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Eukaryotes respond to amino acid starvation by enhancing the
translation of mRNAs encoding b-ZIP family transcription factors
(GCN4 in Saccharomyces cerevisiae and ATF4 in mammals), which
launch transcriptional programs to counter this stress. This path-
way involves phosphorylation of the eIF2 translation factor by Gcn2-
protein kinases and is regulated by upstream ORFs (uORFs) in the
GCN4/ATF4 5′ leaders. Here, we present evidence that the tran-
scription factors that mediate this response are not evolutionarily
conserved. Although cells of the fission yeast Schizosaccharomyces
pombe respond transcriptionally to amino acid starvation, they lack
clear Gcn4 and Atf4 orthologs. We used ribosome profiling to iden-
tify mediators of this response in S. pombe, looking for transcription
factors that behave like GCN4. We discovered a transcription factor
(Fil1) translationally induced by amino acid starvation in a 5′ leader
and Gcn2-dependent manner. Like Gcn4, Fil1 is required for the
transcriptional response to amino acid starvation, and Gcn4 and
Fil1 regulate similar genes. Despite their similarities in regulation,
function, and targets, Fil1 and Gcn4 belong to different transcription
factor families (GATA and b-ZIP, respectively). Thus, the same func-
tions are performed by nonorthologous proteins under similar re-
gulation. These results highlight the plasticity of transcriptional
networks, which maintain conserved principles with nonconserved
regulators.
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Cells respond to conditions of stress by implementing complex
gene expression programs, both at the transcriptional and

posttranscriptional levels (1). One of the best-studied examples is
the response to amino acid starvation. Amino acid starvation
causes an accumulation of uncharged tRNAs, which activate a
signaling pathway that leads to a reduction of the translation of
the majority of cellular mRNAs. Simultaneously, the translation of
specific mRNAs, some of them encoding key transcription factors,
is induced. These transcription factors, in turn, launch a tran-
scriptional program that promotes cellular survival under stress.
This program is called the general amino acid control (GAAC) in
yeast (2) and the amino acid response (AAR) in mammals (3).
This translational response to amino acid depletion is medi-

ated by proteins of the Gcn2 protein kinase family, which are
conserved throughout eukaryotes (4). Gcn2 is activated by
deacylated tRNAs and phosphorylates the translation initiation
factor eIF2, which is required to deliver the initiator tRNA to the
ribosome, in its α-subunit. eIF2 is a GTP-binding protein whose
activation requires the activity of the GTP/GDP-exchange factor
eIF2B, which facilitates the exchange of GDP with GTP. Phos-
phorylated eIF2 binds to eIF2B with high affinity, behaving as a
competitive inhibitor. As eIF2 is more abundant than eIF2B, this
binding leads to the rapid sequestration of all cellular eIF2B and
thus triggers a global down-regulation of translation (5). This
phosphorylation event occurs at a highly conserved serine residue.
In the budding yeast Saccharomyces cerevisiae, the key effector

of the response to amino acid depletion is the Gcn4 transcription

factor, which belongs to the basic leucine ZIPper (bZIP) family.
The translation of the GCN4 mRNA is up-regulated upon amino
acid starvation, in a process that is mediated by four upstream
ORFs (uORFs) located at the 5′-leader sequence (2, 6). Ribo-
somes bind to the GCN4 mRNA close to the 5′ cap and scan the
mRNA until they reach the AUG of uORF1. The majority of
ribosomes translate this uORF, which is permissive for reinitia-
tion (uORF2 has similar properties to uORF1 and may function
as a fail-safe mechanism). Thus, small subunits continue scanning
the 5′-leader sequence until they translate uORF3 or uORF4, or
until they reach theGCN4 coding sequence. As uORF3/uORF4 are
typically repressive for reinitiation, translation of uORF3/uORF4
and GCN4 is mutually exclusive. Therefore, the decision by the
reinitiating small subunit of whether to translate uORF3/4 deter-
mines the outcome of GCN4 translation. Translation initiation re-
quires the binding of the so-called ternary complex (composed of
the initiation factor eIF2, the initiator tRNA, and a GTP molecule)
to the small ribosomal subunit. Reinitiating small subunits lack a
ternary complex and must acquire it to recognize and translate a
coding sequence. In the absence of stress, ternary complexes are
abundant, and the reinitiating subunits downstream of AUG1 can
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bind to one before they reach uORF3/4, thus allowing their trans-
lation and inhibiting GCN4 translation. Under stress conditions,
Gcn2 activation causes a reduction in the abundance of active ter-
nary complexes, allowing the skipping of uORF3/4 and the trans-
lation of GCN4 (2, 6). Thus, ribosome scanning through multiple
inhibitory uORFs is required for preferential translation of GCN4.
In mammals, AAR is mediated by Atf4, another b-ZIP transcription
factor, whose translation is regulated similarly to that of GCN4.
ATF4 mRNA contains two uORFs: uORF1 is permissive for rein-
itiation, but uORF2 overlaps with the ATF4 coding sequence and
thus does not allow reinitiation. As in the case of GCN4, the
abundance of ternary complexes determines the translation of
uORF2 or ATF4 (6). In Candida albicans, a single uORF is nec-
essary and sufficient to regulate translation of the GCN4 homolog
in response to amino acid deprivation (7).
All of the known transcription factors that mediate the

GAAC/AAR program belong to the family of b-ZIP transcrip-
tion factors, although Gcn4 and Atf4 are not direct orthologs (8).
Atf4 is well conserved among vertebrates, while Drosophila has a
more distant homolog. Similarly, Gcn4 is conserved in related
species of budding yeast such as Candida (7) and in the filamen-
tous fungus Aspergillus (9). However, other ascomycetes such as
the fission yeasts Schizosaccharomyces (10) and many other fungi
lack Gcn4-like transcription factors, and plants lack both Atf4 and
Gcn4 orthologs (11). Overall, the principle of translational control
of b-ZIP transcription factor genes by Gcn2 in a uORF-regulated
manner is widespread and has been observed in mammals (8, 12),
flies (13), and several fungi [Saccharomyces (2), Candida (7), and
Aspergillus (9)].
The fission yeast Schizosaccharomyces pombe displays a robust

transcriptional response to amino acid depletion, which is de-
pendent on the Gcn2–eIF2α signaling pathway (14). This program
results in the elevated expression of multiple genes involved in
amino acid biosynthesis, even though S. pombe lacks clear ortho-
logs of Gcn4 or Atf4. Indeed, the transcription factor that imple-
ments this transcriptional program has not been identified (14).
Ribosome profiling (ribo-seq) provides a genome-wide, high-

resolution view of translation (15). The approach is based on the
treatment of translating ribosome–mRNA complexes with a ribo-
nuclease (RNase), in such a way that only RNA fragments pro-
tected by bound ribosome survive the treatment. These fragments
are then isolated and analyzed by high-throughput sequencing. The
number of sequence reads that map to a coding sequence, nor-
malized by mRNA levels, provides an estimate of the efficiency of
translation for every cellular mRNA (15).
Here, we use ribosome profiling and parallel mRNA-sequencing

to investigate the translational and transcriptional response of
S. pombe cells to amino starvation. Genome-wide analyses identify
a Gcn4 functional homolog: A transcription factor, Fil1, is es-
sential for the transcriptional response to amino acid starvation
and for normal growth in minimal medium lacking amino acids.
We find that Fil1 binds to genes involved in amino acid bio-
synthetic pathways and causes their up-regulation. Importantly, a
significant number of Fil1 targets are shared with Gcn4. In addi-
tion, fil1 expression is controlled at the translational, but not the
transcriptional, level, and reporter analyses suggest that this reg-
ulation is mediated by a 5′-leader sequence that contains multiple
uORFs. Despite the conservation between Gcn4 and Fil1 at the
target, functional, and regulatory levels, the two proteins show no
sequence homology, as Fil1 belongs to a different family of tran-
scription factors (GATA). These results provide a striking exam-
ple of the plasticity of transcriptional gene expression programs,
where function and regulation are maintained by using non-
conserved transcription factors.

Results
Modulation of the Transcriptome in Response to Amino Acid Starvation.
We used RNA-sequencing (RNA-seq) to investigate the response

of S. pombe to amino acid starvation at the transcriptome level.
S. pombe cells were treated with the histidine analog 3-amino-1,2,4-
triazol (3-AT), which inhibits histidine biosynthesis and thus mimics
amino acid starvation. A total of 573 genes were significantly up-
regulated, and 356 were down-regulated (with conservative adjusted
P values <10−3 and minimal changes of 1.5-fold; Fig. 1A and
Dataset S1). In addition, we identified 175 long noncoding RNAs
significantly induced by 3-AT treatment (Dataset S1).
Both induced and repressed coding genes overlapped signifi-

cantly with a previous microarray-based dataset of this process
(14) (Fig. S1), although the higher sensitivity of RNA-seq and
the use of a large number of samples (seven biological replicates)
allowed us to obtain a more complete view of this response. Up-
regulated genes were enriched in Gene Ontology (GO) categories
related to amino acid biosynthesis (46 genes; GO:0008652; P = 2 ×
10−8) and autophagy (20 genes; GO:0006914; P = 3 × 10−9; Fig.
S2A). Moreover, genes induced in response to all stress conditions
[the so-called core environmental stress response; CESR (16)]
were overrepresented and made >50% of the induced genes (P =
3 × 10−121; Fig. S2A). We divided the genes induced by 3-AT into
those that were also part of the CESR and those that were not.
The latter group was still enriched in genes related to amino acid
biosynthesis and autophagy, while the CESR genes did not show
this overrepresentation. This analysis is consistent with previous
observations that the response to amino acid depletion involves a
core response (CESR) together with a stress-specific program
(equivalent to the GAAC) (14). Down-regulated genes were
enriched in GO categories related to ribosome biogenesis (P = 4 ×
10−24), cytoplasmic translation (P = 2 × 10−21; including genes
encoding translation factors and ribosomal proteins), and ribonu-
cleoside and glucose metabolism. Approximately 45% of these
genes were repressed in all stress situations, as part of the CESR.
The up-regulated group included several genes encoding tran-

scription factors (the b-ZIP atf1, pcr1, and atf21; the sporulation-
induced rsv2; and two uncharacterized genes), suggesting that the
gene expression program may involve a cascade of transcription
factors that is activated by an unknown master regulator. All of
these, with the exception of atf21, are also part of the CESR.
The 3-AT treatment leads to a robust phosphorylation of eIF2α

(17, 18). Although S. pombe possesses three eIF2α kinases (Hri1,
Hri2, and Gcn2) (10, 18, 19), 3-AT–dependent phosphorylation of
eIF2α requires Gcn2 under the conditions used in this study (17,
18). Thus, we focused on the role of Gcn2. In the absence of stress,
gcn2Δ cells showed only minor differences with respect to wild
type (15 up-regulated and 12 down-regulated genes, ∼0.6% of all
genes; Fig. 1B, Fig. S3A, and Dataset S1). Upon 3-AT treatment
of gcn2Δ, 112 genes were induced, and 40 were repressed (Fig. 1C,
Fig. S2B, and Dataset S1). The former group included some genes
that are usually repressed as part of the CESR (namely, genes
required for ribosome biogenesis, but not genes encoding ribosomal
proteins; GO:0042254; P = 7 × 10−28). It also comprised numerous
genes encoding heat-shock proteins as well as genes induced in
response to oxidative stress (P = 9 × 10−15), as identified in a
microarray study (20). A small number of CESR-induced genes
were also induced by 3-AT treatment (although only ∼10% of those
induced in wild-type cells; Fig. S2B). By contrast, the expression of
most genes induced by amino acid starvation in wild-type cells was
not up-regulated, confirming that Gcn2 is the major mediator of
this response (Fig. 1 C and D, Fig. S2B, and Dataset S1).

The Translational Response to Amino Acid Starvation. To investigate
the translational response that accompanies amino acid starva-
tion, we applied ribosome profiling to cells treated with 3-AT as
described above. Briefly, cell extracts were incubated with RNase
I, and ribosome-protected fragments (RPFs, or ribosome foot-
prints) were isolated and analyzed by high-throughput sequenc-
ing. For every sample, mRNA levels were measured in parallel
by RNA-seq. To obtain gene-specific estimates of translational
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efficiency, we quantified the number of RPFs that mapped to
each annotated coding gene and normalized this figure by the
corresponding number of RNA-seq reads.
As 3-AT caused a general down-regulation of translation, our

translation efficiency measurements (TEs) are likely to be
overestimates. However, the data reflected relative changes be-
tween conditions and identified genes that behave differently
from the majority of transcripts. Relative changes in TE were
much less widespread than those in the transcriptome. Upon
3-AT treatment, only 19 genes were consistently up-regulated at
the translational level (at least 1.5-fold in seven independent
replicates), while 11 were down-regulated (Fig. 2A and Dataset S1).
None of the two groups showed any specific enrichments in GO
or expression categories, although they included potential reg-
ulators of gene expression (see below). This response appears
weaker than that of S. cerevisiae, where 251 genes were either
induced or repressed at least twofold at the TE level (15). This
difference might be partly technical, due to our stringent selec-
tion conditions over seven biological replicates, or reflect bi-
ological features of both systems. We then examined whether
this translational response was dependent on Gcn2 presence.
Ribosome profiling and matching RNA-seq in gcn2Δ cells
treated or untreated with 3-AT revealed that the majority of the
translationally induced genes did not respond to amino acid
starvation (Fig. 2B). Indeed, the translational efficiency of sev-
eral of them was even reduced in the mutant upon 3-AT treat-
ment (Fig. 2B).

As translation is a highly dynamic process, many early studies
(including our initial work) used an incubation with inhibitors
of translation elongation—namely, cycloheximide (CHX) —to
“freeze” ribosomes on their in vivo localization during cell col-
lection. While we performed these experiments, several studies
reported that the results with ribosome profiling experiments
may be affected by pretreatment with CHX, especially under
conditions of stress (21–24). To investigate if our experiments
were affected by the use of CHX in media, we performed two
additional ribosome profiling experiments in cells treated and
untreated with CHX (both in the absence and presence of 3-AT).
Consistent with a recent study of the response to nitrogen star-
vation, we observed an increase in ribosome density of ribosomal
protein mRNAs upon CHX treatment, but no changes for most
other mRNAs (Fig. 2 C and D, yellow dots) (21).

Codon-Specific Ribosomal Occupancies and Histidine Starvation.
Ribosome profiling allows the determination of codon-specific ri-
bosomal occupancies, by measuring the fraction of ribosomes
that are translating each of the 61 amino acid coding codons. If
these data are normalized by the abundance of each codon in the
genome, they can be used to generate a “relative codon enrich-
ment,” which is related to the average time spent by the ribosome
on each codon (Fig. S4). We used this property to validate the
quality of the ribosome profiling dataset: As 3-AT treatment
interferes with histidine synthesis, it was expected to cause a de-
crease in the levels of activated histidine–tRNA and thus to raise
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Fig. 1. Transcriptomic response to amino acid starvation. (A) Scatter plot comparing mRNA levels of wild-type cells before and after 3-AT treatment (RNA-
seq). All cells were grown in EMM2 without amino acids, and 3-AT was added as indicated. All data have been normalized to reads per kilobase per million
mapped reads (RPKMs). The dashed lines correspond to twofold differences. The results of a single experiment are shown. Genes in green have been selected
as significantly up-regulated by 3-AT over multiple independent biological replicates (seeMethods for details). (B) As in A, comparison between wild-type cells
and gcn2Δ mutants in the absence of 3-AT. (C) As in A, comparison of gcn2Δ mutants before and after 3-AT treatment. (D) As in A, comparison of wild-type
and gcn2Δ cells after exposure to 3-AT.
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the time that the ribosome spends decoding histidine codons.
Consistently, relative ribosomal occupancies of both histidine co-
dons were strongly increased in 3-AT–treated cells, while those of
the other 59 codons were unaffected (Fig. S4).

The Fil1 Transcription Factor Is a Master Regulator of Amino Acid
Biosynthesis Genes. The translation of S. cerevisiae GCN4, but
not its transcription, is induced upon 3-AT treatment (15). Thus,
we reasoned that this might be a property of other master regu-
lators of the amino acid starvation response. To explore this idea,
we mined our dataset for genes whose TE was induced by histidine
starvation, while maintaining constant levels of mRNA. Only seven
genes fulfilled these criteria (Dataset S1), including one encoding a
predicted transcription factor (SPCC1393.08). SPCC1393.08 TE
was reproducibly induced upon 3-AT treatment, with an average
increase of 3.8-fold over seven biological replicates.
SPCC1393.08 gene (hereafter referred to as fil1, for gcn four

induction-like) encodes an uncharacterized protein of 557 amino
acids containing two tandem GATA-type zinc fingers in its C ter-
minus. The N-terminal part is conserved in Schizosaccharomyces
octosporus and cryophilus, but not in japonicus. By contrast, the zinc
fingers are well conserved in some fungi (such as Pneumocystis)
and in animals (especially vertebrates). Note that all S. cerevisiae
members of the GATA family have a single zinc finger domain.

Importantly, we confirmed that 3-AT–dependent increase in
translation efficiency of fil1 (and the lack of changes in mRNA
levels) also occurred in the absence of CHX incubation (Fig. 2 C
and D, arrows).
fil1Δ cells were viable and behaved as wild type in rich me-

dium, but grew very slowly in minimal medium (Fig. 3A). This
phenotype is very similar to that of S. cerevisiae GCN4 mutants
(25, 26). Addition of all 20 amino acids to the medium improved
fil1Δ growth, but not enough to reach wild-type rates (note that
wild-type cells also grew faster in the supplemented medium; Fig.
3A). Expression of a fil1 transgene containing the fil1 endoge-
nous promoter completely rescued the phenotype of fil1Δ cells,
confirming that the effects were not due to secondary mutations
(Fig. 3A). We tested whether fil1Δ cells were hypersensitive to
3-AT, but were unable to obtain a clear answer due to their very
poor growth in minimal medium.
We then used RNA-seq to investigate the effects of fil1 de-

letion on gene expression. A total of 165 genes were expressed at
low levels in fil1Δ cells compared with wild type. These genes
showed a very strong enrichment in genes involved in amino acid
biosynthesis (GO:0006520; P = 10−39), but not in autophagy
(GO:0006914: P = 0.78; Fig. S3B). This is different from mam-
malian Atf4, which directly regulates the expression of a number
of autophagy genes (27). Fil1-dependent genes also displayed a
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Fig. 2. Translational responses to amino acid starvation. Scatter plots comparing log2 changes in mRNA levels and translation efficiencies between 3-
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small, but significant, overlap with genes that are induced as part
of the CESR (P = 3 × 10−6; Fig. S3B). By contrast, only 39 genes
were up-regulated in the mutant, which were enriched in genes
induced by nitrogen starvation (including those involved in pher-
omone responses; P = 2 × 10−15). Fil1-dependent genes showed a
large overlap with those genes induced by 3-AT treatment (Fig.
3B). Together with the phenotypic data, these results suggest that
Fil1 activates amino acid biosynthesis (and probably that of other
metabolites) in unstressed cells and that many of the Fil1 targets
are further induced in response to amino acid starvation (Fig. 3B).
We examined whether Fil1 has a role in the response to 3-AT

by performing RNA-seq of fil1Δ cells after 3-AT exposure. Strik-
ingly, only 10 genes showed significant changes in the fil1Δ mutant
(Fig. 3C and Fig. S2C). These genes did not include amino acid
metabolism genes, autophagy genes, or those encoding the tran-
scription factors atf1, atf21, pcr1, and rsv2. This lack of response
was not due to 3-AT–dependent genes being constitutively ex-
pressed in the fil1Δ mutant, as these genes were not expressed at
high levels in untreated mutant cells (Fig. 3D). Thus, these data
indicate that fil1Δ cells are unable to respond transcriptionally
to 3-AT.
These data predict that Fil1 overexpression should mimic the

response to amino acid starvation. To test this idea, we expressed
fil1 under the control of the regulatable promoter nmt1 (note that
this construct did not contain the endogenous 5′-leader sequences
of fil1). Upon promoter derepression, 3-AT–responsive genes
were strongly up-regulated, consistent with the idea that elevated
Fil1 expression is responsible for the transcriptional response to
amino acid depletion (Fig. 3E).

We then investigated whether Fil1 regulates gene expression
directly. Cells expressing Fil1–TAP from its endogenous locus
were used for ChIP-seq experiments, both in the absence and the
presence of 3-AT treatment. Fig. 4 A and B and Fig. S5 A–D
show examples of three direct targets of Fil1, which have high
levels of Fil1 on their promoters, are induced by 3-AT treatment
(albeit to different extents), and require Fil1 for normal levels of
expression. In untreated cells, we detected 352 peaks of
Fil1 enrichment, which were associated with 240 promoters.
Approximately 30% of genes underexpressed in fil1Δ were
bound by Fil1 (Fig. 4C) and were strongly enriched in GO cat-
egories related to amino acid biosynthesis. The lack of binding to
the remaining genes may be due to ChIP-seq being less sensitive
than RNA-seq or to indirect effects of the fil1 deletion. By
contrast, genes bound by Fil1, but whose expression was not
reduced by fil1 deletion, did not show any enrichment in genes
related to amino acid production pathways. Finally, most genes
overexpressed in the fil1Δ mutant were not bound by Fil1 (Fig.
4D), indicating that Fil1 does not function as a repressor. We
also identified an enriched sequence in Fil1-bound peaks (Fig.
S6). This motif is related to the “GATA” sequence and may
represent the Fil1-binding site. Importantly, the motif is not similar
to the Gcn4 consensus binding site (TGACTC) (28). Together,
these results are consistent with the poor growth in minimal me-
dium phenotype of fil1Δ mutants and suggests that Fil1 regulates
amino acid biosynthesis even in unstressed cells by directly stim-
ulating the transcription of key genes.
Fil1 was present in 232 peaks after 3-AT treatment, which were

linked to 170 promoter regions (Fig. 4 E and F). Genes bound by
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Fil1 and those induced by 3-AT overlapped significantly, but those
repressed did not. This is consistent with Fil1 functioning as an
activator of transcription. Genes bound by Fil1 before and after
3-AT incubation also overlapped extensively (Fig. 4G). However,
the GATA-related sequence was identified with much lower sig-
nificance, and other unrelated sequences were more strongly
enriched (Fig. S6). Moreover, we were not able to detect a general

rise in Fil1 binding upon 3-AT treatment. This lack of increased
binding may simply reflect the lack of quantitative behavior of
ChIP-seq experiments. To address this issue, we used quantitative
PCR (qPCR) to measure the enrichment of Fil1 on promoters
upon 3-AT treatment. For this purpose, we focused on three
Fil1 target genes: one that shows very weak increases in mRNA
levels (leu2; 1.3-fold; Fig. S5D) and two that display larger in-
creases (arg1 and asn1; 1.9- and 2.6-fold increases, respectively;
Fig. 4B and Fig. S5B). Both arg1 and asn1 showed a clear rise in
Fil1 binding after 3-AT exposure, which was not observed for leu2
(Fig. S5F). These results are consistent with the idea that elevated
Fil1 levels, and thus increased Fil1 protein on promoters, activates
transcription of Fil1 targets.
Overall, Fil1 bound to only ∼10% of all genes induced by

3-AT (Fig. 4E). Given that the whole transcriptional response is
dependent on Fil1 (Fig. 3 C and D), this suggests that Fil1 may
drive part of the response indirectly through the up-regulation of
other transcription factors. Consistent with this idea, the atf1
gene is both induced by 3-AT and bound by Fil1, and has been
reported to be sensitive to 3-AT (14). Moreover, other tran-
scription factor genes that are induced by 3-AT (rsv2, pcr1, and
atf21) showed peaks of Fil1 binding, although they did not pass
the significance threshold of the peak-finding algorithm. To-
gether, our data suggest that Fil1 regulates cellular metabolism
in unstressed cells by directly binding to and activating genes
involved in amino acid biosynthesis. In addition, Fil1 drives the
response to amino acid starvation both directly and through the
action of downstream transcription factors. The transcriptional
response to stress in mammalian cells involves a similar mech-
anism, where Atf4 directly activates the expression of the tran-
scription factors c/EBPβ, Atf3, Atf5, and CHOP (3).
Finally, we investigated whether Fil1 and Gcn4 regulate orthol-

ogous genes. Comparisons of ChIP-seq results for both transcription
factors (29) using tables of orthologs identified a highly significant
(P = 9 × 10−11) “core” set of 26 genes that are directly bound by
Gcn4 and Fil1 (Fig. 4H). This group was strongly enriched in genes
with functions in amino acid biosynthesis. Thus, despite the com-
plete lack of sequence similarity between Gcn4 and Fil1, both
transcription factors bind to the promoters of orthologous genes.

Regulation of Fil1 Expression. The 5′-leader sequence of fil1 mRNA
is very long (962 nucleotides) and contains five AUG-starting
uORFs. Of these, four showed clear translation in ribosome
profiling experiments (Fig. 5A). In addition, a CUG-starting
uORF was also translated (Fig. 5A). This suggests that fil1
translation might be regulated by translation of some of these
uORFs. Consistent with this idea, ribosomal density in the
coding sequence of fil1 was strongly increased upon amino acid
depletion, while it remained unchanged in the 5′-leader se-
quence (Fig. 5B). This was a highly specific effect, as the rel-
ative alteration in occupancy of the fil1 CDS compared with its
5′-leader sequence was the highest in the transcriptome. By
contrast, 3-AT treatment in a gcn2Δ background resulted in a
decrease in ribosomal density in the coding sequence, but not in
the 5′ leader (Fig. S7).
The ribosome profiling data indicated that fil1 mRNA trans-

lation was enhanced in response to 3-AT, suggesting that protein
levels were also increased. To confirm this prediction, we fol-
lowed Fil1 protein by Western blotting using the Fil1-TAP strain
described above. As expected, Fil1 protein accumulated upon
3-AT treatment (Fig. 5C). Moreover, addition of histidine together
with 3-AT, which was expected to suppress the effect of the drug,
prevented the increase of Fil1 protein (Fig. 5C). Finally, 3-AT did
not cause an increase in Fil1 protein in a gcn2Δ strain (Fig. 5C).
All together, these results confirm that elevated translation of the
fil1 mRNA results in increased Fil1 protein levels.
To investigate the nature of fil1 translational induction, we built

a reporter system containing a constitutive promoter (adh1), the
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Fig. 5. Translational control of the fil1 mRNA. (A, Top) Structure of the fil1 transcript and distribution of RPFs. Lines represent the location of the UTRs and
the box that of the coding sequence (CDS). The position of six uORFs (five AUG and one CUG) are indicated. Cells were grown in EMM2 without amino acids
and incubated with 3-AT for 1 h. A, Middle and Bottom display the density of RPFs along the transcript for untreated (A, Middle) and 3-AT–treated
(A, Bottom) cells. (B) Quantification of RPF read density for the fil1 coding sequence (CDS) and 5′-leader sequences. Data are presented for control and
3-AT–treated cells. Each dot corresponds to an independent biological replicate (n = 4), and the horizontal lines indicate the mean. (C, Upper) Western blots
to measure Fil1–TAP protein levels. Cells were incubated in EMM2 without amino acids and containing 3-AT for the indicated times. One sample (His) was
incubated with both histidine and 3-AT for 180 min (histidine is expected to prevent the effects of 3-AT). The experiment was performed with wild-type cells
(right) and gcn2Δ mutants (left). Histone H3 was used as a loading control. C, Lower shows quantification of three independent biological replicates of the
experiment above, with data normalized to the levels of untreated cells of the corresponding genotypes. (D) Expression of a mCherry fluorescent reporter in
wild-type cells containing the 5′ leader of adh1, or fil1 with the six mutated uORFs (fil1-6x). Data are presented for fluorescence (protein) or RNA levels and
normalized to the levels of the wild-type fil1 reporter. Each dot corresponds to an independent biological replicate (n = 3), and horizontal lines indicate the
mean. (E) Expression of an mCherry fluorescent reporter in wild-type cells containing the 5′-leader sequences of adh1, wild-type fil1 (fil1-wt), or fil1 with the
six mutated uORFs (fil1-6x), or in wild type with fil1 5′-leader incubated in the presence of histidine (His), or with the fil1 5′-leader in gcn2Δ cells. Cell
treatment is as in C, except that the cells were incubated with 3-AT for 5 h. All data are normalized to the levels of the corresponding reporter in untreated
cells. Each dot corresponds to an independent biological replicate (n = 3), and horizontal lines indicate the mean. Significance was determined by using one-
sample one-sided Student’s t tests. Only significant comparisons are shown. **P < 0.01. The data are shown for fluorescence levels estimated by flow
cytometry (E, Left) and for mRNA abundance quantified by qPCR (E, Right).
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5′-leader sequence of fil1, one copy of the mCherry fluorescence
protein gene (mCherry), and the 3′ untranslated region (3′ UTR)
of adh1. We generated a similar construct with the 5′ leader of the
adh1 gene to be used as a control (Fig. 5D). We monitored
mCherry protein accumulation by flow cytometry and mCherry
mRNA levels by qPCR. In the absence of stress, the mRNA levels
of both reporters were similar to each other, but protein accu-
mulation was ∼56 times lower in constructs containing the
5′ leader of fil1, indicating that this region exerts a very strong
repressive effect on translation (Fig. 5D). Importantly, the protein
expression from the adh1 5′-leader reporter was unaffected by
3-AT treatment, while that of fil1 displayed a reproducible increase
(Fig. 5 E, Left). As expected, this increase was suppressed by the
addition of histidine to the culture and was dependent on Gcn2
(Fig. 5 E, Left). By contrast, mRNA reporter levels decreased
slightly in all treated wild-type cells (Fig. 5 E, Right) and remained
unchanged in wild-type cells treated with histidine and in gcn2Δ
mutants, possibly suggesting a stress-dependent inhibition of the
adh1 promoter. Overall, these results demonstrate that the fil1
5′-leader sequence is sufficient to confer 3-AT–responsive trans-
lation to a downstream coding sequence.
The above data predict that loss of translational control of fil1

in vivo should cause constitutive activation of the amino acid
starvation transcriptional response. To explore this possibility,
we constructed a strain in which the six initiation codons of the
fil1 mRNA were inactivated. Cells carrying this mutation did not
show strong gene expression changes in response to 3-AT
treatment (1.1 median fold induction, compared with 1.74 of
wild-type cells; Fig. S8 A and B). This lack of response was due to
constitutive expression of 3-AT–dependent genes, as these genes
were overexpressed in the mutant, even in the absence of 3-AT
treatment (1.73-fold induction; Fig. S8C). Moreover, a reporter
containing the mutated fil1 5′ leader was expressed at very high
levels (20-fold higher than the wild type; Fig. 5D), but insensitive
to 3-AT treatment (Fig. 5E). Together, our results suggest that
uORF-mediated translational control of fil1, leading to increased
Fil1 protein levels, is directly responsible for the activation of the
transcriptional response to amino acid starvation.

Discussion and Conclusions
We have systematically examined the response of S. pombe to
amino acid starvation, both at the transcriptome and trans-
lational levels, and identified the key transcriptional effector of
the program. We report that this response is mediated by the
eIF2α kinase Gcn2, which is required for the uORF-mediated
translational induction of the Fil1 transcription factor (Fig. 2B).
Fil1 directs the transcriptional program, probably by both di-
rectly activating transcriptional targets and through the tran-
scriptional up-regulation of other transcription factors. Fil1 also
has essential roles in unstressed cells to maintain normal levels of
amino acid biosynthesis genes.
The role of Gcn2 in the regulation of the CESR is surprising, as a

previous microarray study suggested that the 3-AT induction of the
CESR was Gcn2-independent (14). One possibility is that the CESR
is only induced directly with the higher concentrations of 3-AT used
in the microarray study (30 mM) and that the lower concentrations
employed in this work only activate the CESR through the Gcn2–
Fil1 pathway, which would activate the transcription of the genes
encoding the atf1 and pcr1 transcription factors.
The biological function, targets, and regulation of Fil1 suggest

that it is a functional homolog of the S. cerevisiae Gcn4 tran-
scription factor. Indeed, a highly significant group of orthologous
genes are directly bound by both transcription factors (Fig. 4H).
Interestingly, different elements of the response to amino acid
starvation displayed strikingly different levels of conservation
(Fig. S9). The eIF2α/Gcn2 signaling pathway was extremely
conserved, and Gcn2 protein kinases phosphorylated eIF2α
across eukaryotes [including fungi (4), mammals (4), plants (11),

Leishmania (30), and the Apicomplexans Plasmodium (31) and
Toxoplasma (32)]. The next layer, the translational up-regulation
of an mRNA encoding a transcription factor, used a common
general mechanism (uORFs that are differentially used during
starvation), but the details were different (introduction). By con-
trast, our results demonstrated complete divergence in the nature
of the transcription factors that directly activated the response.
Given the lack of conservation of Gcn4 homologs (even within
fungi) and of Atf4 (not conserved beyond metazoans), this may
turn out to be a general phenomenon. Indeed, the downstream
transcription factor has not been identified in many organisms that
display Gcn2-mediated stress responses [such as many fungi,
plants (11), Leishmania (30), Plasmodium (32), and Toxoplasma
(31)]. Our results, together with published ribosome profiling of
S. cerevisiae (15) and mammals (33), establish ribosome profiling as
a powerful approach to identify these key transcriptional regulators.
The interactions between transcription factors and their sets of

target genes (regulons) can be flexible across evolution, and large-
scale rewiring may occur (34). For instance, the expression of genes
encoding ribosomal proteins is controlled by different, unrelated
regulators in S. cerevisiae and C. albicans (Yap1 and Tbf1/Cbf1, re-
spectively) (35). Another example is the expression of sterol bio-
synthesis genes, which in most eukaryotes is performed by basic
helix–loop–helix transcription activators, whereas in S. cerevisiae and
C. albicans is regulated by a Gal4-type zinc finger protein (36). The
behavior of Gcn4 and Fil1, two unrelated transcription factors with
highly similar regulons and biological functions, and under the
control of an exceptionally conserved signal transduction pathway, is
a striking example of the plasticity of transcriptional circuits.

Methods
Strains, Growth Conditions, and Experimental Design. Standard methods and
media were used for S. pombe (37). For all genome-wide experiments,
S. pombe cells were grown in Edinburgh Minimal Medium 2 (EMM2) without
additional amino acids at 32 °C. Histidine starvation was induced by in-
cubating cells with 3-AT at a concentration of 10 mM for 60 min (genome-
wide experiments), 5 h (reporters), or as indicated in the figures (time
courses). For measurements of growth rates (Fig. 3A), fil1Δ and wild-type
cells were grown in yeast extract medium with supplements (YES), washed
three times with water, and resuspended in EMM2. When histidine was used
as a control, cells were grown in EMM2 containing 75 mg/L histidine, and an
extra 75 mg/L histidine was added together with the 3-AT. For fil1 over-
expression from the nmt1 promoter, nmt1-fil1 cells were grown in EMM2
containing 15 μM thiamine, washed three times with EMM2, resuspended in
EMM2, and incubated for 18 h at 32 °C.

Table S1 presents a full list of strains. All strains used were prototrophic.
Deletions of fil1 and gcn2 were confirmed by diagnostic PCR and by exam-
ination of the RNA-seq data. A fil1Δ strain with a copy of fil1 integrated at
the leu1 locus behaved as wild type, confirming that the deletion was the
cause of the observed phenotypes (Fig. 3A). The C-terminal-tagged Fil1-tap
strain containing the endogenous 3′ UTR was constructed by using CRISPR/
Cas9 (38). The gRNA-encoding sequence AGAAATAGAGAATAAATTTT was
cloned into the CRISPR-Cas9 plasmid pMZ374 (38) by using the Gibson as-
sembly. A repair fragment was constructed containing the last 700 nucleo-
tides of the fil1 coding sequence, a copy of the TAP-tag, and 430 nucleotides
of fil1 3′ UTR and cloned into pJET2.1 (Thermo Scientific) by Gibson assem-
bly. The final construct was PCR-amplified with Phusion (Thermo). A total of
10 μg of the PCR repair fragment and 1 μg of the CRISPR plasmid were
transformed into a ura4-D18 strain. ura+ colonies were selected for and
checked by colony PCR for the correct integration. The ura4-D18 marker was
removed by crossing.

Reporters were constructed by removing the nmt1 promoter and His6-
Flag-GFP tag from pDUAL-His6-Flag-GFP with SphI and NdeI and replacing
them with the mCherry coding sequence. A PCR product containing the
genomic adh1 promoter and 5′ leader was inserted by using Gibson As-
sembly. The fil1 5′-leader reporter was built by inserting a PCR product
containing the adh1 promoter and a PCR product with the fil1 5′-leader
sequence in the vector above using Gibson assembly. The fil1 transcriptional
start side was identified from published CAGE mapping (39) and is located
three nucleotides upstream of the annotated 5′ leader. Both reporters were
integrated into the leu1 locus.
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The mutant 5′ leader was synthesized by GeneArt (Thermo Fisher Scien-
tific) and contains mutations in six initiation codes (CUG1 and AUG1–AUG5),
which were mutated to CAA (CUG1), AAG (AUG1), and AAA (AUG2, AUG3,
and AUG5). uORF4 contains two consecutive AUG codons, which were mu-
tated to AAAAAA. AUG1 was mutated to AAG (and not AAA, as the others)
to avoid creating an AUG codon. This sequence was used to replace the wild-
type sequence using Gibson assembly.

All repeats of genome-wide experiments were independent biological
replicates carried out on separate days (see ArrayExpress deposition footnote
for a complete list). The following experiments were performed: (i) ribosome
profiling and matching RNA-seq of wild-type cells in plus/minus 3AT (three
repeats); (ii) ribosome profiling and matching RNA-seq of wild-type cells in
plus/minus 3AT with plus/minus CHX treatment (two repeats); (iii) ribosome
profiling and matching RNA-seq of gcn2Δ in plus/minus 3-AT (two repeats);
(iv) RNA-seq of fil1Δ and matching wild-type control, plus/minus 3-AT (four
repeats); and (v) ChIP-seq with untagged strain, Fil1-TAP minus 3-AT, Fil1-TAP
plus 3-AT (two repeats), and Fil1 overexpression (two repeats).

Protein Analyses. For Fil1-TAP detection, cells were harvested by filtration,
washed with water, and frozen as a dry pellet. Cell pellets were resuspended
in 100 μL of 20% TCA and lysed with 1 mL of acid-treated glass beads in a bead
beater (FastPrep-5; MP Biomedicals) at level 7.5 for 15 s, and 150 μL of 10%
TCA was added before eluting from the glass beads. Lysates were frozen on
dry ice and spun at 18,000 relative centrifugal force for 15 min at 4 °C. Pellets
were washed four times with cold acetone, dried, resuspended in 2× Laemmli
buffer [4% SDS, 20% glycerol, 120 mM Tris·Cl (pH 6.8), 0.02% (wt/vol) bro-
mophenol blue, and 1% βME], and boiled at 100 °C for 5 min. TAP tag was
detected with peroxide–antiperoxide (catalog no. P1291; Sigma) and histone
H3 with the catalog no. 9715 polyclonal from Cell Signaling Technology.

qPCR to Measure RNA Levels. RNA was extracted as described (40). A quantity
of 0.1 μg of total RNA was digested with RQ1 RNase-free DNase (Promega),
and cDNA was generated by using GoScript Reverse Transcriptase mix with
random primers (Promega) following the manufacturer’s protocol. qPCR
reactions were performed in triplicate by using PowerUP Sybr Mix (Applied
Biosystems) and primers within the mCherry coding sequence and control
primers in the genomic myo1 gene. Reactions were analyzed on a Rotor-
Gene Q (Qiagen).

qPCR Analysis of ChIP. Three independent biological replicates were per-
formed, and for each of them, two technical repeats were carried out (inde-
pendent qPCRs performed on different days from the original immunopurified
DNA). Immunoprecipitated chromatin was subjected to qPCR analysis. Peak
region enrichment for the tested genes (leu2, arg1, and asn1) was normalized to
a control gene (cdc2) by using the ΔCt method, with fold enrichments calcu-
lated as 2−(Ct of peak region − Ct of control region) (41). Enrichments of technical rep-
licates were then averaged. Enrichment values were calculated for both ±3-AT
cells, and the ratio of +3-AT to −3-AT was calculated for each sample. The
normalized ratios for the three biological replicates were plotted (Fig. S5) and
used for statistical analysis. Significance was determined by using a one-sample,
one-sided Student’s t test.

Library Preparation and Sequencing. RPF analyses, preparation of cell extracts,
RNase treatment, separation of samples by centrifugation through sucrose
gradients, and isolation of protected RNA fragments were performed as
described (40). For samples wt.noAT.ribo.2 and wt.AT.ribo.2 (ArrayExpress
submission), libraries were prepared by using a polyadenylation protocol as
described (42). For all RPF samples, gel-purified RNA fragments were treated
with 10 units of T4 PNK (Thermo Fisher) in a low-pH buffer (700 mM Tris,
pH 7, 50 mM DTT, and 100 mM MgCl2) for 30 min at 37 °C. ATP and buffer
A (Thermo Fisher) were then added for an additional 30 min incubation.
RNA fragments were column-purified (PureLink RNA microcolumns; Life
Technologies). A total of 100 ng was used as input for the NEXTflex Small
RNA Sequencing Kit (Version 2; Bioo Scientific), and libraries were gen-
erated by following manufacturer’s protocol. For mRNA analyses, total
RNA was isolated as described (40). Total RNA was then depleted from
rRNA by using Ribo-Zero Gold rRNA Removal Kit Yeast (Illumina) with 4 μg
as input. Finally, 30 ng of ribo-depleted RNA was used as starting material
for the NEXTflex Rapid Directional qRNA-Seq Kit (Bioo Scientific). Libraries
were sequenced in an Illumina HiSeq 2000 or NextSeq 500 as indicated
(ArrayExpress submission). ChIP-seq experiments were performed exactly
as described (43).

Data Preprocessing and Read Alignment. For ribosome-profiling samples wt.
noAT.ribo.2 and wt.AT.ribo.2 (ArrayExpress submission), the structure of the

reads is as follows: RRRRRRRRRRRR(NNNN. . ..NNNN)BBB, where R represents
a random nucleotide, N denotes the sequence of the protected RNA frag-
ment, and BBB is a multiplexing barcode. For all other ribosome profiling
samples, the structure of the reads is as follows: RRRR(NNNN. . .NNNN)RRRR-
adaptor-, where R represents random nucleotides; N corresponds to the
sequence of the RNA protected fragment; and the adaptor sequence is
TGGAATTCTCGGGTGCCAAGG. In both cases, random nucleotides served as
unique molecular identifiers (UMIs) (40) that allow the removal of PCR
duplicates and the generation of a nonredundant dataset. To prepare
reads for mapping, we first removed partial adaptor sequences from the 3′
end of the read. Duplicate reads were then discarded, followed by removal
of UMIs.

For all RNA-seq experiments, the structure of reads is as follows:
RRRRRRRRA(NNNN. . ..NNNN), where R(8) corresponds to a UMI, A to an
adenosine residue, and N to the sequence of the RNA fragment. Duplicated
reads were discarded, the RRRRRRRRA sequence was removed from the
reads, and reads were reverse-complemented before mapping.

Mapping was performed by using TopHat2 (Version 2.1.1) and Bowtie2
(Version 2.2.8) (44, 45). For ribosome profiling experiments, processed reads
were first mapped to the S. pombe rDNA genome by using the following
parameters: –read-mismatches 2–no-coverage-search–min-intron-length 29–
max-intron-length 819 -z 0 -g 1. Unmapped reads were then aligned to
the full S. pombe genome with the same settings and with a gff3 file
(Schizosaccharomyces_pombe_ASM294v2.28.gff3, downloaded from Ensembl)
as a source of information on exon–intron junctions. For RNA-seq data, reads
were directly mapped to the S. pombe genome by using the parameters
detailed above.

For ChIP-seq experiments, reads were aligned to the S. pombe genome
by using Bowtie2 (Version 2.2.8) (45) with the following nondefault pa-
rameter: -k 2. Reads that map to repetitive sequences were removed from
the analysis.

Data Analysis.Data quantification (number of reads per coding sequence) was
carried out by using in-house Perl scripts. All statistical analyses were per-
formed by using R.

Differential expression analysis was performed by using the Bioconductor
DESeq2 package (46). Raw counts were directly fed to the program, and no
filtering was applied. Unless otherwise indicated, a threshold of 10−3 was
chosen for the adjusted P value, and a cutoff of 1.5-fold minimal change for
the change in RNA levels.

For codon usage analyses, RPF reads were aligned to nucleotide 16 (cor-
responding to position 1 of the codon in the ribosome A site). Only codons
after 90 were used. For each coding sequence, the following calculations
were performed: (i) determination of the fraction of RPFs that occupy each
codon (RPFs in a given codon divided by total RPFs); (ii) quantification of the
relative abundance of each codon on the coding sequence (number of times
each codon is present divided by total codon number); and (iii) definition of
the normalized codon occupancy by dividing parameter 1 by parameter 2.
The average codon enrichments (Fig. S4) were then calculated with data
from all coding sequences.

For the analysis of TE, we used two different methods. In the first one, we
required a threshold of 1.5-fold increase or reduction over the median of all
genes in all seven ribosome profiling experiments (five biological replicates
performed in the presence of CHX and two in its absence). This analysis
identified 19 up-regulated and 11 down-regulated genes. In a second, more
stringent approach, a z-score >2 was required in all seven experiments. This
identified eight up-regulated and five down-regulated genes. Both ap-
proaches produced very similar results, including the identification of fil1
(see Dataset S1 for complete lists of genes). Only genes with at least
20 counts in 75% or more relevant samples (RPF and corresponding RNA-seq
in all ribosome profiling experiments) were used for TE analysis (91.8% of all
genes). The data plotted in Fig. 5A and Fig. S7 were obtained from the CHX-
treated samples.

Gene set enrichment was performedwith AnGeLi (47). Lists of orthologous
genes between S. cerevisiae and S. pombe were generated by using Yeast-
Mine (48) and are based on a manually curated set prepared by Pombase
(49). The significance of the overlap between gene lists was calculated by
using Fisher’s exact test. The list of Gcn4 direct targets was obtained from a
ChIP-microarray study (29).

For ChIP-seq, peaks were called with GPS/GEM (50), by using the un-
tagged strain experiment as background and default parameters (which
included a minimal fold-difference between IP and control of 3, and a q-
value threshold of 0.01). Potential binding motifs were searched by using
GPS/GEM with default parameters and with motif sizes restricted to be-
tween 6 and 8 nucleotides (–kmin 6–kmax 8). Peaks were assigned to the
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closest gene promoter(s) by using an in-house Perl script. Note that peaks
located between divergent genes could not be assigned unambiguously to
either gene and thus were allocated to both. For the comparison of
Fil1 binding between control and 3-AT–treated cells we used Homer with a
false discovery rate of 0.001 (51).
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