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ABSTRACT

Phosphorylation of eukaryotic initiation factor-2 (eIF2) is an important mechanism mitigating cellular
injury in response to diverse environmental stresses. While all eukaryotic organisms characterized to date
contain an elF2 kinase stress response pathway, the composition of elF2 kinases differs, with mammals
containing four distinct family members and the well-studied lower eukaryote Saccharomyces cerevisiae expressing
only a single eIF2 kinase. We are interested in the mechanisms by which multiple eIF2 kinases interface
with complex stress signals and elicit response pathways. In this report we find that in addition to two
previously described elF2 kinases related to mammalian HRI, designated Hrilp and Hri2p, the yeast
Schizosaccharomyces pombe expresses a third elF2 kinase, a Gen2p ortholog. To delineate the roles of each
elF2 kinase, we constructed S. pombe strains expressing only a single elF2 kinase gene or deleted for the
entire elF2 kinase family. We find that Hri2p is the primary activated elF2 kinase in response to exposure
to heat shock, arsenite, or cadmium. Gen2p serves as the primary elF2 kinase induced during a nutrient
downshift, treatment with the amino acid biosynthetic inhibitor 3-aminotriazole, or upon exposure to
high concentrations of sodium chloride. In one stress example, exposure to HyO,, there is early tandem
activation of both Hri2p and Gen2p. Interestingly, with extended stress conditions there is activation of
alternative secondary elF2 kinases, suggesting that eukaryotes have mechanisms of coordinate activation
of elF2 kinase in their stress remediation responses. Deletion of these eIF2 kinases renders S. pombe more

sensitive to many of these stress conditions.

N response to diverse environmental stresses, phos-
phorylation of eukaryotic initiation factor-2 (eIF2)
induces a program of gene expression designed to miti-
gate cellular injury. A family of elF2 kinases that share
sequence and structural features in their catalytic do-
mains has been identified, but have unique flanking
regulatory domains, allowing each to recognize distinct
stress conditions (CHEN 2000; Kaurman 2000; DEVER
2002; HARDING et al. 2002; WEK et al. 2004). For exam-
ple, uncharged tRNA that accumulates in response to
amino acid starvation associates with a domain in the
elF2 kinase GCN2 that is homologous to histidyl-tRNA
synthetases (HINNEBUSCH 2000; WEK et al. 2004). The
resulting conformational change enhances GCN2 phos-
phorylation of the a-subunit of eIF2 at serine-51, leading
to reduced activity of this initiation factor and lowered
general protein synthesis accompanied by enhanced
translation of specific mRNAs encoding proteins that
remediate stress. In addition to GCN2, three other elF2
kinases have been identified in mammals: HRI that is
mainly expressed in the erythroid lineage and couples
protein synthesis, predominantly globin in these tissues,
to the availability of heme (CHEN 2000); PEK/Perk that
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modulates gene expression in response to protein mis-
folding in the endoplasmic reticulum (HARDING et al.
2002); and PKR that participates in an antiviral pathway
mediated by interferon (Kaurman 2000).

We have been interested in the mechanisms by which
elF2 kinases interface with complex stress signals and
elicit stress response pathways. As highlighted for the
four mammalian elF2 kinases, it is proposed that there
is a primary eIF2 kinase containing a distinct regulatory
domain functioning to recognize each stress condition.
By contrastin lower eukaryotes, there appear to be fewer
elF2 kinases contributing to stress remediation. In the
yeast Saccharomyces cerevisiae, the sole elF2 kinase Gen2p
is activated not only by nutrient limitations, including
amino acid, purine, and glucose deprivation, butalso by
high concentrations of sodium, the immunosuppressant
rapamycin, and methyl methanesulfonate (MMS; Hin-
NEBUSCH 2000; YANG et al. 2000; GOOSENS et al. 2001;
VALENZUELA ¢f al. 2001; CHERKASOVA and HINNEBUSCH
2003; NARASIMHAN et al. 2004; WEK et al. 2004). Thus,
this single elF2 kinase recognizes a diverse set of stress
conditions. In the yeast Schizosaccharomyces pombe, two
HRI-related enzymes were identified (ZHAN et al. 2002).
An important question is whether these S. pombe elF2
kinases have been adapted to recognize a broad spec-
trum of environmental stress as described for Gen2p in
S. cerevisiae.
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In this report, we find that, in addition to two HRI-
related enzymes, S. pombestress response includes a third
elF2 kinase, a Gen2p ortholog. To delineate the roles
of each S. pombe elF2 kinase, we constructed S. pombe
strains expressing only a single elF2 kinase gene or
deleted for their entire elF2 kinase family. We find that
Hri2p and Gen2p serve as primary elF2 kinases in re-
sponse to different sets of environmental stresses, and
in one example, exposure to HyO,, there is early tandem
activation of these elF2 kinases. Interestingly, with ex-
tended stress conditions there is activation of secondary
elF2 kinases, suggesting that eukaryotes have mecha-
nisms of coordinate activation of elF2 kinase in their
stress remediation responses.

MATERIALS AND METHODS

Yeast strains and growth conditions: S. pombe strains used in
this study are derived from related strains CHP428 (A" ade6-210
leul-32 wra4-D18 his7-366) and SP223 (h™ ade6-216 lewl-32 urad-
D18; ZHAN et al. 2002), including strains WY743 (A" ade6-
210 leul-32 wra4-DI18 his7-366 gen2::ura4™), WY458 (h~ ade6-216
lewl-32 ura4-D18 hri2::leul™), WY'758 (h~ ade6-216 lewl-32 ura4-
D18 hri2::leul™ gen2::ura4"), WY459 (h~ ade6-216 lewl-32 ura4-
D18 hril::ura4™ hri2::leul®), WY764 (b~ ade6-216 leul-32 ura4-
D18 leul™ wra4"), WY766 (h~ ade6-216 leul-32 ura4-D18 his7-366
hril:ura4® hri2::lewl™ gen2::ura4t), WY767 (b~ ade6-216 leul-
32 wra4-D18 his7-366 hril:: ura4* gen2::ura4*), and WY761 (i~
ade6-216 lewl-32 ura4-D18 gen2::ura4™ lewl™). S. pombe strains
were grown in yeast extract plus supplements (YES) or Edin-
burgh minimum medium (EMM), supplemented with 3% glu-
cose and with 225 pwg/ml of adenine, 225 wg/ml of uracil,
and amino acids as indicated. S. pombe strains were grown at
30° on agar plates or in liquid culture with agitation. Deletion
of gen2* from the S. pombe strains was generated in one step
through homologous recombination by transforming linear
DNA containing wra4”® substituted for the entire coding re-
gion of gen2*. Transformants were selected for growth in
the absence of uracil supplement in the medium. The gen2~
knockout was confirmed by PCR analysis, and the gen2™ strain
was mated with hril™ and hril~ hri2” strains with opposing
mating types. The hril~ gen2 strain and hril™ hri2” gen2”
strains were obtained after sporulation and tetrad analysis,
and genotypes were confirmed by PCR analysis.

Isolation of gen2* ¢DNA: To obtain a gen2™ cDNA, total
RNA was isolated from S. pombe as described (ScHMITT el
al. 1990), and purified poly(A)" was prepared by using a
MicroPoly(A) Pure isolation kit (Ambion, Austin, TX). Subse-
quent reverse transcription-PCR was carried out using the
Titan One Tube RT-PCR system (Roche, Indianapolis). Due
to the long length of gen2*, we carried out the RT-PCR in
two steps using primers derived from the S. pombe genomic
sequence listed in the overlapping sequencing in GenBank,
accession nos. SBP18G and SPB36B7. The gen2* ¢DNA frag-
ments of 2.2 and 2.7 kb were obtained by RT-PCR amplifica-
tion and sequenced by the dideoxy method.

Stress assays: Yeast cells were grown to early exponential
phase (Agy < 0.5) and subjected to stress by adding 100 um
NaAsO,, 100 pm CdCly, 1 m NaCl, or 1 mm Hy,O, to the YES
medium for the indicated times or by shifting cell cultures
from 30° to 48° for 10, 20, or 30 min. Addition of all 20 amino
acids to the YES medium ensured minimal phosphorylation
of elF2a under nonstressed conditions. To elicit nutrient
stress, cells were transferred from YES medium to EMM or

shifted from EMM supplemented with all 20 amino acids to
EMM containing all amino acids except histidine and 15 mm
3-aminotriazole. Given that 3-aminotriazole is an inhibitor of
histidine biosynthesis, only cells expressing a functional %is7
gene product were used in this stress analysis. Cells were resus-
pended in solution A [20 mwm Tris-HCI (pH 7.8), 500 mm
NaCl, 10% glycerol] supplemented with protease inhibitors
(100 pm phenylmethylsulfonyl fluoride, 1 wM pepstatin, 1 pm
leupeptin, and 0.15 M aprotinin) and were broken with acid-
washed glass beads and vortexing. The lysate preparation was
clarified by centrifugation and stored in aliquots at —80°.
A total of 20 pg of each protein sample was separated by
electrophoresis in a SDS-12.5% polyacrylamide gel. Proteins
were transferred to nitrocellulose filters, and the filters were
blocked with TBS-T solution [20 mm Tris-HCI (pH 7.6), 150
mM NaCl, 0.1% Tween-20, and 4% nonfat milk powder]. Fil-
ters were then incubated with affinity-purified antibody that
specifically recognizes eIF2a phosphorylated at serine-51 (Re-
search Genetics, Birmingham, AL) or antisera prepared against
an elF2a polypeptide that recognized either phosphorylated
or nonphosphorylated elF2a (BioSource, Camarillo, TX). To
measure cell growth following heat shock, cell cultures were
exposed to 48° for 20 min and then monitored for growth at
600 nm at 30° for 30 hr. To determine growth resistance in
response to 1 mM HyO, or 100 um sodium arsenite, strains
were treated with these stress agents for 1 hr and then collected
by centrifugation, rinsed, and resuspended in the same volume
of liquid YES medium. Cell cultures were then incubated with
agitation at 30° and growth was monitored at Agy. To determine
growth in response to amino acid limitation, 15 mm 3-aminotri-
azole was added to cells cultured in EMM with required supple-
ments, and growth at 30° was monitored at 600 nm.

RESULTS

Identification of a GCN2 ortholog in S. pombe: The
mutant strain with the combined deletions of riI* and
hri2* showed a modest, but reproducible, level of elF2«
phosphorylation within 1 hr of exposure to arsenite
(ZBAN et al. 2002). We also found high levels of phos-
phorylation of elF2a, as judged by immunoblot using
antibody specific to elF2a phosphorylated at serine-51,
in the hril~ hri2” cells in response to treatment with
H,O, or during prolonged exposure to cadmium (Fig-
ure 1). Levels of total elF2a were measured by immu-
noblot using polyclonal antibody that recognizes both
phosphorylated and nonphosphorylated forms of this
initiation factor and found to be unchanged in response
to either stress condition. These studies suggest that
one or more additional eIF2 kinases contribute to trans-
lation control in response to stress conditions. To iden-
tify such protein kinases, we used the mammalian elF2
kinase GCN2, PKR, and PEK sequences as queries and
the Blast program to search for related elF2 kinases
encoded in the S. pombe genome. We found a third elF2
kinase most closely related to GCN2 that was encoded in
adjacent cosmids SPBP18G and SPB36B7 derived from
chromosome II. The sum probability of random corre-
spondence of the pairwise segments (i.e., the blast score)
between S. pombe Gen2p and the orthologs from S. cere-
visiae and Neurospora crassawere e-176 and e-163, respec-
tively. To obtain a gen2* ¢cDNA, we isolated poly(A)*
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FIGURE 1.—Loss of hril ™ and hri2* does not reduce elF2a
phosphorylation in response to oxidative stress. (A) Four iso-
genic strains with the relevant genotypes indicated were
treated with HyO, for 1 hr (+) or no stress (—). Equal amounts
of nonstressed and stressed lysates were loaded on the basis
of protein content. Immunoblots were carried out by using
antibody that specifically recognizes phosphorylated elF2a or
antisera that measures total elF2a levels. (B) This collection
of isogenic strains was incubated in the presence of CdCl, (+)
for 1 hr (top) or 14 hr (bottom) or no stress (—). Levels of
phosphorylated elF2a were measured by immunoblot.

RNA from S§. pombe strain SP223 and used RT-PCR analy-
sis and oligonucleotide primers complementary to the
gen2* coding region. The cloned S. pombe cDNA was
sequenced by the dideoxy method and was found to be
identical with the 4.7-kb genomic sequence, with the
exception of the predicted intron located near the 5’
end of the gen2™ sequence that was absent in the cDNA.
The putative S. pombe Gen2p ortholog is 1576 amino
acids in length and has the domains conserved among
the many GCN2 orthologs, including the conserved
N-terminal domain (CNT) that facilitates interaction
with the Genlp regulatory protein, protein kinase do-
main, partial kinase domain, HisRS-regulatory domain,
and the carboxy terminus that facilitate yeast Gen2p
dimerization and ribosomal association (Figure 2; GAR-
CIA-BARRIO ¢f al. 2000; KuBOoTA et al. 2000; SATTLEGGER
and HINNEBUSCH 2000; SooDb et al. 2000b; NARASIMHAN
et al. 2004; WeK et al. 2004). We did not find any addi-
tional sequences in the S. pombe genome that are related
to elF2 kinases PEK or PKR. This bioinformatics analysis,
combined with our earlier report on two HRI-related
enzymes, suggests that there are three elF2 kinases in
S. pombe. The conserved domain arrangement of the S.
pombe GCN2 ortholog suggests that it functions analo-
gous to that described for this elF2 kinase in S. cerevisiae
and mammals.

Deletion of the gcn2* gene from the S. pombe genome:
To determine the function of gen2™ in the S. pombe

stress response, we introduced a linear ng::um‘l+ DNA
knockout cassette into strain CHP428 (A" ade6-210 lewl-
32 wra4-D18 his7-366) and a related hri2::lewl™ mutant
WY458 and selected for uracil prototrophy. The entire
gen2” coding region was deleted in each of these strains,
which was confirmed by PCR using genomic DNA. To
generate S. pombe strains deleted for all three elF2 ki-
nases or each pairwise combination, the gen2™ strain
WY743 (k") was crossed with strain WY459 (h~ hril~
hri27), and the resulting diploid strain was induced to
undergo sporulation. The resulting haploid spores were
dissected and analyzed to determine their genotype.
Strain WY'766 was confirmed to be deleted for all three
of the eIF2 kinase genes, and gen2" was deleted in combi-
nation with Ari2" in strain WY758 and with Aril* in
WY767. As described below, no elF2a phosphorylation
was detected in strain WY766 in response to many differ-
ent environmental stresses, consistent with the idea that
there are only three elF2 kinases in S. pombe.

elF2 kinase Gcen2p is activated in response to a nutri-
ent downshift or elevated NaCl levels: To characterize
the role of each elF2 kinase in a range of different stress
conditions, we studied five isogenic strains, including a
wild-type strain encoding the full complement with eIF2
kinases (WT), hril™ hri2~ gen2™ (none), and strains de-
leted for two elF2 kinase genes, thereby expressing only
Gen2p, Hrilp, or Hri2p. In S. cerevisiae, the Gen2p elF2
kinase is activated by nutritional deprivation or expo-
sure to high concentrations of NaCl (HINNEBUSCH 2000;
GOOSENS et al. 2001; NATARAJAN et al. 2001; NARASIM-
HAN et al. 2004; WEK et al. 2004). We therefore shifted
this collection of strains from rich medium, YES, to
minimal medium, EMM, and cultured these cells for 1
hr at 30°. The nutrient downshift elicited elF2a phos-
phorylation predominantly by Gen2p, with minimal lev-
els of elF2a phosphorylation found in the strains ex-
pressing only Hrilp or Hri2p and no phosphorylation
in strain WY766 devoid of eIF2 kinases (Figure 3A).
Furthermore, we measured phosphorylation of elF2a
in response to treatment with 3-aminotriazole (3AT),
an inhibitor of histidine biosynthesis. Within 1 hr of
exposure to 15 mm 3AT, there was a significant induc-
tion of elF2a phosphorylation in the wild-type strain
(Figure 3B). High levels of eIF2a phosphorylation were
also seen in cells expressing only Gecn2p, while cells
expressing only Hrilp or both Hrilp and Hri2p (strain
WY761) had minimal levels of phosphorylation in re-
sponse to 3AT treatment. These observations indicate
that Gen2p is activated in S. pombe in response to a shift
to reduced nutritional conditions.

We next examined elF2 kinase activity in the strain
collection in response to exposure to 1 M NaCl and again
found that Gen2p was the predominant elF2 kinase
(Figure 3A). Phosphorylation of elF2a in the strain ex-
pressing only Gen2p was near that measured in wild-type
cells similarly treated with the elevated concentration of
NaCl. By contrast, modest levels of elF2a phosphoryla-
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tion were detected in the strain expressing only Hri2p.
Together these results suggest that Gen2p is the primary
activated elF2 kinase in S. pombe subjected to nutritional
stress or elevated NaCl conditions as described for
Gen2p in S. cerevisiae.

Network of eIF2 kinases recognizes stress in S. pombe:
We surveyed a series of stress conditions previously
linked to elF2a phosphorylation to establish the contri-
bution of each of the three elF2 kinases in the S. pombe
stress response. When the collection of strains was ex-
posed to 1 mm H,O, for 1 hr, elF2a phosphorylation
was induced to a similar magnitude in the cells express-
ing Hri2p or Gen2p (Figure 3A). Minimal elF2a phos-
phorylation was observed in the strain expressing only
Hrilp. These results suggest that the elF2 kinase func-
tions of Hri2p and Gen2p overlap in S. pombein response
to oxidative stress.

Two stress conditions previously linked to Hri2p were
arsenite exposure and heat shock (ZHAN et al. 2002).
We treated the strain collection with 100 wMm sodium
arsenite. Following 1 hr of exposure to arsenite there
was a significant induction of elF2a phosphorylation in
the Hri2p-expressing cells, with only moderate levels in
the Gen2p-expressing cells (Figure 4). Phosphorylation
of elF2a was absent in the strain containing only Hrilp.
A'similar pattern of eIF2a phosphorylation was detected
in cells after 3 and 6 hr of arsenite exposure, although
following 6 hr of treatment the levels were reduced
in these mutant cells as well as in the wild-type strain
compared to the shorter exposure times (Figure 4).
These results support the idea that Hri2p is the primary
elF2 kinase in S. pombe treated with arsenic stress, with
Gen2p providing a secondary role.

The strain collection was next exposed to heat shock
at 48° for 10, 20, or 30 min. After 10 min of heat shock,
the strain expressing only Hri2p exhibited levels of phos-

FiGURE 2.—Alignment between Gcn2 or-
thologs from S. pombe, S. cerevisiae, Drosoph-
ila, and mouse. The Gcn2 sequences are
represented as a bar with highlights of the
conserved N-terminal domain (CNT, also des-
ignated G1), which is flanked by charged resi-
dues, partial kinase, protein kinase, HisRS
related, and the carboxy terminus that facil-
itates ribosomal binding and GCN2 dimer-
ization (RB/DD). The white portion of the
kinase domain represents the insert be-
tween subdomains IV and V that is a hall-
mark feature shared among elF2 kinases.
The length of each GCN2 sequence is
shown to the right of the illustrated GCN2
sequence, and the amino and carboxy ter-
minal residues that form the boundary for
each region are designated below. Pairwise
comparisons were carried out using the
10% Clustal W algorithm (HIGGINS et al. 1996).
1648 The percentage identity between S. pombe
and each of the five regions of the GCN2
orthologs is shown above each bar.
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phorylated elF2a that were similar to that measured in
the wild-type cells (Figure 5). No elF2a phosphorylation
was detected in the strains expressing only Hrilp or
Gcen2p or the mutant cells devoid of all three elF2a
kinases. Following 20 or 30 min of heat shock, significant
levels of elF2a phosphorylation were observed in both
the Hri2p- and the Gen2p-expressing cells. It is notewor-
thy with the longer 30-min exposure that there were
reduced levels of elF2a phosphorylation in both the
Hri2p- and the Gen2p-expressing cells, as well as in the
wild-type cells. These results suggest that Hri2p is the
predominant elF2 kinase in response to heat shock, but
Gcen2p has a compensatory role with longer periods of
heat stress.

A final stress condition that was characterized was
exposure to the heavy metal cadmium. Cells were grown
to early exponential phase in YES medium and then
exposed to 100 wm CdCl, for between 1 and 6 hr. With
increased time of exposure to cadmium there was en-
hanced elF2a phosphorylation in the wild-type cells that
was absent in the mutant strain devoid of elF2 kinases
(Figure 6). Following 1 hr of cadmium treatment there
was significant phosphorylation of elF2a in the Hri2p-
expressing cells, and this level of phosphorylation was
retained for up to 6 hr of exposure to the heavy metal.
By comparison, in the Gen2p-expressing cells there were
modest levels of phosphorylation of elF2a following 3
hr of CdCl, exposure, with a further enhancement after
6 hr of this stress. Interestingly, the levels of elF2a phos-
phorylation in the Hrilp-expressing cells were signifi-
cantly elevated following 6 hr of heavy metal exposure.
Together these results support a model of compensatory
elF2 kinase activation outlined above. In the example
of this heavy metal, Hri2p is the primary elF2 kinase;
however, with longer periods of exposure to cadmium,
secondary elF2 kinases Gen2p and Hrilp are induced
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F1GURE 3.—elF2 kinases respond to different stress condi-
tions in S. pombe. (A) Strains WY764 (WT), WY758 (Hrilp),
WY767 (Hri2p), WY459 (Gen2p), and WY766 (none) were
grown to early exponential phase in YES medium supple-
mented with all 20 amino acids at 30° and subjected for 1 hr
to 1 m NaCl, 1 mm H,O,, or nutritional deprivation involving
a shift from rich YES medium to minimal medium EMM.
Alternatively, cells were grown in YES medium in the absence
of stress. Lysates were prepared from the stressed cells, and
immunoblots were carried out using polyclonal antibody that
specifically recognizes elF2a phosphorylated at serine-51
(elF2a-P) or total elF2a protein (elF2a). (B) Strains WY764
(WT), WY459 (Gen2p), WY758 (Hrilp), and WY761 (Hrilp,
Hri2p), were grown in EMM containing all amino acids except
histidine and 15 mm 3AT for 1 hr (+). Under nonstressed
conditions, wild-type cells were grown in EMM containing all 20
amino acids in the absence of 3AT (—). Mutant cells displayed
similar low levels of elF2a phosphorylation under these non-
stressed culture conditions (data not shown).

and contribute significantly to the levels of elF2a phos-
phorylation.

elF2 kinases facilitate growth resistance to environ-
mental stresses: Given the activity differences between
elF2 kinases in response to stress conditions, we next
wished to address the contribution of Hrilp, Hri2p,
and Gcen2p to growth resistance in response to these
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Ficure 4.—Hri2p is the predominant elF2 kinase re-
sponding to arsenite stress. Five isogenic strains expressing
the entire collection of elF2 kinases (WT), the indicated elF2
kinases, or devoid of all three elF2 kinases (none) were incu-
bated with sodium arsenite for 1, 3, or 6 hr or no stress (0 hr).
Cells were collected and washed and equal amounts of lysate
based on protein content were analyzed by immunoblot using
antibody that specifically recognizes phosphorylated elF2a
(eIF20-P) or antiserum that recognizes total elF2 (elF2a).

different environmental insults. The strain collection
was subjected to heat shock for 20 min. After 20-hr
recovery from the heat shock, wild-type cells achieved
exponential growth and approached stationary phase
at Ay = 5.5 (Figure 7A). By comparison, cells express-
ing only Hrilp, Hri2p, or Gen2p did not resume appre-
ciable growth until 24 hr after heat shock, and strain
WY766, devoid of eIF2 kinase activity, showed minimal
growth over the 30-hr time course.

S. pombe cells resumed growth more rapidly following
a 1-hr exposure to HyO, or arsenite stresses compared
with heat shock (Figure 7, B and C). The wild-type strain
showed appreciable growth following 8 hr of the H,O,
treatment. Strain WY766, devoid of elIF2 Kkinases,
showed growth 15 hr after the introduction of this stress
condition. Interestingly, while the cells expressing ei-
ther Hri2p or Gen2p displayed near wild-type growth
upon HyOy exposure, strain WY758 (hril"™ hri2~ gen27)
showed growth sensitivity that in fact exceeded strain
WY766 (Figure 7B). These results are consistent with
Hri2p and Gen2p serving as tandem primary elF2 ki-
nases in response to this oxidative stress, while the Hrilp-
expressing cells appeared devoid of elF2a phosphoryla-
tion (Figure 3A).

Cells expressing Hrilp, Hri2p, or Gen2p displayed
an intermediate growth resistance to arsenic stress com-
pared to the wild-type strain, with WY758 (hril t hri2-
gen27) showing the most growth sensitivity (Figure 7C).
Treatment with 3AT delayed growth of the wild-type
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F1cure 5.—Hri2p is the primary and Gen2p is the secondary
elF2 kinase to respond to heat shock in S. pombe. The wild-
type (WT) strain or mutant versions expressing Hrilp, Hri2p,
Gen2p, or no elF2 kinases (none) were incubated at 48° for 10,
20, or 30 min or no stress (0 min). Equal amounts of lysates
based on protein content were analyzed by immunoblot using
antibody that specifically recognizes phosphorylated elF2a
(eIF20-P) or antiserum that recognizes total eIF2 (elF2a:).

30 min

strain compared to nonstressed cells (Figure 7D), with
appreciable growth following ~20 hr of 3AT exposure.
This growth pattern was also observed in Gen2p-express-
ing cells, while Hril p-expressing cells showed enhanced
sensitivity to 3AT. Together, these results are consistent
with this Gen2p being the primary elF2 kinase in re-
sponse to nutrient limitation. Following a 2-hr exposure
to 1 M NaCl, wild-type cells resumed exponential growth
after a 3-hr delay compared to untreated cells. The
growth response to 1 M NaCl for the cells expressing an
individual eIF2 kinase or deleted for each of the three
protein kinases was comparable to wild-type cells (data
not shown).

DISCUSSION

Coordinate eIF2 kinase stress pathways in S. pombe:
Each elF2 kinase in S. pomberecognizes a different subset
of stress signals with a unique timing for activation.
Typically one elF2 kinase has a predominant role in
response to a specific cellular stress condition. For exam-
ple when exposed to arsenite, cells expressing only
Hri2p showed significant eIF2a phosphorylation within
1 hr of exposure (Figure 4). By comparison Gen2p pro-
vides a compensatory role during arsenite stress, with
reduced levels of elF2 kinase function compared with
Hri2p. Hri2p is also the primary eIF2 kinase in response
to heat shock and cadmium stress (Figures 5 and 6). In
the example of cadmium stress, cells expressing Gen2p

:\Q AR
55Q$~§‘d'e9
! Cadmium
i elF20-P
- elF20,
" - elF2o-P
1 Hr|- w o | elF20;
- - elF20-P
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55 S S elF 20

elF2o-P

[N ] elF20

F1GURE 6.—eIF?2 kinases, Hrilp, Hri2p, and Gen2p, are dif-
ferentially activated in response to cadmium exposure. The
isogenic collection of strains expressing all three eIF2 kinases
(WT), no elF2 kinases (none), or Hrilp, Hri2p, or Gen2p as
indicated were incubated with CdCl, for 1, 3, or 6 hr or no
stress (0 hr). Equal amounts of lysate were loaded on the basis
of protein content, and immunoblots were carried out using
antibody that specifically recognizes phosphorylated elF2a
(elF2a-P) and antiserum that recognizes total elF2a (elF2a).

————

6 Hr

showed only modest amounts of elF2a phosphorylation
following 3 hr of exposure. After 6 hr of cadmium treat-
ment, elF2a phosphorylation in the Gen2p-expressing
cells was similar to that measured in the Hri2p strain.
At this time point, Hrilp-expressing cells also showed
significant phosphorylation of elF2a. Overall, Hrilp ap-
pears to provide largely a supportive role with the ho-
mologous Hri2p being the more active elF2 kinase.
Gen2p is the primary elF2 kinase in response to a
different set of stress conditions. Upon exposure to ele-
vated levels of NaCl or in response to nutrient downshift,
there were high levels of eIF2a phosphorylation in the
cells expressing Gen2p, with little elF2 kinase activity
in the strains expressing Hrilp or Hri2p (Figure 3).
Therefore, there are stress conditions in which Gen2p
is the predominant elF2 kinase. Interestingly, in the
case of HyO, exposure, both Gen2p and Hri2p are acti-
vated in tandem. Loss of both elF2 kinases significantly
reduces the growth resistance to HyOy, emphasizing the
importance of elF2a phosphorylation for S. pombe to
overcome this environmental insult (Figure 7).
Comparisons between nutrient stress responses from
S. pombe and S. cerevisiae: In S. cerevisiae starved for
amino acids, phosphorylation of elF2a by Gen2p in-
creases the translational expression of Gendp, a tran-
scriptional activator of hundreds of genes involved in
the metabolism of amino acids, nucleotides, and vita-
mins and the biogenesis of peroxisomes (HINNEBUSCH
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and NATARAJAN 2002). Uncharged tRNA that accumu-
lates in response to amino acid deprivation binds to the
HisRS-related sequence of S. cerevisiae Gen2p, leading
to a conformational change that enhances elF2 kinase
activity (WEK el al. 1995; DONG et al. 2000; QiU et al.
2001, 2002; WEK et al. 2004). The observation that S.
pombe Gen2p is activated in response to histidine limita-
tion (Figure 3B) and has homology with both the kinase
and the HisRS-related domains of S. cerevisiae Gen2p
(Figure 2) suggests that common mechanisms activate
these Gen2p orthologs. Further supporting this com-
mon regulation model, S. pombe Gen2p also has the
conserved N-terminal domain (CNT) that is important
for S. cerevisiae Gen2p binding to the Genlp/Gen20p
complex. Genlp/Gen20p associates with ribosomes and
is proposed to transfer uncharged tRNA evicted from
the A site of ribosomes to the HisRS-related domain of
Gen2p (MARTON et al. 1997; GARCIA-BARRIO ef al. 2000;
KuBora et al. 2000; SATTLEGGER and HINNEBUScH 2000;
ANTHONY el al. 2004; NAMEKI et al. 2004; SATTLEGGER e/
al. 2004). Bioinformatic analysis of the S. pombe genome
sequence indicates the presence of Genlp (NP_595837)
and Gen20p (NP_593669) orthologs, supporting the
idea that S. pombe Gen2p is presented with uncharged
tRNA by a similar regulatory scheme.

It is curious that no Gen4p ortholog is present in S.
pombe, despite the conservation of this basic zipper
(bZIP) transcriptional activator among a range of fungi,
including S. cerevisiae, N. crassa, Candida albicans, and Asper-
gillus nidulans (PALUH et al. 1988; HOFFMANN et al. 2001;
TRIPAHTI et al. 2002). In mammals, a related bZIP tran-
scriptional activator, ATF4, is induced by elF2a phos-
phorylation through a mechanism of translation reiniti-
ation as described for Gendp (HARDING et al. 2000a;

HARDING et al. 2003; VATTEM and WEK 2004). In addi-
tion to genes involved in metabolism, ATF4 activates
transcription of those regulating the redox status of the
cell and apoptosis. Such conservation of translational
control of bZIP transcriptional regulators from yeast to
mammals suggests that a related transcriptional activator
is also controlled by elF2a kinases in S. pombe. A number
of bZIP transcription factors are present in S. pombe, and
interestingly two bZIP proteins, Pap1lp and Atflp, are regu-
lated in response to environmental stresses, including UV
irradiation, oxidative damage, and heat shock (WILKINSON
et al. 1996; DEGoLs and RUSSELL 1997; NGUYEN et al. 2000).

Conservation of eIF2 kinase stress responses among
eukaryotes: The pattern of primary and secondary elF2
kinases, which differentially contribute to elF2a phos-
phorylation depending on the specific stress condition
and length of exposure time, is also inferred from stud-
ies of mammalian cells. Similar to that measured for S.
pombe Hri2p, HRI in mouse fetal liver cells is the primary
elF2 kinase in response to arsenite or heat stress and is
a secondary eIF2 kinase in response to exposure to high
concentrations of NaCl (Lu et al. 2001). GCN2 is the
primary elF2 kinase in mammalian cells in response to
nutrient limitation (HINNEBUSCH 2000; WEK et al. 2004).
Following 1 hr of leucine limitation in mouse embryo
fibroblast (MEF) cells, there is significant induction of
elF2a phosphorylation that is absent in GCN2-deficient
cells (JIANG et al. 2003, 2004). However, following 6 hr
of amino acid deprivation, elF2a phosphorylation levels
approached that measured in GCN2*/* cells. These re-
sults suggest that many of the stress recognition proper-
ties of elF2 kinases are conserved from yeast to mam-
mals. Primary and secondary elF2 kinases also function
in response to accumulation of misfolded protein in
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Vertebrates

Human | o) (EIF2AK7)

z'a‘:“se PKR (EIF2AK2)
Chicken | PEK/Perk (EIF2AK3)
tcken | Gen2 (EIF2aK4)
Frog
Invertebrates

A. gambiae - HRI, PEK, GCN2

D. melanogaster :I_ PEK, GCN2
C. elegans

Plants
A. thaliana — GCN2

Fungi
S.pombe - HRI1, HRI2, GCN2
S. cerevisiae - GCN2
N. crassa — GCN2 {CPC3)

Frcure 8.—Distribution of elF2 kinases among eukaryotes.
Vertebrates contain four eIF2 kinases, which are also high-
lighted by the EIF2AK designation utilized in human geno-
mics. Representative GenBank accession numbers for the eIF2
kinases are as follows (in order of HRI, PKR, PEK/Perk, and
GCN2): in humans, AF181071, NM_002759, AF193339, and
AB037759; in mice, AY033898, BC016422, AF076681, and AF
193344; in rats, NM_013223, 229281, AF09835, and NW_047657;
in chickens, AF330008, AB125660, BM490526, and BM439639;
and in frog Xenopus tropicalis EST sequences suggesting portions
of each elF2 kinase, BG515260, BX732416, BX782352, and
BX769528. Bioinformatics analyses were also carried out in the
following invertebrate organisms: mosquito, A. gambiae (HRI,
AAAB11008823; PEK, AAAB11008859; and GCN2, AAAB1100-
8986), D. melanogaster (PEK, AF1993349 and GCN2, AF056302),
and C. elegans (PEK, AF193341 and GCN2, AL034543). Plants
include A. thaliana (GCN2, NP_191500). Fungi include S. pombe
(HRI1, AF536223; HRI2, 536224; and GCN2 herein), S. cerevisiae
GCN2 (NC_001136), and the N. crassa GCN2 ortholog designated
CPC3 (X91867).

the endoplasmic reticulum. Deletion of PEK (PERK)
blocks elF2a phosphorylation in MEF cells in response
to this ER stress (HARDING et al. 2000b; JTIANG et al. 2003,
2004). However, there are near wild-type levels of elF2a
phosphorylation in PEK/~ MEF cells subjected to an
extended 6-hr exposure to 1 uM thapsigargin, a standard
ER stress agent (JIANG et al. 2004). The secondary elF2
kinase is suggested to be GCN2, as combined deletions
of PEK and GCNZ2 in MEF cells diminish elF2a phos-
phorylation in response to ER stress to levels observed
in nonstressed cells. Together, these mammalian studies
support the proposed S. pombe model whereby there is
a predominant elF2 kinase that responds to a given
stress condition. With extended stress conditions, sec-
ondary elF2 kinases exhibit appreciable activity.

The representation of elF2 kinase family members
varies from unicellular eukaryotes to metazoans (Figure
8). Vertebrates, including mammals, chicken, and frogs
share each of the four well-characterized members of
the elF2 kinase family. By contrast, fungi, including S.
cerevisiaeand N. crassa, contain only a single eIF2 kinase,

related to Gen2p, which modulates stress remediation
in response to a diverse set of stress conditions (SATT-
LEGGER et al. 1998; HINNEBUSCH 2000; WEK et al. 2004).
In addition to fungi and mammals, GCN2 is represented
throughout eukaryotic organisms, including plants, Ara-
bidopsis thaliana, and invertebrates such as Drosophila
melanogasterand Caenorhabditis elegans (OLSEN et al. 1998;
ZHANG et al. 2003; Figure 8). Itis curious that S. pombehas
supplemented Gen2p with two versions of HRI-related
proteins, suggesting that S. pombe may encounter certain
cellular stress conditions unique to this yeast. By con-
trast, HRI is absent in D. melanogaster and C. elegans, which
express only GCN2 and PEK (OLSEN et al. 1998; Soop
et al. 2000a). Analysis of the recently characterized ge-
nome sequence of the mosquito Anopheles gambiae (HoLT
et al. 2002), important for the passage of malaria, indi-
cates this arthropod also contains an HRI-related pro-
tein (Figure 8). Furthermore, the silk moth, Bombyx
mori, expresses an HRI-related protein (designated BeK;
GenBank accession no. U87236; PRASAD et al. 2003)
that shares near full-length sequence similarity with HRI
from A. gambiae, with a blast score of e-107. This analysis
suggests that HRI is distributed throughout eukaryotes,
and selected organisms retained this elF2 kinase as part
of their complement of sensors for cellular stress. We
do notyet understand the basis for this retention. Future
comparisons of the elF2 kinase stress response pathways
between S. pombe and other yeast expressing only GCN2
should provide insight into this intriguing question.
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