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When starved, the amoebae of Dictyostelium discoideum initiate a developmental process that results in the
formation of fruiting bodies in which stalks support balls of spores. The nutrients and energy necessary for
development are provided by autophagy. Atgl is a protein kinase that regulates the induction of autophagy in
the budding yeast Saccharomyces cerevisiae. In addition to a conserved kinase domain, Dictyostelium Atgl has
a C-terminal region that has significant homology to the Caenorhabditis elegans and mammalian Atgl homo-
logues but not to the budding yeast Atgl. We investigated the function of the kinase and conserved C-terminal
domains of D. discoideum Atgl (DdAtgl) and showed that these domains are essential for autophagy and
development. Kinase-negative DdAtgl acts in a dominant-negative fashion, resulting in a mutant phenotype
when expressed in the wild-type cells. Green fluorescent protein-tagged kinase-negative DdAtgl colocalizes
with red fluorescent protein (RFP)-tagged DdAtg8, a marker of preautophagosomal structures and autophago-
somes. The conserved C-terminal region is essential for localization of kinase-negative DdAtgl to autophago-
somes labeled with RFP-tagged Dictyostelium Atg8. The dominant-negative effect of the kinase-defective mutant
also depends on the C-terminal domain. In cells expressing dominant-negative DdAtgl, autophagosomes are
formed and accumulate but seem not to be functional. By using a temperature-sensitive DdAtgl, we showed
that DdAtgl is required throughout development; development halts when the cells are shifted to the restrictive

temperature, but resumes when cells are returned to the permissive temperature.

Dictyostelium discoideum amoebae have an elaborate pro-
gram of development that begins with the aggregation of many
thousands of amoebae by chemotaxis, followed by the forma-
tion of a mound of adhering cells. The mound transforms into
a motile slug, which forms a fruiting body consisting of a spore
mass on a thin stalk (16). Development occurs only during
starvation, and therefore there must be turnover of macromol-
ecules to provide energy and chemical constituents to the de-
veloping cells (40).

In the face of starvation most eukaryotic cells induce a
process of self-digestion called macroautophagy (hereafter, au-
tophagy). Dictyostelium amoebae starving in a nitrogen-free
medium survive with near 100% viability for 2 weeks (26, 28).
Their survival in the nitrogen-free medium depends on the
process of autophagy. The events of autophagy begin with a
preautophagosomal structure that forms a double membrane
autophagosome, which envelops cytoplasm and organelles.
These autophagosomes become digestive vacuoles by fusion
with a hydrolase-containing vacuole or lysosomes.

By mutating the genes that code for Dictyostelium homo-
logues of the budding yeast ATG1, ATG5, ATG6, ATG7, and
ATGS, we have shown that autophagy is essential for develop-
ment and is probably coordinated with it (26, 28). A previously
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identified Dictyostelium gene called tipD is the homologue of
Atgl6L, the mammalian homologue of ATG16 (23, 33). Dic-
tyostelium autophagy mutants die in nitrogen-free medium
much earlier than wild-type cells. They do not progress beyond
early stages of development, although the development of
some mutants can be partially rescued by exogenous amino
acids (G. Otto, unpublished observations). Starving autophagy
mutants do not degrade their cytoplasmic contents, so that by
transmission electron microscopy (TEM) they are full of
organelles and cytoplasmic contents, while the wild-type cells
have depleted cytoplasm (see below). In addition, autophagy
mutants and parental cells that have been starved display dif-
ferent densities after Percoll gradient centrifugation (T. Teki-
nay, unpublished observations). Autophagy mutants are strictly
cell autonomous, as wild-type cells in a chimera with autoph-
agy mutant cells do not rescue their development.

In Saccharomyces cerevisiae, Atgl interacts with several
other proteins including Atg13, Atgl7, Vac8, and Atgl1 (8, 14,
32). Atgl3 is hyperphosphorylated during growth by the Tor
(target of rapamycin) kinase, preventing its association with
Atgl (1, 14). Autophagy is therefore blocked, and the cyto-
plasm-to-vacuole transport (CVT) pathway is induced. When
cells starve, Tor is inactivated, and Atgl3 becomes hypophos-
phorylated, increasing its interaction with Atgl and initiating
autophagy. The CVT pathway is not known to occur in Dic-
tyostelium or other organisms. Although Dictyostelium pos-
sesses orthologues of most known autophagy genes, it lacks
recognizable ATG13 and ATG17 coding sequences, as do other
higher organisms except plants. This difference led us to ask
whether Atgl performs the same role in Dictyostelium as it
does in S. cerevisiae.

The D. discoideum Atgl (DdAtgl) kinase domain (266
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FIG. 1. DdAtgl is a serine/threonine kinase with a conserved C-
terminal domain. (A) The kinase domain and a conserved 122-amino-
acid C-terminal domain of DdAtgl are shown. A plasmid expressing
truncated protein lacking the C-terminal 40 residues was also con-
structed. The missing region in the truncation mutant is indicated by
an arrow. Also shown are the positions of mutations of lysine 36 to
alanine and proline 138 to serine that result in kinase-negative and
temperature-sensitive DdAtg1 constructs, respectively. (B) The DdAtgl
kinase domain and C-terminal region are homologous to the C. elegans
UNC-51, mouse ULK2, and human ULK2 proteins. Percent similari-
ties are shown.

amino acids) shares significant sequence homology with Cae-
norhabditis elegans UNC-51 (Fig. 1B). There is also homology
at the 122-amino-acid C-terminal region. The unc-51 mutant
worms are paralyzed, egg-laying defective, and dumpy and
have defects in axonal elongation (25). It was shown that
UNC-51 is required for autophagy during dauer formation in
C. elegans (22), although there is no direct evidence that au-
tophagy is essential for axonal elongation. The mouse and
human genomes have two copies of Atgl homologues called
UNC-51-like kinase 1 (ULK1) and ULK2 (42, 41, 18). The
C-terminal homology of DdAtgl with UNC-51 is also found
with mouse and human ULK2. Dominant-negative versions of
both mouse homologues of ULK1 and ULK2 inhibit neurite
expansion of primary granule neurons in vitro, suggesting that
ULK proteins have a role in axon elongation like the C. elegans
UNC-51 (39), but the involvement of the ULK proteins in
autophagy is not established.

Abeliovich and colleagues suggest that the kinase activity of
Atgl is necessary for CVT but not for autophagy, where Atgl
may have a structural role (2). Kamada and colleagues pro-
posed that the kinase activity is necessary for Atgl function in
autophagy and showed that the kinase activity is induced after
starvation by using a kinase-negative mutant of the Atgl pro-
tein (14). Recently, Kabeya and colleagues investigated the
importance of the kinase activity of Atgl. They concluded that
the kinase activity of Atgl is essential for autophagy (12).
Several studies suggest a role for Atgl in late stages of auto-
phagy. Suzuki and colleagues showed that Atgl is involved in
a late stage of autophagosome formation (36). In a recent
study, Atgl and its binding partners were found to be in an
epistatic relationship with other ATG genes. Atgl acts at later
stages for localization of Atg8 (37). Atgl is also important for
retrieval of Atg9 and Atg23 from the site of autophagosome
biogenesis, the preautophagosomal structure (PAS), and mi-
tochondria (29, 30). ATG9, which encodes an integral mem-
brane protein involved in autophagy, is present in Dictyoste-
lium; but a homologue of ATG23, which is required for the
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CVT pathway, has not been identified in the completed Dic-
tyostelium genome.

The absence of Atgl-associated proteins and the apparent
lack of the CVT pathway in Dictyostelium led us to ask whether
DdAtgl functions to initiate autophagy and whether the kinase
activity and the conserved C-terminal region are required for
DdAtg1 function. To address these questions, we examined the
effects of expressing kinase-negative and truncated DdAtgl
proteins in parental and afg/ mutant cells. We find that the
kinase activity of DdAtgl is required for autophagy in Dictyo-
stelium and that the kinase-negative DdAtgl acts in a domi-
nant-negative way when expressed in wild-type cells, blocking
autophagy and development. The atgl-null and dominant-neg-
ative strains can form autophagosomes, but their maturation
appears to be blocked, leaving engulfed material intact in a
large vesicle that is surrounded by numerous smaller vesicles.
The C-terminal domain of DdAtg] is also essential for DdAtgl
function and the dominant-negative effects of the kinase-neg-
ative protein. Finally, we used a temperature-sensitive DdAtgl
to show that when DdAtgl activity is blocked, development
stops quickly but reversibly.

MATERIALS AND METHODS

Cell culture. All strains were derived from the uracil auxotroph DH1 and were
grown in HL5 medium or in minimal medium (FM) with or without amino acids
as previously described (26). Amoebae were also grown on lawns of Klebsiella
pneumoniae on SM plates at 22°C (35). Development on Millipore filters has
been described previously (35). All strains were reisolated from frozen stocks
every 4 to 6 weeks. Temperature-sensitive variants of ATG1 tend to revert or be
suppressed and must be recovered from original stocks.

Growth and survival studies. For growth, cells were suspended in 25 ml of FM
at 10°/ml. The number of cells was counted with a hemocytometer every 24 h. To
measure survival during starvation, growing cells were suspended in 10 ml of FM
without amino acids at 10°/ml and shaken at 120 rpm at 22°C. At the time points
defined in the legend to Fig. 4, 10 pl of the culture or appropriate dilutions were
plated on SM plates in association with K. pneumoniae, and the number of
plaques that appeared after several days was counted.

Creation of mutant constructs. To create a kinase-negative Atgl, the con-
served lysine, K36, was mutated to serine by site-directed mutagenesis using a
Stratagene Quikchange kit. The primers used were GAACCCTTTGCCATAG
CGGTTGTCGATGTTTGTAGATTAGCG and CGCTAATCTACAAACATC
GACAACCGCTATGGCAAAGGGTTC. The same strategy was used to mu-
tate P138 into S to prepare a temperature-sensitive DdAtgl. The primers used
were  GATTGTTCATAGGGATTTAAAATCACAAAATTTATTATTAAGTG
and CACTTAATAATAAATTTTGTGATTTTAAATCCCTATGAACAATC.

DdAtgl lacking the C-terminal 40 residues (DdAtglA40) was amplified by
PCR using the primers AAACGAGTAGGAGATTATATTTT and GGTCATC
AGAATCAATTAC. The truncated protein containing only the kinase domain
was amplified by the primers GAAACGAGTAGGAGATTATATTTT and CC
ATTTATGATTAAAGAAATCTTCC.

Fusion constructs. All gene constructs were made in mRFPmars (where RFP
is red fluorescent protein), pPDXA, or pTX vectors, which contain the constitu-
tively active actinl5 promoter (19) (7, 20). Green fluorescent protein (GFP)-
tagged atgl and atg carrying the mutation K36A (atgl*%*) were prepared by
ligating Sacl-digested atgl and atgl®3%! with Sacl-digested pDXA-HC. GFP-
AtglA40- and GFP-DdAtgl1®3¢*Ad0-expressing constructs were prepared by
ligating BglII fragments containing GFP and the 5" end of atgl/atgl**** with a
Bglll fragment carrying the 3’ end of DdAtglA40/DdAtg1®3*AA40 in the
pDXA-HC plasmid.

GST-DdAtgl and GST-DdAtg1%3¢4 were made by ligating Sacl-digested argl
and atgl®3%! with Sacl-digested pDXA-HC-GST (where GST is glutathione
transferase). pDXA-HC-GST was made by ligating the GST sequence amplified
from pGEXIAT (Pharmacia) with pDXA-HC, by using Kpn1 and SacI sites. The
primers for the amplification of GST were CCGGTACCATGTCCCCTATACT
AGGTTA and CCGAGCTCGGATCCACGCGGAACCAG.

GST-tagged atgl A40 and atgl kinase-domain-only constructs were prepared by
ligating EcoRI-digested pDXL-HC plasmid with EcoRI-digested atg/A40 and
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atgl kinase-domain-only sequences. atgl sequences were prepared by inserting
the PCR products described above into pGEM-T Easy (Promega). pDXL-HC
was prepared by inserting a linker region containing an EcoRI site from Pstl-
ChtA-pCR2.1Topo (38) digested with HindIII/PstI into pDXA-HC digested with
HindIII/Nsil. Ddatg8 was obtained by PCR with the primers GGGGATCCGT
TCATGTATCAA and GGGGATCCTTATAAATCACTA and cloned into the
BamHI restriction enzyme site of the RFPmars plasmid (7).

Gene disruption and plasmid transformations. Cloning and disruption of the
atgl, atg5, atg7, and arg8 genes have been described elsewhere, as have general
methods of transformation and selection (26, 27).

Kinase assays. Growing cells were pelleted, washed with SorC (16.7 mM
Na,H/KH,PO,, 50 uM CaCl,, pH 6.0), and lysed in TENT lysis buffer (50 mM
Tris-HCI [pH 8.0], 2 mM EDTA, 150 mM NaCl, 1% Triton X-100) with protease
inhibitors (1 tablet of Roche Complete mini-protease inhibitor per 10 ml of
TENT) at 107 cells/ml. Samples were rapidly frozen in dry ice and stored at —80°
C until use. Samples were thawed at 50° C and spun at 4° C for 15 min at 13,000
rpm in a benchtop centrifuge to remove the cell debris. Sixty microliters of
glutathione-Sepharose beads (Amersham Biosciences) was added to the super-
natant and mixed by gentle rotation at 4° C for 1 h. The beads were pelleted at
500 X g for 2 min and washed three times with phosphate-buffered saline. The
beads were divided in two for a kinase assay and Western blotting, which served
as a loading control. For the kinase assay, the beads were washed three times
with phosphate-buffered saline and suspended in kinase buffer (20 mM morpho-
lineethanesulfonic acid, pH 6.5, 3 mM MgCl,, 100 mM NaCl, and 5 mM 2-mer-
captoethanol) (6). The beads were suspended in 40 wl of kinase buffer that
contained 25 pM ATP and 25 pCi of [y-**PJATP (3,000 Ci/mmol, or 111
TBg/mmol; Perkin Elmer Easytides). After a 30-min incubation at room tem-
perature, the reaction was terminated by adding protein gel electrophoresis
buffer. The samples were then resolved in 10% polyacrylamide gel. The gel was
dried, and radioactivity was detected by exposure to an X-ray film.

Fluorescence microscopy. To determine the cellular distribution of the several
versions of DdAtg1, GFP or RFP coding sequences were fused to the N terminus
of the DdAtgl coding sequence. The fusion genes were under the control of the
actinl5 promoter in pTX or pDXA plasmids.

Cells growing in HLS5 were transferred to 35-mm glass-bottom microwell
dishes (MatTek) in FM. The cells expressing GFP were observed in FM (growing
cells) or after 2 h in SorC (starving cells) using a Nikon Eclipse TE300 fluores-
cence microscope. For colocalization experiments, cells expressing GFP-
DdAtgl, GFP-DdAtg1*3A, GFP-DdAtg1A40, or GFP-DdAtgl1®3¢AA40 were
transformed with a construct expressing RFP-DdAtg8. Cells were starved in FM
without amino acids for 2 h, flattened by a thin layer of agarose, and fixed with
4% paraformaldehyde. The fluorescence was observed under a Zeiss 401-A
LSM510 Meta confocal microscope.

Electron microscopy. The electron microscopy protocol has been described
previously (3). To estimate the number of autophagosomes formed, we defined
an early or nascent autophagosome as a double-membrane-enclosed structure
containing cytoplasm or organelles, where the outer and inner membranes are
separated by an electron-lucent space and where the contents of the vacuole
appear undigested. This definition corresponds with accepted morphology of an
early autophagosome (see references 13 and 17 for examples). In some cases,
more than one membrane may surround the engulfed contents. We defined an
autophagolysosome or late autophagosome as a digestive vacuole, which some-
times lacks the inner delimiting membrane that surrounds engulfed material, the
latter often showing evidence of degradation. In more advanced stages, only
partially digested contents remain.

RESULTS

Structure of Dictyostelium Atgl. DdAtgl is a serine/threo-
nine kinase homologous to the S. cerevisiae autophagy protein
Atgl (21, 34). The gene is composed of an N-terminal kinase
domain (266 amino acids) and a C-terminal homology domain
(122 amino acids) separated by a proline/serine-rich region
(Fig. 1A). Mutation of a conserved lysine in the ATP-binding
loop, position 46 in mouse and 54 in budding yeast Atgl,
results in a kinase-negative protein, which behaves as a dom-
inant-negative when overexpressed (14) (39). Mutation of a
conserved proline to serine results in a temperature-sensitive
kinase in other organisms (see below). The positions of the
Dictyostelium K36A mutation that causes the dominant-nega-
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FIG. 2. DdAtg1®*** lacks kinase activity. Plasmids expressing
GST-tagged DdAtgl and DdAtg1**** in wild-type DH1 (lanes 1 and
2) or atgl-null cells (lane 3). The proteins were purified by a pull-down
with glutathione beads and assayed for autophosphorylation (top). The
right lanes (lanes 4 to 6) show that a deletion of the C-terminal portion
of the Atgl kinase does not affect the kinase activity. Western blots
(bottom) with anti-GST antibodies of the same samples are shown.
DdAtg1®*%* is not phosphorylated in the atgl-null background but is
phosphorylated in the DH1 background (compare lane 3 to lane 2).

tive phenotype and the P138S mutation that results in a tem-
perature-sensitive DdAtgl protein are indicated in Fig. 1A.
The degrees of similarity between DdAtgl, the human
(ULK2), and the C. elegans (UNC-51) homologues are shown
(Fig. 1B). We were not able to find any known motifs in the
C-terminal homology region (http://smart.embl-heidelberg.de/).

The kinase activity and the conserved C-terminal region of
DdAtgl are essential for DdAtgl function in autophagy and
development. The S. cerevisiae Atgl autophosphorylates and
also phosphorylates myelin basic protein in vitro, and the
mouse UNC51.1 also has autophosphorylation activity (14)
(39). Other targets of Atgl, if any, are not known. To investi-
gate the function of the DdAtgl kinase domain, we con-
structed a kinase-negative protein by site-directed mutagenesis
(see Methods). We also prepared a truncation mutant of the
DdAtgl protein to test the importance of the conserved C-
terminal region in autophagy and development.

To confirm that DdAtg1¥3®* lacks kinase activity, a kinase
assay was performed using the GST-tagged protein. We puri-
fied GST-tagged proteins after binding to glutathione beads
and assayed autophosphorylation activity. Wild-type cells ex-
pressing the DdAtgl plasmid showed autophosphorylation ac-
tivity in both wild-type and atg! null backgrounds (Fig. 2, lanes
1 and 4). No autophosphorylation was observed for the kinase-
negative protein in the azg/-1 null background (Fig. 2, lane 3).
However, the kinase-negative protein is phosphorylated when
it is expressed in the wild-type background (Fig. 2, lane 2). It
migrates slightly faster than the control ATG1, perhaps be-
cause of a lesser degree of phosphorylation. The kinase do-
main (amino acids 2 to 266) and the DdAtglA40 protein
retained autophosphorylation activity, indicating that the C-
terminal region does not regulate the autophosphorylation ac-
tivity. After purification, the samples were divided in two, and
half was used for phosphorylation assays, and the other half
was used as a loading control for Western blotting (bottom
panels). The Western blots show that all of the samples are
expressed at the expected levels, although the truncated form
tended to degrade.
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FIG. 3. DdAtgl™*** does not rescue the developmental defect of the atgl-I mutant and acts as a dominant negative in wild-type (DH1) cells.
(A) DHI1 (parental) and atgl-null cells expressing DdAtgl or DdAtg1%*** were developed on nitrocellulose filters and photographed after 30 h.
Cells expressing DdAtg1 formed normal-looking fruiting bodies (middle frames), but cells expressing DdAtg1**** behave like atgl-null cells (right
frames). (B) DH1 and atgl-1 cells expressing DdAtgl1A40 with or without the K36A kinase-negative mutation were plated on nitrocellulose filters
for development. Neither DdAtglA40- nor DdAtg1****A40-expressing constructs are able to rescue the developmental defect of azgZ-null cells,
and DdAtg1®***A40 no longer acts as dominant negative (upper right frame). Bar, 0.5 mm.

To test whether DdAtg1¥3%4 rescues the developmental de-
fect in atgl-1, we developed transformed mutant and wild
type-cells on nitrocellulose filters. We confirmed that protein
products of the predicted size were produced in transformed
cells expressing GFP fusions by Western blotting using anti-
bodies against GFP fused to mutant or wild-type DdAtg]1 (data
not shown). Overexpressing Atgl does not affect the develop-
ment of the wild-type cells and efficiently rescues the mutant
phenotype of atgl-null cells (Fig. 3A, middle frames).

Kinase-negative DdAtgl®*** does not rescue the atgl-1
phenotype and shows dominant-negative activity in wild type,
resulting in aggregation defects and a phenocopy of the atgl
mutant phenotype (Fig. 3A, right frames). atg/ mutant cells
expressing the truncated DdAtgl missing the last 40 amino
acids (DdAtg1A40) were not rescued in development (Fig. 3B).
Interestingly, parental DHI cells expressing DdAtg1%***A40 be-
haved like wild-type cells, showing that the conserved C-ter-
minal region of DdAtg]1 is required for the dominant-negative
activity of the DdAtgl®*** protein (Fig. 3B, upper right
frame). We conclude that the kinase activity and the conserved
C-terminal region of DdAtgl are necessary for Dictyostelium
development.

We asked whether the kinase activity and the conserved
C-terminal region of DdAtgl are essential for autophagy, in
addition to development. The azg! null cells die more rapidly in
amino acid-free medium than other autophagy mutants. We
tested the ability of GFP-tagged kinase-negative DdAtgl and
DdAtglA40 to rescue the survival of atgl-1 cells in amino
acid-free medium (Fig. 4). GFP and GFP-DdAtg1*3** expres-
sion did not restore the survival of atgl-1 in amino acid-free
medium, whereas GFP-Atgl-expressing cells survive like the
parental DHI cells. DH1 cells expressing GFP-Atg1**** die
rapidly in amino acid-free medium, suggesting that kinase-
negative DdAtgl acts through a dominant-negative mecha-
nism and mimics the effect of the azg/-7 mutation in the DH1
strain. The azgl null cells expressing the DdAtglA40 and
DdAtg1®3¢*A40 did not survive in the amino acid-free me-
dium (Fig. 4B). DH1 cells expressing DdAtg1****A40 survived
well in this medium, again showing that unlike the DdAtg1*3¢4
protein, DdAtg1®***A40 does not act as dominant negative.

We confirmed that the kinase-negative protein behaves as a
dominant negative in parental DH1 cells by TEM of amino
acid-starved cells. DH1 cells expressing GFP-tagged wild-type
or kinase-negative DdAtgl were examined during growth or
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FIG. 4. The dominant-negative DdAtg1**** does not rescue the
viability defect of the atg/-1 mutant during nitrogen starvation. Grow-
ing cells were suspended at 10°/ml in 10 ml of FM without amino acids.
Viability was determined every 2 days by a colony-forming assay.
(A) Cells expressing DdAtgl and DdAtg1**** in DH1 and atgl-null
backgrounds. DdAtgl®*** does not rescue the survival defect of
atgl-1, and DdAtg1®3%A acts as dominant negative in the DH1 back-
ground. (B) Cells expressing DdAtg1A40 and DdAtg1%*¢*A40 in DH1
and atgl-null backgrounds. Both DdAtg1A40- and DdAtgl*3*4A40-
expressing constructs are unable to rescue the survival defect of atgl-1,
but DdAtg1¥3**A-40 does not act as dominant negative. aa, amino
acids.

after 36 h of amino acid starvation. Growing cells of either
strain were similar in the density of their cytoplasmic contents
(Fig. 5, upper frames). The cytoplasm is filled with organelles,
ribosomes, and glycogen. These results are consistent with
those previously observed in the null mutant of azgl-1 (26).
Starved DH1 cells that express DdAtgl showed the expected
signs of autophagy, with cytoplasm that appeared less electron-
dense, some dark granular masses, and very few mitochondria
or other organelles (Fig. 5, lower left frame). In contrast, DH1
cells that express DdAtg1¥3 looked similar to growing cells,
with a dense and organelle-rich cytoplasm and no signs of
autophagy (Fig. 5, lower right frame). In the growing cells
there are large vacuoles that disappear during the 36-h starva-
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tion period. These are likely to be the water-secreting contrac-
tile vacuoles (10) (5). Their disappearance does not depend on
Atgl activity.

Immature autophagosomes are formed in the kinase-nega-
tive mutant during starvation. We observed two additional
ultrastructural phenomena with azg/ mutants starved for 36 h
in nitrogen-free medium, both with the initial atgl-1 insertion
mutant (28) and with the dominant-negative strain described
above. We observed a significant number of nascent autopha-
gosomes. These are rarely observed in wild-type cells (Table
1). Figure 6 shows examples of autophagosomes observed in
cells that express dominant-negative DdAtg1*3** (Fig. 6C to
F) and one image of an autophagosome (or autophagolyso-
some) from a wild-type cell (Fig. 6D). Some of the mutant
autophagosomes are not completely closed and appear in ul-
trathin sections as a “C-shaped” membranous structure with a
bulbous tip (Fig. 6E). We cannot say whether these structures
close like a purse or are more complicated cylindrical struc-
tures, but we suggest that these structures correspond to the
isolation membranes in mammalian cells. The cytoplasmic con-
tent appears similar to the content on the exterior of the
structures, and the presence of double membranes is also no-
table.

To confirm and quantify this observation, we counted the
number of autophagosomes in starved cells. We defined a
nascent autophagosome as a double-membrane-enclosed struc-
ture containing cytoplasm or organelles, where the outer and
inner membranes are separated by an electron-lucent space
and where the contents of the vacuole appear undigested (Ta-
ble 1) (examples of autophagosomes can be found in refer-
ences 13 and 17). We expected to find no autophagosomes
formed in the atgl-null and DdAtg1¥*** mutants, but we con-
sistently observed a significant number of nascent autophago-
somes. If the cells are starved for 36 h, parental DHI1 cells
expressing wild-type DdAtgl had 0.50 = 0.1 autophagosomes
per TEM section in 51 cells examined. The DH1 cells express-
ing kinase-negative DdAtg1**** had 2.50 + 0.4 autophago-
somes per TEM section in 51 observed cells (see Materials and
Methods for details). This phenomenon is not typical for all of
the autophagy mutants since another Dictyostelium autophagy
mutant, azg5~, had fewer autophagosomes (0.16 = —0.4), and
these were small compared to the other two strains (Table 1).

In addition to autophagosomes, we observed the same large
collections of small vesicles inside an electron-dense region
(Fig. 6A and B) as in atgl-1 cells. We observed single- and
double-membrane vesicles. The double-membrane vesicles ap-
pear only outside the electron-dense region. Inside the elec-
tron-dense region, the vesicles have only a single membrane.
These occupy a significant volume of the cell and often have
early or forming autophagosomes closely associated. We do
not know the nature of this population of vesicles. We suggest
that the loss of DdAtgl or of its kinase activity may affect
autophagosome fusion with vesicles that are necessary for mat-
uration.

The kinase-negative DdAtg1™*®* colocalizes with the canon-
ical marker of autophagosomes, DdAtg8. GFP-tagged DdAtgl
and DdAtg1¥3%* were expressed in DH1 (parental) and atgl-1
strains to observe their localization. In budding yeast, Atgl
localizes to the PAS, typically a single spot in cells (36).
DdAtgl, under the control of a constitutive actinl5 promoter,
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FIG. 5. Cellular contents are not degraded in the DdAtgl****-expressing mutant during starvation. DH1 cells expressing DdAtgl or
DdAtg1®3°* were fixed after growth or after 36 h of starvation in growth medium without amino acids. Cells were sectioned and observed by TEM.
As shown in the lower right frame, mitochondria and cytoplasm are not degraded in the cells expressing DdAtg1%** after 36 h in amino-acid-free
FM. Normal degradation during starvation is shown in the lower left panel. The large vacuoles observed in the upper frames are part of the
contractile vacuole water-pumping system and are lost during starvation. Bar, 1 wm.

showed only diffuse cytoplasmic background under both
growth and starvation conditions; no punctate structures were
observed after 2 h of starvation in SorC buffer (Fig. 7A, far left
frames). In contrast, DdAtg1****expressing cells had local-
ized spots of GFP fluorescence in addition to cytoplasmic lo-
calization in both DH1 and atgl-1 backgrounds (Fig. 7A). The
fluorescence in these structures was not homogenous, and they
contained bright punctate areas. The same structures were also
observed in growing GFP-DdAtg1™%*-expressing cells but not
in growing GFP-DdAtgl-expressing cells (not shown). We ob-
served the same localization pattern in growing and starving
atg5~, atg7 ", and atg8~ mutants expressing GFP-DdAtg1%3°4
(data not shown). Thus, the localization of the kinase-negative
protein to punctate structures does not depend on DdAtgS,
DdAtg7, or DdAtgS8, which are components of a ubiquitin-like
conjugation system that is essential for autophagy. Cells ex-

TABLE 1. DdAtg1****-expressing cells have an increased number
of immature autophagosomes

Sample No. of autophagosomal

structures/section
DHI (QIZ1) c.eeeeeiiiiiiicieiiceieeeeeeseseeeseiseeneas 0.50 = 0.1
DHI1 (atgl’“‘“) .................................................................. 25004
AEGS ™ et 0.16 £ 0.4
AIGL ™ ettt 33*+25

¢ The numbers of autophagosomal structures were counted in the starved cells
expressing DdAtgl or DdAtg1%** or in atg5~ and atgl ~ cells. Autophagosomal
structures in sections from 51 cells were counted for each strain. Standard
deviations are shown. See Materials and Methods for criteria.

pressing DdAtg1¥3**A40 showed a very strong punctate lo-
calization, unlike the weak signal of the localization of
DdAtg1®3%* (Fig. 7A, far right frames). Irrespective of the
genetic background, accumulation of the kinase-negative pro-
tein is comparable to that of GFP-DdAtgl as determined by
Western blotting with an anti-GFP antibody (data not shown).
This stabilization or oversynthesis of the mutant protein may
be one reason that it accumulates in these nonautophagic
structures.

Next, we asked whether DdAtgl®*%* colocalizes with the
marker of autophagosomes, DdAtgS8. We transformed DHI1
cells with plasmids expressing GFP-DdAtg1**** or GFP-
DdAtg1®***A40 and RFP-DdAtgS, flattened the cells with a
thin layer of agarose, fixed them, and observed them by con-
focal fluorescence microscopy. Two examples are shown for
each cell type. DdAtg1®*** is colocalized with DdAtg8 on
dilated structures similar to those observed for GFP-
DdAtg1®3** (Fig. 7B, left frames). The C-terminal conserved
region of DdAtgl is required for this localization because
DdAtg1®%*A40 does not colocalize with RFP-DdAtg8 (Fig.
7B, right frames). DdAtg8 is localized to punctate structures in
wild-type cells; however, this localization patterns changes, and
DdAtg8 is localized to more dilated structures in autophagy
mutants, including afg/ mutant cells.

Atgl activity is required throughout Dictyostelium develop-
ment. We asked whether autophagy is required throughout
development, how long the cells can develop after autophagy is
blocked, and whether such a block is reversible. We created a
temperature-sensitive mutant of Atgl by changing the proline
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FIG. 6. Nascent autophagosomes are observed in the Atg1**** dominant-negative mutant. High magnification views of the cellular structures from

the TEM images of the cells expressing DdAtg1 64

. (A) Nascent autophagosomes (arrow) are commonly observed at the periphery of vesicles.

(B) Higher magnification view of blocked (dashed line) area in panel A. Large collections of vesicles are found in these cells, some with double
membranes (black arrows), and others with single membranes (white arrow). A black line has been drawn separating the two zones. (C to F) Examples
of forming and early autophagosomes. A nascent autophagosome is marked with a white arrow in panel E. A closing autophagosome with a bulbous tip is shown
with a black arrow in panel E. The autophagosome in panel D is from wild-type DH1 cells expanded from the lower left frame of Fig. 5. Bar, 0.1 pm.

residue at position 138 to serine (Fig. 1A). The mutation was
described first by Carr and colleagues, who showed that a
mutation of proline 137 to serine in the Schizosaccharomyces
pombe cdc2 gene results in a temperature-sensitive phenotype

A

DdAtg1 DdAtg1*3ea

Strain

DH1

and causes cell cycle arrest when shifted to restrictive temper-
ature (4). Hsu and Perrimon showed that the same mutation in
the conserved proline 210 caused a temperature-sensitive phe-
notype in the MEK dual-specificity threonine/tyrosine kinase

DdAtg1<40 DdAtg1*4<40

LIl

GFP- GFP-
DdAtg1+4 DdAtg1%%4<40
RFP- RFP-
DdAtg8 DdAtg8

FIG. 7. GFP-ATG1%*** colocalizes with RFP-DdAtg8. (A) DH1 and afgl-null cells expressing GFP-DdAtgl, GFP-DdAtg1%*%4, GFP-DdAtg1A40,
or GFP-DdAtg1****A40 were starved in FM without amino acids for 2 h and observed under a fluorescence microscope. Note punctate localization of
DdAtg1**%4, (B) DH1 cells were transformed with GFP-DdAtg1%*** and RFP-DdAtg8 or GFP-DdAtg1%***A40 and RFP-DdAtgS. These cells were
starved for 2 h, flattened by a thin layer of agarose, fixed by 4% paraformaldehyde, and observed with a confocal microscope. Note colocalization of

DdAtg1**%* and DdAtg8. Bar, 1 pum.
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FIG. 8. DdAtgl is required throughout development. atgl-1 null
cells were transformed with wild-type plasmid or a plasmid coding
for a temperature-sensitive argl. (A) Temperature-sensitive cells
(DdAtg1") did not develop at 27°C but formed fruiting bodies at 20°C.
(B) The same cells were developed for 9 h at 20°C, at which time they
had formed aggregates (left frames). They were then shifted to 27°C.
Cells expressing the temperature-sensitive Atgl did not progress, while
those expressing the wild-type gene formed fruiting bodies (right
frames). (C) DdAtg1" cells that had formed slugs after 18 h stopped
development when shifted to the restrictive temperature, while the
controls continued development to form fruiting bodies. (right
frames). (D) Reversibility was tested by shifting cells that had failed to
develop at 27°C to 20°C.

in Drosophila (11). Gaskins and colleagues used the method to
construct a temperature-sensitive Erk2 mitogen-activated pro-
tein kinase in D. discoideum (9).

When transformed into the atgl-1 mutant, the DdAtg17'3%S
(temperature-sensitive Atgl [Atgl"])-expressing plasmid com-
plements the developmental defect at 20°C but not at 27°C,
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which is the restrictive temperature for Dictyostelium (Fig. 8A).
The wild-type DdAtgl complements the developmental defect
of atgl-1 at both 20°C and 27°C, although less efficiently at
27°C (Fig. 8A, upper frames). Except for a few rudimentary
aggregates, the null cells carrying the DdAtg1" allele did not
develop at the restrictive temperature. For these experiments,
cells were grown at 27°C in HLS growth medium for 1 day
before the experiment to inactivate residual DdAtgl.

To determine the importance of DdAtgl at the aggregation
stage, we performed temperature-shift experiments. We devel-
oped atgl-1 cells expressing DdAtgl or DdAtgl"® proteins at
20°C for 9 h and transferred them to 27°C. At that time the
cells of both populations had formed mounds of cells, as shown
in Fig. 8B (left frames). After a further 30 h of development at
27°C, DdAtgl-expressing cells had formed fruiting bodies,
whereas DdAtgl"-expressing cells remained arrested at the
mound stage, showing little progression (Fig. 8B, right frames).
To investigate the requirement for DdAtg1 function at the slug
stage (18 h of development), we performed a shift-up experi-
ment. The left frames in Fig. 8C show the slugs at the time of
shift to 27°C. Twenty hours later the transformants harboring
the plasmid with the wild-type sequence had formed fruiting
bodies, but the DdAtg1™ cells were arrested at the slug stage
(Fig. 8C, right frames).

A shift-down experiment showed that the inhibition of de-
velopment is reversible. At the time of the shift-down,
DdAtgl" cells kept at 27°C had not aggregated (Fig. 8D), but
after a further 24 h at 20°C, they had made normal fruiting
bodies. The results suggest that Atgl and the autophagy path-
way in general are necessary throughout the development of
Dictyostelium. We infer from these data that cells may not have
a large reserve of energy and metabolites and that the rate of
autophagy is coordinated with the energy needs of develop-
ment.

DISCUSSION

In the current work, we have further characterized the D.
discoideum serine/threonine kinase Atgl. DdAtgl kinase has a
C-terminal domain that is conserved in the C. elegans, mouse,
and human Atgl homologues (Fig. 1B). We used a kinase-
negative DdAtgl in which lysine 36 was changed to alanine, a
temperature-sensitive DdAtgl in which proline 138 was mu-
tated to serine, and truncation mutants to analyze DdAtgl
function.

Studies in S. cerevisiae have shown that a number of proteins
interact with Atgl and control the choice between the CVT
pathway and autophagy (reviewed in reference 15). The genes
that code for some of these interacting proteins, which include
Atgl3, Atgl7, and Atg23, are not detected in the genomes of
Dictyostelium or in animals. ATG23 is CVT specific and there-
fore might not be expected to occur in Dictyostelium, but the
absence of the other proteins caused us to ask whether regu-
lation of Atgl in D. discoideum is different from budding yeast.

Our results suggest that the kinase activity and the conserved
C-terminal region are essential for DdAtgl function during
autophagy and development. When expressed in wild-type
cells, DdAtg1®3** acts as a dominant-negative protein and
produces the same phenotype as the atgl/-null cells (Fig. 3A
and 4A). The C. elegans UNC-51 and mouse UNC51.1 proteins
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also have dominant-negative activity when mutated in the ki-
nase domain, causing neurological defects (25, 39). The
DdAtgl homologue of C. elegans, UNC-51, forms homo-oli-
gomers (24). However, the dominant-negative activity of
DdAtg1™3%* is lost when part of the C-terminal conserved
region is removed (Fig. 3B and 4B), which implies that the
C-terminal conserved region is required for DdAtgl**** to
exert its dominant-negative activity, possibly by regulating its
association with other proteins or membranous structures. The
C. elegans Atgl homologue, UNC-51, interacts with the
UNC-14 protein through its C-terminal domain (24). We were
not able to find a homologue of UNC-14 in the completely
sequenced Dictyostelium genome.

The TEM data show that the DdAtgl kinase-negative mu-
tant is defective in turnover of its cytoplasmic contents, like the
atgl-null and other autophagy mutants (Fig. 5) (26, 27). They
have undegraded cytoplasm and a significant number of mito-
chondria. Expression of the kinase-negative DdAtgl protein in
DHI1 cells also phenocopies the atgl-1 mutation with respect to
the large vesicle clusters observed in an electron-dense region
in the cytoplasm (Fig. 6A). This region contains many small
vesicles but is not membrane bound. Inside this region, the
vesicles have a single membrane; outside they have double
membranes (Fig. 6B; a black line has been drawn to separate
the two regions). This region may be the dilated structure we
observe by immunofluorescence in Fig. 7. As shown in Fig. 6C,
E, and F, nascent autophagosomes are found in DdAtg1¥3¢4-
expressing cells as well as in atgl-I cells. We counted the
number of early and late autophagosomes in different starving
autophagy mutants. There were almost no autophagosomes
present in the afg5 mutant. DdAtg1%***-expressing cells and
atgl-1 mutant cells have an increased number of these auto-
phagosomes, and they appear to be arrested during formation
or maturation. The significant increase in the number of nas-
cent autophagosomes suggests that DdAtgl may not be essen-
tial for autophagosome formation but may be required for
later stages of autophagosome maturation. It is also possible
that there is a redundancy in autophagosome formation, with
another Atgl homologue functionally substituting for DdAtgl
in atgl mutant cells but unable to fulfill DdAtgl function(s)
later in autophagosome maturation.

The kinase-negative DdAtgl is mislocalized to dilated struc-
tures during growth and starvation, unlike the diffuse cytoplas-
mic localization of the wild-type protein (Fig. 7A). At this
dilated structure, kinase-negative DdAtgl colocalizes with the
autophagy marker DdAtg8, which is lost in the cells expressing
DdAtg1®**A40 (Fig. 7B). Because of colocalization with
DdAtg8, the dilated structures labeled by DdAtg1¥*%* appear
to be autophagosomes, but we do not know the nature of the
observed structures labeled with DdAtg1¥3%*A40. They could
be nonspecific cytoplasmic aggregates. Based on these results
we propose that the conserved C-terminal region of DdAtgl is
required for its association with autophagosomal structures or
the PAS. After recruitment to these structures, through its
kinase activity DdAtgl is recycled from the membrane, since
the kinase-negative DdAtgl®3®* is arrested at dilated struc-
tures that also contain DdAtg8. This model also explains the
dominant-negative activity of DdAtg1¥*%* and the lack of this
activity in the cells expressing DdAtgl1™***A40. We propose
that, DdAtg1%3°4, when arrested at these dilated structures,

Atgl KINASE FUNCTION IN DICTYOSTELIUM 1805

prevents association of endogenous DdAtgl by blocking all
available binding sites on these structures, resulting in inhibi-
tion of DdAtgl function and an afgl-null phenotype in the
wild-type background. In the wild-type cells expressing
DdAtg1¥3¢*A40, the dominant-negative activity is lost because
DdAtg1%***A40 is not able to associate with the dilated struc-
ture, allowing wild-type DdAtg]1 to perform its function. In line
with our results, Atgl is important for the retrieval of Atg9 and
Atg23 from the PAS in budding yeast (31). DdAtgl may help
shuttling of DdAtg9 or another autophagy protein between the
mitochondria and the preautophagosomal structure (29, 30).

Substitution of proline 138 to serine resulted in a tempera-
ture-sensitive DdAtg1 protein. The experiments with DdAtg1"
suggest that DdAtgl is required throughout development and
not only in the early stages when nutrient retrieval/recycling
would be expected to be especially important (Fig. 8). Even if
DdAtgl activity is inhibited by temperature shift after 16 h into
development, slugs are arrested at that stage and do not
progress. This result is consistent with the idea that a constant
turnover of proteins and organelles is required to obtain the
molecular constituents and energy needed for development. If
there were a reserve of material and energy accumulated dur-
ing growth, we would expect the aggregates to progress in
development, which does not appear to be the case. Another
explanation is that a pathway independent from autophagy
regulated by DdAtgl is required for progression of develop-
ment in the later stages.
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