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Eubacterial tmRNAs (10Sa RNAs) are unique because
they function, at least in Escherichia coli, both as tRNA
and mRNA (for a review, see Muto et al+, 1998)+ These
;360 6 40-nt-long RNAs are charged with alanine at
their 39 ends by alanyl-tRNA synthetases or AlaRS
(Komine et al+, 1994; Ushida et al+, 1994)+ Alanylation
occurs thanks to the presence of the equivalent of the
G3-U70 pair, the major identity element for the alanyla-
tion of canonical tRNAs (Hou & Schimmel, 1988;
McClain & Foss, 1988)+ Bacterial tmRNAs also have a
short reading frame coding for 9 to 27 amino acids,
depending on the species+ E. coli tmRNA mediates re-
cycling of ribosomes stalled at the end of terminator-
less mRNAs, via a trans-translation process (Tu et al+,
1995; Keiler et al+, 1996; Himeno et al+, 1997;Withey &
Friedman, 1999)+ In E. coli, this amino acid tag is co-
translationally added to polypeptides synthesized from
mRNAs lacking a termination codon, and the added
11-amino-acid C-terminal tag makes the protein a tar-
get for specific proteolysis (Keiler et al+, 1996)+

Structural analyses based on phylogenetic (Felden
et al+, 1996; Williams & Bartel, 1996) and probing
(Felden et al+, 1997; Hickerson et al+, 1998) data have
led to a compact secondary structure model of E. coli
tmRNA+ These molecules have structural similarities
with canonical tRNAs, especially with tRNA acceptor
branches (Fig+ 1)+ Further E. coli tmRNA contains two
modified nucleosides, 5-methyluridine and pseudouri-
dine, located in the T-loop mimic of the molecule (Felden
et al+, 1998)+ Its mimicry with tRNA occurs also at the
functional level, as it was already shown that tmRNA
interacts with certain tRNA specific proteins such as
RNase P (Komine et al+, 1994), RNase III (Srivastava
et al+, 1990; Makarov & Apirion, 1992), AlaRS, the

alanyl-tRNA synthetase (Komine et al+, 1994; Ushida
et al+, 1994), and tRNA modifying enzymes (Felden,
unpubl+ results)+ What about the other tRNA specific
proteins involved in translation?

E. coli tmRNA is found associated with 70S ribo-
somes in vivo, at about one molecule per 10 ribosomes
(Ushida et al+, 1994; Komine et al+, 1996)+ How tmRNA
enters the ribosomal A-site remains unknown+ It could
either form a ternary complex after alanylation with
elongation factor Tu (EF-TU) and guanosine-59-triphos-
phate (GTP), or use another specific pathway+ Biochem-
ical studies (Rudinger et al+, 1994) as well as the X-ray
structures of two ternary complexes (Nissen et al+, 1995,
1999) indicate that tRNAs interact with prokaryotic EF-
Tu-GTP via the aminoacylated 39 end, the phosphory-
lated 59 end, and the first 10 bp of the acceptor branch+
Crystal structures also show that EF-Tu contacts mainly
the ribose–phosphate backbone of the acceptor branch,
thus accommodating sequence variability within elon-
gator tRNAs+ E. coli tmRNA contains a 7-bp acceptor
stem followed by a 5-bp T-stem, a 7-nt T-loop, and a
classical XCCA single-stranded 39 end (Fig+ 1B), as in
canonical elongator tRNAs+ A sequence comparison
between E. coli tmRNA and tRNAAla acceptor branches
indicates that 6 out of the first 10 bp of tmRNA are
identical to that of tRNAAla (Fig+ 1)+ This suggests that
alanylated tmRNA could be recognized by activated
EF-Tu+

The aim of this study was to test the above assump-
tion and to discover whether aminoacylated tmRNA
forms a ternary complex with Thermus thermophilus
EF-Tu and GTP+ The choice of the thermophilic protein
was dictated by the available crystal structures of ter-
nary complexes comprising this factor, considered to
be canonical models for any ternary complex (Nissen
et al+, 1995, 1999)+ Hydrolysis-protection assays were
used to monitor the ternary complex formation+ They
are based on the fact that the activated factor, when
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bound to aminoacyl-RNAs, protects the labile amino
acid ester bond from spontaneous base-catalyzed hy-
drolysis+ Results are displayed in Figure 2+As shown in
panels A and B, T. thermophilus EF-Tu protects the
deacylation of alanylated wild-type E. coli tmRNA sim-
ilarly or even better than for alanylated tRNAAla+ The
calculated half-life (t1/2) of the Ala-tmRNA ester bond is
17 min without EF-Tu-GTP and over 6 h in its presence
(Table 1)+ Similar results are obtained with the alany-
lated tmRNA transcript deprived of posttranscriptional
modifications (Fig+ 2C), with a t1/2 of 21 min of the ester
bound without EF-Tu and of about 5 h when the factor
is present (Table 1)+ Altogether, these results support
an interaction between charged tmRNA and EF-Tu-
GTP comparable to that occurring with tRNAAla+ These
measurements also show that the two modified bases
in E. coli tmRNA are dispensable for the interaction,
and that the additional sequence and intricate structure
of tmRNA compared to canonical tRNAs do not prevent
its recognition by EF-Tu-GTP+

Given these results, a charged minihelix derived from
the tmRNA acceptor branch may also interact with EF-
Tu-GTP, provided the remaining part of tmRNA struc-
ture does not contain any positive signals indispensable
for the recognition+ The 6 first bp of the acceptor stem
in both E. coli tRNAAla and tmRNA are identical, so any
putative negative signals could only be located within
the 4 following bp+ Thus, minihelices of 35 nt recapitu-
lating the acceptor branch of tRNAAla and of tmRNA
were prepared by in vitro transcription+ They derive
from the exact sequence of the two RNAs (Fig+ 1), and
were obtained after connection of nucleotides A7 to A49

in E. coli tRNAAla and G7 to G336 in E. coli tmRNA+ The
two alanylated RNA minisubstrates are both protected
against deacylation in the presence of EF-Tu-GTP
(t1/2 5 114 min for minihelixAla and t1/2 5 172 min for
minihelixtmRNA) albeit about twofold less than the full-
length RNAs (Table 1 and Fig+ 2D,E)+ This behavior is
reminiscent of that observed with aspartylated minihe-
lices that also display increased half-lives as compared
to the whole molecule (Rudinger et al+, 1994)+ These
data suggest that in both tRNA and tmRNA, the con-
nection of the acceptor branch to the remaining RNA
structure introduces similar structural constraints that
allow EF-Tu to bind+

The data presented here demonstrate the potential
of tmRNA to be recognized by EF-Tu, and therefore
likely rules out the requirement of a specialized factor
for its delivery to the ribosome+ This contrasts with other
tRNAs bearing specialized functions in translation that
make use of specific strategies for their delivery to the
ribosome+ Initiator tRNAs are brought to the ribosomal
P-site by an initiation factor (Gualerzi & Pon, 1990) and
selenocysteine tRNAs to the A-site by the SELB factor
(Forchhammer et al+, 1989, 1990)+ In these two cases,
alternate strategies have been selected to preclude an
interaction with EF-Tu-GTP+ A C1-A72 mismatch in pro-
karyotic tRNAMet (Seong & RajBhandary, 1987; Seong
et al+, 1989) and an antideterminant box at the 8–10-bp
positions in E. coli tRNASec (Rudinger et al+, 1996) are
the negative elements that preclude these tRNAs from
being recognized by EF-Tu+ To fulfill their “ribosomal
gymnastic” in all eubacteria, with the exception of
the alpha-proteobacteria (note in the tmRNA Website,

FIGURE 1. Comparison of tRNAAla (A) and tmRNA (B) secondary structures from E. coli+ The acceptor and acceptor-like
branches of the two RNAs are in red+ Part of the tRNA that interacts with prokaryotic elongation factor Tu is boxed in blue+
Nucleotides of tRNAAla are numbered according to Sprinzl et al+ (1998)+ For E. coli tmRNA, the six RNA helices (H1–H6) and
four RNA pseudoknots (PK1–PK4) are indicated+ These two RNAs are chargeable at their 39 ends with alanine as indicated+
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Williams, 1999; Felden et al+, 1999), a tentative spec-
ulation is that tmRNAs arose from smaller functional
RNA modules+ These preexisting RNAs could have
evolved from canonical tRNAAla (acceptor branch),
mRNAs, and from a stretch of pseudoknots that are
commonly found in noncoding RNAs+ The tRNA-derived
module has allowed tmRNAs to be recognized by EF-Tu,
and this may have been sustained as an indispensable
prerequisite for tmRNAs to be active in trans-translation+

MATERIALS AND METHODS

AlaRS from E. coli (Hill & Schimmel, 1989), T7 RNA poly-
merase (Becker et al+, 1996), and EF-Tu-GDP from T. ther-

mophilus HB8 (Limmer et al+, 1992) were purified from
overproducing strains as described+ Oligonucleotides were
from NAPS GmbH (Göttingen, Germany), radioactive L-[C14]
alanine (150 mCi/mmol) from Amersham (Les Ulis, France),
restriction enzyme BstN1 from New England Biolabs (Bev-
erly, Massachusetts), and phosphoenolpyruvate, pyruvate ki-
nase, and the ribonucleotides from Boehringer (Mannheim,
Germany)+

The overexpressed (.100-fold) E. coli tmRNA (Felden
et al+, 1997) and the corresponding T7 transcript (Felden
et al+, 1998) were produced and purified by established pro-
cedures+ The tRNAAla transcript was prepared according to
Frugier et al+ (1993)+ Minihelices derived from E. coli tRNAAla

and from E. coli tmRNA sequences were obtained by in vitro
transcription of single-stranded DNA templates as described
for aspartate minihelices (Frugier et al+, 1994)+

Alanylation of RNAs was performed in 100 mM Tris-HCl,
pH 8+0, 10 mM KCl, 5 mM MgCl2, 2 mM ATP, 10 mM dithio-
erythritol, 30 mM L-[C14] alanine, and 2+8 mM AlaRS for
45 min at 37 8C+ All reactions were stopped by phenol extrac-
tion of the enzyme in the presence of sodium acetate at
pH 4+5+ The RNAs were ethanol precipitated, washed, and
dried+ Prior to that treatment, an aliquot of each sample was
spotted on a 3MM Whatman filter and 5% trichloroacetic acid
precipitated to measure the amount of alanylated RNA+

Hydrolysis-protection assays were conducted essentially
as described (Pingould & Urbanke, 1980; Rudinger et al+,
1994)+ For each experiment, ;50 pmol of the aminoacylated
transcripts (taking into account their alanylation level) were
dissolved in 50 mM Tris-HCl, pH 7+5, 50 mM KCl, and 10 mM
MgCl2 and incubated with a 5- and 10-fold excess of EF-Tu-
GTP in a final volume of 100 mL+ Controls were carried out in
parallel with EF-Tu replaced by 50 mM Tris-HCl, pH 7+5,
50 mM KCl, and 10 mM MgCl2+ After formation of the ternary
complex “EF-Tu-GTP-alanylated RNA” (10 min incubation on
ice), samples were further incubated at 37 8C to allow hydro-
lysis of the chemically unstable ester bond to proceed+ Ali-
quots (20 mL) were pulled out at 0, 30, 60, and 90 min and
spotted onto 3MM Whatman filters+ After trichloroacetic acid
precipitation, the residual radioactivity was measured by liq-
uid scintillation counting+ Each set of experiments was re-
peated twice+
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script; D: minihelixAla; and E: minihelixtmRNA+

TABLE 1 + Times required to hydrolyze 50% of the labile alanyl-ester
bound (t1/2) for the five RNAs in the presence and in the absence
of EF-Tu-GTP+ The values were deduced from the corresponding
hydrolysis rates (Fig+ 2)+

Half-lives of ala-RNAs (min)

RNAs 2EF-Tu 1EF-Tu

tRNAAla (transcript) 22 294
tmRNA (overproduced) 17 .360
tmRNA (transcript) 21 295
minihelixAla 17 114
minihelixtmRNA 20 172
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