg16-GFP and mCherry-Atg21 

[FTTG] or atg21∆ atg16∆ atg5∆ cells carrying Atg16-GFP, 
mCherry-Atg5, and Atg21[FTTG]-HA were grown in com
plete minimal medium to early stationary phase (OD600 1–2).

(II) Microscope: A modified Olympus IX-71 (Olympus 
Deutschland GmbH, Hamburg, Germany) microscope with 
an accessible standard side port on the right side was used. 
The samples were scanned at a speed of 2–4 ms per 100 nm 
pixel using a 3-axis piezo-stage (P-562.3 CD, Physical 
Instruments), which was driven with a digital piezo controller 
(E-710, Physical Instruments).

(III) Excitation system: A pulsed interleaved excitation was 
achieved with a white light laser (Fianium) filtered with a 560 
clean-up filter (FF01-560/14, Semrock) and a 485 nm pulsed 
diode laser equipped with a clean-up filter (FF01-488/10). The 
inter-pulse duration was 25 ns. The two lasers were coupled 
through a polarization-maintaining single-mode optical fiber 
(PMC-400-4.2-NA010-3-APC-250-V, Schaefter and Kirchhoff 
GmbH, Germany).

(IV) Main Optical Unit: The fiber output was collimated to 
a beam of 9 mm diameter by coupling it to an infinity- 
corrected 4X objective (UPLSAPO4X, Olympus). The excita
tion beam was then reflected by a dichroic mirror (FITC/CY5 
[51008bs], Chroma Technology Corporation), guiding it into 
the side port of the microscope. The excitation power used for 
both wavelengths was around 10–25 kW/cm2. A high N. 
A. objective was used for exciting the samples (UPLSAPO 
60XW, 1.2 N.A., Olympus) and for collecting the fluorescence 
emission. The emission light was then passed through the 
dichroic mirror and focused onto a 50 µm pinhole for confocal 
imaging and FCS measurements. After the pinhole, the fluor
escence photons were split according to their wavelength with 
the help of an emission dichroic mirror (HC BS 560, AHF 
Analysentechnik AG, Germany). These two separated streams 
of photons were then focused on the active area (~ 175 µm) of 
two single-photon counting modules (SPCM–AQRH-14, 
Excellitas). Additional band pass filters (FF01-525/45, FF01- 
590/36, Semrock) were used to block any undesired back- 
scattered laser light. The dark count rate of the detector was 
less than 150 counts per s.

(V) Data acquisition and processing: The transistor- 
transistor-logic (TTL) pulses from the SPCM were recorded 
with a 2 ps time resolution by a multichannel picosecond 
event timer and Time-Correlated Single Photon Counting 
(TCSPC) module (HydraHarp 400, PicoQuant, GmbH). Due 
to the perfectly synchronized lasers with a fixed time delay 
between them (interleaved) the photons arising from direct 
emission of the green and red fluorophores are temporally 
separated from the spectral crosstalk of the green fluorescence 
into the red emission channel. By setting defined time gates, we 
select the photons that correspond to the direct emissions of the 
fluorophores collected on the respective detectors. Auto- 
correlations and spectral cross-correlations are performed on 
these photon streams. The data analysis was performed with the 
help of custom-written Matlab (MathWorks®) routines.
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Expression and purification of KlAtg21 and  
AgAtg16(40-124)

Full-length KlAtg21 or the truncated AgAtg16(40–124) construct 
were cloned in a pET-28a vector using NdeI/XhoI restriction 
sites and transformed in E. coli BL21-Gold(DE3) (Agilent 
Technologies, 230132) competent cells. Proteins were expressed 
individually overnight at 25°C in the ZYM-5052 auto-inducing 
medium [61]. Cells were harvested and resuspended in 50 mM 
HEPES (GERBO Biotech, 1009) pH 7.5, 250 mM NaCl, 30 mM 
imidazole (Sigma-Aldrich, 56750), 1 mM TCEP (Sigma-Aldrich, 
75259) and stored frozen at −20°C. For complex purification 
thawed cell pellets of KlAtg21 and AgAtg16(40–124) were mixed in 
a 2:1 ratio, supplemented with one protease inhibitor tablet (com
plete™, EDTA-free Protease Inhibitor Cocktail, Roche, 
05056489001), DNase I (AppliChem, A3778), lysozyme (Roth, 
8259) and 1 mM MgCl2. Cell suspensions were stirred for 
15 min at room temperature and then homogenized with a homo
genizer and lysed with three repetitions in a microfluidizer 
M-110 L (Microfluidics Corporation) according to the manufac
turer’s instructions. Cell debris was pelleted at 30597 x g and 4°C 
for 45 min. The supernatant was applied to a 5 ml HisTrap column 
(GE Healthcare) connected to the Äkta Prime FPLC system at 4°C 
using 50 mM HEPES pH 7.5, 250 mM NaCl, 30 mM imidazole, 
1 mM TCEP. The column was washed with 12 column volumes. 
His-tagged proteins were eluted with a gradient over 10 column 
volumes to 50 mM HEPES pH 7.5, 250 mM NaCl, 400 mM 
imidazole, 1 mM TCEP. Eluted proteins were concentrated and 
then applied to a Superdex 200 16/60 HiLoad column (GE 
Healthcare) and ran with 30 mM HEPES pH 7.5, 150 mM NaCl, 
1 mM TCEP. Fractions were pooled and concentrated to 
10–30 mg/ml. For complex purification, only fractions with com
plexed AgAtg16-KlAtg21 were pooled. Purified proteins were 
aliquoted, flash cooled with liquid nitrogen and stored at −80°C.

Crystallization and structure determination of the 
AgAtg16-KlAtg21 complex

The AgAtg16(40-124)-KlAtg21 complex was crystallized using 
a dropped vapor diffusion setup at 20°C. The complex was 
subjected to in-situ proteolysis with 1:1000 clostripain (Proti- 
AceTM 2, Hampton Research, HR2-432) and a precipitant 
composed of 15% (w:v) PEG 4000 (Sigma-Aldrich, 817006) 
and 0.1 M HEPES pH 7.0. Crystals were soaked in crystal
lization solution supplemented with 30% ethylene glycol 
(Sigma-Aldrich, 102466) and 3% PEG 4000 before flash cool
ing in liquid nitrogen. A complete 3.7 Å resolution native data 
set (Table 1) was collected at 100 K on a beamline X06SA 
equipped with Pilatus 6 M detector (Swiss Light Source, Paul 
Scherrer Institute, Villigen, Switzerland).

Data processing

Diffraction images were integrated using MOSFLM [62] and 
scaled with AIMLESS [63] from the CCP4 [64] suite. The 
estimation of the overall highest resolution limit (3.7 Å) 
were performed using default settings as implemented in 
AIMLESS: half-dataset correlation CC1/2 > 0.3 and mean I:σ 
(I) > 1.50. Data collection statistics are presented in Table 1.

Structure solution and refinement

The HHPRED [65] server was used to search the PDB for 
KlAtg21 homologous structures and revealed Atg18 from Pichia 
angusta (PDB id: 5LTG) as the most suited model for Molecular 
Replacement (MR) search (corresponding sequence identity and 
similarity are 32% and 56%, respectively). The initial model pre
paration, utilizing the HHPRED sequence alignment, was per
formed using phenix.sculptor [66], and involved the removal of 
unaligned residues and stripping all non-identical side chains to 
the gamma atom. The MR search, performed with PHASER [67], 
revealed a clear solution for two KlAtg21 monomers occupying the 
asymmetric unit (corresponding TFZ scores for the 1st and the 2nd 

molecule were 9.7 and 19.0, respectively). In order to overcome the 
difficulties in manual model rebuilding related to the limited 
resolution of experimental data, one KlAtg21 monomer was sub
jected to energy and density-guided refinement in Rosetta [68,69] 
utilizing constraints from an averaged 2mFo-DFc electron density 
map calculated with PHENIX [70]. One thousand generated mod
els with the highest ROSETTA score were rescored using PHASER 
(Refine and Phase protocol). The best model was subjected to the 
next round of modeling using ROSETTA employing a newly 
calculated averaged electron density map. Prior to modeling, the 
template was manually inspected in order to verify the correctness 
of the employed sequence alignment. This routine was repeated 
until the convergence has been reached (three times). The subse
quent ROSETTA-based refinement was used to rebuild regions 
around insertions and up to seventeen amino acid long gaps in the 
verified sequence alignment. During this step, the ROSETTA loop 
modeling protocol [71] combined with cyclic coordinate descent 
closure [72] was employed. From a few thousand decoys, the best 
100 models obtained from the PHASER rescore step were sub
jected to reciprocal-space refinement in PHENIX using strong 
non-crystallographic symmetry (NCS) restraints between two 
KlAtg21 monomers and grouped B-factor refinement. The best 
model was refined at 3.7 Å to crystallographic R and Rfree factors of 
0.3566 and 0.3833, respectively (mean FOM = 0.61). Manual 
model inspection in Coot [73] revealed a clear mFo-DFc electron 
density map corresponding to a fragment of a dimeric 
AgAtg16(40–124) located between two KlAtg21 molecules. Two 
dimeric AgAtg16(40–124) coiled-coil assemblies were modeled as 
poly-A using Coot in both “forward” and “reversed” polypeptide 
directions. The assemblies were added to the two KlAtg21 mono
mers and subjected to refinement in PHENIX employing an 
identical protocol. The “forward” KlAtg21-AgAtg16(40–124) 
model revealed significantly lower crystallographic R factors 
(R = 0.3119, Rfree 0.3378) then the “reversed” one (R = 0.3142, 
Rfree 0.3427). From this step on, the refinement was continued 
only with the “forward” KlAtg21-AgAtg16(40–124) model. 
A detailed inspection of the electron density map showed 
a clearly visible KlAtg21 R103 side chain pointing toward 
a residue of AgAtg16(40–124) being most likely a negatively charged 
amino-acid – preferably D over E. The further analysis revealed 
that the subsequently following three alpha-helical turns of 
AgAtg16(40–124) were bound in a hydrophobic cleft formed 
between two beta-blades of KlAtg21. Due to a limited depth of 
this cleft, the potential hydrophobic residues of AgAtg16(40–124) 
could be either A, V, I, L or G. Searching for an amino acid 
sequence patch in the form of E/D-X-X-A/V/I/L/G-X-X-X-A/V/ 
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I/L/G-X-X-X-A/V/I/L/G present in AgAtg16(40–124) revealed only 
one possibility leading to assignment of the negatively charged 
amino acid interacting with KlAtg21 R103 to D78. Hence, the 
hydrophobic AgAtg16(40–124) residues bound in a cleft are: I81, I85 
and L89.

The model was manually verified against simulated annealing 
(SA) omit maps in Coot and further refined with PHENIX in both 
real and reciprocal space. Grouped B-factor refinement and strong 
NCS restrains were used to reduce the risk of overfitting. The final 
model consisting of residues 1 to 392 for each KlAtg21 monomer 
(missing loops: 136–150, 285–334) and residues 70–104/107 for 
AgAtg16(40–124) dimer, has been refined at 3.7 Å resolution to 
crystallographic R and Rfree factors of 28.45% and 30.65%, respec
tively). Details are presented in Table 1. Atomic coordinates and 
structure factors were deposited in the Protein Data Bank (PDB, 
http://www.rcsb.org/) under PDB id code 6RGO. PISA software 
was used to analyze macromolecular interfaces. Figures were pre
pared using PyMol (http://www.pymol.org).

prApe1 maturation assay

atg21∆ atg16∆ cells carrying Atg21-GFP and Atg16-HA or 
their variants as indicated were grown to early stationary 
phase (OD600 2–3) in complete minimal medium without 
methionine. atg1∆ and atg21∆ atg16∆ cells carrying the 
empty vectors pUG36 and pRS313 were included into the 
analysis as negative controls. The Ape1 maturation assay 
was performed according to [74].

Immunoprecipitation of Atg21-GFP

atg16∆ atg21∆ cells carrying pUG36 and Atg16-HA (control), 
Atg21-GFP and Atg16-HA or their variants as indicated were 
grown to early stationary phase (OD600 2) in complete mini
mal medium without methionine. Immunoprecipitations were 
performed as described before [16].

Immunoprecipitation of Vac8-GFP

vac8∆ ATG13-6xHA cells carrying VAC8p-GFP (VAC8 pro
moter control), Vac8-GFP or Vac8[EEE]-GFP were grown to 
stationary phase (OD600 3–4). 200 OD600 of cells were har
vested (720 x g, 5 min), washed once with 20 ml SD-N medium 
(720 x g, 5 min), and starved for 2 h in 20 ml of fresh SD-N 
medium. After starvation, cells were harvested (720 x g, 5 min, 
4°C) and washed once with cold 50 mM Tris-HCl pH 7.5 (720 
x g, 5 min, 4°C). Immunoprecipitations were performed 
according to the manufacturer’s recommendations using the 
µMACS GFP Isolation Kit (Miltenyi Biotec, 130–091-125) 
together with the µ Columns (Miltenyi Biotec, 130–042-701). 
Instead of the supplied lysis buffer, the following buffer was 
used for cell lysis and washing of the columns: 50 mM Tris- 
HCl pH 7.5, 1 mM EDTA (Roth, 8043.1), 0.5% (w:v) TWEEN® 

20 (Sigma-Aldrich, P7949), 1 mM PMSF (Roth, 6367.1), 1x 
cOmplete™ (EDTA-free Protease Inhibitor Cocktail, Roche, 
05056489001) and 1x PhosSTOP (Phosphatase Inhibitor 
Cocktail, Roche, 04906837001). Cells were lysed using glass 
beads. For this, the cell pellet was resuspended in 750 µl lysis 
buffer and added to 400 µl of glass beads. After 30 min harsh 

vortexing at 4°C the cell lysate was centrifuged at 3000 x g and 
4°C for 5 min. The supernatant was used for immunoprecipita
tion. Input and bound fractions were analyzed by western blot.

Split-ubiquitin assay

The split-ubiquitin assay was performed according to 
a previous report [16].

Biotin identification (BioID) assay

atg21∆ atg16∆ cells carrying the empty vector pUG36, BirA*, 
BirA*-Atg21 or BirA*- Atg21[FTTG] together with Atg16-HA 
were grown to early stationary phase (OD600 2–3) in complete 
minimal medium without methionine which was supplemen
ted with 10 µM biotin (Sigma-Aldrich, B4501). Cell lysis and 
isolation of biotinylated proteins was performed according to 
[75] using 0.2 ml gravity flow strep-tactin sepharose columns 
(iba, 2–1202-501). Input and elution fractions were analyzed 
by western blot. The MYC-tagged BirA* and its fusion pro
teins were detected using the anti-MYC antibody.

Quantification and statistical analysis

Western blots were quantified using Fiji [60]. To plot and 
statistically evaluate the data obtained from quantification or 
fluorescence microscopy, Prism 7.0 c for Mac OSX (GraphPad 
Software) was used. Graphs were plotted using the mean value 
and error bars indicate the standard error of the mean (SEM). 
The number (n) of independent experiments is indicated for 
each graph. Statistical evaluations of prApe1 maturation, co- 
immunoprecipitations or the BioID assay were performed using 
the one-sample t-test. For this, the WT strain/protein was used 
as a 100% reference. Two datasets were directly compared using 
the two-tailed t-test. The statistical relevance is indicated in the 
graphs as follows: not significant (ns) for P > 0.05, * for P < 0.05, 
** for P < 0.01, *** for P < 0.001 and **** for P < 0.0001.
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