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Recruitment of the autophagic machinery to
endosomes during infection is mediated by ubiquitin
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Ithough ubiquitin is thought to be important for
the autophagic sequestration of invading bacte-
ria (also called xenophagy), its precise role
remains largely enigmatic. Here we determined how
ubiquitin is involved in this process. After invasion, ubig-
vitin is conjugated to host cellular proteins in endosomes
that contain Salmonella or transfection reagent-coated
latex (polystyrene) beads, which mimic invading bacteria.
Ubiquitin is recognized by the autophagic machinery

Introduction

Autophagy is a membrane trafficking process in which double
membrane—bound spherical structures called autophagosomes
deliver cytosolic contents to lysosomes/vacuoles for degrada-
tion. In addition to the well-understood physiological role of
autophagy in recycling intracellular materials in response to
starvation, there is increasing evidence that autophagy is involved
in diverse physiological processes such as cellular immunity.
Autophagy specifically targets invading bacteria to restrict their
growth (also called xenophagy; Mizushima et al., 2008).
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independently of the LC3-ubiquitin interaction through
adaptor proteins, including a direct interaction between
ubiquitin and Atg16L1. To ensure that invading patho-
gens are captured and degraded, Atg16L1 targeting is
secured by two backup systems that anchor Atg16L1 to
ubiquitin-decorated endosomes. Thus, we reveal that
ubiquitin is a pivotal molecule that connects bacteria-
containing endosomes with the autophagic machinery
upstream of LC3.

Autophagosome formation is mediated by at least 18 core
autophagy-related (Atg) proteins, which comprise the following
six functional units (Suzuki and Ohsumi, 2010): (1) the uncoor-
dinated 51-like kinase (ULK)—-Atg1 protein kinase complex, (2)
the autophagy-specific phosphatidylinositol 3-kinase (PI3K)
complex, (3) the phosphatidylinositol 3-phosphate (PI3P)-binding
protein complex, (4) Atg9L1, (5) the LC3 (mammalian homo-
logue of yeast Atg8) system, and (6) the Atgl2 system. Two
ubiquitin (Ub)-like molecules, LC3 and Atgl2, are covalently
conjugated to phosphatidylethanolamine (PE) and Atg5, respec-
tively. The Atgl2—-AtgS conjugate associates with Atgl6L1 to
form a dimeric complex (referred to as the Atgl6L1 complex;
Mizushima et al., 2003; Fujita et al., 2009), and functions as an
E3-like factor in the LC3 system (Fujita et al., 2008b). ULK1
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Figure 1. Ub-positive endosomes containing Salmonella or beads are targeted by autophagy. (A) Hela cells were infected with S. Typhimurium (Salmonella)
for 1 h or transfected with Effectene-coated latex beads for 3 h and then subjected to immunocytochemistry for LC3 and transferrin receptor (TfR). Bar, 10 pm.
(B) Hela cells were infected with Salmonella for 1 h or transfected with Effectene-coated latex beads for 3 h and then subjected to immunocytochemistry
for LC3 and galectin3. Bar, 5 pm. (C) Hela cells were transfected with Effectene-coated latex beads for 3 h and subjected to immunocytochemistry for LC3
and Ub {top) or LC3 and p62 (bottom). Bar, 5 pm. The percentages of LC3- or p62-positive beads per Ub-positive (Ub+) or Ub-negative (Ub—) beads were
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and ULK?2, the mammalian homologues of yeast Atgl, are serine/
threonine protein kinases that form a large protein complex with
Atgl3, a FAK family-interacting protein of 200 kD (FIP200), and
Atgl01 (referred to as the ULK1 complex; Mizushima, 2010).
The ULK1 complex plays an essential role in initiating autopha-
gosome formation (Mizushima, 2010).

Ubiquitination is thought to play important roles during
xenophagy because LC3-positive bacteria are also decorated with
Ub. However, it is largely unknown how Ub contributes to the
autophagic response against invading bacteria (Fujita and Yoshimori,
2011). Furthermore, the target of ubiquitination is unknown, al-
though plausible candidates are bacterial surface proteins.

How Ub is linked to autophagosome formation is still prob-
lematic, although it is widely accepted that adaptor proteins bridge
ubiquitinated substrates and autophagosomal membranes by bind-
ing to both Ub and LC3, which localizes to autophagosomal mem-
branes. The adaptors p62, NDP52, and optineurin possess both a
Ub-binding domain and LC3-binding domain and are required for
efficient selective autophagy against bacteria (Thurston et al., 2009;
Yoshikawa et al., 2009; Zheng et al., 2009; Wild et al., 2011). How-
ever, it is still debated whether the selectivity in autophagy against
bacteria is attributed only to LC3-adaptor interactions. We recently
reported that the L.C3 system is dispensable to localize other Atg
proteins and to form the autophagic double membrane in response
to invading bacteria (Kageyama et al., 2011). These findings sug-
gest that the selectivity of autophagy is not accounted for by the
interaction between adaptors and LC3 and other mechanisms
that recruit other Atgs could be responsible for Ub selectivity.
We also confirmed that both LC3 lipidation, which is required
for autophagosome binding, and LC3 recruitment to the target
depend on recruitment of the Atgl6L1 complex, even if adap-
tors exist (Kageyama et al., 2011).

In this study, we propose a novel model for autophagy
against bacteria using Salmonella enterica serovar Typhimurium
(S. Typhimurium or Salmonella) and transfection reagent—
coated latex beads as model substrates (Kobayashi et al., 2010).
The ubiquitination of host proteins within bacteria- or bead-
containing endosomes plays a role in induction of selective auto-
phagy. Furthermore, we show that Atgl6L1, one of the earliest
recruited and upstream Atgs, both directly and indirectly recog-
nizes the Ub-decorated endosomes through multiple pathways.

Results

Proteins on bead- or Salmonella-containing
endosomes are ubiquitinated

It was previously suggested that Salmonella enterica serovar
Typhimurium (S. Typhimurium) is targeted by autophagy before

escaping from endosomes. (Birmingham and Brumell, 2006;
Zheng et al., 2009; Kageyama et al., 2011; Thurston et al., 2012).
In addition, it has been recently reported that polystyrene beads
coated with transfection reagents are selectively targeted by LC3-
positive autophagosomes after being endocytosed into cells, al-
though uncoated beads are not sequestered by autophagy even if
internalized into endosomes (Kobayashi et al., 2010). Presumably,
damage of endosomes by transfection reagents triggers autophagy.
Because LC3 colocalized with transferrin receptor in both Salmo-
nella-infected and bead-transfected cells (Fig. 1 A), both Salmo-
nella and the beads are targeted by autophagy while within
endosomes. Furthermore, LC3-positve Salmonella and beads were
galectin3-positive (Fig. 1 B). Galectin3 is a B-galactose-binding
lectin and a good marker of damaged endosomes because the
lumenal glycochain becomes accessible to cytosolic galectin3
(Paz et al., 2010). These results suggest that autophagosomes
form in response to Salmonella- or bead-containing endosomes
whose membranes are broken and permeabilized, perhaps by
the Salmonella type III secretion system or transfection reagents,
respectively. In addition, Ub clearly surrounded the LC3-positive
or p62-positive transfected beads in the same manner as during
autophagy against invading bacteria (Fig. 1 C; Yoshikawa et al.,
2009; Zheng et al., 2009).

To examine the targets of ubiquitination, we purified beads
surrounded by autophagosomal membranes using density gra-
dient centrifugation (Fig. 1 D). As a result, ubiquitinated pro-
teins were detected in the bead-containing autophagosome
fraction, which contains lipidated LC3 and p62 (Fig. 1 E). Because
the artificial latex beads do not have any proteins on their sur-
face, host cellular proteins must be ubiquitinated in the process.
The most plausible ubiquitinated targets are endosomal proteins
because autophagosomes sequester the beads within endo-
somes. In fact, the purified bead—-autophagosome fraction con-
tained ubiquitinated transferrin receptor, which is not typically
ubiquitinated because it is a recycling receptor (Fig. 1 F). We
reasoned that any endosomal protein could be a ubiquitination
target. From these results, we conclude that endosomal mem-
branes, which are damaged by the bacteria or beads within the
endosomes, are ubiquitinated and targeted by autophagy.

We next asked the order of events among endosomal rupture,
ubiquitination, and LC3 recruitment using dual-color live-cell im-
aging analysis. Ub appeared around the transfected beads nearly
concomitantly with galectin3. p62 also appeared together with
galectin3. By contrast, LC3 was always recruited after galectin3,
and localized around the beads 0—15 min after galectin3 (Fig. 1,
G and H; Videos 1 and 2; and unpublished data). Presumably,
endosomal rupture rapidly triggers the ubiquitination of intrinsic
proteins, after which L.C3 is slowly recruited to the endosomes.

enumerated. Statistical analysis was performed by Student's unpaired ttest. *, P <0.01. (D and E) Hela cells stably expressing GFP-LC3 were fransfected with
Effectene-coated latex beads for 3 h. Bead—autophagosomes were fractionated as described in Materials and methods. The bead-autophagosome fraction
was observed by confocal microscopy (D; bar, 10 pm] or lysed with RIPA buffer and subjected to Western blot analysis using the indicated antibodies (E).
In a control sample, scraped cells were mixed with Effectene-coated beads and immediately homogenized. (F) The bead-autophagosome fraction was
lysed and subjected to immunoprecipitation with an anti-Ub IgG antibody (FK2) or control IgG. Co-immunoprecipitated molecules were examined by
Western blotting using the indicated antibodies. {G and H) NIH3T3 cells stably expressing mStrawberry (mStr}-Gal3 and GFPLC3, mStr-Gal3, and GFP-
p62, or mStr-Gal3 and GFP-Ub were transfected with Effectene-coated latex beads for 30 min and then washed. Live cells were observed at 1-min intervals
by fluorescence microscopy. Bar, 3 pm. The time after galectin3 localization was measured for at least 30 cases for each combination (H). Statistical
analysis was performed by Student’s unpaired ttest. *, P < 0.05; NS, not significant.
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Figure 2. Ubiquitination and recruitment of Alg proteins. (A and B) NIH3T3 cells stably expressing mStr-Ub and GFP4agged LC3, Atg5, WIPI-1, Atg14L1,
or ULK1 were transfected with Effectene-coated latex beads for 30 min. Then, live cells were observed at 1-min intervals by fluorescence microscopy. Bar, 3 pm.
The time after Ub localization was measured for at least 30 cases for each combination. Each value represents the mean + SD. Statistical analysis was
performed by Student's unpaired ttest. *, P < 0.05; NS, not significant. (C) NIH3T3 cells stably expressing GFPtagged Ub, LC3, Atg5, WIPI-1, Atg14L1,
Atg9L1, or ULK1 were transfected with Effectene-coated beads for 3 h in the presence or absence [mock) of 30 pM UBEI-41 (a ubiquitin E1-specific inhibi-
tor) and subjected to immunocytochemistry for galectin3. The percentages of GFP-positive per galectin3-positive beads were enumerated. At least 30 beads
were counted (n = 3). The values are the mean = SD. Statistical analysis was performed by Student's unpaired ttest. *, P < 0.05. (D and E) Parent NIH3T3
cells, Atg4B mutant overexpressing NIH3T3 cells (D), wildtype MEFs, and Atg5-KO MEFs (E) stably expressing GFPtagged LC3, Atg5, WIPI-1, Atg14L1,
Atg9L1, or ULK1 were transfected with Effectene-coated latex beads for 3 h and subjected to immunocytochemistry for galectin3. The percentages of
Atg-positive per galectin3-positive beads were enumerated. At least 30 beads were counted {n = 3). The values are the mean = SD.

Ubiguitination is required to

recruit Atg proteins

To determine the order in which Ub as well as LC3 and other
Atg proteins are recruited to the transfected beads, we per-
formed live-cell imaging of bead-transfected NIH3T3 cells sta-
bly expressing mStr-tagged Ub and the GFP-tagged Atg proteins
LC3, AtgS, WIPIL, Atgl4L, and ULK1 (Fig. 2, A and B; and
Videos 3-7). The trafficking of each Atg protein greatly differed
(Videos 3-7). The time lag between the localization of each Atg
protein and Ub was quantified (Fig. 2 B). All of the Atg proteins
were recruited to the transfected beads after Ub recruitment.
Remarkably, LC3 and WIPI1 localized to the beads after the
other Atg proteins, suggesting that the autophagic machinery
recognizes the ubiquitinated substrate independently of an LC3-
mediated mechanism.

JCB « VOLUME 203 « NUMBER 1 « 2013

Next, to directly demonstrate the necessity of ubiquitina-
tion, we used a Ub-activating enzyme (El)-specific inhibitor
(UBEI-41) because it enables blockade of ubiquitination in-
stantly in cultured cells (Yang et al., 2007). As expected, the
number of Ub-positive beads among galectin3-positive beads
was drastically reduced upon UBEI-41 treatment (Fig. 2 C, Ub).
Galectin3 was recruited to transfected beads even in UBEI-

treated cells, indicating that internalization of beads and endo-

somal rupture occurred in our experimental condition. We also
found that administering UBEI-41 strongly inhibited LC3 re-
cruitment (Fig. 2 C, LC3). Moreover, the localization of all of
the other representative Atg proteins was severely affected by
UBEI-41 treatment. These results indicate that ubiquitination
plays an important role in recruiting not only LC3 but also other
Atg proteins to invading pathogens.
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Figure 3. The WD B-propellers of Aig16L1 direcily interact with Ub. (A) Hela cells were lysed with 1% Triton X-100 lysis buffer and subjected to immuno-
precipitation with FK2- or control IgG-immobilized beads. The coimmunoprecipitated molecules were examined by Western blotting using the indicated anti-
bodies. (B) Schematic diagram of Atg16L1 (Full) and its deletion constructs. (C) Purified recombinant GST or GST-Ub~immobilized glutathione Sepharose
beads were incubated with lysates from HEK293T cells transiently expressing FLAGtagged Atg16L1 constructs for 1 h at 25°C with gentle agitation. The
beads were washed three times with ice-cold PBS and the bound complexes were eluted with 50 mM reduced glutathione and then subjected to Western
blotting for FLAG. (D) Purified GST or GST-Ub~immobilized glutathione Sepharose beads were incubated with lysates from bacteria expressing trigger
factor (TF) or TF-FLAG-WD B-propellers for 1 h at 25°C with gentle agitation. Washing and elution were performed as described in C. The eluted samples

were subjected to SDS-PAGE and Western blotting for FLAG.

Likewise, we systematically quantified the recruitment
of Atg proteins to galectin3-positive structures in autophagy-
deficient cells (Atg5-KO, Atg14L-KO, Atg9L.1-KO, and FIP200-KO
cells as well as cells expressing an Atg4dB mutant in which
the LC3 system is blocked) stably expressing a series of GFP-
tagged Atg proteins (Fig. 2, D and E; and Fig. S1; Kuma et al.,
2004; Fujita et al., 2008a; Hara and Mizushima, 2009; Matsunaga
et al., 2009; Saitoh et al., 2009). The ULKI complex, Atg9LI1,
and the Atgl6L1 complex were recruited to galectin3-positive
structures independently of other Atg proteins (Fig. 2, D and E;
and Fig. S1), which is consistent with autophagy against Salmo-
nella and Parkin-mediated mitophagy (Itakura et al., 2012;
Kageyama et al., 2011), and our live-cell imaging data (Fig. 2,
A and B). Altogether, it is clear that before LC3 recruitment, the
three core autophagy machineries, notably the Atgl6L1 com-
plex, the ULK1 complex, and Atg9L1, independently recognize
the ubiquitinated endosomes containing bacteria or beads.

Ub moieties vary from mono-Ub to extended chains,
linked through seven lysine residues in Ub or via the N-terminal
methionine residue (linear; Iwai and Tokunaga, 2009). It has
been recently reported that K63- and linear-linked Ub chains
clearly colocalize with invading Salmonella (van Wijk et al.,
2012). To examine the presence of K48- and K63-linked Ub
chains to the invading Salmonella or transfected beads, we used
K48- or K63-specific antibodies (Newton et al., 2008). Both
K48- and K63-linked Ub signals were well colocalized with
poly-Ub signals (Fig. S2 A). This result and the previous report
show that different Ub linkages, including K48, K63, and linear,
could be part of the Ub coat on the invading Salmonella and
transfected beads.

It remains enigmatic which linkage of Ub is required for

selective autophagy. To test loss of function of K63-linked or

linear-linked Ub chains, Ubc13%, HOIL-1L KO, and their control

Autophagy targets bacteria within Ub+ endosomes ¢« Fujita

mouse embryonic fibroblasts (MEFs) were challenged with
Salmonella (Yamamoto et al., 2006; Tokunaga et al., 2009).
Ubc13 is an E2 enzyme crucial for generating K63-linked
chains (Hofmann and Pickart, 1999), and HOIL-1L is an ac-
cessory protein of the LUBAC E3 ligase complex that is very
important for efficient formation of linear-linked Ub chains
(Tokunaga et al., 2009). We found that neither Ubc13™ nor
HOIL-1L KO blocked LC3 recruitment to the Ub-positive Sal-
monella (Fig. S2, B and C). Collectively, these results indicate
that autophagic machinery targeting did not depend solely on
K63- or linear-Ub linkages.

The WD p-propellers of Atg16L.1 directly
interact with Ub

How do the three core autophagy machineries recognize the
Ub-positive substrate? We focused on Atgl6L1 because it con-
tains a C-terminal WD B-propeller domain, whose function is
unknown, but the same domain in several other proteins report-
edly functions as an Ub-binding domain (Pashkova et al., 2010).
Therefore, we tested the possibility that Ub directly interacts
with the WD B-propellers of Atg16L1. First, we examined whether
endogenous Atgl6L1 coimmunoprecipitated with polyubiqui-
tinated proteins. As shown in Fig. 3 A, Atgl6L1 was detected in
FK2 (a monoclonal antibody against poly Ub)-immunoprecipi-
tated samples, but not in a control sample immunoprecipitated
with IgG. To examine the interaction more directly, a GST pull-
down experiment was performed. Purified GST or GST-Ub was
immobilized to glutathione Sepharose beads (Fig. S3 A) and in-
cubated with lysates of HEK293T cells transiently expressing a
series of FLAG-tagged Atgl6L1 constructs, including full-
length Atgl6L1, the WD B-propellers alone, or Atgl6L1 lack-
ing the complete WD region (AWD; Fig. 3 B). Full-length and
the WD B-propellers bound to GST-Ub more efficiently than to
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GST alone. In contrast, the AWD mutant did not bind to GST-
Ub (Fig. 3 C). Next, we prepared recombinant trigger factor—
FLAG-tagged WD B-propellers of Atgl6L1 using bacteria
(Fig. S3 B). A GST pull-down experiment was performed with
these recombinant proteins. The WD B-propellers bound to
GST-Ub more efficiently than to GST alone (Fig. 3 D). From
these results, we concluded that there is a direct interaction
between the WD B-propellers of Atgl6L1 and Ub.

Atg16L.1 is recruited by binding

to Ub and FIP200

Although Atgl6L1 could bind to Ub, deleting the WD B-
propellers only minimally affected Atgl6L1 recruitment to
invading Salmonella (Fujita et al., 2009), suggesting that bind-
ing to Ub is not sufficient for Atgl6L1 recruitment and addi-
tional interacting partner(s) functions in the recruitment. Thus,
we searched for the Atgl6L1 complex—interacting proteins
using mass spectrometry. We found that ULK1 and FIP200
coimmunoprecipitated with the Atgl6L1 complex, which con-
sists of Atgl6L1, Atgl2, and Atg5S (Table S1). Because ULK1
forms a large protein complex including ULK1/2, Atgl3,
FIP200, and Atg101 (Mizushima, 2010), we performed a direct
yeast two-hybrid assay with these proteins and found that Atg16L1
directly interacts with FIP200 (Fig. 4 A). The interaction was
also confirmed by immunoprecipitation experiments (Fig. 4,
B and C). Thus, we found that Atg16L1 binds to FIP200 in addi-
tion to Ub.

Next, to test the roles of these interactions in autophagy,
we generated Atgl6L 1-replaced wild-type and FIP200-KO cells
(Fig. 4 D). We previously reported that stably expressing an
exogenous Atgl6L1 construct can replace the endogenous
Atgl6L1 protein with the exogenous one (Fujita et al., 2009;
see legend of Fig. 4 for more details). In sharp contrast to wild-
type cells, in FIP200-KO cells the recruitment of Atgl6L1
to Ub-positive Salmonella and beads depended on the WD
B-propellers (Fig. 4, E and H; and unpublished data). Next, we
examined the effect of deleting the WD B-propellers on LC3
recruitment to Ub-positive Salmonella or beads because the
Atgl6L1 complex functions as an E3-like factor in the LC3 sys-
tem (Fujita et al., 2008b). In wild-type cells, LC3 recruitment
was not remarkably affected by deleting the WD B-propellers as
was previously reported (Fig. 4, I and K; Fujita et al., 2009). On
the contrary, deleting the WD B-propellers significantly decreased
the localization of LC3 to Ub-positive Salmonella and beads
in FIP200-KO cells (Fig. 4, J and L; and unpublished data). We
also confirmed that LC3 lipidation was totally dependent on the

WD B-propellers of Atgl6L1 (Fig. 4 D). These results show
that the localization of the Atgl6L1 complex to Ub-positive
Salmonella or beads involves interactions with both Ub via the
WD B-propellers and FIP200, resulting in PE conjugation of
LC3. Because the ULKI1-FIP200 complex recruitment also
depends on ubiquitination (Fig. 2 C), Atgl6L1 must recognize
Ub on the target through two mechanisms, one of which is direct
recognition and the other is indirect.

To address the impact of the WDR-mediated mechanisms
on the order of the Atgl6L1 and ULKI-FIP200 complex re-
cruitment, we quantified the localization of ULK1 and Atgl16L1
in Ub-positive Salmonella in Atgl6L1-reconstituted cells.
The deletion of WDR did not affect the percentage of Atg16L1-
positive in ULK1-GFP-positive population (Fig. S4 B). In sharp
contrast to this, the deletion of WDR significantly decreased the
percentage of Atgl6L1-positive in ULK1-GFP-negative popu-
lation (Fig. S4 C). These results suggest that the FIP200 is re-
cruited to the Ub-positive Salmonella before Atgl6L1 in the
absence of WDR-mediated mechanisms.

Atrg16L.1 recognizes the target

via three pathways

We further explored the interaction between Atgl6L1 and
FIP200. Using a yeast two-hybrid analysis, we found that
Atgl6L1 bound to both the FIP200-N (1-840) and FIP200-C
(1276-1591) fragments (Fig. 5 A), whereas the Atgl6L.1 AWD
mutant (1-246) bound only to FIP200-C (Fig. 5, B and E). We
decided to focus on the interaction between Atgl6L1 and the
FIP200-C fragment in order to determine why AWD can fulfill
autophagic functions in the presence of FIP200. In a yeast two-
hybrid analysis, the FIP200-C fragment bound to the Atgl16L1
(1-246) fragment but not to the Atgl6L1 (1-230) fragment,
suggesting the importance of residues 230-246 for this inter-
action (Fig. 5 B). Thus, we performed alanine scanning in this
region, and found that residues 239-246 were important for
this interaction (Fig. 5, C and D). We confirmed the impact of
239-242A mutations within Atgl6L1 on its ability to interact
with the FIP200-C fragment in an immunoprecipitation experi-
ment (Fig. 5 F). Thus, we obtained an Atg16L1 mutant that lacks
affinity for FIP200.

We then generated a series of cells reconstituted with vari-
ous Atgl6L1 mutants in which Atgl6L1A/A MEFs stably ex-
press the above-mentioned Atgl6L1 constructs (Fig. 6 A; and
Fig. S5 A). The Atgl6L1-reconstituted cells were challenged
with Salmonella or transfected with beads, and the percentages
of LC3- or Atgl6L1-positive per Ub-positive were counted. The

(OSF)-FIP200 ({lane 2). (C) FIP200 binds endogenous Atg16L1. Atg16L1 coprecipitations with an empty vector control (lane 1) or OSF-FIP200 (lane 2).
(D) Wild+ype or FIP200-KO MEFs stably expressing the empty vector, ful-length Atg16L1, or AWD mutant were incubated in growth medium (=) or Earle’s
balanced salt solution (EBSS) (+) for 1 h and examined by Western blotting using the indicated antibodies. We previously reported that stable expression of
an exogenous Atg16L1 construct can be used to replace the endogenous Atg16L1 protein with an exogenous Atg16L1 protein (Fujita et al., 2009) because
free Atg16L1 molecules not complexed with the Atg12-Atg5 conjugate are preferentially degraded by the ubiquitin-proteasome system. In control cells
(Empty), two Atg16L1 splicing variants, the - and B-forms, were detected. In fulllength B-form~replaced cells (Full), the a-form was not detected, whereas
in AWD-replaced cells (AWD) both the a- and B-forms were minimally detected. Thus, we successfully obtained cells that express only endogenous levels
of the fulllength or AWD mutant. (E-L) Atg16L1-replaced wildtype or FIP200-KO MEFs were infected with Salmonella (MOl = 10) for 1 h and subjected to
immunocytochemistry for Atg16L1 and Ub (E and F) or LC3 and Ub (Il and J). The percentages of Atg16L1-positive (G and H) or LC3-positive per Ub-positive
bacteria were enumerated (K and L). At least 50 Salmonella were counted. The average  SD is shown for three independent experiments. Statistical analysis

was performed by Student’s ttest. *, P < 0.05; NS, not significant. Bar, 5 pm.
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Figure 5. Aig16L1-FIP200 interacting domains. {A) Mapping of the Atg16L1-binding site on FIP200. Yeast two-hybrid mapping experiments showing
that Aig16L1 binds to both the Nerminal and C-erminal coiled-coil regions of FIP200. (B) Mapping of the FIP200-binding site within Atg16L1. Yeast
two-hybrid mapping experiments showing that the 1-840 fragment of FIP200 binds to the Cterminal 247-607 region, while the 1276-1591 fragment
of FIP200 binds to the N4erminal 1-264 region of Atg16L1. (C and D} Additional yeast two-hybrid mapping experiments showing that the binding site
of the FIP200 1276-1591 fragment maps to residues 239-246 of Atg16L1. White lines divide images derived from the same plate, and red lines divide
images from different plates. (E) The N-terminal 1-249 fragment of Atg16L1 is sufficient to interact with FIP200. FulHlength (lanes 1 and 2) or the N4erminal
1-249 fragments (lanes 3 and 4) of Myc-Atg16L1 coprecipitations with empty vector controls (lanes 1 and 3) or OSF-FIP200 1276-1591 (lanes 2 and 4).
{F) Co-precipitation experiments confirming that OSF-FIP200 1276-1591 coprecipitates with wildtype (WT) Myc-Atg16L1 (1-249) fragments, but not with
analogous fragments containing a mutant FIP200-binding site (Myc-Atg16L1 AWD 239-242A).

localization of LC3 or Atgl6L1 to invading bacteria and trans-
fected beads was slightly affected by the AWD + 239-242A
mutation, but not significantly abolished (Fig. 6, B-E: and
Fig. S5, C-F). This suggests that, besides interactions with
FIP200 and Ub, another mechanism functions to localize the
Atgl6L1 complex in selective autophagy. We previously reported
that residues 193-230 in Atgl6L1 are essential for the inhibi-
tory effects of excess Atgl6L1 on autophagy (Itoh et al., 2008).
Thus, we further explored this region and found that substitut-
ing residues W194 and M195 with alanine (194-195A) syner-
gistically affected the function of Atgl6L1 in both canonical
and selective autophagy (Fig. 6 and Fig. S5). Although the W194—
M195 mutations alone slightly affected autophagic activity, a
combination of 239-242A, 194-195A, and the AWD mutation
synergistically reduced the recruitment of LC3 and Atgl6L1 to
the ubiquitinated substrate. Thus, we propose that the Atgl6L1

A
.
-

complex localizes and directs LC3 to ubiquitinated substrates
through these three independent mechanisms.

Intriguingly, in contrast to selective autophagy, starvation-
induced nonselective autophagy requires only Ub and FIP200
binding of Atg16L1 (Fig. 6 F and Fig. S5). Full-length 239-242A
minimally affected both PE conjugation and LC3 puncta forma-
tion in starvation-induced autophagy (Fig. 6 F: and Fig. S5,
A and G). Furthermore, deleting the WD B-propellers in Atg16L1
minimally affected autophagosome formation and p62 degrada-
tion (Fig. 6 F; and Fig. S5, B and G), as we previously reported
(Fujita et al., 2009). In sharp contrast to these mutants, a combi-
nation of the AWD and 239-242A mutations almost completely
reduced LC3 puncta formation under starvation conditions
(Fig. 6 F). We also confirmed that the AWD + 239-242A mutation
significantly reduced the number of Atgl6L1 puncta (Fig. S5 H).
Therefore, FIP200 binding and the WD B-propellers of Atg16L1
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Figure &. Effects of Atg16L1 mutations on autophagy against Salmonella. (A) Schematic diagram of Atg16L1 and various mutants. The magenta box
indicates 239-242A and the cyan box indicates 194-195A. (B-E) Atg16L1-A/A MEFs stably expressing the indicated constructs were infected with Sal-
monella (MOl = 10) for 1 h and then analyzed by immunocytochemistry for LC3 (B) or Atg16L1 (D). Bar, 5 pm. The percentage of LC3- or Atg16L1-positive
Salmonella per Ub-positive Salmonella was enumerated by fluorescence microscopy (C and E). At least 50 bacteria were counted. The average = SD is
shown for three independent experiments. (F) Atg16L1-A/A MEFs stably expressing the indicated constructs were cultured in growth medium (Fed) or EBSS
(Starved) for 1 h and then subjected to immunocytochemistry using an anti-LC3 antibody. The number of LC3 puncta in each cell was counted for more than

50 cells. The average = SD is shown for three independent experiments.

are sufficient to localize the Atgl16L1 complex under starvation
conditions, indicating that there are different mechanisms in
selective and nonselective autophagy.

Discussion

In this paper, we revealed that ubiquitination plays an important
role in the autophagic response to invading pathogens, notable
Salmonella. First, we have shown that the endosomal membrane
surrounding Salmonella and latex beads is ubiquitinated. Second,
ubiquitination is necessary for recruiting three pivotal compo-
nents of the autophagic machinery, notably the Atg16L1 complex,

the ULK1 complex, and Atg9L 1. Third, Atg16L1 directly binds
to Ub and FIP200. These interactions are redundant in both star-
vation-induced and autophagy against Salmonella/transfected
bead. Thus, we have provided molecular evidence of the ubiqui-
tinated target and determined how ubiquitination recruits the
autophagic machinery (Fig. 7).

Our model is significantly different from the current pre-
vailing model in which bacteria that have escaped into the cyto-
sol are ubiquitinated and targeted by autophagy (Thurston et al.,
2009; Yoshikawa et al., 2009; Zheng et al., 2009; Wild et al.,
2011). Consistent with our model, electron microscopic analy-
sis showed that a significant fraction of bacteria within cells is
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Figure7. Apossible mechanism of Ub-mediated
autophagic sequestration of invading bacteria
and transfection reagent-coated latex beads.
After internalization and endosomal rupture,
Ub is conjugated to host cellular proteins in
endosomes that contain Salmonella or trans-
fection reagent-coated latex beads (top). Ub
would be recognized by three pivotal compo-
nents of the autophagic machinery, notably

Endosomal membrane

rupture

the Atg16L1 complex, the ULK1 complex, and e D s

Atg9L1 (bottom right). Atg16L1 localizes to the ' Atg16L
ubiquitinated target through three mechanisms,
the interaction of coiled-coil domain {CCD)
with FIP200, the interaction of WD repeats
(WDR} with Ub, and the 194-195 region-me-
diated mechanism (bottom left).

|

0

contained within multilamellar compartments (Zheng et al.,
2009; Kageyama et al., 2011). Our model is also consistent with
these two recent papers that diacylglycerol (DAG) is involved in
selective autophagy (Shahnazari et al., 2010), as the localization
of DAG surrounding Salmonella indicates the existence of a
membrane, and galecting targets damaged endosomes to auto-
phagy via an NDP52-mediated mechanism (Thurston et al.,
2012). It is still unclear how host endosomal proteins are ubig-
uitinated. Upon membrane rupture, the lumenal side of endo-
somal proteins is exposed to the cytosol, which may lead to
their ubiquitination. Alternatively, a drastic change in the endo-
somal ion concentrations may trigger ubiquitination. In any
case, host cells likely have a simple and common mechanism
that targets invading pathogens for selective autophagy, despite
differences in the invading bacterial species. If bacterial pro-
teins are directly ubiquitinated, diverse E3 ligases are required
to recognize and target diverse bacterial species and it will be
important to identify the E3 ligase(s) that function in selective
autophagy. Furthermore, we do not exclude the possibility that
bacterial proteins are ubiquitinated; however, our data indicate
that neither bacterial escape from endosomes nor the ubiqui-
tination of bacteria are essential for seléctive autophagy. It was
previously shown that membrane remnants resulting from the
endosomal escape of Shigella flexneri in infected cells colocal-
ized with polyubiquitinated proteins and were targeted for
autophagic degradation (Dupont et al., 2009). These membrane
remnants were likely targeted by a similar mechanism that is
used to degrade other invading bacteria. All bacteria that enter
the cytosol have to cross a membrane, which possibly involves
membrane rupture. Therefore, the recognition of Ub-positive
damaged membranes might be a general mechanism that can
respond to different types of invading bacteria.

Ub has been generally proposed to play a role in selective
autophagy. Very recently, it has been reported that LRSAM1
functions as the E3 ligase responsible for Ub-mediated anti-
Salmonella autophagy (Huett et al.,, 2012). In this study, we
showed that blocking ubiquitination by an E1-specific inhibitor
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leads to a defect in selective autophagy using latex beads and a
galectin3 marker system. We further substantiated these find-
ings by discovering that Atgl6L1 directly binds Ub. In the ab-
sence of ubiquitination, the recruitment of other pivotal Atg
units, notably the ULKI1 complex and Atg9L1, was disrupted
(Fig. 2 C). It has been proposed that adaptor molecules, such as
p62, NDP52, and optineurin, bridge ubiquitinated substrates
and autophagosomal membranes through LC3 (Thurston et al.,
2009; Yoshikawa et al., 2009; Zheng et al., 2009; Wild et al.,
2011). This model predicts that adaptors recruit the autophagic
machinery as an LC3-positive structure. In this study, we sys-
tematically explored the hierarchy of Atg proteins in selective
autophagy and found that three Atg functional units, the ULK1
complex, Atg9L1, and the Atgl6L1 complex localized to ubig-
uitinated substrates independently of other Atg proteins (Fig. 2,
D and E; Fig. S1; and Fig. 7). Furthermore, we showed that LC3
localized to these substrates after the appearance of these three
units. Our data indicate that LC3 is dispensable for the initial
stage of selective autophagy. However, we note that it is possible
that the adaptor-L.C3 interaction might function in other aspects,
such as a zipper between ubiquitinated substrates and autopha-
gosomal membranes to facilitate efficient enwrapping.
Although we used an E1 inhibitor to block ubiquitination,
the drug blocks all of the ubiquitination reactions in the cells
nonspecifically, which might affect Atg protein recruitment in-
directly. LRSAM1 contributes the ubiquitination to invading
bacteria. However, invading bacteria are still ubiquitinated even
in LRSAM1-deficient cells (Huett et al., 2012), indicating that
other E3 enzyme(s) besides LRSAMI is also involved in the
ubiquitination accompanying bacteria invasion. To test the con-
tribution of ubiquitination to selective autophagy more directly,
a set of E3 enzymes should be identified in the future studies.
Our data and the previous report indicate that at least K48-,
K63-, and linear-linked Ub chains localize to the invading Sal-
monella (Fig. S2 A; van Wijk et al., 2012). And in vitro Salmo-
nella ubiquitination reaction by LRSAM1 predominantly
induces K6- and K27-linked Ub chains (Huett et al., 2012).
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