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radiate during favorable times (22). This probably
includes the reoccupation of FAY-NE1 during
MIS 3 by the population that produced assemblage A. Access from southeast Arabia to the
Persian Gulf and vice versa is likely to have been
via the numerous wadi channels that extend from
the Hajar Mountains and into the Persian Gulf
basin, passing Jebel Faya to the north and the
south. These channels would also have facilitated
human migration by providing access to fresh
water along the shores of the proto-Gulf (22, 27).
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Adenosine monophosphate–activated protein kinase (AMPK) is a conserved sensor of intracellular
energy activated in response to low nutrient availability and environmental stress. In a screen
for conserved substrates of AMPK, we identified ULK1 and ULK2, mammalian orthologs of the
yeast protein kinase Atg1, which is required for autophagy. Genetic analysis of AMPK or ULK1
in mammalian liver and Caenorhabditis elegans revealed a requirement for these kinases in
autophagy. In mammals, loss of AMPK or ULK1 resulted in aberrant accumulation of the autophagy
adaptor p62 and defective mitophagy. Reconstitution of ULK1-deficient cells with a mutant
ULK1 that cannot be phosphorylated by AMPK revealed that such phosphorylation is required
for mitochondrial homeostasis and cell survival during starvation. These findings uncover a
conserved biochemical mechanism coupling nutrient status with autophagy and cell survival.
highly conserved sensor of cellular nutrient status found in all eukaryotes is
the adenosine monophosphate (AMP)–
activated protein kinase (AMPK). In response to
decreases in intracellular ATP, AMPK is activated
and serves as a metabolic checkpoint, restoring
ATP levels through acute regulation of metabolic
enzymes and inhibition of pro-growth anabolic
pathways (1). Inactivation of LKB1, the upstream
kinase necessary for activation of AMPK under
low-energy conditions, is a frequent event in sev-
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eral forms of human cancer (2). In addition, LKB1
signaling is required in the liver for the therapeutic
effect of metformin, the most prevalent type 2
diabetes drug worldwide, and LKB1 inactivation
in mouse liver results in a type 2 diabetes–like
metabolic disease (3). Thus the LKB1-AMPK
pathway provides a direct link between tumor
suppression and control of cellular and organismal metabolism.
Similar to AMPK activation, the cellular process of autophagy is initiated under nutrient-poor
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and low-energy conditions as a survival mechanism to ensure availability of critical metabolic
intermediates and to eliminate damaged organelles, including mitochondria (4). Autophagy is
thought to be initiated under nutrient-limited conditions by a conserved kinase complex containing
the serine-threonine kinase Atg1 and its associated subunits, Atg13 and Atg17 (5). In mammals,
this complex is encoded by two Atg1 homologs,
ULK1 and ULK2, and the subunits Atg13 and
FIP200, which signal to downstream autophagy
regulators through still poorly understood mechanisms. In yeast and mammalian cells, Atg1 or
ULK1 activity is suppressed under nutrient-rich
conditions by the TOR (target of rapamycin) complex 1 (TORC1) (6). However, biochemical events
that activate Atg1 or ULK1 have not yet been
identified.
We used a two-part screen to identify substrates of AMPK that mediate its effects on cell
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growth and metabolism (7). First, we used an optimal AMPK substrate motif (8) to search eukaryotic databases for proteins containing conserved
candidate target sites. Many in vivo substrates of
AMPK not only conform to this motif but also
bind to the phospho-binding protein 14-3-3 inducibly upon phosphorylation by AMPK. We
therefore screened for proteins that bound to
recombinant 14-3-3 in wild-type (WT) but not
AMPK-deficient cells, and only under conditions
of energy stress, when AMPK would be active.
One protein we identified that contained multiple
conserved candidate AMPK phosphorylation sites
and associated with 14-3-3 in an AMPK-dependent
manner was the mammalian Atg1 homolog ULK1
(Fig. 1, A and B). ULK1 contains four sites (Ser467,

Ser 555, Thr 574, and Ser637) matching the optimal
AMPK substrate motif, all of which are conserved in higher eukaryotes. Two of the sites are
conserved back to Caenorhabditis elegans (Ser 555
and Ser574) and in the mammalian family member ULK2, though not the more distant family
members ULK3 and ULK4, which unlike ULK1
and ULK2 are not thought to function in autophagy. Indeed, endogenous AMPK subunits
co-immunoprecipitated with ULK1 and ULK2
but not ULK3 (fig. S1), and AMPK subunits were
found in unbiased identifications of proteins coimmunoprecipitating with overexpressed ULK2
(fig. S2), which is consistent with recent proteomic
analyses (9). To examine ULK1 in vivo phosphorylation sites, we used tandem mass spec-

trometry on epitope-tagged ULK1 isolated from
cells treated with or without the mitochondrial
complex I inhibitor phenformin (10). We detected
peptides spanning three of the four candidate
AMPK sites in ULK1 (Ser 555, Thr 574, and Ser637),
and all three were phosphorylated only after
phenformin treatment (figs. S3 and S4). To examine whether ULK1 could serve as a direct
substrate for AMPK in vitro, we created a kinaseinactive allele (K46I) (11) to remove its autophosphorylation. AMPK phosphorylated ULK1
to a greater extent than it did an established substrate, Raptor (Fig. 1C and fig. S5), which may
reflect the presence of at least four potential
AMPK sites in ULK1, as compared with Raptor,
which has two reported AMPK sites (8). We gen-
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Fig. 1. ULK1 is a con- A
B
served substrate of AMPK.
(A) Clustal alignment of
four conserved sites in
ULK1 and two sites in
ULK2 matching the optimal AMPK substrate motif.
(B) ULK1 and glutathione
S-transferase (GST) or GSTHEK293T
14-3-3 expression vectors
were transfected into huC
man embryonic kidney (HEK)
293T cells, and placed in
media containing 20 mM
STO-609 (STO), vehicle
(veh), or 5 mM phenformin
(Phen) for 1 hour. Cell lyIn vitro
Kinase
sates and GST pulldowns
Assay
were immunoblotted as indicated. (C) In vitro kinase
assays with myc-tagged
catalytically inactive (KI:
K46I) ULK1 or myc-tagged
WT raptor that were immunoprecipitated from D
F
HEK293T cells and used as
substrates for purified active AMPK in the presence of
32
P-(C)-ATP. (D) HEK293T
cells transfected with myctagged WT ULK1 or indicated serine-to-alanine
ULK1 mutants were treated
with either vehicle or 1 mM
phenformin for 1 hour or
were cotransfected with a
HEK293T
constitutivelyactiveAMPKa1
(aa1-312) mammalian expression vector (12). Proteins E
from lysates were immunoblotted with phospho-specific
antibodies as indicated. (E)
In vitro kinase assays using
In vitro
Kinase
myc-ULK1 and purified AMPK
Assay
as above. Phosphorylation of myc-ULK1 detected
through immunoblotting
with indicated phosphospecific antibodies. (F) Primary MEFs were treated with 2 mM AICAR or vehicle for 1 hour. Lysates were immunoblotted as indicated, including detection of endogenous ULK1 P-Ser555.
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Fig. 2. Genetic deficiency for AMPK or ULK1 in
mouse liver or primary mouse hepatocytes results in
autophagy defects. (A) Liver lysates from littermatematched mice were immunoblotted for the indicated
antibodies. p62-to-actin ratio calculated from densitometry performed on immunoblots. Data shown
as mean T SEM. *P < 0.01. (B) Primary hepatocytes
derived from ULK1+/+ or ULK1−/− mice or AMPKa1+/−a2L/+
or AMPKa1−/−a2L/L as described in (7) were placed in
media containing 2 mM metformin (met) or vehicle
(veh) for 2 hours. Lysates were immunoblotted with the
indicated antibodies. (C) TEM was performed on primary
mouse hepatocytes of the indicated genotypes, revealing
accumulation of mitochondria in both AMPK- and ULK1deficient cells. Red, mitochondria; blue, cytoplasm;
green, nuclei; yellow, lipid droplets. (D) Primary mouse
hepatocytes of the indicated genotypes stained by
means of immunocytochemistry for the mitochondrial
marker TOM20 (red) and nuclei (blue). Scale bar, 10 mm.
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Fig. 3. AMPK is necessary and sufficient for autophagy induction in C. elegans. (A) Insulin receptor
daf-2(e1370) mutant worms expressing GFP::LGG-1 (equivalent to GFP-LC3) were treated with control RNAi or
RNAi against bec-1 (Beclin), aak-2 (AMPKa2), or unc51 (ULK1), and the number of LGG-1/LC3–positive
puncta per hypodermal seam cell were quantified. (B)
aak-2(ok524) mutants or WT N2 (WT) animals
expressing GFP::LGG-1 were treated with control or
daf-2 RNAi and scored for LGG-1 positive puncta per
seam cell. (C) Transgenic worms expressing constitutively
active AAK-2 (12) (amino acids 1-321)::TOMATO (CAAAK-2::TOMATO) fusion or controls (WT) were analyzed
for LGG-1–positive puncta per seam cell. (D) Animals
expressing both CA-AAK-2(1-321)::TOMATO and GFP::
LGG-1 were treated with control or unc-51 RNAi and
scored for LGG-1/LC3–positive puncta per seam cell. All
panels show relative counts; see fig. S10 for details. Data
shown as mean T SEM. *P < 0.0001.
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erated phosphospecific antibodies against Ser467
and Ser 555 of ULK1. Phosphorylation of both
sites was induced by means of phenformin treatment or expression of ULK1 with a constitutively
active AMPKa1 allele (12) in the absence of

energy stress (Fig. 1D). Purified AMPK also induced phosphorylation at these sites in an in vitro
kinase assay, which is consistent with their direct
phosphorylation (Fig. 1E). Using AMPK- and
ULK1-deficient primary mouse embryonic fibro-

blasts (MEFs) or matched control WT MEFs, we
observed phosphorylation of endogenous ULK1
on Ser 555 in an AMPK-dependent manner after
treatment of cells with the AMP-mimetic aminoimidazole carboxamide ribonucleotide (AICAR)

ULK1-/- MEFs with stable ULK2 shRNA reconstituted with:
Fig. 4. AMPK phosphoA
C
rylation of ULK1 is required
for mitophagy and cell
survival upon nutrient depWT
rivation. (A) U2OS cells
ULK1
stably expressing mouse
WT, KI, or AMPK 4SA
ULK1 cDNA or the empty
retroviral vector (v) along
with a shRNA against enKI
dogenous human ULK1
ULK1
and ULK2 were placed in
media containing 5 mM
phenformin (Phen) or vehicle for 1 hour. Lysates
were immunoblotted as
indicated. (B) ULK1−/−
4SA
ULK1-/- MEFs with stable ULK2 shRNA reconstituted with:
MEFs stably expressing B
ULK1
WT, KI, or 4SA ULK1 cDNA
or the empty retroviral
vector (v) along with a
shRNA against endogenous ULK2 were placed in
Earle’s balanced salts soluD
tion starvation media (starv)
or control media (ctl) for
6 hours in the presence or
absence of BafilomycinA
(BafA) and immunoblot- E
ted as indicated. (C) Cells
from (B) analyzed with
TEM and Inform morphometric software. Red,
mitochondria; blue, cytoplasm; green, nuclei. (D)
G
Flourescence-activated
cell sorting (FACS) analysis
on cells from (B), which
were stained with JC-1
under basal conditions or
with the mitochondrial uncoupler carbonyl cyanide
m-chloro phenyl hydrazone
(CCCP) as a control in order F
to measure mitochondrial
membrane potential. Compromised mitochondrial
membrane potential is
shifted to the left, as observed in cells treated with
CCCP. (E) WT MEFs transfected with 20 nM siRNA
pools to a universal control (ctl), mouse Atg5, or
mouse ULK1 and ULK2 for
72 hours were then placed
in starvation medium (starv)
or standard media (ctl) for
12 hours, and cell death was scored by means of AnnexinV-FACS. (F) Cells from (B) were placed in starvation medium (starv) or standard media (ctl) for 12 hours, and
cell death was scored by means of AnnexinV-FACS. (G) Model for AMPK activation of ULK1 in a two-pronged mechanism via direct phosphorylation of ULK1 and
inhibition of mTORC1 suppression of ULK1.
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ULK1 orthologs, respectively, resulted in a
decrease in abundance of LGG-1–containing
puncta (Fig. 3A). daf-2 RNAi failed to increase
the number of LGG-1–positive foci in AMPKdeficient worms (Fig. 3B). These data indicate
that both AMPK and ULK1 have critical roles in
autophagy induced by means of reduced insulin
signaling in C. elegans. Transgenic worms expressing constitutively active AMPK exhibited
an approximately threefold increase in the number of LGG-1–positive foci in seam cells as compared with the number of foci in controls (Fig.
3C). The number of LGG-1–positive foci was
significantly reduced when these animals were
fed unc-51 RNAi (Fig. 3D) (all data can be found
in fig. S10). These observations indicate that
AMPK activation is sufficient to induce autophagy
in worms, and ULK1 is required for this induction.
To test whether AMPK phosphorylation of
ULK1 is required for ULK1 function, we stably
introduced WT, catalytically inactive (KI), or the
AMPK nonphosphorylatable (4SA) ULK1 cDNA
into human osteosarcoma U2OS cells in which
we subsequently reduced endogenous ULK1 and
ULK2 with lentiviral short hairpin RNAs (shRNAs)
against each (fig. S11). U2OS cells stably expressing ULK1 and ULK2 shRNA exhibited increased amounts of p62 indicative of defective
autophagy as compared with that of parental
U2OS cells infected with an empty lentiviral vector (Fig. 4A; compare lane 1 and 2). Stable retroviral reconstitution of a myc-tagged WT ULK1
cDNA, but not the 4SA or KI mutant, restored
p62 degradation (Fig. 4A, lanes 3 to 5, and fig.
S12). Furthermore, we reconstituted ULK1−/−
MEFs that were also knocked down for endogenous ULK2 (fig. S13) with WT, KI, or 4SA
ULK1 cDNAs and examined the extent of autophagy after placement of these cell lines into starvation
media. MEFs deficient for ULK1 and ULK2 contained elevated levels of p62 upon starvation.
Cells reconstituted with WT ULK1 had reduced
p62 levels, unlike the KI- or 4SA-expressing cells,
which behaved like the ULK-deficient state (Fig.
4B and fig. S14). To test whether the 4SA mutant
exhibited effects on mitochondrial homeostasis,
we used TEM and mitochondrial-selective dyes
on the WT, KI, and 4SA ULK1 stably reconstituted
ULK-deficient MEFs. TEM and Mitotracker Red
staining revealed that the KI- and 4SA-ULK1–
expressing cells had altered mitochondrial homeostasis as compared with that of WT ULK1
cells, denoted by increases in the overall number
and aberrant morphology of mitochondria (Fig.
4C and figs. S18 and S19). The altered cristae and
aberrant morphology of the mitochondria in the
KI- and 4SA-ULK1–reconstituted cells was enhanced upon starvation (fig. S19). To test whether these mitochondria were functionally impaired,
we analyzed the mitochondrial membrane potential with the activity-dependent JC-1 dye, which
revealed defects in KI- and 4SA-reconstituted
MEFs (Fig. 4D).
A hallmark of cells defective for autophagy is
a predisposition to undergo apoptosis after stress
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stimuli that normally would activate autophagy
to promote cell survival (25). We examined how
ULK1/2 deficiency would compare with loss of
central downstream autophagic regulator such as
Atg5 in terms of requirement for cell survival
after starvation. WT MEFs were treated with control, Atg5, or combined ULK1 and ULK2 small
interfering RNA (siRNA) and analyzed for effects
on cell viability after being placed into starvation
conditions. Simultaneous depletion of ULK1 and
ULK2 mirrored the magnitude and kinetics of cell
death observed with Atg5 loss upon starvation
(Fig. 4E and fig. S20). We next investigated whether mutation of the AMPK sites in ULK1 might
also mimic ULK1/2 loss of function in this cell
survival assay. ULK-deficient MEFs reconstituted with WT, but not KI or 4SA ULK1, restored cell survival upon starvation (Fig. 4F).
ULK1-deficient cells expressing the KI or 4SA
mutant ULK1 showed rates of cell death similar
to those of WT MEFs treated with Ulk1 and
Ulk2 siRNA. Thus, loss of the AMPK sites in
ULK1 mimics complete loss of ULK1 and ULK2
in control of cell survival after nutrient deprivation.
Our findings reveal a direct connection between energy sensing and core conserved autophagy proteins. In mammals, phosphorylation of ULK1
by AMPK is required for ULK1 function in the
response to nutrient deprivation. Because AMPK
suppresses mammalian TOR (mTOR) activity and
mTOR inhibits ULK1 (26–30), AMPK controls
ULK1 via a two-pronged mechanism, ensuring
activation only under the appropriate cellular
conditions (Fig. 4G and fig. S21). There are a
number of physiological and pathological contexts in which this pathway is likely to play a
critical role (31). Beyond the conserved nature
of these signaling events and the role of some
autophagy genes as tumor suppressors (25, 32),
AMPK is defective in a variety of human cancers
bearing inactivating mutations in its upstream
kinase LKB1. Thus, ULK1 may have a central
role in the beneficial effects of the LKB1/AMPK
pathway on tumor suppression or in treatment of
metabolic disease, as observed here with metformin stimulation of ULK1 phosphorylation in
liver and the profound defect in autophagy in
AMPK-deficient livers. ULK1-dependent effects
on mitochondrial homeostasis and cell survival
may represent additional beneficial effects of
metformin and other AMPK activators in overall
organismal health and life span (33).
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(Fig. 1F). The phosphorylation of ULK1 in these
cells paralleled that of two bona fide AMPK substrates, acetyl-CoA carboxylase (ACC) and Raptor
(Fig. 1F and fig. S6).
We examined the phenotypic consequences
of AMPK or ULK1 deficiency on markers of
autophagy in mouse liver and primary hepatocytes. Immunoblot and immunohistochemical
analysis of AMPK-deficient livers (13) showed
accumulation of the p62 protein (Fig. 2A and fig.
S7), whose selective degradation by autophagy
has established it as a widely used marker of this
process (14). p62 contains a ubiquitin-associated
(UBA) ubiquitin-binding domain, which mediates binding to ubiquitinated cargo targeted for
autophagy-mediated degradation (14). Consistent
with this function, p62 aggregates colocalized
with ubiquitin aggregates in AMPK-deficient livers
(fig. S7). p62 is recruited to mitochondria targeted
for mitophagy and is involved in mitochondrial
aggregation and clearance (15, 16). ULK1-deficient
mice exhibit accumulation of defective mitochondria in mature red blood cells, which are normally
devoid of mitochondria (17). Given the aberrant
accumulation of p62 in the absence of AMPK in
mouse liver and the fact that rodent hepatocytes
undergo substantial mitophagy upon culturing (18),
we examined whether AMPK or ULK1 deficiency
in primary hepatocytes might exhibit mitochondrial defects. Protein levels of p62 and the mitochondrial marker protein CoxIV were similarly
elevated in lysates from AMPK- or ULK1-deficient
hepatocytes cells but not from WTcontrols (Fig. 2B
and fig. S8). Increased phosphorylation of endogenous ULK1 Ser 555 was observed in WT but not
AMPK-deficient hepatocytes after AMPK activation by metformin treatment (Fig. 2B). Further analysis of the ULK1 and AMPK hepatocytes
by use of transmission electron microscopy (TEM)
revealed elevated levels of abnormal mitochondria, which was analyzed quantitatively with morphometric software (Fig. 2C, right). Similar to
findings in other autophagy-mutant hepatocytes
(19), the number of mitochondria per cell was
significantly increased in AMPK- and ULK1deficient hepatocytes as compared with that of
WT controls (fig. S9), which is also seen with
immunocytochemical staining for the mitochondrial membrane protein TOM20 (Fig. 2D).
Given the conservation of AMPK sites in
ULK1, we examined whether these two proteins
function together to play conserved roles in autophagy in the nematode C. elegans. In a reporter
assay based on the C. elegans LC3 homolog
LGG-1 (20, 21), we observed that loss of insulin
signaling through genetic mutation [daf-2
(e1370)] or RNA interference (RNAi) against
the insulin receptor daf-2 resulted in increased
numbers of green fluorescent protein (GFP)::
LGG-1–positive foci in hypodermal seam cells,
which is indicative of increased autophagy and
consistent with the established role for insulin
signaling in the suppression of autophagy in C.
elegans (20–24). daf-2 mutant worms treated
with RNAi to aak-2 or unc-51, the AMPK and
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Jonah Piovia-Scott,* David A. Spiller, Thomas W. Schoener
The effect of environmental change on ecosystems is mediated by species interactions. Environmental
change may remove or add species and shift life-history events, altering which species interact at a
given time. However, environmental change may also reconfigure multispecies interactions when both
species composition and phenology remain intact. In a Caribbean island system, a major manifestation
of environmental change is seaweed deposition, which has been linked to eutrophication, overfishing,
and hurricanes. Here, we show in a whole-island field experiment that without seaweed two
predators—lizards and ants—had a substantially greater-than-additive effect on herbivory. When
seaweed was added to mimic deposition by hurricanes, no interactive predator effect occurred. Thus
environmental change can substantially restructure food-web interactions, complicating efforts to
predict anthropogenic changes in ecosystem processes.
lobal environmental change is expected
to have a profound impact on the structure and function of ecological communities by changing interactions between their
component species. Range shifts, extinctions, and
species introductions change community composition, deleting some interactions and adding others
(1, 2). In addition, changes in the seasonal timing
of migration and other life-history events can produce
phenological mismatches, which can affect communities even when species composition is unchanged (1–3). The absence of alterations in species
composition and phenology, however, does not
necessarily mean that ecosystems will remain
unaltered (4): Environmental change can also
influence ecosystem processes by reconfiguring
interactions in communities whose species lists
remain intact (5–9).
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An important aspect of global environmental
change is the mobilization and transport of resources
between ecosystems. Seaweed deposition in particular is likely to become a more common feature
in shoreline ecosystems as anthropogenic effects
(such as overfishing and eutrophication) facilitate a
shift toward algae-dominated marine ecosystems
(10). Furthermore, intense storms, which are associated with the deposition of large amounts of seaweed (11, 12), have increased in frequency—a
trend that is expected to continue with increasing
global warming (13). Such pulsed inputs of external
resources can increase prey availability, “subsidizing” in situ predators (14–17) and altering predator
effects on lower trophic levels (12, 16, 18–21).
We used a whole-island field experiment in
the Bahamas to probe how major seasonal pulses
of seaweed deposition—mimicking what occurs
in an active storm year (22)—influence the
effects of multiple predators on herbivory in a
terrestrial food web. Twelve small islands (one is
shown in Fig. 1A), six with lizards and six
naturally lizard-free, were used in the experiment.
Seaweed was added or removed from islands in a
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crossed design; each combination of seaweed
and lizard presence or absence was represented
by three islands. Seaweed was manipulated in
October and December of 2008, coinciding with
that season when large storms are most likely to
cause natural deposition events. On seaweedaddition islands, 0.4 to 1.4 kg/m2 of seaweed was
distributed patchily throughout each island,
mimicking what occurs after a large storm (22).
The removal treatment maintained seaweed at a
level near zero, which is consistent with natural
levels of about half of the islands before manipulation. Ant exclusions were established on branches
of four (three in one case) Conocarpus erectus
plants on each island; ants were excluded with a
sticky resin, which lizards were able to bypass by
crossing a narrow gap between wire mesh cones
(Fig. 1B). Each of the four predator treatments in
the experiment—(i) ants and lizards absent; (ii)
ants present and lizards absent; (iii) ants absent and
lizards present; and (iv) ants and lizards present—
was represented by 12 branches in the absence of
seaweed subsidy and 11 or 12 branches in the
presence of seaweed subsidy.
Anolis sagrei was the only lizard species on
the lizards-present islands. Previous experiments
in this ecosystem demonstrated that A. sagrei reduced
herbivory on C. erectus (23, 24), one of the most
common plants in shoreline habitats. Extrafloral
nectaries on C. erectus foliage attract mutualistic
ants, which can also decrease herbivory (25). The
possibility that these two predators interactively
affect lower trophic levels (26) had not been
explored in previous studies.
Figure 1C shows a working model of the main
food web components in our system. Seaweed
deposits support an abundance of detritivores, which
attract both ants and lizards (12). The most common herbivorous arthropods include Coleoptera,
Lepidoptera, and Hemiptera (12). Previous studies
in this system indicate that a shift in predator
foraging behavior after two closely spaced pulses
of seaweed is associated with increased herbivory
on C. erectus (12), suggesting that the subsidies
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