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The tRNA-like domain of tmRNA
SUMMARY

Transfer-messenger RNA (tmRNA, 10Sa RNA or ssrA) acts to rescue stalled bacterial
ribosomes while encoding a peptide tag added trans-translationally to the nascent peptide,
targeting it for proteolysis. The understanding at molecular level of this ubiquitous quality
control system in eubacteria requires structural information. Here, we describe the purification
and structural analysis of a functional fragment of both A. aeolicus and E. coli tmRNA,
recapitulating their tRNA-like domain, which were expressed in vivo from synthetic genes.
Both recombinant RNA are correctly processed at both 5° and 3” ends and are produced in
quantities suitable for structural analysis by NMR and/or X-ray crystallography. The sequence
and solution structure of the tRNA-like domains were analysed by various methods including
structural mapping with chemical and enzymatic probes and 2D NMR spectroscopy. The
minimalist RNAs contain two post-transcriptional base modifications, 5-methyluridine and
pseudouridine, as the full-length tmRNA. Both RNAs fold into three stems, a D-analogue, a
T-loop and a GAAA tetra-loop. 2D NMR analysis of the imino proton resonances of both
RNA allowed the assignment of the three stems and of a number of tertiary interactions. It
shows the existence of interactions between the TWC-loop and the D-analogue, exhibiting a
number of similarities and also differences with the canonical tRNA fold, indicating that RNA
tertiary interactions can be modulated according to the sequence and secondary structure
contexts. Furthermore, the E. coli minimalist RNA is aminoacylatable with alanine with a

catalytic efficiency an order of magnitude higher than that for full-length tmRNA.
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INTRODUCTION

With both tRNA and mRNA properties, transfer-message RNA (tmRNA, SsrA or 10Sa RNA)
solves problems that arise when bacterial ribosomes stall during translation '?. It is alanylated
at the 3’-CCA tail of its tRNA-like domain prior to entering the stalled ribosome. This alanyl
moiety is incorporated into the nascent protein, then translation resumes on a reading frame
within tmRNA, and the stalled ribosome is freed at the termination codon. The tmRNA-
encoded peptide serves as a signal that triggers degradation of the tagged protein. Recent data
suggest that eukaryotes also possess a specific mechanism that eliminates mRNAs lacking

termination codons®.

In all one-piece tmRNA sequences, the 5’ end pairs with the 3° end to form an acceptor stem
with a 3°-CCA end (Fig. 1) *. Native E. coli tmRNA contains two modified nucleosides, 5-
methyluridine and pseudouridine °, located within its tRNA-like domain, in a seven-
nucleotide loop mimicking the conserved sequence of TWC loops in canonical tRNAs (T-
loop, Fig. 1). The tRNA-like domain of tmRNA also contains an acceptor stem (H1), a D-
analogue and a T stem (H6), and is connected by a long disrupted paired region (HS) to a

~ 300 nucleotide-long looped domain (Figure 1) composed of a pseudoknot (PK1), followed

by the tag reading frame and a string of three additional pseudoknots (PK2-PK4).

The similarity of the tRNA-like domain of tmRNA to canonical tRNAs raises a number of
interesting structural and functional questions : is this domain sufficent for recognition by
some of tmRNA protein partners **: alanyl-tRNA synthetase, elongation factor EF-Tu and
SmpB (Small Protein B) ? In the absence of a canonical D-stem and D-loop, what is the
tertiary structure organisation of this domain ? In this context, a recent mutagenesis study
strongly suggests that an interaction with the TWC loop and the D-analogue does exist in

tmRNA °. What are the stabilities of the secondary and the tertiary fold ?

Escherchia coli tmRNA 1is expected to be shortened without significant loss of function in
trans-translation, especially within its looped domain, since pseudoknots PK2, PK3 and PK4

are interchangeable and substitutable with single-stranded RNAs '°. It should just be possible
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to construct and analyse the structural and functional properties of shortened versions of
tmRNA corresponding to the tRNA-like domain that are still aminoacylatable and able to
interact with specific ligands, as SmpB and EF-Tu, but inactive in trans-translation since they

are devoid of the tag-encoding sequence.

In the present work, we report the construction of in vivo expression system allowing the
expression of recombinant RNA fragments recapitulating the tRNA-like domains of

Aquifex aeolicus and E. coli tmRNA. We show that they are processed and modified by E.
coli hosts cells and that they fold according to the expected secondary structure scheme. NMR
solution studies demonstrate the formations of interactions bewteen the TWC loop and the D-
analogue. The tertiary interactions observed share some similarities with canonical tRNA, but
also exhibit some interesting differences which could serve as determinants for recognition by

specific factors such as SmpB.
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RESULTS
Design and construction of tmRNA-TLD

In order to characterise the structural and functional properties of the tRNA like domain of
tmRNA, we reasoned that minimal constructs, termed tmRNA-TLD (TLD stands for tRNA-
like domain), recapitulating H1, H6, the D-analogue, the T-loop and part of HS, might sustain
the tRNA function of tmRNA, i.e. its aminoacylation with alanine by alanyl-tRNA synthetase,
as well as its ability to interact with small protein B (SmpB) and EF-Tu. Also, the size and
overall shape of tmRNA-TLD is reminiscent of that of canonical tRNAs. In this study, two
tmRNAs were selected, the E. coli one, since it is the molecule for which the largest amount
of genetic and biochemical data is available, and its thermophilic A. aeolicus counterpart,
since the NMR structure of the companion protein SmpB from this organism has recently

been solved .

An in vivo expression system that produces standard tRNAs in quantities suitable for
structural and functional studies has been described '*. This strategy, only applied so far to
tRNAs, was extended to tmRNA-TLD. Two constructs were designed, the first one, derived
from the E. coli tmRNA, contains 61 nucleotides whereas the second one, derived from the A.
aeolicus sequence, 1s 60 nucleotide long. For the two constructs, the HS helix was truncated
and capped by a GAAA tetraloop (Figure 1(b-c)). We hypothesised that these engineered,
shortened molecules would be recognised and processed by the host enzymes (ribonucleases,
methyltransferase and pseudouridine synthase). This seemed a reasonable assumption, given
the known data concerning the specificity of these enzymes and our previous experience with
several tRNA genes "*'*. This in vivo strategy offers interesting advantages over the in vitro
transcription methods, especially for structural studies of tmRNA: (i) tmRNA-TLD produced
in vivo should be processed by the cell enzymes, providing defined functional termini, that are
still difficult to obtain by in vitro approaches. (i1) The host machinery might also incorporate
modified nucleosides post-transcriptionally, which may be required for optimal biological

activities and stability of the RNAs.
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Therefore, two synthetic genes were constructed with the strategy previously described for
tRNA genes, by assembling overlapping oligonucleotides '>'*. Two recombinant plasmids,

pTLD-Ec and pTLD-Ae, were thus obtained as described under Materials and Methods.
Expression and purification of tmRNA-TLD

E. coli strains transformed with the either of the recombinant pTLD plasmids produced a ~60
nucleotide RNA which was clearly visible in an 8M-urea PAGE of total RNA (Figure 1(d)).
This band was absent from a total RNA extract from cells carrying the control vector plasmid
(not shown). Unambiguous assignment of these RNA species to mature tmRNA-TLD, which
were expected to be 61 or 60 nucleotides long, was achieved by quantitative hybridisation to
one of the complementary oligonucleotides used for the synthetic gene assembly (not shown).
From the relative intensities of the bands in gels revealed by UV shadowing, we estimated
that tmRNA-TLD amounts to approximately 5 % of total tRNAs. The purification procedure
involved several gel-filtration and ion-exchange chromatography steps, under native
conditions, as described under materials and methods. The yields were approximately 5 to 10
mg of purified tmRNA-TLD (85-90% pure) for a 5-litre fermentor culture. An overview of
the purification procedure reflecting the various steps is shown in Figure 1(d). Additionally,
medium scale preparations of the two "N labelled TLD were performed as described under
material and methods. The final yields after purification were approximately 0.4 mg per litre

of labelled medium.

Chemical and enzymatic probing of tmRNA-TLD structure
To demonstrate that the RNA produced and purified in vivo were indeed tmRNA-TLD, the

RNAs were labelled at their 5° end as described', and their adenine and guanine content and
location within the RNA sequence was analysed using respectively ribonucleases (RNases) U,
and T, in denaturing conditions. As illustrated in Figure 2, (lanes A; and G, ), the sequences
obtained from the purified RNAs were those expected from the in vivo expression of the
recombinant tmRNA-TLD gene, thereby confirming the identity of the two purified

recombinant RNAs. Next, the prediction of the presence of three stems (H1, H5 and H6) and
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three loops (the D-analogue, L5 and L6) was challenged by the use of chemical and
enzymatic probes in solution, at 37°C, as described 16 RNase V, cleaves double-stranded (ds)
RNA or stacked nucleotides, while nuclease S, cleaves single-stranded (ss) RNA. Lead
acetate also cleaves ssSRNA but with sensitivity to subtle conformational changes of the RNA
chain. The reactivity towards these probes was monitored for each nucleotide of both
tmRNA-TLDs. Several independent experiments were performed for both purified TLDs
(Figure 2a and 2b are representative). The mapping data are summarised in Figure 2 on
secondary structure models that they support. For both RNAs, double stranded-specific cuts at
nucleotides from H1, HS and H6 support the existence of these three helices in solution
(Figure 2). In E. coli TLD, G3 and G4 are both cut by lead, probably because of the G3-U55
wobble pair. For both TLDs, lead and nuclease S, cleavages support the presence of loops L5
and L6 capping H5 and H6, respectively. For both RNAs, there are lead cleavages at several
nucleotides from the D analogue, consistent with a single stranded RNA portion, but there are
exceptions: in E. coli TLD, phylogenetically conserved G13 and G14 are cleaved by RNase
V., suggesting the existence of stacking interactions with other parts of the RNA. At 37°C,
however, these interactions might be unstable, since G14 is also cleaved by nuclease S, and
by lead (Figure 2). In A. aeolicus TLD, G12, C17 and A19 are not cleaved by lead. Between
HS5 and H6, phylogenetically conserved nucleotides G30 and A31 in A. aeolicus, (G31 and

A32 in E. coli) are cut by probes specific of ss RNA, whereas C32 (C33 in E. coli) is not.

Solution NMR studies

The solution structures of both E. coli and A. aeolicus TLDs were investigated by monitoring
the imino proton region, which yields information about base-pairing and stacking. The
results will be described for A. aeolicus TLDs. Differences observed for E. coli, if any, will be

then pointed out.
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2D NMR analyses of the A. aeolicus TLD solution structure

NOESY spectra recorded with 20, 35, 50, 70 and 150 ms mixing times (Fig. 3a and 3b), and
'H[”N] SG-TROSY (Figure 3C) were recorded for A. aeolicus TLD at 290K, pH 6.5, with no

magnesium added.
Identification of two modified nucleotides

The characteristic resonance of a methyl group was unambiguously identified at 1.2 ppm in
the 1D and in the 2D NOESY spectra (Fig. 3A), thereby confirming the presence of a
modified nucleoside containing a methyl group. Based on earlier work on canonical tRNAs
1718 “and full-length tmRNA °, the presence of a modified nucleoside rT in tmRNA-TLD is
quite likely. Here, the 1.2 ppm chemical shift is characteristic of a methyl group attached to a
carbon, ruling out N7-methyl guanosine and 2’-OH ribose methylation. From the peak area
integration, the level of base modification can be estimated to be close to stoichiometric,

within experimental error.

The 'H["°’N] SG-TROSY shows a characteristic peak resonating at 132 ppm in the nitrogen
dimension and 10.9 ppm in proton dimension, which indicates the presence of a
pseudouridine (Fig. 3C). This characteristic nitrogen chemical shift is indeed in line with

those already reported for the N1 of W on earlier works on several tRNAs '*'7'*2!

, and cannot
be mistaken for either the N1 of Gs (142-150 ppm) or the N3 of Us, T's and WO (around
157 ppm). Therefore, A. aeolicus tmRNA-TLD expressed in vivo contains both a ribo-

thymidine and a pseudouridine.
The T- stem

The NMR identification of the 5-methyl uridine (1T, ribo-thymidine) imino proton mainly
relied on the cross-peak with its own methyl (Fig. 3A). The assignment of T38NH was
confirmed by a cross-peak pattern similar to those observed in standard tRNAs (Fig. 3A,B
and Fig. 4) '"*'*, In particular, T38NH and T38CH3 are NOE-connected to one imino proton

at 13.02 ppm which belongs to a Watson-Crick G:C base pair, which was assigned to G37.
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Imino-imino connections could be followed up to G35 confirming formation of the double-

stranded T-stem evidenced by the enzymatic and chemical probing.
The acceptor stem

US54 and G3 form a wobble pair which is the primary determinant for recognition by AlaRS
2% Their imino groups were identified in the HMQC through their particular "N chemical
shifts (Fig. 3C) and also by their strong imino-imino cross-peak which is characteristic of
wobble pairing. G3:U54 was used as starting point for the acceptor stem assignment. From
NOESY data recorded at different mixing times, connectivities between adjacent Watson-
Crick base pairs could be followed from G1:C56 to G5:C52. This confirms the existence of a

double-stranded acceptor stem evidenced by the probing experiments.
The anticodon-like stem

The two remaining G resonances at 12.66 and 12.44 ppm are ascribed to two adjacent G:Cs of
the truncated anticodon-like arm. The G23NH of the sheared GA pair closing the GAAA loop

resonates at 9.32 ppm (not shown).
The TWC- loop.

In the 2D NOESY experiments, the r'T methyl group of tmRNA-TLD gives rise to the
classical connectivities observed in canonical TWC loops of standard tRNAs, ranging from
the reverse-Hoogsteen rT54:A58 base pair to pseudouridine 55 and the T—stem on which it is
stacked. In particular, in terms of Nuclear Overhauser Effects types and peak intensities, the
overall pattern involving T38, G37, W39 and G12 imino protons, and W39 H6 and A48 H8
(Fig. 4), is similar to that of their counterparts T54, G53, W55 and G18 in tRNA"***' as

explained below:

T38NH chemical shift (14.14 ppm) is consistent with AT base-pair formation. T38 imino
does indeed show an NOE to an aromatic proton resonating at 7.95 ppm, which was assigned
to A42H8 (Fig. 4). The fact that the tmRNA-TLD is pseudouridylated indeed implies the
presence of this A:T reverse-Hoogsteen base pair which is a key recognition element of the E.

coli TruB pseudouridine synthase, forming several key interactions with a histidine residue of
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the enzyme *. This T38:A42 base-pair is stacked on G37:C45 as shown by the T38NH-
G37NH, T38NH-C45NH, and the G37NH-A42HS cross-peaks (Fig. 3 and 4).

W39N3H shows a strong cross-peak to another imino proton at 11.20 ppm, which is assigned
to G12NH on the following grounds : (1) it is a guanosine imino proton, as can be seen on the
natural abundance HMQC spectrum. (ii) It pairs with W39, as evidenced by the strong
crosspeak between their imino protons (N3H of W55). (iii) The resulting G-W base-pair is
stacked onto T38:A42, as evidenced by the numerous crosspeaks (imino-imino, imino-
methyl, imino-H8) boxed on figures 3 and 4. This base-pair topology corresponds exactly to
what is observed in the tertiary interaction between the T®C and D loops in canonical tRNAs,
where W55 makes a tertiary interaction with G18 in the D-loop. This G18:W55 is stacked on
top of T54:A58 which, in turn is stacked onto the T-stem. Thus, most likely, the G paired to
W39 in A. aeolicus TLD belongs to the D analogue. The two most likely candidates are the
evolutionary conserved G12 and G13 '**°, which mimic the conserved G18 and G19 in
canonical tRNAs. By analogy with tRNA structure, we assign the G paired to W39 to G12, as
it is the homologue of G18. This is strongly supported by a recent mutational analysis study
which suggested a tertiary interaction between the corresponding bases in full-length E. coli

tmRNA °.

Interestingly, G12NH and W39N3H yield cross-peaks to a guanosine imino proton at

12.14 ppm (Fig. 3B), this G is engaged into a GC Watson-Crick base-pair with a cytosine, as
evidenced by strong GN1H-CN4H, crosspeaks (not shown). The most likely candidate for
this guanosine is the conserved G13 which would be paired with the conserved C40,
mimicking the conserved G19:C56 interaction in standard tRNA. Finally, the second imino
proton of W39 (N1H) contacts another GNH at 12.05 ppm (Fig. 3B), which appears not to be
engaged in a Watson-Crick interaction. This latter guanosine proton is tentatively assigned to
G41, the only remaining guanosine in the TWC loop. Based on these observations, we thus
propose that the stacking within the TWC loop could be extended by G13:C40, and that G41

could be somewhat looped out of the stack and towards T38.

10 -
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The conclusion of the NMR studies is that the tmRNA-TLD adopts the cloverleaf like fold
with inter-loop interactions and a TWC loop conformation resembling that of canonical

tRNAs, despite the absence of a canonical D stem-loop.

2D NMR analyses of the E. coli TLD solution structure at pH 6.5

Despite some differences, the E. coli TLD fold at pH 6.5 resembles that of A. aeolicus, and
thus the canonical tRNA fold. This study was carried out both without and with MgCl, (2.5
mM), as it has been shown that magnesium influences the stability and the bending of tmRNA

structure 2’%*

and thus possibly the inter-loop interaction. Because no major differences were
observed between the two conditions apart from small resonance shifts, we will focus on the

magnesium-free NOESY spectra.
The T-stem, the acceptor-stem and the anticodon-like stem

The 2D NOESY spectra (Fig. SA) in the same conditions allowed the identification of the
methyl resonance at 1.2 ppm of a rT, which gave crosspeaks to two G imino resonances
assigned to G38 and G37 of the T- stem, using the secondary structure model deduced from
the probing data. The 1D NOE-difference experiment recorded under the same conditions also
disclosed transfers from the methyl resonance to G38 and G37 iminos, and additionally to that
of G36 (not shown). Starting from G37 and following imino-imino connections, we were able
to assign each of the Watson-Crick G:C pairs of the T-stem ranging from G34:C50 to
G38:C46.

All imino protons of the acceptor stem, from G1:C57 to G7:C49, were also assigned through
imino-imino cross-peaks, starting from the G3:U55 pair, which was identified as mentioned
above for it’s A. aeolicus counterpart (Fig. 5). The absence of connectivities between the
terminal pairs G7:C49 and G34:C50 suggests that little or no stacking occurs between the
acceptor and the T stems. As for A. aeolicus, the two adjacent G:Cs of the short anticodon-

like stem were also identified.

11 -
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The T- and D- loops

At that stage, the three standard stems evidenced by the probing experiments were clearly
assigned (Fig. 2). In the JR-NOESY spectrum recorded at 50ms mixing time (Fig. 5C) two
strong imino-imino cross-peaks could be seen, one ascribed above to the G3:US5 pair and the
other to a non-canonical base-pair involving one G resonating at 10.2 ppm (as seen on the JR-
HMQC, Fig. 5(d)). This base-pair must correspond to a tertiary interaction, since all
secondary base-pairs were already assigned. By analogy with both canonical tRNA structures
and the A. aeolicus TLD (see above), we assigned this base-pair to the G13:(U or W)40, the
tertiary interaction demonstrated by Barends and coworkers °. This cross-peak is broadened
out to baseline at 150ms, indicating fast exchange. This probably explains why we failed to
observe the cross-peak corresponding to the N1H of nucleotide 40 in the JR-HMQC
experiment. However, as will be shown below, the E. coli TLD undergoes a structural change
at low pH (=< 5.0). At pH 4.6, the JR-HMQC clearly shows the W N1 correlation with its
characteristic downfield nitrogen shift (not shown). Thus E. coli TLD also contains a
pseudouridine (W40). The G13:W40 interaction is slightly stabilized by 2.5 mM MgCl, as

shown by the re-appearance of a small cross-peak at 150ms.

Interestingly G13NH and W40NH connect to the same Watson-Crick GNH at 12.5 ppm. As
the TWC loop does not contain any G, and because all Gs of the three stems are already
assigned, this last G must belong to the D-loop. According to the 3D models of E. coli TLD

28,29

proposed by the groups of Harvey and Wower “*, the only candidate for this interaction is
G14 (G19 would be too far away). Moreover, G14 is sequentially in the same position as G13
in A. aeolicus TLD, which is engaged in a G13:C40 stacked on the G12:W39 pair. The cross-
peak pattern observed here is consistent with a model of TWC and D-loop interaction in
which G13:W40 and G14:C41 are stacked. This is in keeping with the enzymatic probing data
(Fig. 2b) which shows that the bond between G13 and G14 is cleaved by ribonuclease V1

which is selective for stacked, base-paired regions.

We were unable to locate T39 imino proton by its NOE cross-peak with the methyl group,

even using a 20 ms mixing time, presumably because it exchanges too rapidly with water.

S12-
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This means that T39 is engaged in a poorly stable base-pair *°. The imino spectrum showed an
unassigned resonance at 13.2 ppm, close to G38NH, yielding a strong cross-peak with water
which could correspond to T39NH and suggests a poorly stable A:T39 pair. Moreover, its °N
chemical shift is consistent with either a thymidine or a uridine (Fig. 5(d)). The fact that
T39NH possibly resonates very close to G38NH could explain why the sequential cross-peak

was not seen.
TLDs solution structure vs. temperature.

Temperature titration does not disclose any fundamental structural transition between 280K
and 340K (Fig. 6). The general line-broadening observed at high temperatures is explained by
enhanced exchange rates with water. In both TLDs, most stem Watson-Crick G.C pairs are
still formed at 340K as well as G12:W39 and A42:T38 in A. aeolicus. In E. coli, the G13NH
resonance, which is involved in the tertiary interaction with W40, is still present at

320K (47°C). The fact that it is not shifted towards 11 ppm as temperature is raised, shows
that the broadening to baseline observed at 320K is mainly due to rapid exchange with water
and not to a tertiary structure disruption. The temperature shift experiments were repeated for
both TLDs in the presence of 2.5 mM MgCl,, and the results were similar, suggesting that the
thermal stability of the tRNA-like domain of tmRNAs does not critically depends on

magnesium 1ons.
TLDs solution structure vs. pH.

The data obtained with E. coli TLD indicate that, at close to neutral pH, its T¥C loop
structure is probably slightly more labile than that of its A. aeolicus counterpart. The weaker
pairings observed for both T39 and W40 precluded observation of some noes from their imino
protons. We thus investigated the conformation of both TLDs at lower pH, where the rate of

exchange of these resonances with the solvent is decreased.

For A. aeolicus TLD, the results were straightforward : the imino proton resonances are
largely pH-independent between pH 4.5 and 7 (not shown). A second minor species does start

to appear below pH 4.5, showing several downfield-shifted imino protons which could

13-
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correspond to N3-protonated cytosines engaged in Hoogsteen C+:G pairs. Nevertheless, all

the major cross-peak patterns described above remain unaffected.

For E. coli TLD, the experiment was performed in the presence of 2.5 mM MgCl,, in order to
improve the stability of the TWC loop structure. The titration showed that the E. coli TLD
structure is more pH-sensitive than that of Aquifex. (Fig. 7) It clearly shows appearance of a
second set of resonances (i.e. of an alternate conformation) below pH 6. The relative
proportion of the two species, which are in slow exchange at 600 MHz and 293K, is about 1:1

at pH 5.

2D NOESY experiments were recorded on E. coli TLD at pH 4.55. Unfortunately, the spectra
are complicated by the fact that it is still a mixture of at least two conformations, which
prevented obtaining a complete assignment. However, starting from the unambiguous methyl
group of T39, a clear pattern of connectivities could be ascribed to the major low-pH form.
The T39 imino proton could now be identified at 14.55 ppm (Fig. 7 top). As for Aquifex
TLD, the JR-HMQC (not shown) identifies the G-U and G-W pairs, and W40N1H and W40
N3H at respectively 10.9 and 11.5 ppm. The spectrum confirms the presence of T39NH at
14.5 ppm and G13NH at 10.7 ppm. The NOESY spectrum (Fig.7, top) shows that T39 is
connected to the G13-W40 pair. It also displays the standard imino-imino crosspeak pattern
observed on the Aquifex TLD and in tRNA TWC -loops linking T39, G13-W40 and G14. An
additionnal resonance at 10.4 ppm shows a small crosspeak to T39CH3 (Fig.7, top) and a
strong one with G13NH (not shown). Its nitrogen chemical shift probed by the JR-HMQC is
that of a uridine. This resonance is tentatively assigned to U12 as suggested by the model of

Wower.

Aminoacylation of E. coli tmRNA-TLD by AlaRS

Using native gel retardation assays, we collected evidences that labelled tmRNA-TLD
interacts with purified alanyl-tRNA synthetase (AlaRS) from E. coli (not shown). The

enzymatic parameters of E. coli tmRNA-TLD alanylation by E. coli AlaRS were determined.

14 -
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Table 1 summarises our comparative kinetic data for aminoacylation of purified E. coli
tmRNA-TLD and full-length tmRNA with alanine. Interestingly, compared to full-length
tmRNA, tmRNA-TLD reaches a two-fold higher plateau, gives a five-fold lower Ky, (2 uM)
and a two-fold higher k, (0.5 min™), suggesting that the domain of tmRNA outside from its
tRNA-like portion has negative influence on aminoacylation, regarding both affinity and

efficiency.

15 -
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DISCUSSION

The present work shows that it is possible to express in vivo and purify the tRNA-like domain
(TLD) of the tmRNA from at least two species, E. coli and A. aeolicus, in quantities and
purity sufficient for structural studies. The yield, approximately 1 mg/litre of culture for both
TLD, is however one order of magnitude lower than those previously reported for natural
tRNA using the same expression vector. This suggests that processing by E. coli enzymes of
these non-canonical tRNA-like molecules may be limiting. Both purified RNAs have the
expected sequences, as verified by enzymatic sequencing, and are thus correctly processed by
E. coli ribonucleases on both their 3’ and 5’ sides. Furthermore, they adopt the predicted

secondary structure fold.
Post-transcriptional modifications

The NMR data clearly show the presence of a ribo-thymidine in the TWC loop of both E. coli
and A. aeolicus TLDs. This methylated base indeed makes numerous NOE contacts with the
last base pair in the T-stem, which was unambiguously assigned in both cases. Similarly, it
also convincingly proves that U39 is processed into W39 in the Aquifex TLD. In the case of
the E. coli TLD, the more labile TWC loop structure prevented observation of some of the
corresponding imino resonances at neutral pH. However, data collected at low pH show that
pseudouridylation does also take place for E. coli TLD. The location of the pseudouridine
within the TWC loop of either TLD is again confirmed by numerous NOE contacts with the
adjacent pairs, following a standard pattern which is found in canonical tRNAs. These results
could be anticipated as both TLDs contain a T-stem and a UUCNNA sequence in the TYC-

loop, the two key recognition elements of E. coli pseudouridine synthase *'.

To our knowledge, this is the first time that this recombinant strategy is applied to a non-
natural RNA molecule. For NMR studies, incorporation of stable isotopes is a key step for
obtaining reliable assignments and structurally relevant information. So far, the only available
strategy to produce such labelled RNAs was in vitro transcription, using enriched nucleotides

triphosphate. However, this technique only allows the synthesis of naked RNA fragments,
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devoid of post-trancriptional modifications. Our novel in vivo approach allows to circumvent
this drawback and thus to investigate the role of modified nucleotides in the structure and the

function of such RNAs.
2D and 3D structure characterization

In both TLDs, the prediction of the presence of three stems (H1, HS and H6) is confirmed by
the chemical and enzymatic probing data and by the NMR JR-NOESY spectra. In particular,
the two G:U wobble pairs are unambiguously identified. The NMR thermal titrations show

that all three stems are very stable, even in the absence of magnesium.

Only the base-paired and/or stack residues could be probed without ambiguity by NMR
through their imino proton resonances. The NOESY spectra show that A. aeolicus G12 and
G13 (G13 and G14 in E. coli) are base-paired to W39 and C40 (W 40 and C41 in E. coli),
which are far from each other in the primary sequence. In the case of E. coli TLD, this is in
good agreement with our probing data which shows that the G13-G14 phosphodiester bond is
sensitive to ribonuclease V1 cleavage. The corresponding bond in A. aeolicus TLD (G12-
G13) is however not cleaved by V1, although the corresponding G12-¥39 and G13-C40
tertiary interactions are supported by the NMR data. The D-analogue of A. aeolicus is one
base shorter than its E. coli counterpart and this could result in a more constrained geometry
at the level of the D-TWC loop interaction. In E. coli TLD, there is evidence that the T39:A43
pair contacts an additional unassigned A:U base pair at 13.9 ppm which involves the D-loop
and possibly the TWC loop (Fig. 5). This additional stacking in E. coli TLD next to G13 and

G14 could provide the structural framework for ribonuclease V1 recognition.

In E. coli TLD, the absence of NOE-connectivities between G7:C49, which terminates the
acceptor stem, and G34:C50, at the end of the T-stem, suggests that the two helices are not
perfectly stacked as they are in canonical tRNAs. This could also result from a more relaxed
geometry allowed by the absence of a D-stem and could also partly explain the observations **
that the inter-stem angle between the acceptor and HS (110°), is greater than the angles
observed between the acceptor branch (acceptor stem and T-stem) and the anticodon stem for

any of the known tRNA crystal structures.
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Mitochondrial tRNAs often also exhibit large deviations from the canonical cloverleaf
geometry, with large variations in the size of the D- and TWC-loops. Furthermore the
conserved nucleotides G18G19 and U54U55C56 within either of these loops are often absent,
suggesting that classical tertiary interactions between both domains do not take place *. It
contrasts with the tRNA portion of tmRNA in which tertiary interactions between the D-
analogue and the T-loop mimicking those of canonical tRNAs are present, but in a slightly

different way.

Modeling the TWC-D loop interactions - Comparison with the existing TLD models

Two groups have proposed models of the E. coli tmRNA-TLD structure, which were largely
based on the homology between tmRNA and canonical tRNAs ****, The present solution
studies confirm several of the features of these models for both E. coli and A. aeolicus TLDs,
now providing an accurate picture of the structural mimicry. More specifically, our data
convincingly support the existence of the G13:W40 and G14:C41 interactions (E. coli TLD
numbering) between the D-loop and the TWC loop. However, in both models, A42 is
intercalated in between the G13:W40 and G14:C41, in keeping with the classical tRNA
structures (Fig. 8(c)). This is in contradiction with our NMR data which show that there exists
two imino-imino contacts between these two base-pairs which should therefore be directly
stacked on top of one another, both in the case of the A. aeolicus and the E. coli TLD. We
therefore believe that G41 in A. aeolicus TLD i1s probably at least partially looped out of the
structure, possibly closer to the reverse-Hoogsteen A: T base-pair, as suggested by the
observation of G41NH,: W39N1H (not shown) and G41NH:W39N1H (Fig. 3B) cross-peaks.
This is further supported by the observation that G41 in A. aeolicus TLD is cut by lead and

that A42 in E. coli TLD is cut by S1.

In the case of E. coli TLD, the above observation of an A:U base pair connecting to T39
suggests the possibility of a pairing involving A42, the single remaining adenine in the TYC
loop, since we assumed above that it was not involved in intercalation between G13:¥40 and

G14:C41. A42 could then pair to an uridine in the D-loop. For instance, either U12 or U17

18-



The tRNA-like domain of tmRNA

would be in compatible positions, as suggested by either model. Interestingly, in the A.
aeolicus sequence, U12 is replaced by an adenine which could account for the difference
between the two TLDs. This additional base-pair intercalated between T39 and W40 could be
responsible for the partial de-staking of the A43:T39 pair from the T- stem and could also

explain the absence of the T39CH3-G38NH cross-peak.

At low pH, however, the E. coli cross-peak pattern is consistent with the following stacking:
A43:T39/G13:W40/G14:C41 (Fig. 7). The re-appearance of the canonical imino-methyl cross-
peaks below pH 5 (Fig. 7) suggests that cytidine protonation (pK 4.01) is responsible for the
A43:T39 pair stabilisation. The lowfield part of the spectra also show fast-exchanging
protonated-C imino protons consistent with Hoogsteen or reverse-Hoogsteen base-pair
formation. Hoogsteen pair formation usually results in backbone stretching (in Z-DNA,
adjacent GC+ pairs are 7.7 A apart from each other). This might lead to disruption of the extra
A42:U12/17 pair (the proposed A42:U12/17NH resonance has completely disappeared at pH
4.55), that was assumed to be sandwiched between A43:T39 and G13:W40 at pH 6.5, and
consequently to the recovery of a more canonical spatial arrangement, resembling those
proposed by Zwieb et al. * and by Stagg et al **. The A. aeolicus structure would thus be less

pH-sensitive because it already has the “good” stack.
Recognition by AlaRS

The major identity determinant for recognition of tRNA*" by AlaRS is the presence of a G:U
wobble pair in the third position starting from the top of the acceptor stem ***. In fact, it has
been shown that mini-helix substrates containing this G:U pair can be aminoacylated by the
synthetase **. Since we showed that the E. coli tmRNA-TLD adopted a fold containing both a
canonical acceptor and T-stem and contained this major G:U identity element, we expected
that it would also be recognised by AlaRS. It was however of interest to compare its
aminoacylation parameters to those of the full-length tmRNA in order to dissect the
contributions of the various domains of this complex RNA to the recognition by the

synthetase.
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Overall, compared to full-length tmRNA, tmRNA-TLD has a 9.5-fold gain in catalytic
efficiency. Earlier work has reported that full-length synthetic tmRNA binds AlaRS with a 24
uM K, (to be compared with 9.5 uM using native tmRNA) and a kcat of 2.6 min™' (to be
compared with 0.25 min™' using native tmRNA *°). Between synthetic and native tmRNA,
there is a 4-fold difference in the k_,/K,, ratio, in favour of the tmRNA transcript. However,
this effect is essentially kinetic, indicating that the activation energy for aminoacylation of the
native tmRNA is significantly higher than that of synthetic tmRNA, although the affinity of
the latter for the synthetase is lower. Native tmRNA has two post-transcriptional
modifications in its TWC-loop that enhance stability of helices H1 and H6 (B. Felden,
unpublished). This could result in increased structural rigidity which could explain the higher
activation energy barrier. The gain in catalytic efficiency reported above when tmRNA is
reduced to its tRNA-like domain is essentially due to a decrease in K, whereas the k_,,
remains modest compared to that of a naked tmRNA transcript (0.5 min™ vs. 2.6 min™). The
higher K, observed for full length tmRNA compared to tmRNA-TLD can possibly be
ascribed to a steric interference by the large pseudoknot/tag domain in the native RNA.
However, steric hindrance or the requirement for large conformational changes in the
pseudoknot/tag domain cannot explain the poor catalytic efficiency of tmRNA alanylation
compared to that of tRNA** **_ since alanylation of tmRNA-TLD also proceeds with a similar
low k.. Thus, most likely, it is the specific structure of the D-analogue and its interaction
with the TWC loop which is responsible for the low efficiency of alanylation. This work also
suggests that the modified nucleotides present in the T¥C-loop of tmRNA play an important
role in the recognition by the synthetase, stabilizing a conformation which is better recognized
by the enzyme, as evidenced by the significantly lower K, of both native tmRNA and
tmRNA-TLD, compared with the naked tmRNA transcript. It has indeed been documented
that both the rT and the ¥ modifications significantly contribute to the stability of standard
tRNA™. It is thus reasonable to assume that they play a similar role in the context of the

tmRNA.
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This “low k_/normal K,,” profile does make sense in a cellular context, where the recruitment
of alanylated-tmRNA by stalled ribosomes is expected to be a much rarer event than the
incorporation of alanylated-tRNA*" in nascent protein chains by active ribosomes. There is
thus no need for a high catalytic efficiency of alanylation of tmRNA. However, tmRNA
concentration is lower than tRNA*" (approximately 500 tmRNA/cell compared to 30 000

tRNA*"/cell under exponential growth conditions in E. coli *"*

), there is thus a strong
pressure to maintain a high level of affinity, otherwise tmRNA would be out-competed by the

“standard substrate” of AlaRS.

The present work shows that our strategy of producing recombinant tmRNA-TLD which are
folded and post-transcriptionally modified opens the way to detailed analyses of the function
of tmRNA, by allowing the dissection of the respective contributions of the different tmRNA
domains. Similar studies could now be undertaken regarding the interaction of tmRNA with
either SmpB and/or EF-Tu, looking both at the biochemical parameters and at the possible

structural changes induced upon protein binding.
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MATERIALS AND METHODS

Construction of the recombinant tmRNA-TLD genes

Construction of the synthetic tmRNA-TLD genes was performed by assembling and ligating
synthetic oligonucleotides, as previously described for standard tRNA genes '*. The resulting
double-stranded synthetic DNA fragments were then ligated into the EcoRI and Pst sites of
the pBSTNAYV vector '>. The DNA sequence of the constructs (plasmids pTLD-Ec and pTLD-

Ae) was verified (Cybergene, France).

Expression and purification of tmRNA-TLD

Expression of RNAs from pPBSTNAYV derived plasmids is constitutive and usually unstable
over extended periods of time (F. Dardel, unpublished). For tmRNA-TLD expression, E. coli
strain JIM101Tr was electroporated with purified the purified pTLD plasmids and immediately
transferred into flasks of 2xTY medium or Martek-9N (Spetra Stable Isotopes), for "N

labelling supplemented with ampicillin (50 ug/ml).

Large-scale preparation of tmRNA-TLD was similar for both constructs. Briefly, a 5-liter
fermentor containing 2xTY medium supplemented with 0.2% glucose (w/v) and 50 ng/ml
ampicillin was inoculated with a fresh pre-culture. Cell growth was allowed to proceed under
vigorous shaking until it reached the early plateau phase (i.e. 3 hours after the end of the log
phase), where RNA accumulation is optimal. During growth, the pH was monitored and
adjusted to 7.0 by computer-controlled addition of 2N NaOH. For "N labelling, cells were
grown overnight at 37°C in two Fernbach flasks containing each 500 ml Martek-9N (Spectra
Stable Isotopes). Cells were harvested by centrifugation and phenol extraction and ethanol
precipitation recovered total RNA. Small size RNAs (5S rRNA, tRNAs and tmRNA-TLD)
were first separated from bulk nucleic acids by gel filtration on a Superdex-75 prep grade gel
filtration column (2.6 x 60 cm; Amersham-Pharmacia Biotech) equilibrated in 50 mM

potassium phosphate pH 7.5. Fractions were analysed by 8M urea-PAGE (12% acrylamide)
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and checked for the presence of the ~60 nucleotide tmRNA-TLD band (Figure 1(c), lane 2).
After this stage, the bulk small size RNAs,were fractionated by ion-exchange
chromatography: They were loaded onto a Source-Q column (2.6 x 20 cm; Amersham-
Pharmacia Biotech) equilibrated in 50 mM potassium phosphate pH 7.5 and eluted with a 200
to 700 mM NacCl linear gradient. tmRNA-TLD eluted in the tail of the profile, at about 450
mM NaCl (Figure 1(c), lane 3). The corresponding fractions were combined and ethanol-
precipitated. After this stage, tmRNA-TLD represented approximately 40 % of the pool. As a
final chromatographic step, a second ion-exchange column was performed at a different pH:
the RNA pool was re-suspended in 20 mM potassium phosphate, 0.5 mM EDTA, pH 6.5,
applied onto the Source-Q column equilibrated in the same buffer and eluted with a 300 to
600 mM NaCl linear gradient. Only the fractions exhibiting the highest purity were pooled.
For biochemical studies, tmRNA-TLD were submitted to an additional gel-purification step
on a 12% PAGE, followed by electroelution and recovery of purified RNA band by ethanol

precipitation.
Enzymatic and chemical RNA probing

Alkaline phosphatase and T4 polynucleotide kinase were from New England Biolabs
(Beverly, MA). RNases S1, V1, U2 and T1 were from Amersham-Pharmacia-Biotech (Orsay,
France). [y—32P]ATP (3000 mCi/mmol) was from NEN (Paris, France). Labelling at the 5-'
end of the RNA was performed with [y-**P]JATP and T4 polynucleotide kinase after
dephosphorylation by alkaline phosphatase. The RNA was purified on denaturing gel to
separate unincorporated [y->’P]ATP. The appropriate band was eluted passively and the RNA

recovered by ethanol precipitation.

Enzymatic digestions and chemical modifications were performed on gel purified 5'- labelled
E.coli or A.aeolicus tmRNA-TLD RNAs (0.5 MBg/reaction), supplemented with 1 yg of total
transfer RNA. Labelled RNA was heated to 75°C for 3 min and slowly cooled to room
temperature. For both E. coli and 4. aeolicus TLD, the following amounts of enzymes and
chemicals were used : 10 U of nuclease Si; 10 U of RNase V1 and 1,3 mM of lead acetate.

For RNA sequencing, 0.2 U of RNase T1 at 0.2 U and U2 at 0.2 U Probing was performed in
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a 20-pl-reaction volume at 37°C for 7 minutes **. RNAs were ethanol-precipitated, dried and
counted and the RNA fragments separated by electrophoresis. Radioactive bands were

revealed using a phosphorimager.

NMR spectroscopy

The purified samples were dialyzed several times against 2 mM EDTA water solutions and
finally against water, and then freeze-dried. They were resuspended in 95% H,0-5% D,0 or
99.98 % D,0, 1 mM EDTA solutions. The pH was adjusted at room temperature under mild
stirring using 0.1 M HCI and NaOH solutions. No phosphate buffer was added to the samples
so as to avoid catalysis of the imino proton exchange that could prevent observation of broad
resonances corresponding to weak base-pairs *°. The E. coli tmRNA-TLD sample
concentration was 1.5 mM and A. aeolicus sample was 1.2 mM. The "N-labelled samples

concentrations were 0.07 mM.

Spectra were recorded at 600 MHz on a Bruker Avance DRX600. The natural abundance "°N-
'H GE-JRSE HMQC spectrum “ of the 61-mer was recorded at 500 Mhz on a Bruker Avance
spectrometer equipped with a cryoprobe. In H,O samples, the water signal was either non-
excited using the “Jump and Return (JR)” pulse scheme *' or suppressed using gradient
sculpting **. The residual water resonance in D,O samples was pre-saturated by low-power
irradiation during the recycling delay. All data were acquired using oversampling and a 1.3 s

repetition delay.

NOESY spectra were recorded in the TPPI mode, and the GE-JRSE HMQC in the States-
TPPI or TPPI mode, and the ’N-"H SG-TROSY * in the echo-antiecho mode. When
necessary, pulse sequences were implemented with carrier frequency jumps so as to acquire
spectra on reduced spectral widths. A small 1 ms Z-gradient pulse was applied before the
reading JR pulse in JR-NOESY spectra recorded at 110, 130, 200 and 400 ms to cancel out
spurious transverse magnetization. For shorter mixing times, (20, 35, 40, 50 and 70 ms), this
was achieved using a combination of two small non refocusing Z-gradients. Moreover the

first 90° pulse was phase-shifted by 45° so as to avoid the —180 orientation during phase
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cycling (Smallcombe, 1993). Mixing times up to 50ms were randomized by 1% to avoid
detection of zero-quanta transitions. The natural abundance "N the GE-JRSE HMQC were
recorded overnight with a 'H spectral width of 22 ppm, and a wide "°N spectral width (55
ppm) so as to prevent possible confusion between imino and amino protons. Data were
processed either using the Felix 2000 package software (Molecular Simulations, Inc.) or the

GIFA program *.

Aminoacylation by AlaRS

Recombinant alanyl-tRNA synthetase was purified on Ni*-NTA-agarose (QIAGEN), and
purity was confirmed on a 10% Tricine-SDS-polyacrylamide gel. Final protein concentration
ranged from 0.5 to 2.5 uM. Assays were performed at 37°C in a medium containing 100 mM
Tris-HCI (pH 7.5), 40 mM KCl, 40 mM p-mercapto ethanol, 40 mM MgCl,, 8 mM ATP, 0.2
mg/ml of BSA and 42 uM L-[’H] alanine (152 mCi/mmol). Aliquots were spotted onto 3MM
Whatman papers at different times and trichloroacetic acid precipitated. Kinetic parameters

(KM’ V

max

and k) were determined from Lineweaver-Burk plots. Aminoacylation plateaus of

native full-length tmRNA do not exceed 30%.
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The tRNA-like domain of tmRNA

FIGURE LEGENDS

Figure 1.

(a). Secondary structure of tmRNA from E'.coli with emphasis on its tRNA-like domain
(TLD). The looped mRNA domain (PK1-PK4 plus the tag reading frame) is shown
schematically. (b) and (c). E. coli and A. aeolicus tmRNA-TLD sequences, respectively. (d).
Purification steps of E. coli-TLD expressed in vivo. 12% polyacrylamide/ 8M urea gel.
Visualisation by UV-shadowing. Lane 1 : bulk RNA after cell lysis and phenol extraction ;
lane 2 : « small size » RNAs after gel-filtration ; lane 3 : pH 7,5 ion exchange pool ; lane 4 :

pH 6.5 ion exchange pool.

Figure 2.

(a). Partial RNA sequencing and structural probing of A. aeolicus TLD (left panel) and E.coli
TLD (right panel). Autoradiograms of cleavage products of 5’-labelled RNAs by lead, and
nucleases S, and V,. Lane C, incubation controls ; Lane AH, sodium bicarbonate hydrolysis ;
Lane G, , RNase T, hydrolysis ladder ; Lane A, RNase U, hydrolysis ladder. Sequences of
both RNAs are indicated on the side. Digestions with various ribonucleases and lead (II)
acetate were performed on 5’-labelled tmRNA-TLD supplemented with 1 ug of total transfer
RNA. (b). Secondary structure model of A. aeolicus tmRNA-TLD (left panel) and E. coli
TLD (right panel) based on probing data and showing the probing results. Triangles are for V,

cuts ; green arrows are S, cuts ; red nucleotides are cut by lead acetate.
Figure 3

Assignment of A. aeolicus tmRNA-TLD : Spectra recorded on a 1.2 mM sample of the A.
aeolicus TLD, at 290K and pH 6.5. The T-stem and T and D- loop residues appear in green,
the acceptor stem residues in red. A and B: extended contour plots of a 150 ms JR-NOESY
experiment recorded at 600 MHz. The assignment walks is in solid green lines for T- stem

and D and T- loop residues, and in solid red lines for the acceptor stem residues. The blue star
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The tRNA-like domain of tmRNA

indicates the anticodon connectivity. Yellow circles emphasize the interloop cross-peaks.
Crosspeaks between A42:T38 and G12:W39. C: "N-'"H SG-TROSY experiment recorded in at

600 MHz and 290K. Same color coding as above.

Figure 4

TWC — D loop interaction : A. aeolicus TLD assignment walks in the imino proton - aromatic
proton region of the JR-NOESY spectra recorded at pH 6.5, 290K and 600 MHz. The color
coding is as follows: purple for the adenine of the reversed-Hoogsteen A:T pair, green for the
T and the W of the TYC loop, black for the T-stem. Crosspeaks between pairs A42:T38 and
G12:W39 are boxed

Figure 5

Assignment of E. coli tmRNA-TLD : Spectra recorded on a 1.5 mM sample of the E. coli
TLD, at 290K and pH 6.5, using same color-coding as in Figure 3. Tentative assignment of
T39NH and of the adjacent A:Ud pair (d for loop D) is drawn in light blue. A, B and C:
extended contour plots of a 150 ms JR-NOESY experiment recorded at 600 MHz. The two
arrows point to two aromatic resonances NOE-connected to T39CH3. D: N - 'H- JRSE-

HMQC experiment recorded in natural abundance at 600 MHz and 290K.

Figure 6
Temperature titration at pH 6.5 of the imino proton region of (A) the A. aeolicus and (B) the

E. coli TLDs. Spectra were recorded in the absence of salt and divalent cations.

Figure 7
Lower stack plot: 1D imino proton region of a 2.5 mM MgCl, E. coli TLD sample recorded at
293K and displayed vs. pH. Black bullets signal the apparition of a new structure at low pH.

Black squares point some of the resonances corresponding to the structure observed at pH 6.5.
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The tRNA-like domain of tmRNA
Upper strip plot: imino—methyl expanded region of a 130 ms JR-NOESY spectrum recorded
at pH 4.55 and 283 K.

Figure 8

Models of the D- and TWC- loop stacking compatible with the NMR data. The solid lines
symbolises the sugar-phosphate backbone. T— stem and T-loop are in green, D- loop in red.
(a) A. aeolicus. (b) E. coli at pH 6.5. The extra A:U base pair is colour-filled (c) Standard D-
TWC loop interaction in tRNAs.
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Table 1. Alanylation properties of in vivo purified tmRNA-TLD, compared with those of in

vivo purified full-length tmRNA.

RNAs , Ky (uM) Ve @M sk, (min™) G
Charging level,*
apparent (%)
tmRNA 30 =15 95=%15 0.50+0.05 0.25+0.09 1
tmRNA-TLD 60 +30 2002 1004 0.50 £ 0.07 9.5

* Charging levels of E. coli tmRNA-TLD (four independent experiments) versus full-length
tmRNA (eleven independent experiments) were obtained for 15 and 30 min incubation with
equivalent amounts of purified alanyl-tRNA synthetase from E. coli, respectively. All

aminoacylations were performed at 37°C, as described.

* Relative gain in catalytic efficiency (G) of tmRNA-TLD compared to tmRNA full-length,
expressed as G = (k... / Ky)unrna or imrnatip ! (Kea KyvD)umrna- Kinetic parameters represent an
average of three experiments for tmRNA-TLD and of four experiments for full-length

tmRNA, using independent enzyme purification’s.
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