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Abstract During bacterial protein synthesis, stalled ribosomes
can be rescued by tmRNA, a molecule with both tRNA and
mRNA features. The tRNA region of tmRNA has sequence
similarity with tRNAA® and also has a clover-leaf structure
folded similarly as in canonical tRNAs. Here we propose the L-
shape of tmRNA to be stabilized by two tertiary interactions
between its D- and T-loop on the basis of phylogenetic and
experimental evidence. Mutational analysis clearly demonstrates
a tertiary interaction between Gy3 and Usg. Strikingly, this in
evolution conserved interaction is not primarily important for
tmRNA alanylation and for binding to elongation factor Tu, but
especially for a proper functioning of SmpB. © 2002 Federa-
tion of European Biochemical Societies. Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction

Escherichia coli tmRNA is a 363-nucleotide molecule with
hybrid features of both tRNA and mRNA. This remarkable
molecule was first found to rescue ribosomes stalled in their
translation of truncated mRNAs and to tag the unfinished
protein for degradation [1-3]. Moreover, it is now becoming
clear that bacteria can use tmRNA as a key-role player in
other translation-control mechanisms [4,5]. For further details
of the elegant tmRNA trans-translation mechanism, see [6-9].

The tRNA-like part of the E. coli tmRNA is formed by a
long-distance interaction between its 5’ and 3’ ends which
show sequence homology with E. coli tRNAA®, This part
folds into a near-perfect acceptor stem and T-hairpin, as sup-
ported by phylogenetic comparisons combined with chemical
and enzymatic probing data [10-12]. A distinct anticodon-arm
structure is not present in tmRNA. In the D-region, no ob-
vious D-stem can be observed. Several lines of experimental
evidence support the existence of a tRNA-like structure. (1) In
analogy to the T-loop consensus sequence TWCRANY of
canonical tRNA, the E. coli tmRNA contains two modified
nucleotides in its T-loop structure: T4 and W34, [13]. (2) Pre-
cursor E. coli tmRNA interacts with processing enzymes for
canonical tRNAs, such as RNase P, RNase III, RNase E
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and ATP/CTP tRNA nucleotidyl transferase [14-17,8]. (3) Ma-
ture tmRNA interacts with alanyl-tRNA synthetase (AlaRS)
and becomes alanylated [14]. Subsequently, alanyl-tmRNA
forms a ternary complex with elongation factor Tu and
GTP (EF-Tu:GTP) [18,19]. Compared to tRNAA?, the inter-
actions of tmRNA with AlaRS and EF-Tu-GTP appear to be
significantly less stable [18]. For the proper functioning of
tmRNA, an additional protein SmpB is indispensable [6]. As
we recently found, SmpB has a high affinity for both tmRNA
and tRNAA®, and interacts with the acceptor arm-like struc-
ture of tmRNA [45]. There, it stimulates the alanylation of
tmRNA. In contrast, binding of SmpB to tRNAAR results in
inhibition of its alanylation.

A physical study, by means of transient electric birefrin-
gence and modelling of the three-dimensional structure of
tmRNA, showed that the angle between its helix 2 and accep-
tor arm is significantly larger (110-140°) than that between
anticodon- and acceptor arms of canonical tRNAs [20]. A
chemical study by means of UV-induced intramolecular
cross-linking showed the proximity of Ug/Ujq in the D-region
with Ciy6/Us47 in the T-loop [21]. In the proposed model, the
D- and T-loops have parallel tertiary interactions between the
conserved G13Gy4 in the D-region and W34,Cs43 in the T-loop,
with further stabilization by the T34;—Aj4s tertiary interaction
in the T-loop. These interactions are identical to those stabi-
lizing the overall structure of canonical tRNAs. For tmRNA,
these interactions have been proposed by several groups but
have so far not been supported by functional experiments
[13,20-22]. In the present paper, we provide such evidence
by mutational and functional analysis.

2. Materials and methods

2.1. Construction of tmRNA and tRNA™ mutants

The mutations in E. coli tmRNA were introduced by PCR with the
following primer pairs from Gibco BRL (EcoRI and BamHI sites are
underlined, the T7 promoter region is in italics and mutations are in
bold): tmRNA (wt 5') 5'-GATTACGAATTCTAATACGACTCACT-
ATAGGGGCTGATTCTGGATTCGACGGG-3’, tmRNA (wt 3') 5'-
GAGAGGATCCTGGTGGAGCTGGAGAGAGTTGAACCCGC-
GTAAG-3"; tmRNA (G3A 5') 5'-GATTACGAATTCTAATACGA-
CTCACTATAGGGGCTGATTCTAGATTCGACGGG-3’, tmRNA
(U3nG 3') 5-GAGAGGATCCTGGTGGAGCTGGAGAGAGTT-
GCACCCGCGTAAG-3'.

PCR products were purified on gel (Qiagen) and digested with
EcoR1/BamHI prior to ligation (Promega protocol) into the EcoRI/
BamHI-linearized and gel-purified plasmid pT710Sa#21 [8]. Ligation
mixtures were precipitated in 70% (v/v) ethanol in the presence of
5 pg/ul bulk tRNA (Sigma). Plasmids were introduced into competent
JM109 cells by electroporation and were afterwards checked for cor-
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rect sequences by means of a T7 sequencing kit (Amersham-Pharma-
cia).

For the mutations in E. coli tRNAA®, a different approach was
followed. The following 5’-phosphorylated primers were designed
with EcoRI and BamHI overhangs (font styles as above): tRNAAR
(wt coding 5") 5'-AATTCCTGCAGTAATACGACTCACTATAGGG-
GCTATAGCTCAGCTG-3', tRNAA® (wt non-coding 5') 5'-GCGC-
TCTCCCAGCTGAGCTATAGCCCCTATAGTGAGTCGTATTA-
CTGCAGG-3', tRNAAR (wt coding 3') 5'-GGAGAGGCGTTG-
CTATGCAAGCAAGAGGTCAGCGGTTCGATCCCGCTTAGCT-
CCACCAG-3', tRNAAR (wt non-coding 3") 5'-GATCCTGGTGGA-
GCTAAGCGGGATCGAACCGCTGACCTCTTGCTTGCATAGC-
AA-3', tRNAAR (GjgA coding 5') 5'-AATTCCTGCAGTAATAC-
GACTCACTATAGGGGCTATAGCTCAGCTA-3", tRNAA? (G;gA
non-coding 5") 5'-GCGCTCTCCTAGCTGAGCTATAGCCCCTAT-
AGTGAGTCGTATTACTGCAGG-3', tRNAA? (UssG coding 3')
5'-GAGAGGCGTTGCTATGCAAGCAAGAGGTCAGCGGTGC-
GATCCCGCTTAGCTCCACCAG-3'), tRNAA® (UssG non-coding
3") 5'-GATCCTGGTGGAGCTAAGCGGGATCGCACCGCTGA-
CCTCTTGCTTGCATAGCAA-3').

First, two complementary primers were mixed (10 uM each, in 20 pul
water), incubated at 65°C for 10 min, and cooled down slowly to
room temperature. Next, hybridized primer pairs constituting both
5" and 3’ ends of the tRNAAR were mixed (5 uM of each hybridized
primer pair) and ligated in one step within the EcoR1/BamHI-linear-
ized and gel-purified pALA119 plasmid [23]. JIM109 cells were trans-
formed with ligation mixtures as described for tmRNA and the plas-
mids were checked by sequencing.

2.2. RNA and protein isolation; analysis of aminoacylation kinetics

All RNA species were obtained by in vitro run-off transcription on
Mpval-linearized plasmid DNA with the T7 RiboMAX large-scale
RNA-production system (Promega). For 3?P-labelling of RNAs,
[0-32PJUTP (3000 Ci/mmol) was used (Amersham-Pharmacia). Purifi-
cation of RNAs, C-terminally (His)¢-tagged EF-Tu, AlaRS and SmpB
(all from E. coli), and analysis of alanylation kinetics were performed
as in [18,45].

acc. stem  D-stem D-loop

B * (120) GGGGGCG A-AAUAG-GAUCGA
Ce* (114) GGGGCCG A--UCAG-CAUCGA
a Ry * (302) GGGGGCG A-AAUAG-GAUCGA
Sn * (113) GGGGGCG A-AAUAG-GAUCGA
B (1) GGGGCCG AUCC-GG-AUUCGA
B v
Ne (1) GGGGGCG ACCUUGG-UUUCGA
Ee (1) GGGGCUG AUUCUGG-AUUCGA
Y Pa (1) GGGGCCG AUUA-GG-AUUCGA
V74 (1) GGGGCUG AUUCUGG-AUUCGA
Dv (1) GGGGGCG -CACUGG-UUUCGA
b}
Gs (1) GGGGGUG -UACAGG-UUUCGA
e G (1) GGGAGCG ACU-UGG-CUUCGA
Hp (1) GGGGCUG ACU-UGGAUUUCGA
firmic. 485 (1) GGGGACG -UUACGG-AUUCGA
Me (1) GGGGAUG -UUUUGG-GUUUGA
cyanob. Pm (64) GGGGUUG U-AAUGG-UUUCGA
cyanelle (1) GGGGCUG UUUA-GG-UUUCGA
mitoch. Rz * (123) GGGGAUG UUUUUAGUAUUCGA
Al
tRNA™ z¢ (1) GGGGCUA  GCUC AG-CUGG----- GA
consensus GGGY*YR tececGGeesesGA
A
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2.3. Sequence alignments

From tmRNA databases ([25,26] and corresponding web sites), the
sequences from 18 different lineages were aligned for their tRNA
region by the Vector NTI 5 program with manual improvement.
The tmRNAs are from the o-proteobacteria Bradyrhizobium japoni-
cum (Bj), Caulobacter crescentus (Cc), Rickettsia prowazekii (Rp),
Sinorhizobium meliloti (Sm), the B-proteobacteria Bordetella pertussis
(Bp), Neisseria gonorrhoeae (Ng), the y-proteobacteria E. coli (Ec),
Pseudomonas aeruginosa (Pa), Yersinia pestis ( Yp), the 8-proteobac-
teria Desulfovibrio vulgaris (Dv), Geobacter sulfurreducens (Gs), the &-
proteobacteria Campylobacter jejuni (Cj), Helicobacter pylori (Hp),
the firmicutes Bacillus subtilis ( Bs), Mycoplasma genitalium (Mg), the
cyanobacterium Prochlorococcus marinus (Pm), the cyanelle (plastid)
of the alga Cyanophora paradoxa (Cp) and the mitochondrion of the
protist Reclinomonas americana (Ra).

3. Results

3.1. Sequence comparisons of tmRNA structures

Since recently, all members of the eubacterial kingdom are
known to contain a gene for tmRNA, or a split form of a
permuted tmRNA gene such as for the a-proteobacteria and
possibly for the mitochondria of the protist R. americana [27].

We aligned the tRNA-like regions of 18 different tmRNAs
representing all subdivisions of the proteobacteria and organ-
elles, and compared them with E. coli tRNA*®? in order to
find consensus sequences for the equivalent D- and T-loop
structures (Fig. 1). The alignments for a-proteobacterial and
mitochondrial tmRNAs were fitted manually, because of their
permuted nature [27]. Although the D-loop sequences show a
great variability, there is a strict conservation at the positions
corresponding to the invariant Gy (in D-loop) and Css (in
T-loop) of canonical tRNAs which have a parallel Watson—

D-stem T-stem T-loop T-stem  acc. stem

(53) CCGGG  GGCGGUA CCCGG  CGCCUuCC AcCCA
(56) CCGGG  UGCGAUU CCCGG CGGCUcCC Acca
(50) UCGGG  GGCAGUA CCCGA  CGCCUCC AcCcCA
(54) CCGGG  GGCGGUA CCCGG  CGCCUuCC AcCCA
(360) GGGGG  UUCAAUU CCCCC  CGGCUCC ACCA
(336) GGGGG  UUCGAUU CCCCC CcGccucce Acca
(336) GCGGG  UUCAACU CCCGC CAGCUCC AcCcA
(326) GGGGG UUCAAAU CCCCC CcGGUuUucCC AcCca
(337) GGGGG  UUCAAAU CCCCC CAGCUCC AcCcCA
(325) GCGGG  UUCGAUU CCCGC  CGCCcuCC AcCCA
(329) GCGGG UUCGACU CCCGC CACcCUcCC Acca
(332) AGGGG UUCGAUU CCCCU CGCuucc AcCcAa
(359) UGGGG UUCGAUU CCCCA CAGCUCC AcCca
(337) GUGGG  UUCGACU CCCAC CGUCUCC AcCCA
(365) ACGGG UUCGAUU CCCGU CAUCUCC ACCA
(267) GUGGG UUCAAAU CCCAC CAGCUCC AcCcCA

(30) AGCGG  UUCGAUU CCGCU CAACUCC A

(74) CCGAG GGCGGAU CUCGG CAUCUCC A
GAGC ... (49) AGCGG UUCGAUC CCGCU UAGCUCC ACCA
eeoRG 'ECRRO . CYeee YReYUCC ACCA

G

g

[

Fig. 1. Comparative tmRNA sequence analysis for different members of the o, B, v, 8, € proteobacteria, firmicutes, cyanobacteria and organ-
elles, together with the canonical E. coli tRNAAR, For species abbreviations see Section 2.3. Nucleotides essential for the putative D-/T-loop in-
teraction are in bold and linked by arrows. For the o-proteobacteria Bj, Cc, Rp, Sm, and for Pm and Ra, the nucleotide numbering appears in-
verted due to the permuted nature of these tmRNAs, and corresponds to the precursor RNAs. Asterisks indicate species with tmRNAs having

the covariation A-G instead of the G-U pair.
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Fig. 2. Secondary structure of (A) the tRNA region of tmRNA and
(B) tRNAAR, Helix 2 of tmRNA starts at a similar position as the
anticodon stem of tRNAAR, Phylogenetic comparison (Fig. 1) sug-
gests that Gj3-Uss and Gi4—Csg3 in tmRNA are at analogous posi-
tions as Gis—Uss and G9—Cse in tRNAA?: the nucleotides involved
in these (putative) tertiary interactions between D- and T-loops are
connected with lines. The nucleotides analyzed in this study are
printed in bold.

Crick pairing. A parallel non-Watson—Crick neighbour pair in
tRNA is formed by the invariant G;g and Wss (see Fig. 1, E.
coli tRNAA®), In the different tmRNAs, analogous pairs of
highly conserved residues occur, such as Gj3Gj4 and U3gCigs
for E. coli tmRNA (Fig. 1, in bold). In analogy to tRNA,
tmRNA Usy, is modified post-transcriptionally into W34 [13].
In some cases, however, the G-U pair of the putative tertiary
interaction is replaced by an A and G in the D- and T-loop,
respectively (Fig. 1, see asterisk at o-proteobacterial and mi-
tochondrial Ra tmRNA). This strict covariation indicates,
that either the G-U or the A—G pair are involved in a tertiary
interaction, and that this interaction is functionally important.

3.2. Alanylation kinetics of mutated tmRNA and
tRNAY species

To support the putative tertiary interaction in E. coli
tmRNA experimentally, we constructed mutant tmRNAs by
replacing Gj3 in the D-loop with an A (Gj3A), by replacing
Usgy in the T-loop with a G (Uss2G), or by replacing both
together (Gi3A, U4 G). The double mutant tmRNA thus has
the same covariation as occurs in o-proteobacteria and the
protist mitochondrion. The homologous mutations were also
introduced in E. coli tRNAAR as a reference (see Fig. 2).

Table 1
Kinetic parameters for Ala-RNA complex formation with EF-
TuGTP?

k_y ki Ky
(X103 57 (x10° M~'s7h)  (x107° M)
tmRNA
wt 4%12 0.5+0.1 8.0+0.8
Gi3A 24105 1.8%0.5 1.3+0.3
UG 5.0%09 1.74£0.4 29402
double 3.2+0.2 0.3+0.1 10.7£0.5
tRNAAR
wt 1242 77+ 16 0.160.01
GigA  22%0.7 3.5+0.7 0.6£0.2
UssG  1.1£0.1 0.7%0.3 1.6%0.1
double 7.2+1.2 25+8 0.29 £0.05

#Kinetic parameters were determined by the RNase A protection as-
say as described in [18,24]. The values result from three independent
experiments.
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For the determination of parameters of alanylation kinetics,
initial rates of Ala-RNA formation were measured after 60 s
of incubation for each tmRNA species, and after 20 s for each
tRNAAR species (except for UssG where alanylation was
stopped after 60 s). The kc/Ky values in the Michaelis—
Menten plots of Fig. 3 show that, relative to wild-type (wt)
tmRNA, the G3A and U3y G mutants have a 2.5- and 1.5-
fold higher alanylation efficiency, respectively, mainly due to
an increased ke, The kcat/ Ky for the double mutant is about
70% of the wt value. In marked contrast to tmRNA, the
analogous mutations in tRNAA? GgA and UssG, cause a
drop of two and three orders of magnitude in k.,/Ky values,
respectively, when compared to wt tmRNA. The double mu-
tation restores the alanylation efficiency up to 10% of wt
tRNAAR,

V/[AlaRS] (x 10° s

0 T T T T !
0 6 12 18 24 30

[tmRNA] (uM)

V/[AlaRS] (x 10° 5™

=
0 6 12 18 24 30

[(RNA:] (uM)

Fig. 3. Michaelis-Menten kinetics of alanylation by AlaRS. Initial
rates were measured at different concentrations of tmRNA wt (O),
G3A (@), UsnG (O) and (Gj3A, UsgG) (m) in (A) and of tRNAAlR
wt (0), GisA (@), UssG (0) and (GisA, UssG) (W) in (B). The
AlaRS concentration was 1 uM in the experiments with the
tmRNAs and tRNAA®? UssG, and 0.25 uM with the other tRNAAR
variants. The calculated ke, /Ky values (10> M~!s™!) are next to the
corresponding curves.
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Alanylation efficiency

0 2 4 6 8 10
[SmpB] (uM)

Fig. 4. SmpB effects on the alanylation of mutant tmRNAs. Initial

rates were determined in the presence of 1 uM AlaRS with 1 uM

tmRNA wt (O), G;3A (@), U3;,G (O) or (G3A, Usy,G) (m) and
are plotted as relative values (1.0 for wt).

3.3. EF-Tu affinity for mutant Ala-tmRNA and
Ala-tRNAA species

The effects of the mutations in tmRNA and tRNAA® on
complex formation with EF-Tu-GTP were assessed by RNase
A protection assays at 4°C with increasing concentrations of
EF-Tu-GTP. From such experiments, constants for the disso-
ciation rate (k—;), the association rate (k;) and the dissocia-
tion constant (K4) can be calculated [24] and the results are
listed in Table 1. Disruption of the proposed tertiary interac-
tion within tmRNA, either by the mutation Gj3A or UsspnG,
causes 6- and 3-fold lower Ky values, respectively, mainly by a
higher association rate k;. The double mutant again shows
comparable parameters for EF-Tu complex formation as wt
tmRNA. For tRNAAR  destabilization of the D-/T-loop inter-
action has a less pronounced effect on EF-Tu complex for-
mation than on alanylation. However, in contrast to the
tmRNA mutants, the GigA and the UssG mutants exhibit a

- -

81

4- and 10-fold higher K4 for EF-Tu-GTP, respectively, mainly
due to a lower k;. The double mutant has an affinity of 50%
compared to wt tRNAAR,

3.4. A link between tertiary interactions in tmRNA and
SmpB functioning

A third protein partner of mature tmRNA on its way to
stalled ribosomes is SmpB [6]. SmpB has a high affinity for
both tmRNA and tRNAAR, but only stimulates alanylation of
tmRNA. We recently located the site of SmpB binding in the
tRNA region of tmRNA [45]. Here, we have monitored the
effect of increasing concentrations of SmpB on the alanylation
of the mutant tmRNAs. Surprisingly, the stimulatory effect of
SmpB on the alanylation of wt tmRNA is completely absent
for the G;3A and Uszy», G mutants, but is restored for the
double mutant (Fig. 4). This means that the single mutants
may either have lost their affinity for SmpB, or that SmpB still
binds but fails to stimulate alanylation.

To assess this, SmpB binding to the different tmRNAs was
analyzed by band-shift experiments (Fig. 5). Increasing con-
centrations of SmpB led to comparable retardation of all the
tmRNAs and the calculated Ky values of the complexes are all
around 50 nM. Apparently, the failure of SmpB to stimulate
the alanylation of the two single-mutant tmRNAs, Gj3A and
Us4,G, is not due to a reduced affinity, but rather to a loss of
activation of their acceptor arm regions.

4. Discussion

The well-established secondary structure of the E. coli
tmRNA shows a tRNA-like structure comprising both ex-
tremities of the molecule [10-19]. Several studies on its tertiary
folding suggest a similar D-/T-loop interaction as in canonical
tRNAs [13,20-22]. The present study investigates this model
by phylogenetic sequence alignments and mutational analysis.

From the alignments it appears, that the tmRNAs have an
almost invariant doublet combination of GG in the D-loop
with UC (modified as WC) in the T-loop, the combination of
AG with GC being the only exception. It looks as if an A-G

D

000¢ .

Fig. 5. Band-shift analysis of 1 nM (mutant-)tmRNA-complex formation at increasing concentrations (0-2000 nM) of SmpB. Electrophoresis
was on 1% (w/v) agarose gel and quantification was by phosphor imaging. For tmRNA wt (A), G;3A (B), U3 G (C) and Gy3A, Uz G (D),

the calculated Ky values are all around 50 nM.
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pairing, suggested here for some tmRNAs, can also serve as a
(partial) substitute for the Gs—¥ss pair in D-/T-loop interac-
tions of other tRNA(-like) structures. This covariation was
found in certain mitochondrial tRNAs [28,29]. Functionally
active tRNA variants with this covariation have also been
isolated by various in vitro selection procedures [30,31]. Inter-
estingly, in staphylococcal tRNASY a substitution of ¥ by G
in the T-loop is accompanied by a very unusual D-loop with-
out an obvious base-pairing partner [32]; this special tRNA
does not participate in protein synthesis but is active in pep-
tidoglycan synthesis. Sequence comparisons and modelling of
tRNA mimicry at the 3" ends of tymo- and furoviruses of
plants [33-35] also suggest an A-G pairing in their T-/D-
loop interactions at the homologous location. In these plant
viruses, the alternative covariation G-U (or G-Y) is less fre-
quently found. Finally, we have found that a Turnip Yellow
Mosaic Virus RNA double mutant with its original A-G pair
at this position replaced by G-U is infectious, whereas the
corresponding single mutants are less viable (de Smit et al.,
in preparation).

Thus, the comparison of tRNA-like structures from bacte-
rial tmRNAs and plant viral RNAs suggests the presence of
two parallel pairs of structurally homologous tertiary contacts
between D- and T-loops, one of them being the invariant G-C
pair equivalent to Gj9—Csg in tRNA, and the other pair being
either G-U (G-¥) or A-G and equivalent to Gis—¥ss in
tRNA. The strict choice between these two alternatives indi-
cates that the unusual covariation reflects isosteric pairing
[36-38]. In tRNA molecules, the G;g—W¥s5 pair is known to
have bifurcated pairing and consequently, the substitution of
its W/U by G is not followed by a second mutation into a
‘mirror’ U-G pair, because the bifurcated pairs are not self-
isosteric [37].

The RNAs of our mutation studies were obtained by in
vitro transcription and therefore do not contain any base
modification. We have shown before that the in vitro synthe-
sized tmRNA and tRNA”® both maintain their biological
activity in alanylation and EF-Tu complex formation [18].
Moreover, our results from highly specific lead-cleavage prob-
ing (not illustrated) indicate, that the non-modified tRNAAR
in vitro transcript still has the D-/T-loop interaction, in ac-
cordance to what was found for a tRNAP" in vitro transcript
[39]. This implies that base modifications are not essential for
this tertiary interaction.

The two single mutations in tmRNA (G3A and Uiz G)
have a different effect on alanylation than the two correspond-
ing mutations in tRNAA2 G3A and UssG. Alanylation of
the two tmRNA mutants appears to be more efficient than
that of wt tmRNA, whereas alanylation of the two tRNAAR
mutants is virtually abolished. Both for tmRNA and
tRNAAR the double mutations restore alanylation to sub-
stantial levels. Similar effects of the mutations are visible for
complex formation with EF-Tu, though much less pro-
nounced.

The importance of the tertiary interactions between the D-
and T-loops of canonical tRNAs for aminoacylation and EF-
Tu complex formation has been demonstrated in various stud-
ies by others [30,31,40-43]. In vitro selection experiments re-
vealed, that for these activities an A;3—Gss instead of the Gig—
Uss is also functional in E. coli tRNAs for Leu and Phe
[30,31]. This fits our results with tRNAA®, where the double
mutant with Aj3—Gss is a good substrate for alanylation and
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binding to EF-Tu. Another important feature of the D- and
T-loop interaction emerges from mutational studies on
tRNAzGly. Using a negative in vivo selection procedure, mu-
tant tRNA?ly species were isolated that were disturbed in
ribosomal bypass efficiency during translation of the T4
gene 60 mRNA, but were still functional in normal translation
[44]. The majority of the mutations were mapped at positions
involved in tertiary interactions between the D- and T-loops,
amongst others GgA. Rigidity of the elbow structure thus
appears to be critical for (possibly also EF-Tu controlled)
codon-anticodon interaction during ribosomal bypassing. Al-
together, the high degree of conservation of the tRNA nucleo-
tides involved in D- and T-loop interaction is imposed by its
cognate synthetase, to some extent by EF-Tu, and by a proper
positioning on the ribosome.

Our results for tmRNA show interesting novel features and
a more complicated situation. Destabilization of the putative
D-/T-loop interaction makes tmRNA an even better substrate
for both AlaRS and EF-Tu-GTP. To the best of our knowl-
edge, no precedents exist for such effects due to destabilization
of tRNA folding. Possibly, tmRNA does not fully mimic the
folding of regular tRNA because 6 of the 9 stabilizing tertiary
interactions in tRNA are not provided by the D-region of
tmRNA [21]. Indeed, the angle at the elbow corner of the
tmRNA acceptor arm is significantly larger (110-140°) than
for canonical tRNA [20]. Since there is no anticodon recog-
nition for tmRNA, a rigid D-/T-loop interaction is perhaps
not required for a proper A-site positioning of Ala-tmRNA.
Another essential factor for proper functioning of tmRNA on
ribosomes is SmpB [6]. By binding to the tmRNA acceptor
arm, it stimulates alanylation significantly [45]. Strikingly,
SmpB only stimulates the alanylation of the wt and the dou-
ble mutant tmRNA, but not that of both single mutants,
G3A and U3y G. The absence of an SmpB effect on the latter
two is not due to a lack of SmpB binding; the affinity is the
same as for wt. Apparently, SmpB still binds, but is no longer
able to further activate the tmRNA acceptor arm with a dis-
rupted tertiary interaction. Next to stimulation of tmRNA
alanylation, SmpB might facilitate a proper arrangement of
Ala-tmRNA in the ribosomal A-site for which a correct
tmRNA folding would be equally important.

Altogether, these results demonstrate the existence of a ter-
tiary interaction between the D- and T-loop of tmRNA. Sin-
gle mutations Gj3A or U3 G in the conserved putative Gi3—
Us;qy pairing cause a substantial change in tmRNA function-
ing with its three different partners AlaRS, EF-Tu and SmpB,
whereas the double mutation (G3A, Uz G) (also found as a
natural covariation) restores the original functioning. This is
remarkable since tmRNA does not display the clear D-stem
structure of canonical tRNA; the D-region is reduced to 10—
13 nucleotides that cannot form the usual 3-4 bp. In various
tmRNA models, a small D-stem structure is proposed (up to
2 bp usually). However, its location is not phylogenetically
conserved, and moreover, the nucleotides involved are not
conserved and do not display covariation.

The strong conservation of the G3—Uss or Aj3-Gsgp pair-
ing in tmRNA is apparently not established by selective pres-
sure for alanylation nor for EF-Tu-GTP binding; the single
mutants actively interact. However, for proper functioning of
SmpB, the D-/T-loop interaction is essential. This is a new
evolutionary selection pressure on the high conservation of
the D-/T-loop interaction, which is unique for tmRNA.
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