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The factors and mechanisms that govern tRNA stability in bacteria
are not well understood. Here, we investigated the influence of
posttranscriptional modification of bacterial tRNAs (tRNA modifica-
tion) on tRNA stability. We focused on ThiI-generated 4-thiouridine
(s4U), a modification found in bacterial and archaeal tRNAs. Compre-
hensive quantification of Vibrio cholerae tRNAs revealed that the
abundance of some tRNAs is decreased in a ΔthiI strain in a station-
ary phase-specific manner. Multiple mechanisms, including rapid
degradation of a subset of hypomodified tRNAs, account for the
reduced abundance of tRNAs in the absence of thiI. Through trans-
poson insertion sequencing, we identified additional tRNA modifica-
tions that promote tRNA stability and bacterial viability. Genetic
analysis of suppressor mutants as well as biochemical analyses
revealed that rapid degradation of hypomodified tRNA is mediated
by the RNA degradosome. Elongation factor Tu seems to compete
with the RNA degradosome, protecting aminoacyl tRNAs from decay.
Together, our observations describe a previously unrecognized bac-
terial tRNA quality control system in which hypomodification sensi-
tizes tRNAs to decay mediated by the RNA degradosome.
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Translation of mRNAs into the proteins that they encode is
dependent on tRNAs that function as adapter molecules,

coupling the presence of specific mRNA codons to the incor-
poration of corresponding amino acids into polypeptides. These
short noncoding RNA molecules fold into a highly conserved
structure that is essential for effective charging by aminoacyl-
tRNA synthetases, interaction with the ribosomal translation ma-
chinery, and pairing with specific codons in mRNAs (1–3).
tRNAs adopt a “clover leaf” secondary structure that generally
includes five characteristic elements: the accepter stem, the
D-stem loop (D arm), the anticodon stem loop (anticodon arm),
the variable loop, and the T-stem loop (T arm) (SI Appendix, Fig.
S1A). tRNAs’ characteristic L-shaped tertiary structure results
from interactions between these elements (4).
tRNAs are transcribed as longer precursor tRNA molecules,

which then undergo endonucleolytic cleavage and exonucleolytic
trimming of their 5′ and 3′ ends (5). Additional posttranscriptional
modifications are performed by a wide variety of dedicated tRNA-
modifying enzymes (6), the activities of which include methylation,
pseudouridylation, sulfuration, and coupling of amino acids. Over
100 species of modifications have been discovered across all domains
of life (7). Some modifications are introduced in nearly all tRNA
species, whereas others are limited to a small subset of tRNA species.
Similarly, some modifications are present across all domains of life,
while others are limited to a single domain (8). tRNA-modifying
enzymes have specificity both for particular tRNA species and for
the sites to be modified within them (9). The extent of tRNA
modification is not constant; instead, it can vary in response to
cellular and environmental factors, such as growth rate and oxygen
or nutrient levels (5, 10–14).
Modifications are not uniformly distributed across the length of

tRNA molecules (8). Within the anticodon, the first or “wobble”
position is particularly subject to modification, and these modifi-

cations are often critical for efficient translation (9); consequently,
mutations that prevent such modification can result in loss of via-
bility. In contrast, nucleotide modifications within the tRNA core
[composed of the T- and D-stem loops and variable loop compo-
nents that interact within the tertiary structure (4)] and elbow
[formed via the interaction of D and T loops (1)] are not generally
required for viability, and the absence of a single modification
usually does not have an effect on growth (15). Modifications out-
side of the anticodon region are thought to promote the thermo-
dynamic stability (i.e., structural rigidity) of tRNAs through
reinforcing the base interactions in the core or inhibiting unfavor-
able conformations (8). tRNAs’ highly stable structures are thought
to contribute to their intracellular stability; in general, tRNAs ex-
hibit a high melting temperature in vitro and a long half-life within
the cell.
Although individual mutations in tRNA modification loci

do not generally have detrimental consequences, in yeast the
absence of multiple nonessential modifications results in a
temperature-sensitive phenotype due to rapid exonuclease-
mediated tRNA decay (RTD) of specific tRNA species (16–
18). RTD and other mechanisms that degrade hypomodified or
mutated mature yeast tRNAs are thought to serve as a sur-
veillance system to eliminate tRNA molecules that have in-
correct nucleosides or conformations (19). Bacteria are not
known to have a similar surveillance system, and degradation of
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hypomodified or thermodynamically destabilized mature tRNAs
has not been reported. However, mutated thermodynamically
unstable precursor tRNA is degraded by PNPase in Escherichia
coli (20). In addition, a temperature-sensitive decrease in the
abundance of some tRNAs was observed in a tRNA modification
mutant in Thermus thermophilus (21). Rapid decreases in the
abundance of WT E. coli tRNA after stresses, such as amino acid
starvation and oxidative stress, were reported recently (22, 23), but
the pathways underlying these decreases have not been identified.
In Vibrio cholerae, the cause of the diarrheal disease cholera,

transposon insertion sequencing (TIS) analysis revealed that sev-
eral tRNA modification loci are required for optimal bacterial
growth in an animal model of disease (24). These loci (thiI, miaA,
mnmE, and mnmG) were not found to be required for V. cholerae
proliferation in nutrient-rich media, although the growth of mu-
tants in culture tubes was not extensively characterized. Conse-
quently, mutations in these loci are thought to impair V. cholerae
growth in only a subset of conditions. With the exception of thiI,
these genes encode enzymes that synthesize modifications within
the anticodon loop and thus, likely directly promote the efficiency
or accuracy of translation; however, the product of thiI is thought
to modify nucleotides at the junction of the acceptor stem and D
stem (SI Appendix, Fig. S1A), which is thought to contribute to
maintenance of tRNA structure (25, 26).
The product of thiI is a bifunctional enzyme that catalyzes the

synthesis of 4-thiouridine (s4U) and is also required for synthesis
of the thiazole moiety of thiamine (27, 28). s4U is a bacteria- and
archaea-specific modification that, in E. coli, is present at posi-
tion 8 in approximately one-half of tRNA species (8, 29). In E.
coli tRNA-Tyr, s4U is also found at position 9 (30). The nucle-
osides modified by ThiI interact with nucleosides in the D-stem
loop within the core, and sulfuration of U8 is predicted to pro-
mote these interactions, stabilizing tertiary structure (25, 26);
consistent with this idea, the lack of s4U was found to decrease
the melting temperature of a seryl-tRNA in E. coli (31).
Many of V. cholerae’s tRNAs exhibit strong homology to those

of E. coli, and all contain U at position 8, but their thiolation has
not been assessed. Here, we investigated the effects of s4U on
tRNA homeostasis. We discovered that V. cholerae lacking thiI
exhibits stationary phase-specific reductions in the levels of
multiple tRNAs that typically contain s4U. A subset of these
tRNAs undergoes rapid decay, suggesting that bacteria can
utilize a degradative process to eliminate hypomodified tRNAs.
Through transposon (Tn) mutagenesis, selection of suppressor
mutations, and high-throughput DNA sequencing, we identified
additional tRNA modifications that promote tRNA stability and
bacteria viability. Genetic and biochemical analyses were used to
demonstrate that rapid degradation of hypomodified V. cholerae
tRNA is mediated by the RNA degradosome. A system for
degradation of mature tRNA has not previously been identified
in bacteria.

Results
ThiI Modulates tRNA Abundance in Stationary Phase in a Subset of
tRNA Species. To initiate our studies of V. cholerae thiI and tRNA
modification, we confirmed that thiI is associated with the
presence of s4U in this organism. Total nucleosides were pre-
pared from total RNA of WT and ΔthiI (VC0894) strains. HPLC
analyses enabled us to detect the canonical four nucleosides (C,
U, G, A) and s4U, respectively (SI Appendix, Fig. S1B). Nucle-
osides derived from ΔthiI V. cholerae lacked the s4U detected in
the WT sample (SI Appendix, Fig. S1B, red traces), indicating
that thiI/VC0894 is required for s4U synthesis in V. cholerae.
Given previous reports that modifications in tRNAs’ core re-

gion can promote the molecules’ thermodynamic stability (8, 31),
which could affect their intracellular abundance, we performed a
comprehensive comparison of tRNA abundance in WT and
ΔthiI cells. Total RNA was extracted from cells harvested at

OD600 = 0.5 (late log phase) and 24 h after inoculation and then,
electrophoresed on polyacrylamide gels. No difference between
the bulk amounts of tRNAs present in the two strains was ob-
served (Fig. 1A). However, Northern blotting, using 53 probes
that detect all 55 tRNA species in V. cholerae (two probes detect
multiple tRNAs), revealed consistent thiI-dependent differences
in tRNA abundance, almost exclusively in stationary phase. We
found that 12 tRNA species were significantly less abundant in
stationary-phase samples from the ΔthiI strain (fc < 0.5 and P <
0.05) (Fig. 1 A and B and SI Appendix, Fig. S2), with differences
reaching as high as 18-fold. tRNA-Tyr, tRNA-Ser1, tRNA-Cys1,
and tRNA-Cys2 showed the most profound reductions (Fig. 1 A
and B). In log-phase samples, the abundance of only one tRNA
(tRNA-Gln1A) was significantly reduced in the ΔthiI strain. These
results suggest that ThiI and thus, the presence of s4U modifica-
tions modulate tRNA levels in a subset of tRNA species in a
stationary phase-specific manner.
Almost all of the tRNA species with thiI-dependent reduced

abundance in stationary phase are known to harbor s4U in E. coli
(29), but the presence of this modification on V. cholerae tRNAs
has not been assessed. We isolated four tRNA species (tRNA-Tyr,
tRNA-Ser1, tRNA-Cys1, and tRNA-Ile1) from V. cholerae RNA
and measured their s4U content by HPLC. tRNA-Tyr contains
∼20 pmol s4U in 10 pmol tRNA in both log and stationary phases
(Fig. 1C), suggesting that V. cholerae tRNA-Tyr, like that of E.
coli, harbors two s4U(30). tRNA-Ser1 and tRNA-Cys1 each con-
tain ∼10 pmol s4U in 10 pmol tRNA. In contrast, no s4U was
detected in tRNA-Ile1, which had been selected to represent
tRNAs with abundance that was not altered in the thiI background
(Fig. 1C). These data are consistent with the hypothesis that the
reduced abundance of some tRNAs in stationary-phase ΔthiI V.
cholerae is linked to the tRNAs’ lack of s4U.

s4U Promotes tRNA Stability in Stationary Phase.We next performed
a higher-resolution analysis of tRNA levels over time for tRNAs
with abundance that was severely reduced in stationary-phase
ΔthiI cells. The level of tRNA-Tyr and tRNA-Ser1 decreased
when ΔthiI cultures reached late log phase (Fig. 1D and SI Ap-
pendix, Fig. S3A), in contrast to the increase observed in WT
cultures. Levels of tRNA-Cys1 did not differ between WT and
ΔthiI samples until early stationary phase, when ΔthiI displayed
less of an increase than the WT followed by a gradual decrease
over late stationary phase. As expected based on its lack of s4U,
tRNA-Ile1 levels did not differ between the two strains.
The rapid decrease in tRNA-Ser1 and tRNA-Tyr levels suggests

that these tRNAs undergo rapid decay in the ΔthiI background. To
test this possibility, we measured the decay of the four tRNAs
assessed above in log- and stationary-phase cultures by blocking
transcription with rifampicin and using Northern blotting to track
levels over time. In early log-phase samples, no decay was observed
for any of the tRNA species, consistent with the typical expectation
that tRNAs are stable, long-lived species and with our previous
observation that the absence of thiI does not generally affect RNA
abundance in log phase (Fig. 1E and SI Appendix, Fig. S3B). In
contrast, exponential decay of tRNA-Tyr and tRNA-Ser1 was ob-
served in stationary-phase cultures of the ΔthiI strain (Fig. 1F and
SI Appendix, Fig. S3C). No decline was observed for tRNA-
Cys1 and tRNA-Ile1 from the ΔthiI strain or for any tRNAs
from stationary-phase cultures of the WT strain (Fig. 1F). Col-
lectively, these results suggest that the absence of s4U leads to a
stationary phase-specific decrease in the abundance of some
tRNAs by reducing their intracellular stability but that additional
mechanisms also likely contribute to the decline in some tRNA
species (e.g., tRNA-Cys1).
Next, we addressed the relationship between thermodynamic in-

stability and rapid tRNA decay. We generated melting curves for
tRNA-Tyr and tRNA-Ser1 isolated fromWT andΔthiI strains to test
if s4U deficiency affected the stability of tRNA-Tyr and tRNA-Ser1 in
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vitro (SI Appendix, Fig. S4). At temperatures from ∼40 °C to 80 °C,
tRNA-Tyr from ΔthiI cells displayed markedly increased A260 relative
to the WT, while tRNA-Ser1 showed a more subtly altered absor-
bance. Both patterns were associated with a reduced melting temper-
ature of the ΔthiI-derived tRNA, with a melting temperature of
60.1 °C vs. 66.0 °C for tRNA-Tyr and 55.0 °C vs. 61.0 °C for tRNA-
Ser1, indicative of the reduced stability of the hypomodified tRNA.
This observation is consistent with the idea that rapid decay of hypo-
modified tRNA could be associated with thermodynamic instability.

Genetic Interactions Between thiI and the Genes Responsible for
Other tRNA Modifications. To gain additional insight into the
role and impact of s4U, we carried out a TIS screen to define
thiI’s genetic interactions. We created a highly saturated Tn in-
sertion library in the ΔthiI strain and determined the frequency
with which each potential insertion site was disrupted. The Artist
pipeline (32) was used to identify genes in which Tn insertions
are underrepresented in the ΔthiI library relative to their fre-
quency in a WT library generated using the same protocol
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Fig. 1. Some tRNA species lacking s4U exhibit stationary phase-specific tRNA decay. A, Upper shows a polyacryamide gel of total RNA from WT and ΔthiI
strains stained with SYBR Gold. A, Lower shows Northern blots probed for the indicated tRNA species. Log-phase cells were harvested at OD600 = 0.5, and
stationary-phase cells were harvested 24 h after inoculation. (B) Quantification of the indicated tRNAs from Northern blots in A and SI Appendix, Fig. S2. tRNA
species that exhibited a greater than twofold change and a significant difference (P < 0.05 in t test) between WT and ΔthiI samples in stationary phase are
colored in red. Bars show the mean values from three independent experiments, with error bars representing SD (calculated from SD of the WT and ΔthiIwith
error propagation). The list of tRNA sequences with names is shown in Dataset S3. (C) Amount of s4U detected (in 10 pmol) of each tRNA species based on
HPLC analysis. Log-phase tRNAs were isolated from cultures with OD600 = 0.4, and stationary-phase tRNAs were isolated from cultures 24 h after inoculation.
Each bar represents the mean value of three independent measurements, with error bars representing SD. *s4U was not detected in tRNA-Ile1 from log-phase
RNA; **s4U was not analyzed in stationary phase. (D) The relative levels of tRNA-Tyr, tRNA-Ser1, tRNA-Cys1, and tRNA-Ile1 over time based on Northern
blotting. The signal at each time point is presented relative to its intensity in cultures at OD600 = 0.5 (time 0) after normalization for RNA loading based on 5S
rRNA. WT and ΔthiI curves are colored in blue and red, respectively. (E) Decay curves of tRNAs in log-phase cultures. Rifampicin was added at OD600 =
0.3 followed by sampling for 1 h. Each point represents the mean value of three independent measurements, with error bars representing SD. For each strain
background, RNA abundance at each time point is shown relative to abundance in that strain at t = 0. (F) Decay curves of tRNAs in early stationary-phase
cultures as shown in E. Rifampicin was added 1 h after cultures reached OD600 = 0.5 (∼OD600 = 1.0) followed by sampling for 1 h.
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(Dataset S1). Underrepresented loci are expected to be more
important for growth and/or viability in the absence of thiI. As
expected, the screen identified genes required for thiamine
transport (i.e., tboA, thiP, and thiQ) (Fig. 2A and Dataset S1);
such genes are necessary for providing cellular thiamine when
the biosynthetic pathway is disrupted (e.g., by the absence of
thiI). Notably, the set of underrepresented genes also included
three genes responsible for tRNA modification: trmA, which
enables synthesis of 5-methyluridine at position 54; truB, which
enables synthesis of pseudouridine (Ψ) at position 55; and miaA,
which enables synthesis of i6A, a precursor of the ms2io6A at
position 37 (Fig. 2 A–D). T54 and Ψ55 are located within the T
loop and are involved in elbow formation (Fig. 2D); these loci
have been found to be modified in all species of E. coli tRNA
(29). ms2io6A37 is one of the many modifications generated at
this position that enhances tRNA’s decoding capacities (Fig. 2D)
(33). Identification of the latter three underrepresented loci
suggests that thiI contributes to critical cellular processes in its
role in tRNA modification as well as in thiamine biosynthesis.
To validate results from this screen, we constructed double

mutants in which thiI’s native promoter was replaced by the
arabinose-inducible promoter and one additional gene was de-
leted. While we observed no or only marginal growth defects in

all mutants when grown in the presence of arabinose, we ob-
served severe growth defects in all three double mutants in the
absence of arabinose (Fig. 2E). Thus, the two modifications work
cooperatively to enable optimal growth so that growth is im-
paired only in the absence of both loci. It is noteworthy that
these growth defects were not observed when bacteria were
grown at 25 °C rather than 37 °C, perhaps because thermody-
namic destabilization of unmodified tRNAs is less pronounced at
the lower temperature.

Growth Defects in Double Mutants Are Suppressed by Mutations in
tRNA-Tyr and RNase E. The Para-thiI/ΔtruB strain grown on LB
plates without arabinose exhibited heterogeneous colony size
(Fig. 3A). The very tiny colonies and two types of larger colonies
with distinct morphologies were presumed to be the parental
strain and spontaneous suppressor strains, respectively. The
slowed growth of the Para-thiI/ΔtruB strain (doubling time =
96 min in the absence of arabinose) was markedly reduced in
both suppressor strains (36 and 29 min, respectively) (Fig. 3A).
Whole-genome sequencing of DNA from the parental Para-thiI/
ΔtruB strain and its derivatives was performed to identify po-
tential suppressor mutations. One suppressor strain was found to
have a mutation in a gene encoding tRNA-Tyr that changed U to
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elbow and core regions of the tRNA are highlighted in light orange. (E) Growth of double-mutant strains on LB plates with (Right) or without (Left) 0.2%
arabinose at 37 °C (Upper) and 25 °C (Lower) for 24 h.

Kimura and Waldor PNAS | January 22, 2019 | vol. 116 | no. 4 | 1397

M
IC
RO

BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814130116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814130116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814130116/-/DCSupplemental


C at position 51 in the T stem, resulting in a fully matched T stem
that is expected to augment tRNA stability (Fig. 3B). The second
strain was found to have a stop codon introduced in place of
Glu664 at the beginning of the C-terminal domain (CTD) of
RNase E (VC2030) (Fig. 3C). The truncated protein retains
RNase E’s endonuclease domain, which is involved in rRNA and
tRNA precursor processing, but lacks the domain that scaffolds
formation of the RNA degradation machinery known as the
RNA degradosome (34). The degradosome, which is composed
of the RNA helicase RhlB, Enolase, and Polynucleotide phos-
phorylase PNPase, is thought to degrade structured RNA, but it
has not been specifically linked to degradation of mature tRNA.
Thus, both suppressor mutations seemed likely to result in tRNA
stabilization either of a single species (from the tRNA-Tyr mu-

tation) or more generally (due to absent/defective degrado-
somes). Northern blotting confirmed that both suppressor
mutations increased tRNA-Tyr levels in the Para-thiI/ΔtruB
mutant in the absence of arabinose (Fig. 3D).
Given the profound growth effect of the tRNA-TyrU51C

suppressor that should specifically elevate tRNA-Tyr abundance,
we also tested whether exogenous expression of tRNA-Tyr
countered the growth defect of the Para-thiI/ΔtruB mutant. In-
troduction of a multicopy vector expressing tRNA-Tyr markedly
increased the growth of this strain in the absence of arabinose,
rendering it comparable with that of the parental Para-thiI strain
(Fig. 3E). In contrast, overproduction of either tRNA-Ser1 or
tRNA-Gln1A did not rescue growth of the Para-thiI/ΔtruB mu-
tant (SI Appendix, Fig. S5), suggesting that the growth defect is
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Fig. 3. Mutants lacking multiple tRNA modification genes exhibit tRNA decay mediated by the RNA degradosome. (A, Left) Colony morphology of the
original Para-thiI/ΔtruB strain and suppressor strains (sup#1 and sup#2) on the same plate. A, Right shows the doubling time in LB medium at 37 °C of the
indicated strains. (B) Predicted secondary structure of tRNA-Tyr with the mutation that is found in sup#1. Modifications are predicted based on those pre-
viously observed in E. coli. (C) Schematic depiction of the RNase E domain structure with the site of the RNase E Glu664STOP (sup#2) mutation annotated. (D)
Relative abundance of tRNA-Tyr in log-phase (OD600 = 0.5) cultures of the indicated strains grown in LB at 37 °C without arabinose. (E) Growth on LB plates
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specifically linked to tRNA-Tyr. The tRNA-Tyr expression vec-
tor also increased growth of the Para-thiI/ΔtrmA and Para-thiI/
ΔmiaA double mutants, suggesting that the absence of additional
tRNA modifications in these strains also reduced tRNA-Tyr
abundance and/or activity sufficiently to hamper bacterial
growth. These data suggest that V. cholerae is particularly sen-
sitive to tRNA-Tyr depletion. V. cholerae has only one tRNA-Tyr
isoacceptor, and therefore, all tRNA-Tyr have s4U. Thus, loss of
this tRNA-Tyr is expected to be lethal, and maintenance of
proper tRNA-Tyr levels is important for optimal growth.

Rapid Decay of Hypomodified tRNAs Is Mediated by the RNA
Degradosome. The finding that RNase E truncation in the Para-
thiI/ΔtruB mutant increased tRNA-Tyr abundance (Fig. 3D)
coupled with the observation of the thiI mutant’s rapid tRNA
degradation during stationary phase (Fig. 1F) suggested that
RNase E might mediate tRNA degradation. To explore this
possibility, we measured the decay of tRNA-Tyr in the Para-thiI,
Para-thiI/ΔtruB, and RNase E suppressor strains during log-
phase growth without arabinose. tRNA-Tyr showed no detect-
able decay in the single-thiI mutant strain (Fig. 1E); however, it
showed exponential decay in the Para-thiI/ΔtruB strain (Fig. 3F
and SI Appendix, Fig. S3D). Deletion of the RNase E CTD in the
double mutant restored tRNA-Tyr stability to the level observed
in the WT (Fig. 1E) or Para-thiI strain (Fig. 3F and SI Appendix,
Fig. S3D), providing a possible explanation for this mutant’s
increase in tRNA-Tyr levels. Exponential decay of tRNA-Tyr
was also observed in the Para-thiI/ΔtrmA mutant, with restora-
tion of its stability by the truncation of RNase E (Fig. 3F and SI
Appendix, Fig. S3E). In addition, RNase E truncation increased
the growth of both double mutants in the absence of arabinose
(Fig. 3G). Collectively, these data suggest that RNA degrado-
somes can limit the lifespan of hypomodified tRNA species. This
is a demonstration of a rapid decay system for hypomodified
tRNA in bacteria. It is noteworthy that tRNA decay was not
observed in the Para-thiI/ΔmiaA background (Fig. 3F and SI
Appendix, Fig. S3F), likely because the anticodon region altered
by the miaA mutation is typically less critical for thermodynamic
stabilization of the tertiary structure of tRNA; instead, the
growth defect in this background is likely attributable to reduced
tRNA function.

tRNA-Tyr and tRNA-Ser1 Are Degraded by Distinct Mechanisms. We
also assessed whether the rapid decay of some hypomodified
tRNAs in stationary-phase cultures of the ΔthiI strain (Fig. 1F) is
dependent on the CTD of RNase E. We found that rapid decay
of the ΔthiI mutants’ tRNA-Tyr and tRNA-Ser1 was eliminated
by deletion of RNase E’s CTD, providing additional support for
the involvement of RNA degradosomes in controlling tRNA
lifespan (Fig. 4 and SI Appendix, Fig. S3 G and H). As noted
above, the degradosome is composed of RNA helicase RhlB,
Enolase, and Polynucleotide phosphorylase PNPase in addition
to the RNase E CTD. Like RNase E truncation, a catalytic
mutation within PNPase (R399D/R400D) (35) suppressed decay
of tRNA-Tyr and tRNA-Ser1 in the ΔthiI background; however,
a catalytic mutation within RhlB (D165N) (36, 37) suppressed
decay of tRNA-Tyr but not of tRNA-Ser1 (Fig. 4). The vari-
ability in the requirement for active RhlB suggests that tRNA-
specific decay mechanisms may be present.

RNA Degradosomes Mediate tRNA Decay in Vitro. To further sup-
port our model that decay of hypomodified tRNAs is mediated
by RNA degradosomes, we established an in vitro assay of tRNA
decay. An epitope-tagged form of endogenous RNase E was
affinity purified from WT and PNPase-deficient (R399D/R400D)
strain backgrounds, enabling isolation of associated degrado-
some proteins as well as RNase E (Fig. 5A). We incubated the
purified RNA degradosomes with tRNA-Tyr isolated from the

WT or ΔthiI strain and tracked tRNA-Tyr decay. As expected,
tRNA-Tyr decay was far more rapid in the presence of degra-
dosomes from WT cells than from the PNPase-deficient strain
(Fig. 5 B and C), suggesting that we had largely recapitulated the
tRNA decay activity of RNA degradosome in vitro and were not
observing degradation catalyzed by RNase E’s endonuclease
domain. Surprisingly, we did not see any significant difference in
the rate of decay for tRNA-Tyr from WT and ΔthiI cells. These
observations suggest that RNA degradosomes do not distinguish
hypomodified tRNAs from modified tRNAs via direct recogni-
tion of tRNA primary sequence or secondary structure and raise
the possibility that additional factors govern degradosome ac-
tivity and/or alter the susceptibility of hypomodified tRNAs to
RNA degradosome-mediated decay in vivo.

Aminoacylated tRNA-Tyr Undergo RNA Degradosome-Dependent
Decay. PNPase targets the 3′ end of tRNAs, the site of amino-
acylation. To investigate whether tRNA aminoacylation status
influences RNA degradosome-dependent decay, we first moni-
tored tRNA-Tyr aminoacylation levels in the WT and ΔthiI
strains in early stationary phase. Both strains had similar high
aminoacylation levels (Fig. 6A), suggesting that the absence of
thiI does not drastically affect tRNA-Tyr aminoacylation. Next,
we tracked the decay of aminoacylated and deacylated tRNA-
Tyr in the ΔthiI strain. Levels of deacylated and aminoacylated
tRNAs both decreased after the addition of rifampicin (Fig. 6 B
and C and SI Appendix, Fig. S3I), suggesting that both amino-
acylated and deacylated tRNAs can be targeted by the RNA
degradosome. Furthermore, similar decay patterns of deacylated
and aminoacylated tRNAs were observed after addition of
chloramphenicol, which blocks translation-mediated conversion
of aminoacylated tRNAs to deacylated tRNAs (Fig. 6 B and C),
arguing against the possibility that the decrease of aminoacylated
tRNA observed above (Fig. 6 B and C) is explained by a shift in
the equilibrium between aminoacylated and deacylated tRNA.
Taken together, these observations strongly suggest that ami-
noacylated as well as deacylated tRNAs are targeted by the RNA
degradosome for decay.

Elongation Factor Tu Protects tRNAs from RNA Degradosome-
Mediated Decay. Aminoacylated tRNAs are bound by elonga-
tion factor Tu (EF-Tu) in the cytoplasm (38). Since the 3′ end of
tRNAs is found within the EF-Tu binding pocket, we hypothe-
sized that this EF protects tRNA from degradosome-mediated
decay. To test this hypothesis, an inducible version of EF-Tu was
introduced into the ΔthiI strain, and after EF-Tu induction in
late log phase, tRNA decay was monitored in early stationary
phase. Induction of EF-Tu suppressed the decay of tRNA-Tyr
and tRNA-Ser1 (Fig. 6D and SI Appendix, Fig. S3 J and K),
suggesting that EF-Tu can protect tRNAs from degradosome-
mediated decay.
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Discussion
The mechanisms by which bacterial cells govern tRNA stability
have been largely unclear. Here, we describe a previously un-
recognized tRNA quality control mechanism in bacteria that
enables clearance of hypomodified tRNAs (SI Appendix, Fig.
S6). V. cholerae lacking ThiI, which generates s4U in a subset of
V. cholerae tRNAs, has reduced abundance of tRNAs that con-
tain s4U, particularly in stationary phase. In part, this reduction
in tRNA levels reflects rapid degradation of hypomodified tRNA
species, a process not previously reported for bacteria. Such
rapid degradation is even more pronounced, extending into log-
phase growth, in mutants lacking additional tRNA modifications
as well as s4U. Our genetic and biochemical analyses indicate
that this tRNA degradation is mediated by RNA degradosomes,
which seem to be able to target charged as well as noncharged
tRNAs. EF-Tu can protect aminoacyl-tRNAs from RNA
degradosome-mediated decay. Hypomodified tRNAs subject to
degradation exhibited reduced melting temperatures, suggesting
that thermodynamic destabilization and loss of typical tRNA
structure are likely cues for degradation (SI Appendix, Fig. S4).
The effect of thiI disruption on V. cholerae tRNA abundance is

variable, with levels of some tRNAs showing marked changes in
stationary phase, while others exhibit minimal or no change.
Differences in tRNA abundance do not necessarily reflect the
extent of s4U incorporation, since disruption of thiI prompted
lesser changes in the abundance of tRNA-Tyr than of tRNA-
Ser1, despite tRNA-Tyr containing twice as much s4U. The ex-
tent of s4U incorporation in other V. cholerae tRNAs has not
been fully determined; however, it is apparent that not all tRNA
species include this modification (e.g., tRNA-Ile1 does not),
despite the ubiquity of U at position 8 of V. cholerae tRNAs. It is
likely that variance at other tRNA positions modulates the need
for and benefits of the s4U modification.
Multiple mechanisms likely account for the reduced abun-

dance of some tRNAs in the thiI mutant during stationary
phase. A subset of hypomodified tRNAs seems to be subject to
rapid degradation that is dependent on RNase E’s C terminus
and PNPase catalytic activity, suggesting involvement of RNA
degradosomes. Degradation dependent on the RNase E CTD

was also observed in log phase for tRNAs lacking multiple modi-
fications. In addition, in vitro analyses confirm that RNA degra-
dosomes can target tRNAs. Collectively, these observations suggest
that degradation machinery scaffolded by RNase E’s C ter-
minus underpins a previously unrecognized bacterial tRNA
quality control system.
The bacterial tRNA decay system investigated here shares

certain features with the yeast rapid tRNA decay system. Both
systems can degrade hypomodified aminoacylated tRNAs (16),
and our findings suggest that, as in yeast [where elongation factor
1A (EF1A) competes with the decay machinery (39, 40)], EF-Tu
(the functional homolog of EF1A) competes with the degrada-
some. Interestingly, however, the mechanisms of the two degra-
dation machineries differ. The bacterial system relies on PNPase,
a 3′→ 5′ exonuclease, whereas the yeast system depends Rat1 and
Xrn1, 5′ → 3′ exonucleases (17). We speculate that these systems
have convergently evolved to promote tRNA quality control.
Unexpectedly, our results suggest that the RNA degradosome

adopts distinct processes to degrade tRNA-Tyr and tRNA-Ser1;
the catalytic activity of RhlB facilitates decay of tRNA-Tyr but
not that of tRNA-Ser1. Given that RhlB can catalyze unwinding
of double-stranded RNAs, RhlB could destroy the secondary
and tertiary structures of hypomodified tRNA-Tyr. We hypoth-
esize that disruption of tRNA structure by RhlB might induce
dissociation of protein factors associated with tRNA that oth-
erwise protect the molecule and promote its stability. RhlB’s
specificity in promoting decay of tRNA-Tyr but not that of other
tRNAs (e.g., tRNA-Ser1) could account for the relative rapidity
of tRNA-Tyr decay (Fig. 1F). The mechanisms by which RhlB
recognizes specific tRNAs remain to be investigated.
The basis for the enhanced susceptibility of hypomodified

tRNAs to decay mediated by the RNA degradosome is still un-
known. Since rapid degradation was prominent in the thiI trmA
and thiI truB double mutants, we speculate that destabilization
of the tRNA elbow region, which is critical for generating
tRNAs’ canonical L-shaped tertiary structure, is a potent trig-
ger of RNA degradosome-mediated tRNA decay. Formation of
the elbow requires interaction of the tRNA T and D arms (Fig.
2 and SI Appendix, Fig. S4), and in solution, such interactions
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are facilitated by T54 and Ψ55 modifications (generated by
TrmA and TruB, respectively) (41). The s4U modification, by
stabilizing the tRNA core (Fig. 2D), may also contribute to

elbow formation/stability. Thus, the simultaneous absence of s4U
and T54 or Ψ55 modifications may markedly reduce the ther-
modynamic stability of the elbow region. We did not observe
preferential degradation of hypomodified tRNAs in vitro, sug-
gesting that RNA degradosomes do not directly recognize al-
terations in tRNA primary or secondary structure associated
with the absence of modification. However, in vivo, it is possible
that EF-Tu preferentially protects properly folded tRNAs from
degradation if hypomodified tRNAs (with unstable elbow re-
gions) have lower affinity for EF-Tu.
Our findings uncovered another process that distinguishes

stationary-phase cell physiology; the thiI mutation had a more
marked effect on tRNA abundance in stationary phase than in log
phase, and the mutant’s hypomodified tRNAs were only subject to
rapid decay during stationary phase. A possible explanation for the
latter observation is that stationary-phase tRNAs may have re-
duced thermodynamic stability, perhaps related to ionic and/or
osmotic characteristics of culture media. Additionally, degrado-
somes may have heightened activity, protective EF-Tu may be less
abundant, and/or there may be reduced abundance of alternate
degradosome targets during stationary phase.
Finally, our analyses of the role of thiI, its interaction network,

and factors that compensate for thiI deficiency were greatly fa-
cilitated by high-throughput and genome-wide analyses. Many
outstanding questions regarding control of bacterial tRNA me-
tabolism and activity remain to be addressed, and additional
applications of similar high-throughput technologies to investi-
gate these issues will be fruitful.

Methods
Strains and Culture Conditions. Strains and plasmids are listed in SI Appendix,
Tables S1 and S2. V. cholerae C6706, a clinical isolate (42), was used in this
study. All strains were grown in LB containing 1% NaCl at 37 °C unless
otherwise indicated. E. coli SM10 (lambda pir) harboring pSC189 (43) or
pCVD442 (44) was cultured in LB plus LB plus carbenicillin (Cb). Antibiotics
were used at the following concentrations: 200 μg/mL streptomycin, 50 μg/mL
kanamycin, and 50 μg/mL Cb. Arabinose-inducible promoters were induced
with 0.2% arabinose.

Strain and Plasmid Construction. All mutations in C6706 were created using
homologous recombination and a derivative of the suicide vector pCVD442 as
described (32). Targeting vectors for gene deletions contained 500–1,000 bp
of DNA flanking each side of the target gene cloned into pCVD442’s SmaI
site using isothermal assembly. The tRNA-Tyr gene was inserted into the
BamHI/SalI sites of pACYC184. The tRNA-Gln1A and tRNA-Ser1 genes were
inserted into linearized ptRNA-Tyr. The EF-Tu gene was introduced into the
SmaI site of pBAD33. For introducing mutations into the chromosomal pnp
and rhlB loci, each ORF with flanking regions was initially cloned into
pCVD442’s SmaI site, and then, mutations were generated with the Pri-
meSTAR Mutagenesis Basal Kit (TAKARA-bio); subsequently, allelic exchange
was used to introduce these mutant genes into the chromosome. For in-
tegration of 3× Flag tag to the 3′ end of the chromosomal rne gene, flag-rne
with a flanking region was introduced into pHL100’s SmaI site, transferred
to pCVD442′ SmaI site, and delivered into chromosome by allelic exchange.

RNA Extraction. Total RNA was extracted with TRIzol (Life Technologies)
according to the manufacturer’s instructions.

Isolation of Individual tRNAs.One-liter cultures of log-phase (OD600 = 0.4) and
stationary-phase (24-h) V. cholerae cells were harvested, and total RNA was
extracted as previously reported (45). Briefly, cells were resuspended in 5 mL
buffer [50 mM NaOAc, pH 5.2, 10 mM Mg(OAc)2], mixed with 5 mL water-
saturated phenol, and agitated vigorously for 1 h. The aqueous phase was
separated by centrifugation, washed with chloroform, and recovered by
isopropanol precipitation. RNA was cleaned with the TRIzol reagent, and
total RNA was run through a manually packed DEAE column (GE healthcare)
to remove contaminants and recovered by isopropanol precipitation. Indi-
vidual tRNA species were bound to biotinylated DNA probes anchored to
high-capacity streptavidin agarose resin (GE Healthcare) in 30 mM Hepes-
KOH, pH 7.0, 1.2 M NaCl, 15 mM EDTA, and 1 mM DTT at 68 °C for 30 min
with shaking. Beads were washed three times with 15 mM Hepes-KOH,
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Fig. 6. EF-Tu protects aminoacyl-tRNAs from RNA degradosome-mediated
decay. (A) Aminoacylation levels of tRNA-Tyr in WT and ΔthiI strains. Total
RNAs from early stationary phase (1 h after OD600) were resolved on 6.5% acid
gels and analyzed by Northern blotting. Means ± SD of aminoacylation level
from three independent experiments are shown. Red and blue arrowheads
indicate aminoacylated and deacylated tRNAs, respectively. (B and C) Decay of
aminoacylated and deacylated tRNAs in early stationary-phase cultures after
rifampicin treatment. Total RNAs were resolved on 6.5% acid gels and ana-
lyzed by Northern blotting with or without chloramphenicol (Cm) (B); decay
curves of the lower band (deacylated tRNA), upper band (aminoacylated
tRNA), and total tRNA-Tyr (calculated from neutral PAGE Northern blotting
analysis) are shown in C. Red and blue arrowheads in B indicate aminoacylated
and deacylated tRNAs, respectively. (D) Decay curves of tRNA-Tyr and tRNA-
Ser1 from the ΔthiI strain containing a vector encoding arabinose-inducible
EF-Tu (pEF-Tu) or an empty vector (pBAD) with or without 0.2% arabinose.
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pH 7.0, 0.6 M NaCl, 7.5 mM EDTA, and 1 mM DTT and seven times with
0.5 mM Hepes-KOH, pH 7.0, 20 mM NaCl, 0.25 mM EDTA, and 1 mM DTT.
Purified tRNAs were extracted from beads with TRIzol and then gel purified
on 10% TBE-UREA gels. Residual DNA probes were eliminated with Turbo
DNase (Thermo Fisher Scientific). The probes used in this study are listed in
Dataset S2.

Northern Blotting. In total, 0.1–1 μg RNAwas electrophoresed on 10% Novex TBE-
UREA gels (Thermofisher) and stained with SYBR Gold (Life Technologies). For
evaluation of aminoacylation level, total RNA was electrophoresed on 6.5% urea
gels (7 M urea, 100 mM NaOAc, pH 5.0). RNA was transferred to nitrocellulose
membranes by semidry blotting and cross-linked twice tomembranes with 1,200
μJ UV light. Membranes were incubated in ULTRAhyb-oligo (Life Tech-
nologies) at 42 °C for 30 min followed by hybridization overnight at 42 °C
with 4 pmol DNA probes radiolabeled using [γ-32P]ATP (PerkinElmer) and T4
Polynucleotide kinase (New England Biolabs). Membranes were washed
twice with 2× SSC/0.5% SDS, and then, bound probe was detected using an
FLA-5000 phosphoimager (Fuji). The signal intensity of tRNA was normalized
to that of 5S rRNA. All DNA oligos were synthesized by Integrated DNA
Technology. Probe sequences are listed in Dataset S2.

Propagated errors (σa/b) of relative abundance were calculated by use of
the following formula:

  σa=b =
a
b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
σa

a

�2

+
�
σb

b

�2
s

;

a indicates the mean of tRNA abundance in ΔthiI strain, b indicates the
mean of tRNA abundance in the WT, σa indicates the SD of tRNA abundance
in ΔthiI, σb indicates the SD of tRNA abundance in the WT, and σa/b indicates
the propagated SD of relative tRNA abundance.

tRNA Decay Curve Measurement. LB medium (50 or 100 mL) was inoculated with
overnight cultures and then incubated with vigorous shaking at 250 rpm (Innova
2100; New Brunswick Scientific); at selected points (OD600 = 0.3 for log phase and
1 h after OD600 = 0.5 for stationary phase), rifampicin (Fisher BioReagents) was
added to cultures at a final concentration of 100 μg/mL. Several time points were
characterized per culture; for each, cells in a 1-mL sample were harvested by
centrifugation at 21,130 × g for 30 s. Total RNA was extracted using TRIzol re-
agent, and the abundance of individual tRNAs was quantified by Northern blot-
ting analysis (SI Appendix, Fig. S7) as described above. Average values from three
or four biological replicates were fitted to an exponential curve.

Assays of Bacterial Growth. To generate short-term growth curves, overnight
cultures were diluted 1:105 in LB medium and cultured in a Bioscreen C OD reader
(Growth Curves USA) with monitoring of OD600 every 15 min for 24 h.

To measure the effect of arabinose on growth of strains with arabinose-
inducible thiI, LB medium without arabinose was inoculated with cells
grown overnight at 30 °C or 37 °C on LB plates supplemented with 0.2%
arabinose. Culture tubes were allowed to stand at 37 °C overnight; cultures
were then serially diluted in LB medium and spotted (5 μL) on LB plates with
or without arabinose. Plates were photographed 1 d after plating.

Tn Insertion Sequencing. A Himar1 Tn insertion library in a ΔthiI strain was
generated and sequenced as previously described (32). Sequenced reads were
mapped onto a V. cholerae reference genome (N16961), and all TA dinucleotides
sites (TA sites) were tallied and assigned to annotated genes as described (24).
Based on 7,750,593 mapped reads, the library of ∼600,000 colonies contained
134,416 unique Tn insertions corresponding to disruption of 70% of all TA sites.
The Con-ARTIST pipeline (24) was used to compare the ΔthiI library with a
previously characterized WT library (32) to identify over- and underrepre-
sented genes. Complete results of this analysis are shown in Dataset S1, and
raw data files were deposited to the Sequence Read Archive (SRA) database
in NCBI (accession number SRP169513) (46).

Whole-Genome Sequencing. Three colonies of Para-thiI/ΔtruB with distinct
sizes and morphologies were cultured in LB overnight, and genomic DNA
was extracted with the DNeasy kit (Qiagen). DNA libraries were prepared
with the Nextera XT kit (Illumina) according to the manufacturer’s in-

structions and then sequenced with MiSeq using MiSeq reagent v3
(Illumina). Sequenced reads were mapped to the V. cholerae C6706
reference genome, and SNPs were detected with the CLC Genomic
workbench (QIAGEN). Raw data files were deposited to the SRA
database in NCBI (accession number SRP169512) (47).

HPLC. Twentymicrograms total RNA or 35–50 pmol of isolated tRNAwas digested
with 1.5 μg Nuclease P1 (Sigma Aldrich) and 0.08 U Alkaline phosphatase (Clon-
tech) in 25 mM NH4OAc, pH 7.2, at 37 °C for 1 h. Nucleoside digests of 8 μg total
RNA, 10 pmol isolated tRNAs, or s4U standard (MP Biomedical) were subjected to
a Ultimate 3000 HPLC system (Dionex) equipped with a reverse-phase HPLC col-
umn (Acclaim PolarAdvantageII Dionex). The flow rate was 500 μL/min, and the
gradient was made from A buffer (5 mM NH4OAc, pH 5.0) and B buffer (80%
Acetonitrile) with the following program: 0% B buffer, 0 min; 35% B buffer,
35 min; 100% B buffer, 40 min; 100% B buffer, 50 min; 0% B buffer, 51 min; and
0% B buffer, 60 min. UV A254 and A334 was monitored for general nucleosides
and s4U, respectively. The amount of s4U was calculated from the peak area at
334 nm based on a standard curve made with commercially obtained s4U.

Immunoprecipitation of RNase E. Immunoprecipitation is done as described in
ref. 48. V. cholerae Δrne::rne-flag strains (± pnp mutation) were cultured
overnight at 37 °C, diluted by 1,000-fold in 400 mL LB medium, and cultured
at 37 °C with vigorous shaking at 200 rpm (Innova 40; New Brunswick Sci-
entific). Cells were harvested at early stationary phase (1 h after OD600 = 0.5)
and stored at −80 °C. Cells were resuspended in 10 mL lysis buffer (50 mM
Na-Hepes, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 0.5% Triton X-
100, 12% Glycerol, 0.5 mM DTT, 1 mM PMSF, 0.2 U/mL DNase I, complete
proteinase inhibitor mixture; Roche) and disrupted with EmulsiFlex for
15 min. Five milliliters of cleared supernatant was mixed with 150 μL anti-
FLAG M2 affinity gel (Sigma Aldrich) and incubated with gentle rotation at
4 °C overnight. After removal of supernatant, beads were washed twice with
wash 1 buffer (50 mM Na-Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5%
Triton X-100, 6% Glycerol, 0.5 mM DTT, 1 mM PMSF) and once with wash
2 buffer (50 mM Na-Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, 6% Glycerol,
1 mM PMSF) followed by elution with 200 μL flag elution buffer (25 mM Na-
Hepes, pH 7.5, 100 mM NaCl, 0.2 mg/mL 3× FLAG peptide; Sigma Aldrich).
Eluent was analyzed by gel electrophoresis, and band identity was confirmed
through peptide mass spectrometry.

In Vitro tRNA Degradation Assay. The amount of degradosomes was normalized
with the intensity of the bands of RNase E in the gel stained with Coomassie
brilliant blue. Roughly four times higher intensity was observed in degradosomes
purified from pnp mutant. Two picomoles tRNA and degradosomes (2.5 μL WT
or 0.6 μL pnp) were separately incubated at 37 °C for 15 min in 12.5-μL aliquots
containing 20 mM Tris·HCl, pH 7.1, 1.5 mM DTT, 5 mM MgCl2, 20 mM NaCl,
10 mM NaHPO4 pH 7.1, and 0.2 U/μL SuperaseIn (Thermo Fisher). The aliquots
were mixed to start the assay; then, 4-μL samples were removed at each time
point, which were mixed with equal volume of loading solution (9 M Urea,
0.05% Bromophenolblue, 0.05% Xylene cyanol, 2% SDS). tRNAs were resolved
by electrophoresis on 10% UREA-TBE PAGE gels and stained with the nucleic
acid stain SYBR Gold (Life Technology). Gels were visualized, and the intensity of
intact tRNA bands was quantified using FLA-5000.

Melting Curve Measurement. tRNAs were denatured at 80 °C for 1 min and
reannealed by cooling by 1 °C/min in 50 mM Tris·HCl, pH 7.6, 100 mM NaCl,
and 5 mM MgCl2. Melting curves were generated with a J-815 CD spec-
tropolarimeter with a Peltier temperature controller (JASCO) using 1-mm
cuvettes. UV A260 was tracked as temperature was increased from 20 °C to
95 °C by 1 °C/min. The melting temperature of tRNA-Tyr and tRNA-Ser1 from
the WT and ΔthiI was determined with the first derivative curve.
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