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IMMUNOLOGY

The making of a nucleic acid sensor at the dawn of

jawed vertebrate evolution

Zhiwei Wu, Lingyu Chu, Zhen Gong, Guan-Zhu Han*

Self and nonself discrimination is fundamental to immunity. However, it remains largely enigmatic how the
mechanisms of distinguishing nonself from self originated. As an intracellular nucleic acid sensor, protein kinase
R (PKR) recognizes double-stranded RNA (dsRNA) and represents a crucial component of antiviral innate immu-
nity. Here, we combine phylogenomic and functional analyses to show that PKR proteins probably originated
from a preexisting kinase protein through acquiring dsRNA binding domains at least before the last common
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ancestor of jawed vertebrates during or before the Silurian period. The function of PKR appears to be conserved
across jawed vertebrates. Moreover, we repurpose a protein closely related to PKR proteins into a putative dsRNA
sensor, recapturing the making of PKR. Our study illustrates how a nucleic acid sensor might have originated via
molecular tinkering with preexisting proteins and provides insights into the origins of innate immunity.

INTRODUCTION

Distinguishing self and nonself is an essential prerequisite for innate
immunity. Innate immune systems use an array of pattern recogni-
tion receptors (PRRs) to detect pathogen infection. PRRs recognize
molecular structures as characteristic of pathogens which is known
as microbe- or pathogen-associated molecular patterns (MAMPs or
PAMPs), allowing the host to discriminate nonself from self (1, 2).
Nucleic acids are a major class of PAMPs recognized by PRRs that
are collectively termed as nucleic acid sensors (I, 2).

Virus infection produces double-stranded RNA (dsRNA) (1, 2).
Immune responses to viral infection can be activated by the rec-
ognition of dsRNA by a set of dsRNA sensors, such as protein
kinase R (PKR), RIG-1-like receptors, Toll-like receptor 3 (TLR3),
2’-5'-oligoadenylate synthetase 1 (OAS1), adenosine deaminase
acting on RNA 1, and NOD-, LRR- and pyrin domain-containing 1
(NLRP1) (1, 2). Notably, dsRNA can be also produced from endog-
enous sources upon dysregulated cellular processes, often serving
as a danger signal (3).

PKR is among one of the first identified nucleic acid sensors (4).
PKR and other related kinases, such as heme-regulated inhibitor ki-
nase (HRI), the unfolded protein response regulator PKR-like endo-
plasmic reticulum kinase (PERK), and the metabolite sensor general
control nonderepressible-2 (GCN2), share the ability to phosphorylate
the o subunit of eukaryotic initiation factor 2 (eIF2a) on the same
regulatory site, Ser", in response to various cellular stresses (5-7). Upon
the binding of dsRNA, PKR dimerizes and autophosphorylates,
leading to the full catalytic activation of PKR. Activated PKR then
phosphorylates elF2a, converting elF2a into an inhibitor of its
guanine nucleotide exchange factor eIF2B and thereby down-
regulating translation (Fig. 1A) (6, 7). The activity of PKR causes a
general reduction in protein synthesis and thus blocks viral replica-
tion (6, 7). PKR represents a crucial component of antiviral innate
immunity (8-11).

The conflict between hosts and pathogens leads to recurrent
evolutionary arms race, exerting positive selection on the genes
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from both sides involved (12-14). Viruses have evolved diverse
countermeasures to antagonize the function of PKR proteins (15).
For instance, poxviruses encode a mimic of elF2a called K3L, and
K3L functions as a pseudo-substrate for PKR (15-17). To be effec-
tive, PKR evolves to keep recognizing eIF2a and, in the meanwhile,
to escape the rapidly evolving mimic K3L (18). The PKR gene is
subject to intensive episodic positive selection in primates (7, 18).

In this study, we combined phylogenomic and functional analyses
to interrogate the origin and evolution of PKR proteins. We found
that PKR proteins are likely to have originated from a preexisting
elF2a kinase through gaining dsRNA binding domains (dsRBDs)
before the last common ancestor (LCA) of jawed vertebrates and
probably after the divergence of jawed and jawless vertebrates. The
function of PKR is conserved across jawed vertebrates. Our study
illustrates how a nucleic acid sensor originated via molecular tinker-
ing at the dawn of jawed vertebrate evolution.

RESULTS

The origin of PKR proteins before the LCA of

jawed vertebrates

The human PKR protein (hsPKR; hs indicates the species source,
Homo sapiens) consists of two tandem dsRBDs (accession: pfam00035)
and a kinase domain (accession: c121453) (Fig. 1B). To interrogate
the origin of PKR proteins, we first analyzed the distribution and
evolutionary relationship of kinase domains across 246 represen-
tative cellular organisms, including 21 bacteria, 15 archaea, and
210 eukaryotes, 154 of which are metazoans (table S1). Mediating
diverse crucial biological function, kinase-containing proteins
are ubiquitously distributed across cellular organisms. Large-scale
phylogenetic analyses of kinase domains show that hsPKR clusters
within the diversity of a group of serine/threonine kinase proteins
collectively known as eIF2a kinases (EIF2AKs) (Fig. 1C and fig. S1).
The EIF2AK group also includes HRI, GCN2, and PERK. Next, we
performed further phylogenomic analyses of EIF2AK proteins
(table S2). Our phylogenetic analyses show that kinase-encoding
proteins with dsRBDs cluster together with strong support, which
is designated the PKR group hereafter, and PKZ (protein kinase
containing Z-DNA binding domains) proteins nest within the diversity
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Fig. 1. Phylogenetic analyses of PKR related proteins. (A) Model for PKR-mediate:

d antiviral innate immunity. Upon recognition of dsRNA produced by virus infection,

PKR dimerizes and autophosphorylates, leading to the full catalytic activation of PKR. Activated PKR then phosphorylates elF2a, converting elF2a into an inhibitor of its
guanine nucleotide exchange factor elF2B and thereby down-regulating translation. (B) The domain architecture of hsPKR (accession: NP_002750.1). hsPKR consists of
two tandem dsRBDs and a kinase domain. The numbers indicate the start or termination sites for different domains. (C) Large-scale phylogenetic analyses of PKR homo-

logs based on the kinase domain sequences. Major kinase clades are marked in diffe!
near the selected nodes. (D) Phylogenetic analysis of EIF2AK proteins based on the ki

rent colors. For more detailed information, see also fig. S1. Support values are shown
nase domain sequences (accession: cl21453) with Wee1-like kinases as the outgroup.

The PKR protein group was highlighted in red. Domain architectures of representative proteins are shown. For proteins with more than one kinase domains, kinase do-

mains were partitioned and analyzed independently, and kinase domains analyzed

are labeled with solid red rectangles. The distribution for different EIF2AK groups in

cellular organisms is shown, and filled and empty circles indicate the presence and absence of corresponding EIF2AK group proteins, respectively. Support values are
shown near the selected nodes. (E) Phylogenetic relationships of proteins closely related to PKR proteins based on the kinase domain sequences (accession: c|21453). For
each protein, domain architecture is shown. Support values are shown near the selected nodes.

of the PKR group (Fig. 1D). The PKR group proteins are present in
all the major lineages of jawed vertebrates but not present in
species outside jawed vertebrates. We found that a group of kinase-
encoding proteins without dsRBD from cartilaginous fishes are
sister to the PKR group proteins and are thus termed as PKR-sis
proteins (Fig. 1E). Both PKR group and PKR-sis proteins share
significant structural similarity to the hsPKR protein (fig. S2). To-
gether, our phylogenomic analyses suggest that PKR proteins might
have originated from a preexisting EIF2AK protein that can phos-
phorylate eIF2a through acquiring dsRBDs at least before the LCA
of modern jawed vertebrates and probably after the divergence of

Wu et al., Sci. Adv. 10, eado7464 (2024) 7 August 2024

jawed and jawless vertebrates during or before the Silurian period
(444 to 419 million years ago) (19, 20).

The origin and evolution of dsRBD in PKR proteins

To elucidate the origin of dsRBDs in PKR proteins, we performed
phylogenomic analyses of dsRBD-encoding proteins across cellular
organisms (table S1). Most of PKR proteins encode at least two tan-
dem dsRBDs. Our phylogenetic analyses of dsRBDs show that the
two dsRBDs of PKR proteins cluster together but form two distinct
subgroups, namely, PKR-1 and PKR-2 (Fig. 2). Both PKR-1 and
PKR-2 dsRBDs are present in PKR proteins across jawed vertebrates
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Fig. 2. Phylogenetic analysis of dsRBD-containing proteins. Phylogenetic analyses of diverse dsRBD-containing proteins were performed based on the dsRBD se-
quences. Domain architectures of representative proteins were shown. For proteins with more than one dsRBDs, dsRBDs were partitioned and analyzed independently, and
dsRBDs analyzed are labeled with solid blue rectangles. The distribution for different dsRBD groups is shown on the right. Filled and empty circles indicate the presence

and absence of corresponding dsRBD group proteins, respectively.

(Fig. 2). These results suggest that the two tandem dsRBDs in PKR
proteins might have arisen through an ancient duplication after the
progenitor EIF2AK acquired a single dsRBD likely before the LCA
of jawed vertebrates (Fig. 2). Furthermore, we also found lineage-
specific duplication of dsRBDs occurred during the evolution of
PKR proteins in jawed vertebrates, generating PKR proteins with
three or more dsRBDs. The dsRBDs from PKR proteins are closely
related with those from adenosine deaminase domain containing 1
(ADAD1) and C-terminal domain phosphatase-like 1 (CPL1) pro-
teins, but it remains uncertain where PKR proteins gained its
dsRBD (Fig. 2). Nevertheless, it should be noted that dsRBD se-
quence is short in length, and thus phylogenetic analysis of dsSRBD
sequences should be taken with caution as indicated by intermediate
support values.

Wu et al., Sci. Adv. 10, eado7464 (2024) 7 August 2024

Conserved function of PKR proteins across

jawed vertebrates

To test whether the function of PKR proteins is conserved across
jawed vertebrates, we used a proven budding yeast (Saccharomyces
cerevisiae) model (7, 21, 22). Budding yeast constitutively produces
dsRNA in the cytosol (22-24). hsPKR can recognize and phos-
phorylate yeast eIF2a. Consistent with previous studies (7, 21, 22),
we found that expression of hsPKR with a galactose-inducible pro-
moter inhibited yeast cell growth (Fig. 3A). We examined the phos-
phorylation status of eIlF2a using antibodies specific for elF2a
phosphoserine-51 and observed the phosphorylation of eIF2a. We
introduced a mutation, K296A, in the catalytic subdomain II of
hsPKR, which can disrupt the kinase activity of hsPKR (25). The
expression of hsPKR***** did not impair yeast growth, and no
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Fig. 3. Functional analyses of PKR proteins in the yeast system. Functional analyses of PKR genes from six representative jawed vertebrates, namely, hsPKR of H. sapiens,
pbPKR of P. bivittatus, xtPKR of X. tropicalis, paPKR of P. annectens, drPKR of D. rerio, and rtPKR of R. typus, were performed in the yeast system. (A) Transformation of wild-type
yeast strains with plasmids expressing PKR genes or PKR genes with kinase-dead mutations under the control of a galactose-inducible promoter. After a series of 10-fold
dilutions, the transformants were spotted on the surface of solid medium containing glucose or galactose and incubated at 30°C for 48 or 72 hours, respectively.
(B) Whole-cell extracts from transformants were separated by 10% SDS-PAGE gel and detected by Western blotting with antibodies against HA tag, p-actin, and phospho-
specific antibodies against Ser’! in elF2a (elF2u-P), respectively. (C) Transformation of elF20°™ strains with plasmids expressing PKR genes under the control of a
galactose-inducible promoter. After a series of 10-fold dilutions, the transformants were spotted on the surface of solid medium containing galactose and incubated at
30°C for 72 hours. (D) Whole-cell extracts from transformants were separated by 10% SDS-PAGE gel and detected by Western blotting with antibodies against HA tag and
B-actin, as well as phosphospecific antibodies against Ser’!in elF2u (elF20-P), respectively.

from the whale shark Rhincodon typus (a cartilaginous fish). The
expression of all the five PKR genes attenuated the yeast cell growth,
and eIF2a proteins were phosphorylated (Fig. 3B). When introduc-
ing the kinase-dead mutations corresponding to K296A in hsPKR

phosphorylation of e[F2a was observed. Moreover, we constructed
a yeast strain with a nonphosphorylatable mutation, S51A, in
elF2a. In the yeast strain with elF2a®"4, the expression of hsPKR
did not inhibit the yeast growth, and no phosphorylation of eIF2a

was observed. Therefore, these results confirm that the yeast sys-
tem represents an efficient platform to study the function of PKR
proteins (7, 21, 22).

Then, we expressed PKR genes from five additional species that
cover the diversity of jawed vertebrates in yeast, including ppPKR
from the Burmese python Python bivittatus (a reptile), xtPKR from
the western clawed frog Xenopus tropicalis (an amphibian), paPKR
from the African lungfish Protopterus annectens (alobe-finned fish),
drPKR from the zebrafish Danio rerio (a ray-finned fish), and rtPKR

Wu et al., Sci. Adv. 10, eado7464 (2024) 7 August 2024

into these five PKR genes, no impaired yeast growth and no elF2a
phosphorylation were observed (Fig. 3B). Consistently, these five
PKR proteins were not phosphorylated as indicated by their down-
ward shifts in SDS-polyacrylamide gel electrophoresis (PAGE) gel
migration (Fig. 3B). When these five PKR genes were expressed in
the yeast strain with e[F2a™'%, no impaired yeast growth and no
elF2a phosphorylation was observed (Fig. 3, C and D). Together,
these results suggest that the function of PKR is well conserved
across jawed vertebrates.
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Repurposing an EIF2AK protein into a dsRNA sensor

We identified a group of kinase proteins (dubbed PKR-sis proteins)
that are sister to PKR proteins in cartilaginous fishes (Fig. 1D).
PKR-sis proteins only encode kinase domains but no dsRBD
(Fig. 1D). When we expressed the PKR-sis protein of the small-
spotted catshark Scyliorhinus canicula (scPKR-sis) in yeast, yeast
appears to grow normally (Fig. 4, A and B). To examine the re-
quirement of dimerization for PKR-sis activity, we fused full-
length scPKR-sis and the kinase domain (residues 260 to 537) of
scPKR-sis (scPKR-sis-KD) to glutathione S-transferase (GST), which
can form homodimers. The expression of GST-scPKR-sis and
GST-scPKR-sis-KD resulted in yeast growth arrest and the phos-
phorylation of elF2a. When expressing GST-scPKR-sis and
GST-scPKR-sis-KD with a kinase-dead mutation, K294A, no yeast
growth impairment and reduced eIF2a phosphorylation was ob-
served (Fig. 4, A and B). These results suggest that like PKR pro-
teins, dimerization is required for the activity of scPKR-sis. We
also expressed GST-scPKR-sis and GST-scPKR-sis-KD in the yeast
strain with eIF20°>'4, but no impaired yeast growth and no phos-
phorylation of e[F2a was observed (Fig. 4, C and D), suggesting
that scPKR-sis is an EIF2AK.

elF2a

To test whether PKR-sis can readily act as a dsRNA sensor by
gaining dsRBDs, we grafted the two dsRBDs (residues 1 to 259) of
hsPKR on the kinase domain of scPKR-sis, which is designated
chimeric PKR 1 (cPKR1). However, the expression of cPKR1 did
not inhibit the growth of yeast (Fig. 5, A to C). Then, we replaced a
123-residue region within cPKR1 with the corresponding region
(residues 260 to 382) of the kinase domain of hsPKR, generating
cPKR2. The expression of cPKR2 impaired the growth of yeast, and
enhanced elF2a phosphorylation was observed (Fig. 5, A to C).
However, replacing two smaller regions of cPKR1 with the corre-
sponding regions of hsPKR (residues 260 to 320 or residues 321 to
382) did not inhibit yeast growth, indicating that certain residues in
the two smaller regions work together to impair yeast growth
(Fig. 5, A to C). To identify the crucial residues, we constructed a
series of chimeric proteins and narrowed down the functionally
relevant regions to residues 275 to 289 and residues 354 to 368
(Fig. 5, D to G). Comparative analysis of PKR and PKR-sis protein
sequences show that two residues (Lys283 and Phe’® in hsPKR;
Glu™ and Cys** in scPKR-sis) within the functionally relevant
regions identified above are conserved among PKR proteins
but differ between PKR and PKR-sis proteins (fig. S3). Thus, we
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introduced two mutations corresponding to the two residues, E281K
and C342F, to cPKR1. The expression of cPKR1FIKCH4E pegylted
in attenuated yeast growth and enhanced phosphorylation of eIF2a
(Fig. 5, H to I). The two residues are well conserved among PKR
proteins, but not among EIF2AK proteins (fig. S3). Together, our
results show that a cartilaginous fish PKR-sis protein can be repur-
posed into a putative dsSRNA sensor by gaining dsRBDs and modi-
fying two residues.

DISCUSSION

In this study, we combined phylogenomic and functional analysis
approaches to dissect the origin and evolution of the dsRNA sen-
sor PKR. Our results suggest that PKR is likely to have originated
from a preexisting kinase protein by gaining dsRBDs at least before
the LCA of modern jawed vertebrates and after the divergence of
jawed and jawless vertebrates during or before the Silurian period
(444 to 419 million years ago) (Fig. 6) (19, 20). The function of PKR
proteins appears to be conserved across jawed vertebrates. Our
study provides insights into the origins and evolution of innate
immune systems.

PKR consists of a kinase domain and typically two tandem
dsRBD repeats. On one hand, PKR, HRI, PERK, and GCN2 share a
common kinase domain that specifically phosphorylates Ser’' on
elF2a, but each of them has unique regulatory domains (5-7).
Different regulatory domains enable them to respond to different
stresses (PKR to viral infection, HRI to heme deficiency, PERK to

The origin of PKR

r\ Jawed vertebrates

Functional PKR

endoplasmic reticulum stress, and GCN2 to amino acid limitation)
(5-7).OurresultsshowthatscPKR-sisisalsoan EIF2AK. Phylogenetic
analyses of kinase domains show that PKR, PKR-sis, HRI, PERK,
and GCN2 proteins cluster into a group (Fig. 1, C and D). It is con-
ceivable that the common function of this protein group is likely to
phosphorylate eIF2a. Therefore, PKR proteins are likely to have
originated from a progenitor that can phosphorylate Ser”* on elF2«
(Fig. 6). On the other hand, dsRBDs recognize dsRNA and are pres-
ent in diverse proteins implemented in innate immunity and cellular
dsRNA homeostasis, such as ADADI and Staufen, across cellular
organisms. Phylogenetic analyses indicate that the two tandem
dsRBDs of PKR proteins might be generated by duplication after the
EIF2AK progenitor acquired a single dsRBD before the LCA of
jawed vertebrates (Fig. 6), albeit with caution due to the short nature
of dsRBD sequences. We repurposed a PKR-sis protein into a puta-
tive dsRNA sensor through dsRBD graft and mutations in two resi-
dues, which recaptures the making of PKR proteins. Therefore, our
results indicate that PKR proteins originated through molecular
tinkering with preexisting proteins (Fig. 6). Moreover, PKZ might
function as a Z-DNA/Z-RNA sensor to activate immune responses
(26-28). Our phylogenetic analysis shows that PKZ proteins nest
within the diversity of PKR proteins from ray-finned fishes, suggest-
ing that PKZ proteins might have originated from PKR proteins via
the replacement of dsRBDs by Z-DNA binding domains during
the evolutionary course of ray-finned fishes (Fig. 1D). Together,
this study reemphasizes the significance of molecular tinkering in the
origins of innate immune systems, as revealed by the cases of the
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HOPZ-ACTIVATED RESISTANCE 1 resistosome in angiosperms
(29) and the OAS-ribonuclease L (RNase L) pathways in verte-
brates (30).

Our previous study shows that the OAS-RNase L innate immune
pathway that also senses dsSRNA as nonself likely originated before
the rise of jawed vertebrates (30). The two dsRNA sensing mecha-
nisms, PKR proteins and the OAS-RNase L pathway, and the so-
called “Big Bang” of adaptive immunity (31-34) are likely to have
arisen within the same time interval, namely, before the LCA of
modern jawed vertebrates and after the divergence between jawed
and jawless vertebrates. However, other innate immune mecha-
nisms originated at other times (35), for instance, (i) canonical
TLRs, PRRs on cell surfaces sensing PAMPs, have been thought to
be distributed in eumetazoans and might thus have originated
during the early evolution of eumetazoans (36, 37). However, TIR
domains seem to have a much earlier origin and are also widely
distributed in plants and bacteria (38). It has been hypothesized
that TLRs emerged from molecular tinkering with TIR domain-
and LRR domain-containing proteins. (ii) For the cyclic guanosine
3’,5’-monophosphate-adenosine 3’,5'-monophosphate synthase
(cGAS) stimulator of interferon genes (STING) pathway, cGAS-
like receptors (cGLRs) constitute a major family of PRRs that recog-
nize double-stranded DNA and dsRNA and are present in nearly all
the metazoan phyla (39, 40). cGLRs probably originated from hori-
zontal gene transfer (HGT) from bacteria (40). Canonical STING
proteins from metazoans share distant homolog with STING effec-
tors of cyclic oligonucleotide-based antiphage signaling system
of bacteria (41). STING-like proteins are also present in other eu-
karyotes, such as amoebozoans and choanoflagellates (40). (iii) Al-
though the canonical OAS-RNase L pathway originated before the
LCA of jawed vertebrates, OAS-like proteins are more widely dis-
tributed in metazoans, amoebozoans, and choanoflagellates, and
might have also arisen through HGT from bacteria (30, 40). (iv)
Viperin catalyzes the conversion of cytidine triphosphate (CTP) to
3’-deoxy-3’,4'-didehydro-CTP that acts as a chain terminator for
viral RNA-dependent RNA polymerases and thus inhibits viral
replication (42). Viperins are widely present in cellular organisms,
and viperins from prokaryotes produce a set of modified ribonucle-
otides and can thwart phage infections (43). It follows that the ori-
gin of viperin proteins might have a deep root in the early evolution
of cellular organisms. Together, we can conclude that the arsenal of
innate immunity has been endlessly supplemented and modified
during the evolution of life.

MATERIALS AND METHODS

Identification of PKR proteins

We used a similarity search and phylogenetic analysis combined
approach to identify PKR homologs in 246 representative species
that cover the major diversity of cellular organisms, including 21
bacteria, 15 archaea, and 210 eukaryotes, 154 of which are metazo-
ans. To identify PKR homologs, we used the BLASTP or TBLASTN
algorithms to search against the proteomes or genomes of cellular
organisms with kinase domain sequences (accession: cl21453) as
queries and an e-cutoff value of 107, To identify dsRBD homologs,
we used the HMMER (44) algorithm to search against the pro-
teomes of cellular organisms. All the significant hits were aligned
using the MAFFT version 7.0 (45) and refined manually. Large-
scale phylogenetic analyses were performed using an approximate
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maximum likelihood method implemented in FastTree version
2.1.9 (46). Sequences that cluster with PKR proteins (including
PKZ proteins) were retrieved, and phylogenetic analysis was per-
formed using a maximum likelihood method implemented in
IQ-TREE version 2.0 (47). The domain architectures were anno-
tated using CD-search (48). The structures of representative PKRs
were predicted using ColabFold version 1.5.2 (49) or AlphaFold
(50). PKR protein structure similarity was compared using the
pairwise structure alignment strategy from Research Collaboratory
for Structural Bioinformatics protein database (51) and was as-
sessed by template modeling scores (TM-scores). The alignments
and trees generated in this study are available at https://figshare.
com/s/a403e104930ca9d6e712.

Construction of plasmids and yeast strains

cDNA sequences of hsPKR, pbPKR, xtPKR, paPKR, drPKR, rtPKR,
and scPKR-sis genes with hemagglutinin (HA) tags at the C ter-
mini were synthesized by Genewiz laboratory (Jiangsu, China)
(table S3). The codons for hsPKR, pbPKR, xtPKR, paPKR, and
rtPKR genes were optimized (table S4). The expression plasmids of
PKR genes using the Gal-HF vector were constructed as described
previously (30). Briefly, PKR genes were synthesized and then
ligated to the Gal-HF vector via the Seamless Cloning Kit (Beyo-
time no. D7010M). The expression of PKR genes was induced by
a galactose-induced promoter (GAL1/10). Full-length scPKR-sis
and scPKR-sis-KD were cloned into the pGEX-4T-2 plasmid to
construct a GST-tagged fusion protein. The fusion protein genes
were amplified from the pGEX-4T-2 plasmid using polymerase
chain reaction (PCR) and then ligated into the GAL expression
vector using seamless cloning. Site-specific mutations for PKR
genes were generated by PCR mutagenesis using Phanta Max
Super-Fidelity DNA Polymerase (Vazyme no. P505-d2). Primers
with the desired mutations (table S4) were synthesized by Sangon
Biotech (Shanghai, China). All the strains used in this study were
derived from S. cerevisiae laboratory strain S288C. The yeast strain
with the elF2a*'* mutation was generated using CRISPR-Cas9
gene-editing technology. sgRNA (5'-AATTGTCCCGTAGACG-
TATT-3') was designed using CRISPRdirect (52). The elF2014
mutation was confirmed by sequencing.

Spot assay

Yeast strains were cultured in yeast extract, peptone, and dextrose
(YPD) liquid medium containing G418 (0.5 mg/ml; Sangon, Shanghai,
China) at 30°C with shaking at 200 rpm overnight. Yeast strains
were then transferred to fresh YPD liquid medium and grown to an
optical density at 600 nm (ODgg) value of about 3. Cells were har-
vested by centrifugation, and ODgg was adjusted to 3. Tenfold serial
dilutions (ODgg = 3, 0.3, 0.03, 0.003, and 0.0003) were prepared, fol-
lowed by spotting 2 pl of each dilution on the surface of solid medium
containing 2% glucose or 2% galactose. Imaging was performed after
48 and 72 hours, respectively.

Western blotting

Yeast strains were cultured in selective YPD liquid medium at
30°C with shaking at 200 rpm overnight. Yeast strains incubated
overnight were transferred to fresh YPD liquid and grown to the
log phase (ODgg of about 0.6). Cell pellets were collected by cen-
trifugation and washed twice before being induced by 2% galac-
tose for 6 hours. Then, cell pellets were harvested (~1 x 10° cell) by
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centrifugation for protein extraction. Yeast whole-cell extracts
were prepared through alkaline extraction (53). Briefly, harvested
yeast cells were resuspended in 80 pl of lysate (1.8 M NaOH, 10 mM
phenylmethanesulfonyl fluoride, and 1% B-mercaptoethanol) and
then added by 500 pl of ddH,O for 5 min to lyse the cells. An equal
volume of 50% trichloroacetic acid was added to the above solu-
tion to form protein precipitation. Sediments were obtained by
centrifugation at 10,000¢ for 5 min at 4°C and subsequently
washed in 0.5 M tris-HCI and ultrapure water. The samples were
dissolved in 5X protein loading buffer (Abclonal no. RM00001)
and boiled for 10 min. Equal protein amounts of cell lysates were
electrophoresed on 10% SDS-PAGE and transferred onto a polyvi-
nylidene difluoride membrane (Merck Millipore no. IPVH00010).
After blocking with either 5% nonfat dry skim milk or 5% bovine
serum albumin for 2 hours at room temperature, the membrane
was incubated overnight at 4°C with different antibodies diluted in
TBS-T [20 mM tris-HCI (pH 7.6), 150 mM NaCl, and 0.1% Tween
20] in turn [1:5000 for mouse anti-HA (Abclonal no. AE008),
1:5000 for mouse anti-GST (Abclonal no. AE001), 1:5000 for rab-
bit phospho-eIF2a-S51 (Abclonal no. AP0342), or 1:10,000 for p-
actin (Proteintech no. 60008-1-Ig)]. After triple washes, membrane
was incubated for 1 hour with an IRDye infrared secondary anti-
body diluted in TBS-T [1:10,000 for goat anti-mouse immuno-
globulin G (IgG; LI-COR no. 926-68070), and 1:10,000 for goat
anti-rabbit IgG (LI-COR no. 926-68071)]. The blot bands were
visualized by the Odyssey Imaging System.

Supplementary Materials
This PDF file includes:

Figs.S1to S3

Tables S1to S4
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