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ABSTRACT Salmonella develops into resident bacteria in epithelial cells, and the autophagic
machinery (Atg) is thought to play an important role in this process. In this paper, we show
that an autophagosome-like double-membrane structure surrounds the Salmonella still resid-
ing within the Salmonella-containing vacuole (SCV). This double membrane is defective in
Atg9L1- and FAK family-interacting protein of 200 kDa (FIP200)-deficient cells. Atg9L1 and
FIP200 are important for autophagy-specific recruitment of the phosphatidylinositol 3-kinase
(PI3K) complex. However, in the absence of Atg9L1, FIP200, and the PI3K complex, LC3 and
its E3-like enzyme, the Atg16L complex, are still recruited to Salmonella. We propose that the
LC3 system is recruited through a mechanism that is independent of isolation membrane

generation.
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INTRODUCTION

Salmonella enterica serovar Typhimurium (S. typhimurium) is a
Gram-negative bacterial pathogen that causes food poisoning and
gastroenteritis in humans (Finlay and Brumell, 2000; Haraga et al.,
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2008). Salmonella infects small intestinal epithelial cells and devel-
ops as a resident bacterium in this niche, which allows this bacterium
to cause widespread infection. Therefore understanding the mecha-
nisms that Salmonella uses to develop into a resident bacterium in
host cells is important in controlling Salmonella infection. Salmo-
nella can invade epithelial cells by forming a specialized single-
membrane organelle, termed the Salmonella-containing vacuole
(SCV), using a type Ill secretion system (TTSS), which is a needle-like
structure that injects effector proteins into the host cell cytosol
(Hueck, 1998; Finlay and Brumell, 2000). In the early phase following
invasion, SCVs temporarily acquire early endosome markers, such
as Rabb, transferrin receptor, and EEAT1; late endosomal proteins,
such as LAMP1, are then substituted for these proteins (Bakowski
et al., 2008; Drecktrah et al., 2008; Huang and Brumell, 2009). A few
hours postinfection, Salmonella rearranges the SCVs into long tubu-
lar structures called Salmonella-induced filaments (Sifs), where the
bacteria stably propagate (Bakowski et al., 2008; Drecktrah et al.,
2008; Huang and Brumell, 2009).

It was previously reported that a portion of invading S.
typhimurium is associated with LC3, a typical marker of autophagy,
which is an intracellular bulk protein degradation system (Kabeya
et al., 2000; Birmingham et al., 2006). The intracellular replication of
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S. typhimurium is increased in autophagy-defective host cells com-
pared with wild-type cells (Birmingham et al., 2006; Sun et al., 2008;
Fujita et al., 2009), and ultimately leads to host cell death. Therefore
autophagy protects host cells from pathogenic bacteria. On the
other hand, it is possible that the autophagic machinery plays a role
in establishing resident bacteria. These processes are collectively
called xenophagy, and the molecular mechanisms that govern these
processes are just now beginning to be analyzed (Levine, 2005;
Deretic and Levine, 2009; Huang and Brumell, 2009; Noda and
Yoshimori, 2009). Macroautophagy is a nonselective bulk degrada-
tion system; however, S. typhimurium appears to be selectively iso-
lated in xenophagy. Therefore analyzing xenophagy will provide
additional information on how the machinery of autophagy func-
tions. The autophagy machinery is generally composed of Atg pro-
teins that are highly conserved from yeast to mammals (Yoshimori
and Noda, 2008; Nakatogawa et al., 2009). Therefore we decided
to analyze how Atg proteins function in S. typhimurium xeno-
phagy. In this paper, we show that Atg proteins are recruited near
S. typhimurium, and we provide new insight into their functions dur-
ing this process. Atg9L1 is absolutely required for the formation of
an autophagosome-like double membrane around the SCV. Fur-
thermore, LC3 systems are recruited to proximity to Salmonella,
even in the absence of autophagosome-like structures in Atg9L1
knockout mouse embryonic fibroblasts (KO MEFs). These results in-
dicate the existence of a recruitment mechanism of the LC3 system
independent of isolation membrane generation.

RESULTS

LC3 associates with S. typhimurium through an
LC3-lipidation reaction

It was previously reported that a population of S. typhimurium in
infected mammalian epithelial cells was surrounded by green fluo-
rescent protein (GFP)-LC3 (Birmingham et al., 2006). To examine the
detailed process by which GFP-LC3 associates with S. typhimurium,
we performed time-lapse imaging of live cells. MEFs stably express-
ing GFP-LC3 were infected with S. typhimurium expressing the fluo-
rescent protein mCherry. Single (Figure 1Aa and Supplemental
Movie S1) or multiple (Figure 1Ab and Movie S2) GFP-LC3 puncta
appeared in close contact with S. typhimurium, and the GFP-LC3
signal then elongated laterally, along with the bacteria, and finally
completely surrounded the bacteria. We speculate that the multi-
puncta pattern represents a focus located on the posterior surface
of S. typhimurium that elongated with several finger-like edges,
which appear as distinct puncta. The other pattern was also ob-
served in some instances (~23%; Figure 1Ac and Movie S3). These
observations clearly established that LC3 actively associates with
S. typhimurium.

We next examined the molecular mechanism of LC3 association.
LC3 is a ubiquitin-like protein that undergoes phosphatidyletha-
nolamine modifications at its C-terminus through a reaction that is
catalyzed by the E1 (Atg7), E2 (Atg3), and E3 (Atg16L1 complex con-
sisting of Atg12, Atg5, and Atg16L1) enzymes (Ichimura et al., 2000;
Kabeya et al., 2000; Mizushima et al., 2001; Fujita et al., 2008b). In
macroautophagy, LC3 recruitment is defective in KO MEFs lacking
these genes (ATG7, ATG3, and ATG5) (Mizushima et al., 2001; Kuma
et al., 2004; Komatsu et al., 2006; Sou et al., 2008). Similarly, we
found that GFP-LC3 recruitment during S. typhimurium infection was
totally defective in Atg7, Atg3, and Atg5 KO cells (Figure 1, B and C).
These results indicate that the dynamic recruitment of LC3 to S.
typhimurium requires the LC3-lipidation reaction.

Previously, it was reported that S. typhimurium growth was
highly accelerated in Atg5 KO cells compared to wild-type cells
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(Birmingham et al., 2006). We investigated the growth of intracellu-
lar bacteria in a series of Atg KO cells. The infection efficiency of
S. typhimurium was similar in wild-type and Atg KO cells (Supple-
mental Figure S1). In addition, we used an inactive Atg4B mu-
tant, Atg4B®7#A, which is a protease that processes LC3s and its
paralogues, such as GABARAP and GATE-16. Expression of the
Atg4BC7#A mutant resulted in the sequestration of LC3 in a stable
complex with the AtgdB®’*A mutant, and thus inhibited LC3 recruit-
ment to the autophagosome (Fujita et al., 2008a). As shown in
Figure 1, D-I, S. typhimurium grew more efficiently in Atg7, Atg3,
and Atg5 KO cells and Atg4B**-expressing cells than in wild-
type cells (Figure 1, D-F and |, and Figure S1, A-F). These results
indicate that LC3s must be recruited to S. typhimurium to suppress
the growth of this bacterium.

Atg9L1 is dispensable for LC3 recruitment but
indispensable for S. typhimurium growth suppression

Atg? is a membrane-spanning protein that is essential for autopha-
gosome formation in macroautophagy (Noda et al., 2000; Yamada
et al., 2005; Young et al., 2006; Saitoh et al., 2009). We next exam-
ined the role of Atg9L1 in Salmonella xenophagy by monitoring
the localization of GFP-LC3. GFP-LC3 efficiently associated with
S. typhimurium in Atg9L1 KO cells (Figure 1, B and C), indicating
that LC3 can be recruited to S. typhimurium through an Atg9L1-
independent mechanism. Therefore we asked whether Atg9L1
plays a role in suppressing S. typhimurium growth by performing a
colony-forming assay. Interestingly, bacterial growth was not sup-
pressed in Atg9L1 KO cells. These results suggest that LC3 recruit-
ment to S. typhimurium is not sufficient to suppress intracellular
bacterial growth (Figure 1G).

These results prompted us to investigate how LC3 recruitment
is related to S. typhimurium growth in Atg9L1 KO cells. We exam-
ined the fate of a single S. typhimurium cell from 1 to 6 h postinfec-
tion by time-lapse imaging. Wild-type or Atg9L1 KO cells stably
expressing GFP-LC3 were infected with S. typhimurium expressing
mCherry and incubated for 1 h. Then a GFP-LC3—positive S. typh-
imurium was recorded for 5 h with time-lapse imaging at 4-min in-
tervals. In wild-type cells, more than 70% of the GFP-LC3-positive
S. typhimurium cells did not grow to more than 5 cells after 6 h, and
only a small population grew to >10 cells (Figure 2, A and B, and
Movie S4). On the other hand, in Atg9L1 KO cells, almost 60% of
the GFP-LC3-positive S. typhimurium grew to >10 cells after
6 h (Figure 2, A and B, and Movie S5). The growth of GFP-
LC3-negative S. typhimurium was similar between wild-type and
Atg9L1 KO cells (Figure S2, A and B, and Movies Sé and S7). Sig-
nificantly, the GFP-LC3 signal was diminished at a relatively early
phase in wild-type cells (Figure 2C and Movie S4). However, the
GFP-LC3 signal surrounding the bacteria was retained until late in
infection in Atg9L1 KO cells (Figure 2, A [4-5 h postinfection] and
C, and Movie S5). These results clearly indicate that GFP-
LC3-positive membranes in Atg9L1 KO cells lack the ability to
suppress S. typhimurium proliferation.

Atg9L1-positive puncta surround S. typhimurium prior

to the appearance of LC3

To gain further insight into how Atg9L1 is involved in these pro-
cesses, we next performed time-lapse live-cell imaging of Atg9L1-
GFP during bacterial infection. MEFs stably expressing Atg9L1-GFP
were infected with S. typhimurium expressing mCherry. In addition
to localizing to the Golgi, as previously reported (Young et al., 2006),
numerous Atg9L1-GFP—positive puncta moved within the cytosol
irrespective of S. typhimurium infection (Figure 3A [arrows and
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GFP-LC3 association with infected S. typhimurium. (A) MEFs stably expressing GFP-LC3 were infected with
S. typhimurium expressing mCherry for 5 min and then washed to remove the inoculum. The cells were imaged at ~15-s
intervals using a fluorescence inverted microscope. Live-cell imaging is shown and the elapsed time after the association
of GFP-LC3 is indicated. Scale bar: 1 um. (B and C) MEFs with deletions in each of the noted Atg genes and their
parental cells stably expressing GFP-LC3 were infected with S. typhimurium expressing mCherry for 1 h at an MOI
of 10 and then washed. The samples were fixed, and the GFP-LC3 association rate was examined by fluorescence
microscopy. The average + SD is shown for three independent experiments where at least 100 bacteria were counted.
Scale bar: 2 um. (D—I) MEFs of the noted Atg KOs and their parental cells or NIH3T3 cells with or without Atg4B<74A
expression were infected with S. typhimurium for 10 min in DMEM without antibiotics at an MOI of 100. After infection,
the cells were washed to remove extracellular S. typhimurium and incubated in DMEM containing gentamicin for 6 h.
The cell lysates were plated on LB plates and the number of colonies was counted after a 1-d incubation at 37°C. The
average * SD of three independent experiments is shown.
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protein (SECFP)- and enhanced yellow fluo-
rescent protein (EYFP)-LC3, and performed
time-lapse live-cell imaging. Atg9L1-SECFP
signals surrounding S. typhimurium become
apparent before LC3 was recruited to the
bacteria (Figure 3D [2 min, 3 s]). Next the
EYFP-LC3 signals appeared and colocalized
with Atg9L1-SECFP (Figure 3D [4 min, 38 s]).
Finally, the Atg9L1-SECFP signals disap-
peared from S. typhimurium even when the
EYFP-LC3 signals remained (Figure 3D
[9 min, 16 s] and Movie S10). Swapping the
SECFP and EYFP tags did not change the
results (Figure S3 and Movie S11). These re-
sults raised the possibility that Atg? plays a
role during S. typhimurium infection that is
independent of the function of LC3.

We examined the recruitment of other
Atg proteins to S. typhimurium to determine
if it is affected in Atg9L1 KO cells. We previ-
ously reported that the membrane localiza-
tion of the Atg16L1 complex (E3) deter-
mines the site where LC3 lipidation occurs
(Fujita et al., 2008b). Consistent with LC3
recruitment, GFP-Atg5, a subunit of the
Atg16L1 complex, was also recruited near
S. typhimurium in Atg9L1 KO cells as well
as wild-type cells (Figure 4A). Therefore the
Atg16L1 complex is specifically recruited to
S. typhimurium independently of Atg9L1.

Phosphatidylinositol 3-kinase is not
necessary for LC3 recruitment during
S. typhimurium infection

Atg14L is a specific subunit of the class IlI
phosphatidylinositol 3-kinase (PI3K) com-
plex (Vps34) involved in macroautophagy
(ltakura et al., 2008; Sun et al., 2008;
Matsunaga et al., 2009, 2010; Zhong et al.,
2009). WD-repeat protein interacting with
phosphoinositides (WIPI)-1 is a homologue

-~ WT
AtgoL1-/-

Extended trace of GFP-LC3 association with Salmonella. (A) Wild-type or Atg9L1 KO
MEFs stably expressing GFP-LC3 were infected with S. typhimurium expressing mCherry
for 5 min at an MOI of 100, washed, and then incubated for 1 h. One GFP-LC3—positive
S. typhimurium was followed by time-lapse imaging at 4-min intervals with the automated trace
system of MetaMorph until 6 h postinfection. The elapsed time is indicated. Scale bar: 20 pm.
(B) The final number of S. typhimurium in each cell was determined after 6 h of time-lapse
imaging and grouped as indicated. (C) Cells stably expressing GFP-LC3 were infected with S.
typhimurium expressing mCherry and incubated. The cells were fixed at the indicated time
points and examined by fluorescence microscopy. At least 100 cells were counted for each
experiment. The average * SD is shown for three independent experiments.

of the essential yeast autophagy protein,
Atg18, and binds to phosphatidylinositol
3-phosphate (PI3P) (Proikas-Cezanne et al.,
2004). They localize to the autophagosomes
as the autophagosomes form (Proikas-
Cezanne et al., 2004; Itakura et al., 2008;
Matsunaga et al., 2009). As shown in Fig-
ure 4, B and C, Atg14L and WIPI-1 were also
recruited to S. typhimurium in wild-type

arrowheads], and Movie S8). Using immunofluorescence, we deter-
mined that at least some of these puncta colocalized with EEAT, an
early endosomal marker (Figure 3B). There were several intense
punctate signals that gradually associated with S. typhimurium,
and these signals moved dynamically (Figure 3C [arrowheads] and
Movie S9). Furthermore, over a longer time period, the Atg9L1-GFP
signals gradually surrounded S. typhimurium, and after a certain pe-
riod of time (10-60 min), the signal disappeared from the area con-
taining S. typhimurium (Figure 3C and Movie S9). To relate these
findings with the localization of LC3, we next generated cells stably
expressing Atg9L1 tagged with superenhanced cyan fluorescent

Volume 22 July 1, 2011

cells. This result indicated the autophagy-
specific PI3K complex might also be involved in Salmonella xeno-
phagy. Interestingly, these localizations were defective in Atg9L1
KO cells (Figure 4, B and C).

Because Atg14L and WIPI-1 localization was not observed in
Atg9L1 KO cells, we investigated whether PI3K helps recruit LC3 to
S. typhimurium. During macroautophagy, LC3 recruitment is abol-
ished by treating with wortmannin, a potent PI3K inhibitor (Kabeya
et al., 2000). Cells stably expressing GFP-LC3 were treated with
wortmannin 15 min prior to S. typhimurium infection, and then the
number of S. typhimurium-infected cells was determined 60 min
postinfection. As shown in Figure 5A, wortmannin treatment
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Live-cell imaging of Atg9L1 localization. (A and C) MEFs stably expressing Atg9L1-
GFP were infected with S. typhimurium expressing mCherry for 5 min. The cells were washed
and images were then taken using a fluorescence inverted microscope at ~3-s intervals for 4 min
or at ~50-s intervals for 28 min. The elapsed time is indicated. Scale bar: 5 pm (A) or 1 pm (C).
(B) MEFs stably expressing Atg9L1-GFP were fixed and immunostained with anti-EEA1
antibodies. Scale bar: 20 um. (D) MEFs stably expressing Atg?L1-SECFP and EYFP-LC3 were
infected with S. typhimurium expressing mCherry for 5 min at an MOI of 100 and images were

taken as in (A) and (C) at ~30-s intervals for 10 min. Scale bar: 1 pm.

abolished EEA1 localization, which binds to endosomal membranes
via PI3P (Patki et al., 1997). However, the percentage of GFP-
LC3-positive S. typhimurium was not decreased in wortmannin-
treated cells (36.3 £ 6.7%) compared to control cells (25.9 + 5.4%).
Likewise, Atg5 was efficiently recruited to S. typhimurium in cells
treated with wortmannin during S. typhimurium infection (Figure 5B),
although the localization of Atg5 during macroautophagy was also
affected by wortmannin treatment (Mizushima et al., 2001). Further-
more, GFP-LC3 was efficiently and comparably recruited in Atg14L
KO and Atg14L flox/flox MEFs (Figure 5, D and E). In sharp contrast
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to these findings, GFP-WIPI-1, the localiza-
tion of which depends on the PI3P-binding
capacity, was dispersed from S. typhimurium
by wortmannin treatment (Figure 5C). Col-
lectively, these data indicate that Atg5 and
LC3 are recruited to S. typhimurium inde-
pendent of the Atg9L1-PI3K axis.

01:05 01:15

02:29 (] Atg9L1 and FAK family-interacting
protein of 200 kDa are required for
the formation of the double-
membrane structure surrounding

S. typhimurium

We further pursued the nature of the LC3-
positive structures in Atg9L1 KO cells by
using electron microscopy (EM) to exam-
ine the LC3-positive membrane structure
during S. typhimurium infection. GFP-
LC3-expressing MEFs were infected with
S. typhimurium, and the cells were fixed
30 min postinfection. Correlative light mi-
croscopy—electron microscopy (CLEM) re-
vealed that S. typhimurium was surrounded
by GFP-LC3 signals. All of the obtained im-
ages showed that S. typhimurium was en-
closed in a single membrane structure, and
additionally, a double-membrane structure
surrounded the single-membrane structure
(Figure 6A). In some instances, a bent sin-
gle-membrane sac, which is homologous to
the isolation membrane in macroautophagy,
was associated instead of the double mem-
brane (Figure 6A). These findings indicate
that an autophagosome-like double mem-
brane captured S. typhimurium while it was
enclosed within the SCV. By contrast, GFP-
LC3-positive S. typhimurium in Atg9L1
KO cells was surrounded only by a single
membrane and lacked the double mem-
brane or isolation membrane-like structure
(Figure 6B). Furthermore, we could not ob-
serve any obvious membrane and/or vesicu-
lar structures surrounding the single mem-
brane containing Salmonella (Figures 6 and
S4, A and B). The same results were ob-
tained in FAK family-interacting protein of
200 kDa (FIP200) KO cells (Figure S5B).
Therefore we suggest that formation of
the autophagosome-like double-membrane
structure is greatly abolished in Atg9L1 and
FIP200 KO MEFs. These results indicate that
Atg9L1 and FIP200 are absolutely required
for the formation of the double membrane. Furthermore, GFP-LC3
is recruited to S. typhimurium-containing vacuoles even in the ab-
sence of the Atg9L1- and FIP200-dependent double-membrane
structure. We contend that LC3s are less important for membrane
elongation, because the autophagosome-like membrane surround-
ing Salmonella was observed in Atg7 KO MEFs (Figure S5A) and
Atg5 KO MEFs (Zheng et al., 2009). During S. typhimurium infec-
tion, the cells were treated with Lysotracker to label the acidic com-
partment. After 2 h, we compared the labeling of GFP-LC3-positive
S. typhimurium. The ratio of Lysotracker-positive S. typhimurium
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was similar between wild-type and Atg9L1 KO cells (Figure S6, A
and B). These results indicated that the maturation of the GFP-
LC3—positive acidic compartment is not affected by the absence of
AtgoL1.

FIP200 and Atg9L1 recycle interdependently from

the proximity of S. typhimurium

FIP200 is a subunit of an uncoordinated 51-like kinase (ULK1) pro-
tein kinase complex consisting of FIP200, Atg101, Atg13, and
ULK1 (Ganley et al., 2009; Hosokawa et al., 2009; Jung et al.,
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The effects of wortmannin on the association of each Atg
protein with S. typhimurium. MEFs stably expressing GFP-LC3 (A),
GFP-Atg5 (B), or GFP-WIPI-1 (C) were treated with 100 nM
wortmannin for 15 min prior to infection. The cells were infected with
S. typhimurium for 30 min at an MOI of 40, washed, fixed, and then
immunostained with anti-EEA1 antibodies and stained with Hoechst
33342. Scale bar: 2 pm. (D, E) MEFs stably expressing GFP-LC3 were
infected with S. typhimurium expressing mCherry for 1 h at an MOI of
10 and then washed. The samples were fixed, and the GFP-LC3
association rate was examined by fluorescence microscopy. At least
100 bacteria were counted. Scale bar: 2 pm.

2009). This complex is thought to be the mammalian counterpart
to the yeast Atg1 protein kinase complex that is essential for au-
tophagy (Mizushima, 2010). FIP200 KO cells have severe defects in
autophagy (Hara et al., 2008). We investigated the growth of
S. typhimurium in FIP200 KO cells, and as in other Atg cells, the
growth of S. typhimurium was not suppressed (Figure TH). As
shown in Figure 7, A, B, and G, GFP-LC3 and GFP-Atg5 were effi-
ciently recruited to S. typhimurium in FIP200 KO cells, as in Atg9L1
KO cells. Similar to Atg9L1 KO cells, GFP-Atg14L and GFP-WIPI-1
localization was severely affected in FIP200 KO cells (Figure 7, C,
D, and G). One potential cause for these similar localization de-
fects in Atg9L1 KO cells and FIP200 KO cells is that Atg9L1 is not
properly recruited to S. typhimurium in FIP200 KO cells. However,
Atg9L1 was recruited to S. typhimurium even in FIP200 KO cells
(Figure 7E). Another possibility is that the ULK1 complex is not
targeted to S. typhimurium in Atg9L1 KO cells. However, this pos-
sibility is also not the case, as ULK1 localization to S. typhimurium
was not affected in Atg9L1 KO cells, although it was defective in
FIP200 KO cells (Figure 7F). Thus, both Atg9L1 and FIP200 are
required for Atg14L-WIPI-1 to localize to S. typhimurium, but are
not required for each other’s localization. Interestingly, high levels
of Atg9L1 accumulated around S. typhimurium in FIP200 KO cells
compared to wild-type cells (Figure 7G). These findings indicate
that the recycling of Atg9L1 from the proximity of S. typhimurium
is defective in FIP200 KO cells. Likewise, ULK1 accumulated to
high levels in Atg9L1 KO cells compared to wild-type cells (Fig-
ure 4D). These results suggest that Atg9L1 and the ULK1 complex
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single membrane | multiple membrane

wild-type 0 (0%) 18 (100%) n=18
AtgOL1 -] 24 (100%) 0 (0%) n=24
FIGURE 6: CLEM analysis of EYFP-LC3—associated membranes.
Wild-type (A and B) or Atg9L1 KO MEFs (C and D) stably expressing
EYFP-LC3 were cultured on gridded, glass bottom dishes and then
infected with S. typhimurium for 30 min. The cells were fixed and
stained with Hoechst 33342. GFP-LC3-positive S. typhimurium was
observed using a confocal laser scanning microscope. The same
specimens were further examined by EM. The electron micrographs
were taken in the same sample field as the transmission electron
microscope. White scale bar: 20 ym; black scale bar: 500 nm.

(E) Quantification of the number of single or multiple membranes
surrounding S. typhimurium in wild-type or Atg9L1 KO MEFs.

are important for each other’s recycling from the area containing
S. typhimurium.

DISCUSSION
In this study, we have identified three key points regarding
Salmonella xenophagy: 1) An autophagosome-like double-
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membrane structure captures S. typhimurium while it is still
within the SCV. 2) Atg9L1 is required to form the isolation mem-
brane-like double-membrane structure. 3) The recruitment of
LC3 to S. typhimurium is independent of both the Atg9L1-PI3K
axis and ULK1 complex.

Our time-lapse imaging data indicate that S. typhimurium is al-
ready enclosed within an Atg9L1-positive membrane structure be-
fore LC3 recruitment. Significantly, both Atg9L1 and LC3 surround
S. typhimurium for a certain time period. This finding strongly sug-
gests that the LC3-positive double membrane surrounds an Atg9L1-
positive membranous structure. Our EM images also support this
model. Therefore, as suggested in a recent review (Huang and
Brumell, 2009), S. typhimurium is enclosed in a single membrane
structure, the SCV, which is surrounded by a double-membrane
structure. This membrane morphology, which is surrounded by a
double membrane when the bacterium escapes into the cytosol, is
not similar to the xenophagy of other bacteria, such as the group A
streptococcus (Yamaguchi et al., 2009). In the case of Shigella, bac-
teria-induced rupture of the endosomal membrane provokes xeno-
phagy (Paz et al., 2010). S. typhimurium that is associated with LC3
also has been shown to associate with ubiquitin, which suggests that
there is a pore that is accessible from the cytosol (Birmingham et al.,
2006). Thus, it is possible that SCV membrane rupture is also impor-
tant for Salmonella xenophagy.

We showed that Atg9L1 is required to generate the isolation
membrane during xenophagy. This finding is consistent with a
previous observation that macroautophagosome formation is de-
fective during macroautophagy in mammalian and yeast Atg?
mutants (Noda et al., 2000; Saitoh et al., 2009). Significantly, an
autophagy-specific PI3K (Atg14L) and its downstream effector,
WIPI-1, failed to be recruited to S. typhimurium in Atg9L1 KO
cells (Figure 8). Atg14L/Barkor was also previously shown to be
important in suppressing S. typhimurium growth (Sun et al.,
2008). Thus defects in isolation membrane generation in Atg9L1
KO cells are at least partially due to defects in the autophagy-
specific PI3K. It should be noted that Atg9L1 ultimately disap-
peared from S. typhimurium, although the LC3 signals remained.
This suggests that Atg9L1 cycles between the SCV and a periph-
eral pool that includes the Golgi and early endosomes. We
showed that FIP200 is important for this recycling (Figure 7, E
and G, and Figure 8). A similar recycling defect has been ob-
served during macroautophagy in ULK1-defective cells (Young
et al., 2006; Hara et al., 2008), and also in a yeast Atg1 mutant
(Reggiori et al., 2004). Furthermore, we noted that ULK1 accumu-
lated near S. typhimurium in Atg9L1 KO cells, indicating that
ULK1 recycling is abolished (Figures 4D and 8). Therefore Atg9L1
and the ULK1 complex are important for each other’s recycling
from proximity to S. typhimurium. We suggest that the recycling
of these molecules is tightly coupled with the generation of the
isolation membrane.

To our surprise, LC3 is recruited to S. typhimurium through a
mechanism that is independent of Atg9L1, PI3K, and FIP200. Sig-
nificantly, the Atg16L complex is also recruited near S. typhimurium.
We previously showed that the localization of the Atg16L complex
to any membrane is sufficient to recruit and convert LC3-I to LC3-II,
and the Atg16L complex plays a key role in this process (Fujita et al.,
2008b). Therefore we propose that the Atg16L-E3 complex is re-
cruited in close proximity to Salmonella even in the absence of
AtgoL1.

Among the examined Atg proteins, only the ubiquitination-like
reaction system, including Atg7, Atg3, and Atg5, is required for LC3
recruitment. These results are not consistent with a previous report
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Association of Atg proteins with S. typhimurium in FIP200 KO MEFs. Wild-type or
FIP200 KO MEFs stably expressing GFP-LC3 (A), GFP-Atg5 (B), GFP-Atg14L (C), GFP-WIPI-1
(D), Atg9L1-GFP (E), or ULK1-GFP (F) were infected with S. typhimurium expressing mCherry for
1 h. The cells were fixed and observed. (G) The percentage of bacteria associated with the Atg
proteins was determined by fluorescence microscopy. The average + SD is shown for at least
three independent experiments where at least 100 bacteria were examined. Scale bar: 20 ym.

that LC3 recruitment to the autophagosome formation site is abol-
ished by wortmannin treatment and in FIP200 KO cells (Hara et al.,
2008; Itakura and Mizushima, 2010). However, LC3 lipidation still
occurred in FIP200, Atg14L, Atg9L1, and Vps34 KO cells, and LC3
was targeted to an unidentified membrane other than the autopha-
gosome (Hara et al., 2008; Matsunaga et al., 2009; Saitoh et al.,
2009; Zhou et al., 2010). Thus we would like to point out that the
defect in LC3 recruitment to the autophagosome formation site in
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macroautophagy may be due to the lack of
a native isolation membrane as the target.
During Salmonella xenophagy in Atg9L1
KO cells, the SCV acts as an alternative tar-
get membrane and therefore can recruit
LC3 (Figure 8). In wild-type cells, the isola-
tion membrane would be the preferential
target of LC3 lipidation over the SCV (Fig-
ure 8). Wortmannin is a potent inhibitor of
LC3 membrane targeting and lipidation in
macroautophagy. We reasoned that the un-
natural target membrane of LC3 observed
in Vps34 KO and Atg14L KO cells during
macroautophagy may be affected because
wortmannin inhibits all classes of PI3K. We
propose that LC3 targeting depends on the
presence of three factors: a target mem-
brane, a lipidation system, and some un-
known targeting mechanism, but that this
targeting is independent of Atg9L1, PI3K,
and ULK1. What is the targeting mecha-
nism of the LC3-lipidation machinery? It is
possible that ubiquitin and its adaptor pro-
teins (p62/SQSTM1, NDP52) directly recruit
LC3, and/or formin-binding protein 1-like
(FNBP1L) directly recruits Atg3 (Huett et al.,
2009; Thurston et al., 2009; Zheng et al.,
2009). However, we are certain that addi-
tional unknown mechanisms also recruit the
E3 Atg16L1 complex (depicted as “X" in
Figure 8).

Several studies have reported that a
double-membrane  autophagosome-like
structure accumulates in cells with a defec-
tive LC3 system (Fujita et al., 2008a; Sou
et al., 2008; Nishida et al., 2009). Even in
Salmonella xenophagy, a double-membrane
lamellar structure surrounds S. typhimurium
in Atg5 KO and Atg9L1 KO cells as in wild-
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p=0.018 frequently (Figure 8; Zheng et al., 2009).
Atg9L1 is absolutely required for the forma-
tion of the double membrane, while LC3s
are less important for membrane elonga-
tion, because the autophagosome-like
membrane surrounding Salmonella was ob-
served in Atg7 KO MEFs (Figure S5A) and
Atg5 KO MEFs (Zheng et al., 2009). Impor-
tantly, these autophagosomes are poten-
tially not completely closed, and therefore
LC3 is thought to be involved in the final
closure of the isolation membrane (Fujita
et al., 2008a; Noda et al., 2009). In this pa-
per, we propose a novel xenophagy model
as follows (Figure 8). First, the isolation membrane, which ultimately
becomes the xenophagosome, is formed through an Atg9L1-de-
pendent mechanism, and potentially requires PI3K and the ULK1
complex (Figure 8). The LC3-lipidation machinery is recruited inde-
pendently of these proteins, but requires an unknown targeting
mechanism (Figure 8). Finally, LC3 on the isolation membrane closes
the isolation membrane (Figure 8). The most important point is
that the LC3 recruitment system is independent of the isolation
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FIGURE 8: Model of Atg protein dynamics in Salmonella xenophagy.
Atg14L, ULK1, and Atg9L1 cycle between the membrane formation
site near S. typhimurium and another cellular pool. The cycling to and
from the membrane formation site requires the indicated Atg
proteins. S. typhimurium provides an unknown recruitment factor (X),
and the Atg16L1 complex is potentially recruited near the SCV. The
isolation membrane, formed independently of LC3, may be the
preferable target of LC3 lipidation. In Atg9L1 KO MEFs, the isolation
membrane does not form, and the SCV is the target of LC3 lipidation.
Even without the LC3 system, an incomplete isolation membrane is
formed.

membrane formation system. We believe this is a decent working
model of autophagic processes that may also be applicable to mac-
roautophagy and should be further examined.

MATERIALS AND METHODS

Plasmid construction and virus production

To generate pMRX-EGFP-C1-Atg5, pMRX-EGFP-C2-LC3, or pMRX-
EGFP-C2-Atg14L, Atg5, LC3, or Atg14L were amplified by PCR and
digested with Kpnl-Notl, EcoRI-Notl, and EcoRI-Notl, respectively.
PEGFP-C1 and pEGFP-C2 (Clontech, Mountain View, CA) were di-
gested with Nhel, treated with Klenow fragment (Takara Bio, Shigo,
Japan), and then digested with Kpnl and EcoRl, respectively. The
PMRX vector was digested with EcoRI, treated with Klenow frag-
ment, and then digested with Notl. Atg5, LC3, or Atg14L and the
EGFP fragment were subcloned into the pMRX vector. To generate
PMRX-ULK1-EGFP-N3 or pMRX-Atg9L1-EGFP-N1, ULK1 and
Atg9L1 were PCR amplified and digested with EcoRI-BamHI| and
EcoRlI-Sacll, respectively. pEGFP-N3 and pEGFP-N1 were digested
with BamHI-Notl and Sacll-Notl, respectively. The PCR products and
EGFP fragment were subcloned into the EcoRI-Notl sites of the
pMRX vector. To generate pMRX- EYFP-C2-LC3, the EYFP sequence
was PCR amplified from pEYFP-C1 (Clontech) and Nhel-BamHI sites
were added to the N-terminus of EYFP. The products were digested
with Nhel-Bglll and subcloned into the pEGFP-C2 vector that was
digested with Nhel-Bglll (cEYFP-C2B). The pEYFP-C2B vector was
digested with BamHI-EcoRI. LC3 and the EYFP-C2B fragment were
subcloned into the BamHI-Notl sites of the pMRX vector. The pMRX-
EGFP-WIPI-1 plasmid was a generous gift from K. Matsunaga
(University of Gunma, Gunma, Japan). pMRX-IRES-puro and pMRX-
IRES-bsr were kindly provided by S. Yamaoka (Tokyo Medical and
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Dental University, Tokyo, Japan) (Saitoh et al., 2003). The pMRX-
IRES-puro vector was kindly provided by T. Kitamura (University of
Tokyo, Tokyo, Japan) (Morita et al., 2000). Recombinant retroviruses
were prepared as previously described (Saitoh et al., 2003). Plat-E
cells were generously provided by T. Kitamura (University of Tokyo,
Tokyo, Japan) (Morita et al., 2000). To generate pMRX-Atg9L1-
SECFP, Atg9L1 was subcloned into the pDONR221 plasmid (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions.
Atg9L1-SECFP was constructed using the Multisite Gateway system
(Invitrogen) (Sasaki et al., 2004; Sone et al., 2008). The DNA frag-
ment containing attR1, ccdB, CmR, and attR2 was PCR amplified
from pAd/CMV/V5-DEST (Invitrogen) and digested with Bglll-Notl.
The fragment was subcloned into the BamHI-Notl sites of pMRX
(PMRX-DEST). The pENTR-Atg9L1-SECFP sequence was transferred
into the P MRX-DEST vector using an LR reaction.

Host cell culture

MEFs, NIH3T3, and Plat-E cells were cultured in DMEM Dé6429
(Sigma-Aldrich, St. Louis, MO) containing 10% fetal bovine serum
(FBS), 4 mM L-glutamic acid, 5 U/ml penicillin, and 50 U/ml strepto-
mycin at 37°C with 5% CO,. Stable transformants were selected in
medium containing 1 ug/ml puromycin or 10 pg/ml blasticidin. For
wortmannin treatment, 1 mg/ml wortmannin (Sigma) was dissolved
in dimethyl sulfoxide (DMSO) and added at a final concentration of
100 nM.

Bacterial infection

Salmonella enterica serovar Typhimurium SR-11 x3181 was used
as the wild-type strain and routinely cultured in supplemented
LB. Salmonella harboring the pBR-mCherry or pBR-mRFP plasmid,
which expresses mCherry or mRFP under a constitutive promoter in
pBR322 (Birmingham et al, 2006), respectively, was routinely
cultured in lysogeny broth (LB) supplemented with ampicillin
(100 pg/ml). Bacteria were grown overnight at 37°C, and then sub-
cultured at 1:33 for 3 h in LB without antibiotics. The bacterial
inocula were prepared by pelleting at 10,000 x g for 2 min, and
were then added to host cells at a multiplicity of infection (MOI) of
10-100 at 37°C with 5% CO,.

Indirect immunofluorescence analysis

Samples were fixed with 4% paraformaldehyde for 10 min, quenched
with 50 mM NH,Cl/phosphate-buffered saline (PBS), permeabilized
with 50 pg/ml digitonin/PBS, blocked with 0.5% bovine serum albu-
min (BSA)/PBS and then incubated with the indicated primary anti-
bodies (anti-EEA1 antibodies were diluted 1:100). After washing
with PBS, the samples were incubated with secondary antibodies
and Hoechst 33342 (Sigma) and mounted with Slow Fade Gold
(Invitrogen). Hoechst 33342/PBS was used according to the manu-
facturer's instructions. The samples were observed under an
Olympus FV1000 confocal microscope with a 100x, 1.35 numerical
aperture (NA) oil immersion objective (Olympus, Tokyo, Japan). The
following antibodies were used: rabbit polyclonal anti-human EEA1
antibodies (1:100 dilution) (#2411; Cell Signaling Technology, Dan-
vers, MA). All secondary antibodies were Alexa Fluor conjugates
from Invitrogen and diluted 1:1000 in 0.5% BSA/PBS. Confocal im-
ages were imported into Adobe Photoshop and assembled in
Adobe lllustrator (San Jose, CA).

Live-cell imaging

Host cells were grown in DMEM D6434 (Sigma) supplemented with
10% FBS without antibiotics on glass bottom dishes (D310300;
Matsunami Glass, Osaka, Japan). After bacterial infection, the glass
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bottom dish was mounted onto the microscope stage, which was
equipped with a humidified environment chamber (MI-IBC,
Olympus) that maintained the dish at 37°C with 5% CO,. Images
were acquired using an inverted microscope Olympus [X81
equipped with a 100x, 1.40 NA oil immersion objective (Olympus),
a mercury or xenon lamp, a cooled charge-coupled device camera
(Roper CoolSNAP HQ, Ottobrunn, Germany), and a ZDC system
under the control of MetaMorph (Molecular Devices, MDS Analytical
Technologies, Tokyo, Japan).

Colony formation assay

Colony formation assay was performed as previously described
(Steele-Mortimer, 2008). Briefly, cells were cultured in DMEM with-
out antibiotics and infected with S. typhimurium for 10 min at
an MOI of 100. The cells were washed to remove extracellular
S. typhimurium and incubated in DMEM without antibiotics for
20 min. The medium was replaced with DMEM containing 50 pg/ml
gentamicin for 40 min and then replaced with medium containing
5 pg/ml gentamicin. The host cells were lysed with 1% Triton X-100
and 0.1% SDS/PBS solution, serially diluted with PBS, and spread
onto LB plates.

Correlative light microscopy-electron microscopy (CLEM)
Host cells stably expressing EYFP-LC3 were cultured on glass bot-
tom dishes with a grid pattern (P35G-2-14-C-GRID; MatTek,
Ashland, MA) and infected with S. typhimurium for 30 min. The cells
were fixed with 4% (wt/vol) formaldehyde in 30 mM HEPES buffer
(pH 7.4) containing 100 mM NaCl, 2 mM CaCly, and 1 pg/ml Hoechst
33342 for 30 min at room temperature; washed in 30 mM HEPES
buffer (pH 7.4) containing 100 mM NaCl and 2 mM CaCly; and ex-
amined using a confocal laser scanning microscope (FV1000; Olym-
pus). The same specimens were further incubated with 2% (wt/vol)
formaldehyde and 2.5% (wt/vol) glutaraldehyde in 30 mM HEPES
buffer (pH 7.4) containing 100 mM NaCl and 2 mM CaCl; at 4°C
overnight. After three washes in 30 mM HEPES buffer (pH 7.4) con-
taining 100 mM NaCl and 2 mM CaCl,, the samples were postfixed
with 1% (wt/vol) osmium tetroxide in 30 mM HEPES buffer (pH 7.4)
containing 0.5% (wt/vol) potassium ferrocyanide, 100 mM NaCl and
2 mM CaCl, for 1 h, washed three times in distilled water, dehy-
drated in ethanol, and embedded in Epon812 (TAAB Laboratories
Equipment, Aldermaston, UK). Ultrathin sections (70 nm thick) were
stained with saturated uranyl acetate and Reynolds lead citrate solu-
tion. The electron micrographs were taken with a JEOL JEM-1011
transmission electron microscope (JEOL, Tokyo, Japan).

Statistical analysis
Statistical analyses were performed using a two-tailed unpaired
ttest; p values < 0.05 were considered statistically significant.
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