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ABSTRACT

Transfer-messenger RNA (tmRNA) is a unique molecule
that combines properties from both tRNA and mRNA,
and facilitates a novel translation reaction termed
trans -translation.  According to  phylogenetic
sequence analysis among various bacteria and
chemical probing analysis, the secondary structure
of the 350—400 nt RNA is commonly characterized by
a tRNA-like structure, and four pseudoknots with
different sizes. A mutational analysis using a number
of Escherichia coli tmRNA variants as well as a chemical
probing analysis has recently demonstrated not only
the presence of the smallest pseudoknot, PK1,
upstream of the internal coding region, but also its
direct implication in  trans-translation. Here, NMR
methods were used to investigate the structure of the
31 nt pseudoknot PK1 and its 11 mutants in which
nucleotide substitutions are introduced into each of
two stems or the linking loops. NMR results provide
evidence that the PK1 RNA is folded into a pseudo-
knot structure in the presence of Mg  2*. Imino proton
resonances were observed consistent with formation

of two helical stem regions and these stems stacked
to each other as often seen in pseudoknot structures,

in spite of the existence of three intervening nucleo-
tides, loop 3, between the stems. Structural instabil-
ity of the pseudoknot structure, even in the presence
of Mg?Z*, was found in the PK1 mutants except in the
loop 3 mutants which still maintained the pseudoknot
folding. These results together with their biological
activities indicate that  trans -translation requires the
pseudoknot structure stabilized by Mg 2+ and specific
residues G61 and G62 in loop 3.

INTRODUCTION

tmRNA was first found to be alanylated by alanyl-tRNA synthetase
in vitro (2,3). In fact, it possesses a tRNA-like structure composed
of a TWC arm and an acceptor stem leading to the universal 3'-
CCA. The acceptor stem possesses identity elements of
tRNAAR including a G-U pair at the third base pair position
(4,5). The presence of tRNA-specific modified nucleosides has
also been verified in theW®C-loop of Escherichia coltmRNA

(6). Another property of tmRNA is that it adds a peptide tag to
abnormal polypeptides due to incomplete mRNAs lacking a stop
codon (7,8). This peptide tag, AlaAlaAsnAspGluAsnTyrAla-
LeuAlaAla, was first found for mouse interleukin-6 expressed
in E.coli (9) and subsequently it has also been found to be a
signal for cellular cytoplasmic or periplasmic proteases that
degrade the abnormal polypeptide (7). These observations of
both tRNA and mRNA properties of the RNA molecule led to a
model of a new translation mechanism termteahstranslation’,
where the tmRNA recycles the ribosome that is stalled during
translation due to the truncated mRNA lacking a stop codon
(10). The tmRNA is aminoacylated with alanine by AlaRS and
the alanyl-tmRNA enters the A-site of the stalled ribosome.
After the peptidyl transfer of the nascent peptides to the
tmRNA-bound alanine, the ribosome decodes the coding
region in the tmRNA itself to add the rest of the tag peptide. It
should be noted that the tmRNA binds predominantly to 70S
ribosome and only a very small extent to polysome (11,12)
probably indicating that the tmRNA does not bind to normally
functioning ribosomes.

Secondary structure models of tmRNA that would be con-
served among various bacteria were proposed by an extensive
sequence alignment analysis (13), and a chemical and enzymatic
probing analysis with a phylogenetic analysis (14). Additional
probing data using a nickel complex cleaving U in folded RNA
refined the model (15). The structure is characterized by not
only a tRNA-like structure, but also by four pseudoknots, in
which more than half the nucleotides are involved (Fig. 1).
Among the four putative pseudoknots, the shortest one, PK1, is
located upstream of the internal coding region.

Mutational analysi# vitro using a number of tmRNA variants
as well as chemical probing analysis has demonstrated not only

Transfer-messenger RNA (tmRNA), a stable RNA moleculehe presence of the PK1 structure but also its direct implication
consisting of 350—400 nt, is found in many bacteria (1). Then transtranslation (16). Mutations disrupting each stem of PK1
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Figure 1. Possible secondary structure of tmRNA frdexcoli. The internal
coding region is indicated in italics. The pseudoknot structure PK1 is locate:
upstream of the coding region.

inactivate both of the aminoacylation and alanine incorporatio

activities of tmRNA. The loop consisting of three nucleotides:W

between the two stems is required for efficiénatnstranslation

NMR experiments

The purified RNA was incubated for 5 min at %5 and then
cooled with ice. Samples typically contained 0.3—-0.6 mM
RNA dissolved in 20Qul of 10 mM sodium phosphate buffer
fh the absence or presence of 5 mM ¥q 90% H,0/10%
D,0O at pH 6.8. NMR spectra were measured on a DRX-500 or
DRX-600 spectrometer (Bruker) at 15 or’€5with symmetrical
NMR microtubes (Shigemi Co. Ltd, Japan). Solvent signal was
suppressed by the jump-and-return pulse (17) for all
[?xperiments with pulse intervals of §5 for 500 MHz and 5%is

or 600 MHz. For all one-dimensional measurements, spectral
idth of 25 p.p.m. and data points of 32 K were used, and the
number of scans was 400-800. Prior to Fourier transformation,

and the presence of M{fs) interacting with the loop has been |ine proadening of 3 Hz was applied. Two-dimensional
suggested by the probing data. Although melting analysis anOESY experiments (18) were observed with a mixing time of
chemical probing analysis have been applied for some mutan0 ms. 512 FIDs of 2 K were collected with the States-TPPI
tmRNAs, structural features of PK1 and its mutants are noinethods (18), and the number of scans was 96—400. Prior to
clear yet. Fourier transformationtv2-shifted squared sinebell function
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Table 1. Nucleotide sequences of PK1 mutants and relative activities of their corresponding tmnRNA mutants

Mutant Sequence . Alanine Aminoacylation
incorporation
81
o —r— e SO0 L2

49G67C 5'GGAGG G GCGGU UGG CCUCC UAAAAA GCCGC A3’

L1~ ] 13 -1 1.10 (0.20) 1.51 (0.21)

82 \ .
50 60 70 80

50CuC -CUC- - —---- —-- —-mom mmmmem —mmem - 0.12 (0.05) 045 (0.09)
50CUC-64GAG -CUC- - ----—- --- -GAG- ------ ----- - 0.78 (0.15) 0.73 (0.12)
56GCC mm=m= = —@CC- == —emem oo oo - 0.60 (0.13) 0.67 (0.12)
56GCC-75GGC ~ ----- - -@CC- --- ---=- -———-—— -@GC- - 1.00 (0.18) 0.43 (0.09)
60C - - —-ee- C-- —mm-m mmme oo - 1.03 (0.19) 0.77 (0.13)
61C mmmmm = mmmm= —C- mmmmm mmmmem —meee o 0.67 (0.14) 1.09 (0.17)
62C  ---m- - mmmem - C ----- oo oo - 0.43 (0.10) 110 (0.179)
610U i i L B - 0.36 (0.09) 0.83 (0.14)
6162del e e T - — —
606162del”  ----- - --—-- R - - 0.40 0.10) 106 (0.16)
71CCY e o e o em - cc- - - 0.20 0.07) 0.28 (0.04)
71IGG —mmmm - mmmem —m meeeo o @G- ---—- - — —_
69UU7IGG®  —---- = —ooom —-e o _UUGG- ----- - 0.69 (0.14) 0.67 0.12)

The nucleotides that have been mutated are shown explicitly and the unchanged ones are indicated by short bars. Asterisks
correspond to nucleotide deletions. Relative activities to the wild-type tmRNA are shown from ref. 16, olitauiteal

using tmRNA mutants with C49-G67, except for the G49-C67 mutant. Alanine incorporation to the tag sequence is used as
transtranslation activity. Standard deviations are indicated in parentheses.

@Activities of 49G67C and 71CC were measured in this study under the same conditions as those used byeNameki

(16).

@NMR measurements of these PK1 mutants were not performed.

for t2 dimension anav2-shifted sinebell function for t1 dimension Assignments of the imino proton resonances of PK1
were applied and zero-filling was applied to obtaix 2 K2 Figure 3 shows the imino proton region of the 600 M

real spectra. NMR spectra of PK1 at 15 (a) and 25 (b) in the presence of
5 mM Mg?*. Considering resonances overlapping at 13.65 (a)
RESULTS AND DISCUSSION and 12.5 p.p.m. (b), 11 imino proton resonances were observed
Design of PK1 and this is consistent with the predicted secondary structure as
shown in Figure 2. Judging from the chemical shift, the signal

The 31 nt RNA, PK1 (Fig. 2), was constructed by chemicabbserved at 14.6 p.p.m. (a) was tentatively assigned to an
synthesis, as well as the 11 mutants (T{ble 1). Different notationgino proton in an A-U pair and signals at 11.4 and
of loop 2 and loop 3 from the previous work (16) were used to]1 o5 p.p.m. (a) were possibly due to imino protons in a G-U
compare our results to previous structural works. Consideringair_ The former was confirmed by the presence of typical
preparation using thia vitro transcription system, we modified \qg crosspeaks between the imino proton of U and the H2 pro-
the stem 1 sequence W'thom. changing its nucleotide composmopo.n of Ain an A-U pair (data not shown). The latter was also
the first base pair, C49-G67, in stem 1 was changed to G49-C67 S0 firmed by st NOE ks bet the tWo imi
that transcription starts with a guanosine residue. We confirme nirmed by strong VD crosspeaks between the two imino
that the tmRNA mutant with the modified sequence of G49-ceProtons ina G-U pair (Fig. 4). _ o

has almost identical aminoacylation and alanine incorporation Figure 4 shows the sequential assignment of the imino
activities to those of the wild-type (Tab@ 1). Besides, weProton resonances. Starting at the resonance at 12.7 p.p.m., all
added an adenosine residue to the 3' end of PK1 to stabilize tfi@sonances except the resonance at 12.95 p.p.m. can be con-
terminal base pair of the stem. All the mutations were introhected via NOE crosspeaks, resulting in unambiguous resonance
duced to this modified sequence of PK1. assignments as G50-U65-G52-G53-U59/G74-G58-G57-G77-G55.
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Figure 3. Imino proton region of the 600-MH#-NMR spectra of PK1. The spectra were recorded 4C1&) and at 25C (b) in 5% D,O, 10 mM phosphate
buffer (pH 6.8) and 5 mM MgGI Resonance assignments are indicated in the spectrumi@ieksept for G53 and G58 which are overlapped at this temperature.
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Figure 4. Imino proton region of the 2D NOESY spectrum recorded &CL5
The mixing time was 150 ms. Sequential NOE connectivity is indicated.

The NOESY spectrum at 26 was helpful to confirm the NOE
walk around the overlapping resonances atClgFig. 5).
Assignments of U59 and G74 were confirmed with té-1H
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Figure 5. A part of the 2D NOESY spectrum recorded at'@5and corres-
ponding 1D spectrum. The mixing time was 150 ms.

with C49-G67 and PK1 with G49-C67 (data not shown). The
results of resonance assignments are shown in Figure 3.

A pseudoknot conformation of PK1

As described above, an NOE between G53 and G74 was
observed as well as NOEs between G58 and G74/U59 as
shown in Figure 5, indicating that stem 1 and stem 2 are

stacked to each other. Thus, it was found that PK1 RNA is

folded into a pseudoknot structure, as suggested by phylogenetic
sequence alignments and a chemical probing analysis (13-16).
Imino proton resonances were observed consistent with formation

HMQC spectrum of'>N/L3C-labeled PK1 sample which was of two helical stem regions, where stem 1 contains 5 bp, and
prepared by then vitro transcription system (to be published). stem 2 has 5 bp including a G-U pair. Probing data that use the
The resonance at 12.95 p.p.m. was then assigned to G49 aedtire tmRNA argue against a standard A51-U65 Watson—
this was confirmed by the comparison of the spectrum of PKLrick base pairin stem 1, and favor an internal bulge A&Gb.
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However, in this study using only an PK1 sequence fragment,
formation of a Watson—Crick type A51-U65 pair is obvious. e \/\V

Pseudoknot was one of the RNA structures that have been well ) AL M\\A ¥
investigated by NMR. Most of the NMR results have indicated MM«/KNWJ g T

that the two stems of pseudoknot typically stack to each other

d | \
forming a coaxial helix (19_—21) and this is also applicable to WJ\W VJ\JW U AWJUL‘\

the results for PK1 as described above. However, NMR analysis

of pseudoknots found in mouse mammary tumor virus RNA
has revealed a characteristic bent conformation of the RNA MU\« M w\ w\/UL/\
i J

Mann e

pseudoknot that promotes frameshifting during translation
(22). In this case, a single adenosine residue at the junction of

its two stems is intercalated between the stems so that direct /W/ \J\/ A uWu

coaxial stacking of the stems is not possible. As for PK1, judging

from the NMR results, three residues at the junction of its two a Y

stems bulge out from the continuous stems to make a character- W v \JV\‘/ \
istic pseudoknot conformation. Another characteristic is that S

— T T

loop 1 consists of a single guanosine residue. A single-nucleotide 55 145 140 135 130 125 120 115 110 105 100

loop 1 has also been found in a pseudoknot within the gene 32 Chemical shift (ppm)

mMRNA of bacteriophage T2 and NMR analysis has shown that

6 or 7 bp in stem 2 are required for this type of pseudoknot

formation (23). In the case of PK1, Mgnay play an important _Figure 6. Mg2* dependence of imino proton resonances at 500 MHz. The sample
role in forming the pseudoknot conformation even with a sin- concentration was 0.5 mM and Kfgconcentrations were) 0 mM, (b) 0.5 mM,

gle residue in loop 1 and 5 bp in stem 2 as described below. ()1 mm, ()5 mM and € 10 mM. Measurements were made at@5

Requirement of Mg?* for a stable pseudoknot conformation

Figure 6 shows the imino proton spectra of PK1 (0.5 mM) over
a Mg?* concentration range of 0-10 mM. In the absence of
Mg?*, all the resonances significantly broadened. In particularneasured for mutants which gave sharp imino proton resonances.
neither resonance of the U5 in stem 1 nor the resonances of thable[] also shows the relative activity for alanine incorporation
U59-G74 in stem 2 were observed, indicating the conformationdP the tag sequence as thenstranslation activity and amino-
instability of the pseudoknot in the absence ofMin contrast,in ~ acylation to its 3'-adenosine residue (16), obtaimeditro
the presence of equ|m0|ar concentrations (O 5 mM) OﬁMg usmg tmRNA mutants with C49-G67, except for the G49-C67
the spectrum changed drastically to that of PK1 in the pseudokngtutant.
conformation, indicating that PK1 binds a single ¥gp fold Figure 7 shows the NMR spectra of the mutants of stem 1
into the pseudoknot conformation. Between 1 and 5 mM*Mg and stem 2 in the absence (a) and presence (b) 6.1 86CUC
only two signals, corresponding to G77 and G50, shiftednutation was designed to disrupt stem 1 and 50CUC-64GAG
slightly and no significant changes in the spectra wergvas its compensatory mutant. The tmRNA mutant with
observed for Mg concentration of >5 mM. 50CUC mutation is one of the worst substrates for both the

These results indicate that a single ¥Mmolecule stabilizes aminoacylation and alanine incorporation activities among all
both stems 1 and 2 to form a continuous helix. Probably, thgariants tested (16). In the absence of¥gnore than seven
Mg?* binds to the joint region including loop 3 and this is consistentmino proton resonances were observed, including those due to
with the previous probing data suggesting that?Ng) bind  a G-U pair as indicated in the figure. The spectrum is different
around loop 3 of the PK1 region in tmRNA (16). In this from that of the PK1 pseudoknot structure and chemical shifts
respect, the structure of this 31 nt PK1 appears to be the sarfer the observed G-U resonances are significantly different
situation as that of the PK1 region in tmRNA. It should befrom those for the PK1 G74-U59 base pair. Thus, it is likely
noted that an attempt to remove the bounc®Muy ultrafiltration ~ that this mutant forms an alternative secondary structure.
with 5 mM EDTA did not change the imino proton spectrum Figure 8a shows a possible secondary structure for the mutant.
(data not shown), indicating that the Rtgobinding is quite In the presence of Mg, the resonances broadened but showed
strong. a similar pattern, indicating that this mutant still prefers the

) ) ) ) _ alternative conformation. This is consistent with the fact that,

Conf_o_rmatlon of mutants and its relation to the biological according to the altered UV melting profile together with
activities chemical probing data, the corresponding tmRNA mutant has
We have previously constructed a number of tmRNA mutantan alternative conformation that is more stable than that of
focused upon the PK1 region, and examined their biologicalild-type tmRNA. Thus, it is suggested that the poor biological
activitiesin vitro (16). Here, structures of the corresponding 11activities of this tmnRNA mutant are due to the conformational
mutants of PK1 as shown in Tabje¢ 1 were investigated byhange of the PK1 region. The compensatory mutation for
NMR. It should be noted that each mutant PK1 RNA samplésOCUC, 50CUC-64GAG, was designed to restore stem 1, but
prepared for NMR measurements behaved as a monomer in tkige spectra of PK1 with 50CUC-64GAG are similar to those of
denatured PAGE except for 50CUC-64GAG which gave &K1 with 50CUC mutation, indicating that the alternative con-
minor band corresponding to a dimer (data not shown). Tdormation is more stable than the pseudoknot conformation.
confirm the formation of G-U base pairs, NOESY spectra weréfhe NOE pattern in the NOESY spectra for 50CUC and
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Figure 7. The imino proton spectra of mutants of stems 1 and 2, in the absenaed presencebj of 5 mM Mg?* at 500 MHz. Each spectrum was recorded at
15°C in 10 mM phosphate buffer (pH 6.8). Resonances due to G-U pairs confirmed by NOESY experiments are indicated by asterisks (*).
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Figure 8. Possible secondary structures of mutaras50CUC, p) 56GCC and¢) 71CC. Mutated residues are numbered and G-U pairs are indicated by boxes.

50CUC-64GAG in the absence of Figs also similar and is  alternative conformation. In this case, the G74-U59 pair cannot
essentially consistent with the possible secondary structuferm for this mutant because the adjacent base pairs were
shown in Figure 8a (data not shown). However, the tmRNAdisrupted. Figure 8b shows a possible secondary structure of
mutant with 50CUC-64GAG shows a UV melting profile similar this mutant in which the G54-U65 pair is formed. Thus, this
to wild-type but not to the mutant with 50CUC (16). This well again suggests that the formation of an alternative conformation in
reflects their biological activities, and thus pseudoknot conforthe PK1 region decreases the biological activity of tmRNA.
mation may be recovered in the tmRNA compensatory mutanThe spectra as well as the NOE pattern in the NOESY spectra
The mutation in stem 2, 56GCC, also showed different spectri@r the compensatory mutant, 56GCC-75GGC, were also similar
compared with wild-type PK1. Again, resonances due to a Gto those of 56GCC (data not shown), indicating the existence
U pair were observed. This also indicates the formation of anf the alternative conformation even in the compensatory
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Figure 9. The imino proton spectra of mutants of loop 3, in the abseafarfd presencebf of 5 mM Mg?* at 500 MHz. Each spectrum was recorded Cl &
10 mM phosphate buffer (pH 6.8). Resonances due to G-U pairs confirmed by NOESY experiments are indicated by asterisks (*).

mutant. Because the 56GCC-75GGC mutant recovers thes a part of the extended stem 2. Imino proton spectrum of PK1 with
alanine incorporation activity, the pseudoknot conformatior61UU in the absence of Mgprobably indicates the formation of
may be preferred in the corresponding tmRNA as is the casie aimed A-U pairs. However, upon addition of fgthe
for the tmRNA with 50CUC-64GAG. mutant PK1 formed an almost normal pseudoknot conformation
One of the characteristics of PK1 is loop 3 consisting of thre@s shown in Figure 9.
nucleotides between the two stems. Figure 9 shows the imino The 71CC mutant was designed so that the nucleotides of
proton spectra of mutants for loop 3. Base substitution at eaqBop 3 could form base pairs with the substituted nucleotide of loop
of three nucleotides, 60C, 61C and 62C, did not affect the The imino proton spectra of PK1 with 72CC were completely
imino proton spectra in the presence of Mgalthough the  gifferent from that of wild-type PK1 and indicated the formation
spectra in the absence of Mgshowed some difference. This f an alternative secondary structure with a U59-G74 pair as
indicates that the sequence of loop 3 is not essential for thg,\yn, in Figure 8c. NMR studies using 26 nt oligonucleotides
pseudoknot formation. Furthermore, PK1 mutants having Su@'ave demonstrated that appropriate size and sequence of loop

th'tlgl':g ;;Vdeefgg)rr;ggr?sﬂgvsopgg; Iae?grdtehsea;speousé%?(?]iféo?]?o are required for the stable pseudoknot structure (25) and this is
mation. For PK1 with a 61UU mutation, the signals due tOﬁrobably the reason why the mutant does not form a pseudoknot

G74-U59 are overlapped. NOESY spectra for these fiv even though the sequence of stem 1 is intact. The preference of

mutants also gave the characteristic pattern for the pseudokr?lf_!ﬁe alternative structure of the 71CC. mutant as s_hown in
igure 10 may probably cause the low biological activity of the

conformation in the presence of Mfgdata not shown). Thus, .

loop 3 is not essential for pseudoknot formation. In fact, th&@rresponding tmRNA mutant.

aminoacylation activity of tnRNA was not affected by muta- The 71GG mutant gave a similar spectrum to that of the
tions in loop 3. The activity reduction for alanine incorporationWild-type in the absence of M However, this mutant did not
caused by nucleotide change at G61 and/or G62 would be d@ve a typical spectrum of pseudoknot in the presence ot'Mg
to inhibition of direct interaction with ribosome or other possibleand the tmRNA mutant with 69UU71GG shows partial biological

factors involved intranstranslation function, or with other activity. Thus, it is suggested that A71 and A72 are required
structural domains of tmRNA. for MgZ*-dependent stable pseudoknot formation. It is possible
Since Mg is required for the pseudoknot formation for all that A71 and/or A72 are the sites of the strong?viginding
the loop 3 mutants described above, the bases in loop 3 are rigtd this causes the difference in stability of the pseudoknot
directly involved in M@* binding, unlike the G-G metal ion conformation between 61UU and 71CC mutants. Detailed
binding site as described recently for a 5S rRNA domairNMR structure of a pseudoknot from plant viral genomic RNA
solved by X-ray crystallography (24). showed the intricate interactions related to the loops of the
Originally, the 61UU mutant was designed so that thepseudoknot (20). Loop 2, which crosses the major groove of
changed nucleotides in loop 3 could form base pairs wittstem 1, interacts closely with its opposing helix, in particular
nucleotides in loop 2, thus creating three successive A-U paitthrough hydrogen bonds with a highly conserved adenosine in
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Figure 10.The imino proton spectra of mutants of loop 2, in the abseakar{d presencebj of 5 mM Mg?* at 500 MHz. Each spectrum was recorded &CLE
10 mM phosphate buffer (pH 6.8). Resonances due to G-U pairs confirmed by NOESY experiments are indicated by asterisks (*).

loop 2 (20). A similar interaction is also the candidate for the(32—34), will lead us to the 3D structure of the whole tmRNA

structural stabilization in the PK1 pseudoknot.

Structural features of PK1 in tmRNA

molecule.
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