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SUMMARY

Xenophagy, a selective autophagy pathway that pro-
tects the cytosol against bacterial invasion, relies on
cargo receptors that juxtapose bacteria and phago-
phore membranes. Whether phagophores are re-
cruited from a constitutive pool or are generated
de novo at prospective cargo remains unknown.
Phagophore formation in situ would require recruit-
ment of the upstream autophagy machinery to
prospective cargo. Here, we show that, essential
for anti-bacterial autophagy, the cargo receptor
NDP52 forms a trimeric complex with FIP200 and
SINTBAD/NAP1, which are subunits of the auto-
phagy-initiating ULK and the TBK1 kinase complex,
respectively. FIP200 and SINTBAD/NAP1 are each
recruited independently to bacteria via NDP52, as
revealed by selective point mutations in their respec-
tive binding sites, but only in their combined pres-
ence does xenophagy proceed. Such recruitment
of the upstream autophagy machinery by NDP52 re-
veals how detection of cargo-associated ‘‘eat me’’
signals, induction of autophagy, and juxtaposition
of cargo and phagophores are integrated in higher
eukaryotes.

INTRODUCTION

Macroautophagy, a major degradative pathway in eukaryotic

cells, is essential for cellular homeostasis. Upon induction of

macroautophagy, for example, by starvation, cells deploy a hier-

archy of autophagy genes (ATGs) to generate phagophoremem-

branes, which, during their maturation into autophagosomes,

entrap cytosol and cytosolic organelles for subsequent delivery

to lysosomes (Dikic and Elazar, 2018; Mizushima et al., 2011).

In contrast to starvation-induced macroautophagy, which de-

grades cytosolic components indiscriminately, selective auto-

phagy relies on cargo receptors that detect ‘‘eat me’’ signals
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associated specifically with cargo destined for degradation

(Boyle and Randow, 2013; Stolz et al., 2014). In addition to eat

me signals, cargo receptors also bind LC3 and GABARAP pro-

teins, a family of ubiquitin-like proteins associated with phago-

phores via lipid anchors, which enables the selective uptake of

cargo through juxtaposition with phagophore membranes (Slo-

bodkin and Elazar, 2013).

An important function of selective macroautophagy is the

protection of the host cytosol from bacterial invasion by, for

example, Salmonella enterica serovar Typhimurium (S. Typhimu-

rium), an enterobacterium that causes more than 100 million

infections and 150,000 deaths annually (Benjamin et al., 2013;

Deretic et al., 2013; Majowicz et al., 2010; Randow et al.,

2013). Upon contact with host cells, S. Typhimurium establishes

its primary intracellular niche in a membrane-surrounded organ-

elle known as the Salmonella-containing vacuole (SCV), either

upon phagocytosis or by injecting effector proteins through a

type III secretion system into otherwise non-phagocytic cells.

To enter the host cytosol, where S. Typhimurium proliferates

vigorously unless antagonized by xenophagy, bacteria need to

cross the limiting SCV membrane, a process that causes exten-

sive membrane damage and thereby exposure of host glycans

otherwise hidden inside the SCV (Paz et al., 2010; Thurston

et al., 2012). Glycan exposure triggers accumulation of

galectin-8 on damaged SCVs, an eat me signal, and ligand for

the cargo receptor NDP52 (Thurston et al., 2009, 2012). Subse-

quent to cytosolic entry, a second type of eat me signal is gener-

ated by LUBAC (Noad et al., 2017; van Wijk et al., 2017),

LRSAM1 (Huett et al., 2012), PARKIN (Manzanillo et al., 2013),

and other host E3 ubiquitin ligases, which coat the bacterial sur-

face with poly-ubiquitin for detection by multiple ubiquitin-bind-

ing cargo receptors, including NDP52 (Thurston et al., 2009),

optineurin (Wild et al., 2011), and p62 (Zheng et al., 2009).

The current model of selective autophagy emphasizes the

importance of cargo receptors, which, by binding eat me signals

and LC3/GABARAP family members, achieve selectivity through

juxtaposing cargo and phagophores (Svenning and Johansen,

2013). In contrast, the specific contribution of the phagophore-

generating upstream ATGs for selective autophagy is less well

understood (Mercer et al., 2018). Although essential for all forms

of selective autophagy, it remains unclear whether the upstream
ory of Molecular Biology. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. NDP52-Dependent Recruitment of the ULK Complex to
S. Typhimurium Is Required for Restriction of Bacterial Proliferation

(A) HeLa cells transfected with the indicated siRNAs were infected with

S. Typhimurium. Colony-forming unit assay was used to assess the prolifer-

ation of bacteria over time. Data are depicted as fold proliferation of bacteria at

8 h versus 2 h post infection (p.i.). Mean ± SEM of at least three independent

experiments is shown.

(B) HeLa cells transfected with the indicated siRNAs were infected with

S. Typhimurium. Colony-forming unit assay was used to assess the prolifer-

ation of bacteria over time. Data are depicted as fold proliferation of bacteria at

8 h versus 2 h post infection (p.i.). Mean ± SEM of at least three independent

experiments is shown.

(C–E) HeLa cells infected withS. Typhimuriumwere fixed at 1 h p.i. and stained

for endogenous NDP52 and ATG13 (C) or ATG13 alone (D and E).

(C) A representative confocal micrograph is depicted. DAPI signal in inset

represents bacteria.

(D) HeLa cells transfected with the indicated siRNAs were infected with

S. Typhimurium. The frequency of ATG13-positive bacteria in cells transfected

with the indicated siRNAs was enumerated on a wide-field microscope by eye.

(E) The frequency of ATG13-positive bacteria in cells transfected with the

indicated siRNAs was enumerated on a wide-field microscope by eye.

Mean ± SD from two independent experiments. *p < 0.05; **p < 0.01; one-way

ANOVA with Dunnett’s multiple comparisons test. Scale bar, 10 mm.
autophagy machinery produces phagophores on demand near

the prospective cargo or whether cargo receptors recruit phag-

ophores from a constitutive pool. Consistent with phagophore

formation occurring in the vicinity of the prospective cargo is

the occurrence near S. Typhimurium of certain upstream auto-

phagy components, such as FIP200, a subunit of the auto-

phagy-initiating ULK complex, the PI3P-binding proteins WIPI1

and WIPI2, and the E3-like ATG5/12/16 complex (Dooley et al.,

2014; Kageyama et al., 2011; Thurston et al., 2016). Precisely
how bacteria recruit the upstream autophagymachinery remains

unknown, although cargo receptors have been implicated in

recruitment of phospho-ULK1 to damaged mitochondria (Laz-

arou et al., 2015). However, the substantial redundancy that

exists among cargo receptors during mitophagy precluded

the straightforward ascription of function to any given cargo

receptor.

Here, we show that the cargo receptor NDP52 forms a trimeric

complex with FIP200 and SINTBAD/NAP1, subunits of the

autophagy-initiating ULK and the TBK1 kinase complex, respec-

tively, which explains how galectin-8-positive membrane frag-

ments, via NDP52, recruit the upstream autophagy machinery

to S. Typhimurium. NDP52 alleles that bind only FIP200 or

SINTBAD/NAP1 do not promote progression of anti-bacterial

autophagy, as demonstrated by lack of WIPI and LC3 recruit-

ment to bacteria, revealing that recruitment of the upstream

autophagy machinery to its prospective cargo by NDP52 is

essential for anti-bacterial autophagy driven by galectin-8.

Selective autophagy is therefore coordinated by receptor and

adaptor functions of NDP52, which detects eat me signals and

recruits the autophagy-initiating ULK and TBK1 kinase com-

plexes to foster phagophore formation in close proximity to

cargo before, ultimately, crosslinking phagophores and cargo.

RESULTS

The Autophagy-Initiating ULK Complex Is Essential for
Anti-bacterial Autophagy
Macroautophagy restricts the proliferation of cytosol-invading

S. Typhimurium, but information remains sparse on the specific

function of upstream core ATGs in this process. Because

FIP200, a vertebrate-specific subunit of the autophagy-initiating

ULK kinase complex, is required for anti-bacterial autophagy

(Kageyama et al., 2011), we investigated whether other compo-

nents of the ULK complex are similarly needed to restrict bacte-

rial proliferation. We infected cells depleted of specific subunits

of the ULK complex with S. Typhimurium and found that those

lacking FIP200, ATG101, or ATG13 failed to antagonize bacterial

proliferation (Figures 1A and S1A). Although cells depleted of the

kinase ULK1 displayed a relatively modest increase in bacterial

proliferation, and depletion of ULK2 alone had no effect, com-

bined depletion of both ULK1 and ULK2 resulted in a synergistic

hyper-proliferation phenotype (Figures 1B, S1A, and S1B). We

conclude that the ULK complex requires all of its structural and

regulatory subunits, in addition to at least one kinase subunit,

to enable its anti-bacterial function.

Having established an essential function for the ULK complex

in anti-bacterial autophagy, we asked whether the ULK complex

is recruited to cytosol-invading bacteria or whether it can

execute its essential role in host defense in locations distant

from the invader. We therefore monitored the localization of

the ULK complex subunit ATG13 upon infection using an anti-

body against the endogenous protein. We observed recruitment

of ATG13 to NDP52-positive, i.e., cytosol-exposed, S. Typhimu-

rium (Figures 1C and 1D) and found that such recruitment specif-

ically required both the autophagy cargo receptor NDP52 (Fig-

ures 1D and S1C) and its cognate binding protein galectin-8

(Figure 1E). The recruitment of ATG13 to cytosol-invading
Molecular Cell 74, 320–329, April 18, 2019 321
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Figure 2. NDP52 Binds FIP200 and Recruits

It to Cytosolic S. Typhimurium

(A) The indicated Luciferase-tagged constructs

were expressed in HEK293ET cells and assessed

for their ability to bind glutathione S-transferase

(GST):NDP52 purified from E. coli in a LUMIER

assay.

(B) The indicated C-terminal fragments of GST:

FIP200 were expressed in E. coli and assessed

for their ability to bind Luciferase:NDP52 from

HEK293ET cell lysate by LUMIER assay.

(C and D) Bacterially expressed (C) FIP200 frag-

ments or (D) NDP52 were assessed for their ability

to bind endogenous NDP52 or FIP200, respec-

tively, from HeLa cell lysates. Input = 10%.

(E–G) Either (E) HeLa cells expressing

FIP200DN1115:GFP alone or (F andG) transfected

with the indicated siRNAs were infected with

S. Typhimurium, fixed at 1 h p.i., and stained for

endogenous NDP52.

(E) A representative confocal micrograph is de-

picted.

(F) The frequency of FIP200-positive bacteria was

enumerated on a wide-field microscope by eye.

Data in (A) and (B) are expressed as fold binding

relative to GST alone. Data are from a single

experiment representative of at least two (A–D)

or mean ± SD of 2 independent experiments

(F and G). **p < 0.01; one-way ANOVA with Dun-

nett’smultiple comparisons test. Scale bar, 10 mm.
bacteria by NDP52 suggests that this cargo receptor not only en-

forces proximity between phagophores and cargo, a function

ubiquitously performed by all cargo receptors, but in addition

may control upstream steps in selective autophagy, possibly

even the induction of phagophore formation.

NDP52 Binds FIP200
To investigate potential upstream roles of NDP52 in selective

autophagy, we searched for novel NDP52 interactors by yeast

two-hybrid technology. Among 42 clones analyzed, we identified

SINTBAD (n = 4) and NDP52 itself (n = 6), two proteins known to

bind NDP52 (Thurston et al., 2009), as well as the novel interactor

FIP200 (n = 11). We noticed that all FIP200 clones from the yeast

two-hybrid screen encoded N-terminally truncated FIP200, sug-

gesting NDP52 binds to the C terminus of FIP200. We confirmed

that the yeast two-hybrid fragment FIP200DN1115 bound

NDP52 using a LUMIER binding assay, and other subunits of

the ULK complex did not interact with NDP52 (Figures 2A and

S2A). Serial truncation of FIP200 revealed FIP200DN1351 as

the shortest FIP200 fragment still able to bind NDP52; further

truncation of FIP200 (FIP200DN1441) abrogated the interaction

(Figure 2B). Binding of FIP200DN1351 and DN1115 to NDP52

was confirmed in cell lysates (Figure 2C), as was the interaction

of full-length FIP200 with NDP52 (Figures 2D and S2B).

NDP52 Recruits FIP200 to Cytosol-Invading
S. Typhimurium
When investigating the distribution of FIP200 in cells infected

with S. Typhimurium, we found that FIP200 colocalized with

NDP52-positive bacteria (Figure 2E). Similar to ATG13, recruit-
322 Molecular Cell 74, 320–329, April 18, 2019
ment of FIP200 to bacteria did not require p62 nor Optineurin

but was reliant upon NDP52 (Figure 2F) as well as galectin-8 (Fig-

ure 2G). Our data reveal that FIP200 is recruited into bacterial

proximity by galectin-8 andNDP52, i.e., as a direct consequence

of damage to the limiting membrane of bacteria-containing vac-

uoles rather than due to ubiquitin deposition around bacteria.

The binding of FIP200 to and its recruitment by NDP52 to

cytosol-invading bacteria suggest an important new function

for NDP52 in selective autophagy, namely that it induces anti-

bacterial autophagy in situ by recruiting the autophagy-initiating

ULK complex for phagophore formation at prospective auto-

phagy cargo.

A Trimeric Complex of FIP200, NDP52, and
NAP1/SINTBAD
NDP52 comprises a long central coiled coil domain, flanked by

an N-terminal SKICH domain and a C-terminal zinc finger (Fig-

ure 3A). We localized the FIP200 binding site in NDP52 by delet-

ing the flanking domains and found that NDP52 requires its

SKICH domain, but not its zinc finger, to interact with FIP200

(Figures 3B and S3A).

In addition to FIP200, the SKICH domain of NDP52 also inter-

acts with SINTBAD and NAP1, two closely related TBK1 adap-

tors (Bouwmeester et al., 2004; Ryzhakov and Randow, 2007;

Thurston et al., 2009), suggesting the potential for direct physical

interaction between the TBK1 adaptors and FIP200. We there-

fore tested in a LUMIER binding assay whether NAP1 and

SINTBAD also engage FIP200. Indeed, SINTBAD and to a lesser

degree NAP1, but not the more distantly related TBK1 adaptor

TANK, bound the C terminus of FIP200 (Figures 3C and S3B).
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Figure 3. FIP200 Binds the TBK1 Adaptor

Proteins SINTBAD and NAP1

(A) Domain structure of NDP52. CLIR, LC3C-

specific LC3-interacting region; GIR, galectin-8-

interacting region; ZnF, zinc fingers.

(B) Bacterially expressed GST-FIP200DN1115

was assessed for binding to the indicated Lucif-

erase-tagged proteins fromHEK293ET cell lysates

by LUMIER assay. Data are from a single experi-

ment representative of at least two independent

experiments.

(C) Bacterially expressed GST-FIP200DN1115

was assessed for binding to the indicated Lucif-

erase-tagged proteins fromHEK293ET cell lysates

by LUMIER assay. Data are from a single experi-

ment representative of at least two independent

experiments.

(D) Bacterially expressed GST-FIP200DN1115

was assessed for binding to the indicated Lucif-

erase-tagged proteins fromHEK293ET cell lysates

by LUMIER assay. Data are from a single experi-

ment representative of at least two independent

experiments.

(E) Alignment of the di-aliphatic amino-acid-con-

taining regions of the indicated yeast cargo re-

ceptors and human SINTBAD and NAP1.

Conserved residues within the motif are in red.

(F) Bacterially expressed GST-FIP200DN1115

was assessed for binding to the indicated Lucif-

erase-tagged proteins fromHEK293ET cell lysates

by LUMIER assay. Data are from a single experi-

ment representative of at least two independent

experiments.

(G) The indicated FLAG-tagged constructs were

expressed in HeLa cells, immunoprecipitated, and

assessed for their ability to bind endogenous

FIP200. Data are from a single experiment repre-

sentative of three.

(H) GST-FIP200DN1115 was assessed for its

ability to bind Luciferase:NDP52 in the presence or

absence of the indicated amounts of bacterial ly-

sates containing SINTBADaa5-85, NAP1aa5-75,

or mock by LUMIER assay. Data are expressed as

fold binding relative to GST alone and are from a

single experiment representative of three.
Further analysis revealed that binding to FIP200 was abrogated

upon deletion of the N-terminal fifteen, but not the N-terminal

five, amino acids in SINTBAD (Figures 3D and S3C). Residues

5–15 in SINTBAD are therefore essential for the interaction with

FIP200. Although FIP200 is not encoded in fungal genomes, its

C-terminal domain is homologous to ATG11 (Ohashi and Munro,

2010), a protein essential for selective autophagy in yeast.

ATG11 binds a di-aliphatic motif in ATG30, ATG36, and

ATG19, the cargo receptors for mitophagy, pexophagy, and

the autophagy-related cytosol to vacuole targeting (CVT)

pathway, respectively (Farré et al., 2013). We noticed a similar

di-aliphatic motif in the N terminus of NAP1 and SINTBAD (Fig-

ure 3E) and found that the motif is essential for the interaction
of SINTBADwith FIP200, when tested against either a C-terminal

fragment (Figures 3F and S3D) or the endogenous full-length

protein (Figure 3G). We conclude that binding to a di-aliphatic

motif is an evolutionarily conserved feature of ATG11/FIP200.

To test whether FIP200 binds NDP52 and NAP1/SINTBAD

simultaneously, we performed LUMIER binding experiments

with bacterially expressed proteins (Figures 3H, S2, and S3E).

Titration of SINTBADaa5–85 or NAP1aa5–75 into reactions contain-

ing GST:FIP200DN1115 and luciferase:NDP52 resulted in bell-

shaped binding curves, indicating the formation of trimeric

FIP200-NDP52-SINTBAD or FIP200-NDP52-NAP1 complexes,

respectively, at low to moderate SINTBAD or NAP1 con-

centration that were out-titrated when SINTBAD or NAP1
Molecular Cell 74, 320–329, April 18, 2019 323
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Figure 4. Identification of the Binding Sites

for SINTBAD/NAP1 and FIP200 in the

NDP52 SKICH Domain

(A) GST:FIP200DN1115 was assessed for its

ability to bind the indicated Luciferase-tagged

proteins from HEK293ET cell lysates by LUMIER

assay. Data are expressed as fold binding relative

to GST alone and are from a single experiment

representative of at least two.

(B) Crystal structure of NDP52 SKICH domain with

proposed binding residues highlighted.

(C) The indicated FLAG-tagged proteins were

assessed for their ability to bind the indicated

Luciferase:NDP52 proteins from HEK293ET cell

lysates by LUMIER assay. Data are from a single

experiment representative of three independent

experiments.

(D) GST:FIP200DN1115 was assessed for its

ability to bind the indicated Luciferase-tagged

proteins from HEK293ET cell lysates by LUMIER

assay. Data are expressed as fold binding relative

to GST alone and are from a single experiment

representative of at least two.

(E) Schematic of NDP52 SKICH domain crystal

structure with residues required for binding to

FIP200 in red.

(F) GST:FIP200DN1115was assessed for its ability

to bind the indicated Luciferase-tagged proteins

from HEK293ET cell lysates by LUMIER assay.

Data are expressed as fold binding relative to GST

alone and are from a single experiment represen-

tative of at least two.
concentrations were raised further. These data reveal the exis-

tence of a trimeric protein complex, in which the cargo receptor

NDP52 binds simultaneously to theULK complex subunit FIP200

and the TBK1 adaptors SINTBAD/NAP1 and potentially recruits

two kinase complexes essential for anti-bacterial autophagy into

the vicinity of cytosol-invading bacteria.

Identification of the Binding Surfaces for FIP200 and
NAP1/SINTBAD in the NDP52 SKICH Domain
In order to investigate the functional importance of NDP52 in re-

cruiting and juxtaposing FIP200 and NAP1/SINTBAD, we next

identified residues essential for the interaction of individual sub-

units in the trimeric NDP52-FIP200-NAP1/SINTBAD complexes.

To identify NDP52SKICH domain residues specifically interacting

with FIP200 and NAP1/SINTBAD, we compared the ability of
324 Molecular Cell 74, 320–329, April 18, 2019
NDP52 and its paralogs TAX1BP1 and

CALCOCO1 to bind FIP200. NAP1 and

SINTBAD are known to interact with

NDP52 and TAX1BP1, but not with

CALCOCO1 (Thurston et al., 2009). An

identical binding pattern was observed

for FIP200 (Figures 4A and S4A). Amino

acids conserved in the SKICH domains

of NDP52 and TAX1BP1 but deviant in

the non-binding CALCOCO1 are there-

fore candidate residues for controlling

SKICH binding to FIP200 and NAP1/
SINTBAD (Figure S4B). Mapping candidate residues onto the

NDP52SKICH structure (von Muhlinen et al., 2012) revealed two

clusters of candidate residues located on opposite faces of

the domain (Figure 4B). We next tested the contribution of candi-

date residues to FIP200 and NAP1/SINTBAD binding by gener-

ating NDP52 alleles into which the corresponding CALCOCO1

residues had been introduced. We found that NDP52A119Q failed

to bind NAP1 or SINTBAD, although NDP52I24N, NDP52Y70H, and

NDP52Y96S still interacted (Figures 4C and S4C). NDP52A119Q
also did not promote the formation of trimeric FIP200-NDP52-

SINTBAD or FIP200-NDP52-NAP1 complexes (Figure S4D). In

contrast, binding to FIP200 was maintained in NDP52I24N and

NDP52A119Q but strongly reduced in NDP52Y70H and NDP52Y96S
(Figure 4D). We noticed that, in close proximity to residues

essential for FIP200 binding, several surface-exposed aromatic
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Figure 5. Identification of the Binding Site for SINTBAD/NAP1 in

FIP200

(A and B) Bacterially expressed (A) GST:SINTBADaa5-85 or (B) GST:NDP52

were assessed for their ability to bind the indicated FIP200DN1115:Luciferase

proteins from HEK293ET cell lysates by LUMIER assay.

(C) GST:SINTBADaa5–85 orGST:NAP1aa5–75was assessed for their ability to

bind the indicated FIP200DN1115-Luciferase proteins from HEK293ET cell

lysates by LUMIER assay. Data are expressed as binding relative to GST only

versus FIP200DN1115 wild-type (WT):Luciferase and are from a single

experiment representative of (A and B) two or (C) three.
residues occur, which also may contribute to the interaction

(Figure 4E). Indeed, LUMIER binding assays revealed that

NDP52F72A, NDP52Y97A, as well as NDP52E68K and NDP52K100E,

but not NDP52K64E, failed to bind FIP200 (Figures 4F and S4C).

Taken together, our data show that residues required for the

binding of FIP200 and NAP1/SINTBAD are located on opposite

faces of theNDP52 SKICHdomain, consistent with the formation

of trimeric FIP200-NDP52-NAP1/SINTBAD complexes. We

conclude that we identified distinct binding sites for FIP200

and NAP1/SINTBAD in the SKICH domain of NDP52 and that

we are in the possession of alleles that selectively abrogate bind-

ing of NDP52 to either FIP200 or NAP1/SINTBAD.

Identification of the Binding Surface for NAP1/SINTBAD
in FIP200
To identify residues in FIP200 essential for the binding of NAP1/

SINTBAD and NDP52, we performed hydrogen-deuterium-ex-

change mass spectrometry (HDX-MS) using purified proteins

(Figure S5A). A dataset of 42 peptides, providing 100% peptide

coverage of FIP200DN1441 with a mean redundancy of 3.5 pep-

tides per amino acid was obtained (mean SD between technical

replicates was 0.99%). Upon incubation with SINTBADaa8–85 and

NDP52aa20–127, a significant reduction in solvent exchange rate

for FIP200DN1441 occurred between residues 1,557 and

1,582, with peptide 1,568–1,582 exhibiting a 14% ± 1% reduc-

tion in exchange rate (1.7 ± 0.1 Da; Figures S5B and S5C).

Reductions in exchange rate also occurred in various peptides

between residues 1,462 and 1,480. To test whether protec-

tion from HDX resulted directly from binding to NDP52 or

SINTBAD, we performed LUMIER binding assays with mutant

FIP200DN1115 alleles. Alleles designed based on the HDX pro-

tection of FIP2001,462–1,468 did not differ significantly in binding to

either NDP52 or SINTBAD (Figures 5A and 5B). However, alleles

designed based on the HDX protection of FIP2001,567–1,576,

namely FIP200N1572S, FIP200N1574S, and FIP200V1576S, selec-

tively failed to interact with SINTBAD (Figure 5B). The same

alleles also lost the ability to bind NAP1 (Figure 5C). We conclude

that we have identified FIP200 alleles that selectively fail to bind

the TBK1 adaptors NAP1 and SINTBAD while maintaining their

binding to NDP52.

Anti-bacterial Autophagy Requires NDP52 to Recruit
Both FIP200 and NAP1/SINTBAD
The identification of NDP52 alleles specifically impaired in bind-

ing to either FIP200 or to NAP1/SINTBAD, as well as of FIP200

alleles specifically lacking the ability to bind NAP1/SINTBAD,

enabled us to interfere with individual protein-protein interac-

tions in the FIP200-NDP52-SINTBAD/NAP complex in order to

mechanistically dissect the contribution of its components to

anti-bacterial autophagy.

Recruitment of FIP200 and SINTBAD to S. Typhimurium re-

quires NDP52, as demonstrated by small interfering RNA

(siRNA)-mediated depletion of NDP52 from cells and comple-

mentation with wild-type NDP52 (Figures 6A, 6B, and S6A–

S6C). In contrast, complementation with NDP52Y96S (deficient in

binding FIP200) or NDP52A119Q (deficient in binding SINTBAD/

NAP1) selectively failed to restore FIP200 or SINTBAD recruit-

ment, respectively. We conclude that binding to NDP52 is
Molecular Cell 74, 320–329, April 18, 2019 325
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Figure 6. Xenophagy Requires Simulta-

neous Recruitment of the ULK and

SINTBAD/NAP1 Complexes to Cytosolic

Bacteria via NDP52

(A–D) HeLa cells stably expressing (A)

FIP200DN1115:GFP, (B) GFP:SINTBAD, (C)

GFP:WIPI1, or (D) GFP:LC3B either alone (�) or

together with the indicated NDP52 alleles were

transfected with either control or NDP52 siRNA

and infected with mCherry-S. Typhimurium for 1 h.

Cells were fixed, and the recruitment of GFP-tag-

ged proteins to S. Typhimurium was enumerated

on a wide-field microscope by eye. Data are

mean ± SEM of three independent experiments

(A and B), mean ± SD of 2 independent experi-

ments (C), or representative of at least two inde-

pendent experiments (D). *p < 0.05; **p < 0.01;

one-way ANOVA with Dunnett’s multiple com-

parisons test.
essential for the recruitment of FIP200 and SINTBAD to cytosol-

invading S. Typhimurium, and contact between FIP200 and

SINTBAD is not required. The non-essential nature of contacts

between FIP200 and SINTBADwas confirmed by the unimpaired

recruitment to S. Typhimurium of FIP200 alleles unable to bind

SINTBAD, i.e., FIP200F1574S and FIP200V1576S (Figure S6D).

To test for the functional consequences of NDP52 selectively

failing to bind FIP200 or SINTBAD, we investigated the recruit-

ment of components of the downstream autophagy machinery

to S. Typhimurium in cells complemented with appropriate

NDP52 alleles. Recruitment of the phagophore-associated,

phosphatidylinositol 3-phosphate (PI3P)-binding protein WIPI1

to S. Typhimurium required NDP52, but not p62 or Optineurin

(Figures S6A and S6E), a phenotype that was complemented

by expression of wild-type NDP52, but not NDP52Y96S or

NDP52A119Q (Figure 6C). Cells lacking NDP52 also failed to re-

cruit LC3B, a marker of the phagophore membrane (Figures

6D and S6A). Similar to WIPI1, complementation with wild-type

NDP52, but not NDP52Y96S or NDP52A119Q, restored LC3B

recruitment to S. Typhimurium. Taken together, we conclude
326 Molecular Cell 74, 320–329, April 18, 2019
that FIP200 and SINTBAD/NAP1 are re-

cruited independently by NDP52 to

cytosol-invading S. Typhimurium but

that anti-bacterial autophagy only pro-

gresses when NDP52 simultaneously re-

cruits both proteins to S. Typhimurium.

Phagophore Formation In Situ at
Cytosol-Invading S. Typhimurium
The requirement for NDP52 to recruit the

autophagy-initiating ULK complex to

cytosol-invading bacteria suggests that

NDP52 initiates anti-bacterial autophagy

in situ, thus offering an unprecedented

opportunity to visualize the early steps of

selective autophagy in mammalian cells.

Structural illumination microscopy, a

superresolution technique, revealed that
galectin-8, a protein that marks the damaged membrane rem-

nants of former Salmonella-containing vacuoles, colocalizes

tightly with the cargo receptor NDP52 and the ULK complex sub-

unit FIP200 (Figure 7A). Together with biochemical evidence pre-

sented earlier, these data suggest that galectin-8 positions

NDP52 adjacent to damaged endomembranes, to which it re-

cruits the ULK complex as visualized by FIP200. To investigate

the precise localization of the phagophore membrane with

respect to the NDP52-FIP200-positive structures, an antibody

against endogenous WIPI2 was used. WIPI2 was recruited to

the same bacteria that were positive for NDP52 and FIP200.

However, the distribution of WIPI2 and NDP52/FIP200 in the

bacterial vicinity was distinct (Figure 7B), thus demonstrating

the discrete nature of PI3P-positive phagophore membranes

and damaged SCVs. Galectin-8, NDP52, and FIP200 usually

marked large-membrane patches (Figure 7A), consistent with

the nature of broken SCVs, and WIPI2 often formed multiple

discontinuous patches around S. Typhimurium (Figure 7B).

WIPI2 patches frequently appeared as circular structures

(yellow arrowheads in Figure 7B), reminiscent of omegasomes,
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Figure 7. Recruitment of the ULK Complex

to Damaged SCV Membranes Initiates

Phagophore Formation In Situ

(A and B) HeLa cells stably expressing

FIP200DN1115:GFP were infected with BFP-S.

Typhimurium for 1 h, fixed, and stained with (A)

anti-galectin-8 and anti-NDP52 antibodies or (B)

anti-NDP52 and anti-WIPI2 antibodies. Images

were acquired by super-resolution microscopy

and are shown as maximum intensity projections.

Yellow arrowheads denote WIPI2-positive ome-

gasome-like structures. Scale bars, 1 mm.
indicating that multiple phagophores may form simultaneously

adjacent to a single bacterium.

DISCUSSION

The specificity of selective autophagy relies on cargo receptors

that juxtapose prospective cargo and phagophores, implying

that phagophores are an essential pre-requisite for selective

autophagy. However, whether during selective autophagy cargo

receptors recruit phagophores from a constitutive pool or deploy

phagophores generated de novo by the autophagy machinery

near the prospective cargo had remained unknown. Here, we

show that the recruitment of the upstream autophagy machinery

to cytosol-invading bacteria by the cargo receptor NDP52 is

essential for phagophore formation and anti-bacterial autophagy

(Figure S7). NDP52 forms a trimeric complex with FIP200 and

SINTBAD/NAP1, components of the autophagy-initiating ULK

complex and the TBK1 kinase complex, respectively, whose

combined presence in the bacterial vicinity is required for anti-

bacterial autophagy, including the generation of small donut-

shaped WIPI structures reminiscent of omegasomes. We

conclude that NDP52 provides specificity to selective autophagy

at two stages, initially via the recruitment of the upstream auto-

phagy machinery to cargo, resulting in phagophore formation

and later via the juxtaposition of phagophores and cargo.
Mole
SIM superresolution microscopy re-

vealed tight colocalization of galectin-8,

NDP52, and FIP200, indicating their joint

recruitment onto membrane remnants of

damaged SCVs although, in contrast,

WIPI-2 structures that had formed on

the same bacterium were topologically

distinct and appeared in multiple posi-

tions and often as ring-shaped assem-

blies. The ring-shaped nature of WIPI-2

structures, reminiscent of omegasomes

(Roberts and Ktistakis, 2013), suggests

that multiple phagophores can form

in situ on a single bacterium, where they

may fuse subsequently to generate a

conventional double-membrane auto-

phagosome. The existence of multiple

phagophores on a single bacterium and

their requirement for membrane fusion
may explain how bacteria sometimes become entrapped in

onion-like layers comprised of multiple autophagosomal mem-

branes (Zheng et al., 2009).

Cargo receptors are a heterogeneous group of proteins,

defined only functionally through their ability to bind members

of the LC3/GABARAP family and to sense eat me signals. Indi-

vidual cargo receptors contain additional domains for potentially

unique contributions to selective autophagy, consistent with the

identification of FIP200 as a binding partner of NDP52. NDP52

engages FIP200 with its N-terminal SKICH domain, the same

domain that also binds the TBK1 adaptors NAP1 and SINTBAD.

We have presented biochemical evidence for the formation of a

trimeric complex, in which FIP200 and SINTBAD/NAP1 bind to

each other as well as to distinct sites in the NDP52SKICH domain.

The FIP200 binding patch in NDP52SKICH is formed by several ar-

omatic and charged residues (Y70, F72, Y96, Y97, E68, and

K100), which provide a continuous binding surface. The NAP1/

SINTBAD binding site is located on the opposite face of the

NDP52SKICH domain based on themutational analysis presented

here. Mutants in the two binding sites demonstrate that NDP52

recruits FIP200 and SINTBAD/NAP1 independently to cytosol-

invading S. Typhimurium and that their combined presence is

required for the progression of autophagy. In contrast, interfer-

ence with binding of FIP200 to SINTBA/NAP1 did not affect

recruitment of either protein to S. Typhimurium, suggesting
cular Cell 74, 320–329, April 18, 2019 327



that their direct interaction is not essential for their localization

and thus may have other functions. Di-aliphatic motifs similar

to the FIP-interacting region (FIR) of NAP1/SINTBAD also occur

in ATG19, ATG30, and ATG32, all cargo receptors for selective

autophagy in yeast, as well as in CCPG1, a non-canonical cargo

receptor essential for selective autophagy of endoplasmic retic-

ulum in vertebrates (Farré et al., 2013; Smith et al., 2018). Identi-

fying the consensus FIR motif, based on further biochemical

analysis and structural studies of the known FIP200/ATG11 in-

teractors, may enable the detection of additional proteins with

FIR motifs, for example, in novel or known cargo receptors and

in other regulators of upstream autophagy.

Although the recruitment of FIP200 via NDP52SKICH is essen-

tial for anti-bacterial autophagy, FIR-mediated recruitment of

FIP200 may dominate or at least contribute significantly to the

uptake of other autophagy cargoes. A similar situation exists

for TBK1, whose recruitment in anti-bacterial autophagy is

also mediated by NDP52SKICH through the TBK1 adaptors

SINTBAD and NAP1, and the direct interaction of TBK1 with

the cargo receptor Optineurin may be equally or more important

for other cargoes (Morton et al., 2008; Wild et al., 2011). Signif-

icant flexibility therefore seems to exist in how cargo receptors

recruit the upstream autophagy machinery, thus explaining

why, under certain conditions, cargo receptors contribute to

autophagy in a redundant fashion. In mitophagy, for example,

where cargo receptors are at least partially redundant, mito-

chondria associated eat me signal(s) are sufficient to recruit

multiple cargo receptors, which then engage the upstream

autophagy machinery via a network of interactions (Lazarou

et al., 2015). In anti-bacterial autophagy, when triggered by

glycan exposure and galectin-8 accumulation on damaged en-

domembranes, NDP52 is essential for autophagy progression

and the upstream autophagy machinery is engaged in a unique

and non-redundant manner. Subsequently, once the bacterial

ubiquitin coat develops, it provides additional eat me signals

for the recruitment of other cargo receptors that can engage

the autophagy machinery via a network of interactions, similar

to mitophagy.

NDP52 is thus a multi-functional cargo receptor, capable of

controlling each of the distinct phases of selective autophagy,

i.e., cargo recognition (Thurston et al., 2009, 2012), initiation of

autophagy (this study), bridging of cargo with the phagophore

membrane (von Muhlinen et al., 2012), and, lastly, maturation

of the autophagosome (Tumbarello et al., 2012; Verlhac et al.,

2015) It remains to be seen whether NDP52 retains further undis-

covered functions andwhether other cargo receptors are equally

multi-functional or perform more specialized roles.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-NDP52 Abcam Cat# ab68588; RRID:AB_1640255

Rabbit polyclonal anti-NDP52 Gift from John Kendrick-Jones

(LMB, Cambridge)

N/A

Mouse polyclonal anti-NDP52 Abnova Cat# H00010241-B01P; RRID:AB_1571984)

Rabbit polyclonal anti-Beta Actin Abcam Cat# ab8227; RRID:AB_2305186

Rabbit monoclonal anti-ATG13 (E1Y9V) Cell Signaling Tehnology Cat# 13468

Rabbit polyclonal anti-FIP200 ProteinTech Cat# 10043-2-AP; RRID:AB_2253571

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat# F1804; RRID:AB_262044

Goat polyclonal anti-Galectin8 R and D Systems Cat# AF1305; RRID:AB_2137229

Rabbit polyclonal anti-ATG101 Sigma Aldrich Cat# SAB4200175; RRID:AB_10640756)

Mouse monoclonal anti-Renilla Luciferase

clone 5B11.2

Merck Millipore Cat# MAB4400; RRID:AB_95116

Mouse monoclonal anti-ULK1 Santa Cruz Cat# sc-390904

Rabbit polyclonal anti-GFP Abcam Cat# ab290;RRID:AB_303395

Mouse anti-p62/SQSTM1 BD Transduction Laboratories Cat# 610832; RRID:AB_398151

Alexa-conjugated anti-mouse Thermo Fisher Scientific N/A

Alexa-conjugated anti-rabbit Thermo Fisher Scientific N/A

Alexa-conjugated anti-goat Thermo Fisher Scientific N/A

Bacterial and Virus Strains

Salmonella enterica serovar Typhimurium

strain 12023

Gift from David Holden (Imperial

College London)

N/A

S. Typhimurium pFPV25.1-mCherry This study

S. Typhimurium pFPV25.1-BFP This study

Chemicals, Peptides, and Recombinant Proteins

Lipofectamine RNAiMAX Thermo Fisher Scientific

VECTASHIELD HardSet Antifade Mounting

Medium with DAPI

Vector Laboratories Cat# H-1500

ProLong Gold Antifade Mountant Thermo Fisher Scientific Cat# P36930

Polyethylenimine (PEI) Polysciences Cat# 23966-2

Complete Protease Inhibitor Cocktail Roche Cat #4693116001

Gentamicin Thermo Fisher Scientific Cat #15750045

Glutathione 4b Sepharose GE Healthcare Life Sciences Cat #17-0756-01

Anti-FLAG M2 agarose resin Sigma Aldrich Cat #A2220

FLAG peptide Sigma Aldrich Cat #F3290

Critical Commercial Assays

Renilla Luciferase Assay Promega Cat #E2810

RNeasy Plus Mini Kit QIAGEN Cat# 74134

Amersham ECL GE Healthcare Life Sciences Cat# RPN2106

ProQuest Two-Hybrid System Cat# PQ10001-01

SuperScript III reverse transcriptase kit Thermo Fisher Scientific Cat# 18080093

Power SYBR qPCR green kit Applied Biosystems Cat# 4368577

Experimental Models: Cell Lines

HeLa American Tissue Culture Collection RRID:CVCL_0030

HEK293ET Lab strain RRID:CVCL_6996

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Stealth RNAi siRNA Negative Control, Med GC Thermo Fisher Scientific Cat# 12935300

Stealth siRNA NDP52 custom design

50-GGGAGACAGAGCUGCUUCAACUGAA

Thermo Fisher Scientific N/A

Stealth siRNA FIP200 Thermo Fisher Scientific Cat# HSS190643

Stealth siRNA ATG101 custom design

50- GACUGUGACUUCAUCGACUUCACUU

Thermo Fisher Scientific N/A

Stealth siRNA ATG13 custom design

50-CCAUGUGUGUGGAGAUUUCACUUAA

Thermo Fisher Scientific N/A

Stealth siRNA Galectin-8 Thermo Fisher Scientific Cat# HSS106038

Silencer Select Negative Control No. 1 Thermo Fisher Scientific Cat# 4390843

Silencer Select siRNA ULK1 Thermo Fisher Scientific Cat# s15964

Silencer Select siRNA ULK2 Thermo Fisher Scientific Cat# s18705

siRNA OPTN custom design

50-CCACCAGCUGAAAGAAGCCUU

Dharmacon N/A

siRNA p62/SQSTM1 Dharmacon Cat# D-010230-02-0005

Recombinant DNA

pETM30-FIP200 DN1115 This study N/A

pETM30-FIP200 DN1276 This study N/A

pETM30-FIP200 DN1351 This study N/A

pETM30-FIP200 DN1441 This study N/A

pETM30-FIP200 DN1480 This study N/A

pETM30-NDP52 This study N/A

pETM30-NDP52 20-127 This study N/A

pETM30-SINTBAD 5-85 This study N/A

pETM11-SINTBAD 5-85 This study N/A

pETM11 NAP1 5-75 This study N/A

M5P- FIP200 DN1115-Luciferase This study N/A

M5P-Luciferase-ATG101 This study N/A

M5P-Luciferase-ATG13 This study N/A

M5P-Luciferase-ULK1 This study N/A

M5P-Luciferase-ULK2 This study N/A

M5P-Luciferase-NDP52 This study N/A

M5P-Luciferase-NDP52 N420 This study N/A

M5P-Luciferase-NDP52 DN126 This study N/A

M5P-Luciferase-SINTBAD DN5 This study N/A

M5P-Luciferase-SINTBAD DN15 This study N/A

M5P-Luciferase-SINTBAD IL11-12SS This study N/A

M5P-Luciferase-CALCOCO1 This study N/A

M5P-Luciferase-TAX1BP1 This study N/A

M5P-Luciferase-NDP52 I24N This study N/A

M5P-Luciferase-NDP52 Y70H This study N/A

M5P-Luciferase-NDP52 Y96S This study N/A

M5P-Luciferase-NDP52 A119Q This study N/A

M5P-Luciferase-NDP52 K64E This study N/A

M5P-Luciferase-NDP52 E68K This study N/A

M5P-Luciferase-NDP52 F72A This study N/A

M5P-Luciferase-NDP52 Y97A This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

M5P-Luciferase-NDP52 K100E This study N/A

M5P-FIP200 DN1115 L1462A-Luciferase This study N/A

M5P-FIP200 DN1115 E1463A-Luciferase This study N/A

M5P-FIP200 DN1115 R1464A-Luciferase This study N/A

M5P-FIP200 DN1115 T1465A-Luciferase This study N/A

M5P-FIP200 DN1115 L1466A-Luciferase This study N/A

M5P-FIP200 DN1115 Q1467A-Luciferase This study N/A

M5P-FIP200 DN1115 L1468A-Luciferase This study N/A

M5P-FIP200 DN1115 A1567S-Luciferase This study N/A

M5P-FIP200 DN1115 N1572S-Luciferase This study N/A

M5P-FIP200 DN1115 F1574S-Luciferase This study N/A

M5P-FIP200 DN1115 V1576S-Luciferase This study N/A

M5P-FLAG-GFP This study N/A

M5P-FLAG-SINTBAD This study N/A

M5P-FLAG-SINTBAD IL11-12SS This study N/A

M5P-FLAG-NAP1 This study N/A

M6P-NDP52-IRES-PAC This study N/A

M6P-NDP52 Y96S-IRES-PAC This study N/A

M6P-NDP52 A119Q-IRES-PAC This study N/A

M6P-GFP-FIP200 DN1115-IRES-Bsr (BlasticidinR) This study N/A

M6P-GFP-SINTBAD-IRES-Bsr This study N/A

M6P-GFP-WIPI1-IRES-Bsr This study N/A

M6P-GFP-LC3B-IRES-Bsr This study N/A

Software and Algorithms

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

scientific-software/prism/

N/A

Zeiss ZEN https://www.zeiss.com/microscopy/

int/products/microscope-software/

zen-lite.html

N/A

aCOLyte3 https://www.synbiosis.com/acolyte-

software/

N/A

Proteome Discoverer https://www.thermofisher.com/

order/catalog/product/OPTON-30795

N/A

HD-Examiner Software http://massspec.com/hdexaminer/ N/A

Other

HIS-Trap chromatography cartridge Fisher Scientific Cat# 11773209

PD-10 desalting column GE Lifesciences Cat# 17-0851-01

MonoS cation exchange column GE Lifesciences Cat# 17518001

HiLoad 16/600 Superdex 75 column GE Lifesciences Cat# 28989333

Resource Q anion exchange column GE Lifesciences Cat# 17117701

Poroszyme Immobilized Pepsin cartridge Applied Biosystems Cat# 2-3131-00

Acquity 1.7 mm particle 100 mm x 1 mm C18

UPLC Column

Waters Cat# 186002346

Vivaspin concentrators, various molecular

weight cut-offs

Sartorius N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead Contact, Felix Randow (randow@mrc-lmb.cam.ac.uk).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HeLa and HEK293ET cells were grown in Iscove’s Modified Dulbecco’s Medium supplemented with 10% heat-inactivated (56�C for

30 min) fetal calf serum (FCS) and 30 mg/ml gentamicin at 37 �C in 5% CO2. Both HeLa and HEK293ET cells are of female origin.

Bacteria
S. Typhimurium (strain 12023), provided by D. Holden (Imperial College London), was grown overnight in Luria broth (LB), with

100 mg/ml ampicillin for those strains harboring fluorescent protein expression plasmids, and sub-cultured (1:33) in fresh LB for

3.5 h before infection. S. Typhimurium expressing either the fluorescent protein mCherry or BFP from a pFPV25.1 plasmid were

used where indicated.

METHOD DETAILS

Plasmids
M5P or closely related plasmids were used for both transient transfection and for the production of recombinant MLV for the stable

expression of proteins in mammalian cells (Randow and Sale, 2006). Open reading frames encoding human NDP52, CALCOCO1,

T6BP and LC3B were amplified by PCR from a human brain cDNA library. Plasmids harboring human FIP200, ULK1, ULK2,

ATG101, ATG13 and WIPI-1 were kindly provided by S. Tooze (Crick Institute, London, UK). SINTBAD, NAP1 and TANK have

been described before (Ryzhakov and Randow, 2007). The DN1115 and DN1351 N-terminal truncations of FIP200 were subcloned

from the Yeast-two-Hybrid hit plasmids. Further truncations of FIP200 (DN1276, DN1441 and DN1480) were amplified by PCR. All

further truncations and point mutations were introduced by PCR-mediated mutagenesis. pETM11 (for 6xHis tag) or pETM30 (for

6xHis-GST fusion tag) plasmids were used for bacterial protein expression.

Infection with S. Typhimurium and Colony Forming Unit Assay
HeLa cells, grown in 24-well format, were placed in antibiotic-free medium at least 30min prior to infection with 20 mLS. Typhimurium

subculture (diluted 1:5 in antibiotic-free IMDM/10% FCS) for 10 min at 37 �C. Following two washes with warm PBS, cells were

cultured in 100 mg/ml gentamycin for 1 h and 20 mg/ml gentamycin thereafter. To enumerate intracellular viable bacteria, cells

from triplicate wells were lysed in 1 ml PBS containing 0.1%Triton X-100 at either 2 h or 8 h post-infection. Serial dilutionswere plated

in duplicate on 5 cm LB agar plates and colonies allowed to develop overnight. The number of colonies per plate, lying within the

linear range of the assay, was enumerated using a colony counter apparatus and software (Acolyte, Synbiosis).

RNA interference
2 3 104 HeLa cells per well were seeded in 24-well plates. The following day, cells were transfected with either 66 pmol of Stealth

siRNA or 6 pmol of Silencer Select siRNA (Life Technologies) using Lipofectamine RNAiMAX (Life Technologies) in full medium. Me-

dium was replaced after 48 h. Experiments were performed after a total of 72h.

Microscopy
HeLa cells were grown on glass coverslips prior to infection. After infection, cells were washed with PBS and fixed in 4% paraformal-

dehyde/PBS for 20 min. Cells were washed twice in PBS, permeabilised in PBS/0.2% Triton X-100 for 5 min and blocked in PBS/2%

BSA for 30 min. Coverslips were incubated with primary followed by secondary antibodies for 1 h in PBS/2% BSA. Samples were

mounted in mounting medium with DAPI (Vector Laboratories) for confocal or Prolong Antifade mounting medium (Invitrogen) for

super resolution microscopy. Marker positive bacteria were enumerated by eye among at least 100 bacteria per coverslip using a

wide-field microscope. Confocal images were taken with a 3 63, 1.4 numerical aperture objective on either a Zeiss 710 or a Zeiss

780 microscope. Super resolution images were acquired using an Elyra S1 structured illumination microscope (Carl Zeiss Micro-

scopy Ltd, Cambridge, UK). The system has four laser excitation sources (405nm, 488nm, 561nm and 640nm) with fluorescence

emission filter sets matched to these wavelengths. SIM Images were obtained using a 63X 1.4 NA oil immersion lens with grating

projections at 3 rotations and 5 phases in accordance with the manufacturer’s instructions. The number of Z planes varied with sam-

ple thickness. Super resolution images were calculated from the raw data using Zeiss ZEN software.

Immunoprecipitation
For immunoprecipitation of endogenous protein with GST-fusion bait, glutathione 4b Sepharose beads were equilibrated in cold

(4�C) lysis buffer (10% glycerol, 20 mM Tris HCl pH7.4, 150 mM NaCl, 0.1% Triton X-100) with protease inhibitors (1 mM PMSF,

1 mM benzamidine, 1 mg/ml aprotinin, 5 mg/ml leupeptin and 1 mM DTT). The beads were incubated end-over-end with cleared

GST bacterial lysate for 2 h at 4�C and washed four times. HeLa cell lysate was obtained by lysing 3 3 10 cm tissue culture plates

of confluent HeLa cells and clearing by centrifugation at 13,000 rpm in benchtop centrifuge at 4�C. Supernatant was applied to GST

protein coupled beads, incubated end-over-end for 2-3 h at 4�C, washed and bound protein eluted with 100 mM glutathione in lysis

buffer.
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Western blotting
Cells were washed twice with ice-cold PBS and lysed in Mammalian Cell Lysis Buffer (20 mM Tris pH7.4, 150 mM NaCl, 1.0% Triton

X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 2 mg/ml aprotinin and 5 mg/ml leupeptin) before clearing by

centrifugation, addition of SDS loading buffer and heating to 95�C. Samples were then separated on 4%–12% denaturing gels

(Thermo Fisher), transferred to PVDF membrane (Millipore) and visualized by immuno-blotting using ECL detection reagents (Amer-

sham Bioscience).

LUMIER assay
For FLAG-basedLUMIERassays relevant FLAGandRenilla Luciferase fusionexpressionplasmidswerecotransfected intoHEK293ET

cells. Cells were lysed in LUMIER Lysis Buffer (20mMTris pH7.4, 150mMNaCl, 0.1%Triton X-100, 5%glycerol, 1 mMphenylmethyl-

sulfonyl fluoride (PMSF), 1 mMDTT, 1mMbenzamidine, 2 mg/ml aprotinin and 5 mg/ml leupeptin), supernatants cleared by centrifuga-

tion andFLAG-taggedproteins immobilisedon anti-FLAGM2agarose resin for 2 h at 4�C.Beadswerewashed four timeswith LUMIER

Lysis Buffer (without protease inhibitors) and protein elutedwith FLAGpeptide. The luciferase activity in the eluate was determined us-

ing a luminometer and a Renilla Luciferase Assay Kit (Promega) and fold binding compared to FLAG-GFP control was calculated.

For GST-based LUMIER assays GST-fusion proteins were expressed in E. coli and mechanically lysed in lysis buffer (50 mM Tris

pH 8.0, 150mMNaCl, 1mMEDTA, 1mMDTT, 20%glycerol, protease inhibitors (Roche)) and cleared by centrifugation. GST proteins

were immobilised on glutathione 4b Sepharose beads and incubated with cell lysates derived from transiently transfected 293ET

cells expressing relevant Renilla Luciferase-tagged proteins. An equivalent luciferase activity was used as the input for each IP. Sam-

ples were incubated end-over-end for 2 h at 4�C, washed four times, protein eluted with 20 mM glutathione and luciferase activity

measured. Values were normalized as fold binding compared to GST only control.

Yeast Two Hybrid
Yeast two hybrid assay was carried out using NDP52 as bait using ProQuest Two-Hybrid System according to manufacturer’s in-

structions (Life Technologies).

Reverse Transcriptase PCR
Total RNA from siRNA-treated cells was extracted using the RNeasy Plus Mini Kit (QIAGEN) followed by conversion into cDNA from

a total of 300 ng RNA using the SuperScript III reverse transcriptase kit (Thermo Fisher) according to the manufacturer’s protocol.

Gene expression was quantified using an ULK2-specific primer pair (sense 50- CACCTTTGAAGCCCCTGAAC and antisense

50- CCAGTCTTTGCTCAGCTGAC)

with a Power SYBRqPCR green kit (Applied Biosystems) by following themanufacturer’s protocol. Relative amounts of cDNAwere

calculated using the D D Ct method and normalized to b-actin cDNA levels in each sample.

Protein purification
E. coliBL21 bacteria expressing 6His-GST-FIP200DN1441 weremechanically lysed (20mM Tris pH 7.4, 300mMNaCl, 2 mM b-mer-

captoethanol (bMe), 20 mg/ml DnaseI, protease inhibitors), applied to a 5 mL HisTRAP column, eluted (with a gradient of imidazole

pH 8.0 from 20-400 mM) and dialysed overnight (20 mM Tris pH 7.4, 300 mMNaCl, 20 mM imidazole pH 8.0, 2 mM bMe) in the pres-

ence of TEV protease. To remove the 6xHis-TEV protease and the cleaved 6xHis-GST the sample was passed through to 5 mL

Ni-NTA column. The flow through was applied to a desalting column, eluted (20 mM MES pH 6.0, 1 M NaCl, 1 mM DTT), applied

to a monoS cation exchange column, the relevant fractions pooled, applied to a Superdex 75 gel filtration column (in 20 mM Tris

pH 7.4, 150 mM NaCl, 1 mM DTT) and concentrated (Vivaspin, Sartorius).

Bacteria expressing 6His-GST-SINTBADaa6-85 were mechanically lysed (20 mM Tris pH 7.4, 150 mM NaCl, 2 mM bMe, 20 mg/ml

DnaseI, protease inhibitors), applied to glutathione 4b Sepharose resin and the eluate dialysed overnight (20mMTris pH 7.4, 150mM

NaCl, 2 mM bme) in the presence of TEV protease. To remove the 6xHis-TEV protease and the cleaved 6xHis-GST the sample was

passed through a 5ml Ni-NTA column. The flow through was diluted 1:3 in dilution buffer (20 mM Tris pH 7.4, 2 mM bMe), applied to a

Resource Q anion exchange column, the relevant fractions pooled and run on a Superdex 75 gel filtration column in high salt gel filtra-

tion buffer (20 mM Tris pH 7.4, 1 M NaCl, 1 mM DTT). Protein containing fractions were pooled, applied to a desalting column and

concentrated (Vivaspin, Sartorius).

Bacteria expressing 6His-GST-NDP52aa20-127 were mechanically lysed (50 mM Tris pH 8.0, 150 mM NaCl, 10% glycerol, 2 mM

DTT, 1 mM EDTA, protease inhibitors), applied to glutathione 4b Sepharose resin, washed in high salt buffer (20 mM Tris pH7.4,

300 mM NaCl, 1 mM DTT) followed by low salt buffer (20 mM Tris pH7.4, 150 mM NaCl, 1 mM DTT) and eluted (20 mM Tris

pH 8.0, 150 mM NaCl, 2 mM DTT, 20 mM Glutathione). 6His-GST was cleaved from NDP52aa20-127 with 6His-TEV protease. To re-

move the 6xHis-TEV protease and the cleaved 6xHis-GST the sample was applied to Ni agarose resin and the flow through contain-

ing NDP52aa20-127 collected.

Hydrogen-Deuterium Exchange Mass Spectrometry
Protein solutions containing either 5 mM FIP200DN1441 or 5 mM FIP200DN1441 in complex with 10 mM NDP52aa20-127 domain and

10 mM SINTBADaa6-85 were incubated for 1 h at 23�C in a buffer consisting of 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT. 10 mL of
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either solution was diluted with 40 mL of D2O Buffer (20 mM Tris pH 7.5, 150 mMNaCl, 1 mMDTT, 95.6%D2O) for a defined period of

time (3 s, 30 s) at 23�C or for 3 s on ice (a 23�C reduction in temperature relating to a ten-fold reduction in solvent exchange rate,

producing a 0.3 s exchange reaction), before being quenched with 20 mL of Quench Solution (2 M guanidinium chloride, 2.4% formic

acid, pH 1.6). Exchange reactions were then immediately flash frozen in liquid nitrogen and stored at�80�C prior to mass spectrom-

etry analysis. All exchange reactions were conducted in triplicate. The final exchange reaction D2O concentration was 76.5%.

In order to measure deuterium incorporation samples were rapidly thawed and injected onto an ultra-performance liquid chroma-

tography (UPLC) system immersed in ice. Exchange reactions were initially digested for 3 min using an in line immobilized porcine

pepsin column (Applied Biosystems; poroszyme, 2-3131-00) at 130 mL/min 0.1% formic acid, with peptides collected on a particle

van-guard precolumn (Waters). Peptides were then eluted in line using an Acquity 1.7 mmparticle 100mm x 1mmC18 UPLCColumn

(Waters), using a 5%–36% gradient of Buffer A (0.1% formic acid) and Buffer B (100% acetonitrile) over 20 min and injected onto a

Xevo QTOF (Waters) acquiring over a mass range of 350 to 1500 m/z for 25 min, using an ESI source operated at a temperature of

250�C and a spray voltage of 3.0 kV.

For peptide identification three non-deuterated FIP200 protein samples were used for tandemMS/MS experiments with the UPLC

system andmethod as described for the deuterated samples. TheMS tolerance was set to 3 ppmwith a MS/MS tolerance of 0.1 Da,

with the retainedMS/MS datasets analyzed with theMascot search within ProteomeDiscoverer (Thermo Scientific). All peptides with

a Mascot score > 20 were analyzed using HD-Examiner Software (Sierra Analytics). Each peptide (both deuterated and non-deuter-

ated) was individually analyzed and manually verified for correct retention time, m/z range, the presence of overlapping peptide en-

velopes, and charge state. All percentage changes reported in the results and discussion sections are the maximal changes in HDX

seen at any time-point of the analysis. No maximally deuterated control was performed due to the comparative nature of the binding

experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were tested for statistical significance with GraphPad Prism software. The tests performed, the sample size (n) and number of

independent replicates for each experiment are indicated in the figure legends.
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