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utophagy is a membrane-mediated intracellular

degradation system. The serine/threonine kinase

Atgl p|oys an essential role in qutophqgosome
formation. However, the role of the mammalian Atg1 ho-
mologues UNC-51-like kinase (ULK) 1 and 2 are not yet
well understood. We found that murine ULKT and 2 local-
ized o autophagic isolation membrane under starvation
conditions. Kinase-dead alleles of ULK1 and 2 exerted a
dominant-negative effect on autophagosome formation,
suggesting that ULK kinase activity is important for autoph-
agy. We next screened for ULK binding proteins and

Introduction

Autophagy is a primary route by which cytoplasmic contents
are directed to the lysosome to be degraded (Cuervo, 2004;
Levine and Klionsky, 2004; Rubinsztein, 2006; Mizushima,
2007; Mizushima et al., 2008). There are three types of autoph-
agy: macroautophagy, microautophagy, and chaperone-mediated
autophagy. Among them, only macroautophagy (referred to
as autophagy hereafter) is mediated by the autophagosome.
Upon induction of autophagy, a membrane cisterna called the
isolation membrane (also termed the phagophore) enwraps a
portion of cytoplasm to generate an autophagosome. The au-
tophagosome then fuses with an endosome and, finally, with the
lysosome, leading to degradation of cytoplasm-derived mate-
rials sequestered inside the autophagosome. Although autoph-
agy occurs at low levels under normal conditions (Hara et al.,
2006; Komatsu et al., 2006), autophagy is extensively activated
under starvation conditions (Mizushima and Klionsky, 2007).
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identified the focal adhesion kinase family interacting
protein of 200 kD (FIP200), which regulates diverse cellu-
lar functions such as cell size, proliferation, and migra-
tion. We found that FIP200 was redistributed from the
cytoplasm to the isolation membrane under starvation
conditions. In FIP200-deficient cells, autophagy induction
by various treatments was abolished, and both stability
and phosphorylation of ULKT were impaired. These results
suggest that FIP200 is a novel mammalian autophagy fac-
tor that functions together with ULKs.

The molecular mechanism of autophagy has been revealed
by genetic analyses performed in yeast (Klionsky, 2005; Suzuki
and Ohsumi, 2007), in which 31 autophagy-related ATG genes
have been identified so far. Among these genes, Atgl-10, 12—-14,
16-18, 29, and 31 (collectively called AP-Atg) are required for
autophagosome formation. In yeast, autophagosomes are generated
at a special site near the vacuolar membrane, called the preautoph-
agosomal structure (PAS), where most AP-Atg proteins are re-
cruited (Kim et al., 2001a; Suzuki et al., 2001; Suzuki and Ohsumi,
2007). Although autophagy requires only these AP-Atg proteins,
an autophagy-related pathway called cytoplasm-to-vacuole tar-
geting (Cvt) pathway, which delivers two vacuolar enzymes, amino-
peptidase 1 and a-mannosidase 1, from the cytoplasm to the
vacuole, requires almost all Atg proteins except Atgl7, 29, and 31.

AP-Atg proteins are classified into six functional groups:
the Atgl protein kinase complex; the Atg2—Atg18 complex; the
Atg8 conjugation system; the Atgl2 conjugation system;
the Atgl4—phosphatidylinositol 3-kinase complex; and Atg9
(Suzuki et al., 2007). Among these functional units, the Atgl
complex has a unique feature: it apparently receives the starva-
tion signals. Atgl is a serine/threonine protein kinase, and its
kinase activity can be up-regulated after autophagy-inducible
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treatments such as nutrient starvation or rapamycin treatment
(Kamada et al., 2000). The kinase activity of Atgl is believed to
be required for autophagy, although there have been debates
(Kamada et al., 2000; Abeliovich et al., 2003; Kabeya et al.,
2005; Cheong et al., 2008). The Atgl complex includes Atgl3,
Atgl7 (Kamada et al., 2000), Atg29 (Kawamata et al., 2008),
Atg31/Cisl (Kabeyaetal., 2007), Atgl1 1/Cvt9 (Kim et al., 2001b),
Atg24/Cvt13 (Nice et al., 2002), Atg20/Cvt20 (Nice et al., 2002),
and Vac8 (Scott et al., 2000). Atgl7 (Kamada et al., 2000), 29
(Kawamata et al., 2005), and 31 (Kabeya et al., 2007) are specifi-
cally involved in autophagy, whereas Atgl1, Atg20, Atg24, and
Vac8 are specifically required for the Cvt pathway. Atgl3 and 1
are involved in both pathways. A recent systematic analysis re-
vealed that Atgl7 and 11 are essential for PAS organization, and
Atg17 has been suggested to behave as a scaffold protein (Suzuki
et al., 2007). The Atgl—-Atgl7 interaction largely depends on
Atg13 (Cheong et al., 2005; Kabeya et al., 2005), but a yeast two-
hybrid analysis suggested that Atgl and 17 can also directly
interact with each other (Cheong et al., 2005). Interactions be-
tween Atgl13, 1, and 17 are enhanced by starvation treatment, and
both Atgl3 and 17 are important for proper regulation of Atgl
kinase activity (Kamada et al., 2000; Kabeya et al., 2005).

The function of the Atgl7-Atgl3—Atgl complex has yet
to be fully understood. Although Atg1 and 13 sense nutrient con-
ditions, this complex does not appear to function as a simple
transducer of starvation signaling. For example, Atgl is required
for a late step of micropexophagy in Pichia pastoris (Mukaiyama
et al., 2002) and for the Cvt pathway, which is a constitutive bio-
synthetic pathway proceeding under nutrient-rich conditions
(Kamada et al., 2000; Abeliovich et al., 2003). Furthermore,
Atgl is known to be important for retrieval of Atg9 and 23 from
PAS (Reggiori et al., 2004).

Homologues of Atgl have been found in other species
such as Dictyostelium discoideum (Otto et al., 2004), Cae-
norhabditis elegans (Ogura et al., 1994; Melendez et al., 2003),
Drosophila melanogaster (Scott et al., 2004), Arabidopsis thali-
ana (Hanaoka et al., 2002), and mammals (Yan et al., 1998,
1999). Mutants of Atgl in the species examined thus far indeed
exhibit autophagy-defective phenotypes (Melendez et al., 2003;
Otto et al., 2004; Scott et al., 2004; Chan et al., 2007).

In metazoa, however, the role of Atgl seems not to be
limited to macroautophagy. C. elegans Atgl is known as UNC
(uncoordinated movement)-51. The unc-51 mutants show neuro-
logical abnormalities such as paralysis and defects in axonal
elongation (Ogura et al., 1994). In mammals, two Atgl homo-
logues have been reported: UNC-51-like kinase (ULK) 1 (also
known as Unc51.1; Yan et al., 1998; Tomoda et al., 1999) and
ULK2 (also known as Unc51.2; Tomoda et al., 1999; Yan et al.,
1999). RNAi-mediated suppression of ULK1 expression alone
is sufficient to inhibit autophagy (Chan et al., 2007) and re-
distribution of mAtg9 from the TGN to endosomes (Young
et al., 2006). In addition to the autophagy phenotype, a dominant-
negative form of ULK1, K46R, suppresses neurite extension of
cerebellar granular neurons (Tomoda et al., 1999), which is con-
sistent with the neurological phenotype of the unc-51 worm.

The observations that Atgl is a multifunctional protein
suggest that Atgl should function in concert with several dis-
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tinct partners. Indeed, C. elegans UNC-51 interacts with UNC-14,
a protein involved in coordinated movement (Ogura et al.,
1997). In mammals, ULK1 interacts with SynGAP, a negative
regulator of Ras, and Syntenin, a Rab5-interacting protein
(Tomoda et al., 2004). These interactions have been suggested
to be important for axon guidance/elongation. Another recent
paper also suggested that ULK1 is recruited to the TrkA-NGF
receptor complex by p62 and regulates non—clathrin-coated
endocytosis in growth cones, filopodia extension, and branching
(Zhou et al., 2007). However, homologues of the yeast Atgl-
interacting autophagy proteins have not been reported in higher
eukaryotes (except for plant Atg13; Hanaoka et al., 2002).

To better understand the role of the Atgl/ULK family, we
screened for ULK-interacting proteins and identified the FAK
family—interacting protein of 200 kD (FIP200), which is also
called RBICCI (retinoblastoma 1-inducible coiled-coil 1).
FIP200 was reported to interact with multiple proteins, including
FAK (Abbi et al., 2002), Pyk2 (Ueda et al., 2000), TSC1 (Gan
et al., 2005), p53 (Melkoumian et al., 2005), ASK1, and TRAF2
(Gan et al., 2006), thereby regulating a variety of cellular func-
tions such as cell migration, proliferation, cell size, and apopto-
sis. FIP200 was also independently identified as a novel inducer
of RB1. We found that ULK1, ULK2, and FIP200 are present on
autophagic isolation membrane. Using FIP200™/~ mouse embry-
onic fibroblasts (MEFs), we revealed that FIP200 is a novel mam-
malian autophagy factor that functions together with ULKSs.

Results

ULK1 and ULKR2 localize on the isolation
membrane (phagophore)

We found four ULK homologues in the mouse database.
Although ULK1 and 2 are closely related to C. elegans UNC51,
ULK3 and 4 show similarity to UNCS51 only in the kinase
domain (Fig. S1, available at http://jcb.org/cgi/content/full/jcb
.200712064/DC1). We therefore analyzed the role of ULK1
and 2 in autophagosome formation. We first determined the sub-
cellular distribution of ULK1 and 2 using NIH3T3 cells stably
expressing ULKSs fused with GFP at the N terminus (GFP-ULK1
and GFP-ULK?2). Under nutrient-rich conditions, GFP-ULK1
and GFP-ULK?2 were mostly found to distribute evenly through-
out the cytoplasm, with few punctuate dots (Fig. 1, A and B,
complete). We occasionally observed GFP-ULK1 and -ULK?2 at
the ruffled membrane in some cells (Fig. S2). After amino acid
and serum starvation, GFP-ULK1 and -ULK?2 localized to punc-
tuate structures (Fig. 1, A and B, starvation). These punctuate
structures immediately disappeared after replenishment with nu-
trient medium (Fig. 1, A and B, starvation—complete). As previ-
ously reported (Chan et al., 2007), these data suggest that ULK1
and 2 are targeted to autophagy-related structures. We then ex-
amined the localization of GFP-ULK in more detail and found that
both ULK1 and 2 colocalized with endogenous Atg16L1 almost
completely (Fig. 1, C and D). Because Atgl6L1, together with
the Atgl2—-Atg5 conjugate, specifically localizes to elongating
isolation membrane (also called the phagophore; Mizushima
et al., 2001), these data suggest that both ULK1 and 2 are tar-
geted to the isolation membrane.
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GFP-ULK1

GFP-ULK1

GFP-ULK2

In yeast, Atgl localizes to the PAS independently of Atg5
(Suzuki et al., 2007). Although it is not clear whether mamma-
lian cells have a similar PAS, we examined whether the puncta
formation of ULKs was independent of Atg5. Wild-type and
Atg5~'~ MEFs were transfected with retroviral vectors encod-
ing GFP-ULKI1 (Fig. 1, E and F) and -ULK2 (Fig. 1, G and H)
and observed after starvation. Although both GFP-ULK1 and
-ULK?2 puncta were formed in wild-type MEFs (Fig. 1, E and G),
these dots were never observed in Azg5 '~ MEFs (Fig. 1, F and H).
These results suggest that ULK puncta formation is dependent
on Atg5 in mammalian cells.

Starvation—» Complete|

Starvation —» Complete

Figure 1. ULK1 and 2 localize to the isola-
tion membrane (phagophore) under starvation
conditions. (A and B) NIH3T3 cells stably ex-
pressing GFP-ULK1 (A) and -ULK2 (B) were cul-
tured in complete or starvation medium for 30
min. They were then cultured in fresh complete
medium for an additional 30 min (starvation—
complete). (C and D) NIH3T3 cells stably ex-
pressing GFP-ULK1 (C) and -ULK2 (D) were cul-
tured in starvation medium for 120 min. The
cells were fixed, permeabilized, and subjected
to immunofluorescence microscopy using anti-
Atg16L1 antibody and Alexa Fluor 660-con-
jugated secondary antibody. More than 90%
of GFP-ULKs dots were positive for Atg16L1.
(E-H) Wild4ype (E and G) and Atg5~/~
(F and H) MEFs were transfected with retroviral
vectors encoding GFP-ULK1 and -ULK2. MEFs
stably expressing GFP-ULK1 (E and F) and
-ULK2 (G and H) were cultured in complete or
starvation medium for 120 min. The cells were
fixed and examined by fluorescence micros-
copy. Bars, 20 pm.

Kinase-dead ULK mutants inhibit autophagy
In yeast, Atgl kinase activity is up-regulated during autophagy
induced by nitrogen starvation or Tor inactivation (Kamada
et al., 2000). However, it is not known whether this is the case in
mammalian cells. We therefore determined ULK kinase activity
in MEFs under nutrient-rich and starved conditions. Endog-
enous ULK1 was precipitated with anti-ULK1 antibody, and
the resultant immunoprecipitate was analyzed by an in vitro
kinase assay using myelin basic protein as a model substrate.
The ULK1 kinase activity level under the starvation condition is
increased 1.3-fold relative to the nutrient-rich condition (Fig. 2 A).
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Figure 2. The kinase-dead ULK mutants inhibit autophagy. (A) In vitro
kinase assay of endogenous ULK1. MEFs were cultured in complete or
starvation medium for 60 min. ULKT kinase activity was determined as de-
scribed in Materials and methods. Relative kinase activity is shown. Data
are the mean = SE of five independent experiments. (B and C) NIH3T3
cells were transiently transfected with HA-ULK1, HA-ULK?2, or their kinase-
dead mutants and subjected to immunofluoresence microscopy using
monoclonal anti-HA and polyclonal anti-Atg16L1 antibodies for primary
staining and Alexa Fluor 488-conjugated goat anti-mouse IgG and
Alexa Fluor 568-conjugated goat anti-rabbit IgG antibodies for second-
ary antibodies. Transfected cells are indicated by arrows. Bars, 20 pm.
(D) NIH3T3 cells stably expressing GFP-ULK 14N and GFP-ULK2**" were

Although this change was modest, these data suggest that the
increase in ULK1 kinase activity might be important for the in-
duction of autophagosome formation.

We next examined the importance of the ULK kinase activ-
ity using ULK kinase-dead mutants. Overexpression of kinase-
dead Atgl mutants inhibits autophagy in D. discoideum (Tekinay
et al., 2006) and D. melanogaster (Scott et al., 2007), whereas
overexpression of wild-type Atgl accelerates autophagy in
D. melanogaster (Scott et al., 2007). However, in mammalian
cells, both wild-type and kinase-dead ULK1 suppress autophagy,
as judged by the LC3 conversion assay (Chan et al., 2007). We
therefore carefully examined the effect of wild-type and kinase-
dead mutants of ULK1 and 2 on Atgl6L1 puncta formation.
In transient transfection experiments, moderate expression of
kinase-dead HA-ULK1X*N (Yan et al., 1998) and HA-ULK2%*T
(Yan et al., 1999) efficiently suppress the starvation-induced
Atgl6L1 puncta formation (Fig. 2 C), whereas wild-type ULK1
and 2 showed almost no effect (Fig. 2 B; note that HA-ULK dots
are not as clear as those in stable transformants [Fig. 1] because
of high cytoplasmic signals caused by overexpression). In con-
trast, when overexpressed in higher levels, both wild-type and
kinase-dead ULKs suppressed Atgl6L1 puncta formation (un-
published data). The shape of wild-type ULK-overexpressing cells
was abnormal (Fig. S3, available at http://jcb.org/cgi/content/full/
jcb.200712064/DC1), as previously demonstrated by Chan et al.
(2007). The cells generated protrusions and, finally, detached from
the culture dish, which is consistent with the previous results in
D. melanogaster that Atgl overexpression caused apoptotic cell
death (Scott et al., 2007). However, these abnormalities were not
observed in cells overexpressing kinase-dead ULK1 and 2 (Fig.
S3). Therefore, the effects of overexpression of wild-type and
kinase-dead ULKSs are different. The kinase-dead mutants indeed
act as dominant-negative mutants, whereas wild-type overexpres-
sion may cause cytotoxicity by some other mechanism. Collec-
tively, these data suggest that the kinase activity is important for
the involvement of ULKSs in autophagy.

We also generated NIH3T3 cells stably expressing GFP-
ULK1®N and GFP-ULK2%*T, Although both Atgl6L1 and
GFP-ULKSs formed puncta in wild-type NIH3T3 cells after star-
vation, these puncta were only very rarely observed in NIH3T3
cells stably expressing GFP-ULK 1N or GFP-ULK2**T (Fig.
2 D), confirming that kinase-dead ULKSs function as a dominant-
negative mutant in autophagosome formation.

We next measured this effect by the LC3 conversion as-
say. Conversion of cytosolic LC3 (LC3-I) to membrane-bound
phosphatidylethanolamine (PE)—conjugated LC3 (LC3-II) oc-
curs during autophagy, and the amount of LC3-II is correlated
with the number of autophagosomes (Kabeya et al., 2000). This
LC3 conversion during starvation was markedly suppressed in
NIH3T3 cells stably expressing ULK 1% (Fig. 2 E), as recently

cultured in starvation medium for 120 min. The cells were subjected to
immunofluorescence microscopy using anti-Atg16L1 antibody. Bar, 20 pm.
(E) NIH 3T3 cells were transfected with the retroviral vectors encoding HA-
ULKT*N or with the corresponding empty retrovirus (mock). They were
cultured in complete or starvation medium for 120 min. Cell lysates were
then analyzed by immunoblot analysis with the indicated antibodies.
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Figure 3. ULK1 interacts with FIP200. (A) HEK293T cells were cotransfected with FLAG-FIP200 and HA-ULKs. Cell lysates were subjected to immuno-
precipitation (IP) using antibodies against FLAG. The resulting precipitates were examined by immunoblot (IB) analysis with the indicated antibodies. The as-
terisk indicates nonspecific band. (B) Lysates of MEFs were immunoprecipitated with anti-ULK1 or anti-FIP200 antibody or preimmune rabbit serum, and the

resulting precipitates were subjected to immunoblot analysis with antibodie

s against ULK1 and FIP200. (C) Schematic representation of ULKT mutants used

in D. (D) HEK293T cells were cotransfected with FLAG-FIP200 and various ULK1 mutants and analyzed as in A using anti-HA and anti-FLAG antibodies.
(E) NIH3T3 cells stably expressing GFP-ULK1 (leff) and GFP-ULK14€ (right) were cultured in starvation medium for 120 min. Bar, 20 pm.

reported by Chan et al. (2007). Another assay was conducted
to monitor autophagy flux. Because p62 (SQSTM1/sequesto-
some 1) can bind LC3, p62 is preferentially incorporated into
autophagosomes and degraded by autophagy (Bjgrkgy et al.,
2005; Mizushima and Yoshimori, 2007). The amount of p62 can
therefore serve as a good indicator of autophagic activity. The
base level of p62 was up-regulated in ULK1***N-transfected
cells compared with mock-transfected cells. Although the level
of p62 decreased during starvation in mock-transfected cells,
the decrease was modestly suppressed in ULK1%N-transfected
cells. These data suggest that autophagic flux was attenuated by
expression of the kinase-dead ULKSs.

Identification of FIP200

as a ULK-interacting protein

In yeast, Atgl forms a complex with multiple proteins including
Atgl3 and 17. However, a different set of ULK-interacting pro-
teins has been reported in mammals that includes GABARAP,
GATE-16 (Okazaki et al., 2000), SynGAP, and Syntenin (Tomoda
et al., 2004) but not other Atg homologues. To better understand

the role of ULK, we searched for additional ULK-interacting
proteins. Mouse ULK1-FLAG and FLAG-ULK?2 were expressed
in HEK293 cells and immunoprecipitated with an anti-FLAG
antibody. We analyzed the immunoprecipitates by highly sensi-
tive direct nanoflow liquid chromatography/tandem mass spec-
trometry (Natsume et al., 2002) and identified FIP200, which
is also called RB1CCl1, in both the ULK1 and 2 precipitates.
We confirmed the interaction of FIP200 with ULK1 and 2 by
immunoprecipitation analysis using HEK293T cells coexpress-
ing FLAG-FIP200 and either HA-ULK1 or -ULK2 (Fig. 3 A).
Furthermore, we generated antibody against FIP200 and detected
the interaction between endogenous ULK1 and FIP200 in wild-
type MEFs (Fig. 3 B). This coprecipitation was not observed
if we performed the same experiments using FIP200~'~ MEFs.
The interaction between ULK1 and FIP200 was not affected by
nutrient conditions, suggesting that ULK1 and FIP200 physically
interact with each other under both nutrient-rich and starvation
conditions (Fig. 3 B).

We next determined which region of ULKI1 is required
for the interaction with FIP200, using several ULK1 mutants

ULK-FIP200 COMPLEX IN AUTOPHAGY ¢ Hara et al.
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Figure 4. FIP200 localizes to phagophore after A
starvation treatment. (A) NIH3T3 cells stably ex-
pressing GFP-FIP200 were cultured in complete or
starvation medium for 120 min and the GFP signal
was observed. (B) NIH3T3 cells stably expressing
GFP-FIP200 were cultured in starvation medium for
120 min and then subjected to immunofluorescence
microscopy using anti-Atg16L1 antibody and Alexa
Fluor 568-conjugated secondary antibody. Bars, 20 pm.
More than 90% of GFP-FIP200 dots were positive
for Atg16L1. (C) NIH3T3 cells stably expressing GFP-
ULK1 were starved for 120 min and then subjected
to immunofluorescence microscopy using anti-FIP200
antibody and Alexa Fluor 568-conjugated secondary
antibody. Black squares indicate the enlarged areas
shown in insets. Bar, 20 pm.

0 min

(Fig. 3 C). Although kinase-dead ULK1¥*N could interact with
FIP200, the C-terminal deletion mutants (ULK1'**7 and
ULK1'%) could not (Fig. 3 D). The C-terminal deletion mu-
tant ULK1'*2® also failed to accumulate to punctuate dots (Fig.
3 E). Thus, the C-terminal region (829-1051 aa) of ULK1 is re-
quired for both ULK-FIP200 interaction and puncta formation.

FIP200 localizes to the isolation membrane
FIP200, a ubiquitously expressed protein (Bamba et al., 2004),
was originally identified as a Pyk2 (proline-rich tyrosine kinase
2)-interacting protein (Ueda et al., 2000). FIP200 binding in-
hibits Pyk2 kinase activity, thereby inhibiting Pyk2-induced
apoptosis. FIP200 also associates with FAK as a negative regula-
tor (Abbi et al., 2002). Additionally, FIP200 interacts with multi-
ple proteins such as TSC1 (Gan et al., 2005), p53 (Melkoumian
et al., 2005), ASK1, and TRAF2 (Gan et al., 2006). FIP200 also
induces RB1 expression (Chano et al., 2002a). Therefore, FIP200
is a multifunctional protein that is involved in cell migration,
proliferation, cell size regulation, cell death, and tumor suppres-
sion. However, its involvement in autophagy or membrane traf-
ficking has not been reported.

To investigate the functional relevance of FIP200 in
autophagosome formation, we first examined the subcellular
localization of FIP200. FIP200 has been previously reported to
localize to the nucleus (Chano et al., 2002a), cytoplasm (Ueda
et al., 2000), and focal contacts in the cell periphery (Abbi et al.,
2002). When we observed NIH3T3 cells transfected with a retro-
virus vector encoding GFP-fused FIP200 under nutrient-rich
conditions, most GFP signals were detected diffusely in the
cytoplasm, with only a few punctate dots (Fig. 4 A). After amino
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120 min

Atg16L1 GFP-FIP200/Atg16L1

FIP200 GFP-ULK1/FIP200

.

acid and serum starvation, however, the number of these dots
increased. These GFP-FIP200—positive dots were almost com-
pletely colocalized with Atgl6L1 (Fig. 4 B). Furthermore, we
observed almost complete colocalization between GFP-ULK1
and endogenous FIP200 (Fig. 4 C). All these data suggest that
FIP200 localizes to elongating isolation membrane together
with ULKSs.

FIP200 is required for autophagy

The isolation membrane localization of FIP200 prompted us to
further examine its role in autophagy. FIP200 is known to be
essential for embryonic development. FIP200~~ mice show
embryonic lethality between embryonic day (E) 13.5 and 16.5
because of defective heart and liver development (Gan et al.,
2006). We therefore examined the autophagic activity of MEFs
derived from FIP200~'~ embryos. In wild-type MEFs, 1 h of
amino acid and serum starvation induced LC3 conversion,
which was restored by an additional 1-h incubation in com-
plete DME supplemented with 10% FCS (Fig. 5 A). In con-
trast, the starvation-induced LC3 conversion was almost
completely abolished in FIP200~/~ MEFs. Furthermore, p62
accumulated in FIP200~~ MEFs, suggesting that autophagy
is profoundly suppressed in the absence of FIP200. It should
be noted, however, that a small amount of LC3-II was detected
in FIP200™~ MEFs irrespective of nutrient conditions. This
phenotype was quite different from that of Atg5~~ MEFs, in
which LC3-II was never detected (Fig. 5 A). These results sug-
gest either that low-level autophagy constitutively occurs in
FIP200~"~ MEFs or that LC3 conversion occurs independently
of autophagy.
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60 min. In the recovery experiments, starved MEFs were cultured in fresh complete medium for an additional 60 min (replenishment). The cell lysates were
subjected to immunoblot analysis with the indicated antibodies. (B) Wildtype and FIP200~/~ MEFs were cultured in the complete or starvation medium for
indicated time with or without 100 nM bafilomycin A;. The cell lysates were subjected to immunoblot analysis with anti-LC3 antibody. (C) Wild-type and
FIP200~/~ MEFs were transfected with retroviral vectors encoding GFP-Atg5 or GFPLC3. Resulting cells were cultured in the starvation medium for 120 min.
The cells were fixed and examined by fluorescence microscopy. Bar, 20 pm. (D-G) Wild4ype (D and E) and FIP200~/~ (F and G) MEFs were cultured in
complete (D and F) or starvation (E and G) medium for 120 min and then fixed and subjected to EM analysis. Autophagosome-like structures (open
arrowheads), and autolysosomes (closed arrowheads) are indicated. Bar, 1 pm. (H) The ratio of total area of autophagosomes (AP) and autolysosomes (AL)

to total cytoplasmic area in D-G was determined by morphometric analysis.

To monitor the autophagic ability of FIP200~ MEFs
more precisely, we determined the autophagy flux in these cells
by the LC3 turnover assay (Tanida et al., 2005; Mizushima and
Yoshimori, 2007). Because LC3-II is present on both outer and
inner autophagosome membranes, LC3-1I itself is degraded after
autophagosome-lysosome fusion. If autophagosome-lysosome
fusion is blocked with the vacuolar H* ATPase inhibitor bafilo-
mycin A, (Yamamoto et al., 1998), autophagic degradation of
LC3-II should be suppressed. This treatment indeed caused ac-
cumulation of LC3-II in 2-h and 4-h starved wild-type MEFs
(Fig. 5 B). However, this effect of bafilomycin A; was not ob-
served in FIP200~"~ MEFs even after 4-h starvation, suggesting
that autophagic degradation is suppressed almost completely in
these cells.

We also examined autophagy induction in wild-type and
FIP200~~ MEFs stably expressing GFP-Atg5 (isolation mem-
brane marker) or GFP-LC3 (autophagosome marker) by moni-

toring the redistribution of cytosolic GFP-Atg5 and GFP-LC3
to membrane structures. After a 2-h culture in amino acid-
and serum-deprived medium, several GFP-Atg5 and GFP-
LC3 dots were observed in wild-type MEFs (Fig. 5 C, left).
In FIP2007'~ cells, however, these GFP-Atg5—positive dots
were completely absent (Fig. 5 C, right, top). The number of
GFP-LC3 dots was greatly reduced, but several GFP-LC3—
positive dots were still observed in FIP200"~ cells (Fig. 5 C,
right, bottom). However, these dots were irregular in shape,
and their number did not change after starvation treatment
(unpublished data). These structures therefore likely represent
some aberrant structures or aggregates of GFP-LC3 protein
caused by FIP200 deficiency. To further confirm the effect of
loss of FIP200 on autophagosome formation, we performed
EM analysis. In wild-type MEFs after a 2-h starvation, we
could detect numerous autophagic vacuoles, which occupied
~3% of the total cytoplasmic volume (~2% autophagosomes
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Figure 6. FAK is not required for autophagy. (A) FAK*/~ and FAK™/~ MEFs were cultured in the complete or starvation medium for the indicated times
with or without 100 nM bafilomycin A;. The cell lysates were subjected to immunoblot analysis with the indicated antibodies. (B) FAK*/~ and FAK~/~ MEFs
stably expressing GFP-LC3 were cultured in complete or starvation medium for 120 min. The cells were fixed and examined by fluorescence microscopy.
(C) Wild-type MEFs stably expressing GFP-FAK were cultured in complete or starvation medium for 120 min. The cells were fixed and subjected to immuno-
fluorescence microscopy using anti-Atg16 antibody. Black squares indicate the enlarged areas shown in insets. Bars, 20 pm.

and ~1% autolysosomes; Fig. 5, D, E, and H). In contrast, auto-
phagosome-like structures were hardly observed in FIP200 '~
MEFs even under amino acid and serum starvation conditions
(Fig. 5, F, G, and H). These results demonstrate that FIP200 is
required for autophagosome formation.

FIP200 can bind FAK and inhibit FAK function. FAK is one of
the focal adhesion components that include multiple proteins
such as vinculin, paxillin, and talin (Carragher and Frame,
2004). In addition, while we were preparing this manuscript, it
was reported that paxillin also acts as a regulator of autophagy
(Chen et al., 2007). On that basis, we investigated the potential
role of FAK in autophagy using FAK '~ MEFs (Ilic et al., 1995).
As far as we tested, FAK~ MEFs demonstrated no abnormal-
ities related to autophagy. Starvation-induced LC3 conversion
with and without bafilomycin A; and starvation-induced p62
degradation in the lysosome were normal (Fig. 6 A). There was
also no difference in starvation-induced GFP-LC3 dot forma-
tion between FAK™™ and FAK ~ MEFs (Fig. 6 B). Addition-
ally, GFP-fused FAK localized to focal adhesions but not to the
Atgl16L1-positive autophagy-related structure (Fig. 6 C). These
results suggest that FAK is not involved in autophagy and that
the role of FIP200 in autophagy is independent of FAK.

FIP200 interacts with TSC1 and inhibits its function (Gan et al.,
2005). The TSC1-TSC2 heterodimer inhibits mTOR function
through Rheb inactivation (Inoki and Guan, 2006; Wullschleger
et al., 2006; Guertin and Sabatini, 2007). As autophagy is nega-
tively regulated by mTOR signaling (Meijer and Codogno,
2004), we investigated whether the autophagy defect of FIP200~"~
MEFs is a result of aberrant TSC-mTOR signaling. If this were
the case, autophagy should be induced by treatment with the
mTOR inhibitor rapamycin. In wild-type MEFs, rapamycin
induced LC3 conversion both in the absence and presence of
bafilomycin A;. However, the LC3 conversion induced by rapa-
mycin was still impaired in FIP200~~ MEFs (Fig. 7 A). We also
observed that rapamycin was able to induce GFP-Atg5S and
GFP-LC3 dot formation in wild-type MEFs but not in FIP200~'"~
MEFs (Fig. 7 B). Furthermore, mTOR appeared to be normally
suppressed in FIP200~'~ MEFs after serum and amino acid
starvation, as judged by 4E-BP1 dephosphorylation, despite the
suppression of autophagy (Fig. 5 A). Collectively, these data
suggest that the defect in autophagosome formation of FIP200~'~
MEFs is caused by loss of FIP200 function downstream of
mTOR and not by aberrant nutrient signaling including the
TSC complex.
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Figure 7. FIP200 functions downstream of mTOR in autophagosome for-
mation. (A) Wild4ype and FIP200~/~ MEFs were treated with 100 ng/ml
rapamycin (rapa) or vehicle (DMSO) for 120 min in the presence or ab-
sence of 100 nM bafilomycin A;. The cell lysates were subjected to immuno-
blot analysis with antiLC3 antibody. (B) Wildtype and FIP200~/~ MEFs
stably expressing GFP-Atg5 or GFP-LC3 were cultured in the presence of
100 ng/ml rapamycin for 120 min. The formation of GFP-Atg5 (top) and
GFP-LC3 (bottom) puncta was examined by fluorescence microscopy. Bar,
20 pm. (C) Wild4ype and FIP200/~ MEFs were treated with 10 mM
lithium chloride for 24 h or 100 pM Cyceramide for 2 h.

FIP200~~ MEFs were also resistant to various autophagy-
inducing reagents such as lithium chloride (Sarkar et al.,
2005) and ceramide (Fig. 7 C; Scarlatti et al., 2004). Because
the effect of lithium is independent of mTOR (Sarkar et al.,
2005), FIP200 should function in both mTOR-dependent and
-independent autophagy.

FIP200 is required for ULK puncta

formation and is important for the stability
and proper phosphorylation of ULK

Given that FIP200 interacts with ULK1 and 2, we postulated
that ULKs and FIP200 function together. We first examined the
membrane targeting of ULKs in wild-type and FIP200~"~
MEFs. As we demonstrated in Fig. 1, GFP-ULK puncta were
formed in wild-type MEFs during starvation. These puncta rep-
resent the isolation membrane (Fig. 8 A, left). However, these
dots were never observed in FIP200~'~ MEFs, suggesting that
puncta formation of ULK1 and 2 depends on FIP200 (Fig. 8 A,
right). However, this observation may simply reflect impair-
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Figure 8. FIP200 is required for membrane targeting and proper function
of ULK. (A) FIP200*/~ and FIP200~/~ MEFs stably expressing GFP-ULK1
or -ULK2 were cultured in starvation medium for 120 min. The cells were
fixed and examined by fluorescence microscopy. Bar, 20 pm. (B) FIP200*/+
and FIP200~/~ MEFs were cultured in complete medium. The cell lysates
were subjected to immunoblot analysis with antibodies against ULK1 or
HSP90 (loading control). (C) Phosphatase sensitivity of ULK1. FIP200*/*
and FIP200/~ MEFs were cultured in complete medium. ULK1 was
immunoprecipitated from cell lysates and treated with X phosphatase for
30 min at 30°C in the absence or presence of phosphatase inhibitors
(1 mM NayVOy, 50 mM KF, 15 mM Na,P,O7, and T mM EGTA).

ment of isolation membrane formation in the absence of FIP200,
because even GFP-Atg5 dot formation was suppressed in
FIP200~'~ MEFs (Fig. 5 C). To explore more direct functional
connections between ULK and FIP200, we next examined the
expression status of ULK1 in wild-type and FIP200~'~ MEFs.
The expression level of ULK1 in FIP200~'~ MEFs was much
lower than in wild-type MEFs under both nutrient rich (Fig.
8 B) and starvation (not depicted) conditions. The ULK1 mRNA
expression was enhanced after starvation, but there was no dif-
ference between wild-type and FIP200~'~ cells (Fig. S4 A,
available at http://jcb.org/cgi/content/full/jcb.200712064/DC1).
However, we observed faster decay of ULK1 protein in FIP200~"~
cells after cycloheximide treatment, suggesting that ULK1 is
destabilized in the absence of FIP200 (Fig. S4 B). Additionally,
we found that ULK1 was detected as a smeared band with faster
mobility in FIP200~'~ MEFs. As previously reported (Yan
et al., 1998, 1999), we observed that mobility of ULKI**N is
faster than that of wild-type ULK1, suggesting that ULK1 is
autophosphorylated (Fig. 3 D). Consistent with this, when we
treated ULK1 immunoprecipitated from wild-type cells with
N\ phosphatase, ULK1 migrated to a lower position that was
suppressed in the presence of phosphatase inhibitors, confirming
that ULK1 is phosphorylated (Fig. 8 C). Likewise, the phospha-
tase treatment of ULK1 from FIP200~'~ cell lysates produced a
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band with the same mobility (Fig. 8 C, compare lanes 2 and 5),
indicating that the faster migration of endogenous ULK1 in
FIP200""~ MEFs represents reduced phosphorylation rather
than other modifications such as protein processing. Therefore,
FIP200 is likely important for maintenance of the ULK1 kinase
activity. All these results suggest that FIP200 and ULK1 are
functionally connected and that this complex plays an important
role in autophagosome formation.

Discussion

We have identified a novel ULK-interacting protein, FIP200,
and demonstrated that ULK1, ULK2, and FIP200 localize to the
isolation membrane. Because FIP200-deficient cells displayed
virtually no autophagosomes, we propose that the ULK-FIP200
complex is essential for an early step, not a later or completion
step, of autophagosome formation.

Comparison between yeast Atg1 and
mammalian ULK in the autophagy pathway
Although yeast Atgl and mammalian ULK possess several
common features, there are some differences. One difference is
that although both proteins target to autophagic structures, pre-
cise localization may not be the same. Yeast Atgl is known to
localize to the PAS (Suzuki et al., 2007). However, because
Atgl is delivered to the vacuole (Suzuki et al., 2001), it should
be present on the inner membrane of autophagosomes or cap-
tured inside autophagosomes. In contrast, we detected ULK1
and 2 only on the isolation membrane, which suggests that
ULKI1 and 2 associate primarily with the outer membrane of
autophagosomes like the Atgl2—-AtgS conjugate (Mizushima
et al., 2001). Accordingly, both ULK1 and FIP200 are not de-
graded in lysosome because expression levels of these proteins
did not change after treatments of bafilomycin Al (Fig. S5,
available at http://jcb.org/cgi/content/full/jcb.200712064/DC1).

Another difference is the Atg5 dependency of Atgl/ULK
dot formation. Although PAS targeting of yeast Atgl does not
depend on Atg5 (Suzuki et al., 2007), puncta formation of
ULKI and 2 depends on Atg5 in mammalian cells (Fig. 1). One
possible explanation of this apparent discrepancy between yeast
and mammalian Atgl/ULK would be that the PAS-equivalent
structure is not visible in mammalian cells, and localization of
Atg1/ULK to isolation membrane should be dependent on Atg5
both in yeast and mammals. Dissection of PAS and the isolation
membrane in yeast would clarify this issue.

We did not observe any difference between ULK1 and 2
in the present study, although ULK?2 has been reported to be
dispensable for autophagy (Young et al., 2006; Chan et al.,
2007). The function of ULK?2 thus remains unclear. Examina-
tion of endogenous ULK2 will be required.

FIP200, a possible counterpart of yeast
Atg177?

It was previously shown that FIP200 interacted with TSC1, and
phosphorylation of S6 kinase after amino acid stimulation was
impaired in cells treated with FIP200 siRNA (Gan et al., 2005).
However, this effect was observed only moderately in FIP200~"~
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MEFs (Gan et al., 2005). We also failed to detect clear defect in
this pathway as we tested the phosphorylation levels of 4E-BP1
(Fig. 5 A). There might be adaptation to the FIP200-deficient
conditions in permanently knocked out cells. However, our
present study does not exclude the possibility that FIP200 func-
tions with the TSC complex. FIP200 may function both up-
stream and downstream of mTOR, but the downstream effect
can be dominant when we analyze autophagy.

As FIP200 interacts with ULK1 and 2 and is essential for
autophagy, one might speculate that this protein is a counterpart
of yeast Atgl3 or 17. Indeed, although FIP200 (1594 aa) is
much larger than Atg17 (417 aa), FIP200 shares several features
with yeast Atgl7. First, both Atgl7 and FIP200 have multiple
coiled-coil domains. Second, just as Atgl7 is required for Atgl
kinase activity (Kamada et al., 2000; Kabeya et al., 2005), the
phosphorylation status of ULK1 is reduced in FIP200-deficient
cells, which may indicate diminished ULK1 activity (Fig. 8). It is
therefore likely that Atg17 and FIP200 can support the function
of Atgl and ULKs, respectively. We also found that ULK1
kinase activity per cell was reduced in FIP200~"~ cells (unpub-
lished data). However, as ULK1 expression level itself was also
lower in FIP200™"" cells than in wild-type cells (Fig. 8), we
could not conclude how much specific activity of ULKI1 re-
duced in the absence of FIP200. Third, the C-terminal region of
ULKI is essential for both FIP200 interaction and ULK1 puncta
formation (Fig. 3; Chan et al., 2007), suggesting that interaction
with FIP200 is important for membrane targeting. This is con-
sistent with the previous finding that yeast Atgl7 is required
for PAS targeting of Atgl, which is particularly apparent in
the atgll mutant (Suzuki et al., 2007; Cheong et al., 2008;
Kawamata et al., 2008). Fourth, FIP200 has multiple binding
partners other than ULK1 and 2. Similarly, systematic analyses
of yeast protein interactions by two-hybrid analysis and mass
spectrometry identified many potential Atgl7-interacting pro-
teins, some of which are unrelated to autophagy (Ho et al.,
2002; Gavin et al., 2006; Krogan et al., 2006). Therefore, both
Atg17 and FIP200 may function as a scaffold for multiple pro-
teins. Finally, homologues of Atgl7 are present in Kluyveromyces
lactis and Eremothecium gossypii, where FIP200 homologue
is missing. On the other hand, FIP200 homologues are found in
Homo sapiens, Mus musculus, Gallus gallus, and D. melano-
gaster, where Atgl7 homologues are absent, but not in Saccha-
romyces cerevisiae. This mutual exclusiveness suggests that
these two groups of proteins may serve similar functions for
which one, but not both, proteins are required. Identification
and analysis of a functional homologue of mammalian Atgl3, a
critical factor of this complex, will further clarify the functional
relationship between yeast and mammalian Atgl complex.

LC3 conversion in FIP200 "~ cells

One notable finding in this study is that significant amounts of
LC3-I1, which is the most widely used autophagy indicator, are
detectable in FIP200-deficient cells. This may indicate that
a very low level of autophagy occurs even in the absence of
FIP200, which is consistent with the finding that small autopha-
gosomes are occasionally generated in yeast atg/7 mutant cells
(Cheong et al., 2005; Kabeya et al., 2005). However, this leaky



phenotype is likely mediated by Cvt-specific Atgll, which is
absent in mammalian cells (Suzuki et al., 2007; Cheong et al.,
2008; Kawamata et al., 2008). Indeed, the autophagy flux anal-
ysis of FIP200~~ cells suggested that autophagic degradation
is nearly completely abolished (Fig. 5 B). Thus, the small
amount of LC3-11 detected in FIP200™"~ cells may be generated
in an autophagy-independent manner. In yeast, Atg8—PE is gen-
erated even in argl7 mutant cells as well as in several other
autophagy mutants such as atgl, 2, 6, 9, 13, 14, and 16 mutants
(Suzuki et al., 2001). Atg8—PE conjugation is severely affected
only in atg5, 10, and 12 mutant cells and is completely blocked
in atg3, 4, and 7 mutant cells (Suzuki et al., 2001). The Atg12—
Atg5 conjugate was recently reported to have an E3-like en-
zyme activity for the Atg8—PE conjugation reaction (Hanada
et al., 2007). Therefore, the Atg8—PE conjugation can take place
in an autophagy-independent manner. The Atg knockout mam-
malian cells reported so far are Atg5~"~ and Atg7 /. Although
LC3-II formation is absent in these cells, this is probably caused
by deficiency of Atgl2 and 8 conjugation and not simply au-
tophagy deficiency. As observed in FIP200~"~ cells, Beclin 1
silencing blocks autophagosome formation but does not cause
complete suppression of the LC3 conversion (Zeng et al., 2006;
Matsui et al., 2007). Therefore, it is not contradictory that
FIP200~"" cells show some LC3-II, even if the autophagic
activity is virtually suppressed. Rather, these data suggest that
we should measure the autophagy flux, not the absolute amount
of LC3-II, to monitor autophagy (Tanida et al., 2005; Mizushima
and Yoshimori, 2007).

ULK/Atg1 and focal adhesion components
We have demonstrated that FIP200 localizes to the autophagic
isolation membrane and is essential for autophagy. We do not
think that FIP200 is an autophagy-specific protein. The most
striking evidence for this is that FIP200~"~ mice die between
E13.5 and 16.5 with defective heart and liver development (Gan
et al., 2006), whereas autophagy-deficient Atg5 "~ and Atg7 "~
mice survive embryogenesis (although they die within one day
of birth). Indeed, FIP200 involvement has been suggested in
various cellular processes, such as inhibition of Pyk2-induced
signaling (Ueda et al., 2000), inhibition of cell migration
through FAK inhibition (Abbi et al., 2002), tumor suppression
(Chano et al., 2002b), induction of RB expression (Chano et al.,
2002a), cell size regulation through inhibition of the TSC com-
plex (Gan et al., 2005; Chano et al., 2006), inhibition of p53-
mediated G1-S progression (Melkoumian et al., 2005), and
inhibition of TNF-induced apoptosis, probably through inhibition
with ASK1 and TRAF2 (Gan et al., 2006). These data suggest
that FIP200 is a multifunctional protein.

An important question is whether FIP200 alone or FIP200
and its interacting proteins are involved in autophagy. While we
were preparing this manuscript, a D. melanogaster genetic anal-
ysis revealed a genetic interaction between Atgl and paxillin, a
cytoskeletal scaffolding protein (Chen et al., 2007). The study
further demonstrates that paxillin and vinculin redistribute from
focal adhesions to intracellular structures under starvation con-
ditions and that paxillin-deficient MEFs are defective in autoph-
agy. In contrast, our analysis showed that FAK is not required

for autophagy, suggesting that the focal adhesion complex per
se is not involved in autophagy. FAK-independent communica-
tion between FIP200 and paxillin will be the subject of future
studies in both autophagy and focal adhesion.

Given that at least three of the focal adhesion components
function in autophagy, it is possible that ULKs also plays a role
in cell adhesion that is independent of its function in autophagy.
Indeed, GFP-ULK1 and -ULK2 were occasionally detected at
the cell periphery (Fig. S2), and overexpression of wild-type
ULKSs caused abnormal cell morphology such as cell rounding
and protrusion (Fig. S3). So far, several studies have suggested
autophagy-independent roles of Atgl/ULK in various species,
such as axonal elongation and branching in C. elegans (Ogura
et al., 1994) and mammals (Tomoda et al., 1999; Zhou et al.,
2007). These functions may be related to the role of Atgl in fo-
cal adhesion.

In conclusion, we have identified a novel ULK-interacting
protein, FIP200, which is functionally similar to yeast Atgl7.
The ULK-FIP200 complex is essential for autophagy, but the
precise role of this complex is unknown. Identification of physi-
ologically relevant substrates of Atgl-ULK is one of the most
straightforward approaches, although it has not been successful
thus far in any species studied (Deminoff and Herman, 2007).
Searching for additional interacting proteins will also facilitate
understanding of the role of Atgl-ULK complex and the regu-
lation of autophagy induction and autophagosome formation.

Materials and methods

Plasmids

IMAGE Consortium cDNA clones (GenBank accession no. BCO17556)
encoding human RB1CC1/FIP200 were obtained from Invitrogen. The
cDNA encoding FIP200 was cloned into p3xFLAG CMV10 (Sigma-
Aldrich). Expression constructs for wild-type and kinase-dead mouse ULK1
and 2 were gifts from N. Okazaki (Kazusa DNA Research Institute,
Kisarazu, Japan) and M. Muramatsu (Tokyo Medical and Dental Univer-
sity, Tokyo, Japan). The kinase-dead ULKT mutant (with conserved ATP
binding Lys 46 replaced with Asn) and the kinase-dead mutant ULK2 (with
lys 39 to Thr replacement) were previously described (Yan et al., 1998,
1999). FAK cDNA constructs were provided by S. Hanks (Vanderbilt Uni-
versity, Nashville, TN).

Cell culture and transfection

Atg5~/~ (Kuma et al., 2004), FIP200~/~ (Gan et al., 2006), and FAK*/~,
FAK=/~ (gift from S. Aizawa, Institute of Physical and Chemical Research,
Kobe, Japan; llic et al., 1995) MEFs were generated previously. MEFs and
HEK293T cells were cultured in DME supplemented with 10% FBS and
50 pg/ml penicillin and streptomycin (complete medium) in a 5% CO,
incubator. Bovine calf serum was used instead of FBS for NIH3T3 cells.
For starvation, cells were washed with PBS and incubated in amino acid-
free DME without FBS (starvation medium). Fugene & reagent (Roche)
and lipofectamine 2000 reagent (Invitrogen) were used for transfection.

Antibodies and reagents

Polyclonal antibodies against FIP200 or ULK1 were generated in rabbits by
standard procedures with fragments of recombinant human FIP200 (resi-
dues 200-413 and 1-633) or mouse ULK1 (residues 738-1052) as anti-
gens. Polyclonal antilC3 (Hosokawa et al., 2006) and anti-Atg16L1
antibodies (Mizushima et al., 2003) were described previously. Polyclonal
anti-ULKT antibody (A7481) and monoclonal anti-FLAG (M2) and anti-
atubulin (DMTA) were purchased from Sigma-Aldrich. Another polyclonal
anti-ULK1 antibody was purchased from Santa Cruz Biotechnology, Inc.
A monoclonal anti-HA antibody (HA11) was purchased from Covance.
Monoclonal anti-HSP90 and anti-HSP70 antibodies were purchased from
BD Biosciences. Polyclonal antibodies to 4E-BP1 were purchased from Cell
Signaling Technology. Polyclonal antibodies to p62 were purchased from
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American Research Products, Inc. Alexa Fluor 488-, 568-, and 660-coniju-
gated goat anti-rabbit IgG (H + L) antibodies (Invitrogen) were used for
immunochemistry. Rapamycin and lithium chloride were purchased from
Sigma-Aldrich. Bafilomycin A; was purchased from Wako Pure Chemical
Industries, Ltd. Co-ceramide was purchased from EMD.

EM

MEFs were fixed in 2.5% glutaraldehyde in 0.1 M sodium phosphate buf-
fer, pH 7.4, for 2 h. The cells were washed three times in phosphate buffer
confaining 1 mM glycine and were postfixed in 1% OsOy in 0.1 M phos-
phate buffer, pH 7.4, for 1 h. The cells were further dehydrated with a
graded series of ethanol and were embedded in epoxy resin. Ultrathin sec-
tions were doubly stained with uranyl acetate and lead citrate and observed
using an electron microscope (7100; Hitachi). For morphometric analysis,
at least 20 sections of each sample were analyzed using MetaMorph image
analysis software (version 6.2; MDS Analytical Technologies).

Retroviral expression system

cDNAs encoding human FIP200, wild-+type mouse ULK1, ULK1*4N ULK14,
ULK2, ULK2"7T, Atg5, and FAK, and rat LC3 were N-terminally fused to the
GFP fragment. A cDNA encoding mouse ULK1¥*N was N-+erminally tagged
with the HA epitope. These cDNAs were subcloned into pMXs-puro or
pMXs-IP (provided by T. Kitamura, University of Tokyo, Tokyo, Japan). The
resulting vectors were used to transfect Plat E cells and thereby generate
recombinant retroviruses. MEFs and NIH 3T3 cells were infected with the
recombinant retroviruses and selected in medium containing 1 pg/ml
puromycin. Cells stably expressing the recombinant proteins were pooled
for experiments (Kamura et al., 2004).

Immunoprecipitation and immunoblotting

Cell lysates were prepared in a lysis buffer (50 mM TrisHCl, pH 7.5, 150
mM NaCl, T mM EDTA, 0.5% Triton X-100, 1 mM PMSF, 1 mM Na;VOy,
and protease inhibitor cocktail [Complete EDTAfree protease inhibitor;
Roche]). The lysates were clarified by centrifugation at 15,000 rpm for 15 min
and were subjected to immunoprecipitation using specific antibodies in
combination with protein G-Sepharose (GE Healthcare). Precipitated immuno-
complexes were washed five times in lysis buffer and boiled in sample buffer.
Samples were subsequently separated by SDS-PAGE and transferred to
Immobilon-P polyvinylidene difluoride membranes (Millipore). Immunoblot
analysis was performed with the indicated antibodies and visualized
with SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher Sci-
entific). The signal intensities were analyzed using an imaging analyzer
(LAS-3000mini; Fujifilm) and Multi Gauge software (version 3.0; Fuijifilm).
Contrast and brightness adjustment was applied to the whole images using
Photoshop 7.0.1 (Adobe).

Fluorescence microscopy

MEF or NIH3T3 cells expressing protein fused to GFP were directly ob-
served with a fluorescence microscope (IX81; Olympus) equipped with a
charge-coupled device camera (ORCA ER; Hamamatsu Photonics). A 60x
PlanAPO oil immersion lens (1.42 NA; Olympus) was used. Images were
acquired using MetaMorph image analysis software version. For examina-
tion by immunofluorescence microscopy, cells grown on gelatinized cover-
slips were fixed and stained with an anti-Atg16L1, anti-FIP200, or anti-HA
antibody as previously described (Mizushima et al., 2001).

Kinase assay

Cells were washed with PBS and then lysed in an extraction buffer (20 mM
Tris-HCI, pH7.5, 150 mM NaCl, 10 mM B-glycerophosphate, 5 mM
EGTA, 1 mM sodium pyrophosphate, 5 mM NaF, T mM Na;VOy,, and
0.5% Triton X-100) supplemented with protease inhibitors (10 pg/ml each
of pepstatin A, chymostatin, leupeptin, and E64 [Peptide Institute, Inc.]).
ULK1 was immunoprecipitated with anti-ULK1 antibody, and an in vitro
protein kinase assay was performed for 30 min at 30°C in the presence of
v-[32P]ATP (GE Healthcare) and myelin basic protein (Millipore). The reac-
tion products were separated by SDS-PAGE and the intensities of the 32P-
labeled myelin basic protein bands were visualized with a BAS image
analyzer (Fujifilm). The signal intensities were quantified using Multi Gauge
software. The amount of immunoprecipitated ULKT was monitored by im-
munoblot analysis using ULKT antibody (Santa Cruz Biotechnology, Inc.).

Real-time PCR

Realtime PCR was performed on a Thermal Cycler Dice (Takara) using
SYBR premix EX Taq (Takara). The primer sets used were as follows:
mouse ULK1 forward, 5-TTACCAGCGCATCGAGCA-3’; and reverse,
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5" TGGGGAGAAGGTGTGTAGGG-3’; and mouse B-actin forward,
5'.CTGGGTATGGAATCCTGTGG-3’; and reverse, 5'-GTACTIGCGCT-
CAGGAGGAG:-3'. Amplicon expression in each sample was normalized
to its B-actin mRNA content.

Online supplemental material

Fig. S1 shows the structural comparison of murine ULK homologues (ULK1-4).
Fig. S2 shows the peripheral localization pattern of ULK1 and 2. Fig. S3
shows the aberrant cell morphology of cells overexpressing wild-type ULK
but not in kinase-dead ULK. Fig. S4 shows the ULK1 mRNA expression and
protein turnover in wildtype and FIP200~/~ MEFs. Fig. S5 shows endog-
enous expression of ULKT and FIP200 in MEFs in the presence or absence
of 100 nM badfilomycin A;. Online supplemental material is available at

http://jcb.org/cgi/content/full/jcb.200712064/DC1.
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