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tRNA cleavage is a conserved response to oxidative stress
in eukaryotes
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ABSTRACT

Recent results have identified a diversity of small RNAs in a wide range of organisms. In this work, we demonstrate that
Saccharomyces cerevisiae contains a small RNA population consisting primarily of tRNA halves and rRNA fragments. Both 5’
and 3’ fragments of tRNAs are detectable by Northern blot analysis, suggesting a process of endonucleolytic cleavage. tRNA
and rRNA fragment production in yeast is most pronounced during oxidative stress conditions, especially during entry into
stationary phase. Similar tRNA fragments are also observed in human cell lines and in plants during oxidative stress. These

results demonstrate that tRNA cleavage is a conserved aspect of the response to oxidative stress.
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INTRODUCTION

Eukaryotic cells contain robust mechanisms to respond to
and protect them from stress conditions. Stress conditions
stimulate the activation of responses that can include neu-
tralization of the stress, pausing of the cell cycle, alterations
in translation, and repair of damage. In extreme cases,
when the damage is too great for cellular survival, the
response to stress involves apoptotic or necrotic (death)
pathways. An important component of stress responses
involves controlling RNA metabolism, which often involves
a decrease in general translation and preferential translation
of mRNAs involved in stress responses (for review, see
Holcik and Sonenberg 2005).

tRNAs are a fundamental component of the translation
machinery and can also play roles in modulating cell
proliferation and stress responses. For example, overex-
pression of initiator tRNAs contributes to cellular trans-
formation (Marshall et al. 2008). Additionally, during
amino acid starvation, uncharged tRNAs function as
signaling molecules to activate the kinase Gen2, which then
modulates the response to amino acid starvation (Wek
et al. 1995). tRNA production can also be regulated in
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response to developmental cues (Hentzen et al. 1981),
although the mechanisms for down-regulation of tRNAs
remain obscure. Recently, half-tRNA molecules have
been detected in Tetrahymena and Aspergillus following
amino acid starvation (Lee and Collins 2005; Jochl et al.
2008). Such tRNA fragments are intriguing, since tRNA
degradation products have been observed in the urine
of cancer patients, with levels roughly correlated to the
tumor burden (Borek et al. 1977; Speer et al. 1979).
However, the mechanisms to generate these tRNA frag-
ments, and their biological significance, are completely
unknown.

Opver the last decade, it has become increasingly clear that
a diversity of small RNA molecules contributes to the
control of eukaryotic gene expression. To determine if
there are important small RNAs in Saccharomyces cerevisiae,
we identified and cloned a small RNA population that
primarily consisted of tRNA and rRNA fragments. For
tRNAs, both 5" and 3’ half-molecules were detectable by
Northern blot analysis, suggesting a process of endonu-
cleolytic cleavage. This cleavage does not appear to be a
mechanism for quality control of misprocessed tRNAs, as it
does not increase in several mutant strains with defects in
tRNA processing. Instead, we demonstrate that production
of these fragments increases during various stress condi-
tions in yeast, most notably oxidative stress. Further work
using Arabidopsis and human cell lines indicated that
endonucleolytic cleavage of tRNAs is a widely conserved
response to oxidative stress in eukaryotes.
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RESULTS

Yeast has a small RNA population that includes tRNA
and rRNA fragments

The diverse roles of small RNAs prompted us to examine
whether the budding yeast S. cerevisiae has a small RNA
population, even though S. cerevisiae lacks the canonical
miRNA machinery. To survey small RNAs in yeast, we
radiolabeled total yeast RNA at the 3’ end using pCp and
examined the RNA on a polyacrylamide gel, revealing that
yeast contains a population of RNAs sized at ~40 nucleo-
tides (nt) (Fig. 1A).

To identify these RNA species, we generated a library
from yeast RNAs of between 20 and 70 nt and identified 82
clones from this library by sequencing. The clones (detailed
in Supplemental Table 1) included tRNA halves or pieces
(30 clones) as well as pieces of rRNAs (50 clones, primarily
at the 3" end of the 25s rRNA, Fig. 2A) and snRNA
processing fragments (2 clones). The sequenced tRNA
fragments are from 10 different tRNAs, include both 5’
and 3’ tRNA pieces, and are derived from tRNAs with and
without introns. The 3’ tRNA fragments were identified
with and without CCA ends. The ends of many of the tRNA
fragments are within the anticodon loop, suggesting that
this is a site of endonucleolytic cleavage.

Additional experiments argue that these tRNA pieces
are the result of an endonucleolytic cleavage and do not
arise from exonucleolytic digestion. First, Northern blot
analysis using 5’ or 3’ tRNA-specific probes shows the
accumulation of both 5’ and 3’ halves of all tRNAs
tested—including those for tRNASE., tRNALE, tRNASR,
tRNASY, tRNAGTG, tRNAGE, and tRNAYST (Fig. 1B; data
not shown). However, no tRNA fragments were observed
by Northern blot analysis using probes for two mitochon-
drial tRNAs (tRNAES, and tRNAAES), suggesting that this
cleavage is limited to cytosolic tRNAs (data not shown).
Second, we observed tRNA halves in yeast strains lacking
key components of the major known cytoplasmic and
nuclear exonucleolytic decay pathways, including rrp6A,
trfdA, xrnlA, ski2A, and ski7A strains (Fig. 1D). Third, the
sizes of the 5 and 3’ tRNA fragments observed on
Northern blots are consistent with being formed by
bisection of the full-length tRNA (see estimation in Fig.
1C). These observations, and the sequence data, suggest
that yeast tRNAs undergo an endonucleolytic cleavage,
which occurs in or near the anticodon loop. It should be
noted that the presence of tRNA pieces smaller than half-
molecules in the library clones, and the heterogeneity of the
tRNA fragments observed on Northern blots, suggest that
some exonucleolytic trimming may follow an initial cleavage.

tRNA cleavage is not a function of quality control

One possible function of endonucleolytic tRNA cleavage
might be to degrade unprocessed, mismodified, or
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FIGURE 1. The Saccharomyces cerevisiae small RNA population
includes tRNA pieces. (A) Total yeast RNA (Y) 3'-end-labeled with
[**P]-pCp separated on a 20% polyacrylamide gel. The small RNA
population is indicated. (B) 5'- and 3’-specific tRNA probes identify
discrete bands on Northern blots. tRNA glyphs indicate full-length
and fragment species. (C) Estimated cleavage sites for tRNAs shown in
B are indicated. (D) tRNA fragmentation does not increase in strains
defective for exonucleolytic decay. The indicated strains and WT
control were grown to mid-log phase and harvested for RNA analysis.
5’ tRNAHS, probe. (L) @X174/Hinf 1 ladder. Ladder sizes are
indicated in nucleotides. All experiments were repeated at least three
times; representative blots are shown.
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FIGURE 2. rRNA cleavage increases in response to oxidative stress.
(A) Location of rRNA fragments from the small-RNA library mapped
onto the 35s rRNA sequence, with component 5.8s, 18s, and 25s
rRNAs indicated. (B) rRNA fragments increase in response to
oxidative stress from H,0O, exposure. 3’ 25s rRNA probe. (C) rRNA
fragments increase during entry into stationary phase; samples
collected over 6 d are compared to a sample from cells in mid-log
phase (“C”), to highlight the increase in cleavage. 3’ 25s rRNA probe.
Arrow indicates the 3" rRNA fragment discussed in the text. Ladder
sizes are indicated in nucleotides. All experiments were repeated at
least three times; representative blots are shown.

uncharged tRNAs. If defective tRNAs are subjected to
endonucleolytic cleavage, then higher levels of tRNA
fragment would be expected in strains with tRNA process-
ing defects. To test this possibility, we examined tRNA
fragment levels in three mutant strains in which tRNAs are
defective for various reasons: ccal-1, which has a temper-
ature-sensitive mutation of the enzyme that adds the 3’
CCA sequence to tRNAs (Aebi et al. 1990), htsl.1, which
carries a temperature-sensitive mutation of a histidine
tRNA synthetase and is defective for tRNA charging at
the nonpermissive temperature (Chiu et al. 1992), and
trm8A, trm82A, which lacks m’Gye methyltransferase activ-
ity, resulting in a pool of mismodified tRNAs (Alexandrov
et al. 2005). None of these mutant strains showed a
significant increase in tRNA fragment level as compared
to wild-type strains (Fig. 3A—C). These results argue that
tRNA cleavage is not a general mechanism for quality
control of nonfunctional tRNAs. This interpretation is
consistent with recent results showing that mismodified
tRNAs are primarily substrates for 5 to 3’ degradation
(Chernyakov et al. 2008; Copela et al. 2008).

tRNA and rRNA cleavages increase during oxidative
stress conditions in yeast

An alternative possibility is that tRNA and/or rRNA
cleavage might occur as part of a stress response. This is
suggested by earlier work showing that amino acid starva-
tion can promote endonucleolytic cleavage of tRNAs in
Tetrahymena (Lee and Collins 2005). To test if tRNA
cleavage in yeast is increased by stress, we compared the
levels of full-length tRNA and tRNA fragments under a
variety of stress conditions.

We observed that many, but not all, stress conditions
resulted in increased levels of tRNA fragments (Fig. 4).
Yeast subjected to either heat shock (Fig. 4A), methionine
starvation (Fig. 4B), nitrogen starvation (Fig. 4F), oxidative
stress (Fig. 5A), or approaching stationary phase (Fig. 4C)
all showed an increase in fragment levels. Most notably, in
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FIGURE 3. tRNA cleavage is not a quality control process. (A) The
ccal-1 strain after growth at the nonpermissive temperature (37°C)
for the indicated times. 5'-tRNAH, probe. (B) htsl.1 cells and
control cells grown at the nonpermissive temperature (39°C) for the
indicated times. yRP841 is the WT control strain. 5'-tRNASES, probe.
(C) trm8A, trm82A cells and WT control, grown in glycerol at 37°C
for 4 h. 3'-tRNAM probe. tRNA glyphs indicate full-length and
fragment species. (L) ¢X174/Hinf 1 ladder. Ladder sizes are indicated
in nucleotides. Experiments was repeated at least three times;
representative blots are shown.
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cells nearing stationary phase, the levels of tRNA fragment
are similar to the levels of full-length mature tRNA (Fig.
4C; data not shown). Moreover, in all cases, the response to
stress was not specific to individual tRNAs, as all tRNAs
tested showed a similar response—although the magnitude
of cleavage may differ between individual tRNAs (see
below).

In contrast, no significant increase in tRNA fragment
levels was observed during amino acid starvation (other
than methionine) (Fig. 4B), during glucose starvation (Fig.
4E), or following exposure to UV light (Fig. 4D)—all
conditions under which translation is decreased (see Holcik
and Sonenberg 2005). The failure of these stress stimuli to
increase tRNA fragment levels indicates that cleavage is not
a general consequence of all stresses or an effect of a
decrease in translation rates.

To determine whether rRNAs might undergo similar
cleavage events during stress, we performed Northern blot
analysis on stressed samples using a probe complementary
to the 3" end of the 25s rRNA. This probe corresponded to
the most commonly observed rRNA fragment from our
library (Fig. 2A, arrow). We observed that the level of this
rRNA fragment, as well as other rRNA fragments, increases
during exposure to H,O, (Fig. 2B, arrow) and during entry
into stationary phase (Fig. 2C, arrow). This indicates that
stress-induced cleavage of RNAs is not restricted to tRNAs,
but also involves other RNA species. Moreover, the gen-
eration of multiple rRNA fragments suggests that either the
nuclease(s) responsible for rRNA fragmentation has mul-
tiple target sites or that there is substantial exonucleolytic
degradation of an initial rRNA fragment.

The stress conditions that increased yeast tRNA cleavage
all have links to oxidative stress, especially H,O, treatment
and entry into stationary phase. As yeast approach sta-
tionary phase, a large increase in cellular reactive oxygen
species occurs, commensurate with induction of apoptosis
(Jakubowski et al. 2000). Heat shock has also been shown
to induce oxidative stress (Davidson et al. 1996; Medina-
Silva et al. 2006). Methionine starvation is less concretely
linked with oxidative stress, but potentially could lead to a
decrease in glutathione, a key antioxidant (Thomas and
Surdin-Kerjan 1997). We conclude that tRNA cleavage in
yeast occurs in response to specific stresses, most notably
oxidative stress.

tRNA cleavage in response to oxidative stress
is conserved in plants and mammals

To determine whether tRNA cleavage occurs in more
complex eukaryotes during oxidative stress, we first ex-
posed Arabidopsis seedlings to H,O, to trigger oxidative
damage. Similar to the results in yeast, we observed an in-
crease in tRNA fragments during oxidative stress (Fig. 5B).
Interestingly, we also observed that the amount of cleavage
increased in flowers compared to seedlings (Fig. 6A), and
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the amount of tRNA fragment differed for individual
tRNAs (Fig. 6B). These results indicate that oxidative stress
also induces endonucleolytic cleavage of tRNAs in plants.
To examine whether tRNA cleavage also occurs in mam-
malian cells in response to oxidative stress, we exposed two
human cell lines to H,0,. Both the HeLa and ARPE-19
human cell lines displayed an increase in tRNA fragment
level during H,O, stress as compared to unstressed control
cells (Fig. 5C; data not shown). Thus, oxidative stress triggers
endonucleolytic cleavage of tRNAs in mammalian cells.
Two observations indicate that tRNA cleavage in mam-
malian cells is not a general feature of apoptosis, which can
be induced by oxidative stress (Wang et al. 1998). First,
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FIGURE 4. (Legend on next page)
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tRNA fragment production peaks after 4 h of H,0,
treatment, before visible signs of cell death (i.e., cells round-
ing up and detaching, which occurs between 10 and 12 h),
and before the loss of full-length tRNA (Fig. 7A). Second,
induction of apoptosis by caffeine, a-Fas, or staurosporine
treatments (Mao et al. 2004; Lincoln et al. 2006; Bode and
Dong 2007) did not enhance tRNA cleavage (Fig. 7B-D).
We interpret these observations to indicate that tRNA
cleavage in mammalian cells is not generally induced by
apoptosis but instead is a response to oxidative stress.

Taken together, these results indicate that oxidative stress
triggers tRNA cleavage in yeast, plants, and mammalian
cells and is a conserved feature of the cellular response to
oxidative stress.

DISCUSSION

Our results demonstrate that endonucleolytic cleavage of
tRNAs is a conserved response to oxidative stress. The
critical observation is that 5’ and 3’ tRNA fragments are
observed in yeast, plants, and mammalian cells during
oxidative stress (Fig. 5). Similar tRNA cleavages have been
previously described in other systems. In Tetrahymena,
tRNA fragments were observed during amino acid starva-
tion (Lee and Collins 2005), and Haiser et al. (2008) have
demonstrated developmental-specific cleavage of tRNAs in
the bacterium Streptomyces coelicolor. Recent data from
large-scale small-RNA sequencing studies have also identi-
fied cleaved tRNAs in human cells (Kawaji et al. 2008) and
in Aspergillus (Jochl et al. 2008). In most of these cases, the
predicted site of tRNA cleavage is in the anticodon loop,
which could be due to the specificity of the relevant
nuclease or simply because this region of the tRNA is the
most exposed to a nonspecific nuclease. Therefore, a
conserved process of stress-induced tRNA cleavage exists
in eukaryotes, possibly extending to prokaryotes.

FIGURE 4. Stress conditions induce tRNA cleavage in yeast. (A) Heat
stress leads to an increase in tRNA fragment level. WT yeast were
harvested at the indicated times after growth at 30°C or 37°C. 3'-
tRNAEZS; probe. (B) tRNA fragment production during amino acid
starvation. Cells were collected after 2 h of starvation for the indicated
amino acid. 3'-tRNA&T: probe. (C) Stationary phase entry coin-
cides with a dramatic increase in tRNA fragment. Samples collected over
6 d are compared to a sample from cells in mid-log phase (“C”), to
highlight the increase in cleavage. 3'-tRNA%E probe. (D) UV
exposure does not significantly increase tRNA cleavage in yeast. Yeast
treated with 0 or 50 J/m? UV were harvested at the indicated times. 3'-
tRNARS; probe. (E) Glucose stress does not significantly increase
tRNA fragment production in yeast. WT yeast were grown to mid-log
in YEPD, then shifted to YEPD (lane 2), SC medium with glucose
(lane 3), or SC medium without glucose (lane 4), and collected after 4
h. 3'-tRNAZS, probe. (F) Nitrogen starvation increases tRNA
fragment production. Yeast cells were grown in media with or without
a nitrogen source for 4 h. 3'-tRNAPS; probe. tRNA glyphs indicate
full-length and fragment species. (L) ®X174/Hinf I ladder. Ladder
sizes are indicated in nucleotides. All experiments were repeated at
least three times; representative blots are shown.
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FIGURE 5. Oxidative stress increases tRNA fragment production in
yeast, Arabidopsis, and mammalian cells. (A) WT yeast were exposed
to 0 or 0.4 mM H,0, for 200 min. 3'-tRNAN. probe. (B) Two-week-
old Arabidopsis seedlings were treated with 0 or 10 mM H,O, for 2 or
4 h. 5'-tRNAZY; probe. (C) Subconfluent human Hela cells were
treated with 0 or 5 mM H,O, for 4 h. 3'-tRNAHS, probe. tRNA
glyphs indicate full-length and fragment species. (L) @X174/Hinf 1
ladder. Ladder sizes are indicated in nucleotides. All experiments were
repeated at least three times; representative blots are shown.

We also observe some tRNA cleavage in yeast cells in the
absence of any applied stress (Figs. 1, 5). This suggests that
either the nuclease cleaving tRNAs is constitutively active at
a low level and has its activity enhanced by stress or that a
subpopulation of cells in a nonstressed culture is exposed
to some type of stress.

An unresolved issue is the identity of the nuclease that
cleaves tRNAs and the mechanism by which stress enhances
tRNA cleavage. The fact that we also observe enhanced
rRNA fragmentation during oxidative stress (Fig. 2) sug-
gests that the nuclease(s) activated during oxidative stress
are not specific to tRNAs. One possibility is that during
some stress responses, most notably oxidative stress, the
engulfment of cytosolic regions into the vacuole by
autophagy would expose tRNAs and rRNAs to general
nucleases known to be present in the vacuole (Jones et al.
1982). However, this possibility seems unlikely, since yeast
strains defective in autophagy show no alteration in the
production of tRNA fragments and only a partial effect on
rRNA fragmentation (data not shown). Given this obser-
vation, we hypothesize that the two most likely possibilities
for enhanced tRNA and rRNA cleavage during stress are
activation of a general cytosolic nuclease or stress-induced
cytosolic release of vacuolar nucleases.

Possible functions of tRNA cleavage

An intriguing issue is whether tRNA cleavage has any
biological function. In one model, tRNAs would be cleaved
in order to reduce their functional levels during cellular
stress, which might then contribute to translational repres-
sion. This would be analogous to previous work showing
that cytotoxic tRNases, such as colicins, promote nearly com-
plete cleavage of target tRNAs, resulting in translational
inhibition (Ogawa et al. 1999; Tomita et al. 2000). Simi-
larly, stress-related tRNA cleavage in Aspergillus correlates
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FIGURE 6. Additional examples of tRNA cleavage in Arabidopsis. (A)
tRNA cleavage shows a tissue-specific pattern in plants, and accumu-
lates at a higher level in flowers (F) than in seedlings (S). 5’—tRNA8%8
probe. (B) H,0,-induced cleavage differs among tRNAs. Two-week-
old seedlings treated with 0 (C) or 10 mM H,O, for the indicated
times were analyzed using the indicated probes. tRNA glyphs indicate
full-length and fragment species.

with reductions in full-length tRNA levels and has been
hypothesized to inhibit protein synthesis (Jochl et al. 2008).
However, in our experiments, enhanced tRNA cleavage
during stationary phase or H,0O, treatment does not
significantly reduce the pool of mature yeast tRNAs (Figs.
4C, 5A). Moreover, in human cells undergoing oxidative
stress, we did not observe loss of full-length tRNAs until
after fragment levels had peaked (Fig. 7A). These results
suggest that activation of tRNA cleavage by oxidative stress
does not generally reduce the levels of mature tRNAs, and
therefore may have additional functions. It should also be
noted that the activation of nucleases during stress may
target other functional RNAs, even mRNAs, that we have
yet to identify.

In an alternative model, the tRNA or other RNA frag-
ments produced during oxidative stress could themselves
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have a function. This could include a role as a signal
transducer during oxidative stress, or tRNA fragments may
potentially interact with the translation machinery in an
inhibitory manner.

In a final model, tRNAs and other RNAs damaged
by oxidative stress might be cleaved as part of a quality
control process. This possibility is based on the observa-
tions that some aberrant tRNAs are degraded (Vanacova
et al. 2005; Alexandrov et al. 2006; Chernyakov et al.
2008; Copela et al. 2008). However, we consider this
possibility unlikely, since we observed that three strains
with different tRNA processing defects did not show either
a significant increase in tRNA cleavage compared to
controls or a decrease in full-length tRNA (Fig. 2), both
of which might be expected if tRNA cleavage is a quality
control mechanism. Moreover, we did not observe an
increase in tRNA fragments when cells were exposed to
UV light (Fig. 4D), which would be expected to induce
some tRNA damage.

A 5 mMHo05 0 mMHo0o
02 4 81224 2 4 8 12 24 (hours)
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onset of noticable cell death
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FIGURE 7. tRNA cleavage in mammalian cells is not a general
response to all apoptotic inducers. (A) HeLa cells were treated with
5 mM H,O, or mock-treated for the indicated times. Arrow indicates
when cells were first observed rounding up and detaching. 3'-
tRNAHES, probe. (B-D) ARPE-19 cells at subconfluence were used
for these experiments. In B, cells were exposed to the apoptotic
inducer a-FAS (1 pg/mL) or mock-stressed for 72 h. 3/-tRNAHE,
probe. In C, cells were exposed to the apoptotic inducer staurosporine
in DMSO (1 M) or DMSO alone for 4 h. 3'-tRNA&S; probe. For D,
cells were treated with 16 mM caffeine for the indicated times. 3'-
tRNASE; probe. tRNA glyphs indicate full-length and fragment
species. (L) @X174/Hinf 1 ladder. Ladder sizes are indicated in
nucleotides. All experiments were repeated at least three times;
representative blots are shown.
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tRNAs cleavage may affect tumor progression

Several observations argue that the process of endonucleo-
Iytic cleavage of tRNAs affects human tumorigenesis. The
levels of reactive oxygen species increase during tumori-
genesis, and cancer cells in general tend to have elevated
oxidative stress levels (Schumacker 2006). Moreover, tRNA
breakdown products are excreted from tumor tissue in a
manner that roughly correlates with cancer progression
(Borek et al. 1977; Speer et al. 1979). In addition, the frog-
derived secreted RNase known as Onconase, currently in
clinical trials as an anti-cancer therapeutic (Costanzi et al.
2005), has been shown to enter cells and trigger apoptosis
in a manner correlated with tRNA cleavage and trans-
lational inhibition (Ardelt et al. 1991; Saxena et al. 2002),
although its mechanism of action is thought to be more
complex and involve additional roles for the RNase
(Iordanov et al. 2000; Abraham et al. 2003). This suggests
that a further understanding of the functions and mecha-
nism behind tRNA cleavage might not only reveal their
biological significance, but may also provide a useful
therapeutic target.

MATERIALS AND METHODS

Construction of plasmids and yeast strains

Yeast strains used in this study are listed Table 1. Euroscarf
deletion strains (Winzeler et al. 1999) can be obtained from Open
Biosystems. BY4741 (Open Biosystems) was routinely used as the
wild-type (WT) strain, unless indicated. The htsl.I strain L2236
was obtained from Gerald Fink (Chiu et al. 1992), and the trm84,
trm82A strain AA0249 from Eric Phizicky (Alexandrov et al.
2005). Lianna Hatfield constructed strain yRP889.

Yeast growth and stress conditions

Yeast were routinely cultured at 30°C in yeast extract-peptone
(YEP) medium with 2% glucose (YEPD) or in synthetic complete
(SC) medium supplemented with 2% glucose. “Mid-log phase”
in all cases indicates growth to ODgg = 0.3-0.5. For WT and

TABLE 1. Yeast strains used in this study

mutant strains shown in Figure 1, B and D, cells were grown to
mid-log phase in YEPD and harvested for RNA analysis.

Amino acid starvation was performed in SC medium lacking
the indicated amino acid, supplemented with 2% glucose. Nitrogen-
starvation medium (0.17% yeast nitrogen base without amino
acids or ammonium sulphate, 2% glucose) lacked both a nitrogen
source and all amino acids. Glucose starvation was performed in
YEP medium lacking a carbon source. For nitrogen, amino acid,
or glucose starvations, yeast were grown in SC or YEP media
supplemented with 2% glucose to mid-log phase, washed in
starvation medium, resuspended in starvation medium, and
cultured for a further 2—4 h (time indicated by experiment in
the figure legends).

UV exposure was performed in a Stratalinker (Stratagene). Cells
were grown to mid-log phase, then 15 mL aliquots were moved
into 10-cm? petri plates and exposed to 50 J/m® UV or mock-
exposed. Yeast were harvested immediately or returned to a flask
to continue growth. Aliquots were removed at the indicated times
for RNA analysis. Heat shock was performed by growing cells to
mid-log phase in YEPD medium, harvesting, resuspending them
in medium prewarmed to 37°C, allowing them to continue
growth at 37°C, and harvesting for RNA at the indicated times.
The hts1.1 strain (L2236) (Chiu et al. 1992) and the yRP841 WT
control strain were grown in SC medium lacking histidine and
supplemented with 2% glucose at 30°C until mid-log phase. Cells
were shifted to 39°C and aliquots were removed for RNA analysis
at the indicated times. The ccal-I strain yRP889 was grown in
YEPD at 24°C to mid-log phase, then shifted to 37°C. Aliquots
were removed at the indicated times for RNA analysis. trm8A,
trm82A (AA0249) (Alexandrov et al. 2005) yeast were grown in
YEPD to mid-log phase, washed once in SC medium, and
resuspended in SC medium supplemented with 2% glycerol and
prewarmed to 37°C. Cells were grown at 37°C for 4 h, then
harvested for RNA analysis.

Apoptosis and stationary phase

For induction of oxidative stress by H,O, exposure, yeast cells
were grown to mid-log phase, then H,0, (Sigma) was added to a
final concentration of 0.4 mM and cells were cultured for a further
200 min. This concentration of H,O, has been shown to induce
apoptotic markers, reduce survival of cells, and result in TUNEL-
positive staining in yeast (Madeo et al. 1999; Wissing et al. 2004).

Strain Genotype Reference
BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0 Winzeler et al. (1999)
YO 1852 MAT a; his3A1; leu2A0; met15A0; ura3A0; ski7A::kanMX4 Winzeler et al. (1999)
YO0 5307 MAT a; his3A1; leu2A0; met15A0; ura3A0; ski2A::kanMX4 Winzeler et al. (1999)
YO0 4540 MAT a; his3A1; leu2A0; met15A0; ura3A0; xrn1A::kanMX4 Winzeler et al. (1999)
YO 1777 MAT a; his3A1; leu2A0; met15A0; ura3A0; rrp6A::kanMX4 Winzeler et al. (1999)
YO 6265 MAT a; his3A1; leu2A0; met15A0; ura3A0; trf4A::kanMX4 Winzeler et al. (1999)
yRP 841 MATe; leu2; lys; trp; ura3; cupl::LEU2/PGK1pG/MFA2pG Hatfield et al. (1996)
yRP 889 MAT a; leu2-3,112; his; trp1; ura3-52; ccal-1; cup1::LEU2/PGK1pG/MFA2pG This study

L2236 MAT «; hts1.1; leu2-2; ura3-52 Chiu et al. (1992)
AA0249 MATa/MAT a; his3-0/his3-0; leu2-0/leu2-0; lys2-0/+; +/met15-0; trm8A/trm8A; trm82A/trm82A Alexandrov et al. (2005)
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For longer-term (stationary phase) growth experiments, cells from
an overnight culture were diluted into fresh SC medium with 2%
glucose and grown for 6 d at 30°C without medium change.
Aliquots were taken from the culture each day for analysis.

Yeast small-RNA library construction

The yeast small-RNA library was constructed basically as
described (Lu et al. 2007), except that the initial RNA isolation
included species from 20 to 70 nt. A second library was
constructed in a similar manner except that, to include species
regardless of 5’ end, the 3’ linker was added, and 5" RACE
followed by PCR was performed on the pool of RNAs using the 5’
RACE System for Rapid Amplification of ¢cDNA Ends (Invitro-
gen). Following PCR amplification and gel isolation of correctly
sized library products, a small amount was cloned into TOPO
(Invitrogen) or pGEM-T-easy (Promega) vectors. Insert-containing
clones were sequenced by Agencourt Bioscience using T3 and Sp6
primers (TA vector) or indicated primers for the TOPO vectors
(Lu et al. 2007).

RNA analysis

Labeling of total RNA with [**P]-pCp was done according to
standard methods. RNA extraction and blotting were performed
essentially as described (Caponigro et al. 1993). Briefly, 25-50 g
of RNA were routinely loaded onto 12% or 15% polyacrylamide
gels containing 8 M urea, blotted onto Nytran membrane,
detected using 5’-end [y-’*P]-ATP-labeled oligonucleotide
probes, and scanned using a PhosphorImager (Typhoon 9410;
Amersham Biosciences). Yeast tRNA probe sequences used in this
study are:

5'-ccgcgacggggaattgaacc-3’ (3'-tRNASK-);
5'-ctgaccattaaactatcacg-3' (5’ -tRNAAK.);
5'-cactcacgatgggggtcgaac-3' (3'-tRNALE);
5'_ctcctagaatcgaaccaggg-3' (3'-tRNARS);
5'-gtactaaccactatactaag-3' (5'-tRNAHE.);
5'-ctgtagggggctcgaaccec-3' (3'-tRNAE );
5'-ccgattgegecaacaagge-3' (5'-tRNAREL); and
5'-gcgecgcteggtttegatec-3' (3'-tRNAMSTL).

The yeast 3" 25s rRNA probe (5’-caaaggcttaatctcagcagatcg-3")
used was designed against the most common rRNA piece found
in our library (see Supplemental Table 1). For mammalian RNA
isolation, TRIzol (Invitrogen) was used according to package
insert instructions. Ten to 50 pg of human RNA were run as
described above and probed with a 3/-tRNAHE, probe (5'-

gcegtgactcggattcgaacc-3').

Mammalian tissue culture

HelLa cells were a gift of John Bloom (University of Arizona), and
ARPE-19 cells were a gift from Priscilla Schafer (University of
Arizona). Cells were grown in DMEM (Gibco) supplemented with
10% fetal bovine serum (HyClone), 2 mM L-glutamine (Sigma),
100 U/mL penicillin, and 100 wL/mL streptomycin (Hyclone), at
37°C in a humidified incubator with 5% CO,. Cells were routinely
passaged at subconfluence and fed twice a week. For stress
experiments, cells were plated at subconfluency 18-24 h prior to
the experiment, then fed with medium containing stress-inducing
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substances or a control, as indicated in figure legends. Stauro-
sporine (in DMSO) and caffeine were obtained from Sigma, a-
Fas was obtained from Roche. Staurosporine was added to a final
concentration of 1 pwM, and DMSO alone was used as a
control for staurosporine exposure. Caffeine was used at a final
concentration of 16 mM, H,O, was added to a final concentra-
tion of 5 mM, and «a-Fas was added to a final concentration of
1 pg/mL.

Plant H,O, treatment

Arabidopsis thaliana ecotype Columbia was used. Plants were
grown on Murashige and Skoog (MS) medium containing 1%
sucrose, 1X Gamborg’s vitamins. Seeds were sterilized and
stratified for 2 d at 4°C, then transferred to a growth chamber
at 22°C with 16-h/8-h light/dark cycles. Two-week-old seedlings
were then transferred to a flask with half strength of MS solution
and 10 mM H,0,. Samples were harvested at different time points
and quickly frozen in liquid nitrogen. Control plants were mock-
treated by half strength of MS solution only. Sequences of probes
used for RNA analysis are:
5'-gagcegagtatectgaccagcetagactacaacgga-3' (5'-tRNASH);
5'-aacgtggaattctaaccactaaactacagccac-3' (5’ -tRNAHEL);
5'_tacagtcttccgctctaccaactgagetaaggtegg-3' (5'-tRNASTL); and
5'-aggaaacagacgctctatccactgagctacaggege-3' (5'-tRNASE).

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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