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ABSTRACT

tmRNA facilitates a novel translation,

trans -translation, in which a ribosome can switch between translation of a

truncated mRNA and the tmRNA's tag sequence. The mechanism underlying resumption of translation at a definite
position is not known. In the present study, the effects of mutations around the initiation point of the tag-encoding
sequence of Escherichia coli tmRNA on the efficiency and the frame of tag translation were assessed by measuring
the incorporations of several amino acids into in vitro poly (U)-dependent tag-peptide synthesis. One-nucleotide
insertions within the tag-encoding region did not shift the frame of tag translation. Any 1-nt deletion within the span

of -5 to —1, but not at —6, made the frame of tag translation heterologous. Positions at which a single base substitution
caused a decrease of trans -translation efficiency were concentrated within the span of —4 to —2. In particular, an A-4

to C-4 mutation seriously damaged the

trans -translation, although this mutant retained normal aminoacylation and
ribosome-binding abilities. A possible stem and loop structure around this region was not required for
translation. It was concluded that the tag translation requires the primary sequence encompassing —6 to

trans -
+1, in which

the central 3 nt, A-4, G-3, and U-2, play an essential role. It was also found that several base substitutions within the
span of —6 to —1 extensively shifted the tag-initiation point by —1.

Keywords: 10Sa RNA; frameshift; tag peptide; tmRNA;

INTRODUCTION

Transfer-messenger RNA(tmRNA, also known as 10Sa
RNA or SsrA RNA) is widely distributed among eubac-
teria and has also been found in some chloroplasts and
mitochondria (Zwieb et al., 1999; Keiler et al., 2000;
Williams, 2000; Zwieb & Wower, 2000). It is a novel
molecule with both tRNA and mRNA properties. Both
terminal regions of this molecule can be folded into a

Reprint requests to: Hyouta Himeno, Department of Biochemistry
and Biotechnology, Faculty of Agriculture and Life Science, Hiro-
saki University, Hirosaki 036-8561, Japan; e-mail: himeno@cc.
hirosaki-u.ac.jp.

Abbreviations: DB: downstream box; EF-Tu: elongation factor Tu;
Pu: purine; Py: pyrimidine; RF-1: release factor 1.
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partial tRNA-like structure comprising a T¥C-arm and
an amino acid acceptor stem leading to the universal 3’
terminal CCA sequence (Ushida et al., 1994; Komine
et al., 1994). The mimicry of the upper-half structure of
tRNA has also been shown by comparative studies
(Muto et al., 1996; Felden et al., 1996, 1997; Williams
& Bartel, 1996), chemical and enzymatic probing stud-
ies (Felden et al., 1996, 1997; Hickerson et al., 1998)
and the presence of tRNA-specific modified nucleo-
sides, pseudouridine and 5-methyl U, in the putative
TWVC loop (Felden et al., 1998). In addition to such a
partial tRNA mimicry, the presence of the major identity
determinants of tRNA*? a G-U base pair at the third
base pair position in the acceptor stem and an A at
the discriminator position (Hou & Schimmel, 1988;
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McClain & Foss, 1988; Shi & Schimmel, 1991), en-
ables specific aminoacylation of tmRNA by alanyl-tRNA
synthetase in vitro (Komine et al., 1994; Ushida et al.,
1994).

tmRNA has an additional domain, an mRNA domain,
surrounded by four pseudoknot structures in the mid-
dle of this molecule. The 11-amino-acid tag sequence
(AlaAlaAsnAspGluAsnTyrAlaLeuAlaAla), the last 10
amino acids of which are encoded in this domain, was
first found at the C-terminus of a fraction of mouse
interleukin-6 expressed in Escherichia coli (Tu et al.,
1995). Later, it was also found on other polypeptides
when they are translated from mRNAs lacking a termi-
nation codon (Keiler et al., 1996), possessing a cluster
of rare codons (Roche & Sauer, 1999) or from mRNA
for E. coli Lacl (Abo et al., 2000) and on an in vitro
translation product in the presence of tmRNA and poly
(U) mimicking a truncated mRNA (Himeno et al., 1997).

It has been proposed that the molecular interplay
between these two functions of this molecule facilitates
an unusual translation reaction—trans-translation—in
which a ribosome can switch from the translation of
a truncated mRNA to the tag-encoded sequence of
tmRNA. This would relieve stalled translation from
MRNAs lacking a stop codon or possessing a cluster of
rare codons with the addition of a specific tag peptide
as a degradation signal to the truncated C-termini of
polypeptides decoded (Atkins & Gesteland, 1996; Keiler
etal., 1996; Muto et al., 1996, 1998; Karzai et al., 2000).
This trans-translation model has also been supported
by several other findings showing that the function as a
tRNA is a prerequisite for the function as an mRNA in
vitro (Himeno et al., 1997), that histidine is substantially
incorporated into the in vitro tag-peptide synthesis di-
rected by a histidine-accepting tmRNA mutant (Nameki
et al., 1999c) and that tmRNA binds predominantly to
70S ribosomes (Ushida et al., 1994; Komine et al., 1996)
but scarcely to polysomes (Tadaki et al., 1996). A se-
ries of these processes may promote recycling of ribo-
somes as well as prevent accumulation of abortively
synthesized polypeptides, providing some advantage
to the cell for survival (Huang et al., 2000; Muto et al.,
2000).

Despite such extensive structural and functional stud-
ies, the mechanism by which tmRNA resumes transla-
tion from the first GCA codon on its own is poorly
understood. It seems reasonable to assume that some
structural unit on tmRNA fits elsewhere on the ribo-
some to settle the first codon on the A-site after the first
translocation event. Indeed, the first pseudoknot struc-
ture (PK1) 12 nt upstream of the tag-encoding se-
quence is important for efficiency of trans-translation,
but it does not contribute to the correct initiation of the
tag translation (Nameki et al., 1999a, 1999b). Besides,
extensive structural rearrangements in the three other
pseudoknots have no or only marginal effects on the
efficiency of tag translation with the reading frame un-
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changed (Nameki et al., 2000). Thus, the focus should
be on the region between the first and the second
pseudoknot structures. To address this issue, Williams
et al. (1999) have attempted an in vivo selection of
molecules active in trans-translation from a pool of E. coli
tmRNAs having randomized sequences around the tag-
initiation position. The resulting selectants have strong
base preference at positions —4 and +1, and the A-to-U
mutation at —4 inactivates the trans-translation ability
in vivo. Considering phylogenetically high conservation
of —4 to —2 as UAA or UAG, they proposed a possi-
bility of involvement of release factor 1 (RF-1) during
the trans-translation processes.

In the present study, we made various mutations
around the initiation point of the tag-encoding sequence
of E. coli tmRNA, and the effects were assessed by
measuring the incorporations of amino acids into the in
vitro poly (U)-dependent tag-peptide synthesis. This al-
lowed us to specify the region required for correct ini-
tiation of trans-translation. In the course of this study,
we found that several mutations upstream of the tag-
encoding region extensively shift the tag-initiation point
by —1.

RESULTS

Nucleotide insertions within
the coding region

The tag-encoding region starts with G at position 90,
12 nt downstream of PK1 (Fig. 1). In the present study,
various mutations were introduced around the tag-
initiation point, and the effects on incorporations of
alanine, arginine, lysine, serine, and threonine in the
in vitro poly (U)-dependent tag-peptide synthesis sys-
tem were examined. Based on the molar ratio of their
amino acids incorporated, we can estimate the reading
frame(s) of tag-peptide(s) synthesized in vitro. For ex-
ample, in the presence of wild-type tmRNA, alanine
was incorporated, but arginine, lysine, serine, and thre-
onine were not. This indicates that wild-type tmRNA
facilitates translation of a tag peptide of a homologous
frame (frame 0) from a definite position (G90) in vitro
(Fig. 2, top; Fig. 3A).

We first confirmed an earlier result (Nameki et al.,
1999b) that an insertion of one adenosine into the
oligo-A stretch just downstream of PK1 (85Ains; Fig. 2A)
does not change the frame of tag translation (Fig. 3A).
This indicates that the possible determinant for the tag-
initiation point resides downstream of A84.

To further specify the region that determines the tag-
initiation point, we introduced single-nucleotide inser-
tions at positions 93, 96, and 99 (93Ains, 96Cins, and
99Cins, respectively; Fig. 2A). These single-nucleotide
insertions within the tag-encoding region of tmRNA
substantially changed the amino acid incorporations
(Fig. 3A). For every one of these tmRNA mutants, the
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FIGURE 1. A secondary structure model of E. colitmRNA. The tag-
encoded sequence highlighted by white with a black background is
surrounded by four pseudoknots (PK1-PK4). Asterisks indicate the
sequences that can make two different types of potential base pairs
with the anti-downstream sequence on 16S rRNA (P1 and P2). Non-
Watson-Crick base pairs are shown by open circles. The putative H3
or H3’ helix is shown by a line under the corresponding sequence.
The tmRNA sequence used in this study includes a G-to-U substi-
tution at position 256 in PK4 shown by the lowercase character u,
although it was found that it affects neither efficiency nor fidelity of
tag-peptide translation.

molar ratio of amino acids incorporated for each mu-
tant (the third column of Fig. 3A) matched the theoret-
ical amino acid molar ratio, representing the amino acid
composition, of the mutated tag peptide of frame 0 (the
fifth column of Fig. 3A). This indicates that these nu-
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cleotide insertions did not change the initiation point.
The levels of amino acid incorporations indicate that
these nucleotide insertions did not significantly change
the efficiency of tag-peptide synthesis. We then made
an insertion of one guanosine residue just prior to the
initiation site (90Gins; Fig. 2A). The molar ratio of amino
acids incorporated matches the theoretical amino acid
molar ratio of the mutated tag peptide of frame 0
(Fig. 3A). In addition, glycine, which can be uniquely
encoded by the GGC triplet initiating with the inserted
G, was incorporated in a stoichiometrical fashion (data
not shown), indicating that tag-peptide synthesis was
initiated from the inserted G. These results are consis-
tent with an earlier in vivo study using insertion mu-
tants at 90 and at 93 (Williams et al., 1999).

These results led to the conclusion that the possible
determinant of tag initiation lies in the region upstream
of the tag-initiation point and downstream of A84.

Nucleotide deletions around the
initiation point of the coding region

We made single-nucleotide deletions at positions 84—89
(Fig. 2B), and the effects on incorporations of five amino
acids in the in vitro poly (U)-dependent tag-peptide syn-
thesis system were examined (Fig. 3B). Deletion of
A84 (84Adel) caused only a slight decrease in tag-
translation efficiency but did not change the frame, which
is consistent with the previous results (Nameki et al.,
1999b). This result supports the view that the possible
determinant of tag initiation lies in the region down-
stream of A84.

On the other hand, deletions within 85—-89 changed
the ratio of amino acids incorporated. The ratio in each
mutant does not match the theoretical amino acid mo-
lar ratio of any one of the three frames of tag peptides.
This indicates that the base deletions caused aberrant
tag initiation, producing heterologous tag peptides of
two or three different reading frames in vitro. Based on
the amino acid composition observed, we can roughly
estimate the ratio of tag peptides from the three frames
(Fig. 3B). The deletion mutant at 85 or 86 (85Udel or
86Adel, respectively) produced tag peptides of three
different frames with almost equal proportions. As for
the deletion mutant at 87 (87Gdel), the +1 frame prod-
uct was predominant (~60%) and the —1 frame prod-
uct was a minor component (~10%). The efficiency of
translation of total tag peptides of all three frames for
each of these three deletion mutants was estimated to
be almost equivalent to that for the wild-type tmRNA.
The efficiency of tag-peptide synthesis was slightly af-
fected by deletion at 88 (88Udel), in which about half of
the tag peptides were +1 frame products and the —1
frame products were scarcely detected. When deletion
was made at 89 (89Cdel), the tag translation became
less efficient and the +1 and —1 frame tag peptides
were estimated to be about 30% and 10%, respectively.
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FIGURE 2. Nucleotide insertions (A), deletions (B), and base substitutions (C) made in this study. Not all of the multiple
base substitutions are included in C (see Fig. 3B). The amino acid sequences of tag peptides translated from five possible
starting points and the characteristic secondary structures (PK1, H3, H3’, H4, and PK2) are shown at the top of this figure.

Base substitutions around
the initiation point

Next, base substitutions were introduced upstream of
the initiation point (Fig. 2C), and the effects on incor-
porations of five amino acids in the in vitro poly (U)-
dependent tag-peptide synthesis system were examined
(Fig. 4).

Many single-base substitutions upstream of the tag-
initiation point caused a decrease in alanine incorpo-
ration (Fig. 4A). The positions 86, 87, and 88 (—4, —3,
and —2, respectively, from the initiation point) are the
sites in which base substitution most seriously affected
the tag-translation efficiency. It has been shown that an
A-to-U mutation at position 86 results in no detectable
trans-translation product in vivo (Williams et al., 1999).
In the present study, the trans-translation in vitro was
decreased but not completely inactivated by an identi-
cal mutation. The most prominent effect was observed
in the base substitution with C at this position, which
caused only a trace level of trans-translation activity in
vitro, whereas G or U was able to be changed with no
or only a small loss of activity. Base substitutions at 84,
85, or 89 had less serious effects on the poly (U)-
dependent alanine incorporation in vitro.

Some mutants clearly facilitated incorporations of ar-
ginine and serine, which are not included in the tag
peptide of the normal frame (Fig. 4A,B). Judging from
the apparent lack of threonine incorporation as well as
an almost equivalent molar ratio of arginine and serine
incorporated, almost all of these products are esti-
mated to be a mixture of normal and —1 (or +2) frame
tag peptides. A frameshift occurred more often in mul-
tiple point mutants (Fig. 4B). As the most prominent
example, up to 60% of total tag translation by 84UG, a
double mutant at 84 and 85, was estimated to be —1
(or +2) frameshifted. Frameshift was also observed in
the tag translation for 81UC84UG, a four-point mutant
at 81, 82, 84, and 85. The extent was similar to that for
the 84UG mutant, suggesting that this frameshift was
due simply to mutations at 84 and 85. Indeed, the 81UC
mutation alone affected neither efficiency nor fidelity of
trans-translation. It should be noted that neither 84U
nor 85G mutation alone caused any detectable frame-
shift. Another double mutation at these positions, 84CC
mutation, also caused no frameshift. Among the single-
point mutations at 84 or 85 examined, only one single-
point mutation (85A) caused a frameshift with high
frequency. A frameshift was also observed in some
two-point mutations at 86 and 87 (86UU and 86CC,
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FIGURE 3. The effects of nucleotide insertion (A) and nucleotide deletion (B) around the tag-initiation region on in vitro poly
(U)-dependent incorporations of alanine (red), arginine (green), lysine (grey), serine (blue), and threonine (violet). The
positions of nucleotide deletion and the nucleotide insertion are designated by a red bar and a red arrow with a red
uppercase character, respectively, in the second column. The length of the bar in the third column indicates the amount
(mole) of each amino acid incorporated at 12 min after incubation. The mean value of at least three independent experi-
ments is shown. Standard deviation was within 20%. The theoretical amino acid molar ratio, representing the amino acid
composition, of tag peptide translated from each of five possible starting points (—2 to +2) is shown by the length of the bar
in the fifth column. The frameshifting percentage shown in the fourth column can roughly be estimated from the data in the
third column in consideration of the theoretical molar ratio of five amino acids in the fifth column.

respectively), although it was not detected in any of the
single-point mutations at 86 or 87. A single-point mu-
tation at 89 (89G) caused a —1 frameshift, whereas the
89A and 89U mutants almost exclusively produced a
normal frame product with relatively higher efficiency.

Base substitution was also made at the starting point
(position 90), which is phylogenetically occupied exclu-

sively by G. The 90A mutation had no effect, whereas
90U and 90C mutations decreased the tag-translation
activity. Threonine, serine, and proline were stoichio-
metrically incorporated for 90A, 90U, and 90C mutants,
respectively, according to the genetic code rule (Fig. 4A
and data not shown for 90C). No frameshift was de-
tected in any single-point mutant at this position.



1004 S. Lee et al.
A
name of nucleotide se " amino acids frameshift|amine acid composition of tag-peptide from
mutant ucleotd sequenc incorporated (%) each of five possible starting points
0 2 4 [pmol)
80 B85 20 25 I ¥ '
wild type|aaaaaauaguc gcaaacgacg %i
B
84G aaaaaCuaguc gcaaacgacg I——_—'
84U aaaaaliuaguc gcaaacgacg r:
B4C aaaaaCuaguc gcaaacgacg IE
B85A aasaaaakaguc gcaaacgacg E:;:] ~1(~45%)
B5G aaaaaaGaguc gcaaacgacg | 5
85C aaaaaaCaguc gcaaacgacg ‘ =
86C aaaaaauCguc gcaaacgacg f
B6G aaaaaauGguc gcaaacgacg |
B6U aaaaaaul/guc gcaaacgacg g’
87TA aaaaaaualfuc gcaaacgacg i
B7C aaaaaauaCuc gcaaacgacg ;
87U aaaaaaualuc gcaaacgacg i
— -2
88G aaaaaauagGc gcaaacgacg f'_! é:
JR— -2
BBC aaaaaauaglc gcaaacgacyg E =
152
I -2
88A aaaaaauaghc gcaaacgacg E g
89G aaaaasuaguG gcaaacgacg |, -1(~20%) -2
BovU aaaaaauagull! gcaaacgacg ) g
-2
B9A aaaaaauagui gcaaacgacg ]
|
-2
20A aaaaaauaguc Acaaacgacg =
E
o -2
soc aaaaaauaguc Ccaaacgacg F e
=
-2
90U aaaaaauaguc Ucaaacgacg 1
=

FIGURE 4. The effects of single-point base substitutions (A) and multiple base substitutions (B) around the tag-initiation
region on in vitro poly (U)-dependent incorporations of alanine (red), arginine (green), lysine (grey), serine (blue), and
threonine (violet). The base of substitution is designated as a red uppercase character in the second column. The length of
the bar in the third column indicates the amount (mole) of each amino acid incorporated at 12 min after incubation. The mean
value of at least three independent experiments is shown. Standard deviation was within 20%. The theoretical amino acid
molar ratio, representing the amino acid composition, of tag peptide translated from each of five possible starting points (—2
to +2) is shown by the length of the bar in the fifth column. The frameshifting percentage shown in the fourth column can
roughly be estimated from the data in the third column in consideration of the theoretical molar ratio of five amino acids in
the fifth column. (Figure continues on facing page.)
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FIGURE 4. Continued.

Typical frameshift tag translations
started from -1, not from +2

The data shown in Figure 4 suggest that most frame-
shift tag translations started from —1 rather than from
+2. To confirm this, we made an additional G-to-A mu-
tation at 90 into some frameshift mutants (84UG and
85A). This G-to-A mutation affects neither efficiency
nor the frame of tag translation by itself (Fig. 4A), al-
though it changes the presumed first arginine codon
(C89G90CI91) for the —1 frame tag peptide to a histi-
dine codon (C89A90C91), which is a unique histidine
codon in all of the possible three frame tag sequences.
This makes it possible to identify more unambiguously
whether the mutant-directed frameshift tag translation
started from —1 or +2. If the frameshift tag translation
started from +2, histidine would not be incorporated
into the tag peptide. We examined the poly (U)-
dependent incorporations of histidine and eight other
amino acids for these two mutants, 84UG90A and
85A90A. Histidine incorporation was not detected for
84UG or 85A (data not shown), whereas it was signif-
icantly incorporated for 84UG90A or 85A90A (Table 1).

The molar ratio of these incorporated amino acids in-
cluding histidine for each mutant matched well the theo-
retical amino acid molar ratio of the —1 frame tag
peptide. These results unequivocally demonstrate that
the frameshift tag translation started from —1, not from
+2, at least for the 84UG and 85A mutants. The tag
peptide of the normal frame for 84UG90A or 85A90A
was estimated to be only a minor component, and the
proportion of the —1 frame tag to the total tag peptides
(over 80%) was much higher than that for the 84UG or
85A mutant. This suggests that the G-to-A mutation at
90 has a potential to shift the frame of tag translation by
—1 in some contexts.

A possible stem and loop structure
covering the start point is not
involved in trans -translation

Chemical and enzymatic probing studies, together with
comparative sequence analysis, have suggested the
presence of a stem and loop structure including the
tag-initiation point (H3; positions 88-100; Figs. 1 and 2;
Felden et al., 1997). An alternative, but mutually exclu-
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TABLE 1. Incorporations of amino acids for the 84UG90A and 85A90A mutants in the in vitro poly (U)-dependent tag-

peptide synthesis.

Amino acid composition of tag peptide

Amino acids incorporated

translated from each starting point (pmol)?
Amino acid -2 -1 0 +1 +2 Wild type 84UG90A 85A90A
Ala 1 1 4 (5)° 1 1 51 1.9 14
Glu 0 1 1 0 1 1.0 12 1.2
His 0 1(0)® 0 0 0 0.1 1.0 1.2
lle 0 1 0 0 1 0.0 12 1.0
Lys 1 2 0 1 2 0.1 2.8 2.3
Pro 0 2 0 0 2 0.1 18 1.9
Arg 0 4 (5)° 0 0 4 0.1 4.0 3.9
Ser 1 5 0 0 5 0.3 4.9 4.5
Thr 4 1 1(0)° 4 1 0.1 0.8 0.9
Asp 0 0 1 0 0 1.0 0.4 0.4
Asn 0 0 2 0 0 1.9 0.5 0.4
Tyr 0 0 1 0 0 11 0.1 0.1

aEach value designates the in vitro poly (U)-dependent amino acid incorporation at 12 min after incubation. The mean
value of at least three independent experiments is shown. Standard deviation was within 20%.

bParentheses indicate the value for wild-type tmRNA.

sive, stem and loop structure is also possible (H3';
positions 85-100; Figs. 2 and 5A). To study whether
such putative stem and loop structures play a role in
trans-translation, several mutations were made at the
stems of their structures (Figs. 2 and 5A).

A triple mutation in the 5’ side of the stem of H3
(88GUU), which is presumed to destabilize this stem,
produced a homologous tag peptide of frame 0 with a
slightly lower efficiency (Fig. 5B). Another triple muta-
tion in the 5’ side of the stem of H3’ (85GUU), which
destabilizes this putative stem, made the tag transla-
tion inefficient and heterologous. Approximately 25—
30% of the total tag translation was estimated to be —1
frameshifted. The 98AAC mutant, which has a triple
mutation in the other side of the stem of either H3 or
H3’, produced a homologous tag peptide of frame 0
with an efficiency comparable to that of the wild-type
tmRNA.

We then introduced mutations in both sides of the
stem of H3 or H3’' (88GUU9BAAC or 85GUU98AAC,
respectively) to restore the stem and loop structure
(Fig. 5A). Each of these compensatory mutations hardly
changed the efficiency and frame of the tag-peptide
translation directed by the single-side mutant, 88GUU
or 85GUU (Fig. 5A,B). Apparently, either 88GUU or
85GUU mutation behaved independent of the 98AAC
mutation. These results indicate that efficient and ac-
curate trans-translation requires the primary structure
upstream of the tag-encoding region but not the stem
and loop structure of H3 or H3’, even if it actually
exists.

Aminoacylation for some
trans -translation-defective mutants

Some mutants around the tag-encoding region had a
decreased efficiency of tag-peptide synthesis in vitro.

The tag translation can be hampered by the blockage
of aminoacylation, for example, by the mutation just
at the major alanine acceptor identity determinant
(Himeno et al., 1997). We examined the ability of
aminoacylation by alanyl-tRNA synthetase for several
mutants, 84U, 85G, 86C, 87U, 88G, and 89G (Fig. 6).
As expected, all of these mutants, including a trans-
translation-defective mutant (86C), had efficiency of
aminoacylation by alanyl-tRNA synthetase comparable
to that of the wild-type tmRNA. These results indicate
that the deficiency of tag translation is caused by the
process after aminoacylation.

Ribosome-hinding ability for a
trans -translation-defective mutant

Next, we examined the ribosome binding properties in
vitro for some of these mutants: 86C, having the most
damaged trans-translation ability, and a typical initiation-
shift mutant, 84UG. The reaction mixture of poly (U)-
dependent trans-translation directed by each tmRNA
mutant was fractionated by sucrose density gradient
centrifugation, and then the distribution pattern of tm-
RNAwas examined by northern hybridization. As shown
previously (Himeno et al., 1997), a tmRNA signal was
detected in the 70S ribosomal fraction as well as in the
soluble fraction for the wild-type tmRNA, whereas it
was found exclusively in the soluble fraction for a mu-
tant (3A) defective in both aminoacylation and trans-
translation (Fig. 7). The distribution pattern for 84UG
was essentially the same as that of the wild-type tmRNA
(Fig. 7). The pattern for 86C was also similar, although
weak signals were detected over a wide range of frac-
tions between the 70S fraction and the soluble fraction
(Fig. 7). When the reaction proceeded under a lower
(0.5 mM) magnesium condition in which the 70S ribo-
somes was dissociated to 50S and 30S subunits, 86C
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FIGURE 5. A: Mutations to disrupt the putative H3 (left) and H3’ (right) helices and compensatory mutations to restore
these helices around the tag-initiation region. The tag-encoding sequence is shown in red. Mutations are shown by arrows.
B: The effects of disruption or compensatory mutation of the putative H3 or H3’ helix on in vitro poly (U)-dependent
incorporations of alanine (red), arginine (green), lysine (grey), serine (blue), and threonine (violet). The base of substitution
is designated as a red uppercase character in the second column. The length of the bar in the third column indicates the
amount (mole) of each amino acid incorporated at 12 min after incubation. The mean value of at least three independent
experiments is shown. Standard deviation was within 20%. The theoretical amino acid molar ratio, representing the amino
acid composition, of tag peptide translated from each of five possible starting points (=2 to +2) is shown by the length of
the bar in the fifth column. The frameshifting percentage shown in the fourth column can roughly be estimated from the data

in the third column in consideration of the theoretical molar ratio of five amino acids in the fifth column.

as well as wild-type tmRNA did not bind to any of the
dissociated subunits (data not shown). These results
indicate that the ribosome binding is not blocked but is
affected to some extent by trans-translation-defective
mutations around the tag-encoding region.

DISCUSSION

The region involved in efficient and
accurate translation of tag peptide

In the present study, we made extensive mutations
around the initiation point of the tag-encoding sequence
of E. coli tmRNA. These mutations produced various
effects, which are expected to provide a clue for under-

standing the mechanism underlying efficient and pre-
cise trans-translation from the specific GCA codon.

A series of base insertions in the 5’ region within the
tag-encoding sequence did not shift the initiation site in
the present study, explicitly indicating that the possible
determinant lies upstream of the tag-encoding region.
The present study also confirmed an earlier result that
a single-nucleotide deletion or addition in the oligo A
stretch just downstream of PK1 did not change the
frame of tag translation. These observations allow the
possible determinant of the tag-initiation point to be
narrowed down to the region spanning 84—90.

Positions at which a single-base substitution caused
a decrease in trans-translation efficiency were found
to be concentrated within the span of 86 to 88. In par-
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FIGURE 6. Aminoacylation by alanyl-tRNA synthetase for wild-type
tmRNA (open circles), 84U (open rectangles), 85G (open triangles),
86C (solid circles), 87U (open diamonds), 88G (solid triangles), and
89G (solid rectangles). The mean value of at least three independent
experiments is shown. Standard deviation was within 20%.

ticular, an A86-to-C86 mutant had only faint trans-
translation activity. At positions 86 or 87, the other purine
base can be substitutable without any significant loss
of activity. On the other hand, a relatively wide range of
positions (84—89) surrounding A86G87U88 have a po-
tential to shift the starting point by base substitution
and sometimes by only a single-base substitution. It is
thus concluded that the span of 84 to 89 (—6 to —1)
functions as a determinant for initiation of tag transla-
tion and that the central 3 nt, AB6G87U88 (A-4G-3U-2),
occupy the essential part. Initiation shifting was prom-
inent for U85 to A85, A84U85 to U84G85, AB6G87 to
u86U87, AB6G87 to C86C87, and C89 to G89 muta-
tions. Almost all of these initiation shifts caused by base
substitution(s) were —1 initiation shifts.

Although no tag peptide except those from E. coli
and Caulobacter crescentus has been sequenced (Tu
et al., 1995; Keiler et al., 2000), the reading frame and
the initiation point of the tag peptide encoding a se-
guence from other sources can be deduced from align-
ment of these tmRNA sequences (Williams et al., 1999;
Zwieb et al., 1999; Williams, 2000; Zwieb & Wower,
2000). The A-6U-5A-4G-3U-2C-1G1 sequence, which
was identified as the determinant for the initiation point
of E. coli tmRNA in the present study, is widely con-
served as the PUUAPUPUNPYG sequence that can be
positioned at —6 to +1 when it is aligned in the frame
of the C-terminal highly conserved sequence required
for proteolysis (Keiler et al., 1996; Gottesman et al.,
1998; Herman et al.,, 1998). The relatively high se-
guence conservation suggests that this upstream se-
guence universally functions as a determinant for tag
initiation. According to this alignment, the base at 86 is
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FIGURE 7. Binding of tmRNA variants to the ribosomes. The reac-
tion mixture of in vitro trans-translation directed by wild-type tmRNA
(solid circles), 3A (open triangles), 86C (solid triangles), or 84UG
(open circles) was fractionated by centrifugation on a 5-20% linear
sucrose density gradient. UV absorption at 260 nm of each fraction
is shown (upper). tmRNA in each fraction was detected by northern
hybridization using a 3’-digoxygenin-labeled oligodeoxyribonucleo-
tide complementary to a portion of the tmRNA sequence (lower).

strongly biased to A, while G is almost comparably
preferred in the present in vitro system of E. coli. U88,
one of the core nucleotides indicated by the present
study, is less phylogenetically conserved. The start nu-
cleotide G is completely conserved, although it makes
no significant contribution to the tag-peptide translation
in E. coli. The present results demonstrate that tRNAA2
is substitutable with tRNAS®", tRNA™ tRNAP™, tRNACY,
or tRNAS as the first tRNA to decode the tag se-
guence according to the genetic code rule.

Williams et al. (1999) have selected 23 molecules
active in trans-translation in vivo from a pool of E. coli
tmRNAs having randomized sequences around the
tag-initiation position. Although each of these select-
ants has multiple mutations, base preference appears
strongly at positions 86 and 90, and mildly at 85 and
88. At position 85, A is not selected. Note that 85A
mutant was found to be the most prominent initiation-
shifting mutant in the present study. A is predominant
and two selectants have G at position 86, and G has
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not been selected at position 88. These are consistent
with the present in vitro results. At position 90, G is
preferentially but not exclusively selected, which is also
consistent with the present in vitro results showing that
G is preferable at this position but is not absolutely
required.

Possible molecular mechanism
of trans -translation indicated by
the present mutation effects

Even the C86 mutant, the mutant having the most dam-
aged trans-translation ability in the present study, re-
tained a normal aminoacylation ability, indicating that
the mutations in the mRNA domain affect some pro-
cesses of trans-translation after the aminoacylation step.
Alanylated tmRNA has been shown to be specifically
recognized by elongation factor Tu (EF-Tu; Rudinger-
Thirion et al., 1999; Barends et al., 2000). The present
mutations in the mRNA domain, however, do not seem
to affect the binding to EF-Tu, as the upper half of the
tRNA molecule is sufficient for recognition by EF-Tu
(Nissen et al., 1995). On the other hand, the process of
binding of the first tRNA into the first codon of tmRNA
at the A-site may not be significant, judging from the
apparent redundancy of the start nucleotide. Thus,
the processes after the EF-Tu binding step and before
the first tRNA binding step at the A-site should be fo-
cused on. It was found that the 86C mutant still retains
the ability to bind 70S ribosomes to a considerable
extent and that this mutation also causes a slight in-
crease in tmRNA over a wide range of fractions be-
tween the 70S fraction and the soluble fraction in
sucrose density gradient centrifugation. This may re-
flect the accumulation of tmRNA-related complex(es)
prior to the ribosome binding due to inefficient asso-
ciation between this complex and ribosome or to
inefficiency in the process after ribosome binding.
Alternatively, it may merely reflect unstable association
between the 86C mutant and ribosome.

The present functional results provide several in-
sights into the yet-to-be identified ribosomal processes.
The sequence upstream of the tag starting point, es-
pecially the core A8B6G87U88 sequence, may interact
with the decoding region or its periphery of the ribo-
some directly or via trans-acting factor(s). Alternatively,
the core sequence may have an intramolecular inter-
action with another part of tmRNA to make some struc-
tural feature, introducing the first GCA codon into the
A-site after the first translocation. Some base substitu-
tions or deletions within the core sequence would not
allow such a normal intermolecular or intramolecular
interaction, resulting in a reduced efficiency of trans-
translation or a failure of the normal selection of the ini-
tiation point. Some mutations around the core sequence
would promote an irregular interaction, leading to the
shift of the starting point. For example, the preferential
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use of the —1 shifted frame for the 84UG mutant-
directed tag translation can be attributed to the confu-
sion of the altered sequence A83U84G85A86 with the
original A84UB5A86G87 sequence at the —1 shifted
position. As for the 85A mutant, the altered A85A86
sequence can be confused with AB6G87.

Adirect interaction between the anti-downstream box
(anti-DB) sequence around the decoding region on the
penultimate stem of 16S rRNA and a sequence around
the initiation point on E. coli tmRNA has been postu-
lated on the basis of their sequence complementarity
(Muto et al., 1996, 1998). The DB sequence down-
stream or sometimes overlapping the initiation codon
on mMRNA, which is complementary to the anti-DB
(Sprengart et al., 1990), is often required for efficient
initiation of translation like the Shine—Dalgarno se-
guence, whereas the enhancement of translation effi-
ciency involves a yet-unidentified interaction with
ribosome rather than base pairing with the anti-DB se-
guence (O’Connor et al., 1999; La Teana et al., 2000).
As for tmRNA, two alternative complementarities, over-
lapping each other, have been found against the DB
sequence of 16S rRNA (Muto et al., 1998). The span of
86—94 on tmRNA can make 9 bp with 1470-1478 on
16S rRNA (type P1), and 85-90 on tmRNA can make
6 bp with 1481-1486 on 16S rRNA (type P2; Fig. 1).
Many mutations in the present study should affect these
putative base pairings, thereby allowing the evaluation
of their validities. Both types of interactions cover the
core 3 nt, A86, G87, and U88, significant for tag trans-
lation. Some but not all initiation shifts can be ex-
plained by unusual and/or unstable association of this
base pairing. For example, single-nucleotide deletions
in 86—89 can cause a fluctuated base pairing of P1 or
P2, consequently leading to heterologous starting points
of tag translation. The results of a UV-crosslinking study
support the notion of the presence of some interaction
between tmRNA and 16S rRNA (Komine et al., 1996).
On the other hand, poor phylogenetic conservation of
these complementarities argues against this sort of
interaction (Williams et al., 1999; Zwieb et al., 1999).
A recent review has commented that alteration of the
sequence of 1470 to 1481 of 16S rRNA does not affect
the tmRNA function in vivo, which can exclude the pos-
sibility of P1 (O’Connor et al., 2000). Further in vivo and
in vitro studies using this kind of mutant ribosomes will
clarify whether the proposed P2 interaction is actually
required either for efficient trans-translation or for cor-
rect trans-translation.

The above considerations emphasize the involve-
ment of an alternative and/or additional interaction with
ribosomes either directly or via a trans-acting factor in
determination of the tag-initiation point. Williams et al.
(1999) suggested the possibility that the U8B5A86G87
sequence is recognized by RF-1 during the trans-
translation processes based on the functional signifi-
cance of A86 and the high conservation as UAA or
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UAG. The present results showed base preference of A
or G at either the second or third position, as well as
that of U at the position next to this triplet (Poole et al.,
1998), supporting the involvement of release factor(s).
However, the finding in the present study that U85 is of
relatively small significance does not support this pos-
sibility, in the light of the high accuracy of recognition of
the first U of the termination codons by release factors
(Freistroffer et al., 2000).

SmpB, a tmRNA-binding protein essential for trans-
translation (Karzai et al., 1999, 2000), is a likely
candidate as a trans-acting factor to determine the
tag-initiation point. It has been shown that the depletion
of SmpB results in an unsuccessful binding of tmMRNA
to ribosome, although the mode of interaction between
SmpB and tmRNA has not yet been identified. Another
candidate is the ribosomal protein S1, which can cross-
link with a relatively wide area of the lower half of tmRNA,
including PK2, PK3, PK4, and U85 (Wower et al., 2000).
It has recently been shown that SmpB and S1 together
with several other protein factors form a complex with
tmRNA in E. coli cell (Karzai & Sauer, 2001).

PK1 is indeed a functional pseudoknot (Nameki et al.,
1999a, 1999b). It may be required to introduce the tag-
initiation region into the proximity of the decoding re-
gion, although correct initiation of tag translation also
requires the upstream sequence as revealed by the
results of the present study. It has also been shown
that none of the other three pseudoknots are involved
either in efficiency or in fidelity of trans-translation
(Nameki et al., 2000). The 3’ half of the tag-encoding
region is included in the H4 helix (Fig. 1), which is
significant only for the stability of the whole molecule
(H. Himeno, N. Nameki, T. Tadaki, & A. Muto, unpubl.
results). The present results do not support the notion
of involvement of the proposed H3 or H3’ helix just
covering the initiation point. Nevertheless, any struc-
tural effect should be helpful to rationalize the present
findings. Further study on intramolecular tertiary inter-
actions and intermolecular interactions directly or indi-
rectly with ribosomes is needed to elucidate the
mechanism that allows the proper arrangement of two
apparently distant domains necessary for functional
interplay.

MATERIALS AND METHODS

Overproduction of tmRNA mutants

Mutations were introduced by primer-directed polymerase
chain reaction, and the amplified DNA fragment was ligated
under the T7 RNA polymerase promoter sequence of the
plasmid pGEMEX-2. The DNA sequence was confirmed by
dideoxy sequencing using a fluorescence DNA sequencer
(Hitachi SQ-5500; Messing, 1983). This plasmid was cotrans-
formed with pACYC184 encoding the T7 RNA polymerase
gene under the lac-promoter sequence into E. coli strain
W3110 AssrA, which lacks the tmRNA gene (Komine et al.,

S. Lee et al.

1994). tmRNA induced by the addition of 1.0 mM isopropyl-
1-thio-B-D-galactopyranoside was purified as described pre-
viously (Ushida et al., 1994).

Preparation of tmRNA mutants

The nucleic acid fraction was extracted with phenol from
mid-log-phase cells followed by ethanol precipitation. After
performing phenol extraction and ethanol precipitation, the
resulting fraction was subjected to differential isopropyl-
alcohol precipitations to roughly remove DNA, followed by
incubation with RNase-free DNase | (Pharmacia). tmRNA
was purified by electrophoresis on a 5% polyacrylamide gel
containing 7 M urea. Spectrophotometric measurements
were made to determine the concentration of RNA.

In vitro amino acid incorporations
in the presence of poly (U)

The preincubated S30 fraction was prepared from middle-
log-phase cells of E. coli strain W3110 (AssrA), as described
previously (Oba et al., 1991). The reaction mixture (100 uL)
contained 80 mM Tris-HCI, pH 7.8, 5 mM magnesium ace-
tate, 150 mM ammonium chloride, 2.5 mM dithiothreitol, 1 mM
ATP, 0.2 mM GTP, 20 uM L-[U-'#C]alanine (6.7 GBg/mmol),
L-[U-*4C]arginine (11.8 GBg/mmol), L-[U-1“C]asparagine
(7.3 GBg/mmol), L-[U-**C]aspartic acid (7.7 GBg/mmol),
L-[U-*4C]glutamic acid (10.4 GBg/mmol), [U-4C]glycine
(4.2 GBg/mmol), L-[U-**C]histidine (11.1 GBg/mmol), L-[U-
14Clisoleucine (12.7 GBg/mmol), L-[U-**C]lysine (11.7 GBq/
mmol), L-[U-4C]proline (9.3 GBg/mmol), L-[U-*C]serine
(6.3 GBg/mmol), L-[U-**C]threonine (7.7 GBg/mmol), L-[U-
14Cltyrosine (16.7 GBg/mmol), or L-[U-4C]valine (10.5 GBg/
mmol), and 0.05 mM each of the remaining unlabeled 19
amino acids, 5 uM tmRNA (when 1 Ao Unit corresponds to
330 pmol), and 20 wL of the S30 fraction, in the presence of
250 ug of poly (U) (50 to 100 mer, Sigma). Each tmRNA
variant was used in the reaction without any refolding proce-
dure after purification from the gel. The reaction mixture was
incubated at 37 °C. At each time point, a 23-uL aliquot was
withdrawn from a 100-ulL reaction mixture and spotted on
Whatman 3MM filter paper, and radioactivity in the hot tri-
chloroacetic acid-insoluble fraction was measured by a liquid
scintillation counter. The final value of poly (U)-dependent
amino acid incorporation was obtained by subtracting the
value in the absence of poly (U) from that in the presence of

poly (V).

Aminoacylation with alanine

Alanyl-tRNA synthetase was partially purified from E. coli
strain Q13 with DEAE-Toyopearl 650 (Tosoh, Tokyo) and sub-
sequent hydroxyapatite column chromatography (Gigapite,
Seikagaku Corporation, Tokyo; Tamura et al., 1991). The final
enzyme fraction from E. coli had a specific activity of 9.1
U/mg, when 1 U of alanyl-tRNA synthetase catalyzed the
formation of 1 nmol alanyl-tRNA per 10 min under the reac-
tion conditions described below.

The aminoacylation reaction proceeded at 37 °C in a 50-uL
reaction mixture containing 80 mM Tris-HCI, pH 7.5, 150 mM
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ammonium chloride, 2.5 mM dithiothreitol, 2.5 mM ATP, 20 uM
L-[U-14C]alanine, 1.0 uM tmRNA mutants, and 9.1 X 1072 U
of alanyl-tRNA synthetase. At the times specified, a 12-ulL
aliquot was withdrawn and spotted on Whatman 3MM filter
paper, and radioactivity in the trichloroacetic acid-insoluble
fraction was measured by a liquid scintillation counter.

Interaction with ribosomes

After 12-min incubation at 37 °C, 100 ulL of reaction mixture
containing 50 mM Tris-HCI, pH 7.8, 7 mM magnesium ace-
tate, 60 mM ammonium chloride, 300 mM potassium chlo-
ride, 2.5 mM dithiothreitol, 1 mM ATP, 0.2 mM GTP, 5 mM
phosphoenol pyruvate, 2.5 ug pyruvate kinase, 0.05 mM each
of 20 amino acids, 3.2 ug tmRNA, 250 ug poly (U) and 20 uL
of the S30 fraction were immediately loaded on a 5-20%
linear sucrose density gradient containing 10 mM Tris-HCI,
pH 7.8, 10 mM magnesium chloride and 300 mM potassium
chloride, and were centrifuged at 25,000 rpm for 5 h at 4 °C.
Nucleic acids prepared from each fraction by phenol extrac-
tion and ethanol precipitation were separated by electropho-
resis on a 1.5% agarose gel containing 6.3% formaldehyde,
and were then blotted onto a nylon membrane. tmRNA was
detected by northern hybridization using a 3’-digoxygenin-
labeled oligodeoxyribonucleotide (Ushida et al., 1994) com-
plementary to a portion of the tmRNA sequence (nt 251—nt
280).
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