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ABSTRACT

Sensing of environmental cues is crucial for cell
survival. To adapt to changes in their surroundings
cells need to tightly control the repertoire of genes
expressed at any time. Regulation of translation is
key, especially in organisms in which transcription
is hardly controlled, like Trypanosoma brucei. In this
study, we describe the shortening of the bulk of the
cellular tRNAs during stress at the expense of the
conserved 3’ CCA-tail. This tRNA shortening is spe-
cific for nutritional stress and renders tRNAs unsuit-
able substrates for translation. We uncovered the nu-
clease LCCR4 (Tb927.4.2430), a homologue of the
conserved deadenylase Ccr4, as being responsible
for tRNA trimming. Once optimal growth conditions
are restored tRNAs are rapidly repaired by the try-
panosome tRNA nucleotidyltransferase thus render-
ing the recycled tRNAs amenable for translation. This
mechanism represents a fast and efficient way to re-
press translation during stress, allowing quick reac-
tivation with a low energy input.

INTRODUCTION

Organisms are constantly subjected to environmental chal-
lenges to which they need to adequately adapt. To do that
they have to adjust the repertoire of genes that are expressed
at any given time. When these environmental changes hap-
pen slowly the cell can gradually adapt but sudden changes
in growth conditions or the encounter of specific stress sit-
uations require a more immediate response. Examples for
the latter are faced by organisms that transit through differ-
ent hosts during their life cycle like the parasitic protozoon
Trypanosoma brucei. This parasite lives in the bloodstream
of mammalian hosts, where it feeds on glucose, has to evade
a mammalian immune response and experiences a constant
temperature of 37°C. The living conditions change drasti-
cally inside the tsetse fly (the insect vector), where 7. brucei

uses amino acids as energy source and experiences fluctua-
tions in the growth temperature (1).

Most organisms are able to modulate gene expression
by regulating the transcription of individual genes (2). Try-
panosomes though face a special challenge as all their genes
are organized in long polycistronic units and transcribed as
pre-mRNAs that are processed by coupled trans-splicing
and polyadenylation (3). Therefore they rely mainly on
posttranscriptional mechanisms to control gene expression
(reviewed in 4). A crucial step in gene expression is trans-
lation, in which the ribosome decodes the information con-
tained in the mRNA to drive the synthesis of proteins. Im-
portant players in this process are tRNAs, small non-coding
RNA molecules that serve as adaptors for translation (5).
tRNAs are highly conserved molecules that have a very
defined secondary and tertiary structure (6). Even though
individual tRNA species that are able to decode specific
mRNA codons have different primary as well as secondary
structures, they all adopt a characteristic L-shaped three-
dimensional architecture capable of binding to and transit-
ing through the three tRNA binding sites on the ribosome.
While the anticodon loop on one end of the L-shaped tRNA
molecule pairs with the mRNA codon the acceptor stem
on the other contains the universally conserved CCA-tail
that serves as platform for amino acid attachment. Because
translation is one of the most energy consuming processes
in the cell, many strategies have evolved to inhibit global
translation during stress conditions thus preserving crucial
cellular energy resources (recently reviewed in 7). Among
them the sequestration of mRNAs and ribosomal subunits
in stress granules and the inhibition of cap-dependent trans-
lation initiation by phosphorylation of elF2a are the most
widely studied and thus best understood ones. In the last
years also the direct deactivation of tRNAs by removal of
the CCA-tail has been reported in mammalian cells exposed
to oxidative stress (8,9). Although in vitro data analysis in-
dicated that angiogenin was involved in CCA-tail removal
a recent study suggests that this is not the case in vivo (DOI
10.1101/811174). Therefore, the identity of the involved nu-
clease(s) and its regulation remain unknown.
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tRNAs are transcribed as precursors containing exten-
sions at both ends that need to be processed. The 5 exten-
sion is removed by the conserved activity of RNaseP (10),
while the 3’ trailer can be removed by different RNases,
the main one in eukaryotes being RNaseZ (11). Upon re-
moval of the 3’ trailer terminal nucleotidyl transferases (also
known as CCA-adding enzymes) add the non-templated
CCA-tail to all eukaryal tRNAs (12,13). In most bacteria
tRNA genes already encode the CCA-tails and therefore
these enzymes are only involved in repairing damaged tR-
NAs (14).

Here, we report the 3’ CCA shortening of the bulk of the
tRNAs in T, brucei parasites exposed to nutritional stress.
This shortening is due to the trimming of the conserved 3’
CCA-tail, which renders tRNAs unsuitable substrates for
translation. Depending on the tRNA the CCA-tail can be
trimmed in two consecutive steps resulting in the complete
removal of the trinucleotide tail. In this study, we revealed
LCCR4 (Tb927.4.2430), the homologue of the conserved
deadenylase Ccr4, to be responsible for the observed tRNA
3’ trimming in T brucei. Once normal growth conditions
are restored the shortened tRNAs are rapidly repaired by
the CCA-adding enzyme thus converting them again into
vital substrates for a productive translation machinery.

MATERIALS AND METHODS
Cell lines and culture

Trypanosoma brucei Lister 427 wild-type, 29-13 or NYSM
(New York single markers) cell lines were used in all exper-
iments. Procyclic stage Lister 427 wild-type and 29-13 cells
were grown at 27°C in SDM-79 media containing 5% or
10% Fetal bovine serum (FBS), respectively. Exponentially
growing 7. brucei cells were harvested at a density of 10—
20 x 106 cells per ml, whereas T, brucei cells in stationary
phase were harvested at a density of 60-70 x 10° cells/ml.
Stress conditions included heat shock, cold shock and nu-
tritional stress. For heat shock, exponentially growing cells
were pelleted and resuspended in 41°C SDM-79 containing
5% FCS followed by incubation for 30 min at 41°C. For cold
shock, exponentially growing cells were harvested as men-
tioned before and resuspended in 13°C SDM-79 contain-
ing 5% FCS and incubated for 30 min at the same tempera-
ture. In the case of nutritional stress, exponentially growing
T. brucei cells were centrifuged, washed in chilled 1x PBS
(phosphate buffered saline) and resuspended in pre-warmed
1x PBS at 27°C. After 2 h of nutritional stress, 7. brucei cells
were harvested.

The bloodstream form of 70 brucei strain NYSM was cul-
tured in HMI-9 supplemented with 10% FBS at 37°C/5%
CO,. Exponentially growing cells of the 7. brucei blood-
stream form were harvested at a density of 10° cells per ml
and nutritional stress was applied by growing the cells for 1
hin 1x PBS.

Northern blot analysis

For northern blot analysis 5-20 g of total RNA extracted
using the TRI Reagent (Zymo Research) according to the
manufacturer’s instructions was mixed with RNA loading
buffer and separated in denaturing polyacrylamide gels (7

M urea, 1 x TBE and 8 or 12% polyacrylamide, depending
on the resolution required). Afterwards RNA was blotted
to nylon membranes (Amershan Hybond N+, GE Health-
care) and hybridized as described (15). The sequences of the
oligonucleotides used are described in Supplementary Table
SI.

Western blot analysis

For western blot analysis total cell lysates or fractions ob-
tained during affinity purification were separated in 10%
SDS-PAGE gels.

To investigate the levels of CCA-adding enzyme (CAE)
during exponential growth or upon stress cells were pel-
leted, washed with 1x PBS and cell pellets directly resus-
pended in Laemmli buffer. The corresponding volume to 2
x 10° cells was run per lane. For analysis of affinity purifica-
tions fractions the corresponding to 2-3 x 10° cells of input
lysates and flow-through fractions and 2 x 107 cells of final
beads were run per lane. Gels were transferred onto a nitro-
cellulose membrane (Amersham Biosciences) and blocked
for I h in 1x PBS/0.1% Tween-20 containing 5% nonfat
milk. The membranes were incubated with mouse anti-HA
antibody (1:5000, Covane) at 4°C overnight, washed (3 x
10 min each with 1 x PBS/0.1% Tween-20) and horseradish
peroxidase-conjugated secondary antibodies were added
(1:3000; Roche). The membranes were washed as before and
results were visualized using an enhanced chemilumines-
cence SuperSignal West Femto Maximum Sensitivity Sub-
strate (ThermoFisher Scientific). As loading control EF1A
was detected as before using specific antibodies (1:10 000,
Santa Cruz).

Constructs for protein tagging and RNAi

Tetracycline-inducible expression of C-terminally HA-
tagged LCCR4 (Tb927.4.2430) and CAF1 (Tb927.6.600)
was done using pLew100-derived constructs carrying the
puromycin resistance marker and three copies of the HA
epitope (16,17). The complete LCCR4 ORF was ampli-
fied using oligos 133 and 139, while the complete CAF1
ORF was amplified with oligos 143 and 144. The constructs
were transfected in 427-derived cells expressing the T7 RNA
polymerase and the Tet repressor from a stably integrated
plasmid.

For N-terminal in situ tagging of the CCA-adding en-
zyme (Tb927.9.8780) the most 5’ 356 nt of the ORF were
amplified using oligos 40 and 41 and cloned in frame down-
stream of a single HA epitope in vector pPPURO-HA con-
taining a Puromycin resistance cassette (18). The final con-
struct was digested using EcoRV and transfected into 29-13
procyclic T. brucei cells. Homologous recombination results
in tagging one allele of the CCA-adding enzyme.

Generation of the cell lines allowing inducible expression
of the tagged tRNAC" and RNAI of the CCA-adding en-
zyme have been previously described (19,20).

All RNAI cell lines were stem-loop constructs based on
pLew100 carrying the blasticidin resistance gene (16,17).
For the LCCR4 RNAI construct the region comprising
bases 731 to 1235 were amplified using oligonucleotides 99
and 100 and used as RNAI target, while for CAF1 RNAi
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the region between bases 416 to 914 were targeted by using
oligos 151 and 152.

To generate the LCCR4 N454A mutant codon AAC was
changed to GCC by overlap extension PCR. For that pur-
pose amplification was done using genomic DNA as tem-
plate and primer pairs 133/166 and 139/165. The products
of both PCRs were purified, combined and reamplified us-
ing oligos 133/139.

Pulse chase of endogenous RNA using 3*P-UTP

For labelling of endogenous RNA molecules cells were
grown in SDM-79 media containing 3 mCi/ml of &’*P-UTP
(6000 Ci/mmol) and let grow for 2 days. After this time cells
were washed with normal media and resuspended in media
containing a 1000-fold excess of cold UTP (277 nM). After 2
h of incubation a sample was taken and the rest was stressed
by incubation in 1 x PBS for 2 h. Another sample was taken
and remaining cells were recovered in normal media con-
taining an excess of cold UTP (277 nM) for 2 h. Cells were
harvested, RNA was extracted from all samples and sepa-
rated in a 8% polyacrylamide/urea gel. After drying, the gel
was exposed to a phosphorimager screen that was scanned
using a Typhoon system.

Production of tRNAY¥ transcripts

To generate the different tRNAY2 jn vitro the gene was
first amplified from genomic DNA using forward oligonu-
cleotide 43 in combination with reverse oligonucleotide 51
(no CCA tail), 124 (CC tail) or 45 (complete CCA tail).
The clean PCR products were used as template for in vitro
transcription as described in (21). For 5’ radiolabeling the
tRNA containing the CCA tail was dephosphorylated us-
ing alkaline phosphatase and finally phosphorylated using
polynucleotide kinase and y*?P-ATP. The presence of dou-
ble bands in polyacrylamide gels (Supplementary Figure
S4A) is most probably due to the untemplated addition of
nucleotides by the T7 RNA polymerase at the 3’ termini as
reported previously (22,23).

In vitro tRNA cleavage

To test tRNA cleavage activity in total cell lysates 1-2 x
10° cells growing exponentially or subjected to nutritional
stress were harvested and frozen in liquid nitrogen. After
thawing on ice cell pellets were resuspended in 1ml of ribo-
some buffer A (20 mM Tris pH 7.6, 120 mM KCI, 2 mM
MgCl) and frozen and thawed as before. Cells were passed
10 times through a G25 needle, 10 times through a G27 nee-
dle and finally cell debris removed by centrifugation at max-
imal speed for 15 min.

The volume corresponding to 3 x 107 cells was incu-
bated with the 5’ radiolabeled tRNAY2 (15 000-20 000
cpm) at 30°C for the indicated times and finally the RNA
was extracted using phenol/chloroform and ethanol pre-
cipitated. The RNA samples were then separated on 8%
polyacrylamide/urea gels, dried and exposed to phospho-
rimager screens for detection.

For RNase inhibition tests in vitro cleavage reactions were
supplemented with 80 U of Ribolock (ThermoFischer Sci-
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entific), 80 U of Protector (Roche) or 20 mM ribonucleoside
vanadyl complex (RVC) and processed as described above.

Purification and in vitro activity of the CCA-adding enzyme

Cells were grown either under exponential or stress con-
ditions, harvested, washed with 1x PBS and resuspended
in lysis buffer (20 mM Tris pH 7.7, 3 mM MgCl,, 0.1%
NP40, 1 mM DTT and 20 mM KCIl) containing protease
inhibitors (Roche) at a density of 10° cells/ml of lysis buffer.
After 5 min incubation on ice KCl was added to a final
concentration of 150 mM, the lysate was cleared by cen-
trifugation for 15 min at maximal speed and then incubated
with pre-washed anti HA beads (Roche). After 2 h of ro-
tation the beads were washed with lysis buffer containing
150 mM KCI, then with the same buffer containing 500
mM KCI and finally washed and equilibrated with CCA-
adding enzyme reaction buffer (30 mM HEPES/KOH, pH
7.6, 6 mM MgCly, 30 mM KCI and 2 mM DTT). To de-
termine the amount of bead-bound protein to be used in
the reaction a fraction of the beads was boiled in Laemmli
buffer and tested by western blot using anti HA antibod-
ies as described. The volume of beads containing the same
amounts of CCA-adding enzyme from exponentially or
stressed cells was incubated with 700 ng of gel extracted to-
tal tRNAs (app. 30 pmol) from stressed cells as substrate
and 50 pmol of CTP supplemented with 5 wCi of o *?P-
CTP in a total volume of 20 wl in CCA-adding enzyme re-
action buffer. Reactions were incubated at 30°C and after
the indicated times the reactions were stopped by addition
of phenol/chloroform. Finally, RNA was precipitated us-
ing ethanol, resuspended in RNA loading buffer, separated
on polyacrylamide/urea gels, dried, exposed to phospho-
rimager screens and imaged.

RIP

Cells expressing HA-tagged LCCR4 were induced for 3
days and allowed to grow exponentially or stressed. For
crosslinking paraformaldehyde was added to the cells to a
final concentration of 0.1% and incubated 8 min at 27°C
with shaking. Finally, glycine was added to 125 mM, cells
were incubated for 5 min and harvested. Cell pellets were
resuspended in buffer containing 20 mM Tris—-HCI pH 7.7,
140 mM, 1.8 mM MgCl,, 0.1% NP40, 10% glycerol, 1 mM
DTT, protease inhibitor (Roche) and 2 mM ribonucleoside
vanadyl complex (RVC) and lysed by sonicaton. Cell debris
was removed by centrifugation and HA-tagged LCCR4 pu-
rified on anti HA beads as described. After washing the
beads were treated with RNase-free DNasel for 10 min
on ice followed by de-crosslinking in buffer containing 20
mM Tris-HCl pH7.7, 5 mM EDTA, 50 mM NaCl and
0.1% SDS and proteins degraded by treatment with pro-
teinase K (50 pg/ml) at 70°C for 40 min. Before proteolytic
treatment samples were taken for western blot to assess the
success of the purification. RNA was finally isolated using
phenol/chloroform, ethanol precipitated and resuspended
in water. RNA (800 ng for input and flow through and 50
ng for final sample from LCCR4 from exponential grow-
ing cells and the sample equivalents for the rest) were re-
verse transcribed using Superscript IV (ThermoFischer Sci-
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entific) following the manufacturer’s instructions using oli-
gos specific for tRNAY2 and M6 rRNA (51 and 39 re-
spectively). Finally, 2 wl of the reverse transcription reac-
tion were used as template for PCR (using oligos 51/43 for
tRNAY¥ and 39/153 for M6 rRNA).

In vitro cleavage activity of LCCR4

Cells that allow overexpression of LCCR4 carrying a C-
terminal HA tag were induced or left untreated for 2 days.
After this, they were either stressed by incubation on 1x
PBS for 2 h or grown exponentially. Cells were then lysed
and the tagged LCCR4 purified as for the CCA-adding en-
zyme. To test its activity the beads containing the LCCR4
enzyme still attached were washed with ribosome buffer A,
resuspended in the same buffer and small aliquots incu-
bated with 5 g of total RNA purified either from exponen-
tially growing cells or from LCCR4 RNAI cells that were
induced for 2 days and stressed. Reactions were incubated
at 30°C and after the indicated time points beads were re-
moved by centrifugation. Finally, RNA was extracted us-
ing phenol/chloroform, precipitated, resuspended in RNA
loading buffer, separated on 12% polyacrylamide/urea gels,
and analyzed by northern blot.

Aminoacylation

To generate S100 fractions cell lysates from exponentially
growing or nutritionally stressed cells were prepared as for
in vitro tRNA cleavage in ribosome buffer A containing 20
mM RVC. The volume of lysate corresponding to 1.5 x 10°
cells (~500 pl) was loaded onto 800 wl of a 1.1 M sucrose
cushion prepared on ribosome buffer A and centrifuged for
2.5h at 200 000 x g and 4°C. The supernatant corresponds
to S100 fractions. Aminoacylation reactions were prepared
in aminoacylation buffer (50 mM HEPES pH 7.5, | mM
DTT, 0.5 mM EDTA, 10 mM KCI, 10 mM Mg acetate
and 4 mM ATP) containing 0.4 mM '“C labeled arginine
(L-arginine, ['*C(U)], 312 mCi/mmol) and 5 pl of S100.
After 30 min incubation at 30°C samples were put on a
glass fiber filter and sequentially washed for 5 min with 10%
trichloroacetic acid (TCA), 2 min with 5% TCA and 2 min
with ethanol. Filters were air dried, mixed with scintillation
liquid and the radioactive signal counted in a scintillation
counter.

Metabolic labeling of proteins

Analysis of in vivo translation was done as described before
(15). Briefly, cells (107 /ml) were grown in SDM-79 media
supplemented with 3°S-methionine (2 pl/ml of cell culture).
After incubation for the indicated times at 27°C cells were
washed with 1x PBS and resuspended in Laemmli buffer
for PAGE analyses.

RESULTS
Nutritional stress causes shortening of most tRNAs

Our recent studies have shown that in 7. brucei tRNA frag-
ments accumulate upon cellular stress (15). This observa-
tion was made by analyzing cDNA libraries encoding small

RNAs associated with ribosomes. In these libraries, though,
we were unable to detect any full length tRNA, a common
phenomenon mainly due to the fact that tRNAs are highly
structured and post-transcriptionally modified and there-
fore not susceptible to efficient reverse transcription (24).
To study whether stress also causes other alterations to full
length tRNAs we performed comprehensive northern blot
analyses using probes that allow the detection of as many
tRNA isoacceptors as possible. Many of the tRNAs an-
alyzed showed a faster migration in denaturing polyacry-
lamide gels in samples isolated from cells exposed to nu-
tritional stress (Figure 1A). This effect was not only de-
tected in the procyclic stage of 7. brucei but also when the
bloodstream form of the parasites was exposed to nutri-
tional stress, suggesting a central underlying mechanism
in both life stages (Supplementary Figure S1A). To test if
this faster migration was due to a shortening of the tR-
NAs we performed 3" RACE analyses and investigated one
of the most affected tRNAs, tRNAY2. Our results indi-
cate that the faster migration is due to the shortening of
the tRNAs at the 3’ end, therefore affecting the universally
conserved CCA-tail. It is worth mentioning that although
the tRNAT" seems to behave differently upon nutritional
stress this is only due to an aberrant faster migration of the
tRNA containing the full CCA-tail, as previously described
in (15). The fact that the fast migration of the tRNAs can al-
ready be visualized by staining gels with ethidium bromide
indicates that this is a comprehensive phenomenon affect-
ing most tRNA species (Figure 1B, Supplementary Figure
S1A). In order to have a more quantitative insight on the
shortening process we made use of the ability of T4 DNA
ligase to ligate a short fluorescent RNA-DNA hybrid to full
length tRNAs by complementarity to complete CCA-tails
(25). Supplementary Figure S1B shows the appearance of
an extra band in ethidium bromide stained gels that corre-
sponds to the ligated fluorescent full length tRNAs. Quan-
tification of the intensity of the bands shows that upon nu-
tritional stress 70% of the tRNAs were not susceptible to
ligation, suggesting that their CCA-tails are not intact. This
observation was specific to nutritional stress and was not
apparent during other stress conditions investigated (Sup-
plementary Figure S1C). For the following investigations
we decided to use tRNAY# as proxy for tRNA shortening
as it is one of the tRNAs that is trimmed most efficiently.

Trimmed tRNAs can be repaired

The accumulation of shortened tRNAs is completely re-
versible. When stressed cells were allowed to recover in fresh
media the migration of tRNAY# and tRNAA™ was almost
fully restored after 30 min (Figure 1B). This might be due
to repairing of the shortened tRNAs or by new transcrip-
tion of most of the tRNA genes. To differentiate between
these scenarios, we followed two different approaches. In the
first one, newly synthesized RNAs were monitored by pulse
chase using a 3>P-UTP. Cells were labeled for 2 days, chased
for 2 h, then stressed and after stress finally allowed to re-
cover in normal media. By tracing the radioactive tRNA
signal during these phases on a denaturing gel we observed
a downshift during nutritional stress followed by a subse-
quent upshift to the original position upon stress recov-
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Figure 1. tRNAs are trimmed upon stress and repaired once normal growth conditions are restored. (A) Northern blot analyses of tRNAs on total
RNA extracted from 7" brucei. RNA was isolated from procyclic 7' brucei cells either during the exponential growth phase (Exponential) or after heat
shock, nutritional deprivation (Nutr. stress), oxidative stress, during the stationary phase or from exponentially growing bloodstream form (Exponential
BSF). Full length tRNAs and 3’ trimmed tRNAs are indicated with filled and open arrowheads, respectively. (B) Total RNA extracted from cells growing
exponentially (expo), subjected to nutritional stress (stress), or allowed to recover in normal media for 15 or 30 min after stress, was analyzed by northern
blot for tRNAY2 and tRNAA™ (NB, upper panel). Full length tRNAs and 3’ trimmed tRNAs are indicated with filled and open arrowheads, respectively.
Ethidium bromide staining (EtBr, lower panel) shows the migration of the bulk of the tRNAs. (C) Decay of total endogenous RNA was investigated by a
2-day pulse using o2P-UTP followed by washes and chase with cold UTP. Total RNA extracted from cells growing exponentially (expo), stressed for 2h in
PBS (stress) or allowed to recover for 2 h in normal media (recov) was separated on 8% polyacrylamide/urea gels. (D) Cells were induced for expression of
a tagged tRNA followed by removal of the inducer from the culture media. RNA was extracted from cells growing exponentially (expo), after nutritional
stress (stress) or after 1 or 2 h of recovery in normal media and the tagged RNA investigated by northern blot. As control the same treatment was applied
to uninduced cells (left part).
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ery (Figure 1C). Importantly, the intensity of the 3>P signal
did not change strongly suggesting that the truncated tR-
NAs were repaired upon restitution of normal growth con-
ditions and were thus not replaced by newly transcribed tR-
NAs. In the second approach, cells harboring a tetracycline-
inducible mutated version of the endogenous tRNAC! that
can be specifically detected by northern blot analysis (19)
were briefly induced for expression, then stressed and sub-
sequently allowed to recover in the absence of tetracycline.
Like the endogenous tRNAs, also the tagged tRNAC! was
truncated during starvation (Figure 1D). Importantly, dur-
ing stress recovery the trimmed and tagged tRNA resumed
its normal migration behavior in gel electrophoresis. This
can only be due to repairing of the trimmed tRNAs as new
synthesis of the tagged tRNA does not take place in the ab-
sence of tetracycline-mediated induction. These data clearly
show that the tRNAs that are trimmed during stress are re-
paired and therefore become available for translation once
normal growth conditions are restored.

The CCA-adding enzyme is not regulated during stress

In trypanosomes tRNA genes do not encode the CCA-tail
and therefore this sequence has to be added posttranscrip-
tionally by the tRNA nucleotidyltransferase, also referred
to as CCA-adding enzyme (CAE) (20). The observed ac-
cumulation of tRNAs lacking the CCA-tail could thus be
the consequence of a normal CCA-tail turnover but a re-
duced activity of the CAE during stress. To investigate this,
the levels of the endogenous CAE were investigated. To that
end one gene copy of the CAE was tagged in situ at the
5" end using an HA epitope. This gene still bears the en-
dogenous 3’ untranslated region and is therefore expected
to be regulated as the wild type copy. Western blot analyses,
however, did not reveal any differences in the abundance of
the enzyme between exponentially growing or starved cells
(Figure 2A). This data shows that the total protein levels of
the CAE are not changed during stress but its specific ac-
tivity could still be regulated. To test this, the tagged CAE
was purified from cells grown under exponential or stress
conditions and its activity tested in vitro. A time course
experiment was performed using the same amounts of en-
zyme purified from each condition and an excess of sub-
strate (tRNA and CTP). Our results show that the specific
activity of the enzyme is not reduced during stress (Figure
2B and C). As a matter of fact, a slightly increased activ-
ity is detected for the enzyme purified from stressed cells.
Many different stress conditions trigger the formation of
stress granules (SGs), membrane-less intracellular compart-
ments where translation initiation complexes as well as pro-
teins involved in mRNA decay and stabilization are stored
(26). To investigate if the CAE is recruited to SGs during
nutritional stress and therefore unable to repair the short-
ened tRNAs, cells expressing a GFP-tagged inducible copy
of the CAE were subjected to stress and the localization of
the CAE analyzed by immunofluorescence. Supplementary
Figure S1D shows that nutritional stress does not trigger
the accumulation of the CAE in SGs and that the enzyme re-
mains ubiquitously distributed as previously described (20).
Altogether these data demonstrate that the amount as well

as the enzymatic activity and localization of the CAE are
not affected during nutritional stress.

The CCA-adding enzyme repairs shortened tRNAs

Stress-induced shortened tRNAs could represent genuine
substrates for CCA-addition and therefore might be re-
paired by the CAE to be recycled for translation. To test
this hypothesis the CAE was affinity purified and its activ-
ity tested in vitro on two different substrates: either total tR-
NAs purified from cells grown exponentially or from cells
exposed to stress. Supplementary Figure S1E shows that
the CAE is indeed able to repair tRNAs isolated from both
growth conditions but addition of radiolabeled CTP was
more efficient on tRNAs from stressed cells. This can only
be explained by the fact that more tRNAs lacking the CCA-
tails, and therefore more substrates for CCA-tail addition,
were available in this sample. When repairing was assessed
solely in the presence of radiolabeled ATP, no incorporation
was observed (Supplementary Figure S1E). These data indi-
cate that the 3’ terminal CA or CCA sequence was removed
during nutritional stress, therefore requiring that addition
of cytidine nucleotide(s) precedes adenosine nucleotide in-
corporation.

To test if the CAE is also able to repair trimmed tRNAs
in vivo we generated a cell line that allows inducible over-
expression of the 7. brucei CAE. When these cells were ex-
posed to nutritional stress lower amounts of shortened tR-
NAs were observed compared to the control cells expressing
normal levels of the endogenous CAE and complete tRNA
repair was achieved sooner during stress recovery (Figure
2D). To provide direct evidence that the CAE is responsible
for in vivo tRNA repair a cell line was used that allows in-
ducible depletion of the enzyme by RNAI (20). Figure 2E
shows that cells depleted of the CAE are unable to fully re-
pair the trimmed tRNAs even after 30 min of recovery. All
these data demonstrate that the CAE is responsible for re-
pairing the trimmed tRNAs in vivo.

Shortening of tRNAs is mediated by a nuclease that is con-
stitutively expressed in cells

The genome of trypanosomes does not code for homo-
logues of any of the already described enzymes involved in
the production of either tRNA halves or in the CCA-tail
removal from tRNAs. Some of these enzymes (namely an-
giogenin in mammals and Rnyl in yeast) have been shown
to be present in exponentially growing cells but are only ac-
tivated in the cytosol under stress conditions, thus granting
them regulated access to their substrates (27-29). To test if
thisis also the case in trypanosomes we investigated whether
the trimming activity is constitutively present in cells. For
that we incubated 5’ radiolabeled full-length tRNA V¥ with
total lysates of cells grown exponentially or from starved
cells. Figure 3A shows that both lysates are able to trim the
CCA-tail of this tRNA to similar extents, suggesting the nu-
clease being constitutively present but kept inactive in ex-
ponentially growing cells. In order to get insights into the
identity of the enzyme involved in CCA trimming we made
use of commercially available inhibitors known to specifi-
cally block the activity of certain families of RNases. The
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Figure 2. The CCA-adding enzyme repairs trimmed tRNAs. (A) The levels of an in situ HA-tagged CCA-adding enzyme (CAE-HA) were investigated by
western blot on cells growing exponentially or upon nutritional stress. EF1A serves as loading control. (B) The tagged CAE was purified from parasites
growing exponentially (expo) or subjected to nutritional stress (stress) and its activity was tested using tRNAs purified from stressed cells and o*?P-CTP
after 5, 15 and 30 min of incubation (upper panel). A mock purification was done using cells not expressing the tagged CAE. A representative gel is
shown. The levels of the CAE used were analyzed by western blot (lower panel). (C) Signals from experiments in B were quantified and normalized to the
intensity of the product generated by the CAE purified from exponentially growing cells and incubated for 5 min. Depicted is the mean of 3 independent
experiments + SD. (D, E) Cells allowing inducible overexpression (D) or depletion (E) of the CAE were stressed and then allowed to recover in normal
media. Uninduced cells (—) exposed to the same conditions serve as control. RNA was extracted at the indicated time points and shortening of tRNAVa!
was analyzed by northern blot. Full length tRNAs and 3’ trimmed tRNAs are indicated with filled and open arrowheads, respectively. The percentage of

full length tRNA V2! present is indicated (% FL).

data indicate that the CCA-trimming nuclease does not be-
long to the RNase families A, B, C or T2 (Figure 3B). Only
the general RNase inhibitor ribonucleoside vanadyl com-
plex (RVC) was able to abolish tRNA shortening. Similar
experiments performed in the presence of cations chelators
also indicate that the nuclease uses Mg>* as a cofactor for its
nucleolytic activity on tRNAs (Figure 3C) and that aminoa-
cylation retards tRNA shortening (Figure 3D).

LCCR4 is involved in tRNA shortening

In order to identify the nuclease responsible for tRNA
shortening a classical biochemical fractionation approach
was performed. Briefly, whole cell lysates were subjected to
sequential rounds of size exclusion chromatography and the
obtained fractions were tested for trimming activity on an in
vitro transcribed tRNA (Supplementary Figure S2). Mass
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Figure 3. The nuclease trimming the tRNAs is constitutively expressed in
cells and can be inhibited by ribonucleoside-vanadyl complex and Mg?*
chelators. (A) The tRNA trimming activity was tested in vitro by incu-
bating total cell lysates from cells grown exponentially (expo) or nutri-
tionally stressed (stress) with 5 32P-labeled tRNAVY2!, After the indicated
times total RNA was precipitated, separated on 8% polyacrylamide/urea
gels, dried and the radioactivity detected by exposure to phosphoimager
screens. Incubation of the substrate under the same conditions in the ab-
sence of cell lysate (—) serves as control. (B, C) Cell lysates were treated
with specific RNase inhibitors (Ribolock, Protector or RVC; B) or differ-
ent concentrations of divalent cations chelators (C) and the cellular tRNA
trimming activity tested as before. (D) The effect of aminoacylation on
tRNA trimming was tested using RNA extracted from cells expressing a
tagged tRNACM, After incubation of total cell lysates with total RNA ei-
ther aminoacylated (untreated) or subjected to alkaline deacylation RNA
was extracted and tRNA shortening investigated by northern blot against
tRNAV2! Full length tRNAV2! and fully 3’ trimmed tRNAVY2! are indicated
with filled and open arrowheads, respectively. Asterisks indicate interme-
diate cleaved tRNAV2L,

spectrometry analyses of the active fractions revealed sev-
eral candidates among them LCCR4 (Tb927.4.2430), a ho-
mologue of the yeast deadenylase Ccrd4 (human CNOTO6,
Supplementary Table S2 and ProteomeXchange Consor-
tium identifier PXD021533, 30). In contrast to observations
in other species trypanosomal LCCR4 does not have dead-
enylase activity, neither does it assemble in a complex with
Notl and Cafl (31,32). One of these studies also showed
that a tagged version of LCCR4 was present in the cytosol
as well as in the nucleus of cells (31). To investigate a puta-
tive role of LCCR4 in tRNA shortening we generated cells
that allow inducible knock-down of LCCR4 and exposed
them to nutritional stress. After LCCR4 RNAI induction
cells showed a mild growth phenotype (Supplementary Fig-
ure S3A and B) but no changes in the tRNA length during
exponential growth were observed (Figure 4A). In contrast,
upon nutritional stress a very clear difference in the short-
ening pattern of tRNAVY¥ could be observed. Although the
same amounts of tRNA were trimmed, complete CCA-tail

removal was markedly inhibited upon LCCR4 RNAI (Fig-
ure 4A). Size comparison using in vitro transcripts bear-
ing different CCA-tail lengths suggests that this incomplete
shortened species correspond to the tRNAY# carrying only
a single C and that the fully trimmed tRNA corresponds
to tRNAs that lost the full CCA-tail (Supplementary Fig-
ure S4A). This indicates that tRNAVY# shortening happens
in two steps and that LCCR4 might be involved in the sec-
ond phase of shortening. Another plausible explanation is
that LCCR4 is responsible for the complete tRNA trim-
ming but does it in two steps, an initial more rapid cleav-
age of the terminal CA sequence, followed by a more dif-
ficult and therefore slower removal of the last C. Thus, the
reduced levels of LCCR4 remaining after RNAi would be
still capable of performing the first step of trimming but un-
able to complete the process. Furthermore, when LCCR4-
depleted cells were allowed to recover in fresh medium tR-
NAs were repaired faster than in uninduced cells (Figure
4B). To further characterize the role of LCCR4 in tRNA
shortening we created a cell line expressing an inducible
HA-tagged copy of LCCR4. As shown in Supplementary
Figure S3C, induced cells showed a slight decrease in their
growth rate. Cells expressing the HA-tagged LCCR4 were
exposed to nutritional stress and total RNA was analyzed
by northern blot. Upon stress no shortening intermediate
was detected and only the completely trimmed tRNA V2! was
present in induced cells (Figure 4C). Furthermore, repairing
of trimmed tRNAs was drastically delayed in cells overex-
pressing LCCR4 compared to uninduced cells. This delay
in repairing was not restricted to tRNAY? but applied to
the bulk of tRNAs as can be appreciated in the ethidium
bromide staining (Figure 4C, bottom panel). All these data
strongly suggest that LCCR4 is involved in the observed
tRNA shortening in vivo and that it is kept inactive during
exponential growth by a yet unknown mechanism.

LCCR4 interacts with tRNA and is active in vitro

To investigate if LCCR4 interacts with tRNAs we followed
an RNA immuno-precipitation (RIP) approach, in which
cells expressing the HA-tagged LCCR4 were crosslinked,
the protein immunoprecipitated (IP) and the presence of
co-purifying tRNAs investigated by RT-PCR. Figure 5A
shows that LCCR4-HA was successfully purified under
these conditions. Furthermore, tRNAY2 was found associ-
ated with LCCR4 (Figure 5B). At the same time the endoge-
nous M6 rRNA failed to co-IP with the HA-tagged LCCR4
(Figure 5B) thus highlighting the specificity of the obtained
data. Subsequently the activity of LCCR4 was investigated
in vitro. HA-tagged LCCR4 was purified from parasites
and its trimming activity investigated on full length tR-
NAs isolated from cells. As observed in Figure 6A, affin-
ity purified LCCR4 was able to trim full length tRNAs in
vitro. Surprisingly, LCCR4 purified from cells growing ex-
ponentially or under stress were equally active on trimming
tRNAs (Figure 6A and B) again suggesting a mechanism
of trimming inhibition acting in vivo on normally growing
cells. LCCR4 is not only active on full length tRNAs but
also on 3’-shortened tRNAs isolated from stressed LCCR4-
depleted cells (Supplementary Figure S4B). The shorter tR-
NAs species accumulating in stressed LCCR4-depleted cells

120z Atenuep 0 uo Jasn ulag Maylolgigsiaelisioniun Aq 6£99909/1 92 L eeqb/Ieu/S601 0L /10p/ao1le-a0ueApe/Jeu/woo dnoolwepese//:sdiy woll pepeojumod



Nucleic Acids Research, 2021 9

A C
-  LCCR4 RNAI - LCCR4-HA
3 ] 2 2
S 4 g % g § recov g & recov
S B ® B s B 15 30 & B 15 30
= <= <
-— N e o
= - pam— ————
B e wie W e i
- LCCR4 RNAI T T e e e
o @ recov o ® recov — | — .
= < 15 30 3 2 15 30 EtBr
Fy
*
- —— : 4
o, . . r kB tRNASs
%FL 100 1 16 75 97 10 54 9f 98 11 38 87 97 7 15 26 % FL

Figure 4. LCCR4 is involved in stress-triggered tRNA shortening. (A) Cells induced for LCCR4 RNAI or kept uninduced were grown exponentially or
under nutritional stress and tRNA shortening analyzed by northern blot detecting tRNA V2!, tRNAs containing a complete CCA-tail are marked with a
full arrowhead while incomplete and totally shortened species are marked with an asterisk or open arrowheads, respectively. (B) As in (A) but cells were
allowed to recover in complete media for the indicated times after nutritional stress. (C) Cells induced for LCCR4-HA overexpression or left uninduced
and growing exponentially or under nutritional stress were allowed to recover in normal media for the indicated times. The upper panel shows a northern
blot where tRNA V2! was investigated while the lower panel corresponds to the same gel stained with ethidium bromide (EtBr). The region corresponding
to the bulk cellular tRNAs is indicated. The percentage of full length tRNAV2! present is indicated (%FL).

A LCCR4 mock

in FT B in FT B

— - LCCR4-HA
B LCCR4 mock

in FT B in FT B

— — — — — tRNAVe!

No RT control tRNAV?!

M6 rRNA

No RT control M6 rRNA

Figure 5. LCCR4 interacts with tRNAs. (A) Inducibly expressed LCCR4-
HA was immunoprecipitated and samples obtained from each purification
step were analyzed by western blot using antiHA antibodies. (B) LCCR4-
HA was immunoprecipitated and its interaction with tRNAY2! was inves-
tigated by RT-PCR. M6 rRNA serves as specificity control. in: input, FT:
flow-through; B: bead-bound.

contain a single C residue at the 3’ end and this C is re-
moved by LCCR4 to generate completely trimmed tRNAs
(Supplementary Figure S4A and B). Furthermore, deacy-
lated tRNAs seem to be a better substrate for shortening by
LCCR4, in agreement with our previous observations using
total cell lysates (Supplementary Figure S4C).

The observed activity of LCCR4 in vitro might be ei-
ther due to its inherent enzymatic activity or the activity
of associated proteins. In order to identify putative inter-
acting partners, we performed mass spectrometry analy-
sis of co-purifying proteins using a SILAC approach (full
data deposited in ProteomeXchange Consortium identi-
fier PXD021540). Data in Supplementary Table S3 shows
that only four proteins were significantly and specifically
detected in LCCR4-HA immunoprecipitations and none
of them have predicted domains usually present in known
RNases. In addition no assembly of LCCR4 in higher
molecular weight complexes was detected when cell lysates
were investigated on native gels (Supplementary Figure
S5A) strongly supporting the mass spectrometry analysis
and previous reports (31). In most organisms, Ccré4 inter-
acts with the deadenylase Cafl forming the Ccr4/Cafl/Not
complex, the main deadenylation complex in cells (33). To
investigate a role of Cafl in the observed stress-induced
tRNA shortening we followed different approaches, includ-
ing overexpression of CAF1, tRNA interaction studies and
downregulation of CAF1 or CAF1 and LCCR4 simulta-
neously. Altogether, data shown in Supplementary Figure
S5B-H exclude that CAF1 plays a role in tRNA trimming
in T brucei.

The data presented before strongly indicate that LCCR4
is the sole enzyme responsible for tRNA shortening in vitro.
To further test this hypothesis we generated a cell line
that allows inducible overexpressing of an inactive version
of HA-tagged LCCR4 with Asn454 mutated to Ala. This
residue has been shown in the human orthologue CNOT6L
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Figure 6. LCCR4 can cleave tRNAs in vitro. (A) LCCR4-HA expression was induced and the protein was purified from cells growing exponentially (expo)
or subjected to nutritional stress (stress) and its activity tested on beads using total RNA as substrate. After incubation for the indicated times the RNA was
extracted and analyzed by northern blot for tRNAY2 and tRNAHS_Samples for the mock control were obtained from uninduced cells. Full length tRNAs
are marked with a full arrowhead while shortened species are marked with open arrowheads. (B) Western blot analysis of samples used in (A). (C) Cells
overexpressing the mutant LCCR4 N454A were subjected to stress and then allowed to recover in fresh media for the indicated times. RNA was extracted
at each time point and tRNA shortening analyzed by northern blot against tRNAV!, (D) Wild type and N454A mutant LCCR4-HA were purified and
their activity tested in vitro as in (A). (E) Western blot analysis of samples used in (D). in: input, FT: flow-through; B: bead-bound.

to be part of the active site and essential for substrate bind-
ing (34), corresponds to Asn412 in human CNOT6L; Sup-
plementary Figure S6). Overexpression of this mutant fol-
lowed by nutritional stress and stress recovery shows no
effect on tRNA repair over time (Figure 6C). This is in
marked contrast to what was observed when overexpress-
ing wild type LCCR4 (Figure 4C) indicating that in 7. bru-
cei LCCR4 Asn412 is essential for tRNA trimming in vivo.
When the activity of the purified mutant protein was tested
in vitro no tRNA shortening could be detected, in contrast
to the wild-type LCCR4 (Figure 6D and E). Cumulatively,

these results show that LCCR4 is the sole responsible en-
zyme for the tRNA CCA-tail removal.

tRINA repair is essential for proper translation during stress
recovery

Stress-induced shortened tRNAs are expected to be un-
suitable substrates for translation as the CCA-tail is essen-
tial for attachment of the amino acid by the correspond-
ing aminoacyl tRNA synthetase (aaRS). To investigate if
this is indeed the case we performed in vitro aminoacylation
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analysis using cell lysates either from exponentially grown
or stressed cells in which ribosomes have been removed by
ultracentrifugation (S100 fractions, Supplementary Figure
S7). As shown in Figure 7A the efficiency of aminoacyla-
tion of tRNAA™ from stressed cells is drastically reduced
(to ~28% compared to exponentially growing cells). This is
not due to a lower activity of the aaRS present in stressed
cells as aminoacylation of supplemented yeast tRNAs was
equally efficient in both conditions (Figure 7A). This clearly
shows that shortened tRNAs are not adequate substrates
for aminoacylation.

Overexpression of LCCR4 leads to a delay in the re-
pairing of tRNAs during stress recovery with no effects on
tRNA integrity under normal growth conditions (Figure
4C). We therefore wanted to investigate whether this de-
layed repairing has an impact on the translational compe-
tence of cells. For that purpose we performed metabolic la-
beling of cells overexpressing LCCR4 during recovery from
nutritional stress. Since overexpression of LCCR4 causes a
mild growth defect we decided to limit the time of induc-
tion to one day when no growth defect was observed yet
(Supplementary Figure S3C). The first observation was that
overexpression of LCCR4 for one day does not cause per se
a change in the translational activity of cells grown under
normal conditions (Figure 7B, lanes 7 and 8). However, the
translational activity during stress recovery was markedly
reduced in cells overexpressing LCCR4 (Figure 7B). This
effect was particularly strong when we analyzed translation
efficiency for 2 h after stress removal with ~45% reduction
upon LCCR4 overexpression (Figure 7B, lanes 3 and 6 and
Figure 7C). Analysis of tRNA integrity during these recov-
ery times showed that although tRNA repair was delayed,
most of the tRNAs were in their full-length form after 2 h
of recovery (Figure 7D).

DISCUSSION

Here, we analyze the effect of nutritional stress on tRNA
integrity in the pathogenic protozoon Trypanosoma brucei.
Our studies show the deactivation of tRNAs by removal of
the essential and universally conserved 3’ CCA-tail. This
event is not restricted to a single tRNA species but affects
most tRNAs (Figure 1A and B; Supplementary Figure S1B
and C). Furthermore, the shortening of the tR NAs is specif-
ically observed upon nutritional stress and not when para-
sites are exposed to other stress conditions (cold and heat
shock, oxidative stress and stationary phase, Figure 1A,
Supplementary Figure S1B and C). Furthermore, tRNA
shortening happens in both procyclic as well as bloodstream
forms of the parasite, suggesting a physiologically impor-
tant mechanism of tRNA inactivation for 7. brucei biology
(Supplementary Figure S1A). The removal of the CCA-tail
renders tRNAs unsuitable for protein biosynthesis as they
cannot be aminoacylated thus excluding them from the pro-
ductive translational machinery (Figure 7A).

Enzymes capable of cleaving tRNAs have been described
in both prokaryotes and eukaryotes. Examples of prokary-
otic enzymes are colicins E5 and D, both produced by bacte-
ria to trigger contact-dependent growth inhibition of com-
petitive sensitive bacteria (35). These RNases cleave tRNAs
in the anticodon loop depleting the cells from full length
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tRNAs and therefore preventing protein synthesis. Another
example of a tRNA cleaving enzyme is the recently char-
acterized CdiA-CT toxin from E. coli (36). This RNase is
able to cleave the single stranded 3’ ends of tRNAs only on
tRNAs that contain G as discriminator base, removing the
CCA-tail plus one extra base. The nucleases angiogenin and
Rnyl cleave tRNAs in the anticodon loop generating tRNA
halves in humans and yeast, respectively (28,37). Because all
the enzymes mentioned above cleave within the tRNA body
the resulting molecules cannot be repaired by common cel-
lular enzymes. In marked contrast, the process we describe
here does not affect the tRNA body and therefore trimmed
tRNAs can be repaired in order to be reused for translation
(Figure 1).

In this study we revealed the Ccr4 homologue LCCR4
as a tRNA 3-end removing enzyme, by biochemical (Fig-
ure 6) and genetic (Figure 4) means. The Ccr4-Not com-
plex is a highly conserved multisubunit complex present in
all eukaryotes studied so far (33). It is composed of several
proteins all of them assembled around the scaffold protein
Notl. Among them Cafl and Ccr4 function as catalytic
subunits responsible for the deadenylation activity of the
complex (38,39). Several reports have shown that each of
these proteins display preferential deadenylase activity de-
pending on the nature of the substrate and the organism
analyzed (40,41). In trypanosomes a homologue of Cafl as-
sembles in a complex with Notl and several other Not sub-
units and is responsible for mRNA deadenylation (31). A
homologue of Ccrd (LCCR4) is also encoded in the genome
of the parasite but previous studies have shown that the
protein does not interact with the Cafl-Not complex (31).
T brucei LCCR4 does not contain the N-terminal leucine-
rich repeat region (LRR) involved in the interaction with
Cafl in the Ccrd/Not complex (42,43). Several homologues
of Ccr4 lacking the LRR have been described in other or-
ganisms, in which the sequence similarity is restricted to
the endonuclease/exonuclease/phosphatase family domain
(44). Among them we find nocturnin, a deadenylase in-
volved in cellular metabolism (45), and protein angel 1 and
2, recently shown to be 2’,3’-cyclic phosphatases (46). Here
we discovered a novel role for the trypanosome LCCR4:
stress-induced cleavage of the 3'-CCA end of tRNAs. We
were able to demonstrate that LCCR4 not only interacts
with tRNAs in vivo (Figure 5) but it is also capable of short-
ening tRNAs when overexpressed in stressed cells (Figure
4). In vitro studies employing purified LCCR4 show that
this enzyme is indeed capable of removing the full CCA-tail
from tRNAs and that this activity is dependent on a con-
served residue (Asn454) present in the active site of this fam-
ily of deadenylases (Figure 6). Our studies further showed
that the conserved Ccrd-interacting protein Cafl does not
play any role in tRNA trimming in 7. brucei. Overexpression
as well as depletion of CAF1 by RNAi and RIP analysis did
not reveal a role of CAF1 in tRNA shortening during stress
(Supplementary Figure S5). Furthermore, we found no in-
dications that LCCR4 assembles in any complex neither
were we able to detect relevant interacting partners by im-
munoprecipitation followed by MS (Supplementary Table
S3; Supplementary Figure S5A), strongly suggesting that
LCCRA4 is the sole nuclease involved in tRNA 3’-end trim-
ming.
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Figure 7. Repairing of shortened tRNAs is crucial for translation during stress recovery. (A) In vitro aminoacylation was tested on S100 cell fractions
from cells grown exponentially or stressed for 2 h in PBS, using as substrate either the endogenous tRNAs (endog. tRNAs) or after supplementation
with total yeast tRNA (yeast tRNA). Dark and light grey bars correspond to signals from exponential or stressed samples, respectively. The percentage
of aminoacylation was calculated by normalization to the signal for S100 from exponentially growing cells. Depicted is the mean of three experiments
+ SD. (B) Cells induced for LCCR4-HA overexpression or not were stressed and translation efficiency investigated during stress recovery by metabolic
labeling with 33S-Methionine. After the indicated times cells were pelleted, proteins separated by SDS-PAGE and incorporated radioactivity detected by
exposing to phosphorimager screens. Unstressed cells labeled for 30min were also tested (two most right lanes). The upper panel shows a representative
autoradiogram of the metabolic labeling experiment while the lower panel is the corresponding gel stained with coomassie. (C) Quantification of 33S-
Methionine incorporation of 4 independent experiments. Dark and light grey bars correspond to the percentage of 3°S-incorporation in uninduced and
induced cells, respectively. Signals were normalized to the intensity corresponding to uninduced cells recovered for 1h. Data are represented as mean +
SD. (D) RNA was extracted from cells treated as in (B) and tRNA repair was investigated by northern blot against tRNA V2! The percentage of full length
tRNAV?! present is indicated (%FL).

Analysis of the crystal structure of the human Ccr4 ho-
mologue CNOT6L bound to poly(A) DNA explains its
magnesium-dependent activity and its strict poly(A) sub-
strate specificity (34). Despite the fact that all the residues
involved in magnesium coordination and substrate binding
are conserved in 7! brucei LCCR4 and that structure predic-
tions locate them in the same architectural context as in hu-
man CNOT6L (Supplementary Figure S6) our data shows
that the substrate specificity is altered. Further structural
analysis would help clarifying how this is possible.

In mammals, the endonuclease angiogenin is responsi-
ble for the generation of certain tRNA halves by cleaving
in the anticodon region (29,37,47). Angiogenin shows pref-
erence for CA sequences and it has been reported that it
is capable of cleaving the CCA-tail of tRNAs in vitro (8).
Whether the same is true in vivo still awaits future investi-
gations. This enzyme belongs to the RNaseA family and is
kept inactive in cells by interacting with its inhibitor RNH1.
Upon oxidative stress RNH1 is degraded, allowing angio-
genin to cleave tRNAs (48). To date no tRNA trimming has
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been reported in yeast. In agreement with this, we did not
detect any tRNA shortening in S. cerevisiae exposed to nu-
tritional stress neither in total cell lysates of wt cells nor in
cells overexpressing Cer4-HA (Supplementary Figure S8).
These data indicate that no such activity is present in S.
cerevisiae cells and suggest that the canonical Ccr4 does not
possess tRNA trimming activity. In trypanosomes LCCR4
is a ubiquitous protein (31) and our data shows that even
when the protein is overexpressed no shortening of tRNAs
is observed during exponential growth (Figure 4C). In con-
trast, once cells overexpressing LCCR4 are exposed to nu-
tritional stress an increase in tRNA shortening is observed,
and more importantly there is a delay in tRNA repair once
stress is removed. All these data point to a very efficient cel-
lular mechanism keeping LCCR4 inactive during normal
growth conditions even when the levels of the protein are
artificially increased. Once cells encounter nutritional stress,
which requires rapid downregulation of metabolic activities,
this inactivation is abrogated and LCCR4 is liberated to ex-
ecute its tRNA-trimming activity. A similar deregulation of
LCCR4 activity is observed when cells are lysed and tRNA
shortening is assessed in vitro (Figure 3). We speculate that
the unknown LCCR4 inhibitor is unstable in our lysis con-
ditions leaving LCCR4 to display its full activity. Future ef-
forts will be devoted to the identification of this LCCR4 in-
hibitor.

3’-Trimming of tRNAs seems to be a very efficient
and fast process. Even overexpression of the CCA-adding
enzyme, the tRNA nucleotidyltransferase responsible for
tRNA repair (Figure 2), is not enough to abolish tRNAs
shortening. Only after removal of nutritional stress, and
therefore inactivation of the LCCR4 nuclease, can the tR-
NAs be repaired. As mentioned above, oxidative stress trig-
gers tRNA shortening in mammalian cells (8,9). These tR-
NAs were reported to possess a 2/,3’-cyclic phosphate that
needs to be resolved by other so far unknown enzyme(s) in
order for the tRNA nucleotidyl transferase to repair the tR-
NAs. A similar situation is observed during ribosome as-
sociated quality control (RQC). In this process stalled ri-
bosomes induce the recruitment of ANKZF1 that releases
the nascent peptides from the peptidyl-tRNA by cleaving
the CCA-tail (49). While the nascent peptide is tagged for
proteasome degradation the shortened tRNA is repaired by
TRNTI (the human CAE) after the cyclic phosphate is re-
moved by ELACI (50). In contrast to the E. coli enzyme
the trypanosome CAE does not contain an HD domain and
should therefore be unable to resolve any 2’,3’-cyclic phos-
phate left behind by the nuclease that trims the tRNAs (51).
Our analysis shows that the trypanosome CAE is capable of
repairing the shortened tRNAs without the action of any
accessory protein (Figure 2B, Supplementary Figure SIE).
Furthermore, ligation of an RNA adaptor molecule to the
3" end of shortened tRNAs was possible without any prior
treatment. These results strongly suggest that LCCR4 re-
moves the CCA-tail without generating a cyclic phosphate
therefore allowing the CAE to directly repair the trimmed
ends. One of the steps in RQC involves the cleavage of the
tRNA CCA-tail and therefore highly resembles the process
described in this study. Although both mechanisms follow
the same main principle, the strongest difference is the mag-
nitude of the process. While RQC only affects a minor frac-

Nucleic Acids Research, 2021 13

tion of the cellular tRNAs (those found in the P-site at the
moment of ribosome stalling) and therefore their trimming
should not be detrimental for global translation, shortening
of tRNAs triggered by nutritional stress in 7. brucei affects
a major fraction of the cellular tRNA pool (70%, Supple-
mentary Figure SIB and C). This dramatic reduction in the
translationally competent tRNA pool has therefore major
consequences on global translation efficiency and their fast
repair is crucial for growth recovery once favorable condi-
tions are restored (Figure 7).

Recently, the retrograde transport of tRNAs from the cy-
toplasm to the nucleus has been reported in mammalian
cells exposed to oxidative stress (9). This retrograde trans-
port seems to be selective for certain tRNA species and pref-
erentially for 3’-shortened tRNAs. It is tempting to specu-
late that these tRNAs are imported to undergo a possible
nuclear quality control mechanism (52). Considering that in
trypanosomes around 70% of all tRNAs are trimmed upon
nutritional stress it is hard to conceive that all shortened
species are imported back into the nucleus but we cannot
exclude that retrograde import exists.

The removal of the CCA-tail from tRNAs is an energet-
ically efficient way to abolish translation. Since the tRNA
backbones remain intact they can be quickly repaired by
the CCA-adding enzyme with minimum energetic input. In
contrast, if tRNAs were completely degraded they would
have to be newly transcribed, processed and modified in
order to be available for translation. This would involve
a much larger energy investment as the mere addition of
the three nucleotides required to recycle the non-functional
trimmed tRNAs.

As we report here, in 7. brucei stress-triggered shorten-
ing of tRNAs is a massive phenomenon affecting most of
the tRNA pool (Figure 1A). As the probes used for north-
ern blot analysis were designed to detect as many isoaccep-
tors as possible it is not clear to which extent each individ-
ual tRNA isoacceptor is trimmed. One possibility is that a
certain isoacceptor is completely cleaved while another is
kept unaffected. Previous reports have shown that in most
organisms tRNA abundance correlates with codon usage
(53,54). It has also been reported that in 7. brucei tRNA
gene copy number directly correlates with codon usage and
protein expression levels (55,56). Therefore, differential in-
activation of tRINAs by 3’ shortening could represent a fast
and elegant way to achieve translation reprogramming dur-
ing stress conditions. In bacteria, amino acid starvation trig-
gers the specific degradation of tRNAs (57). The authors
suggested that this selective tRNA degradation would help
the cells to adapt to stress by reducing possible mistransla-
tion due to competition between cognate and near-cognate
tRNAs. It is tempting to speculate that the tRNA shorten-
ing phenomenon we describe here could also result in a dif-
ferential inactivation of tRNAs therefore fulfilling a similar
function in nutritionally-stressed 7. brucei.

The shortening of tRNAs by means of CCA-tail removal
has so far only been described in mammalian cells exposed
to oxidative stress and shown to affect around 30% of the
tRNA population (8). Trypanosomes belong to the exca-
vata super-group (58) and therefore they are evolutionar-
ily speaking far away from the ophistokont group to which
metazoa and yeast belong. Our studies add one more grain
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of sand in the understanding of cellular processes during
eukaryotic evolution. Trypanosomes, which are known for
their peculiar RNA biology (including fragmentation of
28S rRNA, extensive RNA editing in the mitochondria,
trans-splicing of all mRNAs, transcription of protein cod-
ing genes by RNA Pol I and many more), seem to once
again make use of a conserved mechanism and take it to its
extreme. They engage a highly conserved protein, the dead-
enylase LCCR4, but use it for a completely different pur-
pose, namely tRNA 3'-trimming.

Originally described as rather passive adaptor molecules
involved in translation, tRNAs and especially tRNA-
derived RNAs have been shown recently to play roles in a
plethora of additional cellular functions (59,60). In partic-
ular, tRNA halves and fragments have been described in all
kingdoms of life and were also shown to promote survival
in cells exposed to non-favorable environmental conditions
(61). In trypanosomes exposed to nutritional stress many
tRNA halves are produced and our previous studies iden-
tified the tRNAT! 3’ half as a promoter of translation dur-
ing stress recovery (15). Together with the data presented
here we can clearly state that nutritional stress, a physiolog-
ical challenge the parasite regularly encounters in the insect
host, triggers the processing of tRNAs into structural and
functional diverse molecules that play essential roles in reg-
ulating translation and concomitantly cell survival.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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