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The elF2« kinases are a family of evolutionarily conserved serine/
threonine kinases that regulate stress-induced translational arrest.
Here, we demonstrate that the yeast elF2« kinase, GCN2, the target
phosphorylation site of Gecn2p, Ser-51 of elF2q, and the elF2a-regu-
lated transcriptional transactivator, GCN4, are essential for another
fundamental stress response, starvation-induced autophagy. The
mammalian IFN-inducible elF2« kinase, PKR, rescues starvation-
induced autophagy in GCN2-disrupted yeast, and pkr null and Ser-51
nonphosphorylatable mutant elF2«a murine embryonic fibroblasts are
defective in autophagy triggered by herpes simplex virus infection.
Furthermore, PKR and elF2« Ser-51-dependent autophagy is antag-
onized by the herpes simplex virus neurovirulence protein, ICP34.5.
Thus, autophagy is a novel evolutionarily conserved function of
the elF2« kinase pathway that is targeted by viral virulence gene
products.

During nutrient starvation and viral infection, cells need a
strategy to synthesize essential proteins in the face of a limited
supply caused either by environmental depletion or intracellular
parasitism. This strategy must involve not only a mechanism for
strict translational regulation, but also for generating new pools of
amino acids from existing proteins. Accordingly, in nutrient-
limiting conditions, eukaryotic cells simultaneously decrease over-
all protein synthesis and increase rates of protein degradation by an
autophagic pathway (1), a process involving the bulk degradation of
cellular contents by autophagolysosomes (2, 3). It is not known
whether stress-induced translational repression and stress-induced
autophagy are regulated by a common or by genetically distinct
pathways.

The phosphorylation of eukaryotic initiation factor-2-«
(eIF2a) at Ser-51 by a conserved family of eIF2« protein kinases
is a central mechanism in stress-induced translation regulation
(4-6), but the mechanisms of stress-induced regulation of
autophagy are not well understood (7). Autophagy is required
for survival during amino acid starvation of eukaryotic cells (2,
3), and several yeast and mammalian APG and AUT genes have
been identified that are essential for autophagy (8-13). At least
in yeast, these genes act downstream of the autophagy-inhibitory
target of rapamycin (TOR) signaling pathway (14). However,
little is known about upstream cellular genes that are essential
for initiating the process of autophagy. Furthermore, it is not
known whether stimuli other than amino acid starvation such as
viral infection, endoplasmic reticulum stress, or heme depletion,
which trigger stress-induced translational arrest, also trigger
stress-induced autophagy.

We developed the hypotheses that elF2« kinases, well charac-
terized regulators of stress-induced translational control programs,
are also involved in the regulation of stress-induced autophagy, and
that specific stress stimuli that activate elF2a kinase-dependent
translational arrest also activate elF2a kinase-dependent auto-
phagy. Inyeast, there is only one known elF2a kinase, GCN2, which
in response to starvation inhibits global protein synthesis and
stimulates specific translation of GCN4, a basic leucine zipper
transcriptional transactivator of amino acid biosynthetic genes (15).
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In mammals, there are at least four known eIF2« kinases (reviewed
in ref. 6) including GCN2 (16), PKR (17, 18), PERK (19, 20), and
HRI (21), which are activated by amino acid starvation, viral
infection, endoplasmic reticulum stress, and heme depletion,
respectively.

To evaluate the role of eIF2a kinases in autophagy regulation, we
studied autophagy in nitrogen-starved yeast cells and in virus-
infected and amino acid-starved mammalian cells with genetically
engineered mutations in the eIF2« kinase signaling pathway. Our
results indicate that the yeast elF2a kinase signaling pathway
is essential for starvation-induced autophagy and that the mam-
malian elF2«a kinase signaling pathway is essential for both virus-
and starvation-induced autophagy. Furthermore, we demonstrate
that mammalian elF2« kinase-dependent autophagy is antago-
nized by the herpes simplex virus (HSV)-encoded neurovirulence
gene product, ICP34.5.

Materials and Methods

Yeast Strains, Genetic Methods, and Media. Yeast strains used for
autophagy analyses included wild-type (wt) strain SEY6210 (MAT«
leu2-3, 112 ura3-52 hisA200 trp-A901 lys2—801 suc2-A9), and Aapg6
strain JCY3000 (SEY6210 Avps30::HIS3), which have been previ-
ously described (22). Agen2 yeast (SEY6210 Agen2:URA3) and
Agend yeast (SEY6210 Agen2::URA3) were generated by homolo-
gous recombination with PCR-generated gcn2::URA3 and
gen4::URA3 fragments, respectively. SUI2-S514 (SEY6210 SUI2-
S51A4) and SUI2-S484 (SEY6210 SUI2-S48A) yeast were generated
by PCR-based allele replacement (23) by using fusion fragments
containing the SUI2 mutant allele (15) and the Kluyveromyces lactis
URA3 gene. GCN2 and GCN#4 disruption was confirmed by PCR
analysis by using forward primers that hybridize upstream of the
GCN2 (positions —96 to —73) and GCN4 (positions —104 to —79)
loci and a reverse primer complementary to positions 226—248 of
the URA3 OREF. Allelic replacement of wt SUI2 by the mutant SUI2
alleles was confirmed by DNA sequencing. Agcn2 yeast were
transformed with empty vector, p425GPD (SEY6210 Agcn2::URA3
pILEU2]), with a vector encoding human pkr (p425GPD/pkr)
(SEY6210 Agen2::URA3 p|pkr, LEU2]) or with a vector encoding
yeast GCN2 (p3060) (provided by Thomas Dever, National Insti-
tutes of Health, Bethesda) (SEY6210 Agcn2:URA3 p[GCN2,
LEU2]). Yeast were grown in yeast extract/peptone/dextrose
(YEPD), in synthetic medium lacking uracil or leucine for trans-
formation selection (SC-ura or SC-leu), or in SD(-N) for starvation
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experiments, consisting of 2% glucose and 1.7 g-1~! yeast nitrogen
base without amino acids and ammonium sulfate.

Mammalian Cells. Murine embryonic fibroblasts (MEFs) were pre-
pared and cultured by using methods previously described (24)
from pkr~/~ and pkr*/* mouse embryos (mixed C57/129sv back-
grounds) (25). MEFs were prepared and cultured from mutant
elF2a S51A and wt elF2a isogenic control mouse embryos as
described (26).

Virus Strains. The HSV-1 ICP34.5 mutant 17TermA (termed here
HSV-1A34.5) and its marker-rescued virus 17TermAR (termed
here wt HSV-1) were made in the background of strain 17 of HSV-1
and have been described (27, 28). Virus stocks were grown and
titered in BHK-21 cells.

Immunochemical Procedures. Yeast cell lysates were prepared as
described (29), and MEF lysates were prepared by using an Nonidet
P-40 lysis buffer supplemented with 2 mg-ml~! NaF, 2 mM PMSF,
and 1 pgml~! leupeptin. Yeast and mammalian lysates were
separated by SDS/PAGE, immunoblotted with anti-phosphospe-
cific eIF2a Ab (30) (1:100 dilution) (Research Genetics, Huntsville,
AL) and visualized by using ECL (Amersham Pharmacia). Two
hundred micrograms of protein was loaded in each lane.

Yeast Autophagy Analysis. Yeast were grown overnight in YEPD or
liquid SC-leu (final OD 1-2), resuspended at a concentration of 2 X
107 cells ml~ ! in either nutrient-rich media, nutrient-rich media with
0.2 pgml~! rapamycin, or SD(-N), and incubated for 4 h in the
presence of 1 mM PMSF to facilitate autophagic body detection.
For differential interference contract (DIC) microscopy, cells were
visualized by using DIC optics with a Plan Neofluar 100X 1.3 NA
objective and imaged with a cooled CCD Hamamatsu (Middlesex,
NJ) camera and Inovision ESEE software (Raleigh, NC). For
electron microscopy, yeast were pelleted and fixed with 1.5%
KMnOy in water and embedded in low melting point agar. The cell
pellet was cut into small blocks, dehydrated in ethanol, and em-
bedded in Epon. Thin sections were stained with uranyl acetate and
lead citrate. For quantitation of autophagic bodies, 200 cell profiles
containing the vacuole were screened. Profiles containing one or
more autophagic bodies inside the vacuole were classified as
positive.

Mammalian Cell Autophagy Analysis. For studies of virus-induced
autophagy, MEFs were pretreated with 300 units'-ml~! of a-IFN
for 16 h and infected with HSV-1 or HSVA34.5 at a multiplicity
of infection of five plaque-forming units cell ! or mock-infected,
and autophagy was quantitated by measurement of long-lived
protein degradation at serial time points after infection and by
estimation of the cellular volume density of autophagic vacuoles
at 5-6 h after infection. For studies of amino acid starvation-
induced autophagy, MEFs were subjected to growth in normal
media [Earles Balanced Salt Solution (EBSS) + 10% serum and
complete amino acids], EBSS alone, or EBSS + 10 mM 3-methyl-
adenine, and autophagy was quantitated by measurement of
long-lived protein degradation at serial time points after star-
vation and by estimation of the cellular volume density of
autophagic vacuoles at 2 h after starvation. 3-methyladenine is
a nucleotide derivative that inhibits early stages of autophago-
some formation (31); it was used in amino acid starvation
experiments but not in virus infection experiments because of
possible inhibitory effects on viral replication.

For measurement of long-lived protein degradation, cells were
labeled before infection or starvation for 72 h in media con-
taining reduced concentrations of unlabeled leucine (0.065 mM)
and [*H]leucine [1 uCiml~! (1 Ci = 37 GBq)]. Cells were
washed and then incubated for 24 h in medium containing 2 mM
unlabeled leucine to allow degradation of short-lived proteins
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and removal of unincorporated labeled leucine, and then virus
was absorbed for 2 h or cells were subjected to amino acid
starvation. At 0, 2, 4, 6, and 8 h after virus absorption or 0, 2, 4,
and 6 h after amino acid starvation, aliquots of the media were
measured for acid-soluble radioactivity. At the end of the
incubation, the trichloroacetic acid-precipitable radioactivity of
the cell monolayers was measured and the percentage of long-
lived protein degradation at each time point was calculated by
using a described formula (32).

For estimation of the cellular volume density of autophagic
vacuoles, cells were fixed with 2.5% glutaraldehyde in Sorenson’s
buffer, scraped off the culture dish and pelleted, postfixed in 1%
Os0y for 1 h, and embedded in Epon. The volume fraction was
estimated on pellet profiles within randomly selected grid squares
by using point counting (33). Point counts over cells (reference
space) were obtained on photographic negatives taken at X400
magnification, covering the whole grid square. All autophagic
vacuoles found in this area were photographed at X12,000 magni-
fication, and point counts were obtained by using the negatives. Cell
size was estimated by using the mean area of nuclear profiles and
the volume density of the nucleus. The cell size in wt HSV-1 and
HSV-1A34.5-infected MEFs was estimated to be 1.4-fold higher
than in mock-infected cells. Mock-infected cells were therefore not
included in the analysis.

Results and Discussion

The elF2« Kinase, GCN2, and Its Phosphorylation Target Site, Ser-51 of
elF2q, Are Essential for Starvation-Induced Autophagy in Yeast. To
investigate the role of the elF2a kinase signaling pathway in
nitrogen starvation-induced autophagy in yeast, we used PCR-
based homologous recombination (23) to disrupt the yeast elF2a
kinase, GCN2, and to replace the yeast SUI2 gene that encodes
elF2a with two mutant alleles, including SUI2-S51A4 and SUI2-
S484. The SUI2-S51A4 allele is nonphosphorylatable by elF2a
kinases and defective in translational control during starvation,
whereas the SUI2-S48A allele is phosphorylated by elF2« kinases
and phenotypically similar to wt SUI2 (15). We confirmed that the
GCN?2 disruption and the SUI2-§514 mutation, but not the SUI2-
S484 mutation, blocked elF2a Ser-51 phosphorylation in both
normal growth conditions and in nitrogen starvation conditions by
using an elF2a Ser-51-phosphospecific Ab (Fig. 14). Next, we
measured the ability of wt yeast, yeast deleted of a known auto-
phagy gene, APG6 (34), yeast disrupted of GCN2, and yeast with
the SUI2-§48A4 or SUI2-S51A4 mutation to undergo autophagy in
normal media, nitrogen deprivation media, or after treatment with
rapamycin, an inhibitor of the TOR signaling pathway (refs. 35 and
36; Fig. 1 B and C). Previous studies have shown that, after nitrogen
deprivation or rapamycin treatment, wt yeast but not yeast deleted
of APG genes that are downstream of TOR, accumulate auto-
phagic bodies within their central vacuole (the equivalent of
mammalian lysosomes) (14, 37).

Using DIC microscopy (Fig. 1 B and C), we confirmed that wt
yeast, but not Aapg6 yeast, had a significant increase in the
percentage of cells with autophagic bodies within the vacuole
following both nitrogen starvation and rapamycin treatment, as
compared to basal levels observed during growth in nutrient-rich
media (P < 0.001, ¢ test). In contrast, Agen2 yeast and SUI2-S51A4
mutant yeast displayed a phenotype that differed from either wt
or Aapgb6 yeast. In Agen2 yeast and SUI2-S51A mutant yeast,
there was no increase in autophagy after nitrogen starvation as
compared to levels observed during normal growth conditions.
However, there was a significant increase in autophagy in Agcn2
and SUI2-§51A yeast after rapamycin treatment (P < 0.001, ¢
test). Yeast with the control SUI2-§484 mutation were indistin-
guishable from wt yeast in their capacity to undergo autophagy
in response to nitrogen starvation or rapamycin treatment.
These data indicate that GCN2, and the Gen2p target phos-
phorylation site, eIF2a Ser-51, are essential for nitrogen
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starvation-induced autophagy. However, neither GCN2 nor
elF2a Ser-51 are essential for rapamycin-induced autophagy,
suggesting that these molecules act either upstream or in an
independent pathway, rather than downstream of Tor signaling.

We performed electron microscopic analysis to confirm the
defect in starvation-induced autophagy in Agen2 and SUI2-S51A4
mutant yeast (Fig. 1C). In thin sections of wt yeast and SUI2-
S$48A4 yeast, autophagic bodies were seen in 49% and 34% of cell
profiles that contained the vacuole, whereas autophagic bodies
were seen rarely in vacuole-containing profiles of Agcn2 yeast
(4%), SUI2-S51A mutant yeast (4%), or Aapg6 yeast (1%).
Although the vacuoles of Agen2 and SUI2-S514 mutant yeast
(like those of Aapg6 yeast) rarely contained autophagic bodies,
they had a different ultrastructural appearance than the vacuoles
of Aapg6 yeast; the latter were mostly empty and the former
frequently contained amorphous material and electron dense
particles. The molecular basis for this difference is not known but
may relate to the different steps of the autophagy pathway that
are blocked by the gen2 null mutation and the SUI2-S51A
mutation as compared to the apg6 null mutation. Alternatively,
the amorphous material in the vacuole of Agcn2 and SUI2-S51A4
mutant yeast may enter by the vacuolar protein sorting pathway,
which is deficient in Aapg6 yeast (22). Regardless of the molec-
ular basis for this difference in vacuolar ultrastructural appear-
ance, the paucity of detectable autophagic bodies in Agen2 and
SUI2-S51A yeast confirms the essential role for GCN2 and elF2«
Ser-51 in autophagy.
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Fig. 1. Yeast with mutations in the GCN2-signaling
pathway are defective in autophagy. (A) Western blot
analysis of lysates from yeast grown in normal media
(YEPD) or N deprivation media lacking amino acids
and ammonium sulfate (SD-N), with an elF2« Ser-51-
phosphospecific Ab (1:100 dilution; Research Genet-
ics). (B) Quantitation by DIC microscopy of autophagic
body formation in yeast grown in normal growth
conditions (open bars) or subjected to 4 h of nitrogen
deprivation (black bars), treatment with 0.2 ug-ml~'
rapamycin (light gray bars), or treatment with 10
wug'ml~1cycloheximide (dark gray bars). Cells with one
or more autophagic bodies within the vacuole were
scored as positive. A minimum of 100 cells was
counted for each sample for each yeast strain. The
results shown represent the mean = SEM percentage
of cells with autophagic bodies within the vacuole for
triplicate samples. Similar results were obtained in
fiveindependent experiments. (C) Representative DIC
micrographs (left columns of each panel) and electron
micrographs (right columns of each panel) of yeast
deprived of nitrogen for 4 h. Arrows in light micro-
graphs denote representative cells which would be
scored as positive in experiment shown in B. Arrows in
electron micrograph denote representative auto-
phagicbodies within the vacuole. (Scale bars, 0.5 um.)

Agen2

The GCN2-Dependent Transcriptional Transactivator, GCN4, but Not
Translational Arrest, Is Essential for Starvation-Induced Autophagy in
Yeast. In response to starvation, e[F2a Ser-51 phosphorylation
by Gen2p both mediates a global translational arrest and acti-
vates Gendp (15), a transcriptional transactivator of starvation-
induced genes. To address which downstream function of eIF2«
kinase signaling is involved in autophagy induction, we evaluated
whether pharmacological inhibition of translation triggers au-
tophagy and/or whether the transcriptional transactivator,
GCN4, is required for nitrogen starvation- and rapamycin-
induced autophagy. We found that treatment of wt yeast with the
translational inhibitor, cycloheximide, had no stimulatory effect
on autophagy (Fig. 1B). However, disruption of GCN4 blocked
nitrogen starvation-induced autophagy as well as rapamycin-
induced autophagy (Fig. 1 B and C). Thus, autophagy induction
in yeast requires function of the GCN4 transcriptional transac-
tivator and is unlikely to be an indirect consequence of elF2«
kinase-dependent translational arrest. The concept that auto-
phagy is not merely a function of e[F2«-dependent translational
arrest but requires de novo protein synthesis is further supported
by previous studies indicating that cycloheximide blocks later
stages of autophagy, including autophagosomal expansion (38)
and delivery of lysosomal enzymes (39). The recent observation
that certain APG genes (e.g., APG1, APG13, and APG14) are
regulated in a GCN4-dependent fashion (40) is likely to explain
the requirement for GCN4 in autophagy signaling. Furthermore,
GCN4, which is required for both nitrogen starvation- and
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Fig. 2. Mammalian pkr promotes autophagy in GCN2-disrupted yeast. (A)
Western blot analysis of lysates from N-starved Agcn2 yeast by using an elF2«
Ser-51-phosphospecific Ab. (B) Quantitative effects of GCN2 and pkr trans-
formation on autophagic body formation in Agcn2 yeast grown in normal
growth conditions (open bars), or subjected to 4 h of nitrogen deprivation
(black bars) or treatment with 0.2 ug-ml~" rapamycin (light gray bars). Cells
with one or more autophagic bodies within the vacuole were scored as
positive. A minimum of 100 cells was counted for each sample for each yeast
strain. The results shown represent the mean + SEM percentage of cells with
autophagic bodies within the vacuole for triplicate samples. Similar results
were obtained in five independent experiments. Similar results were also
observed for five independent clones of pkr-transformed Agcn2 yeast that
displayed normal growth phenotypes in nutrient rich media. (C) Representa-
tive light micrographs (Left column) and electron micrographs (Right column)
of GCN2- and pkr-transformed Agcn2 yeast deprived of nitrogen for 4 h.
Arrows in light micrographs denote representative cells that would be scored
as positive in experiment shown in B. Arrows in electron micrographs denote
representative autophagic bodies within the vacuole. (Scale bars, 0.5 um.)

rapamycin-induced autophagy, may be a convergent target of
regulation by the autophagy stimulatory eIlF2« kinase-signaling
pathway and the autophagy inhibitory TOR-signaling pathway.

The Mammalian IFN Inducible elF2« Kinase, PKR, Promotes Autophagy
in GCN2-Disrupted Yeast. Together, the above data demonstrate an
essential role for the yeast elF2« kinase signaling pathway and
its downstream target, GCN4, in autophagy. To determine
whether this pathway is evolutionarily conserved, we investigated
whether PKR, one of the four identified mammalian elF2«
kinases, can functionally substitute for GCN2 in starvation-
induced autophagy in yeast. Although thought to be involved
primarily in translational inhibition during viral infections in
mammalian cells (reviewed in refs. 17 and 18), PKR is known to
functionally substitute for GCN2 in the GCN4 translational
control mechanism in yeast (41). PKR overexpression in yeast
results in autophosphorylation, activation of downstream tar-
gets, and a slow growth phenotype, and it has been suggested that
the eIF2a kinase activity is constitutive (41), rather than depen-
dent on endogenous activators.

To avoid constitutive eIF2a kinase activity associated with
PKR overexpression, we selected for stable pkr transformants of
Agcn?2 yeast that had a normal growth phenotype. We confirmed
that stable pkr transformants that had a normal growth pheno-
type restored elF2a kinase activity during N starvation condi-
tions, and that these pkr-transformed Agcn2 yeast lacked spon-
taneous activation of autophagy during growth in normal media
(Fig. 2 A and B). After nitrogen starvation, DIC microscopic
analysis indicated that autophagy levels increased in pkr-
transformed Agcn2 yeast to levels similar to those observed in
GCN2-transformed Agcen2 yeast (Fig. 2 B and C). Similarly, on
electron microscopic analysis of nitrogen-starved yeast, the
percentage of cell profiles with autophagic bodies within the
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vacuole was 50% in GCN2-transformed Agcn2 yeast and 38% in
pkr-transformed Agcen2 yeast as compared to only 12% in Agen2
yeast transformed with an empty vector (see representative
photomicrographs, Fig. 2C). Thus, pkr can functionally substitute
for GCN2 in the control of starvation-induced autophagy in
yeast, raising the possibility that autophagy may be an evolu-
tionarily conserved function of different eIF2« kinase family
members that have diverged to respond to different stress
signals.

PKR Is Required for Virus-Induced Autophagy in MEFs, Which Is
Blocked by the HSV-1 Encoded PKR Inhibitor and Neurovirulence
Protein, ICP34.5. We evaluated whether autophagy in mammalian
cells also is regulated by the elF2«a kinase pathway and whether
divergent triggers of elF2« kinase-dependent translational control
in mammalian cells also trigger autophagy. We used an HSV
infection model because this virus both activates the antiviral eIF2«
kinase, PKR, and encodes a neurovirulence gene product, ICP34.5,
that blocks PKR translational repression by binding to protein
phosphatase 1a and redirecting it to dephosphorylate elF2a (42—
44). Therefore, by comparing autophagy in cells with genetic
alterations in PKR and eIF2« that are infected with either a wt
strain of HSV-1 or a strain of HSV-1 lacking the PKR inhibitor,
ICP34.5, we could assess whether viral infection triggers elF2a
kinase-signaling-dependent autophagy.

Pkrt/™ and pkr—'~ MEFs were pretreated with o-IFN and
infected with either a mutant strain of HSV-1 lacking ICP34.5
(HSV-1A345), or a wt marker-rescued strain of HSV-1A34.5
(referred to herein as wt HSV-1). a-IFN pretreatment was used to
optimize induction of PKR activity in response to virus infection.
Using a long-lived protein degradation assay to quantitate auto-
phagy, we found that wt, pkr*/* MEFs infected with HSV-1A34.5
had a significant increase in degradation of long-lived cellular
proteins at 4, 6, and 8 h after infection (P = 0.013, 0.003, and
<0.001, respectively; ¢ test) (Fig. 34) as compared to mock-infected
pkr¥/* MEFs. Two observations suggest that this virus-induced
increase in long-lived protein degradation depends on pkr function.
First, wt HSV-1 that encodes ICP34.5, an antagonist of PKR, did
not increase long-lived protein degradation as compared to mock
infection in pkr™/* MEFs. Second, HSV-1A34.5 failed to increase
long-lived protein degradation in pkr—/~ MEFs (Fig. 3B). Thus,
HSV-1, deleted of a gene that antagonizes pkr function, increases
long-lived protein degradation in pkr*/* but not in pkr-deficient
cells. These data demonstrate that viral infection can trigger
increases in long-lived protein degradation in mammalian cells and
that the host gene, pkr is required for this response.

To confirm that the increase in long-lived protein degradation
measured in HSV-1A34.5-infected pkr*/* MEFs represents an
increase in autophagy, we performed quantitative electron mi-
croscopy of wt HSV-1- and HSV-1A34.5-infected pkr*/* and
pkr~'=— MEFs (Fig. 3 C-E). Autophagic vacuoles were defined as
membrane-bound 0.3 to 2 wm vesicles with clearly recognizable
cytoplasmic contents, and classified as early (Avi), containing
morphologically intact cytoplasm (Fig. 3C) or late (Avd), con-
taining partially degraded but identifiable cytoplasmic material
(Fig. 3D). There was a significant increase in the percentage of
total cellular volume of both early autophagic vacuoles and
late autophagic vacuoles in HSV-1A34.5-infected pkr*/* MEFs
as compared to HSV-1A34.5-infected pkr~/~ MEFs and wt
HSV-1-infected pkr™/* and pkr~/~ MEFs (P = 0.037; ANOVA;
Fig. 3E). Therefore, the pkr-dependent increase in long-lived
protein degradation in MEFs infected with HSV-1A34.5 is
associated with a pkr-dependent increase in autophagic vacuole
accumulation.

Together with the biochemical data, these results indicate that
HSV-1 infection induces pkr-dependent autophagy in mammalian
cells that is antagonized by the HSV-1 neurovirulence gene prod-
uct, ICP34.5. To the best of our knowledge, these findings represent
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Fig. 3.  Pkr~/~ MEFs are deficient in autophagic protein degradation and
autophagic vacuole accumulation induced by a-IFN and HSV-1A34.5 infection. (A
and B) Cumulative percentage degradation of long-lived cellular proteins in
pkr*'* and pkr~/~ MEFs, respectively. Results are mean (= SEM) of triplicate wells.
Similar results were obtained in five independent experiments. (Cand D) Electron
micrographs showing examples of early (Avi) and late (Avd) autophagic vacuoles,
respectively, in pkr*/* MEFs infected with HSV-1A34.5. (Scale bars, 0.5 um.) (E)
Volume density of early (Avi) and late (Avd) autophagic vacuoles in pkr~/~ and
pkr** MEFs infected with wt HSV-1 and HSV-1A34.5. Error bars represent SEM of
the volume densities of three to five grid squares. Similar results were obtained
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the first example of cellular autophagy induction in response to viral
infection. Previous studies have shown that poliovirus infection
induces the formation of double- membraned vesicles that share
some similarities with autophagic vacuoles (45). However, unlike
our observations in HSV-1A34.5-infected MEFs, these vesicles have
not been shown to be associated with autophagic degradation of
intracytoplasmic contents. Interestingly, the pathogenic intracellu-
lar bacterium Legionella pneumophila grows in mammalian cells in
modified membranous compartments that are formed by an auto-
phagic-like mechanism (46), and cells infected with less virulent
mutant bacteria have an accumulation of lysosomal markers and
degradative enzymes in these compartments (47). This suggests that
wt bacterial proteins may prevent normal maturation of early
autophagic vacuoles into late degradative vacuoles. Thus, virulence
gene products encoded by diverse intracellular pathogens such as
HSV-1 and Legionella may have devised different strategies to
antagonize autophagic protein degradation.

elF2« Ser-51 Is Required for Virus-Induced and Amino Acid Starvation-

Induced Autophagy in MEFs. In mammalian cells, there are at least
four different eIF2« kinases that are specialized to respond to
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divergent, nonoverlapping stress stimuli (reviewed in ref. 6), in-
cluding PKR, which is activated primarily by double-stranded RNA
and inflammatory mediators (reviewed in refs. 17 and 18). Despite
the specificity of stress stimuli involved in eIF2« kinase activation,
the downstream target of the different activated eIF2« kinases, the
Ser-51 residue of elF2q, is identical. Therefore, to both assess the
role of this downstream target in mammalian autophagy regulation
and the role of the elF2« kinase-signaling pathway in mammalian
autophagy induced by a more classic stimulus, amino acid starva-
tion, we performed autophagy studies in MEFs with a homozygous
elF2a S51A mutation that blocks eIF2a Ser-51 phosphorylation
(Fig. 44; ref. 26).

We assessed whether elF2a Ser-51, the phosphorylation site
required for starvation-induced autophagy in yeast, is also
required for HSV-1A34.5- and amino acid starvation-induced
autophagy in mammalian cells. In isogenic control MEFs with wt
elF2a, we found that HSV-1A34.5 infection as compared to wt
HSV-1 infection resulted in a significant increase in both long-
lived protein degradation (P = 0.051, 0.035, and 0.003 at 4, 6, and
8 h after infection, respectively) and autophagic vacuole volume
density (P = 0.002; Fig. 4 B and D). Similarly, in the control
MEFs, amino acid starvation also resulted in a significant
increase in 3-methyladenine-inhibitable long-lived protein deg-
radation (P = 0.018, 0.002, and 0.005 at 2, 4, and 6 h after
starvation, respectively) and autophagic vacuole volume density
(P = 0.001; Fig. 4 E and G). However, neither of the stimuli,
which increased autophagy in control MEFs—i.e., HSV-1A34.5
infection or amino acid starvation, increased long-lived protein
degradation or autophagic vacuole volume density in the ho-
mozygous mutant eIF2a S51A MEFs that contain a nonphos-
phorylatable elF2«a (Fig. 4 C, D, F, and G).

These data demonstrate that the eIF2« kinase substrate site,
elF2a Ser-51, is required for both virus and amino acid starva-
tion-induced autophagy in mammalian cells. Further studies are
required to determine whether mammalian GCN2, like yeast
GCN2, is the elF2« kinase that acts upstream of elF2«a during
starvation-induced autophagy. It is also as-of-yet unknown,
whether other stimuli such as endoplasmic reticulum stress and
heme deficiency, which activate the eIF2« kinases, PERK and
HRI, respectively (21), induce elF2a Ser-51-dependent auto-
phagy in mammalian cells.

Conclusions

In summary, our data indicate a novel, evolutionarily conserved
role of the yeast and mammalian elF2« kinase pathway in the
regulation of autophagy. We have shown that the yeast and
human elF2«a kinases, GCN2 and pkr, the yeast and human
phosphorylation site targeted by eIF2« kinases, eIF2a Ser-51,
and the yeast GCN4 transcriptional transactivator, are all essen-
tial for stress-induced autophagy. Furthermore, our data dem-
onstrate that divergent stress stimuli (e.g., nutrient deprivation
and virus infection) known to stimulate eIF2« kinase-dependent
translational arrest also stimulate eIF2« kinase-dependent au-
tophagy. It is already well-established that autophagy is an
important cellular defense mechanism against one of these stress
stimuli, nutrient deprivation. Our observations indicating that
autophagy is regulated by PKR, a well characterized antiviral
molecule, and that autophagy is antagonized by the HSV-1
neurovirulence gene product suggest that autophagy is also an
important cellular defense mechanism against viral infections.
During nutrient starvation and viral infection, the synchronous
regulation of translation and autophagy by the elF2a kinase
signaling pathway may be a fundamental mechanism that per-
mits eukaryotic cells to successfully adapt to environmental
stress. As part of their virulence strategy, viruses may subvert this
host adaptive mechanism.
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Fig. 4. Mutant elF2a S51A MEFs are deficient in HSV-
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vacuole accumulation. (A) Western blot analysis of MEF
lysates by using an elF2a Ser-51-phosphospecific Ab. The
phosphorylation of wt elF2« at 0 h after starvation is
presumed to result from elF2« kinase activation that oc-
curs during washing and cell lysis (29). (B, C, E, and F)
Cumulative percentage degradation of long-lived cellular
proteins in wt elF2a MEFs (B and E) at serial time points
after virus infection (B) or amino acid starvation (E), and in
homozygous mutant elF2« S51A MEFs (C and F) at serial
time points after virus infection (C) or amino acid starva-
tion (F). Results are mean (=SEM) of triplicate wells. Similar
results were obtained in three independent experiments.
(D and G) Volume density of autophagic vacuoles in wt
and mutant elF2a S51A MEFs subjected to 5 h of virus
infection (D) or subjected to 2 h of amino acid starvation
(G). Each bar represents volume density of both early (Avi)
and late (Avd) autophagic vacuoles. The percentage of
early (Avi) vacuoles is indicated above each bar. Error bars
represent SEM of the volume densities of three to four grid
squares.
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