Examining tRNA 3’-ends in Escherichia coli: teamwork
between CCA-adding enzyme, RNase T, and RNase R
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ABSTRACT

tRNA maturation and quality control are crucial for proper functioning of these transcripts in translation. In several organisms,
defective tRNAs were shown to be tagged by poly(A) or CCACCA tails and subsequently degraded by 3’-exonucleases. In a
deep-sequencing analysis of tRNA 3’-ends, we detected the CCACCA tag also in Escherichia coli. However, this tag closely
resembles several 3’-trailers of tRNA precursors targeted for maturation and not for degradation. Here, we investigate the
ability of two important exonucleases, RNase R and RNase T, to distinguish tRNA precursors with a native 3'-trailer from
tRNAs with a CCACCA tag. Our results show that the degrading enzyme RNase R breaks down both tRNAs primed for
degradation as well as precursor transcripts, indicating that it is a rather nonspecific RNase. RNase T, a main processing
exonuclease involved in trimming of 3’-trailers, is very inefficient in converting the CCACCA-tagged tRNA into a mature
transcript. Hence, while both RNases compete for trailer-containing tRNA precursors, the inability of RNase T to process
CCACCA tails ensures that defective tRNAs cannot reenter the functional tRNA pool, representing a safeguard to avoid
detrimental effects of tRNAs with erroneous integrity on protein synthesis. Furthermore, these data indicate that the RNase T-
mediated end turnover of the CCA sequence represents a means to deliver a tRNA to a repeated quality control performed by
the CCA-adding enzyme. Hence, originally described as a futile side reaction, the tRNA end turnover seems to fulfill an
important function in the maintenance of the tRNA pool in the cell.
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INTRODUCTION donucleolytic cleavage is performed by RNase E (Li and
Deutscher 2002), followed by the subsequent action of exo-
nucleolytic RNases T, PH, D, II, and BN to trim the tRNA
3/-trailer to its mature terminus (Reuven and Deutscher
1993). At present, the detailed mechanism regarding the con-
certed action of the participating RNases is not fully under-
stood. Evidently, most of these RNases seem to have
redundant activities, as an E. coli strain lacking up to four
of these five RNases is still viable (Padmanabha and
Deutscher 1991; Kelly and Deutscher 1992; Reuven and
Deutscher 1993). However, RNase T and RNase PH are
described as the primary enzymes responsible for short 3'-
trailer removal (Li and Deutscher 1996).

RNase T is a member of the DEDD 3'-5" exonuclease
superfamily and was initially discovered in the context of
tRNA CCA end turnover in E. coli (Deutscher et al. 1984;
Deutscher and Marlor 1985). In contrast to RNase PH and

Transfer RNAs (tRNAs) play a crucial role as adapter mole-
cules that translate the genetic information of mRNA into
protein sequence. These essential transcripts are synthesized
as precursor molecules that are subjected to a series of pro-
cessing events, ranging from removal of 5'-leader and 3'-trail-
er regions, addition of the 3'-terminal CCA end, excision of
introns (if present) to modification of certain nucleosides
and (in eukaryotes) export of the mature tRNA into the cy-
toplasm (Betat et al. 2010; Hopper 2013).

In E. coli, many of the tRNA maturation steps are well-
characterized. The 5'-leader cleavage of the precursor tRNA
is achieved by RNase P, and multiple endo- and exoribonu-
cleases are involved in the removal of the 3’-trailer. The
CCA triplet is already encoded in all tRNA genes. Hence,
the CCA-adding enzyme is not required for maturation,
but contributes to efficient cell growth by restoring damaged
CCA ends (Deutscher et al. 1977; Zhu and Deutscher 1987;
Lizano et al. 2008). In the 3'-trailer processing, the initial en- © 2018 Wellner et al. This article is distributed exclusively by the RNA
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other exonucleases involved in tRNA 3’-end processing,
RNase T is the only enzyme that efficiently (and repeatedly)
removes the terminal A residue of the CCA terminus, leaving
a tRNA with an incomplete and nonfunctional 3'-CC end
which is subsequently repaired by the CCA-adding enzyme
(Deutscher etal. 1977, 1984). However, a functional relevance
of this futile cycle has not been described so far. RNase T is
single-strand specific and strongly inhibited by 3'-terminal
C residues in the trailer sequence (Zuo and Deutscher
2002). The unusual substrate specificity has been elucidated
mechanistically, and a series of crystal structures unraveled
that a substrate RNA containing a 3'-terminal CMP induces
a conformational change within the binding pocket that
moves the scissile phosphate away from the active site
(Hsiao et al. 2011, 2012).

Another E. coli exonuclease acting on tRNA 3’-ends is
RNase R. However, this RNase is not involved in tRNA
processing, but degradation. So far, this enzyme is the only
known exoribonuclease able to digest complex secondary
structures in vitro if a 3’-overhang of at least 7 nucleotides
(nt) is present (Vincent and Deutscher 2006, 2009a,b;
Matos et al. 2009). It has been suggested that RNase R is in-
volved in tRNA quality control and decay (Li et al. 2002;
Wilusz et al. 2011).

In general, several control mechanisms monitoring func-
tional and structural integrity of tRNAs have been identified.
Unstable tRNA precursors are prone to short poly(A) tailing
by poly(A) polymerase, rendering these transcripts suscepti-
ble for degradation (Li et al. 2002; Mohanty et al. 2012;
Mohanty and Kushner 2013). tRNAs lacking intact sugar—
phosphate backbone have been shown to be deprived of effi-
cient CCA addition, suggesting a role of the CCA-adding en-
zyme in kinetically controlled proofreading (Dupasquier
et al. 2008). Moreover, the participitation of eukaryotic, bac-
terial, and archaeal CCA-adding enzymes in tRNA quality
control has been extended toward an unprecedented proof-
reading mechanism for tRNAs with unstable or damaged ac-
ceptor stems (Wilusz et al. 2011).

In a crystallographic analysis, an archaeal CCA-adding en-
zyme was shown to initiate an on-enzyme refolding of tRNA
substrates with structurally unstable acceptor stems. A torque-
like motion against the 3’-end induces an isomerization
step within the acceptor stem, presenting the terminal A res-
idue as an alternative discriminator position, which in turn
enables a second round of CCA incorporation (Wilusz
et al. 2011; Betat and Morl 2015; Kuhn et al. 2015). Such a
3'-CCACCA tag facilitates subsequent tRNA degradation by
exonucleolytic activities (Wilusz et al. 2011). In E. coli, the
aforementioned RNase R has been suggested as the responsi-
ble nuclease for the CCACCA-facilitated tRNA decay (Matos
et al. 2009; Vincent and Deutscher 2006, 2009b; Wilusz et al.
2011).

As tRNA maturation and decay are opposing events, they
have to be discriminated carefully in order to maintain cell
homeostasis intact. However, when all of these tRNA path-

362 RNA, Vol. 24, No. 3

ways are active simultaneously within the cell, the question
arises as to how E. coli exoribonucleases discriminate between
a precursor tRNA (that carries the trailer sequence down-
stream from the encoded CCA end) and an unstable tRNA
tagged for degradation by the CCA-adding enzyme (tRNA-
CCACCA).

Using deep sequencing tailored to specifically resolve the
3’ tRNA end, we identified a small but significant portion
of CCACCA-tagged tRNAs in E. coli. Hence, we examined
the in vitro activities of RNase T and RNase R, two major
contributors to tRNA maturation and tRNA degradation.
Our data suggest that the discrimination between the
CCACCA degradation tag and a highly similar trailer se-
quence is guided by the substrate specificity of RNase T, allo-
cating this RNase to an indirect contributor to quality
control. With its unique activity in the repeated turnover of
the terminal A residue of regular CCA ends, RNase T induces
a permanent monitoring of correct tRNA structures.

RESULTS

CCACCA-extended tRNAs are detected in E. coli cells

To address whether and at which conditions tRNA 3’-CCA
ends are extended by an additional CCA triplet in E. coli in
a manner similar to the observed 3'-terminal extensions in
S. cerevisiae (Wilusz et al. 2011), we determined the 3’-termini
of the tRNAs from E. coli CA244 cells at both exponential
and stationary phase by means of deep sequencing. To eluci-
date the effect of the CCA-adding enzyme, as it is most likely
extending the CCA termini, we also sequenced the tRNAome
of the strain CA244 Acca (lacking the CCA-adding enzyme).

The biological replicates showed high reproducibility
(Supplemental Fig. S1A-D), allowing for combining the
two sequencing data sets into a metaset. For each tRNA iso-
acceptor, the total mapped reads with CCACCA extensions
are presented as a fraction of all reads of the corresponding
tRNA isoacceptor. Under both growth conditions, we detect-
ed low but reproducible amounts of tRNAs with extended
CCACCA ends. In the stationary phase, the amount of
tRNA-CCACCA increased to 0.02% on average, with a max-
imum of 0.08% for some isoacceptors. These values are in the
range previously observed in wildtype yeast (e.g., 0.01%-—
0.02% after 6 h of growth at 37°C) (Wilusz et al. 2011), while
they were far less prevalent in the strain lacking the CCA-
adding enzyme, supporting a role of this enzyme in generat-
ing the CCACCA extension (Fig. 1A). To rule out any meth-
odological bias during library preparation, we permuted the
second CCA motif and quantified the fractions carrying those
extensions, i.e., CCACAC and CCAACC (Supplemental Fig.
S1E, F). Thereby, we found only a marginal number of reads
which scored one to three orders of magnitude lower than
the tRNA-CCACCA reads. This supports the confidence
in detecting the CCACCA extensions despite their low
abundance.
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FIGURE 1. Abundance and recognition of tRNA CCACCA extensions as well as 3'-trailer se-
quences in E. coli. (A) Boxplots of the fraction of E. coli CA244 wt and Acca tRNAs during expo-
nential (log) and stationary (stat) growth carrying CCACCA extensions. Values are given as a
fraction of respective tRNA subpopulations normalized to the total tRNA reads for each isoaccep-
tor. (B) Nucleotide frequencies within the 3'-trailer region of the E. coli K12 tRNA genes starting
from the CCA triplet (weblogo.berkeley.edu). Letter height correlates with abundance; A and U
residues are highlighted in gray. (C) Radiolabeled E. coli tRNA*" with either its native 3'-trailer
(CCAAAU, left) or the correspondmg degradation tag (CCACCA, rzght) was incubated with either
RNase R (upper panel, 20 ng uL™") or RNase T (lower panel, 0.6 ng uL™"). Assays were carried out
in a 40 pL total reaction volume with 5 pM tRNA substrate. C, control reactions without enzyme
incubated for the maximal reaction time; M, size marker tRNA*, 73 nt.

of the 3'-trailer region of all E. coli tRNA
genes, we generated an RNA sequence
logo that summarizes the overall position-
specific abundance of individual nucleo-
tides (Fig. 1B; Crooks et al. 2004). A and
U residues occur with high frequency at
the first positions downstream from the
CCA triplet, whereas C and G residues
are underrepresented.

To address how E. coli exoribonu-
cleases discriminate between a tRNA pre-
cursor to be processed and an unstable
tRNA that has been tagged for degrada-
tion, we investigated the substrate re-
quirements of the two key RNases in
tRNA degradation and maturation, fo-
cusing on the native trailer sequence,
and compared it to the 3’-CCACCA deg-
radation tag. To this end, we overex-
pressed and purified His-tagged versions
of E. coli RNase T and RNase R using

Ni** affinity chromatography followed
by gel filtration (Supplemental Fig. S2).
The activity of both enzymes was tested
in a comparative in vitro analysis
using radioactively labeled in vitro tran-
scripts of either an E. coli precursor
tRNAMACCC_CCAAAU, carrying the
native AU-rich trailer, or the correspond-
ing tRNA with the CCACCA degradation
tag. Whereas RNase R degrades both
RNA sequences at equal efficiency,
RNase T shows different and rather
trailer-dependent activities (Fig. 1C).
The latter removed the native trailer effi-
ciently, and in about 50% of the tran-
scripts, even the last A residue of the
conserved CCA end was cut off—a fre-
quently observed side reaction of this en-
zyme, described as tRNA 3’-end turnover
(Deutscher et al. 1984, 1985; Zuo and
Deutscher 2002; Hsiao et al. 2012).
With tRNAM*CS9_CCACCA, however,
RNase T only cuts off the terminal A res-
idue of the CCACCA tag, which again
corresponds to the side reaction on the
standard CCA end (Fig. 1C). Hence,

3’-Overhangs of tRNAs are differently recognized RNase T activity seems to depend much more on the compo-
by E. coli RNases R and T sition of the 3'-trailer sequence than RNase R.

Correct 3'-processing is one of the essential steps to yield
mature tRNAs. The processing machinery has to deal with

RNase R has no pronounced specificity toward CCACCA

an amount of different tRNA 3'-trailer sequences and distin- ~ To further analyze RNase R-mediated degradation of tRNAs
guish them from degradation tags (Li and Deutscher 1996;  with native trailer or CCACCA tail, we determined the reac-
Wilusz et al. 2011). To investigate the sequence distribution  tion rates by monitoring the release of radioactively labeled
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nucleotides from an internally **P-labeled tRNA during deg-
radation (Fig. 2A). It turned out that the initial reaction rates
for the degradation of both tested tRNAs were identical
within error margin (9.07 +0.33 pmol min~' pg~' for
tRNA**_CCACCA and 9.27 £0.19 pmol min~"' pg™" for
tRNAAla—CCAAAU, respectively; Table 1). A similar result
was obtained in a competition analysis addressing the poten-
tial of tRNA*"-CCAAAU to interfere with tRNAM-
CCACCA degradation (Fig. 2B). Here, a constant amount
of internally labeled tRNA**~CCACCA was incubated with
RNase R under nonsaturating conditions and increasing con-
centrations of nonlabeled tRNA**~-CCACCA or tRNA*?*-
CCAAAU, respectively. The ICsy values, representing the
half maximal inhibitory concentration of the competing
tRNA, are 24.5 nM for tRNAAP_CCAAAU compared to
32.1 nM for tRNA**-CCACCA (Table 1). Because of these
highly similar competitor effects, we reason that a tRNA
with a CCACCA degradation tag will not be recognized pref-
erentially by RNase R.

RNase T discriminates between tRNA 3’-overhangs

The first analysis of the tRNA-maturating RNase T revealed
that tRNAs with different 3'-trailer sequences were accepted
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FIGURE 2. RNase R activity on tRNA substrates with 3’-overhangs of
similar length. (A) Time-dependent degradation of internally labeled
tRNA*-CCACCA and tRNA™*-CCAAAU yield almost identical
curves, implying that RNase R does not discriminate between the two
3’-overhangs; n=3. (B) Competition studies with tRNAAR_CCACCA
and tRNA*"~CCAAAU of the RNase R catalyzed reaction show identi-
cal inhibition curves, indicating that the enzyme accepts both substrate
overhangs independent of their sequence composition. No comp., con-
trol reaction in the absence of competitor. Data are means + SD; n = 3.
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TABLE 1. Initial reaction rates and ICso values for RNase R
activity on tRNAs with 3’-overhangs of similar length

Initial reaction

rate ICso (tRNAA-
E. coli tRNA pmol/min/ug CCACCA) log(ICso
substrate enzyme nM [M])
tRNAAR_CCACCA 9.07 £0.33 32.1 —7.5+0.05
tRNAAR_CCAAAU 9.27+0.19 24.5 —7.6+0.05

Rate constants were determined based on quantification of the
acid-soluble radioactivity (MicroBeta? Plate Counter) using nonlin-
ear regression (Graph Pad Prism 7). Data are means + SD; n =3.

as substrates to a different extent (Fig. 1C), and we detected a
distinct product band pattern representing the processing ac-
tivity of RNase T. Concerning the particular product forma-
tion, our data show that RNase T readily digested its natural
precursor tRNA substrate, resulting in a mature tRNA-CCA
(and the 3’-end turnover product tRNA-CC). In contrast, a
tRNA-CCACCA was not recognized accordingly. However,
the terminal AMP of this tag was instantly trimmed, while
the following sequence CCACC was barely acted upon.
This raises the question as to what extent RNase T is able
to mature a tRNA that is actually primed for degradation.
Therefore, we performed steady-state kinetics to evaluate
the capability of RNase T to convert a tRNA—CCACCA sub-
strate into a tRNA that is able to reenter the functional tRNA
pool in the cell. Our initial tests showed that the sequence
composition of the tRNA trailer has a considerable impact
on the substrate preference (Fig. 3A) and, consequently, reac-
tion velocity of RNase T. As a result, a tRNA substrate with a
favored trailer sequence was rapidly degraded to the CCA
end. However, on a transcript carrying a trailer sequence
that is rather inefficiently removed (like the CCACCA tag),
the degradation of the C residues represents the rate-limiting
step, and the removal of the following A residue was consid-
erably faster. As a consequence, after CC degradation, the en-
zyme efficiently removed also the terminal A residue of the
CCA end. Hence, the trailer composition determines the na-
ture of the main reaction products that are monitored in the
kinetic analysis. For tRNA-CCAAAU (natural trailer), the
main reaction product to be quantified was tRNA-CCA,
and for tRNA—CCACCA (degradation tag), the main reaction
product resulting from RNase T action was tRNA-CC (Fig. 3;
Supplemental Fig. S3).

Increasing concentrations of tRNA substrates were
incubated with RNase T and separated on high resolution
denaturing polyacrylamide gels. Product formation was de-
termined by densitometric quantification of the bands corre-
sponding to the main reaction products tRNA-CCA and
tRNA-CC, respectively. For comparison, E. coli precursor
tRNAMPCUO__one of three tRNAs with a native short trailer
sequence devoid of A and U residues out of a total of 88 E. coli
tRNAs—was included in the studies (tRNAAPCUO_
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FIGURE 3. RNase T kinetics on tRNA substrates with 3'-overhangs of
similar length. (A) Our initial experiments showed that tRNAs are de-
graded to different extents, depending on the sequence of the 3'-exten-
sion (reaction velocity is indicated by size and color of the individual
arrows; experimental data are not shown). For the kinetic analysis,
main reaction products able to reenter the functional tRNA pool were
taken into account (3’-end in bold characters). tRNA-CCAAAU with
the natural trailer (left) is rapidly degraded to the CCA end as the
main reaction product (green arrow) that was analyzed in the kinetic
analysis. The subsequent 3’-end turnover (removal of the terminal A
residue, orange arrow) is slower and therefore was not considered.
Individual bases of the degradation tag CCACCA are removed at differ-
ent reaction velocities (right). Although the terminal A residue of the
CCACCA sequence is also removed very fast (green arrow), degradation
of the two following C residues is very slow (red arrow) and corresponds
to the rate-limiting step of the reaction. The subsequent 3'-end turnover
(removal of the terminal A residue of the resulting CCA end, orange ar-
row) is then removed very efficiently. Hence, for this tRNA, tRNA-CC
represents the resulting main reaction product for the kinetic analysis.
(B) Kinetic analysis of tRNA**~CCAAAU trailer removal by RNase T.
The CCACCA tag is nearly not converted. k is the reaction rate normal-
ized to the total enzyme concentration. Data are means + SD; n = 3—-4.
A different scale of the kinetics of the CCACCA removal is displayed
in Supplemental Figure S2.

CCACCC or —-CCACCA, respectively, Supplemental Fig. S3).
For all tested tRNA substrates, we obtained apparent Ky val-
ues in a comparable range from 3.0 to 8.8 pM (Table 2). In
contrast, the sequence composition of the tRNA trailer had
a considerable impact on the turnover number k., (Table 2;
Fig. 3). The conversion rate of the natural precursor
tRNAA_CCAAAU was 18.4 + 2.44 min~", a value that is al-
most 20-fold higher than the k., measured for tRNAAR-
CCACCA (0.94 +0.13 min™"). RNase T strongly discrimi-
nates between tRNA 3’-overhangs without C residues and
the degradation tag CCACCA. As a result, RNase T-mediated
conversion of a tRNA-CCACCA (labeled for degradation)
into a mature tRNA is rather inefficient. Similarly,
tRNAAP_CCACCC, comprising a rare trailer sequence, is a
poor substrate for RNase T (Table 2).

RNase T catalysis includes the tRNA 3’-end turnover

Our assays with RNase T revealed an efficient formation of the
product tRNA-CC, containing an incomplete CCA terminus
(as shown exemplarily in Fig. 4A), which represents a typical
and unique feature of RNase T that is described as tRNA end
turnover (Deutscher et al. 1984, 1985). Since kinetic parame-
ters allow estimating how RNase T acts on functional and ma-
ture tRNAs ending with the CCA triplet compared to their
precursor counterparts, we included this activity in our kinetic
analysis. The turnover of the model substrate tRNA*2(GS<)_
CCA was investigated under steady-state conditions as de-
scribed above (Fig. 4B). Notably, the apparent kinetic param-
eters demonstrate that the turnover of the terminal AMP was
in a similar range as that of its corresponding tRNA with the
common trailer sequence (tRNA-CCAAAU), regarding both
Ky (9.6+3.2 pM) and ke, (17.7 +3.20 min~', Table 2).
Hence, these data corroborate that both RNase T-catalyzed
reactions, i.e., the tRNA-CCA end turnover and the trimming
of AU-rich 3'-trailer sequences, are highly efficient and pro-
ceed at similar rates in E. coli.

DISCUSSION

As adapters connecting mRNA sequence with amino acid se-
quence in translation, tRNAs fulfill an essential role in the
cell. Accordingly, these transcripts are subjected to a rigorous
quality control and nonfunctional tRNAs are subsequently
removed from the cellular tRNA pool. In E. coli, it was dem-
onstrated that poly(A) polymerase is involved in this process
by adding short poly(A) tails to defective tRNAs (Li et al.
2002; Mohanty et al. 2012). In 2011, a new tag sequence,
CCACCA, for the specific decay of tRNAs was described
(Wilusz et al. 2011). CCA-adding enzymes from all kingdoms
of life are able to add a second CCA triplet to the 3'-end of a
tRNA and triage it for degradation (Wilusz et al. 2011; Betat
and Morl 2015). While RNase R of E. coli is able to degrade
such transcripts (Vincent and Deutscher 2006), it was un-
clear how the cell discriminates between a tRNA tagged for
decay and a tRNA precursor that carries a 3’'-trailer of similar

TABLE 2. Kinetic parameters for RNase T activity on tRNA 3’-termini

KM kcat
E. coli tRNA substrate pM min™"’
tRNAAP_CCACCA 4.7+0.7 0.93 +0.06
tRNANSP_CCACCC 3.0+£1.0 0.65 +0.09
tRNAMN_CCACCA 8.8+2.4 0.94+0.13
tRNAA_CCAAAU 8.1+2.4 18.4 +2.44
tRNAAN_CCA 9.6+3.3 17.7 £3.20

Rate constants Ky, and k.., were determined from percentage of
the product based on quantification of the product band
(ImageQuant TL software) using nonlinear regression (Graph Pad
Prism 7). Data are means + SD; n=3-4.
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FIGURE 4. RNase T-catalyzed tRNA end turnover. (A) Time-depen-
dent 3'-end turnover of a 5'-end labeled tRNA*® transcript ending
with the CCA triplet. RNase T specifically catalyzes the removal of the
terminal A residues and leaves the CC sequence intact. C, control reac-
tions incubated without enzyme for the maximum reaction time; M, size
marker tRNA*", 73 nt. (B) A})parent kinetics of tRNA 3’-end turnover.
Increasing amounts of tRNA’ _CCA were incubated with RNase T un-
der steady-state conditions and product formation was determined by
quantifying the intensity of the tRNA**-CC band. Michaelis-Menten
parameters were determined using GraphPadPrism software (Table
2); k is the reaction rate normalized to the total enzyme concentration.
Data are means = SD; n = 3.

length and composition that is subjected to final maturation.
Furthermore, and similar to S. cerevisiae (Wilusz et al. 2011),
our deep sequencing-based analysis proves a small but
persistent occurrence of CCACCA-tagged tRNAs, suggesting
that the mechanism is common also in E. coli (Fig. 1A). To
shed light on this conundrum, we investigated the substrate
specificity of the two main exonucleases acting on tRNA 3'-
ends in tRNA decay and maturation, RNase R and RNase T.

The degrading exoribonuclease RNase R does not
discriminate between a tRNA tagged for degradation
and a precursor tRNA

RNase R is a nonspecific, 3'=5'-processive exonuclease that is
able to degrade extensively structured RNAs (Cheng and
Deutscher 2002). The major substrate requirement for
RNase R activity is a single-stranded 3’-overhang of at least
7 nt that serves as a binding site for the enzyme to initiate deg-
radation (Vincent and Deutscher 2006, 2009b). In a tRNA
carrying a CCACCA tail as a tag for degradation, this se-
quence including the unpaired discriminator position fulfills
this prerequisite. Hence, this tag or trailer sequences of sim-
ilar length in a tRNA precursor should both represent proper
substrates for RNase R-mediated degradation. The corre-
sponding time series with a tRNA tagged with CCACCA
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and a tRNA precursor with a 6-nt long 3'-trailer (Figs. 1C
and 2A) indicate no specificity of this enzyme toward the
CCACCA-tagged tRNA. This is further corroborated by the
competition experiment with tRNA-CCACCA (tag) and
tRNA-CCAAAU (trailer) transcripts (Fig. 2B). As reported
earlier, however, when tested on an RNA duplex with a ho-
mopolymeric 3'-overhang of 10 nt, RNase R exhibits a certain
preference for A residues (Vincent and Deutscher 2006). Yet,
this might be the case for longer 3’-overhangs, but we found
that changes of 2-3 nt within the 7 nt overhang do not have
an impact on RNase R activity.

Taken together, these observations suggest that RNase R,
which exhibits almost no sequence specificity, recognizes
both trailer and degradation tags of tRNAs and does not dis-
criminate against transcripts to be processed into functional
tRNAs and those marked for degradation. Hence, RNase R
may have a considerable impact in the interplay between
tRNA maturation and degradation.

The degradation tag CCACCA protects tRNAs from
being converted into mature tRNAs by RNase T

In contrast to RNase R, the maturation enzyme RNase T
shows a high sequence dependence in the removal of 3’-trail-
ers. The time series experiment on a trailer-containing tRNA
with CCAAAU overhang and a CCACCA-tagged tRNA show
very different main reaction products (Fig. 1C). On the trailer
tRNA, RNase T efficiently removes the AAU sequence as well
as the terminal A residue of the CCA end and stops at the re-
maining CC residues. On the CCACCA-tagged tRNA, RNase T
only removes the terminal A residue and stops at CCACC.
These data together with our kinetic analysis are in agreement
with the described C-effect of RNase T, where 3'-terminal C
and CC positions dramatically block trailer removal, as they
induce a disruptive conformational change within the bind-
ing pocket of the enzyme (Zuo and Deutscher 2002; Hsiao
et al. 2011, 2012; Duh et al. 2015). Since RNase T action is
nonprocessive and the enzyme frequently dissociates from
its substrates (Zuo and Deutscher 2002), we presume that
in vivo, the terminal AMP is readily reincorporated by
CCA-adding enzyme, as previously observed with minihelix
substrates containing 3'-CCACC (Kuhn et al. 2015).

The apparent Ky, values for RNase T catalysis are in a
3-9 uM range, indicating rather similar affinities to the differ-
ent tRNA substrates (Table 2; Fig. 3). The k., values, howev-
er, differ up to 28-fold, with the poorest turnover of
tRNAMP_CCACCC (trailer; k., =0.65 min~'), tRNAAP—
CCACCA (tag; ky=0.93 min™'), and tRNA_CCACCA
(tag; ke =0.94 min~'). Hence, independent of the tRNA
identity, the CCACCA tag is a very poor substrate for
RNase T, and the only noticeable reaction is the removal of
the terminal A residue of the CCACCA tag. Hence, this tag
protects tRNAs selected for degradation from unwanted mat-
uration and prevents such transcripts from reentering the
pool of functional tRNAs in translation. In light of RNase
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T substrate specificity, it is quite surprising that the E. coli ge-
nome contains some tRNA genes with C-rich trailers at all,
though at a rather low abundance (Fig. 1B). In the case of
tRNA™P, the other gene copies carry pyrimidine-rich trailers
CCACTT and CCACTA, respectively, that might also inter-
fere with RNase T-mediated maturation. However, as the se-
quences for the tRNA body are identical in these three genes,
it is impossible to discriminate or quantify the processing ef-
ficiencies of the individual transcripts. Yet, as tRNA 3'-end
processing is carried out by redundant activities in E. coli, it
is likely that other RNases with different specificities are re-
sponsible for trimming of C-containing trailer sequences,
such as RNase PH, RNase D, RNase BN, RNase II, or
PNPase. As such tRNA precursors accumulate in RNase
PH-deficient E. coli strains, it seems that RNase PH is the pre-
dominant activity responsible for an efficient removal of such
trailers (Li and Deutscher 1996).

Our findings suggest that RNase T, as a major maturation
enzyme in E. coli, is not involved in the recognition of tRNAs
with a CCACCA degradation tag. In vivo, this discrimination
against the C-rich tag is vitally important to prevent tRNAs
tagged for degradation from transforming into mature tran-
scripts that could reenter the translationally active tRNA pool
of a cell. Accordingly, the CCACCA tag is not only a tag for
degradation but also equally protects tRNAs from being
trimmed by the processing enzyme RNase T.

tRNA quality control: an interplay between RNase R
and RNase T

RNase T was originally described as a mere RNA processing
enzyme (Reuven and Deutscher 1993; Li and Deutscher 1995;
Lietal. 1998). However, our results, together with the report-
ed scrutinizing function of the CCA-adding enzyme (Wilusz
et al. 2011; Kuhn et al. 2015), indicate
that RNase T is also contributing to the
tRNA quality surveillance in E. coli in
two ways (Fig. 5). First, it is the only
RNase that does not stop at the CCA ter-
minus, but readily removes the terminal
A residue of this essential triplet. Such
truncated CCA ends are no longer func-
tional, but are restored by the CCA-add-

RNase P
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RNase T, RNase PH
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nario, RNase T activity guarantees that over time, a large
part of the tRNA pool is repeatedly subjected to this quality
control system.

A second contribution of RNase T to tRNA quality control
is based on its substrate specificity. While its preference for
A-rich trailers might interfere with the poly(A) tail-mediated
tRNA quality control described above, the inefficient removal
of C residues ensures that CCACCA-tagged tRNAs are not
further processed into mature transcripts that reenter the
functional tRNA-pool. As RNase T efficiently removes 3'-ter-
minal A residues, the CCACCA tail can be converted into a
CCACC sequence (Fig. 1C). The discriminator base and
this shortened tag represent only a 6-nt single strand and
such a tRNA is a rather bad substrate for RNase R (Vincent
and Deutscher 2006). Hence, this nonfunctional tRNA is
not immediately degraded. As it is not recognized by the ami-
noacyl-tRNA synthetase, it remains uncharged and repre-
sents a rather inert tRNA transcript. Yet, its accumulation
is not likely (and we did not observe it), as the second
tRNA surveillance system, the poly(A) polymerase most like-
ly sets in by adding a poly(A) tail (Li et al. 2002; Mohanty
et al. 2012). As a consequence, the 3'-overhang is then long
enough again for RNase R recognition and degradation.
Hence, due to the individual substrate specificities of
RNases T and R, such an elimination of CCACCA-tagged
tRNAs represents a rather stochastic event. Polymerization
(A-, CCA-, or CCACCA-addition) and degradation are con-
stantly competing and running in parallel on the pool of
tRNA substrates in the cell.

Taken together, this work suggests another layer of control
to the tRNA surveillance system in E. coli. The tRNA 3’-end
turnover catalyzed by RNase T and the CCA-adding enzyme
is no longer regarded as a futile cycle, but represents an essen-
tial feature to scrutinize and monitor structural integrity of

CCA-adding enzyme
CCA repalr and tRNA quahty control

f Y

C%? C%? CCACC CCACCA

______ ,' \‘ RNase R

ing enzyme, representing a process called
tRNA 3’-end turnover (Fig. 4; Deutscher
et al. 1984, 1985). The biological reason
for this turnover remained rather un-
clear, but with the discovery of the qual-
ity control executed by the same enzyme
(Wilusz et al. 2011), a new function can
be assigned to it. As the CCA triplet is al-
ready encoded in all E. coli tRNA genes,
the end turnover represents the sole op-
portunity to subject the tRNA pool to
this type of quality control. In this sce-

tRNA maturation

RNase T tRNA
contribution to tRNA quality control degradation

FIGURE 5. Interlocked quality control and processing of tRNAs in E. coli. After transcription, a
set of endo- and exonucleases remove the 5'-leader and 3’-trailer sequences of the tRNA precursor
(green). RNase T is a major processing enzyme in 3’-trailer removal. The resulting mature tRNA—
CCA is repeatedly subjected to quality control (blue). RNase T removes the terminal A residue,
resulting in tRNA—CC (end turnover). This truncated tRNA is then scrutinized by the CCA-add-
ing enzyme. If the tRNA is intact, the enzyme completes the CCA end, releasing a functional
tRNA. If the tRNA is damaged or unstable, the torque control mechanism of the CCA-adding
enzyme leads to a refolding of the acceptor stem so that a second CCA triplet is added, and
the tRNA is tagged by CCACCA for RNase R-mediated degradation (red). An occasional loss
of the terminal A due to RNase T activity (dashed arrow) leads to a CCACC tag that is either re-
converted into CCACCA (CCA-adding enzyme) or polyadenylated [poly(A) polymerase; not
shown]. As a result, both products carry a 3'-tag long enough for being recognized by RNase R.
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the tRNA pool in the cell. It is likely that a similar control
mechanism exists in organisms of all three kingdoms of
life. With two different degradation tags, poly(A) tail and
CCACCA end, tRNAs seem to underlie a tight quality con-
trol. Yet, as the poly(A) tag can be efficiently removed by
RNase T, it is very likely that such a tagged tRNA is not de-
graded, but can be processed into a mature transcript
(Mohanty et al. 2012). In contrast, the CCACCA tag inhibits
RNase T-mediated processing and keeps the tRNA on its path
toward degradation. Thus, the combination of poly(A) poly-
merase, CCA-adding enzyme, and RNases with different sub-
strate specificities represents an efficient interlocked control
system that keeps the cell’s tRNAs functional and intact.

MATERIALS AND METHODS

Growth conditions and RNA isolation

Escherichia coli CA244 wt and Acca were grown at 37°C in LB medi-
um (10 g L™" NaCl, 10 g L™ tryptone, and 5 g L™" yeast extract).
Cells were harvested in exponential (ODggo=0.3) or stationary
phase (ODggo =3 for CA244 Acca and ODggo =5 for CA244 wt).
Total RNA was isolated by hot-phenol extraction or TRIzol
(Thermo Fisher Scientific). Full-length tRNA was purified by cut-
ting corresponding bands from denaturing polyacrylamide gels
and eluting overnight at 4°C with elution buffer (50 mM potassium
acetate, 200 mM potassium chloride, and pH 7.0).

Deep sequencing of tRNAs

Total tRNA was 3'-dephosphorylated with T4 PNK (Thermo Fisher
Scientific) for 45 min at 37°C and purified with the Clean and
Concentrator Kit (Zymo Research). A sequencing adapter was ligat-
ed to the 3'-end of tRNAs using T4 RNA ligase 2 (NEB) for 2.5 h at
22°C. For preparation of the sequencing library, which contains 3'-
terminal tRNA parts, the sample was subjected to random alkaline
fragmentation for 20 min at 95°C in 100 mM NaHCOj; containing
2 mM EDTA pH 9.2. Subsequently, RNA fragments were 5'-phos-
phorylated with T4 PNK (NEB) and a second adapter was ligated
to the 5'-termini with T4 RNA ligase 1 (NEB) at 22°C overnight.
Using a primer complementary to the 3’-adapter, the RNAs were
reverse transcribed into cDNA with Revert Aid H Minus RT
(Thermo Fisher Scientific) for 1 h at 44°C. The RNA was degraded
and the cDNA containing both adapters was amplified by PCR with
Pfu DNA polymerase (Thermo Fisher Scientific). Amplicons in the
range of 130-140 bp (i.e., 10-20 nt of the 3'-tRNA ends plus 120 nt
adapters) were gel-purified and analyzed on 2100 Bioanalyzer
(Agilent) and Qubit 3.0 (Thermo Fisher Scientific). cDNA libraries
were sequenced on a HiSeq2000 (Illumina) machine. Sequenced
reads were trimmed with fastx-toolkit (0.0.13.2; quality threshold:
20) and adapters were cleaved using cutadapt (1.2.1; minimal over-
lap: 1 nt). tRNA sequences were downloaded from the genomic
tRNA database (Escherichia coli K12) and 10 nt upstream of the
CCA tails were used for mapping of the sequencing reads. tRNA
read counts were normalized by the depth of each sequencing li-
brary as read per million of mapped reads (rpM) (Mortazavi
et al. 2008).
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Cloning, overexpression, and purification of
recombinant RNases

Coding regions of RNase T and RNase R were amplified by PCR
from the genomic DNA of E. coli BL21 and inserted into the Xhol
and Ndel sites of pET28a(+). Proteins were overexpressed with an
N-terminal His-tag in E. coli BL21(DE3) pLys. Cells were grown
at 37°C in 1.0-1.2 L LB supplemented with 34 pg mL™" chloram-
phenicol and 30 pg mL™" kanamycin to an ODgy of 0.8-1.0.
Expression was induced by adding IPTG to a final concentration
of 1 mM for 3 h at 37°C for RNase R or overnight at 18°C for
RNase T expression. Cells were harvested and the pellet was stored
at —80°C until further use.

For purification of the recombinant enzymes, all steps were per-
formed at 4°C. The frozen pellet was thawed on ice and resuspend-
ed in binding buffer 25 mM Tris—HCI (pH 7.8), 300 mM KCl for
RNase T, or 10 mM Tris—HCI (pH 7.6), 500 mM KCl, 10% glycerol
for RNase R. The buffers for RNase T and RNase R were supplement-
ed with 1 mg mL™" lysozyme, 1 mM DTT and 0.1 mM PMSF or mini
complete protease inhibitor cocktail from Roche, respectively.
Cells were disrupted by sonication; the lysate was centrifuged
at 16,000g for 1 h at 4°C. The resulting supernatant was applied to
a HisTrapFF column using AKTA pure system (Amersham
Biosciences) in the presence of 10 mM imidazole in the buffer,
washed with 50 mM and eluted at 500 mM imidazole. The protein
containing fractions were pooled and applied to a HiLoad 16/60
Superdex 200 (RNase R) or Superdex 75 column (RNase T).
Fractions containing the target protein were pooled, separated into
aliquots and stored at —80°C (RNase R) or at —20°C in the presence
of 40% glycerol (RNase T). The purity of the protein preparations
was assessed on 12.5% SDS—polyacrylamide gels and stained with
Coomassie Brilliant Blue R-250 (Bio-Rad). Protein concentration
was determined according to Bradford (Bradford 1976).

Preparation of tRNA substrates for RNases

tRNA substrates were in vitro transcribed as described previously
(Schiirer et al. 2002; Morl et al. 2005). The 3’-dephosphorylated
RNA was 5’ -monophosphorylated in the presence of 1 mM ATP us-
ing T4 polynucleotide kinase to resemble the in vivo constellation.
Free nucleotides were removed using either G25 columns (GE
Healthcare) or preparative 10% PAGE. Radioactive labeling was car-
ried out either internally by adding equimolar [a->*P] NTPs during
transcription or at the 5-end with [y->’P] ATP (Hartmann
Analytic) during 5'-monophosphorylation. The E. coli tRNA sub-
strates tested were tRNA*““®_CCA, 5-GGGGCUAUAGCUCA
GCUGGGAGAGCGCUUGCAUGGCAUGCAAGAGGUCAGCGG
UUCGAUCCCGCUUAGCUCCACCA-3', tRNA*PSYO_CCA, 5-
GGAGCGGUAGUUCAGUCGGUUAGAAUACCUGCCUGUCAC
GCAGGGGGUCGCGGGUUCGAGUCCCGUCCGUUCCGCCA-3,
with their respective 3'-trailer composition as designated in the
main text.

RNase activity assays

All assays were performed at 37°C in three to four independent rep-
licates. Prior to the reaction, RNA substrates were heated at 65°C for
5 min by shaking at 600 rpm and allowed to slowly cool down to
room temperature.
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RNase R assays were carried out using internally labeled [a->*P]
tRNA in 90-100 pL reactions (unless stated otherwise) in 20 mM
Tris—HCI buffer (pH 8.0) containing 100 mM KCI, 0.25 mM
MgCl, and 1 mM DTT (Vincent and Deutscher 2006).
Concentrations of RNA substrate and enzyme were as indicated.
The reaction was stopped by adding ice cold trichloroacetic acid
to a final concentration of 6%—-9% as well as glycogen (50-70 ng
uL™!) as carrier. The activity was determined by quantifying the
acid-soluble products (MicroBeta?, PerkinElmer). For qualitative
analysis, the acid-precipitate was washed once in 70% ethanol,
air-dried, resuspended in RNA loading dye (10 mM Tris—-HCI
[pH 7.6], 80% formamide, 0.25% bromophenolblue, 0.25%
xylencyanol), resolved on a 10% PAGE and visualized on a
PhosphorImager (GE Healthcare). In the RNase R competition
study, a constant amount of internally labeled tRNA*"-CCACCA
(50 nM) was incubated with 0.2 ng uL™" RNase R and increasing
amounts of nonlabeled tRNA**~CCACCA or tRNA**-CCAAAU.
Reaction conditions were chosen so that substrate conversion was
under nonsaturating conditions. Product formation was determined
by quantifying the acid-soluble radioactivity.

RNase T assays were carried out using 5'-end labeled tRNA. The
time course experiment was carried out in a total volume of 40 pL
containing 20 mM Tris—HCI buffer (pH 8.0), containing 50 mM
KCI, 10 mM MgCl,, and 1 mM DTT (Zuo and Deutscher 2002).
Concentrations of RNA substrate and enzyme were as indicated.
At various time intervals, aliquots of 4 uL were withdrawn and the
reaction was terminated in 6%-9% ice cold trichloroacetic acid
and 50-70 ng pL™' glycogen. The acidic precipitate was washed
once in 70% ethanol, air-dried, resuspended in RNA loading dye
and resolved on a 10% PAGE. Michaelis—Menten kinetics were per-
formed in a total reaction volume of 10 pL. Initial rates of RNase T
activity were determined under steady-state conditions so that
product formation was linear over time and did not exceed 20%.
Quantification of the product bands was carried out using
ImageQuant TL software (GE Healthcare), and kinetic parameters
were determined by nonlinear regression using GraphPad Prism 7.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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