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ABSTRACT RNase T2 enzymes are produced by a wide range of organisms and have been 
implicated to function in diverse cellular processes, including stress-induced anticodon loop 
cleavage of mature tRNAs to generate tRNA halves. Here we describe a family of eight 
RNase T2 genes (RNT2A–RNT2H) in the ciliate Tetrahymena thermophila. We constructed 
strains lacking individual or combinations of these RNT2 genes that were viable but had dis-
tinct cellular and molecular phenotypes. In strains lacking only one Rnt2 protein or lacking a 
subfamily of three catalytically inactive Rnt2 proteins, starvation-induced tRNA fragments 
continued to accumulate, with only a minor change in fragment profile in one strain. We 
therefore generated strains lacking pairwise combinations of the top three candidates for 
Rnt2 tRNases. Each of these strains showed a distinct starvation-specific profile of tRNA and 
rRNA fragment accumulation. These results, the delineation of a broadened range of condi-
tions that induce the accumulation of tRNA halves, and the demonstration of a predomi-
nantly ribonucleoprotein-free state of tRNA halves in cell extract suggest that ciliate tRNA 
halves are degradation intermediates in an autophagy pathway induced by growth arrest 
that functions to recycle idle protein synthesis machinery.

INTRODUCTION
RNase T2 enzymes are single-strand–specific endoribonucleases 
with an acidic optimum for activity around pH 4–5 and no strong 
cleavage preference for any base (Deshpande and Shankar, 2002; 
Luhtala and Parker, 2010). RNase T2 proteins are broadly conserved, 
with family members encoded in genomes of animals, plants, proto-
zoans, prokaryotes, and some viruses (Irie, 1999). Most organisms 
produce one or two RNase T2 enzymes, but evolutionary expansion 
of the RNase T2 family in plants generated more numerous paral-
ogues (five in Arabidopsis and eight in rice) that can be divided into 
subgroups based on sequence, expression profile, and biological 
function (MacIntosh et al., 2010). Eukaryotic RNase T2s are gener-
ally targeted to the secretory pathway for extracellular secretion or 

are intracellularly directed to lysosomes. Specific RNase T2 enzymes 
have also been reported to be vacuolar, cytoplasmic, or nuclear in 
localization (Irie, 1999; Deshpande and Shankar, 2002; Luhtala and 
Parker, 2010).

Cellular roles of RNase T2 enzymes have been defined in plants, 
where they contribute to phosphate and nucleotide scavenging, 
gametophytic self-incompatibility, pathogen defense, and rRNA de-
cay (MacIntosh et al., 2010; Hillwig et al., 2011). An RNase T2 func-
tion in rRNA turnover has also been proposed for the animal en-
zymes, based on the enzyme depletion phenotype of rRNA 
overaccumulation in zebrafish neural tissue (Haud et al., 2011). This 
same phenotype is proposed to underlie the familial cystic leukoen-
cephalopathy associated with human RNase T2 (RNASET2) loss-of-
function gene mutations (Henneke et al., 2009). RNase T2 enzymes 
also can have functions independent of catalytic activity (Luhtala 
and Parker, 2010). A subgroup of plant RNase T2 paralogues that do 
not retain catalytically critical enzyme active-site residues has been 
suggested to play a role in pathogen defense (MacIntosh et al., 
2010). Human RNASET2 has tumor-suppressor function indepen-
dent of catalytic activity (Acquati et al., 2005; Smirnoff et al., 2006), 
and the influence of yeast RNase T2 (Rny1p) on cell viability is like-
wise independent of catalytic activity (Thompson and Parker, 
2009a).
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Yeast Rny1p has a catalytic role in the stress-induced production 
of tRNA fragments by endonucleolytic cleavage of mature tRNAs in 
the anticodon loop region (Thompson and Parker, 2009a). Diverse 
sizes and sequences of tRNA fragments have been uncovered 
by deep-sequencing projects across a broad range of organisms 
(Thompson and Parker, 2009b; Phizicky and Hopper, 2010; 
Pederson, 2010). Some types of ∼20-nucleotide (nt) tRNA frag-
ments have been implicated in cellular regulation of translation or 
proliferation (Lee et al., 2009; Zhang et al., 2009). In the ciliate 
Tetrahymena thermophila, specifically processed ∼20-nt mature 
tRNA 3′-end fragments are bound by the Piwi-family protein Twi12 
for a growth-essential ribonucleoprotein (RNP) function (Couvillion 
et al., 2010). In contrast, the tRNA halves produced by endonu-
cleolytic cleavage in the anticodon loop region are substantially 
larger than 20 nt and conditional in their accumulation, thus repre-
senting a distinct class of tRNA fragments. Accumulation of tRNA 
halves was initially described in cultures of T. thermophila starved 
for essential amino acid(s) under conditions that promote develop-
mental progression (Lee and Collins, 2005). Other single-celled or-
ganisms also conditionally accumulate tRNA halves, including 
Saccharomyces cerevisiae, Aspergillus fumigates, and Giardia 
lamblia (Jochl et al., 2008; Li et al., 2008; Thompson et al., 2008). 
Cultured mammalian cells also produce tRNA fragments when sub-
ject to some forms of cellular stress, suggesting that regulated 
cleavage of mature tRNAs in the anticodon loop region may be a 
general eukaryotic phenomenon (Thompson and Parker, 2009b). 
However, human tRNA halves are proposed to result from action of 
the RNase A family member angiogenin rather than RNASET2 (Fu 
et al., 2009; Yamasaki et al., 2009).

In this work we sought to address the endonuclease(s) re-
sponsible for the stress-induced production of tRNA fragments in 
T. thermophila. Although this ciliated protozoan lacks any predicted 
protein homologous RNase A, we identified eight predicted paralo-
gous members of an expanded RNase T2 family (designated Rnt2 
A–H). By characterization of RNT2 gene disruption strains and by 
molecular and biochemical characterization of inducibly accumu-
lated tRNA and rRNA fragments in wild-type and gene-disruption 
strain backgrounds, we demonstrate that several T. thermophila 

RNase T2 family members function in regulated tRNA and rRNA 
turnover.

RESULTS
The T. thermophila genome encodes eight putative Rnt2 
family proteins
We searched the expressed macronuclear T. thermophila genome 
(Eisen et al., 2006) and genome database (Tetrahymena Genome 
Database Wiki) by annotation and by BLAST using human, yeast, 
and zebrafish RNase T2s (RNASET2, Rny1p, Dre1, and Dre2) and 
also using human angiogenin. By this approach we were unable to 
find any credible homologues of the RNase A family member angio-
genin, whereas we identified eight RNase T2 homologues desig-
nated Rnt2 A–H (Table 1 and Figure 1). T. thermophila Rnt2 A, B, 
and C showed the highest homology (E < 5.7 × 10−5) with yeast 
Rny1p, and Rnt2 A, B, C, G, and H had reliable homology (E < 8.2 × 
10−7) with human RNASET2.

The automated prediction of an open reading frame (ORF) for 
Rnt2 C gave a significantly longer ORF than encoded by the other 
RNT2 genes, but a closer inspection of the gene suggested that an 
ATG codon downstream of the initially predicted start codon is likely 
to be the correct site of translation initiation. With this correction 
Rnt2 C becomes close in length to all of the other predicted T. ther-
mophila Rnt2 proteins (201–235 amino acids, 22.9–27.0 kDa; Table 
1) and to RNase T2 family members in other eukaryotes (Deshpande 
and Shankar, 2002). In addition, only the corrected Rnt2 C ORF en-
codes an N-terminal signal peptide, which is present in all of the 
other T. thermophila Rnt2 ORFs (Table 1 and Figure 1) and RNase T2 
protein ORFs in other eukaryotes. Of note, despite their predicted 
signal peptides, Rnt2 proteins were not found in a recent proteomic 
study of the T. thermophila secretome (Madinger et al., 2010), sug-
gesting that they could be predominantly trafficked to a cell-internal 
compartment rather than to extracellular secretion.

Variation in isoelectric point (pI) has been associated with spe-
cific subgroups of RNase T2 proteins with distinct biological proper-
ties and roles (MacIntosh et al., 2010). Of note, Rnt2 A is predicted 
to be significantly more basic than the other T. thermophila Rnt2 
proteins, with a pI of 8.37, compared with other Rnt2 pI values 
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Expression 

profilec

Expression  
level 

maximumd

Rnt2 A 00222300 224 25.1 8.37 3 1 Y Y stat/starv/
conj

16,181

Rnt2 B 00784550 203 23.1 4.86 1 3 Y Y conj 80

Rnt2 C 00264790 235 27.0 4.88 2 5 Y Y stat/starv/
conj

1,598

Rnt2 D 00815150 213 25.4 5.67 5 9 Y N stat 77

Rnt2 E 00815180 213 25.3 5.95 9 8 Y N conj 68

Rnt2 F 00815210 213 25.2 6.06 7 12 Y N gen 47

Rnt2 
G

00444290 207 23.7 5.60 4 2 Y Y gen 42

Rnt2 H 00125450 201 22.9 5.16 6 4 Y Y gen 47
aTetrahymena Genome Database Wiki identification number.
bCalculated for mature proteins lacking the signal peptide.
cAt least double expression level in stationary phase (stat), starvation (starv), or conjugation (conj) compared with lowest level of expression, or expressed at similar 
levels across all conditions (gen).
dRelative value.

TABLE 1: Properties of the eight predicted RNase T2 paralogues in Tetrahymena (Rnt2 A–H).
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between 4.86 and 6.06 (Table 1). Alignment of the eight predicted 
Rnt2 paralogues with human RNASET2 reveals that the T. thermo-
phila Rnt2 paralogues also differ in their conservation of amino acid 
residues important for catalytic activity (Figure 1). Rnt2 A, B, C, G, 
and H conserve the RNase T2 active-site motifs (CAS I and CAS II), 
including the two histidines essential for catalysis (Irie, 1999). In con-
trast, the Rnt2 D, E, and F paralogues, which are similar in sequence 
to each other and are encoded by uninterrupted tandem genes, 
have not retained consensus CAS I and CAS II motifs. In these three 
proteins the histidines directly involved in catalysis have been re-
placed with asparagine and tyrosine (Figure 1), likely rendering 
them catalytically inactive. Nonetheless, Rnt2 D, E, and F do con-
serve the cysteines involved in two structurally critical RNase T2 dis-
ulfide bridges, 8C–9C and 11C–14C (Figure 1). In addition to the 
aforementioned cysteines, Rnt2 A, B, C, G, and H have the potential 
to form an additional disulfide bridge between 5C and 6C that is 
present in RNase T2s of plants and animals but not fungi (Irie, 
1999).

Data from microarray studies of mRNA expression in growing, 
early stationary phase, starving, and sexually conjugating cells (Miao 
et al., 2009) suggest that most RNT2 mRNAs have low abundance 
throughout the T. thermophila life cycle, with the exception of the 
mRNAs encoding Rnt2 A and Rnt2 C (Table 1). Of note, these two 
mRNAs have enhanced levels under the starvation conditions that 
induce the accumulation of tRNA halves, making them particularly 
interesting candidates for a tRNA cleavage nuclease.

Individual losses of RNT2 loci impose modest phenotypes
To study the biological function(s) of T. thermophila Rnt2 proteins, 
we targeted RNT2 loci in the expressed macronucleus for replace-

ment with a neo2 or bsr2 cassette, which confers resistance to paro-
momycin or blasticidin, respectively. Initial transformation replaces 
only a few of the 45 macronuclear gene copies with the resistance 
cassette, but continuous selection pressure yields complete re-
placement of nonessential genes (Gaertig and Kapler, 2000). The 
genes encoding Rnt2 A, B, C, G, and H were targeted individually, 
whereas the genes encoding Rnt2 D, E, and F were targeted in 
combination due to their tandem arrangement in the macronuclear 
genome.

Cells undergoing depletion of Rnt2 A showed considerable dif-
ficulties in growth during selection and were often were bigger 
than wild-type cells. To investigate whether an increased cellular 
content of DNA or RNA was linked to the increased cell size, we 
stained wild-type and RNT2 loci targeted cells with the general 
nucleic acid 4′,6-diamidino-2-phenylindole (DAPI) stain and the 
RNA-specific SYTO RNASelect stain. With SYTO RNASelect, only 
weak general staining of the cytosol was observed in any strain 
background. Of interest, DAPI staining revealed that cells undergo-
ing depletion of Rnt2 A had enlarged macronuclei that correlated 
with increased cell size (BigMac phenotype; Figure 2). DAPI stain-
ing of cells undergoing depletion of Rnt2 B instead showed an ap-
parent increase in the number of micronuclei in many of the cells 
(MultiMic phenotype; Figure 2). T. thermophila BigMac and Multi-
Mic phenotypes are consequences of aberrant or aborted cell divi-
sion, suggesting that depletion of Rnt2 A or Rnt2 B can impose a 
cell cycle defect. However, these cellular phenotypes disappeared 
over the course of ∼200–400 cell generations in cultures propa-
gated in rich growth medium.

After an interval of drug selection, cells targeted for disruption of 
RNT2 loci were then grown in rich medium without drug to allow 

FIGURE 1: Amino acid sequence alignment of T. thermophila Rnt2 family members. Absolutely conserved residues are 
indicated with black background, and residues conserved in five to eight sequences are indicated with gray background. 
The two active-site motifs CAS I and CAS II are indicated below the sequence alignment, and the two catalytic histidines 
are marked with an asterisk above. The conserved cysteines involved in disulfide bridges are also indicated above the 
sequence alignment and are numbered according to previous annotation (Irie, 1999). The N-terminal signal peptides 
predicted by SignalP are underlined.
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back-assortment of incompletely replaced loci. Individual cells were 
isolated and expanded as clonal cell lines prior to genomic DNA 
extraction. Southern blot hybridization was used to query the extent 
of replacement of macronuclear RNT2 loci with the drug resistance 
cassette (note that the micronuclear copies of the gene will not be 
replaced but are not expressed). Based on the extent of locus as-
sortment, we obtained complete macronuclear gene knockout (KO) 
strains for Rnt2 A, B, C, G, H, and the triple D–F combination. For 
most strains, at least three of the four clonal cell lines tested for 
genotype were complete KOs (Figure 3A). However, only one of 11 
clonal cell lines tested for RNT2A locus replacement was a complete 
KO, whereas the rest were partial gene copy number knockdowns 
(KDs). This is likely due to the compromised growth of cells depleted 
for Rnt2 A as noted, which resulted in fewer population doublings 
during the selection interval.

We chose to eliminate RNT2 loci in an epitope-tagged Twi12 
strain background. The Piwi-family protein Twi12 carries ∼20-nt 
tRNA 3′-end fragments specifically processed from mature tRNAs, 
unlike the Dicer-processed small RNAs carried by other T. thermo-
phila Piwi-family proteins (Couvillion et al., 2009, 2010). The use 
of this strain allowed us to isolate Twi12 RNPs by protein affinity 
purification and assess any difference in the Twi12-bound tRNA 
fragment profile. Consistent with the essential function of Twi12 
RNPs (Couvillion et al., 2010), Twi12-bound tRNA 3′ fragments ap-
peared unaffected in the RNT2 KO strains (data not shown).

Rnt2 C KO alters the size profile of starvation-induced 
tRNA halves
We examined the Rnt2 KO strains for potentially altered production 
of tRNA halves. Cells were grown in defined complete synthetic me-
dium, precluding the ingestion of exogenous tRNA or other non-
coding RNA fragments, and then transferred to starvation medium. 
No accumulation of tRNA halves was observed in growing cells of 
wild-type or KO genotype, and wild-type and all of the KO strains 
did accumulate tRNA halves following 3 h of starvation (Figure 3B). 
Curiously, the pattern of the tRNA cleavage products detected by 
Northern blot hybridization was shifted by ∼2 nt in total RNA from 
the Rnt2 C KO strain (Figure 3B, arrow). Similar results were ob-
served for cells grown in the typical rich medium containing pro-
tease peptone and yeast extract and for Rnt2 A KD cells, with almost 

exclusively the BigMac phenotype, as well as the Rnt2 A KO cells, 
passaged over more generations (Figure 3C).

Double-KO strains accumulate high levels of starvation-
induced tRNA and rRNA fragments
To investigate functional redundancy among the T. thermophila 
Rnt2 proteins, we generated strains with double-gene KOs that 
eliminated each pairwise combination of the three Rnt2 proteins 
that are most homologous to yeast Rny1p, clearly expressed as 
mRNA, and predicted to be catalytically active (Table 1; Rnt2 AC, 
BA, and BC KO strains). The second, sequentially targeted RNT2 
locus was sometimes completely and sometimes partially assorted 
in the clonal cell lines produced, as described for the initial locus KO 
(Figure 4A). This demonstrates that despite some compromise of 
cell growth rate during selection, pairwise combinations of 
T. thermophila Rnt2 A, B, and C proteins can be eliminated without 
loss of strain viability.

We purified total RNA from growing and starving Rnt2 double-
KO strains, as well as from control cell cultures. SYBR Gold staining 
revealed no obvious difference in the RNA profiles of growing cells, 
but in starving cells a heterogeneous smear of RNA fragments was 
much more prominent in the total RNA of each double-KO strain 
compared with wild-type (Figure 4B, left). Northern blot hybridiza-
tion with probes complementary to several different tRNAs con-
firmed a dramatic increase in tRNA fragments in all of the double-
KO strains and for Rnt2 BC KO cells in particular (Figure 4B). Cells of 
each double-KO genotype had a distinct tRNA fragment pattern 
reproducible across two independently selected clonal cell lines of 
each double-KO genotype (Figure 4B, shown as two sets of the 
three double-KO genotypes). It is striking that the tRNA fragments 
that accumulated in each double-KO strain were predominantly 
larger than the wild-type tRNA halves for both the tRNA 5′ and 3′ 
pieces (Figure 4B, see labels under each Northern blot). The com-
bined longer 5′ and 3′ fragment lengths approach the length of a 
mature tRNA, as if the fragments that accumulate in wild-type cells 
have been trimmed of the single-stranded portions of the anticodon 
loop, whereas in the double-KO cells fewer nucleotides have been 
removed after an initial endonuclease cleavage event.

RNA fragments detected by SYBR Gold staining in the Rnt2 
double-KO starved cells (Figure 4B, left) include a prominent distri-
bution of ∼35- to 40-nt RNAs matching the migration of the over-
sized tRNA halves. In addition, RNA fragments extend to well above 
the maximum size of intact tRNAs, suggesting that tRNA degrada-
tion does not account for the entire increase in RNA fragments in 
the double-KO starved cells compared with wild type. We therefore 
tested whether fragments from other structured noncoding RNAs 
could be detected, using Northern blot probes complementary to 
5S and 5.8S rRNAs and other functional noncoding RNAs (Figure 
4C). Fragments from the RNA Pol III–transcribed 5S and RNA Pol I–
transcribed 5.8S rRNAs accumulated specifically in starved cells, 
dependent on the double-KO genotype. Fragments from 5S rRNA 
were particularly evident in total RNA from Rnt2 BC KO cells, and a 
distinct pattern of 5.8S rRNA fragments was produced in Rnt2 BC 
KO cells compared with Rnt2 AC or BA KO cells (Figure 4C, see la-
bels under each Northern blot). In comparison, more limited if any 
accumulation of fragments from the predominantly cytoplasmic sig-
nal recognition particle (SRP) RNA, the nuclear U6 RNA, or the nu-
cleolar TtnuCD32 RNA were detected (Figure 4C, right). We con-
clude that Rnt2 AC, BA, and BC double-KO strains overaccumulate 
both tRNA and rRNA fragments, suggesting that the T. thermophila 
RNase T2 enzymes have starvation-induced roles in turnover of the 
RNA machinery for protein translation.

FIGURE 2: Cellular phenotypes associated with Rnt2 depletion. DAPI 
staining of macronuclei and micronuclei in wild-type CU522 compared 
with Rnt2 A KD or Rnt2 B KO cells with BigMac or MultiMic pheno-
types, respectively (arrows). Scale bars, 20 μm.
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Of note, following ∼500 cell generations of culture growth, the 
severity of the Rnt2 double-KO strain phenotypes abated. The only 
persistent molecular phenotype was a shift from wild-type sized 
tRNA halves to slightly larger tRNA halves in Rnt2 AC and BC KO 
cells, reflecting the phenotype persistent in cells with Rnt2 C KO 
alone (Figure 3, B and C). Southern blot hybridization confirmed 
that this reduced phenotypic severity was not accompanied by gen-
otype reversal (data not shown). Thus it seems as if T. thermophila 
adapts to the loss of Rnt2 A and Rnt2 B by bypassing the induction 
of RNA degradation, by up-regulating other RNA degradation path-
ways, and/or by trafficking RNA fragments to extracellular secretion 
rather than intracellular retention. A large number of possible ge-
netic and epigenetic changes could underlie this adaptation.

Growth arrest culture conditions 
induce the production of tRNA halves
The accumulation of T. thermophila tRNA 
halves was detected originally (Lee and Col-
lins, 2005) and in the work described here as 
a consequence of shifting growing cells to 
nutrient starvation. Data from genome-wide 
microarray analysis of mRNA expression 
(Miao et al., 2009) suggest that Rnt2 A and 
Rnt2 C mRNA levels increase in stationary 
phase as well as in starvation. Therefore, if 
these nucleases are generally involved in 
tRNA (fragment) turnover, we would predict 
that tRNA halves accumulate transiently in 
wild-type cells in stationary phase as well as 
starvation. Total RNA was prepared from 
wild-type cells in starvation, stationary 
phase, and also mild or severe heat shock or 
cold shock. All of these stress conditions are 
physiologically relevant for a free-living, 
pond-dwelling, single-celled organism such 
as Tetrahymena. As expected, tRNA halves 
were not detectable in rapidly dividing cells 
in log-phase growth but accumulated at 
readily detectable levels within the first 6 h 
of starvation (Figure 5). If growing cells were 
allowed to reach maximum density and then 
kept shaking for an additional 16–18 h of 
stationary-phase culture, tRNA halves did 
indeed accumulate to a similar level as in 
starved cells (Figure 5, Stat. phase).

T. thermophila cells are routinely grown 
in the laboratory at a favorable temperature 
of 30°C. Slight expression of heat shock fac-
tors is observed when growth temperatures 
are raised or lowered within the range of 25 
or 37°C, but a more drastic cold-shock or 
heat-shock response ensues at a tempera-
ture of 15 or 40°C, respectively. We ob-
served no tRNA fragment accumulation with 
even severe heat shock, but following se-
vere cold shock tRNA halves did accumulate 
(Figure 5; additional time course data not 
shown). Of interest, cells at 40°C can divide, 
whereas starving cells, stationary-phase 
cells, and cold-shocked cells kept at 15°C 
showed little if any cell division. These find-
ings suggest that tRNA halves are produced 
in response to cell growth arrest rather than 

as a more general response to stress.

Evidence for a bulk population of RNP-free tRNA halves
It remains unclear whether tRNA halves have a specific biological 
function or fortuitously accumulate as degradation intermediates, 
with tRNA turnover as the biologically significant process. To ap-
proach this question, because most noncoding RNAs function as 
RNP complexes (Hogg and Collins, 2008), we investigated tRNA 
fragment association with cellular proteins. To evaluate whether the 
tRNA halves are incorporated into RNPs, we analyzed cell extracts 
from starved cells (not shown) or cold-shocked cells (Figure 6) by 
glycerol gradient sedimentation. We were not able to detect tRNA 
halves in any fractions containing high–molecular weight complexes. 

FIGURE 3: Profiles of tRNA fragments in Rnt2 KO strains. (A) Southern blot analysis confirming 
complete replacement of macronuclear RNT2 genes with the resistance cassette neo2 or bsr2. 
Genomic DNA was digested with the indicated restriction enzymes to resolve wild-type (wt) 
from KO chromosomes as schematized above each blot. Two or three independent clonal cell 
lines are compared with wt for each RNT2 locus targeting. (B) Total RNA from control and KO 
strains grown in defined complete synthetic medium without or with transfer to starvation 
medium for a subsequent 3 h. RNA was analyzed by SYBR Gold stain (top) and by Northern blot 
hybridization with a probe against the 3′ end of tRNA Gly (bottom; only tRNA-relevant blot 
sections are shown). The positions of mature tRNA and tRNA halves are indicated. An arrow 
highlights the Rnt2 C KO lane with an altered size of tRNA halves. (C) RNA from cells grown in 
complex, rich medium NEFF with or without subsequent transfer to starvation medium. RNA 
was analyzed by Northern blot hybridization with probes against tRNA Gly 5′ and 3′ ends.
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FIGURE 4: Elevated levels of tRNA and rRNA fragments in Rnt2 double-KO strains. (A) Southern blot analysis 
confirming complete replacement of a second RNT2 locus with the bsr2 resistance cassette. Genomic DNA from 
wild-type (wt) cells and three independent double-targeted clonal cell lines was digested with appropriate restriction 
enzymes to resolve wild-type and KO chromosomes as schematized above each blot. (B) RNA harvested from growing 
cells or cells starved for 3.5 h from two independent cell lines for each Rnt2 double KO, stained with SYBR Gold (left). 
Results are shown from Northern blot hybridization to detect 5′ and 3′ fragments of tRNA Gly and tRNA Ala (right). 
(C) Northern blot hybridization analysis of RNA as earlier described. Results from probes complementary to 5S rRNA, 
5.8S rRNA, SRP RNA, small nuclear RNA U6, and small nucleolar RNATtnuCD32 are shown.
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FIGURE 5: Accumulation levels of tRNA fragments compared across 
culture conditions. The accumulation of 5′ (top) and 3′ (bottom) tRNA 
Gly fragments upon various stresses: starvation, stationary phase, 
mild or severe cold shock (CS), and mild or severe heat shock (HS). 
The positions of mature tRNAs, tRNA halves, and tRNA quarters, as 
well as RNA size markers, are indicated.

Instead, the tRNA halves sedimented with free tRNAs in the gradi-
ent top fractions. As an important control, the ∼20-nt tRNA 3′-end 
fragments bound to Twi12 did demonstrate a sedimentation profile 
slightly shifted from free tRNA (Figure 6, bottom), consistent with 
their biological stabilization in the form of Twi12 RNP (Couvillion 
et al., 2010). These results suggest that the bulk population of tRNA 
halves is present as free RNA rather than RNP.

DISCUSSION
We identified eight RNase T2 homologues in T. thermophila, an 
expansion from the one or sometimes two encoded in animal and 
yeast genomes and comparable to the number of family members 
characterized in plant species. Subgroups of the plant RNase T2 
proteins have distinct biological functions, which could be the case 
for ciliate Rnt2 proteins as well. Biochemical assays have suggested 
at least three distinct Tetrahymena RNase T2 enzyme activities 
(Maouri and Georgatsos, 1987; McKee and Prescott, 1991). Our 
work supports the physiological function of at least three T. thermo-
phila Rnt2 proteins: Rnt2 A, B, and C. For these three paralogues, 
each single-gene KO produced a cellular or molecular phenotype 
and each double-KO combination was strongly synthetic in pheno-
type. On the other hand, any biological function(s) of the three 
T. thermophila Rnt2 paralogues predicted to lack catalytic activity 
remain a mystery: even the triple-KO elimination of Rnt2 D, E, and F 
had no cellular or molecular phenotype that we could detect across 
the various assays described.

Formation of tRNA halves by cleavage(s) in the anticodon loop 
region may be a conserved outcome of eukaryotic cell exposure to 
certain stresses (Thompson and Parker, 2009b). In T. thermophila it 

FIGURE 6: Evidence for an RNP-free state of tRNA halves in cell 
extract. RNA was harvested from every second fraction of a glycerol 
gradient fractioning cell extract from cold-shocked cells. SYBR 
Gold–stained RNA (top) and Northern blot hybridization of the same 
RNA transferred to a membrane (bottom) probed with an 
oligonucleotide complementary to the tRNA Gly 3′ end are shown. 
Size markers and tRNA species are indicated.

was demonstrated that deprivation of even a single essential amino 
acid was sufficient to induce tRNA half accumulation (Lee and 
Collins, 2005). We expanded the previous study by showing that 
stationary-phase and cold-shocked but not heat-shocked cells ac-
cumulate tRNA halves, with induction of tRNA fragment accumula-
tion correlated with conditions that arrest cell growth and division. 
However, because cycloheximide treatment abolished the starva-
tion-induced formation of tRNA halves (Lee and Collins, 2005), 
growth arrest is not sufficient to induce tRNA halves in the absence 
of translation. Synthesis of Rnt2 A and Rnt2 C could account at least 
in part for this translation requirement, as their mRNA levels increase 
after the onset of starvation.

Of note, no single Rnt2 KO abolished tRNA half accumulation. 
Rnt2 C KO did affect the size of the accumulating tRNA fragments. 
In addition, KO combinations of Rnt2 A, B, and C produced tRNA 
fragments with slower gel mobility and much greater accumulation 
than the wild-type-sized tRNA halves. Double-KO-strain pheno-
types indicate that Rnt2 A, B, and C are at least partly redundant 
in biological function. Nonetheless, because each Rnt2 double 
KO had a distinct pattern of tRNA fragment accumulation, the 
substrate specificities of each enzyme may differ. Technical 
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challenges in the complete macronuclear locus assortment of a 
third selectable marker make the construction of a triple-targeted 
KO strain beyond the scope of the present study. We speculate 
that a strain with quintuple KO of all five T. thermophila Rnt2 par-
alogues predicted to be catalytically active would show decreased 
rather than increased accumulation of tRNA halves, due to the lack 
of any starvation-induced tRNA anticodon-region endonucleolytic 
cleavage activity.

Zebrafish and plant RNase T2 enzymes have been proposed to 
function within an intracellular compartment, acting selectively on 
rRNAs targeted for ribophagy (Haud et al., 2011; Hillwig et al., 
2011). Yeast Rny1p could also have this role, since ribophagy in 
yeast degrades ribosomes targeted to the vacuole (Kraft et al., 
2008). T. thermophila Rnt2 enzymes could serve this role as well, 
based on the observed increase in accumulation of 5S and 5.8S 
rRNA fragments in Rnt2 double-KO strains. As one model, tRNAs 
could be degraded as part of the ribophagy pathway. Alternatively, 
because multiple autophagy pathways have been distinguished in 
eukaryotic cells (Beau et al., 2008), a tRNA-specific recycling path-
way could operate in parallel to ribophagy. As a further alternative, 
because yeast Rny1p is proposed to cleave tRNAs in the cytoplasm 
after stress-enabled escape from the vacuole (Thompson and Parker, 
2009a), T. thermophila tRNA halves and/or rRNA fragments could 
be generated without their encapsulation within a membrane-
bound compartment. We favor the hypothesis that tRNA turnover 
occurs subsequent to targeting of these RNAs, or tRNA-containing 
RNP complexes, for destruction by autophagy. Cytological studies 
decades ago described the starvation-induced appearance of 
Tetrahymena autophagosomes with kinetics that can account for 
the appearance of tRNA halves (Nilsson, 1984; Lee and Collins, 
2005). Combining these results and others described here, it seems 
likely that T. thermophila Rnt2 enzymes play a role in rRNA and 
tRNA turnover by acting in autophagy pathway(s) that preferentially 
recycle idle protein translation machinery.

MATERIALS AND METHODS
Sequence analysis
The search for angiogenin and RNase T2 homologues in the 
T. thermophila macronuclear genome was done using the Tetrahy-
mena Genome Database Wiki. Sequence searching was done by 
BLASTP with human angiogenin (AAA51678.1), human RNASET2 
(NP_003721.2), yeast Rny1p (NP_015202.1), and zebrafish Dre1a 
and Dre2 (ACK38069.1, ACK38071.1). Isoelectric point and mo-
lecular mass were determined using ExPASy proteomic tools. Sig-
nal peptides were predicted using SignalP (Bendtsen et al., 2004) 
with default settings. Multiple alignment was carried out using T-
Coffee (Notredame et al., 2000) with default settings.

Strains and cell culture
Clonal KO cell lines were made in strain MZZFT12L, which has a 
transgene-encoded, epitope-tagged Twi12 protein under expres-
sion control of the MTT1 promoter at the BTU1 locus in CU522 
strain background. Cells were grown shaking at 30°C in NEFF (0.25% 
proteose peptone, 0.25% yeast extract, 0.5% glucose, 30 μM FeCl3), 
SUPP (2% Proteose Peptone, 0.2% yeast extract, 0.2% glucose, 
30 μM FeCl3), or defined synthetic complete medium (Szablewski 
et al., 1991) and starved by washing cells twice before resuspending 
in 10 mM Tris (pH 7.5). For heat shock and cold shock, cells were 
harvested, resuspended in an equal volume of preheated/precooled 
NEFF medium and incubated at the desired temperature. For sta-
tionary phase, cells were cultured 16–18 h after reaching maximum 
density ([1–3] × 106 cells/ml).

Gene disruption constructs and transformation
Strains with single-locus disruptions of Rnt2 A, B, or C or the triple KO 
of Rnt2 D, E, and F were made by targeted replacement of the RNT2 
ORFs by the neo2 paromomycin resistance cassette (Gaertig et al., 
1994). Similarly, locus disruptions to eliminate Rnt2 G or H or the sec-
ond gene KO to generate Rnt2 AC, BA, and BC double-KO strains 
were obtained by targeted replacement of RNT2 ORFs with the bsr2 
blasticidin S resistance cassette (Brown et al., 1999; Mary Couvillion, 
University of California, Berkeley, unpublished data). PCR primers to 
amplify and clone genomic sequences are listed in Supplemental Ta-
ble S1. Transformed cells were selected for maximal locus assortment 
to the recombinant chromosome using paromomycin or blasticidin S. 
Cells were then isolated to obtain clonal cell lines, and KD or KO was 
determined by Southern blot hybridization as follows: 2 ml of cell 
culture was harvested and the cell pellet lysed by resuspending in 
250 μl of lysis buffer (10 mM Tris-HCl, pH 9.5, 0.5 M EDTA, 1% SDS). 
Then 500 μl of water was added, and the lysed cells were incu-
bated at 60°C for 2–4 h before cooling to room temperature and 
proteinase K treatment (50 μg/ml) at 37°C overnight. Following 
phenol:chloroform:isoamyl alcohol 25:24:1 (PCI) extraction and iso-
propanol precipitation, the genomic DNA was RNase A treated 
(100 μg/ml) for 2 h at 37°C, reextracted, and precipitated. The DNA 
was subsequently digested with an appropriate restriction enzyme to 
resolve wild-type from KO chromosomes (Figures 3A and 4A), PCI 
extracted, and precipitated. About 5–10 μg DNA was resolved on a 
0.7% agarose gel and transferred to a Hybond-N+ membrane 
(GE Healthcare, Piscataway, NJ). The membrane was hybridized with 
a 32P-labeled probe made by random priming with hexamers using 
either the 5′ or 3′ flanking genomic region of the KO construct as 
template.

RNA purification, fractionation, and detection
Total RNA was isolated from cells using TRIzol (Invitrogen, Carls-
bad, CA). SYBR Gold (Molecular Probes, Invitrogen) was used to 
visualize RNA following separation by denaturing 12–15% acryl-
amide–urea 0.6× Tris borate–EDTA gels. To detect specific RNAs 
by Northern blot hybridization, RNA was transferred to Hybond 
N+ membranes and hybridized to an appropriate 5′ end–radiola-
beled DNA oligonucleotide in Denhardt’s hybridization buffer 
(4× Denhardt’s, 6× standard saline citrate, 0.1% SDS). For tRNA 
detection, complementary 20- to 22-nt oligonucleotides with an 
endpoint at the mature tRNA 5′ or 3′ end (excluding the 3′ CCA) 
were used (oligonucleotides are listed in Supplemental Table S1). 
For cell extract sedimentation through an 11-ml 15–45% glycerol 
gradient, cells were lysed by rotating for 10 min at 4°C in 20 mM 
Tris (pH 7.5), 5 mM MgCl2, 200 mM NaCl, and 10% glycerol 
supplemented with 0.2% NP40, 0.1% Triton X-100, 0.1 mM 
phenylmethylsulfonyl fluoride, and 10 mM β-mercaptoethanol. 
Cell lysate was cleared by centrifuging at 14,000 × g for 10 min 
and loaded onto the gradient. Sedimentation was done for 16–
18 h at 197,000 × g at 4°C. RNA from fractions was purified by PCI, 
precipitated, and resolved by denaturing acrylamide gel.

Microscopy
For live-cell microscopy, cells from 1 ml of culture were washed once 
in 10 mM Tris (pH 7.5), resuspended in a small volume, and mounted 
in 2% low-melt agarose in 10 mM Tris (pH 7.5) for immobilization. 
For DAPI staining, cells were fixed for 1 h at room temperature in 2% 
paraformaldehyde in PHEM buffer (60 mM 1,4-piperazinediethane-
sulfonic acid, pH 6.9, 25 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, 10 mM ethylene glycol tetraacetic acid [EGTA], 2 mM 
MgCl2), washed in modified phosphate-buffered saline (PBS; 
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