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Protein synthesis is regulated by the phosphorylation of the � subunit of eukaryotic initiation factor 2
(eIF2�) in response to different environmental stresses. One member of the eIF2� kinase family, heme-
regulated inhibitor kinase (HRI), is activated under heme-deficient conditions and blocks protein synthesis,
principally globin, in mammalian erythroid cells. We identified two HRI-related kinases from Schizosaccha-
romyces pombe which have full-length homology with mammalian HRI. The two HRI-related kinases, named
Hri1p and Hri2p, exhibit autokinase and kinase activity specific for Ser-51 of eIF2�, and both activities were
inhibited in vitro by hemin, as previously described for mammalian HRI. Overexpression of Hri1p, Hri2p, or
the human eIF2� kinase, double-stranded-RNA-dependent protein kinase (PKR), impeded growth of S. pombe
due to elevated phosphorylation of eIF2�. Cells from strains with deletions of the hri1� and hri2� genes,
individually or in combination, exhibited a reduced growth rate when exposed to heat shock or to arsenic
compounds. Measurements of in vivo phosphorylation of eIF2� suggest that Hri1p and Hri2p differentially
phosphorylate eIF2� in response to these stress conditions. These results demonstrate that HRI-related
enzymes are not unique to vertebrates and suggest that these eIF2� kinases are important participants in
diverse stress response pathways in some lower eukaryotes.

An important mechanism regulating translation initiation in
response to environmental stresses involves phosphorylation of
the � subunit of eukaryotic initiation factor 2 (eIF2�) (11, 21,
38, 56, 80). A family of eIF2� kinases has been identified
whose members share sequence and structural features in their
catalytic domains but have unique flanking regulatory do-
mains, allowing for their distinct control patterns. In mammals,
four eIF2� kinases have been identified: double-stranded-
RNA-dependent protein kinase (PKR), which is important for
antiviral pathways mediated by interferon (37, 56); pancreatic
eIF2� kinase (PEK)/Perk, which modulates gene expression in
response to protein misfolding in the endoplasmic reticulum
(27–30, 63, 65); GCN2, which is activated by nutritional
stresses, including amino acid limitation (33, 80); and heme-
regulated inhibitor kinase (HRI), which is mainly expressed in
the erythroid lineage and couples protein synthesis, predomi-
nantly globin in these tissues, to the availability of heme (11,
12, 26).

In response to cellular stress, phosphorylation of eIF2� at
Ser-51 reduces the activity of this initiation factor and modu-
lates translational expression. For example, iron limitation and
accompanying reductions in heme levels activate HRI through
a mechanism involving autophosphorylation and an altered
protein conformation (4, 11, 12). Distinct heme-binding sites

were identified in the amino terminus of HRI and in the kinase
insert region (58). Release of the heme association of HRI is
proposed to elicit enhanced phosphorylation of eIF2�. eIF2,
combined with initiator methionyl-tRNA and GTP, associates
with the 40S ribosomal subunit and participates in the recog-
nition of the start codon during initiation of translation (32).
Upon recognition of the initiation codon, GTP complexed with
eIF2 is hydrolyzed to GDP. Phosphorylation of eIF2� by HRI
impedes the exchange of eIF2-GDP to the GTP-bound form
that is catalyzed by the guanine nucleotide exchange factor
eIF2B. The resulting reduction in eIF2-GTP levels impedes
translation initiation in the cell, coupling a reduction of globin
synthesis to the lowered levels of available heme (11, 12).
Disruption of this eIF2� kinase in mice leads to aggregation of
globins devoid of heme within the erythroid lineage, contrib-
uting to hyperchromic, hemolytic anemia with compensatory
hyperplasia in the spleen and bone marrow (26). In reticulo-
cytes and fetal liver nucleated progenitor cells, HRI was also
observed to be activated by oxidative stress and heat shock,
suggesting that this eIF2� kinase recognizes a broad spectrum
of stress conditions (42, 72, 74, 87).

In nonvertebrate eukaryotes, translation is regulated by a
more limited number of eIF2� kinases. In the well-character-
ized yeast Saccharomyces cerevisiae, phosphorylation of eIF2�
is carried out only by the GCN2 protein kinase (33, 80). During
nutrient limitation, GCN2 phosphorylation of eIF2� induces
the translation of GCN4, a basic zipper (bZIP) transcriptional
activator of genes involved in the metabolism of amino acids,
nucleotides, and vitamins and the biogenesis of peroxisomes.
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That phosphorylation of eIF2� can lead to induction of gene-
specific translation, even during the occurrence of a general
reduction in translation, is also thought to be important in
higher eukaryotes. Another bZIP protein, ATF4, is preferen-
tially translated in response to phosphorylation of mammalian
eIF2� by a mechanism involving upstream open reading
frames, although it is uncertain whether the mechanism of
leaky scanning described previously for GCN4 translation also
functions in mammals (27). In invertebrate metazoans such as
Drosophila melanogaster and Caenorhabditis elegans, the only
eIF2� kinases present are GCN2 and PEK/Perk, which are
proposed to be important for stresses impacting the cytoplasm
and endoplasmic reticulum, respectively (52, 61, 65).

The apparent absence of HRI and PKR homologues in
lower eukaryotes has led to speculation that these two eIF2�
kinases are required for remediation of stresses specific to
vertebrate organisms. In this report, however, we describe two
HRI-related kinases in the fission yeast Schizosaccharomyces
pombe. As with their mammalian counterparts, phosphoryla-
tion of the � subunit of eIF2 by either purified-yeast HRI-
related enzyme is repressed by hemin, although with a higher
apparent Ki value. Deletion of the HRI-related genes from S.
pombe strains did not alter cell growth in nonstressed condi-
tions, but their combined deletion blocked induction of eIF2�
phosphorylation in response to heat shock or arsenic exposure
and significantly reduced cell growth in response to these stress
conditions. The present study demonstrates that HRI-related
enzymes are not unique to vertebrates and suggests that this
eIF2� kinase is important for resistance to diverse environ-
mental stresses.

MATERIALS AND METHODS

Cloning hri1� and hri2�and plasmid constructions. HRI homologues were
identified using the program BLAST and the S. pombe genome sequence (86). In
the case of hri1�, the sum probability of random correspondence of the pairwise
segments (i.e., the BLAST score) is 4.7 E�37. hri2� also shared a high degree of
similarity with rabbit HRI, with a score of 1.0 E�49, although the homology was
fragmented, which was suggestive of the presence of multiple introns. This
similarity extended to the N-terminal regulatory region of rabbit HRI, with a
score of 4.0 E�5 between hri2� and rabbit HRI. hri1� is encoded on cosmid
SPAC20G4 from nucleotide 6086 to 8200 (GenBank accession no. Z98600), and
hri2� is in cosmid SPAC222 from nucleotide 11617 to 13736 (acc. no.
AL132798). To obtain hri1� and hri2� cDNAs, we isolated total RNA from S.
pombe strain SP223 as previously described (62) and purified poly(A)� RNA by
using a MicroPoly(A) Pure isolation kit (Ambion, Austin, Tex.). Reverse tran-
scription-PCR (RT-PCR) analysis was carried out using the Titan One Tube
RT-PCR system (Roche, Indianapolis, Ind.) with the purified poly(A)� RNA as
the template. A 2,115-bp cDNA fragment of hri1� and a 1,920-bp cDNA frag-
ment of hri2� were digested with NdeI and BamHI engineered at the 5� and 3�
ends, respectively, and inserted between the unique NdeI and BamHI sites in E.
coli expression vector pET15b (Novagen). The resulting plasmid, p555, encodes
hri1�, and p598 contains hri2�. Cloned S. pombe cDNAs were sequenced by the
dideoxy method and confirmed to be identical to those of the genomic sequence,
with the exception of three introns in hri2�. For p573, site-directed mutagenesis
was used to substitute a methionine codon for a lysine-253 codon in hri1�, and
p596 encodes Hri1-�Np, with a deletion of residues 2 to 186. hri1� and hri2�

cDNAs were also inserted between the NdeI and BamHI sites of S. pombe
expression vectors pREP4 and pREP1 (45), a region that includes the nmt1�

promoter that is repressed in the presence of thiamine (44). The resulting
plasmid, p627, is marked by ura4� and encodes Hri1p, and p628 expressing
Hri2p is marked by S. cerevisiae LEU2 suitable for complementation of leu1� in
S. pombe. The human PKR cDNA was similarly cloned into pREP4, generating
p603. The S. pombe gene, encoding eIF2� with its endogenous promoter, was
inserted between the SacII and XhoI sites of S. pombe shuttle vector pSP1, which
is marked with LEU2 (17). The resulting eIF2�-encoding plasmid was designated

p601, and a mutant version, containing alanine substituted for Ser-51, was named
p600.

Yeast strains and growth conditions. S. pombe strains used in this study are
derived from strain SP223 (h� ade6-216 leu1-32 ura4-D18) (66), including strains
WY457 (hri1::ura4�), WY458 (hri2::leu1�), and WY459 (hri1::ura4�

hri2::leu1�). Confirmatory experiments for hri1� were also carried out using a
hri1::ura4� (WY460) derivative of S. pombe ED665 (h� ade6-210 leu1-32 ura4-
D18). S. pombe strains were grown in yeast extract plus supplements (YES) or
Edinburgh minimum medium (EMM) (48), supplemented with 225 �g of ade-
nine/ml, 225 �g of leucine/ml, and 225 �g of uracil/ml as required. Glucose was
present at a concentration of 3% in the EMM and YES. Complete synthetic
EMM was made by adding all amino acids at a concentration of 225 �g/ml into
EMM (60). S. pombe strains were grown at 30°C on agar plates or in liquid
culture with agitation.

Plasmids overexpressing Hri1p, Hri2p, or human PKR were introduced into S.
pombe strain SP223 by selecting for uracil or leucine prototrophy in EMM
supplemented with thiamine, an inhibitor of the nmt1� promoter. As indicated,
pSP1 encoding eIF2� was also introduced in strain SP223 and selected for by
leucine prototrophy. All strains were grown to saturation in EMM supplemented
with 5 �g of thiamine/ml and then streaked onto agar EMM in the presence or
absence of thiamine. Agar plates were incubated at 30°C for 4 days and elec-
tronically imaged.

Deletions of hri1� and hri2� from the S. pombe strains were generated in one
step by homologous recombination by transforming linear DNA containing
ura4� substituted for the entire coding region of hri1� or leu1� substituted for
the entire coding region of hri2� (48). Transformants were selected for by uracil
or leucine prototrophy. The �hri1 and �hri2 knockouts were confirmed by PCR
analysis and by Southern blot analysis using genomic DNA cleaved with restric-
tion enzyme EcoRV combined with NdeI or HincII. Radiolabeled DNA probes
included a 1.2-kb DNA fragment containing the 5� noncoding portion of hri1� or
a 1.1-kb fragment including the 3� noncoding portion of hri2�. Southern analysis
was carried out using high stringency conditions, and the hybridized probes were
visualized using X-ray film with an intensifying screen at �80°C.

To determine the impact of the loss of hri1� and hri2� on growth of S. pombe,
the isogenic strains SP223, WY457, WY458, and WY459 were inoculated at A600

� 0.05 in liquid YES or EMM, as indicated, and grown at 30°C until saturation.
At the specified time points, cell samples were removed from cultures and
measured for density at A600. Heat shock was induced as follows: strains were
grown to an A600 � 0.25 in liquid YES supplemented with all 20 amino acids and
incubated at 48°C for 15 min. Addition of the amino acids to the YES medium
insured minimal phosphorylation of eIF2� in nonstressed conditions. Following
the heat shock, cultures were placed in an ice bath and then shifted to 30°C
incubation as previously described (19). Cell growth was monitored by removing
aliquots from the cultures at the indicated times and measuring density at A600.
Arsenite exposure was carried out by culturing strains SP223, WY457, WY458,
and WY459 to exponential phase in YES medium supplemented with all 20
amino acids, followed by the introduction of 200 �M NaAsO2, 400 �M NaAsO2,
or no stress, as indicated. Alternatively, arsenate stress was analyzed by exposing
this strain collection to 50 �M Na2HAsO4, 100 �M Na2HAsO4, or no stress.
Cultures were monitored for growth by measuring absorbance at 600 nm. Strains
were also inoculated in YES medium supplemented with 100 �M sodium arsen-
ate at 30°C with agitation for 1 hour. Cells were then collected by centrifugation,
rinsed, resuspended in the same volume of YES medium, and monitored for
growth.

Bacterial expression of Hri1p and Hri2p and in vitro kinase assays. E. coli
strain BL21(DE3) (F� ompTrB

� containing lysogen DE3), transformed with
Hri1p expression plasmids p555, p573, or p596 or Hri2p expression plasmid p598,
were grown at 37°C in Luria-Bertani medium supplemented with 100 �g of
ampicillin/ml until mid-logarithmic phase, at which point 1 mM isopropyl-�-D-
thiogalactoside was added to the culture and incubated for an additional 3 h.
Cells were collected by centrifugation, washed in a solution of 20 mM Tris-HCl
(pH 7.8) and 500 mM NaCl, and then resuspended in solution A (20 mM
Tris-HCl [pH 7.8], 500 mM NaCl, 10% glycerol) and protease inhibitors (100 �M
phenylmethylsulfonyl fluoride, 1 �M pepstatin, 1 �M leupeptin, and 0.15 �M
aprotinin) with 10 mM imidazole, followed by cell lysis using a French press.
Lysates were clarified by centrifugation and applied onto a column containing
nickel-chelation resin (Qiagen, Hilden, Germany). Polyhistidine-tagged Hri pro-
teins were washed with solution A containing elevated concentrations of imida-
zole and eluted with solution A supplemented with 200 mM imidazole. Hri1p
and Hri2p were visualized by electrophoresis using a sodium dodecyl sulfate
(SDS)–12.5% polyacrylamide gel. Difficulties were initially encountered with
Hri2p, which copurified with a 76,000-molecular-weight E. coli protein, pre-
sumed to be DnaK. Copurification with this chaperone has also been observed
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during expression of rabbit HRI. With extensive washing steps using increasing
concentrations of imidazole, Hri2p was purified in a form distinct from the
contaminating E. coli protein.

Kinase reactions were carried out with 50 ng of purified Hri1p or Hri2p, 10
�Ci of [	-32P]ATP (in a final concentration of 50 �M) and kinase buffer [20 mM
Tris-HCl (pH 7.8), 50 mM NaCl, 10 mM Mg(OAc)2, 5 �M �-mercaptoethanol
and protease inhibitors], and 0.75 �g of recombinant eIF2� or a mutant version
of eIF2� with Ala substituted for Ser-51 (S51A), as indicated, in a 20-�l volume.
Recombinant eIF2� substrate is a modified version from S. cerevisiae that was
shown to be an effective substrate in in vitro assays using a variety of eIF2�
kinases isolated from organisms ranging from yeasts to mammals (77, 88, 89).
Alternatively, either 20 �g of lysates prepared from insect Sf9 cells expressing
rabbit HRI or 50 ng of purified human PKR or yeast GCN2 were incubated in
the same assay conditions. Samples were incubated at 30°C for 5 min, a time
point that was found to be in the linear range of the assay. Reactions were
arrested by the addition of 5 �l of 5
 SDS-sample buffer, followed by heating at
95°C for 2 min. Radiolabeled proteins were separated by electrophoresis in a
SDS–12.5% polyacrylamide gel, and the gels were fixed by Coomassie staining,
dried, and subjected to autoradiography. The eIF2� band was excised from
polyacrylamide gels, and the incorporation of 32P was quantified using liquid
scintillation counting. Inhibition of eIF2� kinase activity was performed simi-
larly, with the addition of increasing concentrations (0, 0.5, 2.5, 5, 10, and 20 �M)
of hemin (Sigma) (10). Hemin was prepared as described previously (10) by
dissolution in 1N KOH followed by neutralization with 200 mM Tris-HCl (pH
7.9) and 1 M HCl and subsequent addition of ethylene glycol.

Measurements of in vivo eIF2� phosphorylation by immunoblot analysis.
Using the nmt1� promoter as described above, S. pombe strain SP223 overex-
pressing Hri1p, Hri2p, or human PKR was collected by centrifugation, washed
with cold water, and resuspended in solution A supplemented with protease
inhibitors. Cells were broken with acid-washed glass beads and clarified by
centrifugation, and 40 �g of each protein sample was separated by electrophore-
sis in a SDS–12.5% polyacrylamide gel. Proteins were transferred to nitrocellu-
lose filters, and the filters were blocked with TBS-T solution (20 mM Tris-HCl
[pH 7.6], 150 mM NaCl, 0.1% Tween 20) and 4% nonfat milk powder (76).
Filters were then incubated with affinity-purified antibody that specifically rec-
ognizes eIF2� phosphorylated at Ser-51 (Research Genetics) or antisera pre-
pared against an eIF2� polypeptide that recognized either phosphorylated or
nonphosphorylated eIF2�. Filters were washed with TBS-T, and the eIF2�-
antibody complex was detected using horseradish peroxidase-labeled secondary
antibody and chemifluorescent substrate. To assess the impact of heat shock,
arsenite, or arsenate exposure on eIF2� phosphorylation, S. pombe strains
SP223, WY457, WY458, and WY459 were grown in YES medium at 30°C and
subjected to incubation at 48°C for 15 min or exposed to 200 �M sodium arsenite
or 100 �M sodium arsenate for 1 hour, as indicated. Cell lysate preparation and
immunoblot analysis of eIF2� phosphorylation was carried out as described
above.

RESULTS

Identification of HRI-related protein kinases in S. pombe.
The rabbit HRI sequence (13) was used as a query to search
for related protein kinases in S. pombe by using the BLAST
program and the completed yeast genomic sequence (86). We
identified two different putative serine/threonine protein ki-
nases, whose genes we designated hri1� and hri2�, with se-
quence similarities extending from the catalytic domain to the
amino-terminal regulatory domain of rabbit HRI (Fig. 1). To
obtain hri1� and hri2� cDNAs, we carried out RT-PCR using
poly(A)� RNA prepared from S. pombe strain SP223 and
oligonucleotide primers complementary to the 5� and 3� por-
tions of the predicted open reading frames. Sequence charac-
terization of the isolated cDNAs indicated that Hri1p is 704
amino acid residues in length, with a predicted molecular
weight of 85,000, and Hri2p is 639 residues long, with a size of
75,000 (Fig. 1 and 2). Alignments between the cDNA and
genomic sequences indicated that hri2� contained three in-
trons, between nucleotides 116 and 202, 242 and 290, and 826

and 889, relative to the initiation codon. No introns were
identified in hri1�.

The greatest extent of sequence similarity between the rab-
bit and S. pombe protein kinases resides in the catalytic do-
mains (Fig. 1 and 2). Significant sequence similarities also
reside in the amino-terminal regulatory domain, which has
been shown to be important for heme binding in rabbit HRI
(58, 73) (Fig. 2). As illustrated in Fig. 2, in the alignment that
extended between the amino termini of S. pombe Hri1p and
Hri2p and HRI enzymes from mammals, chicken, frogs, and
zebra fish, sixteen residues were identified to be invariant.
During the course of our analysis of the S. pombe genome, we
also found a third eIF2� kinase, corresponding to GCN2, en-
coded between adjacent cosmids SPBP18G and SPBC36B7,
which were derived from chromosome II. The GCN2 has a
predicted length of 1,576 residues and includes the histidyl-
tRNA synthetase-regulatory domain shown to be important for
activation of the S. cerevisiae eIF2� kinase in response to
nutrient deprivation (23, 57, 81, 82, 89). Based on our genomic
analysis, we conclude that there are three proteins in S. pombe
related to the eIF2� kinase family.

Hri1p and Hri2p are heme-regulated eIF2� kinases with
specificity to serine-51. To address biochemically whether
Hri1p and Hri2p are eIF2� kinases and whether their activity
is inhibited by hemin, we expressed recombinant versions of
these proteins by using the T7 promoter expression system in
E. coli. Polyhistidine tags were incorporated at the amino ter-
mini of both HRI-related kinases, and these proteins were
purified using nickel chelation resin (see Materials and Meth-
ods). Hri1p migrated in SDS-polyacrylamide gel electrophore-
sis (PAGE) with a molecular weight of 90,000, and Hri2p
migrated with a molecular weight of 82,000, each about 10%
higher than predicted by their cDNA sequences. Both proteins
were recognized by an antibody specific to the polyhistidine tag
(data not shown). Purified Hri1p and Hri2p were introduced
into kinase reactions containing recombinant eIF2� and
[	-32P]ATP, and following SDS-PAGE, radiolabeled proteins

FIG. 1. Diagram of alignment of S. pombe Hri1p and Hri2p with
rabbit HRI. Boxes represent sequences of the HRI-related enzymes,
with the length of each eIF2� kinase indicated to the right. Percent
identities are highlighted between Hri1p or Hri2p and the protein
kinase region and the amino-terminal regulatory domain, including a
heme binding domain (HBD) of rabbit (Oryctolagus cuniculus) HRI
(OcHRI). The percent identities extending the length of the eIF2�
kinases are as follows: Hri1p and Hri2p, 29%; Hri1p and OcHri, 27%;
and Hri2p and OcHRI, 26%. The eIF2� kinases share an insert region
of variable length and sequence, indicated by the checkered box, be-
tween subdomains IV and V of the protein kinase domain. In addition
to the heme binding region in the amino terminus of rabbit HRI, a
second binding site has been found in the kinase insert region. Precise
boundaries and sequence requirements have not yet been defined for
these heme binding regions of rabbit HRI.
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were visualized by autoradiography (Fig. 3). Both Hri1p and
Hri2p were found to phosphorylate eIF2�, and no phosphor-
ylation was found in the absence of protein kinase or when
mutant eIF2� (containing Ala for the phosphorylation site
Ser-51) was used as the substrate in the reaction mixture. The
specificity for Ser-51 in eIF2� was identical to that found in
control reactions containing rabbit HRI (Fig. 3A). Further-
more, Hri1p and Hri2p were phosphorylated as reported pre-
viously for mammalian HRI. Substitution of methionine for
Lys-253, a conserved residue in subdomain II of the kinase

domain shown to be essential for rabbit HRI activity (13),
blocked both Hri1p autophosphorylation and eIF2� kinase
activity (Fig. 3B).

We next addressed whether Hri1p and Hri2p were regulated
by hemin. In the example of rabbit HRI, we found hemin
inhibited eIF2� kinase activity with a Ki of 0.5 �M (Fig. 3A).
Consistent with the noted sequence similarity, Hri1p and
Hri2p were also inhibited by hemin with Ki concentrations of
2.5 �M and 1.5 �M, respectively (Fig. 3). N-terminal se-
quences of rabbit HRI were shown to be important for hemin

FIG. 2. Sequence comparison between rabbit HRI and S. pombe Hri1p and Hri2p. Sequence alignments were compiled in part by using the
Vector NTI program. Boxes indicate identical residues between the aligned sequences. Gaps, indicated by dashes, were incorporated to maximize
the alignment, and positions of aligned residues are listed on the right side of the alignment. Locations of the subdomains in the catalytic region
are indicated above the alignment. Heme binding sites have been localized to rabbit HRI amino-terminal residues 1 to 154 and to the kinase insert
region of residues 301 to 420 (58). Asterisks indicate residues in the amino-terminal regulatory region that were invariant in a multiple-sequence
alignment that included the illustrated rabbit (Oryctolagus cuniculus) HRI (OcHRI) (13), S. pombe Hri1p and Hri2p, and HRI homologues from
humans (83), mice (5), rats (46), chickens (14), zebra fish (accession no. AW127775), and frogs (Silurana tropicalis) (accession no. AW644355).
GenBank accession numbers for S. pombe hri1� and hri2� are AF536223 and AF536224, respectively.
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FIG. 3. Hri1p and Hri2p phosphorylation of eIF2� is repressed by hemin. Shown are the results of kinase reactions with Hri1p and OcHRI (A),
Hri1p or K253M or �N mutant versions of Hri1p (B), and Hri2p (C). Purified recombinant Hri1p or Hri2p or lysates prepared from insect Sf9
cells expressing OcHRI were incubated with recombinant eIF2� and [	-32P]ATP in the presence of increasing concentrations of hemin, as
described in Materials and Methods. Radiolabeled proteins were separated by SDS-PAGE and visualized by autoradiography, with phosphorylated
HRI and eIF2� indicated by the arrowheads. �, no eIF2� or no hemin was added to the kinase reaction mixture; S, wild-type eIF2� was used as
the substrate; A, mutant eIF2� with Ala substituted for Ser-51 was used in the reaction. Concentrations of 0 to 20 �M are indicated by the solid
triangles. The radiolabeled eIF2� band was excised from the polyacrylamide gels, and the incorporation of 32P was quantified using liquid
scintillation counting. Radioactivity incorporated into eIF2� at a zero concentration of hemin was defined as 100% of eIF2� phosphorylation.
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regulation (11, 73), and we prepared a version of recombinant
Hri1p from which residues 2 to 186 had been deleted. Hri1-
�Np exhibited reduced eIF2� kinase activity compared with
full-length kinase and was inhibited at only the higher hemin
concentration of 20 �M (Fig. 3B). In control experiments, the
activities of eIF2 kinases GCN2 and PKR, which are not phys-
iologically regulated by heme, were also reduced by 20 �M
hemin (data not shown). This suggests that high levels of he-
min can have nonspecific inhibitory properties in the in vitro
kinase reactions. We conclude that purified Hri1p and Hri2p
specifically phosphorylate eIF2� at Ser-51 and that this activity
can be inhibited by hemin.

Overexpression of eIF2� kinases in S. pombe inhibits cell
growth by phosphorylation of serine-51 of eIF2�. To determine
whether phosphorylation of eIF2� can alter protein synthesis and
growth of S. pombe cells, we expressed plasmid-encoded Hri1p
and Hri2p in strain SP223 by using the thiamine-repressed pro-
moter from nmt1�. As a control, we initially expressed human
PKR that was previously shown to be an effective regulator of
translation when expressed in S. cerevisiae (22, 59, 76, 88). Ex-
pression of PKR significantly reduced growth of S. pombe cells in
minimal medium when expressed in the absence of thiamine (Fig.
4). We also found expression of Hri1p and, to a lesser extent,
Hri2p, reduced growth specifically in the absence of thiamine. To
address the importance of phosphorylation of eIF2�, we coex-
pressed the wild-type gene encoding the initiation factor subunit
or the S51A mutant version. Consistent with the idea that phos-
phorylation of eIF2� specifically at Ser-51 leads to a reduction in
translation initiation, we found that coexpression of eIF2�-S51A
reversed the growth defect associated with PKR and Hri1p (Fig.
4). To directly determine whether elevated expression of Hri1p,
Hri2p, or PKR leads to increased phosphorylation of eIF2�, we
used antibody specific to eIF2� phosphorylated at Ser-51 in im-
munoblot assays. Expression of the eIF2� kinases in S. pombe
elevated phosphorylation of eIF2� only when grown in the ab-
sence of thiamine, which are the growth conditions inducing ex-
pression of the eIF2� kinases (Fig. 5). The specificity of the
antibody for phosphorylated eIF2� was confirmed by a similar
immunoblot analysis using lysates prepared from S. cerevisiae
expressing either wild-type or a kinase-deficient mutant, gcn2-
K628R. The activity of the lone eIF2� kinase in S. cerevisiae,
GCN2, was induced by growing these cells in the presence of
sulfometuron methyl, an inhibitor of branched-chain amino acid
biosynthesis (82). As expected, phosphorylation of Ser-51 of
eIF2� was only detected in the presence of functional GCN2 (Fig.
5). Total levels of eIF2� were measured using polyclonal antisera
that recognize both phosphorylated and nonphosphorylated
forms of the initiation factor, and similar levels of eIF2� were
found between the different S. pombe lysate preparations. There-
fore, the induced levels of eIF2� phosphorylation are not due to
changes in the total eIF2� protein levels.

Hri1p and Hri2p function in S. pombe stress resistance to
heat shock or arsenic. The importance of hri1� and hri2� in S.
pombe stress resistance was addressed by deleting the two
genes individually or in combination and measuring the growth
properties of the mutant strains compared to the isogenic
wild-type cells. The entire coding regions of hri1� and hri2�

were replaced with the marker genes ura4� and leu1�, respec-
tively, by homologous recombination in haploid strain SP223.
Gene deletions were screened by PCR analysis and subse-

quently confirmed by Southern analysis of genomic DNA
cleaved by different restriction enzymes (data not shown). Ex-
periments illustrated were confirmed with multiple indepen-
dent deleted versions of SP223. Deletion of hri1� and hri2�

individually or in combination did not impair cell viability in
liquid or agar medium. Measurements of cell growth in rich
medium, YES, or EMM indicated that deletion of hri2� had
no significant impact, while deletion of hri1� in fact gave a
modest enhancement of growth (Fig. 6A and B). When �hri1
was combined with �hri2, the growth rate of the mutant strain
was identical to that of cells from which hri1� alone was de-
leted. Furthermore, no differences were detected when glyc-
erol was substituted for glucose in the rich medium grown
under aerobic or anaerobic conditions (data not shown). Lev-
els of eIF2� phosphorylation in the SP223-derived cells were
measured by immunoblot analysis using the antibody specific
to phosphorylated eIF2�. Deletion of either hri1� or hri2�

partially diminished eIF2� phosphorylation levels in cells
grown in YES compared to wild-type cells (Fig. 6C). In strain
WY459 with combined �hri1 �hri2, the levels of eIF2� were
significantly lower but detectable, indicative of a single remain-
ing eIF2� kinase GCN2.

We next compared the growth rates of the wild-type and
mutant S. pombe strains during different stress conditions. Ad-
dition of iron chelator, 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic
acid)-1,2,4-triazine(ferrozine) (at concentrations between 100
and 500 �g/ml) to EMM equally reduced growth of the wild
type and cells with hri1� and hri2� deleted (data not shown).
Exposure to heat shock or oxidative stress induced by arsenite
activates HRI in reticulocytes and in fetal liver nucleated pro-
genitor cells; therefore, we analyzed the SP223-derived cells in
YES medium subjected to these stress conditions. Following
heat shock at 48°C, cell cultures were shifted to 30°C and
monitored for growth. In response to heat stress, the wild-type
strain SP223 (hri1� hri2�) achieved exponential growth about
3 h later than nonstressed cells (Fig. 7A). Deletion of either
hri1� (WY457) or hri2� (WY458) further reduced growth
following heat shock compared to that of the isogenic wild-type
strain. This growth delay was further exacerbated in the com-
bined �hri1 �hri2 strain (WY459), which began to grow about
4 hours later than the identically heat-shocked wild-type strain
(Fig. 7A).

The impact of arsenic stress was addressed by culturing the
SP223-derived strains in liquid YES medium supplemented
with either arsenite or arsenate. We found that growth of the
wild-type strain was delayed in response to exposure to 200 �M
or 400 �M sodium arsenite (Fig. 7B and C). Deletion of the hri
genes further retarded growth in the presence of arsenite, with
the combined �hri1 �hri2 mutant cells showing the greatest
sensitivity. Growth of the wild-type strain was delayed by about
2 h in response to exposure to 50 �M sodium arsenate (Fig.
7D). Arsenate sensitivity was further increased when either hri
gene was deleted. Consistent with our previous stress condi-
tions, the combined �hri1 �hri2 strain showed the greatest
growth impact, with minimal growth compared to that of the
isogenic wild-type strain similarly exposed to arsenate. At a
higher concentration of sodium arsenate (100 �M), growth of
the wild-type and hri-mutant versions of S. pombe were equally
blocked (Fig. 7D). However, if strains were exposed to 100 �M
sodium arsenate for 1 hour and shifted to YES medium in the
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absence of stress, the wild-type SP223 cells were able to resume
growth (Fig. 7E). This resumption of growth was delayed in the
cells with the hri genes deleted, with the order of severity being
�hri1 resuming growth faster than �hri2 and the combined
�hri1 �hri2 strain being completely impeded for growth.

Phosphorylation of eIF2� by Hri1p and Hri2p is induced by
heat shock or arsenic. The diminished growth resistance of
�hri1 �hri2 cells exposed to heat shock, arsenite, or arsenate
suggests that these stress conditions modulate translational
expression by phosphorylation of eIF2�. We compared the

FIG. 4. Elevated expression of human PKR and Hri1p in S. pombe reduces growth. Using the nmt1� promoter, which is inhibited by thiamine, the
eIF2� kinase PKR, Hri1p, or Hri2p was expressed in S. pombe strain SP223 from a high-copy-number plasmid. Additionally, wild-type eIF2�, or a mutant
variant containing Ala substituted for Ser-51, was coexpressed with PKR or Hri1p as described in Materials and Methods. S. pombe strains were streaked
onto agar plates containing minimal medium supplemented with 5 �g of thiamine/ml (right) or without thiamine addition (left). Agar plates were
incubated for 3 days at 30°C and electronically imaged. Cells expressing PKR (PKR/eIF2�) or Hri1p (Hri1p/eIF2�) had slower growth than control cells
carrying the parent pREP4 and pSP1 plasmids (Vectors). Coexpression of eIF2�-S51A suppressed this growth defect.
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levels of eIF2� phosphorylation in wild-type SP223 and the
�hri1 and �hri2 mutant derivatives. Phosphorylation of eIF2�
in the wild-type cells (hri1� hri2�) was significantly enhanced
in response to heat shock (Fig. 8A). While �hri1 had a minimal
effect on eIF2� phosphorylation, deletion of hri2� reduced the
levels of eIF2� phosphorylation in response to heat exposure
compared with that found in the combined �hri1 �hri2 strain.
Phosphorylation of eIF2� was also enhanced in response to
treatment with arsenite or arsenate (Fig. 8B and C). While
deletion of hri1� had a very modest impact on eIF2� phos-
phorylation in response to either arsenic compound, the levels
of phosphorylation in the �hri2 strain were significantly re-
duced, to less than 30% of that measured in the wild-type
SP223 cells. By combining the hri1� and hri2� deletions in
strain WY459, there was a further reduction of eIF2� phos-
phorylation in response to arsenite or arsenate exposure.
These results indicate that phosphorylation of eIF2� by Hri-
related proteins in S. pombe is induced in diverse environmen-
tal stress conditions. Furthermore, our results are consistent
with the premise that the contributions of individual Hri1p and
Hri2p activities differ during the course of the stress responses,
with loss of Hri2p having a greater impact on growth and
eIF2� phosphorylation levels in response to heat shock, arsen-
ite, or arsenate exposure.

DISCUSSION

Long-term exposure to arsenic compounds contributes to
many disorders, including liver toxicity, peripheral neuropa-
thies, cardiovascular diseases, and different cancers (1, 6, 39).
Despite the toxicity of arsenic compounds, this metalloid is
presently used in the treatment of protozoan infections and
acute promyelocytic leukemia (3, 7, 64, 69). The mechanisms
by which eukaryotic cells sense exposure to arsenic and their
adaptive changes that are important for detoxifying this met-

FIG. 5. Phosphorylation of eIF2� is induced in response to ele-
vated expression of human PKR, Hri1p, or Hri2p. Equal amounts of
lysate prepared from S. pombe strain SP223 expressing the indicated
eIF2� kinase were characterized by immunoblot analysis using anti-
serum that detects total eIF2� protein (bottom panel) or antibody that
specifically recognizes eIF2� phosphorylated at Ser-51 (eIF2��P).
Each eIF2� kinase was expressed from a high-copy-number plasmid
using the thiamine-repressible nmt1� promoter. For the vector lane,
only the parent plasmid was introduced into the strain. Lysates ana-
lyzed in lanes 1, 2, 3, and 4 were prepared from cells cultured in EMM
in the absence of thiamine, allowing for elevated expression of the
eIF2� kinases. In lanes 5, 6, 7, and 8, thiamine was added to EMM,
repressing expression of the indicated eIF2� kinase. For controls, the
immunoblot analysis was also carried out using lysates prepared from
S. cerevisiae expressing GCN2 or kinase-defective gcn2-K628R (lanes 9
and 10) that was grown in the presence of 1 �g of SM (an inhibitor of
branched chain amino acid synthesis)/ml.

FIG. 6. Deletion of hri1� and hri2� does not significantly alter
growth in rich or minimal medium. S. pombe strains SP223 (■ , hri1�

hri2�), WY457 (�, �hri1 hri2�), WY458 (Œ, hri1� �hri2), and WY459
(F, �hri1 �hri2) were grown in YES (A) or EMM (B). Aliquots were
removed from each culture at the listed times and monitored for
absorbance at 600 nm. (C) S. pombe SP223-derived strains with the
indicated genotypes were grown to mid-exponential phase in YES
medium at 30°C, and equal amounts of lysate prepared from each
culture were analyzed by immunoblot using antibody that specifically
recognizes eIF2� phosphorylated at Ser-51 (eIF2��P) or antiserum
that detects total eIF2� protein.
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alloid are not fully understood. In this study, we found that two
eIF2� kinases related to mammalian HRI are important for
the survival of S. pombe exposed to arsenite, arsenate, or heat
shock. Deletion of both Hri1p and Hri2p from S. pombe strains
reduced phosphorylation of eIF2� in response to exposure to
these stress conditions and lowered growth tolerance com-
pared to wild-type cells (Fig. 7 and 8). These results indicate
that the HRI-related enzymes are important for sensing dif-
ferent stress conditions in S. pombe and implicate phosphory-

lation of eIF2� as a participant in the coordinate expression of
related stress proteins.

Role of tandem HRI-related enzymes in S. pombe stress
response. Prior to this report, only single versions of each
eIF2� kinase family member were reported for a given organ-
ism, and this study represents the first example of character-
ization of multiple copies of an eIF2� kinase family member in
an eukaryotic organism. Consistent with their homology, which
extends from the amino-terminal regulatory region to the ki-

FIG. 7. hri1� and hri2� facilitate growth resistance of S. pombe to heat shock or arsenic exposure. S. pombe strains SP223 (■ , hri1� hri2�),
WY457 (�, �hri1 hri2�), WY458 (Œ, hri1� �hri2), and WY459 (F,�hri1 �hri2), which were inoculated in YES medium supplemented with all 20
amino acids, were subjected to the indicated stress condition and monitored for growth by measuring absorbance at 600 nm. As controls, each of
these strains was analyzed in parallel with the others in the absence of stress, with results similar to that observed for the wild-type strain SP223
(E, hri1� hri2�). (A) The SP223-derived strains were subject to heat shock and then shifted to 30°C culture conditions as described in Materials
and Methods. At the indicated times, cell samples were removed from the cultures and measured for absorbance at 600 nm. (B and C) Strains were
grown in YES medium containing 200 �M (B) or 400 �M (C) sodium arsenite. (D) Strains were grown in YES medium containing 50 �M sodium
arsenate. Additionally, each of these strains was analyzed in the presence of 100 �M sodium arsenate, with results similar to that observed for the
wild-type strain SP223 (�, hri1� hri2�). (E) S. pombe strains were cultured in YES medium supplemented with 100 �M sodium arsenate at 30°C
for 1 hour, rinsed, and resuspended in the same volume of YES medium in the absence of the metalloid. Cultures were incubated at 30°C with
agitation and monitored for growth by absorbance at 600 nm.
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nase catalytic domains, Hri1p and Hri2p function jointly in
response to exposure to different environmental stresses. Anal-
ysis of mutant strains from which either hri1� or hri2� was
deleted indicated that Hri2p was the principal eIF2� kinase for
response to addition of arsenite or arsenate to the medium.
Loss of Hri1p showed only a modest impact on induced eIF2�
phosphorylation in response to heat shock or arsenic exposure
(Fig. 8). However, in each of these stress conditions, deletion
of hri1� did have an impact on growth, albeit less than that
resulting from loss of hri2� (Fig. 7). Furthermore, the com-
bined loss of Hri1p and Hri2p led to the most severe growth
sensitivity to these stress conditions. These results are consis-
tent with the idea that Hri1p and Hri2p work in concert to
facilitate heat and arsenic stress resistance, although Hri1p had

a modest effect on the magnitude of eIF2 phosphorylation in
our experimental conditions.

The basis for the enhanced contribution of Hri2p for eIF2�
phosphorylation in response to heat shock or arsenic stress
conditions may involve differences in the specific activity of this
eIF2� kinase compared to that of Hri1p. Alternatively, the
levels of Hri2p may be greater than those of Hri1p, directing S.
pombe to rely more heavily on this eIF2� kinase for transla-
tional control during arsenite exposure or heat shock. We
propose that phosphorylation of eIF2� is important for induc-
ing the expression of stress-response proteins important for
survival during environmental insults. In the well-characterized
translational control pathway in S. cerevisiae, phosphorylation
of even modest levels of eIF2� by GCN2 protein kinase can
lead to a significant induction of GCN4 translation and tran-
scription of its target genes. By comparison, higher levels of
eIF2� phosphorylation reduce total protein synthesis. This ob-
servation may provide a rationale to explain why the apparent
modest levels of eIF2� phosphorylation by Hri1p can contrib-
ute significantly to stress resistance.

Although S. pombe does not have a GCN4 homologue, other
related transcription factors may facilitate its eIF2� kinase
stress response. Many of the genes involved in arsenite stress
are also induced by heat shock (6, 20, 68). Mechanisms of
arsenite stress resistance in S. pombe include sequestering the
metal by binding to phytochelatins, which are polymers derived
from GSH by the action of phytochelatin synthase (16, 54).
While phytochelatins are important for tolerance to toxic met-
als in S. pombe, phytochelatin synthase is not present in S.
cerevisiae (15). Such differences between the detoxification
pathways in these two fungi and their possible linkage with
certain eIF2� kinases suggests one reason why HRI-related
enzymes are present in only S. pombe. Arsenite also induces
expression of metallothioneins, and metallothionein-deficient
mice chronically exposed to arsenite experience more frequent
and severe damage to liver and kidney tissues than control
animals (40, 53). Further detoxification mechanisms include
transporters than can evict metals from cells (41). These de-
toxification steps may be interfaced with a larger coordinate
stress response that includes translational control by eIF2�
phosphorylation. In the case of arsenate, toxicity stems from
the ability of this arsenic compound to replace phosphate in
phosphorolytic reactions. Arsenate can also be reduced to ar-
senite by a mechanism involving glutathione and the enzyme
arsenate reductase (6). Therefore, similarities in eIF2� phos-
phorylation levels between S. pombe strains exposed to arsen-
ite or arsenate may result in part from the use of this biotrans-
formation pathway.

Regulation of the activity of HRI-related enzymes by heme,
heat shock, and arsenic. Rabbit HRI is a stable homodimer
that can undergo autophosphorylation and catalyze eIF2�
phosphorylation (4, 11, 12). Repression of HRI by heme in-
volves two distinct types of binding sites (58). The first is a
high-affinity site involving sequences in the amino terminus of
HRI that stably binds heme. Heme binding at this site is pro-
posed to be important for proper folding of HRI, and purified
HRI associated with heme at the first site is autophosphory-
lated and has enhanced eIF2� kinase activity (4, 9, 11, 73). By
comparison, the second site, incorporated into the insert re-
gion of the catalytic domain of HRI, can reversibly associate

FIG. 8. Loss of hri1� and hri2� impairs phosphorylation of eIF2�
in response to stress conditions. The S. pombe SP223-derived strains
with the indicated genotypes were grown to mid-exponential phase in
YES medium supplemented with all 20 amino acids at 30°C and sub-
jected to the presence or absence of heat shock (A), sodium arsenite
(B), or sodium arsenate (C), as described in the Materials and Meth-
ods. Equal amounts of lysate prepared from each culture were ana-
lyzed by immunoblotting using antibody that specifically recognizes
eIF2� phosphorylated at Ser-51 (eIF2��P) or antiserum that detects
total eIF2� protein (bottom panel).
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with heme and is thought to be responsible for repression by
heme. We have also found that purified Hri1p and Hri2p are
repressed by heme, although at higher concentrations than that
measured for mammalian HRI (Fig. 3). In our initial in vivo
characterization of iron regulation, using the chelator fer-
rozine, we found that addition of ferrozine at concentrations
between 100 and 500 �g/ml retarded equally the growth of S.
pombe SP223 and �hri1 and �hri2 mutant cells. This growth
inhibition was suppressed by the addition of iron to the me-
dium, indicating that the chelator reduced the intracellular
level of iron. Furthermore, we did not see any induction of
eIF2� phosphorylation in the S. pombe SP223 strain following
incubation with ferrozine (data not shown). These results may
indicate that iron metabolism per se is not linked to Hri1p and
Hri2p functions, in contrast to the requirement for iron me-
tabolism described for mammalian erythroid cells, with its im-
portant role in coordinating globin synthesis to iron availabil-
ity. Alternatively, in the S. pombe cells exposed to ferrozine,
there may be heme turnover issues that impact regulation of
the eIF2� kinases in vivo.

Chaperones also copurify with rabbit HRI, and Hsc70 inter-
action with HRI is proposed to maintain the protein kinase in
an inactive conformation, preventing its autophosphorylation
even during heme deficiency (11, 34, 70, 87). Proteins damaged
by heat shock or arsenite-induced oxidation may titrate Hsc70
from the HRI complex, facilitating autophosphorylation and
increased eIF2� kinase activity. Additionally, Hsc70 is re-
quired for arsenite induction of mammalian HRI activity, em-
phasizing the role of this chaperone in HRI folding to an
activatable conformation inducible by this metalloid (42, 71,
74).

A final explanation for the stress activation of Hri1p and
Hri2p might include the potential negative impact of the ar-
senite and heat shock on heme levels (8, 20). In mammalian
cells, a variety of stress-associated agents, including heat shock
and exposure to arsenic compounds, induce the coordinate
expression of proteins involved in antioxidant and cytoprotec-
tive functions. Among these genes is heme oxygenase, which
catalyzes the rate-limiting step in heme catabolism that ulti-
mately leads to the production of bilirubin and the antioxidant
NQO [NAD(P)H:quinone oxidoreductase] (24, 31). NQO is
important for the catalysis of the reduction of quinones, block-
ing their participation in oxidative stress and redox cycling.
Mammalian genes such as 	-glutamylcysteine synthase, which
is involved in the synthesis of glutathione, and glutathione
S-transferase, which conjugates glutathione with reactive oxy-
gen species, are reported to be induced by this heme oxygen-
ase-mediated catabolic pathway (2, 35, 84). Reactive oxygen
species are required for activation of HRI (42). Furthermore,
carbon monoxide, a reported physiological regulator of rabbit
HRI, is generated in the heme degradation reaction catalyzed
by heme oxygenase (75). Interestingly, this stress-mediated
coordinate gene expression involves the enhanced expression
of ATF4, a gene subject to translational control in response to
eIF2� phosphorylation in mammalian cells (27, 31). ATF4,
heterodimerized with another bZIP protein, Nrf2, is thought to
regulate transcriptional expression of the heme oxygenase
gene by binding directly to regulatory sequences within its
promoter.

Environmental stress, gene expression, and eIF2� kinases.

Recognition and remediation of environmental stresses in dif-
ferent eukaryotic organisms is thought to require different
combinations of eIF2� kinases. Research to date suggests that
the eIF2� kinase PKR is restricted to mammals, PEK/Perk
functions throughout metazoic organisms, and GCN2 is dis-
tributed in both unicellular and multicellular eukaryotes. In
this study, we found that HRI homologues facilitate stress
responses in S. pombe in addition to the previously character-
ized vertebrate systems. That HRI is absent from the inverte-
brate organisms whose genomes have been analyzed, D. mela-
nogaster and C. elegans, presumably is due to loss of this
enzyme during their evolution or during their selection and
development as model laboratory organisms. It is noteworthy
that a reported eIF2� kinase, PfPK4, in the malarial parasite
Plasmodium falciparum appears to be inhibited by elevated
levels (i.e., 10 �M) of hemin (47). PfPK4 has a 230-residue
N-terminal sequence flanking its kinase domain, with no sim-
ilarity to HRI or other eIF2� kinase regulatory regions. The
association of PfPK4 with the host erythrocyte membrane dur-
ing the final stage of the parasite’s development may suggest a
role for this kinase in monitoring the host environment during
invasion of erythrocytes. Future genome sequencing of other
unicellular and metazoic eukaryotic organisms is needed to
establish the prevalence of HRI.

Phosphorylation of eIF2� can induce gene-specific transla-
tion important for coordinate expression of genes required to
remedy cellular stress. While GCN4 homologues are also
found in many other fungi, including Neurospora crassa (43),
Aspergillus niger (78), and Candida albicans (55), there is no
GCN4 homologue in S. pombe or in higher eukaryotic organ-
isms. In mammalian cells, translational expression of another
bZIP protein, ATF4, has been reported to be induced by
GCN2 and PEK/Perk in response to amino acid limitation and
ER stress, respectively (27). Furthermore, the DNA binding
activity of ATF4 was reported to be enhanced in response to
arsenite treatment of rat pheochromocytoma PC12 cells (25).
Such targeted induction of gene-specific translation may also
occur in response to eIF2� phosphorylation by mammalian
HRI, although this premise remains to be experimentally ad-
dressed. Therefore, stress pathways associated with eIF2� ki-
nases are modular, with GCN2 protein kinase inducing distinct
transcriptional regulators in different organisms. In S. pombe,
at least six bZIP proteins have been characterized (18, 36, 50,
51, 67, 79, 85) and are potential regulatory targets for eIF2�
phosphorylation by Hri1p and Hri2p. Interestingly, two pro-
teins, Pap1p and Atf1p, are activated in response to a range of
environmental stresses, including UV light, osmotic stress,
heat shock, and exposure to the protein synthesis inhibitor
anisomycin by a mechanism that involves a stress-activated
mitogen-activated protein kinase pathway which includes the
protein kinase Sty1p (18, 49, 85). The potential control of
Pap1p or Atf1p or other bZIP proteins by the HRI-related
proteins in S. pombe awaits further genetic and biochemical
studies.
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