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Information on unique and coordinated regulation of transcription
and translation in response to stress is central to the understanding
of cellular homeostasis. Here we used ribosome profiling coupled
with next-generation sequencing to examine the interplay be-
tween transcription and translation under conditions of hydrogen
peroxide treatment in Saccharomyces cerevisiae. Hydrogen perox-
ide treatment led to a massive and rapid increase in ribosome
occupancy of short upstream ORFs, including those with non-AUG
translational starts, and of the N-terminal regions of ORFs that
preceded the transcriptional response. In addition, this treatment
induced the synthesis of N-terminally extended proteins and elevated
stop codon read-through and frameshift events. It also increased
ribosome occupancy at the beginning of ORFs and potentially the
duration of the elongation step. We identified proteins whose
synthesis was regulated rapidly by hydrogen peroxide posttran-
scriptionally; however, for the majority of genes increased protein
synthesis followed transcriptional regulation. These data define
the landscape of genome-wide regulation of translation in re-
sponse to hydrogen peroxide and suggest that potentiation (co-
regulation of the transcript level and translation) is a feature of
oxidative stress.

Gene expression may be controlled at multiple levels. Glob-
ally, it is regulated by histones and satellite proteins. Locally,

promoters, enhancers, and other regulatory elements are used to
guide transcription. Numerous studies have yielded datasets in-
volving the networks of transcription factors and described the
associated mechanisms of transcriptional regulation. Develop-
ments in microarray technology have facilitated such studies and
made them affordable for individual laboratories. Accordingly,
a vast number of studies has emerged that describe transcrip-
tional responses to various treatments, stimuli, knockouts, and
other interventions. Conversely, the investigation of the regula-
tion of gene expression at the level of translation lagged behind
because of the lack of accessible high-throughput methods.
It often is assumed that changes in mRNA abundance are pro-

portional to changes in protein synthesis in the cell, but numerous
exceptions are known. One powerful approach to assess changes in
protein abundance directly is the use of whole-proteome mass
spectrometry, but this method is inferior to mRNA profiling in its
throughput and candetect only a fraction of protein products in the
cell (1). Other high-throughput approaches, such as fluorescent
protein reporter libraries, are available (2–4). However, they are
designed for the quantification of individual proteins rather than
for addressing the details of translation. Indirect approaches, such
as comparativemicroarray profiling of mRNAs within monosomes
and polysomes, are popular as well (5–8). These methods enable
estimation of the mRNA transcripts that are being translated.
Recent advances in next-generation sequencing have enhanced
data acquisition, improved sensitivity, and made this method su-
perior to microarrays in its throughput (9). Importantly, it allowed
mRNA abundance and protein translation to be examined in the
same samplewith high accuracy (with subcodon resolution) (10, 11).
This experimental strategy involves deep sequencing of mRNA
fragments (footprints) buried inside the actively translating
ribosomes. Protein translation can be inferred from footprint
abundance. Coupled with regular mRNA-sequencing (mRNA-seq)

analyses, these data give information on the actual mRNA se-
quences that are being translated, identity of the reading frames
used, and ribosomal density at each position within thesemRNAs.
Hereafter, we refer to this method as “ribosome profiling” or
Ribo-seq. Another promising application of Ribo-seq is measuring
translational regulation by monitoring translation efficiency (TE),
which is the amount of footprint normalized to underlying
mRNA abundance.
In the current study, we applied Ribo-seq to investigate the fine

details of Saccharomyces cerevisiae response to oxidative stress
caused by hydrogen peroxide treatment. A key advantage of this
method is the much higher sensitivity than obtained with micro-
arrays. With this method we were able to detect changes in tran-
scription and its regulation within 5 min of treatment. Oxidative
stress is one of the best-studied regulators of transcription (12), but
little is known about how this stress changes protein abundance
and posttranscriptional regulation. Previous studies pointed to
a weak correlation between transcriptional and translational gene
responses, i.e., elevated mRNA transcripts in stressed cells did not
match the set of proteins that changed abundance. Microarray
analyses revealed that only 15% of genes involved in translational
response showed the corresponding changes at the mRNA levels
(6). Our study focused on using Ribo-seq to examine precisely
translation and its regulation by oxidative stress.

Results
Ribo-Seq. An overview of the Ribo-seq method that we used to ex-
amine the regulation of translation by oxidative stress is given in Fig.
1A. Each translating ribosome protects ∼28 nucleotides on the
translated mRNA, and the unprotected regions are removed by
subjecting mRNAs to RNase I digestion. The protected mRNA
pieces (footprints) are extracted and analyzed by deep sequencing.
Because their length is known, the exact codons that occupy the A
and P sites of the ribosome can be determined. This information is
used to identify frameshifts, read-through events, and altered codon
use. Additionally, quantification of footprints provides an opportu-
nity to estimate changes in translation for every mRNA species.
A key factor that decreases throughput of this method is that

only 5% of total yeast RNA consists of mRNA in rapidly growing
yeast cells (13). Previously, contamination was eliminated during
footprint preparation by ultrafiltration, which is not very effi-
cient; i.e., the fraction of ribosomal RNA fragments in se-
quencing libraries approached 80%, with an average value of
about 60%, as observed in previous studies (10) and our own
pilot experiments. To improve the throughput of the method, we
examined the content of contaminating rRNA fragments. In our
footprint samples a particular fragment of the 28S ribosomal
subunit was responsible for 90% of contamination. An additional
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step of subtractive hybridization allowed us to get rid of this
specific fragment, and 95% of the resulting library consisted of
mRNA footprints (Tables S1 and S2). Such high purity made
possible sample multiplexing, which increased throughput and
decreased cost.

Oxidative Stress Increases Ribosome Occupancy of Upstream ORFs.
Upstream ORFs (uORFs), short ORFs immediately upstream of
the main gene sequence, are known to modulate gene expression
in response to amino acid depletion and other types of stress. One
of the best-studied examples is the regulation of GCN4, which has
multiple uORFs that block its translation when sufficient levels of
amino acids are present but allow translation when amino acids
are depleted (14). Precise mapping and thorough characterization
of such uORFs have been complicated because of the lack of
sensitive methods. Bioinformatics analysis and modeling were
used instead (15). Ribo-seq overcomes this challenge, detecting
uORFs quantitatively and mapping them to the mRNA at a single-
nucleotide resolution (10).
We first used Ribo-seq to examine if oxidative stress caused by

hydrogen peroxide treatment affects the diversity and abundance
of uORFs. We used annotated 5ʹ UTRs from the yeast tran-
scriptome-sequencing study (16). Among them, surprisingly many
UTRs (1,800 genes) showed detectable presence of translating
ribosomes at the uORFs. These uORFs often overlapped with
each other and frequently lacked AUG start codons. In many
cases, this observation complicated the analysis of individual
uORFs; i.e., often it was unclear if a single uORF or several
adjacent uORFs were present in the gene. uORFs are thought to

be short, but when clustered they may occupy long sequences
upstream of actual ORFs. Thus, we call such regions “upstream
translation islets.” They can be short or long, represent a single
uORF or an uORF cluster, and change their length and com-
position in response to various treatments. To quantify the
translation events within 5ʹ UTRs, we assigned sequencing reads
to the entire 5ʹ UTRs rather than attempting to separate them
into individual uORFs.
We next compared yeast cells treated with 0.2 mM hydrogen

peroxide for 5 or 30 min with corresponding untreated cells. Even
short (5-min) incubation resulted in a fivefold increase in the ri-
bosomal footprints aligning to the 5ʹUTRs (Fig. 1B). We detected
847 5ʹ UTRs whose coverage by footprints increased more than
2.6-fold under these conditions, and the 30-min treatment in-
creased this number to 1,217 UTRs. Interestingly, the changes in
5′-UTR utilization generally were more pronounced than those of
downstream genes and occurred at an earlier time point. In addi-
tion, the majority of uORFs initiated translation at non-AUG
codons under both normal conditions and oxidative stress, as is
seen in cells under conditions of amino acid depletion (10). In-
terestingly, translation of 5ʹ UTRs increased uniformly during
stress, and no 5ʹUTR was down-regulated under these conditions.

Many Genes Show Translation Immediately Upstream of Their Known
Start Codons. Analyzing uORF distribution, we observed multiple
translation events immediately upstream (i.e., within 45 nt) of their
AUG start codons, and oxidative stress increased these events
significantly. Elevated ribosome occupancy at uORFs may be
caused by slower elongation or, conversely, by increased trans-
lation. Up-regulated translation can lead to one of two possible
outcomes. First, the translation upstream of AUGmay correspond
to the N-terminal extensions of some proteins. Second, uORFs in
the vicinity of start codons could influence the translation of
downstream genes. They may facilitate reinitiation of the ribosome
at a downstream AUG codon because the distance between the
uORF’s stop codon and the following start codon is short (10–15 nt
on average). On the other hand, dissociation of the ribosome
complex at the uORF stop codon could prevent translation of the
main gene. Supporting thefirst possibility, our analysis revealedfive
strong candidates with N-terminal extensions in untreated samples,
13 in samples treated with peroxide for 5 min, and 32 in samples
treated for 30min (Table S3). These peptides were translated in the
same reading frame as the downstream gene and usually started
with a non-AUG codon. Fig. S1 features proteins selected to rep-
resent different scenarios of the N-terminal extension/ORF in-
terplay. The only two known yeast proteins with N-terminal non-
AUG extensions, ALA1 and GRS1 tRNA synthetases (17, 18),
were among our identified proteins. In these two proteins, N-termi-
nal sequences serve as signal peptides, directing a fraction of these
proteins to mitochondria. We examined the subcellular localization
of our detected protein candidates using Gene Ontology (GO) an-
notation of the SGD database. Twenty-one of 32 proteins had ex-
perimentally verified localization in both cytosol and another
compartment, such as mitochondria, Golgi, vacuoles, and mem-
branes. Such an enrichment of GO terms supports the idea of reg-
ulationby targetedprotein localization in response tooxidative stress.
At the genome-wide level, the majority of 5ʹ UTRs supported

uORF translation rather than N-terminal protein extensions. We
observed intricate and widespread translation of 5ʹ UTRs under
conditions of oxidative stress. Some common cases are shown in
Fig. 2, illustrated by four representative proteins. Remarkably,
the coverage profiles for every gene were alike in different ex-
perimental conditions and were nearly identical in replicates.

Oxidative Stress Induces Translational Read-Through of Stop Codons
and Frameshifting. Oxidative damage is known to impact ribosomal
proteins and translation factors. We examined the rate of read-
through events at stop codons. Termination of translation appeared
to be very efficient in the control sample, based on poor read cov-
erage of 3ʹUTRs immediately downstreamof stop codons (Fig. 1C).
Oxidative stress increased read-through events threefold in both
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Fig. 1. Oxidative stress affects the fidelity of translational machinery. (A)
Design of the experiment. See text for details. (B) Hydrogen peroxide
treatment leads to an increase in 5′-UTR translation. Yeast cultures were
treated with 0.2 mM hydrogen peroxide for 5 or 30 min. Untreated cells
served as control. A fivefold increase in net translation of 5′ UTRs occurred
after 5 min of incubation. Incubation with hydrogen peroxide for 30 min
further increased 5ʹ-UTR translation. (C) Oxidative stress leads to translation
read-through events at stop codons. Experimental conditions are as in B.
Error bars indicate SEM. Measurements from biological replicates are shown.
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5- and 30-min samples. We also developed a simple method for
frameshift search and validation that is technically similar to the
search for N-terminal extensions. A short region downstream of the
stop codon for each annotated gene was examined for the presence
of ribosomal footprints with coverage comparable to the gene itself.
A handful of candidates were confirmed manually. For validation,
the 5ʹ ends of footprints aligned to the regions upstream or down-
stream of the known frameshift were quantified and assigned to the
matching reading frame. The frame with the highest count would
correspond to the actual ORF. This approach is shown in Fig. 3 and
Fig. S2 for two known frameshifts in S. cerevisiae, antizyme and
protein ABP140, respectively (19). Further analysis of genes for
read-throughof annotated stopcodons yielded fouradditional genes
with+1 frameshifts (i.e., ribosomeslippingonenucleotide towards 3′

end) (Table S4). An example is shown in Fig. 3B. All these frame-
shifts were detected under conditions of oxidative stress.

Correlation Between Transcriptional and Translational Responses to
Oxidative Stress. In S. cerevisiae, ∼1,700 genes are regulated by hy-
drogen peroxide at the level of transcription, including ∼900 genes
of the environmental stress response cluster, which encompasses
genes regulated in response to various stresses such as heat shock,
starvation, and oxidative stress (12). Next-generation sequencing
technologies can improve the sensitivity and dynamic range of gene-
expression analysis significantly. We found that after 5-min treat-
ment with hydrogen peroxide transcriptional changes were observed
for 116 genes, of which 10 were down-regulated and 106 were up-
regulated. The 30-min treatment yielded transcriptional changes in
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1,497 genes (529 down-regulated and 968 up-regulated) with the
threshold of 2.6-fold (see Datasets S1 and S2 and Fig. S3A for
comparison of mRNA-seq with microarrays from ref. 12).
One of our major goals was to examine genome-wide trans-

lational changes and posttranscriptional regulation of translation
in response to oxidative stress. Sequencing of ribosomal foot-
prints enabled direct and absolute quantification of mRNAs un-
dergoing translation. It should be noted that Ribo-seq does not
provide protein concentrations but instead estimates the relative
translation for a given protein. Using this method, we showed
that protein synthesis cannot be inferred securely from mRNA
abundance. There were genes whose translation did not correlate
with mRNA abundance (Fig. S4E). In addition, a significant
fraction of genes showed essentially no translation, although their
mRNAs were present. We detected translational response for 97
genes after the 5-min hydrogen peroxide treatment. Only four
genes showed decreased protein synthesis at this time point. After
30 min, relative protein synthesis was decreased in 593 genes and
increased in 766 (Dataset S2). Some proteins increased expres-
sion between 5 and 30 min, some reached a plateau at 5 min, and
others declined during the longer treatment time.
Interestingly, the values of translation change in response to

hydrogen peroxide did not match those for mRNA transcripts
exactly, even if we only consider coregulated genes (Fig. 4A, black
dots), although in most cases the changes in values are in the same
direction. For instance, the footprint density of a representative
protein increased 10-fold, but its mRNA expression increased
only twofold. These data suggest a specific posttranscriptional
control of protein expression. Indeed, by comparing changes in
TE with changes in mRNA transcripts, we observed multiple
proteins in which translational regulation was greater than tran-
scriptional regulation (Fig. 4C andD).The TE is the ratio ofRibo-
seq read counts to mRNA-seq read counts, and it describes the

propensity of mRNA to undergo translation. The higher the TE,
the better is the mRNA translated. Posttranscriptional regulation
can be simply permissive, allowing an mRNA transcript to be
translated under stress conditions. However, based on our analysis,
posttranscriptional regulation usually makes an addition to tran-
scription changes, modulating protein synthesis (see Fig. S3B for
the TE error rate). Because we observed an immediate increase in
uORF footprint density in response to hydrogen peroxide treat-
ment, we further examined a possible effect on the TE of down-
stream genes. In our reference database, 3,830 genes had annotated
5ʹUTRs with an unambiguous sequence longer than 23 nt. Among
them, nearly 1,800 were covered by ribosomal footprints in at
least one of the samples, and 1,217 had increased footprint den-
sity after the 30-in peroxide treatment. We analyzed the potential
coregulation of translation and increased ribosomal density at
5ʹ UTRs in these 1,800 genes and found that, on a genome-wide
scale, ORF translation and ribosomal density at uORFs were
mostly independent under oxidative stress conditions (Fig. 4B).

Oxidative Stress Regulates Translation Elongation.We found that the
density of elongating ribosomes on the mRNAs was consistently
higher within the first 100–150 nt from the start codon. This ob-
servation may be explained by codon use and the corresponding
tRNA copy number (20). Hydrogen peroxide treatment caused
a significant increase in ribosome occupancy and, therefore, in the
density of footprint coveragewithin the beginning of theORF (Fig.
5A), and this effect was similar for the 5- and 30-min treatment
samples. Treatment affected transcripts regardless of their length
or expression level [similar to the previous observations (10)]. The
data suggest that oxidative stress influenced elongation, forcing
ribosomes to spend more time at the beginning of their ORFs.
Together with the increased utilization of the 5ʹ UTRs it explains
the contradiction with previous experimental observations (6). The
fact that ribosome density increased so rapidly upon addition of
hydrogen peroxide implies a direct effect of the oxidant, which
targets ribosomes and elongation factors.

Ribo-Seq Enables Codon Occupancy Quantification in Vivo. Because
Ribo-seq can track translation at a single-nucleotide resolution, we
examined the experimental relative frequency of translated codons
and compared the experimental observations with the predicted
values. Assuming that all codons are translated at the same rate,
one would expect the distribution of codons trapped at the ribo-
somal A site to be identical to the frequency distribution of codons
across mRNAs (normalized to expression levels). However, our
experimental data showed that some codons were more enriched
(Fig. 5B, bars above the baseline), meaning that they aremet more
frequently in ribosomes and are translated less efficiently. Codons
such as CAC or GGT fit into the relative synonymous codon use
(RSCU) table, which is used for calculations of the codon adap-
tation index (21) that rely partially on tRNA copy numbers in the
yeast genome (20). The number of experimental replicates does
not allow us to compare a particular codon directly in untreated
and peroxide-treated yeast. Nevertheless, by analyzing the whole
distribution (Fig. 5B), we observed that the difference between
predicted and experimental codon occupancy was less in stressed
than in unstressed yeast. In other words, untreated, logarithmically
grown yeast cells have more selective pressure on translation ma-
chinery (e.g., the availability of charged tRNA.). Oxidative stress
causes a rapid decrease in translation but, perhaps, less of a de-
crease in the pool of tRNAs and in the amount of mRNA, thus
relaxing the competition of ribosomes for tRNAs. Therefore, the
observed codon occupancy tends to be similar to the codon dis-
tribution of genes. Increasing the number of experimental repli-
cates can make this method sensitive enough to detect changes in
individual codon translation upon stress or any other change
in condition.

Discussion
Our data define the landscape of translational control of oxidative
stress in yeast. We made several interesting observations. First, we
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found widespread translation of uORFs under conditions of oxi-
dative stress. A dramatic increase in uORF ribosome occupancy
occurred only 5 min after the addition of hydrogen peroxide and
greatly exceeded the overall changes in protein translation. Com-
parisons between our study and the previously identified uORFs
under conditions of starvation revealed amore extensive use of the
5ʹ UTRs under oxidative stress. Two times as many genes showed
increased ribosome occupancy at their 5ʹ UTRs under oxidative
stress than under starvation (Fig. S3C). The greater fraction of
ribosomes bound to the 5ʹ-UTR regions may be caused by two
opposite events. First, translation of these regions may be up-
regulated, thus producing short, cryptic peptides. On the other
hand, ribosomes may move to the 5ʹ-UTR regions slowly, accu-
mulating footprints without affecting polypeptide yields. We think
the second explanation is more likely. It agrees with the elevated
density in the first 30–50 codons within the mRNA and with the
reported increase in elongation time under conditions of oxidative
stress (6). It also is consistent with the complex relationships be-
tween gene translation and 5ʹUTR translation.Mass-spectrometry
analyses would show the real yield of uORF-produced peptides
and would be useful for the development of future Ribo-seq
applications. We did not detect up- or down-regulation of known
translation initiating factors at the 5-min time point, so the ob-
served effects on the 5ʹUTR likelywere caused by posttranslational
modifications of initiation factors or ribosomal proteins. Phos-
phorylation of eIF2, a component of the ternary initiation complex,
is known to inhibit translation initiation and, consequently, protein
expression (22). In some cases, this factor was shown to induce
translation of proteins, such as ATF4 or GCN4, through the in-
tricate system of translation and reinitiation events at the uORFs
(14, 23, 24). An additional reason for increased ribosome occu-
pancy at the 5ʹ UTRs may involve initiation at non-AUG codons.
The majority of our detected uORFs had no AUG start codons.
eIF1 and eIF5 are the factors that control the recognition of start
codons during translation initiation in eukaryotes (25, 26). We
suggest that hydrogen peroxide impairs the fidelity of these factors,
which normally restrict initiation to AUG codons, thereby facili-
tating non-AUG initiation of translation as the ribosome scans the
mRNA. Our observations imply a mechanism that slows down the
ribosome at uORFs and the beginnings ofORFs. It can be achieved
by impairing the exchange of elongation factors, incomplete dis-
sociation of initiation factors, or binding additional stress-activated
proteins. In addition, hydrogen peroxide may damage tRNAs (27),

amino acids (28), and aminoacyl-tRNA synthetases (29). The exact
molecular mechanism requires further studies.
Translatome and transcriptome in yeast are regulated con-

jointly in response to various stresses, such as amino acid de-
pletion, osmotic shock, and sorbitol treatment (7). Thus the
genes up-regulated at the level of transcription also yield more
protein product as well, a process that is termed “potentiation.”
However, in the response to hydrogen peroxide only ∼15% of
transcriptionally regulated genes were believed to be linked by
potentiation (6). Our data indicate that the overlap is greater
and that oxidative stress is not unique in this respect (Fig. 4A).
We compared our results directly with the published reports on
the translation response to oxidative stress (6). All proteins with
high scores from that study were present in our list, and the two
studies also had several down-regulated proteins in common.
However, about 70% of peroxide-regulated proteins from that
study did not overlap with our hits, perhaps because the greatly
increased ribosomal density at the 5ʹUTRs and at the beginnings
of regular ORFs, which does not reflect the actual increase of
translation, compromises the microarray-based approaches. In
this regard, Ribo-seq has an advantage over microarrays. Over-
all, our study offers a more detailed view of the translational
response to oxidative stress and leads to reevaluation of many
translational targets of peroxide. We also observed a significant
difference between mRNA abundance and its translation (Fig.
S4E). Some mRNAs were not translated at all. Several genes had
remarkably permissive posttranscriptional regulation upon hy-
drogen peroxide treatment. For example, Srx1, coding for sul-
firedoxin, is present in unstressed yeast cells as a moderately
transcribed gene with no detectable ribosomal occupancy. Its
translation increases immediately after the addition of peroxide,
increasing the TE by orders of magnitude. Srx1 reduces cysteine-
sulfinic acid, formed upon reaction with hydrogen peroxide in
the active sites of peroxiredoxins. Among them, Tsa1 is one of
the major proteins contributing to stress resistance (30). An
opposite example is PAB1, a polyA-binding protein mediating
interactions between the 5′ cap structure and the 3′ mRNA poly
(A) tail and facilitating translation. Treatment with hydrogen
peroxide greatly decreased the TE of PAB1, but its transcript
abundance remained unchanged.
Importantly, the degree of translational response to hydrogen

peroxide did not match the transcriptional response precisely.
There are multiple cases of posttranscriptional regulation in ad-
dition to the general transcriptional response. For example, 5-min

0

1

2

3

4

5

6

7

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

A
v
e
r
a
g

e
 
r
e
a
d

 
d

e
n

s
i
t
y
 
a
t
 

m
R

N
A

position, nt

Initial footprints
5 min peroxide footprints
30 min peroxide footprints
mRNA (ORFs only)

B

A

-60

-40

-20

0

20

40

60

A
T
G

T
T
T

*
 
T
T
C

T
T
A

*
 
T
T
G

C
T
T

C
T
C

C
T
A

C
T
G

A
T
T

*
 
A
T
C

A
T
A

*
 
G
T
T

*
 
G
T
C

G
T
A

G
T
G

*
 
T
C
T

*
 
T
C
C

T
C
A

T
C
G

C
C
T

C
C
C

*
 
C
C
A

C
C
G

*
 
A
C
T

*
 
A
C
C

A
C
A

A
C
G

*
 
G
C
T

G
C
C

G
C
A

G
C
G

T
A
T

*
 
T
A
C

C
A
T

*
 
C
A
C

*
 
C
A
A

C
A
G

A
A
T

*
 
A
A
C

A
A
A

*
 
A
A
G

G
A
T

*
 
G
A
C

*
 
G
A
A

G
A
G

T
G
T

*
 
T
G
C

T
G
G

*
 
C
G
T

C
G
C

C
G
A

C
G
G

A
G
T

A
G
C

*
 
A
G
A

A
G
G

*
 
G
G
T

G
G
C

G
G
A

G
G
G

D
i
f
f
e

r
e

n
c

e
,
 %

Difference between codon occupancy in untreated yeast and after 30min peroxide treatment

untreated

30 min peroxide

Fig. 5. Global features of translation examined by
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incubation with the oxidant increased the TE of 32 genes and de-
creased the TE of 13. A longer incubation up-regulated 62 genes
and down-regulated 122 (Dataset S1). This finding highlights our
incomplete understanding of molecular mechanisms controlling
gene expression. Increasing numbers of high-throughput studies
involving S. cerevisiae and mammalian cells that address an in-
terplay between translation and transcription suggest that these
processes do not correlate perfectly with each other in either sin-
gle-cell or culture-wide conditions (3, 31, 32).
Ribo-seq offers an improved experimental alternative to the

codon adaptation index (21). It is able to detect differences be-
tween the TEs of synonymous codons. Ribo-seq may become
a valuable tool for addressing the effects of deliberate starvation
and amino acid depletion on codon-specific translation. Overall,
our study defined the genome-wide regulation of translation by
oxidative stress.

Materials and Methods
Additional details can be found in SI Materials and Methods. Primers used in
library preparation are listed in Table S5.

Yeast Strains and Growth Conditions. One milliliter of BY4741 strain (MATa
his3 leu2 met15 ura3) from a frozen stock (OD600 of 0.6 in 15% glycerol) was
added to 50 mL of yeast extract-peptone-glucose(YPD) medium, and the
cells were grown for 16 h at 30 °C. A 1-mL aliquot of that culture was added
to 400 mL of fresh YPD and grown to an OD600 of 0.5. This culture then was
used for treatments and sample collection.

Preparation of Lysates. The initial protocol was based on a previously de-
scribed procedure (10, 11). Before the addition of peroxide, a 50-mL aliquot
of culture was taken rapidly and pelleted by centrifugation for 1 min at
3,400 × g at 4 °C; then the pellet was frozen immediately in liquid nitrogen.
This aliquot was used for mRNA isolation, and the rest of culture was used
for footprints. The peroxide concentration used in this study was 0.2 mM
with incubation times of 5 and 30 min.

Ribosome Fractionation and RNA Extraction. A 50-U aliquot of cell extract
(OD260) was used for footprints extraction. It was treated with 1,000 U of
Escherichia coli RNase I (Ambion) and was incubated for 1 h at room

temperature with gentle shaking to digest the mRNA. After fractionation in
sucrose gradient, the monosomal fraction was collected, and footprints
were isolated.

Library Construction for Footprint Sequencing. Libraries were prepared with
the strand information preserved to minimize ambiguously aligned reads. A
protocol that included polyadenylation of RNA fragments and subsequent
DNA circularization was used. The resulting libraries were sequenced on the
Illumina GLx2 or HiSeq2000 platforms.

Bioinformatics Analyses. In-house Perl scripts were used to prepare reference
databases. Alignment of sequencing reads was performed by Bowtie soft-
ware v.0.12.7 (33), allowing two mismatches per read. Because every read
bears a polyA tail at the end, we omitted all “A” from the 3ʹ ends of
sequences before aligning. A detailed description is given in SI Materials
and Methods.

Codon Translation Analysis. Inan ideal situation, ribosomal footprints shouldbe
28nt in length.However,RNase Iused todegradeunprotectedmRNAsegments
occasionally left extra nucleotides or cut off extra nucleotides. By plotting
a distribution of the footprint length, we found that RNase creates footprints
that aremostly 27–29 nt in length (Fig. S4C). These footprints can be aligned to
the reference ORFs, and the position of a footprint’s 5ʹ end relative to the
reading frame can be obtained. If the 5ʹ end of a footprint matched the exact
borderof a codon,we considered it“ideal.” If the5ʹendof a footprintmatched
the position of a codon ±1 nt, we deleted or added the first nucleotide, re-
spectively. Thus, weminimized the error in determining the ribosome position
and defined which codon was located in the A site.

Differential Gene Translation Analysis. All experimental samples were col-
lected in duplicates. Based on correlation between the replicates, we set up
a reads per kilobase per million mapped reads (rpkm) threshold of 10 for the
genes whose translation and transcription could be determined reproducibly
(Fig. S4 A and B). The gene was considered regulated if its rpkm value
changed more than 2.6-fold (1.4 in log2 scale). This threshold eliminated
most false-positive hits (Fig. S4D).
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