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Abstract Mitochondrial (mt) transfer RNAs (tRNAs) often
harbor unusual structural features causing their secondary
structure to differ from the conventional cloverleaf. tRNAs
designed with such irregularities, termed mt-like tRNAs, are
active in Escherichia coli as suppressors of reporter genes,
although they display low steady-state levels. Characterization of
fragments produced during mt-like tRNA processing in vitro and
in vivo suggests that these RNAs are not fully processed at their
5PP ends and are cleaved internally. These abnormal processing
events may account for the low levels of mature mt-like RNAs in
vivo and are most likely related to defective processing by RNase
P. ß 2001 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The secondary structure of transfer RNAs (tRNAs) is gen-
erally represented by a cloverleaf. However, not all tRNAs
can adopt this pattern. In particular, mitochondrial (mt)
tRNAs often possess one or more `odd' features including
base substitution at conserved positions, mismatches, ex-
tended helices or lack of either the D arm or the T arm
[1,2]. Di¡erent foldings for these tRNAs have been proposed
where structural compensations help maintain the overall nor-
mal tertiary L-shape. These include cases where the combina-
tion of shorter connectors and a shorter D region would
compensate for an extended anticodon stem, preserving a ter-
tiary structure similar to that of the normal tRNAs [3^5].
Thus, tertiary compensations allow irregular tRNAs to inter-
act with both the messenger RNA and the aminoacyl transfer
site in the ribosome. In accordance with this, mt-like tRNAs

with a longer anticodon stem and a shorter D region have
been isolated for their ability to suppress a stop codon located
within reporter genes [6]. Their activity in the cytoplasm of
Escherichia coli proves the relevance of the structural compen-
sation and the capacity of atypical tRNAs to be functional
even where they are not naturally found. However their
steady-state expression and their e¤ciency of suppression
are lower than a control tRNAAla

su� [6].
Examples of mutant tRNAs with impaired expression level

have been reported where accumulation of precursor tRNA or
instability of precursor and/or mature tRNAs have been
found in E. coli, e.g. see [7]. We show here that there is
defective processing of mt-like tRNAs and accumulation of
a fragment resulting from cleavage within the mt-like tRNA
sequence. The abnormal cleavage is most likely related to
altered secondary and/or tertiary structures of the mt-like
tRNAs which may block normal recognition sites and create
new sites for RNase P.

2. Materials and methods

2.1. Strains
The E. coli strain XAC-1 [8] was used for cloning and in vivo

experiments. The strain MRE 600 (RnaI) [9] was used to prepare
the S100 extract.

2.2. Plasmids
The tRNAAla

su� as well as two clones isolated from the original li-
brary: T7 and T37 [6], were subcloned by PCR into pBluescript SK�
(Stratagene) (PCR protocol in [6]; other cloning protocols from [10]).
The isolated clones named pBS-Ala, pBS-T7 and pBS-T37 contained
the tRNA genes in front of the T3 RNA polymerase promoter.

2.3. E. coli S100 extracts
Preparation of S100 extracts from E. coli MRE 600 was performed

as described by RajBhandary and Ghosh [11] with the following adap-
tations: cells were ¢rst diluted in PBS containing 1 mM phenylme-
thylsulfonyl£uoride (PMSF) and 5 mM dithiothreitol (DTT), incu-
bated with lysozyme for 30 min on ice, sonicated and centrifuged
2 h at 25 000 rpm (SW28; V100 000Ug). We used a Q-Sepharose
column (Pharmacia) and added 1 mM PMSF and 5 mM DTT to
all solutions. The dialysis bu¡er contained 50% glycerol instead of
10% glycerol/15% polyethylene glycol.

2.4. Processing of in vitro transcribed tRNAs
Plasmids pBS-Ala, pBS-T7 and pBS-T37 were digested with Hin-

dIII (New England Biolabs, NEB), puri¢ed on agarose gel with Qia-
gen columns and used as a template for in vitro transcription (100 ng
per reaction) with T3 RNA polymerase (50 units; Gibco) in the sup-
plied bu¡er and with 0.4 mM of ATP, CTP and GTP, 0.2 mM of
UTP and 15 WCi of [K-32P]UTP. After 2 h at 37³C, reactions were
extracted with phenol/chloroform and ethanol precipitated. Products
were resolved on 7% polyacrylamide/8 M urea gels. Transcripts were
located by autoradiography and eluted by incubating the gel pieces at
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37³C overnight in 0.5 ml of 0.5 M ammonium acetate, 0.01 M mag-
nesium acetate, 1 mM ethylenediaminetetraacetic acid and 0.1% so-
dium dodecyl sulfate. Labeled RNA was recovered by ethanol precip-
itation. Processing reactions were performed with V5 Wg total protein
of E. coli S100 extract according to the conditions described by Ra-
mesh et al. [12].

We also labeled transcripts at the 5P end after non-radioactive in
vitro transcription, dephosphorylation (calf intestine phosphatase,
NEB) in the presence of RNase inhibitor and phosphorylation (T4
polynucleotide kinase, NEB) with [Q-32P]ATP (30 WCi at s 5000 mCi/
mmol).

2.5. Northern blots
Unlabeled in vitro transcripts of tRNAAla and mt-like tRNAs

treated as described for a processing study or total RNA from cul-
tured cells were extracted and fractionated on a 6.5% polyacrylamide/
8 M urea/0.1 M sodium acetate (pH 5.2) gel [6,13,14]. The RNA was
transferred by electroblotting onto a nylon membrane (Hybond-N,
Amersham, Buckinghampshire, UK). Hybridization with probes com-
plementary to the anticodon region, the 5P or 3P end of the primary
transcripts, and control 5S RNA (positions 34^53 in the E. coli 5S
sequence) was carried out as described in McClain et al. [14] (probe
sequences available upon request).

2.6. Secondary structure modeling
Standard parameters were use to fold tRNAs using the Zuker/Turn-

er mfold program version 3.1 [15,16]. This program is available at
Internet address: http://bioinfo.math.rpi.edu/Vmfold/rna/.

3. Results

To investigate the low expression of mt-like tRNAs in E.
coli, the kinetics of the processing and the stability of in vitro
transcripts were investigated. Two mt-like tRNAs isolated
previously were used: tRNA-T7 which has eight base pairs
in the anticodon stem and tRNA-T37 which has 10 (Fig. 1)
[6]. tRNAAla

su�, with the normal six base pairs in the anticodon
stem, was used as a control (Fig. 1). Puri¢ed transcripts uni-
formly labeled with [K-32P]UTP were incubated in the pres-
ence of E. coli S100 extract at 37³C for di¡erent times. S100
extract contains the necessary enzymatic activities to obtain
mature tRNAs from normal precursor tRNA transcripts
[11,12,17]. Products were separated by polyacrylamide gel
electrophoresis. After 5 min incubation, new bands appear
that migrate close to tRNA precursors of control tRNAAla

su�
and two mt-like tRNAs-T7 and -T37 (Fig. 2). These represent
progressive exonucleolytic 3P end processing. Two bands that
migrate in the position of mature form of the three tRNAs
were visible between 15 and 30 min (Fig. 2). These may rep-
resent the last steps of the 3P processing or removal of AMP
from the 3P-CCA terminus. In contrast to the processing pro-
¢le of tRNAAla

su�, a high molecular weight intermediate tran-
script (marked by a star in Fig. 2) accumulated during the
processing of mt-like tRNAs-T7 and -T37. This new band,
termed `X' fragment, had a greater intensity than the mature
mt-like tRNA products. The identity of all bands was con-
¢rmed by probing Northern blots of unlabeled processing
pro¢les with oligonucleotides corresponding to either the 5P
or the 3P region of the full transcript (data not shown).

Southern blot analysis of plasmid DNA was performed us-
ing the `X' fragment as a probe to determine which parts of
the primary transcript were present. The plasmid containing
the mt-like tRNA-T7 gene was digested with restriction en-
zymes in order to generate fragments containing either the
whole mt-like tRNA coding region, its 5P half, or its 3P half.
The `X' fragment hybridized to the 5P half of the primary
transcript suggesting that the fragment contained unprocessed

5P sequences but had lost a part of the 3P region (data not
shown). In con¢rmation, the `X' fragment was visualized by
probing a Northern blot of an unlabeled processing pro¢le
with an oligonucleotide complementary to the 5P extremity
of the full-length transcript.

In addition, we investigated whether the ¢rst nucleotide of
the in vitro transcription was present in the `X' fragment by
comparing the processing bands obtained with transcripts la-
beled either internally by transcription with [K-32P]UTP or
end labeled at the 5P terminus. For 5P end labeling, unlabeled
transcripts were dephosphorylated and rephosphorylated at
the 5P end with [Q-32P]ATP (see Section 2). As shown in Fig.
3, high molecular weight bands corresponding to the 3P pro-
cessing of the tRNAAla

su� were obtained when the transcripts
were labeled internally or at the 5P end but only pre-tRNA
transcripts labeled internally displayed the mature tRNA. In
the case of the mt-like tRNA-T7 the 3P processed pre-tRNA
as well as the `X' fragment were visible with transcripts from
both types of labeling. This indicated that the 5P nucleotide of
the precursor tRNA transcript was still a part of the `X' frag-
ment and that change(s) that diminished the size of the pre-
cursor tRNA occurred on the 3P side. The above data are
consistent with aberrant processing of mt-like tRNAs in vitro
by RNase P.

Fig. 1. Secondary structure of tRNAAla
su� (`type 6') and mt-like

tRNAs-T7 (type 8) and -T37 (type 10). The three tRNAs used in
this study are represented in their cloverleaf secondary structures.
The modi¢cations made in the tRNAAla

su� sequence to construct the
library of mt-like tRNAs, from which the tRNAs-T7 and -T37 were
isolated [6], are indicated. Note that both mt-like tRNAs contained
an insertion of a G in position 23. Randomized positions are
circled. The open square corresponds to a position allowing either
A or C. `XC' : deletion in the library. `CC' : replacement of a nu-
cleotide by a C.
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The fate of mt-like tRNA transcripts was also investigated
in vivo. Northern blot analysis using a probe that speci¢cally
recognizes the anticodon stem-loop of suppressor tRNAs
showed that mt-like tRNAs were present at a signi¢cantly
lower level than tRNAAla

su� (Fig. 4, left ; see also [6]). In con-
trast, when we used an oligonucleotide probe complementary
to the ¢rst 19 nucleotides of the predicted in vivo primary
transcript (nine nucleotides upstream of the mature mt-like
tRNAs and 10 nucleotides within the mt-like tRNA sequence)
another band was observed (Fig. 4, right). In this case, the
observed band is smaller than the mature mt-like tRNA in
contrast to the high molecular weight `X' fragment transcripts
found in vitro. This however is consistent with the fact that in
vivo the 5P leader region is only nine nucleotides long whereas
the in vitro expression system has a 65 nucleotides leader se-
quence at the 5P end due to cloning within the expression
vector [6]. Thus, the fragment containing a short 5P leader
sequence of the precursor but lacking a large part of the 3P
half of the tRNA is smaller than mature mt-like tRNA. Judg-
ing by the position of the termini of the two probes, the
predicted cleavage in vivo would be approximately between
positions 10 and 22 in mt-like tRNAs, although a cleavage up
to positions in the anticodon loop (e.g. position 35) can not be
ruled out. Stringent conditions were used for Northern blot
washes [14], therefore a signal would probably not be ob-
tained using the anticodon probe if there were cleavages with-
in the anticodon loop. The 5P end probe contained two mis-
matches to the tRNAAla

su�, which explains why hybridization to
mature forms of this tRNA was not as strong as the one with
the mt-like tRNAs (Fig. 4).

Thus the low molecular weight band found in vivo could be
equivalent to the `X' fragment found in vitro. The appearance
of these fragments suggests an explanation for the low steady-
state levels of mature mt-like tRNA observed: not all precur-
sor mt-like tRNAs are processed at the 5P end and accumu-

lation of mature tRNA was prevented by a cleavage of the
precursor within the mt-like tRNA sequence.

4. Discussion

The low e¤ciency of fully processed mt-like tRNAs and
accumulation of transcript fragments shown here would co-
incide with a decrease in recognition of the processing site by
RNase P due to variant tRNA higher order structures. De-
fects in processing of mutant tRNAs have been observed be-
fore. Mutations in the E. coli gene for tRNAGly

2 display lower
steady-state levels and a slower moving band on Northern
blots compared to wild-type tRNA [7]. Poor recognition of
the substrate by RNase P was suggested as a possible cause of
low steady-state levels of mutant tRNAs and the appearance
of the slow moving band, although the possible slating of
fragments for degradation with polyadenylation to account
for the presence of the slow moving band was not ruled out.

The internal cleavage found with two mt-like tRNAs in
vivo may also be related to activity by RNase P. E. coli
RNase P has been shown to produce polynucleotide cleavages
outside of normal processing sites when mutant tRNAs or
heterologous tRNAs are used as substrates [18^20]. Drosophi-
la tRNAMet and two mutant Drosophila tRNAs, all of which

Fig. 2. In vitro processing of tRNAAla
su� and the mt-like tRNAs-T7

and -T37. Autoradiography of 7% polyacrylamide/8 M urea gel con-
taining samples of tRNA primary transcripts incubated for various
times in the absence or in the presence of E. coli S100 extract. The
¢rst bands resulting from the 3P processing and the mature tRNA
bands are indicated. `*' highlights the novel cleavage product (the
`X' fragment).

Fig. 3. In vitro processing of internally or 5P end labeled precursor
tRNA transcripts. Transcripts of tRNAAla

su� and of mt-like tRNA-T7
were synthesized in the presence of [K-32P]UTP (lanes 1, 2 for
tRNAAla

su� and lanes 5, 6 for mt-like tRNA-T7) or labeled with [Q-
32P]ATP after transcription (lanes 3, 4 for tRNAAla

su� and lanes 7, 8
for mt-like tRNA-T7). Primary transcripts were incubated with E.
coli S100 extract for 30 min and resolved on a 7% polyacrylamide/8
M urea gel. This autoradiography shows bands resulting from the
3P processing, the complete processing (mature tRNAAla

su�) and a pre-
viously unreported cleavage (the `X' fragment), as indicated.
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show internal cleavage by RNase P, appear to display alter-
nate conformations with a long single-stranded stretch be-
tween two loops, e.g. 11 nt for tRNAMet [20]. The presence
of di¡erent tRNA conformations may provide alternate loca-
tions for cleavage by RNase P and result in internal cleavage
[20]. In this context, mt-like tRNA-T37 displays two confor-
mations whose vG values are very close. Secondary structure
models for mt-like tRNA-T37 produced by the Zuker pro-
gram [15,16] show both the cloverleaf structure (vG =331.9
kcal/mol) and an alternate structure with a large 13 nt single-
stranded loop (vG =332.7 kcal/mol) (Fig. 5). The alternate
structure displays a slightly more stable free energy to the
cloverleaf. Secondary structure modeling of mt-like tRNA-
T7 reveals one major conformation (the cloverleaf,
vG =335.4 kcal/mol) and several sub-optimal structures.
The thermodynamically less stable structures include one
that has a 9 nt single-stranded loop (vG =332.1 kcal/mol)
(data not shown). The `X' fragment from mt-like tRNA-T7
is less intense than that from mt-like tRNA-T37 in Northern
blots (Fig. 4). Perhaps the mt-like tRNA-T7 may not be read-
ily cleaved internally because of a low abundance of alternate
structure. Analyses of the folding of control tRNAAla

su� reveals
an alternate structure with a 10 nt single-stranded loop which
is less stable than the cloverleaf structure (approximately 3
kcal/mol) and represents the ¢fth alternate structure to the
cloverleaf.

It is of interest that the 5P fragments from the two mt-like
tRNAs found in vivo appear stable and are not further de-
graded by cell nucleases. One explanation is that their resul-
tant higher order structures may preclude exonuclease action.
These fragments are rich in guanosine residues, which may
produce speci¢c intramolecular folding or intermolecular as-
sociations and thus render fragments resistant to nucleases.

Thus altered higher order structures may contribute to both
low levels of processing and speci¢c tRNA cleavage. The low
e¤ciency of completely processed mt-like tRNAs may be re-
lated to particular tertiary structures resulting from the altered
anticodon and D-loops of mt-like tRNAs. These variant ter-
tiary structures may partially but not fully hinder recognition
by RNase P. The alternate conformation model appears at-
tractive to explain the tRNA degradation product but may
also be a factor in ine¤cient processing, i.e. the percentage of
mt-like tRNAs that have a secondary structure di¡erent from
the cloverleaf may not be processed at the normal site but
cleaved at an internal site.
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