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SUMMARY

The autophagy cargo receptor p62 facilitates the
condensation of misfolded, ubiquitin-positive pro-
teins and their degradation by autophagy, but the
molecular mechanism of p62 signaling to the core
autophagy machinery is unclear. Here, we show
that disordered residues 326–380 of p62 directly
interact with the C-terminal region (CTR) of FIP200.
Crystal structure determination shows that the
FIP200 CTR contains a dimeric globular domain
that we designated the ‘‘Claw’’ for its shape. The
interaction of p62 with FIP200 is mediated by a posi-
tively charged pocket in the Claw, enhanced by p62
phosphorylation, mutually exclusive with the binding
of p62 to LC3B, and it promotes degradation of
ubiquitinated cargo by autophagy. Furthermore, the
recruitment of the FIP200 CTR slows the phase
separation of ubiquitinated proteins by p62 in a re-
constituted system. Our data provide the molecular
basis for a crosstalk between cargo condensation
and autophagosome formation.

INTRODUCTION

The removal of aggregated proteins from the cytoplasm is

essential for cellular homeostasis. Two ubiquitin-based systems,

the ubiquitin-proteasome system (UPS) and macroautophagy
330 Molecular Cell 74, 330–346, April 18, 2019 ª 2019 The Author(s).
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(hereafter autophagy), are major pathways for the degradation

of these substances. During autophagy, substrates referred to

as cargo are sequestered within autophagosomes (Zaffagnini

and Martens, 2016). The formation of autophagosomes requires

the hierarchical action of a number of conserved factors,

including the upstream-acting ULK1 complex containing the

scaffold protein FIP200 and the downstream-acting conjugation

machinery, which catalyzes the conjugation of the ubiquitin-like

ATG8 proteins to the head group of phosphatidylethanolamine

on the isolation membrane (Hurley and Young, 2017).

The selectivity of autophagic processes is mediated by cargo

receptors, which link the cargo material to the nascent autopha-

gosomal membrane (Stolz et al., 2014). Cargo receptors also

play crucial roles in the formation of autophagosomes in vicinity

of the cargo, by recruiting upstream components of the auto-

phagy machinery (Fracchiolla et al., 2016; Zaffagnini and Mar-

tens, 2016). For example, in S. cerevisiae, the Atg19 cargo re-

ceptor recruits the scaffold protein and Atg1/ULK1 kinase

complex member Atg11 to the prApe1 cargo in the cytoplasm-

to-vacuole targeting (Cvt) pathway (Kamber et al., 2015; Shintani

et al., 2002; Torggler et al., 2016). In mammals, optineurin and

NDP52 recruit the autophagy machinery to damaged mitochon-

dria (Lazarou et al., 2015). In addition, ER-resident transmem-

brane proteins in yeast and mammalian cells have been shown

to recruit the autophagy machinery via the Atg11/FIP200 scaf-

fold proteins (Khaminets et al., 2015; Mochida et al., 2015; Smith

et al., 2018). The molecular mechanisms that link cargo recep-

tors to the core autophagy machinery are mostly obscure.

p62/SQSTM1 is a major cargo receptor for the selective

degradation of misfolded, ubiquitinated proteins by autophagy

in a process that is referred to as aggrephagy (Zaffagnini and
Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. The FIP200 C-Terminal Region Directly Interacts with p62 in a LIR-Dependent Manner

(A) Schematic representation of FIP200 and p62. The Atg11 homology domain of FIP200 is depicted in gray. The FIP200-interacting region (FIR) of p62 is depicted

in pink and the LIR motif in dark gray. p62 constructs covering parts of the FIR are shown on the right.

(legend continued on next page)
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Martens, 2016). Mutations in p62 are associated with neurode-

generative diseases including amyotrophic lateral sclerosis and

frontotemporal dementia (Sánchez-Martı́n and Komatsu, 2018).

p62 oligomerizes via its N-terminal PB1 domain (Figure 1A) and

exists as oligomers in cells (Ciuffa et al., 2015; Lamark et al.,

2003; Zaffagnini et al., 2018). Its interaction with ubiquitinated

proteins is mediated by a C-terminal UBA domain (Seibenhener

et al., 2004), while the binding to ATG8 proteins is conferred by a

LIR motif, which is located in a disordered region (Ichimura et al.,

2008; Pankiv et al., 2007).

p62 functions at multiple steps of aggrephagy. It mediates the

phase separation of misfolded, ubiquitinated proteins into larger

condensates and it also functions to tether them to nascent

autophagosomal membranes via its LIR motif-dependent inter-

action with ATG8 family proteins, such as LC3B and GABARAP

(Bjørkøy et al., 2005; Ichimura et al., 2008; Pankiv et al., 2007;

Sun et al., 2018; Wurzer et al., 2015; Zaffagnini et al., 2018).

However, it is unclear how the p62-mediated generation of

ubiquitin-positive condensates is linked to the formation of

autophagosomes.

We show that p62 recruits the ULK1 kinase complex subunit

FIP200 to ubiquitin-positive condensates. This recruitment is

mediated by the interaction of the FIP200 C-terminal region

(CTR) with the region of p62 surrounding the LIR motif. The crys-

tal structure of the FIP200 CTR reveals a positively charged

pocket required for the binding of the p62. The FIP200 CTR in-

hibits clustering of ubiquitinated substrates in a fully reconsti-

tuted system and that the FIP200 CTR can be outcompeted

from p62 by LC3B. Our data suggest a cascade of binding

events that coordinate phase separation, initiation of isolation

membrane formation, and its elongation played out at the LIR

motif region of p62.

RESULTS

The FIP200 CTR Directly Interacts with p62 in a LIR-
Dependent Manner
p62 contains a short region of weak homology with the Atg11-

binding motif of yeast Atg19 (aa358–370 of p62) (Sawa-Makar-
(B) GST or GST-FIP200 CTR were coupled to glutathione (GSH) beads and incuba

through fractions were analyzed by western blot using anti-p62 antibody. The bou

the beads.

(C) GSH beads were coated with GST or GST-FIP200 CTR and incubated with r

(D) The experimental setup is shown on the left. GSH beads were coated with

incubated with mCherry-p62 (2 mM) and GFP-FIP200 CTR aa 1429–2594 (5 mM).

(E) GSH beadswere coated with the indicated GST-p62 constructs and incubated

by microscopy. Protein inputs are shown in Figure S1B. The GFP signal on the

FIR-coated beads. Average intensity and SEM for n = 3 are plotted. Significant dif

*** when p value % 0.001.

(F) Same experimental setup and quantification used in (E). Beadswere imaged by

construct carries a mutation in the LIR motif (335DDDW338 > AAAA).

(G) Same experimental setup used in (C). In the mCherry p62 LIRmut residues 335

signal on the beads was normalized to the signal of mCherry-p62 WT on GST-FI

Significant differences are indicated with * when p value % 0.05, ** when p value

(H) The same experimental setup used in (E) and (F) was used to test the interactio

mut, the three LIR motifs (Figure S1F) are mutated. The graph on the bottom sh

binding to GST-Atg19 C-ter, and SEM for n = 3. Significant differences are indicat

0.001. Protein inputs are shown in Figure S1E.

See also Figure S1.
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ska et al., 2014) (Figure S1A). At the same time, the CTR of

FIP200 contains an Atg11 homology domain which shows

sequence similarity to the corresponding region of yeast Atg11

(Figure 1A). We therefore hypothesized that, similar to the situa-

tion in the yeast-specific Cvt pathway, p62 may recruit the up-

stream autophagy machinery via FIP200 during aggrephagy.

To test this, we fused the FIP200 CTR to glutathione S-trans-

ferase (GST) and used this protein as a bait for pull-downs with

HeLa cell lysates. Indeed, p62 was specifically pulled down by

the FIP200 CTR (Figure 1B). To test for a direct interaction, we

immobilized GST-FIP200 CTR on beads and determined the

recruitment of recombinant mCherry-p62 by microscopy (Fig-

ure 1C). p62 was robustly recruited to the beads, pointing to a

direct interaction. p62 also recruited the FIP200 CTR to ubiquiti-

nated proteins (Figure 1D).

Next, we determined which region of p62 interacts with the

FIP200 CTR. We found that the region encompassing amino

acids (aa) 326–380 is sufficient for the interaction (Figures 1A,

1E, and S1B). We refer to this sequence as the ‘‘FIP200-interact-

ing region (FIR).’’ Further truncation resulted in weakening of the

interaction (Figures 1A and 1E).

Interestingly, the FIR contains the LIR motif of p62, which is

responsible for the interaction with ATG8 proteins and required

for the efficient phase separation of ubiquitinated substrates

(Ichimura et al., 2008; Pankiv et al., 2007; Zaffagnini et al.,

2018). Therefore, we tested whether the LIR motif would be suf-

ficient for the interaction with the FIP200 CTR. Indeed, the LIR

motif interacted with the FIP200 CTR, albeit weaker than the

entire FIR. When we mutated the LIR motif in the context of

the FIR, its FIP200 CTR binding activity was completely lost

(Figures 1F and S1C). Similarly, mutation of the LIR motif in

full-length p62 reduced its binding to the FIP200 CTR (Figures

1G and S1D).

A part of the p62 FIR shows weak sequence similarity to the

Atg19 C terminus, which contains the Atg11 binding motif and

multiple LIR/AIM motifs (Sawa-Makarska et al., 2014) (Figures

S1A and S1F). We tested whether the FIP200 CTR would also

interact with the Atg19 C terminus. Indeed, the FIP200 CTR

was robustly recruited to the Atg19 C terminus. Furthermore,
ted with HeLa cells lysates (200 mg). Beads were washed, and the beads/flow-

nd sample was probed with anti-GST to visualize the amount of bait protein on

ecombinant mCherry-p62 (2 mM). Beads were imaged by microscopy.

GST-2x ubiquitin. Excess GST-2x ubiquitin was washed off, and beads were

After 1 h incubation, beads were imaged by microscopy.

with GFP-FIP200 CTR aa 1429–1594 (5 mM). Beads at equilibriumwere imaged

beads was normalized to the signal of GFP-FIP200 CTR bound to GST-p62

ferences are indicated with * when p value% 0.05, ** when p value% 0.01, and

microscopy. Protein inputs are shown in Figure S1C. TheGST-p62 FIR-LIRmut

-338 are mutated to Ala. Protein inputs are shown in Figure S1D. The mCherry

P200 CTR-coated beads. The average intensity and SEM for n = 3 are shown.

% 0.01, and *** when p value % 0.001.

n of the Atg19 C terminus (Atg19 C-ter) with the FIP200 CTR. In the Atg19 C-ter-

ows the average GFP intensity, normalized to the signal of GFP-FIP200 CTR

ed with * when p value% 0.05, ** when p value% 0.01, and *** when p value%
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Figure 2. p62 FIR Phosphorylation Enhances FIP200 Binding

(A) Overview of phosphosites in the FIR of affinity-purified p62 as identified by mass spectrometry (Figures S2A and S2B).

(B) Phospho-mimicking mutations were introduced in GST-p62 FIR as follows: 1P (S349D); 3P (S365D, S366D, S370D); 4P (S349D, S365D, S366D, S370D). GSH

beadswere coatedwithGST or theGST-p62 FIRs, incubatedwith GFP-FIP200 CTR (aa 1458–1594) and imaged bymicroscopy at equilibrium. GFP signals on the

beads were normalized to the signal of GFP-FIP200 CTR bound to GST-p62 FIR 4P. Average intensity and SEM for n = 3 are shown. Significant differences are

indicated with * when p value % 0.05, ** when p value% 0.01, and *** when p value % 0.001. The same beads were analyzed by SDS-PAGE like in a pull-down

experiment (Figure S2D).

(C) The binding of GFP-LC3B to GST-p62 phospho-mimicking mutants was assessed like in (B).

(D) GSH beads were coated with full-length GST-FIP200 and incubated with full-length mCherry-p62 WT or the 4P phospho-mimicking mutant. Beads were

imaged by microscopy. The mCherry signal is shown in false color (ImageJ: Fire).

(legend continued on next page)
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mutation of the LIR motifs in the Atg19 C terminus abolished the

interaction (Figures 1H and S1E) suggesting that the LIR-depen-

dent interaction of the Atg11 homology region with cargo recep-

tors is conserved from yeast to human. Consistently, the Atg19 C

terminus directly interacted with the Atg11 CTR, and this interac-

tion was lost upon mutation of the LIR motifs in the Atg19 C ter-

minus (Figure S1F).

Phosphorylation of the p62 FIR Enhances FIP200
Binding
In yeast, the interaction of the Atg19 and Atg34 cargo receptors

with Atg11 is positively regulated by phosphorylation in their

Atg11 binding regions (Figure S1F) (Mochida et al., 2014; Pfaf-

fenwimmer et al., 2014; Tanaka et al., 2014). Therefore, we

asked whether the interaction of the p62 FIR with the FIP200

CTR also could be enhanced by phosphorylation. We first per-

formed mass spectrometry to detect phosphorylated S/T resi-

dues within the FIR of p62 isolated from cells. We detected

phosphorylation of S349/T350, S365, 366, and S370/T375 (Fig-

ures 2A, S2A, and S2B). S349 was previously shown to be

phosphorylated (Sánchez-Martı́n and Komatsu, 2018). S365

and S366 are located in the region showing homology to the

Atg11 binding site of Atg19 and Atg34. For phospho-S349, a

specific antibody is available, and we corroborated the mass

spectrometry data for this residue using HeLa and HAP1 cell

lysates (Figure S2C). We readily detected p62 phosphory-

lated on S349 under all conditions tested and the amount of

phospho-S349 p62 detected generally correlated with protein

abundance. Treatment with the lysosomal inhibitor bafilomycin

increased the signal of phospho-S349 p62 suggesting that

the phosphorylated protein is transported into the lysosome

(Figure S2C).

We went on to test whether the phosphorylation of p62 would

enhance its interaction with the FIP200 CTR. To this end, we

introduced a single phospho-mimetic mutation S349D (referred

to as ‘‘1P’’) in the FIR of p62. We also separately mutated

S365, S366 to D, and additionally included the S370D mutation,

since the corresponding residue is phosphorylated in Atg19

(Pfaffenwimmer et al., 2014), and we have found evidence for

phosphorylation of S370/T375 by mass spectrometry. We refer

to this triple mutant as 3P and to the mutant containing all four

phospho-mimetic mutations as 4P. When we tested the recruit-

ment of the FIP200 CTR to the different p62 phospho-mimetic

FIR mutants, it became evident that all of them enhanced the

interaction with the FIP200 CTR. S349D had a stronger effect

than the triple mutant and the quadruple mutant showed the

strongest interaction (Figures 2B andS2D). In contrast, the phos-

pho-mimicking mutations of p62 FIR did not affect its binding to

LC3B (Figure 2C). The p62 4P FIR mutant also showed an

increased interaction with FITC-labeled full-length FIP200
(E) Representative SPR sensorgrams corrected for background binding to GST

mobilized GST or GST-p62 FIR variants. Association of FIP200 CTR (0.4, 1.1, 3.3

70 s.

(F) Equilibrium analysis to determine the apparent dissociation constants, KDap

FIP200 CTR and globally fitted with a one site binding model. Three independe

dilution series of FIP200 CTR (0.4–30 mM). Derived KDapp are shown in the table

See also Figures S2 and S3.
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when compared to the wild-type (WT) FIR (Figure S3A). Further-

more, phospho-mimicking mutation of full-length p62 (mCherry-

p62 4P) showed a stronger interaction with full-length FIP200

than WT p62 (Figure 2D).

To obtain a more quantitative analysis of the interaction be-

tween the p62 FIR and the FIP200 CTR, we performed surface

plasmon resonance (SPR) experiments. The sensorgrams

showed steep binding and dissociation curves indicating high

on- and off-rates (Figure 2E). Equilibrium analysis for the calcu-

lation of an apparent KD showed binding affinities in the low

micromolar range and a 2-fold increase in affinity for p62 FIR

4P compared to p62 FIR WT (Figure 2F). In contrast, the binding

signal of FIP200 to p62 FIR-LIRmut was too weak to be accu-

rately fitted (Figures 2E and 2F).

FIP200 and LC3B Binding to p62 Is Mutually Exclusive
Since the interaction of the p62 FIR and the FIP200 CTR was LIR

dependent, we asked whether it is mutually exclusive with the

interaction of p62 with LC3B. To test this, we immobilized

mCherry-p62 4P on RFP-trap beads and added the GFP-

FIP200 CTR. This was followed by the addition of increasing

amounts of LC3B. Indeed, LC3B outcompeted the GFP-

FIP200 CTR from the beads in a concentration-dependent

manner (Figures 3A and S3B). We found the same effect for

the Atg19C terminus-Atg11 CTR interaction, whichwasmutually

exclusive with the interaction of the Atg19 C terminus with Atg8

(Figure S3C). These results suggest that LC3B and other ATG8

proteins located and concentrated on the isolation membrane

may displace FIP200 from p62 as the cargo receptors engage

in the interaction with ATG8 proteins. This, in turn, would suggest

that FIP200 is largely excluded from autophagosomal lumen and

inefficiently delivered into the lysosome for degradation. To test

this hypothesis, we performed protease protection assays

with autophagosome-containing fractions isolated from cells.

The luminal p62 and LC3B were partly protease-resistant after

bafilomycin treatment, FIP200 and the outer autophagosomal

protein STX17 were protease sensitive, suggesting that they

are not included in the autophagosomal lumen in significant

amounts (Figure 3B). The observed protease-protection for

p62 and LC3B is conferred by the autophagosomal membrane

since protection is lost when cells are treated with the autophagy

inhibitor wortmannin (Figure S3D).

Structure of the FIP200 CTR
To gain mechanistic insights into the FIP200-p62 interaction,

we determined the X-ray structure of the FIP200 CTR (aa

1458–1594) (Figure 4). Crystals of this construct diffracted to

a resolution of 3.2 Å and the phase problem was solved by a

single anomalous dispersion approach using selenomethione-

substituted crystals (Table 1; Figure S4A). In the asymmetric
and buffer control. FIP200 CTR was passed over four flow channels with im-

, 10, and 30 mM) was monitored for 180 s, followed by dissociation in buffer for

p. Response signals at equilibrium were plotted against the concentration of

nt experiments with two technical replicates each were recorded for a 3-fold

(right).



A

B

Figure 3. LC3B Competes with FIP200 for p62 Binding, and FIP200 Is Excluded from the Autophagosomal Lumen

(A) RFP trap beads were coated with mCherry-p62 FIR 4P and incubated with the GFP-FIP200 CTR (aa 1458-1594, 1.1 mM). Then, increasing concentrations of

LC3B were added. Beads were imaged by microscopy. The intensities of the GFP and mCherry signals on the beads were measured and plotted against the

LC3B concentrations (lower panels). A zoom-in of the plot at the lowest LC3B concentrations is shown on the left. Average intensities and SD for n = 3 are shown.

Negative and positive controls of binding are shown in Figure S3B.

(B) HeLa cells were left untreated, starved or treated with puromycin both in presence or absence of bafilomycin. Cell lysates were then treated with proteinase K

in the presence or absence of Triton X-100 and analyzed by western blotting with anti-p62 and anti-STX17. LC3B processing was used to monitor autophagy

induction. The percentage of protease protection for FIP200, in comparison to p62 and STX17 is plotted on the right. Average protection and SD for n = 3 are

shown. Protease protection in starved cells treated with wortmannin and/or bafilomycin are shown in Figure S3D.

See also Figure S3.
unit, six FIP200 CTR molecules formed three almost identical di-

mers (Figures S4B and S4C).

A monomer of the FIP200 CTR comprises an N-terminal

extended helix of 29 amino acids and a C-terminal globular
domain of 100 amino acids to which we refer as the ‘‘Claw’’ (Fig-

ure 4A). The connecting linker between the helix and the Claw is

resolved in two out of six monomers. Accordingly, the Claw

shows some flexibility relative to the helix (Figure S4C). The six
Molecular Cell 74, 330–346, April 18, 2019 335
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Figure 4. Crystal Structure of FIP200 CTR

(A) Crystal structure of the FIP200 CTRmonomer. The molecule comprises a helix, a linker, and a globular Claw domain. The structure is colored according to its

secondary structure elements (helix, purple; b strands, orange; loops, gray).

(B) Close-up of the Claw domain. The fold resembles a Claw with the b sheet being the palm of the Claw and loops L2, L4, and L5 flexed fingers. Same view and

coloring used in (A).

(C) Topology plot of monomeric FIP200 CTR. a helices are shown as purple cylinders and b strands as orange arrows.

(D) Dimerization of FIP200 CTR. The homodimer is formed via two interfaces: interface 1 (blue box) and interface 2 (red box). Monomers are colored in orange and

green. Interface residues are shown as sticks and labeled for only one monomer.

(E) Surface conservation plot of the FIP200 CTRmonomer based on the sequence alignment of 11 different species (Figure S5B). Conserved residues are colored

in purple and non-conserved residues in cyan. The second monomer is shown in cartoon representation.

(F) Analytical size-exclusion chromatography coupled to right-angle light scattering. Absorption at 280 nm (blue) and oligomeric state (as apparent molecular

weight, divided by molecular weight of the monomer) (red) are plotted against the retention volume (mL).

See also Figures S4 and S5.
monomeric Claws in the asymmetric unit superimpose almost

perfectly, with a root mean square deviation (rmsd) of their Ca

atoms of 0.33 Å (Figure S4D).

The Claw is constituted of a six stranded, mostly antiparallel b

sheet and a short a-helix (Figures 4B and 4C). Three relatively

long loops are located on the same side of the b sheet in a

way that the sheet resembles a palm and the loops flexed fingers

of the Claw. Using PDBeFold (Krissinel and Henrick, 2007), we

found that the Claw belongs to the oligonucleotide/oligosaccha-
336 Molecular Cell 74, 330–346, April 18, 2019
ride binding fold (OB-fold) (Mihailovich et al., 2010). Within this

family, the FIP200 Claw domain is most similar to cold shock do-

mains (Figures S4E and S4F) (Schindelin et al., 1993). Notably,

the Claw domain did not display any structural similarity to the

so-far known LIR-binding domain, the ubiquitin-related Atg8

fold (Figure S4G).

Homodimerization of FIP200 CTR is mediated by the Claw

(interface-1) and the N-terminal helices that form a coiled-coil

(interface-2). The linkers cross each other in such a way that



Table 1. Data Collection Statistics and Refinement

FIP200-CTR (aa 1458–1594) FIP200-Claw (aa 1494–1594)

SeMet-SAD Native SeMet-SAD

Data Collection

Space group P21212 P21212 C2221

Cell dimensions

a, b, c (Å) 92.46, 188.68, 55.74 92.045, 187.166, 55.343 30.78, 89.22, 80.10

a, b, g (�) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 50.00–3.45 (3.54–3.45) 47.64–3.17 (3.36–3.17) 44.63–1.56 (1.62–1.56)

Rmeas (%) 12.6 (209.7) 8.1 (230.3) 3.8 (25.8)

I/sI 19.74 (1.88) 11.02 (0.56) 22.1 (3.9)

Completeness (%) 100 (99.9) 97.1 (98.4) 99.10 (95.20)

Redundancy 24.94 3.66 2

CC1/2 (%) 99.9 (81.2) 99.9 (23.9) 99.9 (86.5)

Refinement

Resolution (Å) – 37.76–3.20 19.49–1.56 (1.62–1.56)

No. of reflections – 15,973 15,834

Rwork/Rfree (%) – 26.65/29.49 20.77/24.02

No. of protein atoms – 5,956 758

B factors protein (Å2) – 154 25.40

Ramachandran plot

Favored (%) – 95.2 98

Allowed (%) – 4.8 2.0

Outliers (%) – 0 0

RMS deviations

Bond lengths (Å) – 0.004 0.006

Bond angles (�) – 0.820 0.820

Values in parentheses are for the highest-resolution shell.
the Claw of onemonomer sits on top of the coiled-coil helix of the

second monomer. Dimerization buries an extensive surface area

of 1,440 Å2, suggesting a physiologically plausible assembly.

Both interfaces comprise mostly hydrophobic interaction areas

(Figures 4D and S5A). In the Claw, a single b strand, b0, contacts

b0 of the opposing monomer in interface-1. In addition, several

side chains outside b0 mediate dimerization. This interface is

highly conserved in different species (Figures 4E andS5B). Along

with these results, analytical size exclusion chromatography

coupled to right-angle light scattering confirmed the dimeric na-

ture of FIP200 CTR (Figure 4F).

We also determined the crystal structure of the isolated

Claw domain without the adjacent coiled-coil and obtained

higher resolution diffraction from this material (Figure 5A).

Crystals of the isolated Claw diffracted to 1.56 Å, permitting

a precise characterization of side-chain conformations and

ions and waters of solvation. The isolated Claw crystallized

with a monomer in the asymmetric unit; however, the unit

cell contains a crystallographic 2-fold-related molecule that in-

teracts through interface-1. The preservation of interface-1 in

two independently determined crystal structures obtained

with different constructs and in different space groups is

consistent with the functional importance of the interface-1-

linked dimer.
Three sulfate ions from the crystallization medium were bound

to the isolated Claw monomer at a location distal to the dimer

interface-1 but overlapping with the putative FIR binding pocket

(Figure 5A). These sites are of interest as sulfates ions of crystal-

lization often serve asmarkers of biologically relevant phosphate

binding sites. The three sulfates are very close to one another, at

6.0, 9.2, and 8.9 Å apart, respectively. Sulfate 1 is coordinated by

the main chain amide and the side-chain hydroxyl of S1532 and

the guanidino groups of R1573 and R1584. Sulfate 2 is also co-

ordinated by the side chains of R1573 andR1584. Sulfate 3 is co-

ordinated by both the main-chain NH and side chain of R1573

and is near the side chain of K1569. As compared to the structure

of the CTR, which does not contain bound sulfate ions, R1573

moves by about 4 Å to engage the ions, while other residues in

the pocket only moveminimally. The proximity of these three sul-

fates was suggestive of a potential binding site for a tris-phos-

phorylated peptide segment, such as perhaps the tri-phosphor-

ylated S365-S370 segment of p62.

The putative polyphosphopeptide binding sequence is located

next to a hydrophobic pocket that is formed where the extended

loop L5 folds back to the b sheet by hydrophobic stacking interac-

tionsbetween F1574 (L5), F1582 (b6), and F1529 (b3). Collectively,

these Phe and other nearby hydrophobic residues join the basic

residues described above to form a conserved pocket with deep
Molecular Cell 74, 330–346, April 18, 2019 337
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Figure 5. p62 LIR Motif Binding Depends on a Positively Charged Pocket in FIP200 CTR

(A) Electrostatic surface potential of the FIP200 Claw domain. Positively and negatively charged surfaces are colored in blue and red, respectively. The coor-

dination of sulfate ions and amino acids of interest are shown as sticks.

(B) GSH beads were coated with GST-p62 FIR 4P, incubated with the indicated GFP-FIP200 CTR (aa 1458–1594) mutants and imaged by microscopy. For each

sample the GFP intensity was normalized to the signal of GFP-FIP200 CTRWT onGST-p62 FIR 4P-coated beads. Average intensity and SEM for n = 3 are shown.

Significant differences are indicated with * when p value% 0.05, ** when p value% 0.01, and *** when p value% 0.001. Protein inputs are shown in Figure S5C.

(C) mCherry-p62 (2 mM) was incubated with GST-4x ubiquitin (10 mM) to form condensates in solution. Pre-formed condensates were incubated with 1 mMGFP-

FIP200 CTR (aa 1458–1594). The recruitment of GFP-FIP200 CTR to p62-ubiquitin clusters was monitored by confocal microscopy. Scale bar, 5 mm.

(legend continued on next page)
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hydrophobic recesses and more exposed phosphate binding

sites. This pocket thus appeared to have all the properties ex-

pected for binding to a sequence containing both a hydrophobic

motif and multiple phosphorylation sites.

Point Mutations in the FIP200 CTR Affect p62 Binding
To verify whether the identified pocket in the Claw would

contribute to the p62 binding site, we introduced mutations

that neutralize the positive charge of the pocket, reduce its hy-

drophobicity or sterically block it. The mutant FIP200 CTRs

were fused to GFP and tested for their recruitment to beads

coated with the p62 FIR. To render the interaction more robust,

we used the 4Pmutant version of the p62 FIR.Most of the FIP200

mutants bound the p62 FIR to a similar degree as the WT

FIP200 CTR (Figures 5B and S5C). However, N1517F showed

decreased binding while the interaction of F1574A, R1584A,

and R1573D mutants was almost completely abolished. Further

analysis by SPR supported our finding that the R1573Dmutation

strongly reduced FIP200CTRbinding to both p62 FIRWT and 4P

(Figure S5D). All four residues that, when mutated, affected the

binding are located in close proximity to each other around the

pocket. We conclude that this pocket is a likely binding site for

the p62 FIR region.

We have recently shown that p62 and certain ubiquitinated

proteins phase separate into larger condensates in vitro that re-

cruit LC3B via the LIRmotif (Zaffagnini et al., 2018). We therefore

asked if the FIP200 CTR would also be recruited to pre-formed

p62-ubiquitin condensates. Indeed, we detected robust recruit-

ment of the WT GFP-FIP200 CTR and the F1574W mutant,

whereas the recruitment of the R1573D and R1584A mutants

was severely impaired or completely abolished (Figure 5C).

The F1574A mutant of FIP200 CTR was also recruited to p62-

ubiquitin condensates although it showed a tendency to aggre-

gate by itself in solution (Figures 5B and 5C). We also noticed a

marked inhibition of the phase separation reaction in presence of

the WT and F1574W GFP-FIP200 CTRs (Figures 5D, 5E, and

S5E). This may involve masking of the p62 LIR motif, which is

required for efficient phase separation (Zaffagnini et al., 2018).

In contrast, the R1573D and R1584Amutants, which are not effi-

ciently recruited to the clusters, did not inhibit the reaction

strongly, suggesting that the inhibition of the clustering reaction

by the FIP200 CTR is due to its specific interaction with p62.

FIP200 and p62 Colocalize and Interact in Cells
According to the biochemical and structural data, p62 and FIP200

are likely interacting in a transient manner during the initial stages

of autophagosome formation. Therefore, we asked if they also

colocalize in vivo. To address this, we stained for endogenous

p62 and FIP200 in HAP1 cells by immunofluorescence. Indeed,

we observed some p62 puncta colocalizing with FIP200, consis-

tent with previous work conducted with HeLa cells (Itakura and
(D) mCherry-p62 was incubated with GST-4x ubiquitin in the presence or abse

condensates was monitored over 30 min. Images show p62-ubiquitin clusters at

(E) Quantifications of the experiment in (D). For each sample, the number of particl

is plotted on the right. For each sample, the particle number was normalized to th

Averages and SEM for nR 3 are shown. Significant differences are indicated with

See also Figure S5.
Mizushima, 2011). Colocalization became more evident upon

treatment with wortmannin, which blocks autophagy at a stage

before isolation membrane elongation (Figure 6A). Similarly, we

observed an increased p62-FIP200 colocalization in ATG7KO

cells, where autophagy is blocked at a stage preceding LC3B

lipidation (Figures 6A and S6A). We then used cells in which

endogenousp62 is fused to aStrep-TEV-GFP tag at its N terminus

(STG-p62) and analyzed the p62-FIP200 colocalization upon bafi-

lomycin treatment. Under this condition, the colocalization of

FIP200 and p62 is reduced (Figure 6B). These experiments

suggest that FIP200 is recruited to p62 condensates early during

autophagosome formation and dissociates from them down-

stream of LC3B lipidation. To determine the interaction between

endogenous FIP200 and p62, we C-terminally tagged FIP200

with Strep-TEV-GFP tag (FIP200-STG) using CRISPR/Cas9. The

C-terminal tagging of FIP200 did not abolish autophagy in these

cells, even though the levels of the fusion protein were reduced

(Figure S6B). Consistent with our biochemical results, p62 was

detectable in the affinity purified fraction (Figures 6C and S6C).

The same beads were analyzed by mass spectrometry and all

the components of the ULK1 complex were found to interact

with FIP200 (Table S1). We then asked whether mutations in the

FIP200 Claw domain affected the binding to endogenous p62.

GFP-FIP200 CTR WT or the mutants were used as baits to pull

down p62 from cell lysates. As observed for the recombinant pro-

teins (Figures 5B and 5C), the FIP200 R1573D mutant did not

interact with p62, unlike WT FIP200 and the FIP200 F1574W

mutant (Figure 6D). To test whether mutations in full-length

FIP200wouldalsoaffectbinding top62,we transfectedHeLacells

with various HA-tagged FIP200 variants.We then used the HA tag

to co-immunoprecipitate FIP200 and p62 from cell lysates. In

accordance with the pull-down experiment (Figure 6D), p62 was

efficiently co-immunoprecipitated by WT FIP200, while binding

was very weak for the R1573D and theDCTRmutants (Figure 6E).

The F1574Wmutant also showed amarkedly reduced interaction

with p62 in this assay, suggesting that additional interactions are

required for efficient co-precipitation of p62 and FIP200.

In vitro the FIP200-p62 interaction is dependent on the p62 LIR

motif. Therefore, we asked if mutating the LIR motif in endoge-

nous p62 would affect its binding to FIP200 CTR. To this end,

we used lysates from STG-p62 cells in which the p62 LIR motif

was mutated (STG-p62 LIRmut) in a pull-down experiment with

GST-FIP200 CTR as bait. Indeed, the recruitment of p62 LIRmut

to FIP200 CTR was significantly reduced (Figure 6F). To dissect

the function of the FIP200 Claw domain in cells, we generated

cells in which the Claw of endogenous FIP200 was deleted

by CRISPR/Cas9 (FIP200DClaw, aa1493–1594). These cells

showed accumulation of p62 and reduced LC3B lipidation

(Figure S7A). The expression level of the FIP200DClawwas lower

compared to the WT proteins (Figures S7A and S7B), which was

particularly evident after higher passage numbers. Therefore, we
nce of the GFP-FIP200 CTR (WT or mutants). The formation of p62-ubiquitin

t = 4 min. Scale bar, 25 mm. Protein inputs are shown in Figure S5E.

es per field is plotted against time (left). Number of particles per field at t = 4min

e average number of p62-ubiquitin clusters formed in absence of FIP200 CTR.

* when p value% 0.05, ** when p value% 0.01, and *** when p value% 0.001.
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Figure 6. p62-FIP200 Interaction in Cells

(A) Colocalization analysis of p62 and FIP200 in HAP1 cells (WT or ATG7KO) left untreated or treated with wortmannin (1 mM) for 1 h. Endogenous p62 and FIP200

were detected by immunofluorescence. Scale bar, 10 mm. Average percentages of colocalization and SEM for n = 3 are shown. Significant differences are

indicated with * when p value % 0.05, ** when p value % 0.01, and *** when p value % 0.001.

(B) Immunofluorescence of p62 and FIP200 in HAP1 STG-p62 cell line left untreated or treated with bafilomycin (400 nM) for 1 h. p62 was detected through the

GFP tag fused to the endogenous protein and FIP200 was detected by immunofluorescence. Scale bar, 10 mm. Average percentages of colocalization and SEM

(n = 2) are shown. Significant differences are indicated with * when p value % 0.05, ** when p value % 0.01, and *** when p value % 0.001.

(C) The C terminus of endogenous FIP200 was tagged in HAP1 cells with GFP-TEV-Strep (FIP200-STG). Affinity purification was performed using HAP1 WT or

FIP200-STG cells and the bound material was analyzed by western blotting with anti-p62. The intensities of the p62 bands were normalized for the total level of

p62 in the lysate (input). Average p62 levels and SD for n = 4 are shown. Three additional replicates of the immunoprecipitation are shown in Figure S6C.

(legend continued on next page)
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conducted the following experiments with low passage number

cells. We also compared the autophagic activity of higher pas-

sage number FIP200DClaw cells, where the protein expression

is severely reduced, with cells expressing a corresponding

amount of full-length FIP200 and found that the autophagic

defect in the FIP200DClaw cells is not merely due to the reduced

protein expression (Figure S7C).

We then analyzed the colocalization of p62 and FIP200 in WT

and FIP200DClaw cells treated with wortmannin to accumulate

FIP200 at p62 condensates, facilitating its detection. The recruit-

ment of FIP200 to p62 condensates is significantly reduced in

FIP200DClaw cells when compared to cells expressing WT

FIP200 (Figure 6G).

Deletion of the FIP200 Claw in HeLa Cells Impairs the
Selective Degradation of Condensates Containing
Ubiquitinated Proteins and p62
Next, we set out to better understand the functional role of

FIP200 and its Claw domain in selective autophagy. Immunoflu-

orescence staining of p62 and ubiquitin in HeLa cells showed

that p62 colocalized with ubiquitin-positive condensates and

that FIP200DClaw cells showed a higher number of p62 and

ubiquitin puncta/cell when compared to WT cells. We also

observed an increased volume of the p62 condensates in the

FIP200DClaw cells compared toWT (Figure 7A). In FIP200DClaw

cells, colocalization between p62 and LC3B was significantly

lower than in WT cells (Figure 7B), supporting the idea that

FIP200 plays a role in the early stages of aggrephagy. When cells

were treated with bafilomycin, the differences in the number of

p62 puncta and the degree of p62-LC3B colocalization became

smaller compared to untreated cells (Figures 7A and 7B),

whereas we observed a further increase in the volume of p62

condensates (Figure 7A). This suggests that deletion of the

FIP200 Claw domain does not completely inhibit the delivery of

p62-positive cargo into the lysosome, but slows the initial stages

of aggrephagy. To test whether the Claw mediated the recruit-

ment of ATG8 proteins to the cargo, we performed immunofluo-

rescence staining of ubiquitin and GABARAP. The number of

ubiquitin puncta colocalizing with GABARAP was significantly

decreased in FIP200DClaw cells when compared to WT cells

(Figure 7C). This difference in colocalization became smaller

when cells were treated with bafilomycin, again, suggesting

that aggrephagy is not fully blocked (Figure 7C). Our results

were recapitulated in cells in which FIP200 was knocked out

by small interfering RNA (siRNA) (Figures 7D and S7D).
(D) GFP-Trap beads coated with GFP or GFP-FIP200 CTR (aa 1458–1594) varian

control of the bait proteins is shown below the blot.

(E) Anti-HA co-immunoprecipitation in HeLa cells transfected with HA-FIP200. Th

the respective bait (HA-FIP200). Average band intensities and SEM (n = 3) are sh

p value % 0.01, and *** when p value % 0.001.

(F) Pull-down of p62WT and LIRmut from HAP1 STG-p62 cell lysates was perform

bait proteins is shown below the blot. Band intensities were measured and norm

intensities and SEM (n = 3) are shown. Significant differences are indicated with *

(G) The Claw domain of endogenous FIP200 was deleted in HeLa cells by CRISPR

and p62 and FIP200 were detected by immunofluorescence. Scale bar, 10 mm. T

compared to the average level of colocalization inWT cells. Average colocalization

value % 0.05, ** when p value % 0.01, and *** when p value % 0.001.

See also Figure S6.
Next, we assessed at which step FIP200 is required for the

autophagy of the p62-ubiquitin condensates. We first tested if

ULK1 was still found in p62-ubiquitin condensates in the

absence of FIP200. Surprisingly, ULK1 was recruited to p62

puncta when FIP200 was knocked down (Figure 7E, left).

FIP200 has been shown to interact with ATG16L1 and to recruit

it to the site of autophagosome formation under starvation con-

ditions (Gammoh et al., 2013; Nishimura et al., 2013). Therefore,

we tested whether ATG16L1 was still recruited to p62 puncta

when FIP200 was depleted. Indeed, and in contrast to ULK1,

the recruitment of ATG16L1 to p62 was undetectable when

FIP200 was knocked down (Figure 7E, right).

We then went on to assess the evolutionary conservation of

the interaction by studying the interaction of yeast Atg19 with

Atg11. Atg19 was robustly co-precipitated by full-length Atg11,

but not by a deletion mutant lacking the CTR (Figure S7F). More-

over, an Atg11D strain transformed with Atg11 DCTR showed

impaired Ape1 processing, in particular in nutrient-rich condi-

tions, where the Cvt pathway is the predominant pathway for

prApe1 delivery into the vacuole (Figure S7G). This suggests

that Atg11 CTR-Atg19 interaction is necessary for the correct

progression of selective autophagy in yeast.

DISCUSSION

The p62 cargo receptor mediates the phase separation of ubiq-

uitinated proteins into larger condensates and their subsequent

tethering to the autophagosomal membrane via its interaction

with membrane localized ATG8 proteins. Our discovery that

p62 directly interacts with FIP200 shows that it has an additional

function in the generation of an ATG8 protein-decorated isola-

tion membrane in the vicinity of the cargo. The coordination of

these events appears to be centered around a disordered region

of p62 comprised of residues 326–380 (FIR), which also contains

the LIR motif. This region directly interacts with the Claw of

FIP200, which is highly conserved in evolution and is also pre-

sent in the otherwise non-homologous S. cerevisiae Atg11.

The mutually exclusive interaction of p62 with FIP200 and

ATG8 proteinsmay provide an inbuild directionality in the system

(Figure 7F). FIP200 is an early acting component aiding the

recruitment and activation of the autophagy machinery, which,

in turn, recruits the ATG8 conjugation machinery culminating in

the catalytic conjugation of LC3B and other ATG8 proteins to

the nascent autophagosomal membrane. In this manner they

accumulate to very high local concentrations on the surface of
ts were incubated with cell lysates and analyzed by western blotting. Loading

e intensities of the p62 bands were measured and normalized to the amount of

own. Significant differences are indicated with * when p value % 0.05, ** when

ed as in Figure 1B using GST/GST-FIP200 CTR as bait. Loading control of the

alized to the intensity of p62 WT binding to FIP200 CTR WT. Average band

when p value % 0.05, ** when p value % 0.01, and *** when p value % 0.001.

/Cas9 (HeLa FIP200DClaw). Cells were treated with wortmannin (1 mM) for 3 h,

he percentage of p62 puncta colocalizing with FIP200 in FIP200DClaw cells is

and SEM for n = 3 is shown. Significant differences are indicated with * when p

Molecular Cell 74, 330–346, April 18, 2019 341



E

F

ULK1/p62/DAPI

no
n-

ta
rg

 s
iR

N
A

si
R

N
A

-F
IP

20
0

ATG16L1/p62/DAPI

HeLa WT HeLa FIP200∆Claw

U
nt

r
B

af
W

or
t

Ubi p62 Ubi/p62/DAPI Ubi p62 Ubi/p62/DAPI

0

20

40

60

p6
2 

pu
nc

ta
/c

el
l

**

**
***

***

0

5

10

15

20

25

U
bi

qu
iti

n 
pu

nc
ta

/c
el

l

U
bi

 p
un

ct
a/

ce
ll

p6
2 

pu
nc

ta
/c

el
l

Untr
Baf

Wort

Untr
Baf

Wort

*

*

HeLa WT
HeLa FIP200∆Claw

HeLa FIP200 ∆ClawHeLa WT

U
nt

r
B

af
W

or
t

LC3B p62 LC3B/p62/DAPI LC3B p62 LC3B/p62/DAPI

Untr Baf
Wort

0

20

40

60

80

%
 o

f  p
62

 p
un

c t
a 

co
lo

ca
li z

i n
g 

w
ith

 L
C

3B

%
 o

f p
62

 p
un

ct
a 

c o
lo

c.
w

it h
 L

C
3B

%
 o

f p
62

 p
un

ct
a  

co
lo

c.
w

ith
 U

LK
1

%
 o

f p
62

 p
un

ct
a 

co
lo

c.
w

ith
 A

TG
16

L1

HeLa WT

*

**

HeLA FIP200∆Claw

HeLa WT
HeLA FIP200∆Claw

HeLa WT HeLa FIP200∆Claw

U
nt

r
B

af
W

or
t

Ubi GABARAP Ubi/GABARAP/DAPI Ubi GABARAP Ubi/GABARAP/DAPI

Untr Baf
Wort

0

0

0

0

0

10

20

30

40

0 0

1

2

3

4

10

20

30

40

0.1

0.2

0.3

0.4

5

15

20

25

10

4

8

12

20

25

5

10

15

%
 o

f U
bi

 p
un

ct
a  

co
lo

ca
liz

in
g 

w
ith

 G
AB

AR
AP *

*

non targ. siRNA
FIP200 siRNA

A

B

C

D

A
ve

ra
ge

 v
ol

um
e

 o
f p

62
 p

un
ct

a 
(μ

3 )

A
ve

ra
ge

 v
ol

um
e

 o
f p

62
 p

un
ct

a 
(μ

3 )

***
*

0.0

0.04

0.08

0.12

**

**

***

non targ. siRNA FIP200 siRNA

Untr
Baf

Wort

ubiquitinated 
substrates

p62 filaments

FIP200 Claw

Membrane
source

ULK1

PI3K

ATG16L1

Isolation
membrane

LC3B/ATG8 proteins

ATG16L1

PI3K

ULK1LIR

LIRp62 FIP200
Claw p62 LC3B

1. Condensate formation 2. FIP200/autophagy
machinery recruitment

3. LC3B/ATG8 conjugation on
isolation membrane

and FIP200 displacement

(legend on next page)

342 Molecular Cell 74, 330–346, April 18, 2019



the membrane and may therefore be able to displace FIP200

from the cargo material because the binding sites of FIP200

and LC3B on p62 are overlapping.

The interaction between p62 and the FIP200 CTR bears some

similarities with the recently reported interaction of CCPG1 with

the C-terminal part of FIP200 (Smith et al., 2018). However, even

though the FIR in CCPG1 has some resemblance with the LIR

motif of p62, there are also notable differences in the two inter-

actions as the FIRs of CCPG1 do not overlap with its LIR motif.

It thus appears that the LC3B and FIP200 binding sites of p62

are fused into one region in order to enable it to drive the progres-

sion from phase separation to autophagy machinery recruitment

and finally membrane enclosure.

Incells, thecoordinationof theseeventsand inparticularFIP200

recruitment may require phosphorylation of the p62 FIR on multi-

ple residues since phospho-mimicking mutation of residues that

we found to be phosphorylated in vivo, enhances the binding of

p62 to the FIP200 Claw. S365, S366 and S370 are located in a re-

gion that shows similaritywith yeast Atg19 and phosphorylation of

the corresponding residues increase its binding to Atg11 (Pfaffen-

wimmer et al., 2014) revealing a remarkable conservation of this

mode of interaction. In addition, it was previously shown that

phosphorylation of S349 in p62 (Tanji et al., 2014), is stimulated

by protein aggregation. The kinases mediating the phosphoryla-

tion of the residues in the p62 condensates to promote the

FIP200 interaction remain to be identified. Other aspects of p62

function are also regulated by phosphorylation. For example,

phosphorylation of S403,within the p62UBAdomain, by TBK1 in-

creases theaffinity ofp62 for ubiquitin andpromotesp62-ubiquitin

condensates formation (Matsumoto et al., 2011, 2015).

FIP200 is a part of the ULK1 complex, the activity of which is

essential for autophagosome nucleation (Hara et al., 2008). Simi-

larly, Atg11 binds the Atg1 kinase complex, the equivalent of

ULK1 in yeast (Kim et al., 2001). We found that the recruitment

of ULK1 to p62-ubiquitin condensates is FIP200-independent

and may be mediated by additional factors that contribute to the

p62-mediated ubiquitin phase separation and autophagy (Clau-

sen et al., 2010; Filimonenko et al., 2010; Liu et al., 2017; Rui

et al., 2015). We further show that the recruitment of ATG16L1 to
Figure 7. Deletion of the FIP200 Claw in HeLa Cells Inhibits the Proces

(A)WTor FIP200DClawHeLa cellswere left untreated or treatedwith bafilomycin (4

p62wasperformed.Scalebar, 10mm.Thenumberandvolumeofp62puncta/cell an

average volume of p62 puncta was derived from the particle size. Average number

n = 3; volume of p62 condensates: n = 6). Significant differences are indicated with

(B) Immunofluorescence for LC3B and p62 was performed in HeLa cells (WT or FI

colocalizing with LC3B is shown on the right. Average colocalization and SEM for n

** when p value % 0.01, and *** when p value % 0.001.

(C) Immunofluorescence for ubiquitin and GABARAP and colocalization analysis i

differences are indicated with * when p value % 0.05, ** when p value % 0.01, a

(D) HeLa cells were treated with non-targeting siRNA or FIP200 siRNA. FIP200

rescence staining of p62 and ubiquitin or p62 and LC3B (Figure S7D), number

ubiquitin-LC3B puncta were analyzed as described in (A) and (B). Averages and SE

volume, where n = 6. Significant differences are indicated with * when p value %

(E) Immunofluorescence staining of HeLa cells treated with non-targeting siRNA o

with p62 and ATG16L1 antibodies (right; additional images in Figure S7E). Scale

(Figure S7E). The percentages of p62 puncta colocalizing with ULK1 (left) or AT

Significant differences are indicated with * when p value % 0.05, ** when p value

(F) Mutual interaction of p62 with FIP200 and LC3B may provide an inbuilt direct

See also Figure S7.
p62-ubiquitin condensates is abolished in FIP200-depleted cells

providing a mechanistic basis for the block of autophagy of

the p62-ubiquitin condensates upon FIP200 depletion. However,

FIP200 may also be required for events upstream of ATG16L1

recruitment. ULK1 activation requires FIP200 at least under star-

vation conditions (Hara et al., 2008) and therefore the interaction

ofp62with theFIP200Clawmayaid theactivationofULK1atubiq-

uitin-positive condensates to initiate autophagosome formation.

In addition, FIP200may be required for early membrane remodel-

ing events, similar to yeast Atg17 (Bahrami et al., 2017).

The crystal structures show that the FIP200 Claw and the

larger CTR are stable dimers even in the absence of phospho-

p62 FIR. Thus, induced dimerization of FIP200 is probably not

responsible for signaling to ULK1. The function of Claw dimeriza-

tion may rather be to increase the avidity of the p62-Claw inter-

action at p62-ubiquitin condensates, which is weak at themono-

mer-monomer level. Similarly, CCPG1 has two FIR motifs which

may bind individually to each Claw domain within the dimer

(Smith et al., 2018). In the absence of a crystal structure of the

phospho-FIR Claw complex, it is not possible to say if conforma-

tional changes in the Claw and/or CTR dimer are induced. While

p62 binding is not required to induce dimerization, it is still

possible that subtle conformational changes in the dimer could

take place. Such changes might potentially regulate the ability

of the larger FIP200 structure to recruit and activate ULK1 and/

or to remodel membranes. Taken together, our study reveals a

long-sought link between cargo condensation and autophagic

degradation in p62 mediated autophagy, represented by an

interaction of the FIP200 Claw domain with p62.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-p62 BD Bioscience Cat#610832; RRID: AB_398152

Mouse anti-GST Sigma Cat#SAB4200237; RRID: AB259845

Rabbit anti-FIP200 (D10D11) Cell Signaling Technology Cat#12436

Rabbit anti-FIP200 Atlas antibodies Cat#HPA053049; RRID: AB_2682025

Mouse anti-FIP200 (6B2) MFPL antibody facility N/A

Rabbit anti-Stx17 Sigma Cat#HPA001204; RRID: AB_1080118

Mouse anti-LC3B (clone 2G6) nanoTools Cat#0260-100

Rabbit anti-GABARAP Cell Signaling Technology Cat#13733

Mouse anti-GFP Roche Cat#11814460001; RRID: AB_390913

Mouse anti-myc (clone 4A6) Millipore Cat#05-724; RRID: AB_310809

Rabbit anti-Atg19 Eurogentec N/A

Rabbit anti-Ape1 Gift from Kraft lab (Institute

for Biochem. And Mol. Biol.,

Freiburg, Germany)

Mouse anti-Atg11 clone 6FG-G4 MFPL antibody facility N/A

Rabbit anti-phospho-p62 S349 Cell Signaling Technology Cat#95697

Mouse anti-GAPDH Sigma Cat#G8795; RRID: AB_1078991

Rabbit anti-p62 MBL Cat#PM045; RRID: AB_1279301

Mouse anti-ubiquitin FK2 Enzo Life Science Cat#BML-PW8810; RRID: AB_10541840

Rabbit anti-ULK1 H-240 Santa Cruz Biotech. Cat#sc-33182; RRID: AB_2214706

Rabbit anti-ATG16L1 D6D5 Cell Signaling Technology Cat#8089; RRID: AB_10950320

Goat polyclonal anti-mouse HRP Jackson Immunoresearch Cat#115-035-003; RRID: AB_10015289

Goat polyclonal anti-rabbit HRP Jackson Immunoresearch Cat#111-035-003; RRID: AB_2313567

Goat anti-rabbit Alexa Fluor 488 Invitrogen Cat#A11008; RRID: AB_143165

Goat anti-mouse Alexa Fluor 488 Invitrogen Cat#A11001; RRID: AB_2534069

Goat anti-mouse Alexa Fluor 647 Jackson Immunoresearch Cat#115-605-146; RRID: AB_2338912

Goat anti-rabbit Alexa Fluor 647 Jakcson Immunoresearch Cat#111-605-144; RRID: AB_2338078

Bacterial and Virus Strains

E. coli Rosetta (DE3) pLys Novagen Cat#70956

E. coli Rosetta2 (DE3) Novagen Cat#71397

Chemicals, Peptides, and Recombinant Proteins

cOmplete EDTA-free protease inhibitor cocktail Roche Cat#11836170001

Proteinase K from Engyodontium album Sigma Cat#P2308

Lysyl Endopeptidase C Wako Cat#125-02543

Bradford protein assay Bio-Rad Cat#5000006

DC protein assay kitII Bio-Rad Cat#5000112

GSTrap HP column GE Healthcare Cat#17528201

HisTrap HP column GE Healthcare Cat#17524801

Glutathione Sepharose 4B beads GE Healthcare Cat#17075601

GFP-trap_A beads Chromotek Cat#gta-20

RFP-trap_A beads Chromotek Cat#rta-20

Strep Tactin Sepharose HP GE Healthcare Cat#28935599

Dynabeads M-270 Epoxy ThermoFisher Cat#14301

Pierce anti-HA magnetic beads ThermoFisher Cat#88836

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Puromycin ThermoFisher Cat#A1113802

MG132 (Z-Leu-Leu-Leu-CHO) Boston Biochem Cat#I-130

BafilomycinA1 Santa Cruz Biotech. Cat#sc-201550

Wortmannin Sigma Cat#W1628

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher Cat#13778030

Fugene HD Transfection Reagent Promega Cat#E2311

DAPI-Fluoromount-G SouthernBiotech Cat#0100-20

Pefabloc SC-Protease inhibitor Carl Roth Cat#A154.3

Deposited Data

FIP200 CTR structure PDB PDB: 6GMA

FIP200 Claw domain structure PDB PDB: 6DCE

Original data for this study Mendeley data https://doi.org/10.17632/

jdv2yxymc5.1

Experimental Models: Cell Lines

HeLa cells (CCL-2) ATCC ATCC CCL-2

HAP1 cells Horizon Genomics Cat#C631

HAP1 STG-p62 wt clone 3D Zaffagnini et al., 2018 SMCL33

HAP1 STG-p62 LIRmut clone 1B Zaffagnini et al., 2018 SMCL50

HAP1 FIP200-STG clone 2 This study SMCL44

HeLa FIP200DClaw clone A3 This study SMCL 62

Experimental Models: Organisms/Strains

S. cerevisiae: background strain S288c BY4741 Euroscarf Y00000

S. cerevisiae: S288c BY4741 - atg11D (atg11::kan) Pfaffenwimmer et al., 2014 Gift from Kraft lab (Institute

for Biochem. And Mol. Biol.,

Freiburg, Germany)

Oligonucleotides

Non-tergeting siRNA pool ON-target Plus Dharmacon D-001810-10-50

FIP200 siRNA ON-target Plus Dharmacon J-021117-05-0010

FIP200-STG sgRNAF1: caccgAAATCTGTTTTGTGCCTAAG This study SMP1393

FIP200-STG sgRNAR1: aaacCTTAGGCACAAAACAGATTTc This study SMP1394

FIP200-STG sgRNAF2: caccgACAGAGTGAAAGCCGTATCA This study SMP1395

FIP200-STG sgRNAR2: aaacTGATACGGCTTTCACTCTGTc This study SMP1396

FIP200DClaw sgRNAB1: caccGCATGTCTTCAGTATCTTCA This study SMP 2146

FIP200DClaw sgRNAB2: CGTACAGAAGTCATAGAAGTcaaa This study SMP 2147

Recombinant DNA

pGEX-GST-FIP200 CTR aa 1429-1594 This study SMC565

pET-mCherry-p62 wt Wurzer et al., 2015 SMC391

pET-mCherry-p62 LIRmut Wurzer et al., 2015 SMC542

pGEX-2x ubiquitin Wurzer et al., 2015 Gift from Ikeda lab (IMBA,

Vienna, Austria)

pGEX-4x ubiquitin Wurzer et al., 2015 Gift from Ikeda lab (IMBA,

Vienna, Austria)

pET-His-TEV-GFP-FIP200 CTR aa 1429-1594 This study SMC707

pET-His-TEV-GFP-FIP200 CTR aa 1458-1594 This study SMC750

pET- His-TEV-FIP200 CTR aa 1458-1594 This study SMC752

pET-His-TEV-FIP200 Claw aa 1494-1594 This study N/A

pGEX-p62 LIR This study SMC785

pGEX-p62 aa334-356 This study SMC786

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pGEX-p62 aa 334-373 This study SMC787

pGEX-p62 FIR This study SMC788

pGEX-p62 FIRmut This study SMC818

pGEX-GST-Atg19-C-ter Sawa-Makarska et al., 2014 SMC295

pGEX-GST-Atg19-C-ter-mut Abert et al., 2016 SMC805

pGEX-GST-Atg19 C-ter 3D This study SMC494

pGEX-GST-Atg19 C-ter 3DLL This study SMC879

pGEX-GST-Atg19 C-ter 3DFF This study SMC694

pGEX-GST-Atg19 C-ter 3DW This study SMC892

pGEX-GST-Atg19 C-ter 3DFFLL This study SMC878

pGEX-GST-Atg19 C-ter 3DLLW This study SMC877

pGEX-GST-Atg19 C-ter 3DFFLLW This study SMC876

pET-His-TEV-GFP-Atg11 CTD This study SMC822

pET-His-TEV-EGFP Zaffagnini et al., 2018 SMC559

pET-His-TEV-GFP-LC3B Wurzer et al., 2015 SMC459

pET-His-TEV-LC3B This study SMC893

pGEX-p62 FIR 1P This study SMC962

pGEX-p62 FIR 3P This study SMC960

pGEX-p62 FIR 4P This study SMC996

pET-His-TEV-mCherry-p62 4P This study SMC1035

pET-His-TEV-GFP-FIP200 CTR N1517A This study SMC1004

pET-His-TEV-GFP-FIP200 CTR N1517F This study SMC1003

pET-His-TEV-GFP-FIP200 CTR S1532A This study SMC1007

pET-His-TEV-GFP-FIP200 CTR L1535A This study SMC1006

pET-His-TEV-GFP-FIP200 CTR L1535F This study SMC1005

pET-His-TEV-GFP-FIP200 CTR R1573D This study SMC957

pET-His-TEV-GFP-FIP200 CTR F1574A This study SMC1001

pET-His-TEV-GFP-FIP200 CTR F1574W This study SMC1000

pET-His-TEV-GFP-FIP200 CTR R1584A This study SMC1008

pME18s-HA-hFIP200 Addgene plasmid Cat#24303

pME18s-HA-hFIP200 R1573D This study SMC1123

pME18s-HA-hFIP200 F1574W This study SMC1124

pME18s-HA-hFIP200 aa1-1457 This study SMC1128

pSpCas9n(BB)-2A-Puro (PX462) Addgene plasmid Cat#62987

pSpCas9(BB)-2A-GFP (PX458) Addgene plasmid Cat#48138

pUC19 Addgene plasmid Cat#50005

pRS315 Sikorski and Hieter, 1989 Gift from Kraft lab (Institute

for Biochem. And Mol. Biol.,

Freiburg, Germany)

pRS315-Atg11 wt This study SMC991

pRS315-Atg11 DCTR This study SMC1033

pRS315-9xmyc-Atg11 This study Gift from Kraft lab (Institute

for Biochem. And Mol. Biol.,

Freiburg, Germany)

pRS315-9xmyc-Atg11 DCTR This study SMC1069

Software and Algorithms

ImageJ 1.x Schneider

et al., 2012

https://imagej.net/ImageJ1

GraphPad Prism 7.05 https://www.graphpad.com

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de/

XDSAPP Krug et al., 2012 https://www.helmholtz-berlin.de/

forschung/oe/np/gmx/xdsapp/

index_en.html

Phenix Adams et al., 2010 http://www.phenix-online.org/

Coot Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

PyMol 2.0 DeLano, 2014 https://pymol.org/2/

VASCo Steinkellner

et al., 2009

http://genome.tugraz.at/VASCo/

PDBeFold Krissinel and Henrick, 2007 http://www.ebi.ac.uk/msd-srv/ssm/

ARP/ wARP Langer et al., 2008 http://www.embl-hamburg.de/ARP/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sascha

Martens (sascha.martens@univie.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
All cell lines were cultivated at 37�C in humidified 5% CO2 atmosphere. HeLa cells CCL-2 were purchased from ATCC and grown in

DulbeccoModified EagleMedium (DMEM, GIBCO, Thermo Fisher) supplemented with 10% (v/v) Fetal Bovine Serum (Thermo Fisher)

and Penicillin-Streptomycin (5000 U/ml – GIBCO, Thermo Fisher).

HAP1 cells were purchased from Horizon Discovery and cultivated in Iscove’s Modified Dulbecco’s Medium (IMDM - GIBCO,

Thermo Fisher Scientific), supplemented with 10% (v/v) Fetal Bovine Serum (Thermo Fisher Scientific), Penicillin-Streptomycin

(5,000 U/mL) (GIBCO, Thermo Fisher Scientific).

Generation of endogenously tagged cell lines

HAP1 STG-p62 cells (wt and LIRmut) were generated as described previously (Zaffagnini et al., 2018). Briefly, sgRNAs were cloned

individually into pSPCas9n(BB)-2A-Puro (PX462-Addgene). The repair template was cloned into pUC19 and cells were co-trans-

fected with the sgRNA bearing vectors and repair template containing pUC19. After 72 h of Puromycin selection cells were sorted

by FACS for green fluorescence into 96-well plates. Clones were screened for the insertion of the tag by PCR and validated by west-

ern blotting.

HAP1 FIP200-STG cells were generated by cloning sgRNAs (designed by the help of CRISPR design tool, https://zlab.bio/guide-

design-resources) into the pSpCas9n(BB)-2A-Puro (PX462) vector (Addgene).

HAP1 cells were co-transfected with two sgRNA bearing vectors (PX462) and a pUC19 vector (Addgene) containing the repair tem-

plate for 48 hr. Puromycin (Thermo Fisher) selection was applied for 3 days and then single GFP expressing cells were FACS sorted

into 96-well plates. Integration of the insert into HAP1 genomewas confirmed by sequencing. As test of autophagy flux in this cell line

compared to HAP1 wt, LC3B lipidation and p62 degradation were assessed by WB after 2 h starvation in Earle�s Balanced Salt

Solution (EBSS) medium (Sigma) +/� Bafilomycin (Santa Cruz Biotechnology) treatment (Figure S6A). Membranes were probed

with the following antibodies: rabbit anti-FIP200 (1:1000 - Cell Signaling), mouse anti-p62 (1:3000 - BD Bioscience), mouse anti-

LC3B (1:500 - nanoTools), mouse anti-GAPDH (1:25000 - Sigma).

Generation of HeLa FIP200DClaw cell line

To generate HeLa FIP200DClaw cells, sgRNAs targeting the region around R1591 of FIP200 were cloned into pSpCas9(BB)-2A-GFP

(PX458) vector (Addgene). HeLa cells were transfected with the vector containing the sgRNAs and after 24 h, GFP-Cas9 expressing

cells were sorted by FACS into 96-well plates. Deletion of the Claw domain in the selected clones was confirmed by western blotting

and sequencing of the genomic region.

S. cerevisiae strains

S. cerevisiae strain BY4741 was purchased from EUROSCARF. Cells were grown in nutrient-rich (YPD) or starvation (SD-N) medium,

as specified in the method details at 30�C. The Atg11D strain was a gift from the Kraft lab (Pfaffenwimmer et al., 2014).

E. coli strains
E. coli strains used to express recombinant proteins were purchased from Novagen and grown as described in the method details.
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METHOD DETAILS

Protein expression and purification
mCherry-p62 wt and the LIR mutant, GST-2x ubiquitin, GST-4x ubiquitin, GFP-LC3B, GST-Atg19 C terminus and Atg8 were ex-

pressed and purified as previously described (Sawa-Makarska et al., 2014; Wurzer et al., 2015) and according to the expression

and purification protocols described below for the proteins obtained for this study. All the GST-tagged constructs were sub-cloned

into the pGEX 4T1 vector. The GFP-tagged constructs of FIP200 were obtained by first cloning the GFP sequence into pETDuet 1

vector downstream of the 6xHis tag and then inserting FIP200 sequence in frame after the GFP coding sequence. A Tobacco

Etch Virus (TEV) protease cleavage site was inserted between the 6xHis tag and the GFP tag to allow the removal of the 6xHis

tag from the purified protein. All the point mutations were obtained by round the horn or quickchange site directed mutagenesis. Pro-

teins were expressed in E. coliRosetta (DE3) pLysS cells. Cells were grown at 37�C to anOD600 of 0.6, inducedwith 0.1mM IPTG and

grown for additional 16 h at 18�C. Cells were harvested by centrifugation and the cell pellet was resuspended in lysis buffer (50 mM

HEPES pH 7.5, 300 mM NaCl, 2 mM MgCl2, 2 mM b-mercaptoethanol, 1mM Pefabloc, DNase I (Sigma)). For 6xHis tagged protein,

the lysis buffer was supplemented with 10 mM imidazole. Cells were lysed by one freeze and thaw cycle followed by sonication and

the lysate was cleared by ultracentrifugation at 40,000xg for 40min at 4�C. GST fused proteins were purified using a GSTrap HP 5mL

column (GE Healthcare) equilibrated with 50 mM HEPES pH 7,5, 300 mM NaCl, 1 mM DTT and eluted with 20 mM reduced L-gluta-

thione (Sigma) in the same buffer at pH 8.0. 6xHis tagged proteins were purified on a HisTrap HP 5mL column (GE-Healthcare) equil-

ibrated with 50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole, 2 mM b-mercaptoethanol. Proteins were eluted by a stepwise

imidazole gradient. Protein containing fractions were pooled and the 6xHis tag was cleaved with TEV protease O/N at 4�C. After
affinity purification, all proteins were further purified by size exclusion chromatography on a Superdex S200 column (GE-Healthcare)

equilibrated with 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT.

Expression and purification of GST-TEV-FIP200-MBP followed by FITC-labeling

FIP200 was sub-cloned into the pCAG vector with a GST tag nucleotide sequence at the 50 and MBP tag at the 30 of the ORF. A TEV

cleavage site was inserted betweenGST and FIP200. The GST-TEV-FIP200-MBPwas expressed in HEK293-GnT1 suspension cells.

Cells were infected at the concentration of 2-2.5 million/ml and harvested after 48-60 h. The harvested cells were pelleted at

2,500 rpm for 20 min at 4�C, and washed with PBS once. The pellets were then lysed in 50 mM Tris-HCl pH 7.4, 200 mM NaCl,

2 mM MgCl2, 1 mM TCEP, 1% Triton X-100, 10% Glycerol and protease inhibitors (Roche) before being cleared at 15,000 rpm for

30min at 4�C. Additional 300mMNaCl was added into the supernatant. TheGST-TEV-FIP200-MBPprotein was purified usingGluta-

thione Sepharose 4B (GE Healthcare) and eluted with 50 mM reduced L-glutathione (Sigma) in the lysis buffer. The obtained protein

was either used for experiments or further processed as follows. The GST tag was cleaved with TEV protease over night at 4�C to

allow the exposure of an N-terminal glycine residue for subsequent labeling with D59SortaseA. The FIP200-MBP protein was

then purified using Amylose resin (New England Biolabs) and eluted with 20mM HEPES pH 8.0, 200 mM NaCl, 1 mM TCEP and

50 mM Maltose and snap frozen in liquid nitrogen.

FITC labeling was conducted mixing FITC-conjugated peptide (FITC-LPETGG, from GenScript) with Gly-FIP200-MBP protein at a

peptide/protein ratio of 10:1 in the presence ofD59SortaseA enzyme in a buffer containing 50mMTris-HCl pH 7.5, 150mMNaCl and

10 mM CaCl2. Labeling was conducted for 2 hr at RT in the dark. The labeling was confirmed by gel electrophoresis of the samples

collected before (t0) and after the addition of the enzyme to the reaction. Fluorescence was detected using ChemiDoc instrument

(BioRad) equipped with Fluorescein Filter prior to Coomassie staining. Labeling reaction mix was further processed by gel filtration

on a Superose6_10/300 column (GE-Healthcare) pre-equilibrated in buffer containing 20mMHEPES pH 7.5, 200mMNaCl and 1mM

DTT. Fractions eluting at the expected elution volume, positive for the labeling and containing the protein of interest were pooled,

concentrated through a 100 kDa cut-off Amicon filter and used immediately for the assay without further freezing.

Microscopy-based protein-protein interaction assays
In this assay beads bound bait proteins are incubated with a dilution of a fluorescently labeled prey protein. Recruitment of the prey

will result in accumulation of fluorescence around the beads which can be visualized by microscopy. The advantage of this assay

over a classic pull down is that proteins can be visualized at the equilibrium, since the prey protein is not washed away after the in-

cubation with the bait, allowing the detection of interactions with high off rates. The fluorescent signal accumulated on the beads is

proportional to the amount of protein bound to the bait and can be measured in ImageJ.

In details, glutathione Sepharose 4B beads (GE Healthcare, average diameter 90 mm) were incubated for 30 min at 4�C (16 rpm

horizontal rotation) with GST-tagged bait proteins (4 mg/mL for GST-p62 mutants and GST-FIP200 CTR, 0,6 mg/ml for GST-

FIP200 full-length, 35 mM for GST-Atg19 mutants). The beads were washed 2 times in 10x beads volume with washing buffer

(25 mM HEPES pH7.5, 150 mM NaCl, 1 mM DTT). The buffer was removed and the beads were resuspended 1:1 in washing buffer.

10 mL of a 2-5 mM dilution of fluorescently labeled binding partners were added to the beads suspension and incubated for 30 min to

1 h at room temperature or at 4�C before imaging with a Zeiss LSM700 confocal microscope or a Visitron spinning disk microscope

(Figures 1E, 2B, and 2C) with a 20Xmagnification. After imaging, the samples were collected and analyzed by SDS-PAGE followed by

Coomassie or silver staining to visualize the amount of bait protein bound to the beads.

For the FIP200-LC3B competition assay, RFP-trap_A beads (Chromotek, average diameter 90 mm) were incubated for 30 min at

4�C (10 rpm horizontal rotation) with 4mg/mLmCherry-p62 FIR 4P or mCherry. The beads were washed 3 times in 20x beads volume
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of 25mM HEPES pH7.5, 500 mM NaCl, 1 mM DTT. The buffer was removed and the beads were resuspended 1:1 in 25 mM HEPES

pH7.5, 150mMNaCl, 1 mMDTT, 0.1%Triton-X. 0.8mL of the beads suspension were added to 8 mL of a 2 mMsolution of GFP-FIP200

CTR and incubated for 30 min at room temperature before addition of 5 mL LC3B at increasing concentrations. The beads were

imaged with a Visitron spinning disk microscope with 20X magnification after 20 min incubation at room temperature.

p62 pull-down from HeLa and HAP1 cell lysates
HeLa or HAP1 cells were seeded into 4 3 10 cm dishes and grown until confluence. Cells were harvested with trypsin and washed

with PBS. The cell pellet was resuspended in 100 ml lysis buffer (20 mM HEPES pH 7.5, 250 mM Sorbitol, 0.5 mM EGTA, 5 mM Mg-

Acetate, 0.3 mM DTT, cOmplete EDTA-free protease inhibitor cocktail (Roche)) and cells were lysed by one freeze and thaw cycle.

After 10min centrifugation at 1,000xg protein concentration in the supernatant (lysate) wasmeasured by Bradford protein assay (Bio-

Rad). 10 ml of Glutathione Sepharose 4B or GFP-Trap_A beads (GE-Healthcare and Chromotek, respectively) were incubated with

4 mg/ml of bait protein (GST-FIP200 CTR or GFP-FIP200 CTRwt/mut) for 30min at 4�C. Beads were washed 2 times with 10 x beads

volume in 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT (wash buffer) and resuspended in 10 ml wash buffer. 200 mg (300 mg for

HAP1) of cell lysate were added to the beads and incubated for 1 h at 4�C. Beads were washed 3 times in 10x beads volume of wash

buffer and resuspended in 10 ml wash buffer. Beads bound protein were eluted by boiling the beads for 5 min at 98�C in Laemmli

buffer. 5 ml of each sample were analyzed by western blotting with mouse anti-p62 (1:3000, BD Bioscience). Other 5 ml of the samples

were analyzed by SDS-PAGE followed by Coomassie staining (Figure 6D) or western blot with mouse anti-GST (1:1000, Sigma; Fig-

ure 1B) to visualize the bait protein input (For the pull-down with HAP1 cells lysates in Figure 6F, the entire eluate was analyzed by

western blot and Ponceau staining of the membrane was used to visualize the bait protein input).

Identification of phosphorylated residues by mass spectrometry
HAP1 cells were harvested with trypsin from 3 confluent 15 cm dishes. Cell pellet was washed 3 times in ice-cold PBS, resuspended

in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM NaF, 20 mM beta-glycerophosphate, 1 mM Na-orthovanadate,

supplemented with cOmplete EDTA-free protease inhibitors cocktail (Roche)) and frozen in liquid nitrogen to disrupt themembranes.

Lysates were thawed, spun at 500 g for 10 min at 4�C and protein concentration was measured by Bradford protein assay (Bio-Rad).

For pull-downs, 3 mg of lysate were incubated with 25 mL of GFP-Trap_A beads (Chromotek) for 90 min at 4�C under gentle rotation.

Afterward, the beads were washed four times with lysis buffer, transferred to new tubes and resuspended in 30 mL of 2 M urea in

50mMammonium bicarbonate (ABC). Disulfide bonds were reducedwith 10mMdithiothreitol for 30min at room temperature before

adding 25 mM iodoacetamide and incubating for another 30 min at room temperature in the dark. Remaining iodoacetamide was

quenched by adding 5mMDTT and the proteins were digestedwith 150 ng Lysyl Endopeptidase C (Wako) at room temperature over-

night. The next day the supernatant was transferred to a new tube, the beads were washed with another 30 mL of 2 M urea in 50 mM

ABC and the wash was combined with the supernatant. After diluting to 1 M urea with 50 mM ABC 150 ng trypsin was added and

sample was digested for 6 h at 37�C in the dark. The digestion was stopped by addition of 1% trifluoroacetic acid (TFA), and the

peptides were desalted using C18 Stagetips (Rappsilber et al., 2007). Peptides were separated on an Ultimate 3000 RSLC nano-

flow chromatography system (Thermo Fisher), using a pre-column for sample loading (Acclaim PepMap C18, 2 cm 3 0.1 mm,

5 mm, Thermo Fisher), and a C18 analytical column (Acclaim PepMap C18, 50 cm 3 0.75 mm, 2 mm, Thermo Fisher), applying a

segmented linear gradient from 2% to 80% solvent B (80% acetonitrile, 0.1% formic acid; solvent A 0.1% formic acid) at a flow

rate of 230 nL/min over 120 min. Eluting peptides were analyzed on a Q Exactive HF Orbitrap mass spectrometer (Thermo Fisher),

which was coupled to the column with a nano-spray Flex ion-source (Thermo Fisher) using coated emitter tips (New Objective).

Data-dependent mass spectrometry analysis

The mass spectrometer was operated in data-dependent acquisition mode (DDA), survey scans were obtained in a mass range of

375-1500 m/z with lock mass activated, at a resolution of 60k at 200 m/z and an AGC target value of 3E6. The 8 most intense ions

were selected with an isolation width of 1.6 m/z, fragmented in the HCD cell at 27% collision energy and the spectra recorded for

max. 250 ms at a target value of 1E5 and a resolution of 30k. Peptides with a charge of +1 or > +6 were excluded from fragmentation,

the peptide match feature was set to preferred, the exclude isotope feature was enabled, and selected precursors were dynamically

excluded from repeated sampling for 20 s.

Raw data were processed using the MaxQuant software package (version 1.6.0.16) (Tyanova et al., 2016) and the Uniprot human

reference proteome (https://www.uniprot.org/) aswell as a database ofmost common contaminants. The searchwas performedwith

full trypsin specificity and a maximum of two missed cleavages at a protein and peptide spectrummatch false discovery rate of 1%.

Carbamidomethylation of cysteine residueswere set as fixed, oxidation ofmethionine, phosphorylation of serine, threonine, and tyro-

sine, and N-terminal acetylation as variable modifications. For label-free quantification the ‘‘match between runs’’ feature and the

LFQ function were activated - all other parameters were left at default. To further validate the phosphosites found in the FIR, we

set-up a targeted method.

Targeted mass spectrometry analysis

Parallel reaction monitoring (PRM) assays were generated based on the DDA results. We focused on the p62 peptide at position

345-378 which carried most of the potential phosphorylation sites in the FIR, and recorded spectra for the +3 precursor mass

with up to four phosphorylations over the whole gradient. For PRM data acquisition, we operated the same instrument type as

for shotgun MS, applying a 120 min gradient for chromatographic separation. The segmented gradient was adapted to start at
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20% solvent B to account for the late elution of the peptide and of potential multiply phosphorylated forms. The following MS param-

eters were used: survey scan with 30k resolution, AGC 1E6, 30ms IT, over a range of 600 to 1400m/z, PRM scanwith 60 k resolution,

AGC 1E5, 750 ms IT, isolation window of 1.2 m/z with 0.5 m/z offset, and NCE of 27%.

Data analysis and manual validation were performed in Skyline (MacLean et al., 2010). To generate a spectral library, data were

searched in Mascot 2.2.07 at 10 ppm peptide and 20 mmu fragment mass tolerance, and the same modifications as above. For

manual validation, extracted ion chromatograms (XIC) for all singly phosphorylated versions were generated in Skyline and in a sec-

ond step also for doubly phosphorylated versions using combinations of the most prominent singly phosphorylated sites. No signals

for 3x or 4x phosphorylated peptides could be detected. Transitions indicative for a specific site were manually validated in terms of

mass accuracy (+/� 2 ppm) and consistent elution patterns - the XICs are presented in the Figure S2. Since all singly phosphorylated

variants displayed the same elution behavior the PRM actually generated mixed spectra which contain signatures of several phos-

phopeptides and which made an unambiguous designation for some of the potential sites impossible. Nevertheless, in combination

with the data of the doubly phosphorylated peptide a clear assignment for the most prominent sites could be achieved.

Surface plasmon resonance spectroscopy
All SPR experiments were performed on a Biacore T200 instrument (GE Healthcare) at 25�C in 50mM Tris HCl pH 7.5, 150 mMNaCl.

GST, GST-p62 FIR wt, GST-p62 FIR LIRmut, and GST-p62 FIR 4P were diluted in 10 mM acetate buffer pH 3.8, 10 mM NaCl and

immobilized on a CM 5 Series S sensor chip (GE Healthcare) using the Amine Coupling Kit (GE Healthcare). High density immobili-

zation was achieved by coupling the proteins to a theoretical Rmax of approximately 6000 RU. After three conditioning cycles with

30 mM FIP200 CTR and regeneration in 10 mM glycine pH 2.1, FIP200 CTR was passed over the four flow channels at a flow rate

of 30 ml/min. Single-cycle data were collected as two technical replicates for three independent experiments using a three-fold dilu-

tion series of FIP200 CTR (0.4 mM – 30 mM). Association of FIP200 CTR was monitored for 180 s, followed by dissociation in buffer for

70 s. After each cycle, remaining FIP200 CTR was stripped off the surface with two 60 s injections of 10 mM glycine pH 2.1. A new

chip was used for each of the independent experiments. Evaluation was performed using the Biacore T200 Evaluation Software 3.0

(GE Healthcare). Data were double referenced by subtracting the GST and buffer control signals. Data points at equilibrium were

fitted globally with a one site binding model (Response = Rmax x [protein]/(KD + [protein]), where Rmax is the fitted maximal binding

capacity and KD the apparent dissociation constant, using GraphPad Prism (GraphPad Software, Inc.).

Protease protection assay
HeLa cells were seeded into 6-well plates (400,000 cells per well) the day before treatment. 5 mMPuromycin (Thermo Fisher), 400 nM

Bafilomycin (Santa Cruz Biotechnology), 1 mMWortmannin (Sigma) or a combination of these were added to the cells for 2 h in fresh

Earle’s Balanced Salt Solution (Sigma) for starvation experiments or DMEM-10% FBS for all of the other samples. Cells were washed

twice in ice-cold PBS, harvested and homogenized in 20 mM HEPES (pH 7.5), 220 mM mannitol, 70 mM sucrose, 1 mM EDTA by

passing 4 times through a 26-gauge syringe needle and then by a glass homogenizer (30 strokes). Samples were then spun for

10 min at 500xg at 4�C to remove nuclei and unbroken cells. Each supernatant was split in three different tubes: one was left un-

treated, the other two were incubated with either 100 mg/ml proteinase K (Sigma) or a combination of proteinase K and 0.5% Triton

X-100 in a final volume of 1 mL for 30 min on ice. Proteolysis was terminated by the addition of 1 mM PMSF for 10 min on ice. Finally,

samples were precipitated by adding 250 mL trichloroacetic acid for 10 min on ice and washed twice with 200 mL acetone. Protein

pellets were resuspended in Laemmli buffer and heated at 95�C for 5 min prior to SDS-PAGE.

For western blot, the following antibodies were used: rabbit anti-FIP200 (1:1000, Cell Signaling), rabbit anti-STX-17 (1:1000,

Sigma), mouse anti-p62 (1:1000, BD Biosciences) and mouse anti-LC3B (1:500 nanoTools).

Crystallization and structure determination
N-terminally His6-tagged FIP200 CTR was expressed in E. coli Rosetta2 (DE3) cells (Novagen) at 18�C overnight after induction with

0.2 mM isopropyl-b-d-thiogalactoside. Cells were sedimented by centrifugation for 20 min at 5000 g and 4�C, resuspended in 30 mL

lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole, 1 mM MgCl2) and mechanically disrupted by a microfluidizer

(Microfluidics) in the presence of 10 mg ml�1 DNase (Roche) and 1 mM protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride

hydrochloride (AEBSF). Cell debris was removed by centrifugation at 140,000 g for 45 min before the supernatant was applied on Ni-

NTA resin (GE Healthcare) previously equilibrated with lysis buffer. After washing the column with 50 mM HEPES pH 7.5, 500 mM

NaCl, 75 mM imidazole, 10 mM MgCl2, 10 mM KCl, 1 mM ATP, the protein was eluted in 50 mM HEPES pH 7.5, 300 mM NaCl,

500 mM imidazole. For over-night dialysis into size exclusion buffer (25 mM HEPES pH 7.5, 150 mM NaCl), the protein was concen-

trated to 10 mL and incubated at a molar ratio of 1:15 with TEV protease. The cleaved protein was applied to the Ni-NTA column

again and elution was performed stepwise with elution buffer (25 mM HEPES pH 7.5, 150 mM NaCl, (I) 100 mM imidazole

(II) 150 mM imidazole (III) 200 mM imidazole). Fractions containing untagged protein were further purified by size exclusion chroma-

tography on a Superdex S75 16/600 column (GE Healthcare). Peak fractions containing the protein of interest were pooled and

concentrated to 30 mg/ml.

L-seleno-methionine-labeled protein was expressed in minimal medium supplemented with trace elements, vitamins, and amino

acids (Doublie, 1997) and purified in the same way as native protein. Initial crystallization screens were performed in 96-well plates

using the vapor-diffusionmethod. After optimization, native rod-shaped crystals grewwithin 24 h to 72 h at 20�C in 0.1MMESpH 6.0,
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13%–15%PEG 6000, 0.8 – 1.2M LiCl using a protein to reservoir ratio of 1:1. Crystals of L-seleno-methionine-labeled protein grew in

similar crystallization conditions (0.1 M MES pH 6.0, 8%–11% PEG 6000, 1.0 – 1.2 M LiCl, 10 mM DTT). Datasets were collected at

beamline BL14.1, BESSY II, (Berlin, Germany) (Mueller et al., 2015). Diffraction data were indexed, integrated, and scaled using XDS

(Kabsch, 2010) or XDSapp (Krug et al., 2012). Location of anomalous scatterers, generation of experimental phases and density

modification was performed using PHENIX (Adams et al., 2010). Iterativemodel building and refinement were donewith Coot (Emsley

et al., 2010) and PHENIX, using 3 TLS (Translation-Libration-Screw-rotation) parameters per chain, employing non-crystallographic

symmetry and secondary structure restraints. Figures were prepared using PyMol (DeLano, 2014). To calculate the lipophilic surface

potential, the PyMol-plugin VASCo was used (Steinkellner et al., 2009). The dimer interface was analyzed with the PISA server (Kris-

sinel and Henrick, 2007). Coordinates and diffraction data have been deposited in the Protein Data Bank (PDB) with accession

code 6GMA.

For the crystallization of FIP200 Claw domain, the DNA (aa 1494-1594) was subcloned into 1B vector and expressed in E.coli

BL21(DE3) cells. After induction with 0.5 mM isopropyl-b-d-thiogalactoside overnight at 18�C, the cells were pelleted by centrifuga-

tion at 4,000 g for 20 min. Cell pellets were lysed in 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.5 mM TCEP, 5 mM imidazole and 1 mM

phenylmethylsulphonyl fluoride by ultrasonication. The lysate was centrifugated at 15,000 g for 50 min at 4�C. The supernatant was

loaded into Ni-NTA resin andwashedwith 20mM imidazole and further elutedwith 300mM imidazole. The elutionwas incubatedwith

tobacco etch virus protease and dialyzed into 20mMTris-HCl pH 8.0, 150mMNaCl, 0.5 mMTCEP at 4�C overnight. The protein was

reloaded to Ni-NTA column and the flow through was collected. The protein was further purified by a Superdex 75 (GE Healthcare)

column equilibrated in 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5 mM TCEP. For selenomethionine labeling, the protein was ex-

pressed in M9 minimal medium and 150 mg selenomethionine were added when OD600 reached 0.9. The protein was purified

as above.

The purified protein was concentrated to 3.4 mg/ml for crystallization. Crystals were grown in sitting drop at 19�C. The protein

solution was mixed with an equal amount of reservoir buffer composed of 0.1 M HEPES pH 7.4, 2 M Ammonium sulfate.

Diffraction data were collected from a SeMet-substituted crystal of FIP200 Claw domain at the peak wavelength on ALS beamline

8.3.1. Diffraction data were processed using XDS (Kabsch, 2010), and initial phases were determined by single wavelength anom-

alous dispersion (SAD) in ShelxC/D/E (Sheldrick, 2010), which located the expected sole selenium site. An initial structure model was

auto-built using ARP/wARP (Langer et al., 2008). Iterative rounds of manual model building in Coot (Emsley et al., 2010) and refine-

ment in PHENIX (Adams et al., 2010). The coordinates and diffraction data have been deposited in PDB with accession code 6DCE.

Right-angle light scattering
100 ml of a 3 mg/ml FIP200 CTR solution was applied to a Superdex S75 10/300 size exclusion chromatography column coupled to a

RALS (Right-Angle Light Scattering)-refractive index detector (Malvern). The running buffer contained 25 mM HEPES pH 7.5 and

150 mM NaCl.

p62 aggregation assay
p62 aggregation assay (Figures 5D and 5E) and quantification were performed as described previously (Zaffagnini et al., 2018).

Briefly, 20 mM GST-4x ubiquitin was added to a protein mixture of 20 mM GFP-FIP200 CTR (wt or R1573D, F1574A, F1574W and

R1584A mutants) and 2 mM mCherry-p62 wt. Aggregate formation was monitored over time using a Visitron inverse spinning disk

microscope equipped with a Yokogawa CSU-X1 spinning disk, a standard CCD camera (CoolSNAP HQ2), 561nm DPSS laser

(100mW, AOTF-controlled) and LD Achroplan 20x/0.4 Corr objective. Images were taken every 30 s for 30 min. For the GFP-

FIP200 CTR recruitment to preformed aggregates (Figure 5C), mCherry-p62 (2 mM) and GST-4x ubiquitin (10 mM) were incubated

for 30 min at room temperature to allow aggregates formation. 1 mM GFP-FIP200 CTR (wt or mutants) was added and images

were taken after 30 min incubation at room temperature with a Zeiss LSM 700 confocal microscope with 63x magnification.

Immunocytochemistry
For immunocytochemistry analysis, cells were grown on glass coverslips (B 12 mm, high precision, Marienfeld-superior) and fixed

with 4% (w/v) paraformaldehyde in PBS for 20 min at room temperature. For detection of endogenous LC3B (Figures 7B and S7C),

cells were fixed in ice cold methanol for 20 min on ice. For the immunofluorescent labelings in Figure 7, cells were permeabilized in

0.1% Triton X-100 in PBS for 5 min at room temperature and incubated for 1 h at room temperature in blocking buffer (1% BSA in

PBS). Subsequently, coverslips were transferred into a humid chamber and incubated with primary antibody (rabbit anti-p62 1:500 –

BD Bioscience, mouse anti-ubiquitin FK2 1:1000 – Enzo Life Science, mouse anti-LC3B 1:100 – nanoTools, rabbit anti-GABARAP

1:200 – Cell Signaling) diluted in blocking buffer for 1 h at room temperature. Following three PBS washing steps, coverslips were

incubated, in the dark, with the secondary antibody (goat anti-mouse Alexa Fluor 647 1:500 – Jackson Immunoresearch, goat

anti-rabbit Alexa Fluor 488 1:500 - Invitrogen). Coverslips were washed 3 times with PBS and mounted on glass slides (Roth) by in-

verting them onto a droplet of the mounting media DAPI-Fluoromont-G (Southern Biotech).

For the remaining immunofluorescence labeling, cells were permeabilized in 0.25% Triton X-100 for 15 min at room temperature.

After two washes in PBS, coverslips were incubated for 30 min at room temperature in blocking buffer (1% BSA in PBS), transferred

into a humid chamber and incubated with primary antibodies diluted in 1% BSA in PBS for 1 h at 37�C (FIP200-p62 immunostaining)

or 16 h at 4�C (rabbit anti-FIP200 1:200 – Cell Signaling, mouse anti-p62 1:200 – BD Bioscience, rabbit anti-ULK1 1:50 – Santa Cruz
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Biotech, rabbit anti-ATG16L1 1:50 – Cell Signaling). Coverslips were then washed 3 times for 5 min in PBS and incubated with sec-

ondary antibodies (goat anti-mouse Alexa Fluor 488 1:1000 – Invitrogen, goat anti-rabbit Alexa Fluor 647 1:500 – Jackson Immonor-

esearch). After 3 3 5 min washes in PBS, coverslips were mounted on glass slides using DAPI Fluoromont-G (Southern Biotech).

Imaging was performed on an inverted confocal laser scanning microscope Zeiss LSM 700, Plan-Apochromat 63x/1.4 Oil DIC or

Plan-Apochromat 40x/1.3 Oil DIC. To prevent cross-contamination between fluorochromes, each channel was imaged sequentially

using the multitrack recording module before merging. Images from fluorescence and confocal acquisitions were processed and

analyzed with ImageJ software.

Cell lysis and western blotting
Unless otherwise specified, cells were harvested with trypsine. Cell pellets were washed with PBS and resuspended in 20 mM Tris-

HCl pH 8.0, 10% glycerol, 135 mM NaCl, 0.5% Nonided P-40 Substitute, 2.5 mM MgCl2, DNase, cOmplete EDTA-free protease in-

hibitor cocktail (Roche). For the lysates in Figure S2C the following lysis buffer was used: 50 mM Tris-HCl pH 7.4, 1 mM EGTA, 1 mM

EDTA, 1% Triton X-100, 0.27 M sucrose, 1 mM DTT, 1mM NaF, 20 mM beta-glycerophosphate, 1 mM Na-vanadate). After 20 min

incubation on ice, lysates were cleared by centrifugation at 16,000xg for 5 min at 4�C and total protein concentration was measured

by Bradford protein assay (Bio-Rad). For subsequent western blot analysis, 20-25 mg of lysates were boiled for 5min at 98�C resolved

on SDS-PAGE and transferred on nitrocellulose membrane by wet blot. For the detection of LC3B I and II, samples were heated at

60�C for 10 min and proteins transferred on PVDF membrane. Membranes were blocked in 3% Non-fat dry Milk in TBS + 0.05%

Tween-20 (blocking buffer) and incubated with primary antibody diluted in blocking buffer. After 3 3 15 min washes in TBS +

0.05% Tween-20 (TBST), they were incubated with secondary antibody conjugated with Horse Radish Peroxidase. After 3 3

15 min washes in TBST, membranes were developed using Super Signal West Pico chemiluminescence substrate. Images were

taken with ChemiDoc Touch system (Bio-Rad) or films.

Antibody dilutions, unless otherwise specified: rabbit anti-phospho p62 S349 (1:1000, Cell Signaling); mouse anti-p62 (1:3000, BD-

Bioscience); mouse anti-GAPDH (1:25000, Sigma); rabbit anti-FIP200 (1:1000, Cell Signaling – for the detection of full-length FIP200);

mouse anti-FIP200 (1:100, MFPL antibody facility – for the detection of FIP200DClaw); mouse anti-LC3B (1:500 nanoTools).

Affinity co-purification of FIP200 and p62 from HAP1 FIP200-STG cells
Cells were washed 3x with PBS, harvested by Cell Lifter (Corning Incorporated, Costar) in ice-cold lysis buffer (50 mM Tris pH 7.5,

150 mM NaCl, 1 mM DTT and cOmplete EDTA-free protease inhibitor cocktail (Roche)), homogenized by resuspension with a 20-

gauge syringe needle, and centrifuged at 13,000 g at 4�C for 15 min. Protein concentrations in the lysates were estimated using

the DC protein assay kitII (Bio-Rad) according to manufacturer’s protocol.

For affinity co-purification, 10 ml of StrepTactin Sepharose HP beads (GE Healthcare) were blocked with 5% BSA in lysis buffer for

1 h at 4�C. Then, lysates (total protein > 1 mg) were added to the beads and incubated for 2 h at 4�C. After 2 washes with lysis buffer,

beads bound proteins were eluted by boiling the sample for 5 min at 98�C in Laemmli buffer and analyzed by SDS-PAGE followed by

western blot. Themembrane was probed with mouse anti-p62 (1:3000 – BD Bioscience). Affinity purification of FIP200-STG followed

by quantitative mass spectrometry analysis were done using HAP1 cells grown in suspension. HAP1 wt and FIP200-STG cells were

harvested by centrifugation at 1300xg for 15 min at 4�C and washed 3 times with PBS. Washed pellets were frozen in liquid nitrogen,

resuspended in ice-cold lysis buffer (50mMTris pH 7.5, 150mMNaCl, 1mMDTT and cOmplete EDTA-free protease inhibitor cocktail

(Roche)) and lysed as described above for adherent cells. For immunoprecipitation 20 ml of StrepTactin Sepharose HP beads (GE

Healthcare) were incubated with 4 mg of lysate for 2 h at 4�C. Beads were washed four times with lysis buffer and beads bound pro-

teinswere digestedwith trypsin formass spectrometry analysis. Peptideswere analyzed by a LC-MS/MS, and acquired spectrawere

searched against an in- silico digested protein database consisting of the human proteome (https://www.uniprot.org/) and common

contaminants using the MaxQuant software. Proteins were relatively quantified across the samples using the label-free quantitation

(LFQ) algorithm of the MaxQuant software. For ratio calculation, LFQ intensities were log2-transformed and missing values were re-

placed with a fixed value (17.2).

HA-FIP200 – p62 co-immunoprecipitation from HeLa cells
HeLa cells were seeded in 10 cm dishes and let grow until 80% confluency. Cells were transfected with pME18s vectors (Addgene)

containing HA-FIP200 (wt, point mutants or truncation) using Fugene transfection reagent (Promega). A vector:Fugene ratio of 1:6

was used for transfection. 24 h after transfection, cells were harvested with trypsin. The cell pellets were washed in PBS and resus-

pended in 100 ml lysis buffer (20 mM HEPES pH 7.5, 250 mM Sorbitol, 0.5 mM EGTA, 5 mM Mg-Acetate, 0.3 mM DTT, cOmplete

EDTA-free protease inhibitor cocktail (Roche)). After 1 freeze and thaw cycle, the lysates were clarified by spinning at 1,000xg for

10 min at 4�C. Protein concentration in the lysates was measured by Bradford assay (BioRad) and all samples were adjusted to

the same final concentration in 300 ml IP buffer (25 mM HEPES pH 7.5, 125 mM NaCl, 0.05% Triton X-100). Anti-HA magnetic beads

(Pierce – Thermo Scientific) were washed 3 times in IP buffer and 1,5 ml of beads slurry were incubated with each sample for 1 h at 4�C
on rotating wheel (9 rpm). After 33 5minwashes in IP buffer, beadswere resuspended in 10 ml of 2x non-reducing protein loading dye

and heated for 10 min at 95�C.
Samples were analyzed by western blot with mouse anti-p62 (1:500 – BD Bioscience) and rabbit anti-FIP200 (1:1000 – Atlas

antibodies).
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Cell treatment with siRNA
Cells were seeded in a 6 well plate (80,000 cells/well). Cells to be analyzed by immunocytochemistry were seeded on coverslips. The

next day cells were transfected with siRNA (20 nM final concentration) using Lipofectamine RNAiMAX Transfection Reagent (Thermo

Fisher) in OptiMEM medium. 48 h after transfection cells were either harvested for western blot analysis or fixed for immunofluores-

cence staining.

Co-immunoprecipitation of yeast proteins
S. cerevisiae Atg11D cells were transformed with pRS315-9myc-Atg11 plasmids in one-step buffer (0.24 M LiAc, 47% PEG4000) +

10mMDTT, 5 ml of salmon spermDNA and 1 ml of plasmid DNA. Cells were grown in YPDmedium and 150ODof cells were harvested

by centrifugation at 3200xg for 8 min at room temperature. Cell pellets were washed in 10 mL PBS + 2% glucose and resuspended in

300 ml RLB+ buffer (10% glycerol, 0.5% Tween-20, 1 mM NaF, 20 mM beta-glycerophosphate, 1 mM PMSF, 1 mM vanadate,

cOmplete EDTA-free protease inhibitor cocktail (Roche) in PBS). Cells were lysed with glass beads at 4�C (1 min beads beating,

1 min on ice, for 10 times). Lysates were cleared by centrifugation at 5,000xg for 2 min at 4�C and protein concentration was

measured by Bradford protein assay (Bio-Rad) and adjusted to the same final concentration. 7.5 ml of anti-myc conjugated Dyna-

beads M-270 Epoxy (ThermoFisher) were added to each lysate and incubated for 1 h at 4�C on turning wheel. Beads were washed

3 times in 1 mL RLB+ and resuspended in 15 ml RLB+. Beads bound protein were eluted by boiling the beads for 10 min at 98�C in

Urea loading buffer (116 mM Tris-HCl pH 6.8, 4.9% glycerol, 8 M Urea, 8% SDS) and analyzed by western blot with mouse anti-myc

(1:500 – Millipore) and rabbit anti-Atg19 (1:7000) antibodies.

Ape1 processing assay
For this assay, S. cerevisiae BY4741 and Atg11D yeast strains were used. The Atg11D strain was transformed either with pRS315

empty vector or pRS315-Atg11 (wt or DCTR). Pre-cultures were grown in selective medium (SD-Leu) and used to inoculated O/N

cultures in YPD. The next day, part of the cells were grown in starvation medium (SD-N) for additional 4 h at 30�C. Cells were har-

vested by centrifugation and whole cell lysates were prepared by trichloroacetic acid (TCA) extraction. Cell lysates were analyzed

by western blot with rabbit anti-Ape1 (1:20000). Mouse anti-Atg11 (1:1000 – MFPL antibody facility) was used to test the expression

level of Atg11 in the strains and conditions used.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microscopy based protein-protein interaction assays
Quantification of all microscopy based protein-protein interaction assays was performed in ImageJ 1.x (Schneider et al., 2012) by

drawing a line across each bead and taking the maximum gray value along the line. The maximum gray value for any given pixel rep-

resents the fluorescence intensity. The range of possible gray values for a given image depend on the color depth acquisition settings

(0-255 for 8-bit images; 0-4065 for 12-bit images etc.). The average values for each sample were averaged between 3 independent

replicates and plotted with the relative standard errors.

p62 pull-down experiments and protease protection assay
Protein bands intensities (Figures 3B, S3D, S6C, S6E, and S6F) were quantified with ImageJ by drawing a rectangle around the gel

lane and obtaining the lane profile. The area of the peak in the profile was taken as ameasure of the band intensity. Average intensities

(normalized as described in the figure legend) and standard error of 3 independent experiments were plotted.

p62/ubiquitin puncta count and p62/LC3B colocalization analysis
p62 and ubiquitin puncta (Figures 7A and 7D) were counted using ImageJ. Images were thresholded and the accuracy of the

established threshold was validated manually. The same threshold value was applied to all the images and replicates of the same

experiment. Puncta were counted using the ‘‘Analyze Particles’’ function and excluding all particles smaller than 0.05 m2. The average

number of puncta/cell was averaged between 3 or more independent experiments and standard errors were calculated. Using

the ‘‘Analyze Particles’’ function the total area of p62 condensates was also measured and the average area of one particle was

calculated. Assuming that the condensates have a spherical shape, the average particle volume could be extrapolated.

For all the colocalization analysis images were thresholded. Puncta in the green channel were identified with the ‘‘Analyze

Particles’’ function as described above and the coordinates saved in the ROI. Then, puncta in the red channel were identified

with the same method and overlayed in the ROI. The two sets of coordinates were visualized in different colors in the same image

and the overlapping particles were counted. The average number of colocalizing puncta/cell was averaged between 2 or more inde-

pendent experiments and standard errors were calculated.

Statistical analysis
For all the quantifications described above, statistical analysis was performed. Statistical significance of the difference between 2

samples was established by 2 samples unpaired t test. Significant differences are indicated with * when p value % 0.05, ** when

p value % 0.01, *** when p value % 0.001
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DATA AND SOFTWARE AVAILABILITY

The FIP200CTR and FIP200Claw crystal structure data have been deposited in the PDB databasewith the ID codes PDB: 6GMA and

PDB: 6DCE, respectively.

The original data for this study have been deposited in Mendeley Dataset and are available at the following link: https://doi.org/10.

17632/jdv2yxymc5.1.
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Figure S1, related to Figure 1. 

A) Sequence alignment of p62 FIR from different species with S. cerevisiae Atg19. The region of 

p62 showing sequence similarity to the Atg11 binding site in Atg19 (aa 358-370) is indicated above 

the alignment. 

B,C,D,E) Protein inputs for the respective experiments in Fig. 1E, F, G, H. 20 µl of each sample 

(beads + supernatant) were collected after microscopy imaging and analyzed by SDS-PAGE 

followed by Coomassie staining. 

F) The Atg19 C-terminus sequence is shown. The canonical LIR motif at the extreme C-terminus 

is labeled in red. Pink and green labels indicate two accessory LIR-like motifs: 376FYSF379 and 

384LPEL387. Phosphorylation sites are indicated in bold. The GFP-Atg11 CTR (aa851-1178) was 

mixed at 1µM final concentration with glutathione beads pre-coated with GST-Atg19 C-terminus 

(the phosphorylation-mimicking 3D mutant: S390D, S391D, S394D (Pfaffenwimmer et al., 2014) 

with the indicated LIR mutations (LL: L384, L386A, FF: F376, F379A, W: W412A) and the beads 

were imaged using a Zeiss LSM700 confocal microscope. The graph on the right shows average 

intensities (normalized to the signal of GFP-Atg11 CTR bound to GST-Atg19 C-ter 3D) and 

standard deviation of 3 independent experiments. The gel below the graph shows beads bound 

GST/GST Atg19 C-terminus constructs (1µl of each beads sample was loaded on the gel). 
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Figure S2, related to Figure 2. 

A, B) MS/MS fragmentation spectra of singly (A) and doubly (B) phosphorylated forms of the 

peptide covering the FIR of p62. Spectra were acquired using parallel reaction monitoring, 

targeting peptide forms with up to four phosphorylations. Since all singly phosphorylated variants 

co-eluted, the spectra obtained display mixed signatures of different phosphorylation sites. 

Although this makes an unambiguous designation for some of the potential sites impossible (S355, 

S361), a combined analysis with the data of the doubly phosphorylated peptide allowed a clear 

assignment for two sites (S365, S366). Additionally, there is evidence for phosphorylation of at 

least one or both of the neighboring sites at the positions S349/T350, as well as at S370/S375. 

Depicted spectra were summed over the whole chromatographic peak, ions are color-coded for 

site-specific and -unspecific fragment ions, and the corresponding ion chromatograms are shown 

below each spectrum. Selected ions were validated manually in terms of mass accuracy, co-elution, 

isotopic envelope, and charge state. Dark blue: fragment ions with ambiguous site information; 

light blue, red, green: site-specific fragment ions; p: neutral phosphate loss; °: water loss. 

C) HeLa and HAP1 cells were treated with puromycin, MG132, Bafilomycin or a combination of 

them for 3 h and cell lysates were analyzed by Western blot. The membranes were probed with a 

phospho-S349 specific antibody (top) or with an anti-p62 antibody (middle). An anti-GAPDH 

antibody was used as a loading control (bottom). 

D) Binding of GFP-FIP200 CTR to GST-p62 FIR phospho-mimicking mutant assessed by GST 

pull-down. The same beads analyzed by microscopy in Fig. 2B were loaded on the gel before being 

washed (inputs) and after the unbound protein was washed away (beads). 
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Figure S3, related to Figure 2 and 3. 

A) Binding of GST-p62 FIR (wt, LIRmut and 4P phospho-mimetic mutant) to FITC-labelled full 

length FIP200 was assessed with the same experimental set up as in Fig. 2B. FITC peptide signal 

is shown in false color (ImageJ: Ice). The amount of bait protein on the beads was visualized by 

Coomassie staining and FIP200 protein inputs by Western blotting. 

B) Negative and positive controls for the experiment in Fig. 3A. In the top panel, mCherry coated 

beads were incubated with GFP-FIP200 CTR (1.1 µM; top) and GST-p62 FIR 4P coated beads 

were incubated with GFP only (1.1 µM; middle) or GFP-LC3B (1.1 µM; bottom). In the bottom 

panel, GST-FIP200 CTR coated beads and GST-p62 FIR coated beads were incubated with GFP-

LC3B (2 µM).  

C) GST- Atg19 C-terminus coated glutathione beads were pre-incubated with mCherry-tagged 

Atg11 CTR and increasing amounts of GFP-Atg8 were added. Concentrations of mCherry-Atg11 

CTR and GFP-Atg8 are indicated above the images. For the GST negative control, 1 µM mCherry-

Atg11 CTR and 1 µM GFP-Atg8 were added. Average mCherry intensity (normalized to the 

intensity of 1:0 Atg11:Atg8 sample) and standard error of 3 independent experiments are plotted 

on the right. Significant differences are indicated with * when p value % 0.05, ** when p value % 

0.01, and *** when p value % 0.001. 

D) Protease protection assay as in Fig. 3B. As additional control, cells were treated with the PI3K 

inhibitor Wortmannin, which prevents autophagosome formation.  
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Figure S4, related to Figure 4. 

A) Experimental electron density after density modification at 1 σ. Final model shown in cartoon 

representation. 

B) Asymmetric unit cell of the crystal containing six molecules arranged as three dimers. One 

dimer is shown in colors. 

C) Cα atoms superposition of the three dimers of the asymmetric unit cell (orange/green, light gray, 

dark gray). Only N-terminal a-helices were used for alignment.  

D) Superposition of the Cα atoms in the six Claw domains present in the asymmetric unit cell (rmsd 

= 0.33). 

E-G) Comparison of FIP200 Claw domain with bsCspB and LC3B. Cartoon representation, 

topology plot and electrostatic surface potential of E) FIP200 Claw domain, F) bsCspB bound to 

dT7. (PDB code: 2ES2) and G) LC3B bound to the p62334-344 LIR motif (PDB code: 2ZJD). 

Electrostatic surface potential in ±5 kbT/ec. Ligands are depicted in yellow stick representation. 

The arrow in S4E indicates the putative p62 FIR binding pocket. 
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Figure S5, related to Figure 4 and 5. 

A) Lipophilic surface potential of the FIP200 CTR monomer. Lipophilic and hydrophilic residues 

are colored in green and yellow, respectively.  

B) Sequence alignment of the following Atg11 homology regions from different species (UniProt 

accession code in parentheses). H. sapiens (Q8TDY2), M. musculus, (Q9ESK9), D. rerio, 

(E7FFM2), X. laevis (A0A1L8FYZ6), C. elegans (Q22342), D. melanogaster (Q7KTS2), S. 

cerevisiae (Q12527), S. pombe (O14261), C. thermophilum, (G0S0K0), P. chrysogenum 

(A0A167XQU9), C. albicans (Q5AMN3). Residues with a conservation greater than 60% are 

color-coded (D, E in red; R, K, H in blue N, Q, S, T, G, P in gray; A, L, I, V, F, Y, W, M, C in 

green). FIP200 CTR secondary structure is displayed on top of the alignment. α-Helices are shown 

as cylinders and β-strands as arrows. Mutated residues in this study are indicated with an asterisk 

(*). 

C) The samples (beads + supernatant) of the experiment in Fig. 5B were analyzed by SDS-PAGE 

followed by Silver staining.  

D) Representative SPR sensorgrams (top) corrected for background binding to GST and buffer 

control. The experiment was performed as described in Fig. 2E to analyze the binding of GFP-

FIP200 CTR wt and R1573D to GST-p62 FIR wt and 4P. Equilibrium analysis (bottom) for the 

FIP200 CTR variants: GST-p62 FIR variants interaction was performed as in Fig. 2F. Binding of 

the FIP200 CTR R1573D was too weak to be accurately fitted for a KDapp determination. Data 

were collected as two technical replicates of three independent experiments. 

E) Loading control for the experiment in Fig. 5D. After imaging, samples were recovered and 

analyzed by SDS-PAGE followed by Coomassie staining. 
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Figure S6, related to Figure 6 

A) HAP1 wt or ATG7ko were left untreated or treated with MG132 (+/- Bafilomycin). After 1 h 

treatment, cell lysates were analyzed by Western blot to assess the ability to perform LC3B 

lipidation. FIP200 and p62 levels in the cells were also analyzed while GAPDH signal was used as 

loading control. 

B) Validation of the HAP1 FIP200-STG cell line. Bulk autophagy was induced by starvation (in 

presence or absence of Bafilomycin) in HAP1 wt and FIP200-STG cell lines. Cell lysates were 

analyzed by Western blotting with anti-FIP200, anti-p62 and anti-LC3B. Anti-GAPDH was used 

as loading control. Overexpression of FIP200 caused cell death in the cell lines used. 

C) 3 additional replicates of the affinity co-purification in Fig. 6C are shown. 

 

  



Figure S7 - related to Fig. 7
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Figure S7, related to Figure 7. 

A) HeLa wt and FIP200∆Claw, treated with non-targeting siRNA and HeLa wt treated with FIP200 

siRNA were left untreated or starved (in presence or absence of Bafilomycin). Cell lysates were 

analyzed by Western blotting for autophagy markers (p62 accumulation and LC3B lipidation) and 

FIP200. GAPDH levels were used as loading control. 

B) Expression levels of FIP200 wt and FIP200∆Claw in HeLa cells were analyzed by Western 

blotting using lysates collected from low-passage number (3) cells. 

C) Higher passage number HeLa FIP200∆Claw were treated with non-targeting siRNA and wt 

cells were treated either with non-targeting siRNA or the indicated concentrations of FIP200 

siRNA. Then, FIP200 expression levels and p62 levels were analyzed by Western blotting. p62 

band intensity for the samples shown in the plot was measured with ImageJ and normalized to the 

amount of GAPDH in the lysate. Average p62 band intensity (relative to p62 levels in HeLa treated 

with 20 nM FIP200 siRNA) and standard error for 4 independent experiments are shown. 

Significant differences are indicated with * when p value % 0.05, ** when p value % 0.01, and *** 

when p value % 0.001. 

D) Immunofluorescence staining with ubiquitin and p62 or p62 and LC3B relative to the 

quantification showed in Fig. 7D. HeLa cells treated with non-targeting siRNA or FIP200 siRNA 

were fixed and immuno-stained as indicated. Scale bar = 10 µm. The efficiency of the siRNA 

treatment was assessed by Western blotting. 

E) Cells used for the immunofluorescence staining in Fig. 7E were analyzed by Western blotting 

with anti-FIP200 to assess the efficiency of the siRNA treatment. Additional images of p62-

ATG16L1 immunofluorescence in HeLa cells treated with non-targeting siRNA are shown. Scale 

bar = 10 µm. 

E) Co-immunoprecipitation of S. cerevisiae Atg11 and Atg19. An Atg11-deficient yeast strain was 

transformed with plasmids expressing myc-Atg11 (full-length or ∆CTR, under endogenous 

promoter) or empty plasmid. Atg11 was immunoprecipitated using the myc tag and samples were 

probed with Atg19 antibody.  

F) prApe1 processing assay using Atg11 deficient yeast strains transformed with the indicated 

Atg11 constructs. Cells were grown in YPD (rich) or SD-N (starvation) medium and cell lysates 

were analyzed by Western blotting. Conversion of prApe1 into mApe1 was used to monitor the 

selective Cvt pathway. 

 



Table S1-related to Figure 6C: Mass Spectrometry analysis of FIP200-STG purified from 

Hap1 cells. 

Gene 

Name 
Protein Name Score 

Sequence 

coverage 

(%) 

Log2(LFQ) 

(STG-

FIP200-

ST-

GFP/wt) 

RB1CC1 FIP200/RB1-
inducible coiled-

coil protein 1 

323,3 68,5 13,07 

ULK1 Serine/threonine-
protein kinase 

ULK1 

323,3 51,7 12,41 

ATG13 
 

Autophagy-related 

protein 13 

323,3 54,4 9,9 

ATG101 
 

Autophagy-related 
protein 101 

267,8 73,9 11,96 

SQSTM1 

 

p62/Sequestosome-

1 

227,1 38,2 1,68 

 

Table S1. FIP200-STG and wt Hap1 cells were subjected to StrepTactin purification followed by 

mass spectrometry. Listed are the known FIP200 direct interactors enriched in the FIP200-STG 

sample compared to the wt. A Log2(LFQ)≥1 was considered as significant enrichment. LFQ: 

label-free quantitation.  
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