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Summary

Streptomycetes are soil microorganisms with the
potential to produce a broad spectrum of secondary
metabolities. The production of antibiotics is accom-
panied by a decrease in protein synthesis, which
raises the question of how these bacteria survived the
transition from the primary to the secondary metabo-
lism. Translating ribosomes incapable to properly
elongate or terminate polypeptide chain activate bac-
terial trans-translation system. Abundance and stabil-
ity of the tmRNA during growth of Streptomyces
collinus and Streptomyces griseus producing kirro-
mycin and streptomycin, respectively, was analysed.
The level of tmRNA is mostly proportional to the activ-
ity of the translational system. We demonstrate that
the addition of sub-inhibitory concentrations of pro-
duced antibiotics to the cultures from the beginning
of the exponential phase of growth leads to an
increase in tmRNA levels and to an incorporation of
amino acids into the tag-peptides at trans-translation
of stalled ribosomes. These findings suggest that
produced antibiotics induce tmRNA that facilitate
reactivation of stalled complex of ribosomes and
maintain viability. The effect of antibiotics that inhibit
the cell-wall turnover, DNA, RNA or protein synthesis
on the level of tmRNA was examined. Antibiotics
interfering with ribosomal target sites are more effec-
tive at stimulation of the tmRNA level in strepto-
mycetes examined than those affecting the synthesis
of DNA, RNA or the cell wall.

Introduction

Ribosomes stalling at the end or within the coding
sequence of the mRNA can activate tmRNA function.
tmRNA and protein SmpB are main components required

for rescueing stalled ribosomes. The defective mRNA is
degraded; incomplete polypeptide is labelled for degrada-
tion and ribosomal subunits can create a new initiation
complex (Roche and Sauer, 1999; Fujihara et al., 2002;
Hayes et al., 2002; Li et al., 2006). Production of tmRNA
tagged proteins in Escherichia coli has been observed to
increase in the presence of both suppressor tRNA (Ueda
et al., 2002) and the miscoding drugs kanamycin and
streptomycin (Abo et al., 2002) that cause translational
read-through of stop codons. A further study (Luidalepp
et al., 2005) showed that cells lacking tmRNA are more
sensitive to several inhibitors of protein synthesis and to
inhibitors of the cell wall synthesis fosfomycin and ampi-
cillin. Many antibiotics produced by streptomycetes inhibit
different steps of protein biosynthesis. Streptomyces
griseus is a potent producer of the antibiotic streptomycin
that stabilizes aminoacyl-tRNA binding in the A-site and
alters the rates of GTP hydrolysis by elongation factor Tu
on cognate and near-cognate codons, with similar rates of
GTP hydrolysis (Gromadski and Rodnina, 2004). Strepto-
myces griseus contains the aphE gene encoding ami-
noglycoside 3′-phosphotransferase carrying streptomycin
resistance (Heinzel et al., 1988). Furthermore, S. griseus
possess an ion-permeable channel with binding site
for streptomycin. Negatively charged groups inside the
channel are involved in streptomycin binding because this
antibiotic is positively charged (Kim et al., 2001). Another
mechanism responsible for streptomycin resistance is
connected with the loss of specific 16S RNA methyltrans-
ferase encoded by gene rsmG (Nishimura et al., 2007).
The enzyme catalyses methylation of the residue G518 of
16S RNA in S. coelicolor or G527 of E. coli which interacts
directly with streptomycin.

Streptomyces collinus Tü 365 produces antibiotic kirro-
mycin (Wolf and Zahner, 1972). In the presence of kirro-
mycin, complex elongation factor Tu-GTP can accept
aminoacyl-tRNA and bind to ribosome. Codon-anticodon
recognition is followed by GTP hydrolysis and release of
EFTu-GDP-kirromycin from ribosomes is blocked, result-
ing in inhibition of subsequent steps of peptide bond for-
mation (Parmeggiani and Nissen, 2006). In addition, we
have found previously that EF-Tu from S. collinus is sen-
sitive to kirromycin and the rate of polypeptide synthesis
in vitro was reduced to 50% by 0.25 mM kirromycin
(Mikulík et al., 1982).
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Despite the important biological function of tmRNA, its
role in streptomycetes producing antibiotics remains unre-
solved. In this study, the level and stability of tmRNA were
examined during the growth and development in two
strains of streptomycetes producing antibiotics. We set
out to determine how antibiotics with various target sites
affect the level of tmRNA and protein synthesis in antibi-
otics producing strains.

Results

tmRNA abundance during development
of streptomycetes

Total RNA was isolated from submerse cultures and
aliquots (50 mg) were analysed in polyacrylamide-urea
gels. Northern blots were probed with labelled ssrAs
and quantified. Growth of S. griseus in medium GYM
reaches its maximum between 36 and 38 h of cultivation
and production of streptomycin started between 20 and
24 h (Fig. 1A). During the exponential phase of growth
(14 h), the highest level of tmRNA was detected and
further development was accompanied with decline in
the tmRNA level. Growth of S. collinus producing kirro-
mycin reaches its maximum at 36 h cultivation and
tmRNA level increases gradually up to 48 h and then
decreases near the initial value found in the 14 h culti-
vation (Fig. 1B). The amount of tmRNA during exponen-
tial phase of growth was about four times higher than
that found in S. griseus. In parallel experiments that
were performed with the same cultures, we followed the
amount of 5S RNA to ascertain whether the decrease in
the tmRNA is not due to general loss of RNA. No sig-
nificant changes in the 5S RNA levels were observed
during the development of cultures. The decrease in
tmRNA during the late exponential phase of growth sug-
gests that the tmRNA was degraded. To test this possi-
bility the half-life of tmRNA from the exponentially
growing cells (14 h cultures) and the cells from station-
ary phase of growth (40 h and 68 h cultures) were deter-
mined by inhibition of transcription with rifampicin and
the decay of tmRNA was measured. In cells of S.
griseus (Fig. 2A) from exponential phase of growth, the
presence of rifampicin (300 mg ml-1) caused complete
inhibition of RNA synthesis and about 10% tmRNA was
degraded after 60 min cultivation. Significantly lower sta-
bility of the tmRNA was found in cultures from stationary
phase of growth. In contrast, the level of tmRNA of S.
collinus (Fig. 2B) was stable from 14 to 68 h cultivation
and the half-life of the tmRNA in the presence of
rifampicin was longer than 50 min. These data show
differences in abundance and stability of tmRNA
during development of the two streptomycetes strains
examined.

A

B

Fig. 1. Analysis of tmRNA during development of streptomycetes.
Aliquot samples of submerse cultures were taken at 14, 24, 48, 72
and 96 h of cultivation. Development of cultures was followed by
examination of dry weight (-�-) and production of antibiotics (-D-).
Total RNA was isolated and 50 mg RNA samples were separated by
electrophoresis in 7% polyacrylamide-6M urea gels. Northern blots
of tmRNAs from S. griseus (A) and S. collinus (B) were hybridized
with Dig-11-dUTP labelled ssrA probes and after detection the
amount of tmRNA (-�-) was quantified by Bio-Rad Molecular
Imager FX with Quantity One software. The blots were probed for
5S RNA. The amounts of tmRNA were normalized on 5S RNA
levels. The values are relative to the average abundance of tmRNA
from five separate experiments in 14 h cells. This initial value
(tmRNA0) represents 100% independently for strains used.
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Incorporation of amino acids to stalled complex of
ribosomes from streptomycetes

We ask whether the antibiotics produced by strepto-
mycetes influences the level of the tmRNA. To test this
possibility, cells from exponential phase of growth (where
biosynthesis of antibiotics was not detected) were culti-
vated with sub-inhibitory concentrations of streptomycin
or kirromycin. Cells of S. griseus were incubated with
3.5 mM streptomycin and cultures of S. collinus with 5 mM
kirromycin. At time intervals samples were taken and
washed cells were used for preparation of S30 fractions
and stalled complexes of ribosomes with poly(U) as
previously described (Himeno et al., 1997; Konno et al.,
2004; Asano et al., 2005). After 30 min of incubation, the
polyphenylalanine incorporation was saturated and a
mixture of L-[U-14C]-labelled amino acids was added to the
stalled complex of ribosomes, which are constituents of
the tag-peptides of the tmRNAs. Stalled complex of ribo-
somes from S. griseus (Fig. 3A) and S. collinus (Fig. 3B),
which were incubated for 60 min in the presence of anti-
biotics, were found to incorporate about two times more of
L-[U-14C]-amino acids to tag-peptide than the complexes
isolated in absence of antibiotics. Results of these experi-
ments indicate that the sub-inhibitory concentrations of
antibiotics led to an enhancement of tmRNA and trans-
translation in the antibiotic producing strains. Longer incu-
bation of cells with antibiotics up to 240 min had no
additional effect on increase of amino acids incorporation
to the tag-peptides. We also examined sensitivity of ribo-
somes of the S30 fractions from the exponential phase
of growth to antibiotics in poly(U)-dependent synthesis of
polyphenylalanine. As shown in Fig. 3C, in vitro system of
S. griseus was active in the presence of streptomycin up
to 2 mM but higher concentrations of streptomycin inhib-
ited poly(U) translation. In S. collinus, the polyphenylala-
nine synthesis directed by poly(U) was inhibited by
kirromycin at concentrations higher than 0.2 mM (Fig. 3D).

The effect of antibiotics on the tmRNA abundance

Previously, it was shown that sub-inhibitory concentra-
tions of several protein synthesis inhibitors induced an
increase of the tmRNA in Streptomyces aureofaciens
producing tetracycline (Palečková et al., 2006). We
examined the abundance of tmRNA in cells from the
exponential phase of growth of S. griseus and S. collinus
incubated in the presence of antibiotics that inhibit protein
synthesis or other cellular functions as synthesis of DNA,
RNA or the cell wall. When the cells of S. griseus (Fig. 4A)
were incubated in the presence of streptomycin, the level
of tmRNA rapidly increased during the first 10 min and
remained unchanged for up to 180 min. At the presence
of tetracycline, protein synthesis decreased to 75% of
control value without tetracycline (Fig. 4B) and tmRNA

A

B

Fig. 2. Northern blot analysis of the tmRNA stability from 14 h,
40 h and 68 h cultures of S. griseus (A) and S. collinus (B).
Representative blot analyses of the tmRNA abundance.
Transcription was inhibited by addition of rifampicin (300 mg ml-1)
and aliquots were taken at the indicated times for RNA extraction
and Northern analysis. Quantification of the tmRNA was performed
as described in Fig. 1, and initial values at time 0 (tmRNA0), before
addition or rifampicin, represent 100% separately for each time
curve and strain used.
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synthesis increased more than seven times. Presence of
kirromycin led to a gradual increase in tmRNA and after
3 h cultivation the level was three times higher than that of
the control value. No significant changes in the level of
tmRNA and protein synthesis were observed in the cells
incubated with sub-inhibitory concentration of chloram-
phenicol. Out of the antibiotics that interfere with other
cellular activities than protein synthesis, only nalidixin
slightly stimulated the elevation of the tmRNA level
(Fig. 4C) and protein synthesis (Fig. 4D). Low stimulative
effect on the level of tmRNA also caused vancomycin.
Sub-inhibitory concentrations of rifampicin and ampicillin
had no effect on the tmRNA level and protein synthesis.
In experiments with S. collinus (Fig. 5A), the presence of
tetracycline gave rise to an increase in tmRNA more than
five times and the rate of protein synthesis remained the
same as in the control experiment without antibiotics

(Fig. 5B). The presence of streptomycin had no effect on
the tmRNA abundance, but protein synthesis decreased
to 40% of control without the drug. The addition of kirro-
mycin to cells from the exponential phase of growth
induced an increase of the tmRNA during the first 10 min
and then remained unchanged. Chloramphenicol caused
a significant increase in the tmRNA after 3 h of cultivation,
while protein synthesis decreased to 50% of control value
without antibiotics. The presence of sub-inhibitory con-
centrations of antibiotics interfering with synthesis of RNA
and DNA (Fig. 5C) had no valuable effect on tmRNA
abundance. The low level of rifampicin had no effect on
tmRNA synthesis, but exerted an influence on the protein
synthesis which was reduced by about 40% compared
with that of control without antibiotics (Fig. 5D). Slight
stimulation effect on tmRNA abundance exhibited ampi-
cillin during the first 60 min of cultivation.

A B

C D

Fig. 3. Effect of antibiotics on in vitro incorporation of amino acids by stalled complex of ribosomes from S. griseus and S. collinus.
Cells from the exponential phase of growth were incubated in absence (�) or presence (�) of sub-inhibitory concentrations of produced
antibiotics. In S. griseus with 3.5 mM streptomycin (A) and S. collinus with 5 mM kirromycin (B). At indicated time intervals samples were taken
for preparation of S30 fractions. Pre-incubated S30 fractions (2 A260 units) were used for translation of poly(U) in reaction mixtures (100 ml)
containing 50 mM Tris-HCl pH 7.6, 10 mM MgCl2, 80 mM NH4Cl, 1 mM dithiothreitol, 5 mM phosphoenol pyruvate, 1 mM ATP, 0.5 mM GTP,
15 mM phenylalanine and 100 mg poly(U). After 15 min of incubation, phenylalanine incorporation was saturated. To the stalled complex of
ribosomes was added 20 mM each of U14C-L-alanine, U14C-L-arginine, U14C-L-leucine, U14C-L-lysine and 50 mM each of remaining unlabelled
amino acids. These mixtures were incubated at 32°C for 15 min. Reactions were terminated by trichloroacetic acid, boiled at 95°C for 20 min
and filtered over Whatmam GF/C filters and assayed for radioactivity. The sensitivity of ribosomes of the 10 h cultures to the presence of
produced antibiotics was examined at the translation of poly(U). Dialysed and pre-incubated S30 fractions of S. griseus (C) and S. collinus (D)
were incubated in the reaction mixtures with U14C-L-phenylalanine (0.2 mCi) and antibiotics as indicated. Radioactivity in the hot trichloroacetic
acid insoluble fractions was measured by liquid scintillation counter. The values are average from four independent experiments.
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These experiments demonstrate differences between
streptomycetes in sensitivity to the presence of antibiotics
and in the responses leading to changes in the tmRNA
abundance.

Discussion

The translation of genetic information consumes a signifi-
cant amount of cell energy. Altered translation rates occur
under conditions such as the exhausting of the nutrient
limitation, stress, during transition from active growth to
antibiotic production phase (secondary metabolism) and
cell differentiation. Antibiotics that cause ribosome to stall
or pause could increase mRNA within or in adjacent to the
A-site codon. The A-site mRNA cleavage pathway accom-
panied with pausing ribosomes and induction of the
tmRNA system can reduce translation errors and produc-

tion of aberrant polypeptides. In the present study and
previous work with S. aureofaciens (Palečková et al.,
2006) we have found that sub-inhibitory concentrations of
antibiotics produced or exogenously added to the cultures
at the beginning of the exponential phase of growth led to
an enhancement of tmRNA level and the incorporation of
labelled amino acids to the tag-peptides. The translation
of ORF from tmRNA and normal termination releases the
tagged polypeptides for degradation and permits dis-
assembly and recycling of ribosomal subunits for the
new rounds of polypeptide synthesis (Keiler et al., 1996;
Hayes and Sauer, 2003). Streptomycetes differ in amount
of tmRNA and in the stability during development. The
highest level of the tmRNA was found in cells from the
exponential phase of growth. During antibiotic biosynthe-
sis both protein synthesis and tmRNA level decreases.
Our data indicate that abundance of the tmRNA in the S.

A B

C
D

Fig. 4. Effect of antibiotics on the level of tmRNA and incorporation of U14C-leucine to proteins in S. griseus.
A. To cultures from the exponential phase of growth (14 h) the antibiotics (�) kirromycin (5 mg ml-1), (D) chloramphenicol (8 mg ml-1), (�)
streptomycin (5 mg ml-1) or (¥) tetracycline (1 mg ml-1) interfering with function of ribosomes were added. At the time intervals, total RNA was
isolated and aliquot parts were analysed by electrophoresis in polyacrylamide-urea gels. Northern blots were hybridized with Dig-labelled
probes. The results represent average from three independent experiments. The amounts of tmRNA were normalized on 5S RNA levels and
on parallel control experiments. The level of tmRNA in cells from exponential phase of growth without addition of antibiotics represents 100%.
B. At the same time cultures were labelled with U14C-leucine (0.5 mCi ml-1), two 1 ml samples were taken at indicated time intervals and
incorporation was stopped with 1 ml 10% trichloroacetic acid (TCA). Samples were boiled for 20 min at 95°C and filtered using Whatman
membrane filters (0.4 mm). Washed samples with 5% TCA were dried and radioactivity measured. The data were obtained from three
independent experiments. The designations are as in (A) and (�) represents control without addition of antibiotics.
C. Cultures were incubated in the presence or absence of antibiotics affecting other targets: ( ) ampicillin (10 mg ml-1), (�) rifampicin (1 mg ml-1),
(�) nalidixic acid (20 mg ml-1) or (�) vankomycin (1 mg ml-1); and tmRNA was analysed as above.
D. Incorporation of U14C-leucine (0.5 mCi ml-1) to proteins in presence or absence (�) of antibiotics was examined.

118 P. Palečková, J. Bobek and K. Mikulík

© 2008 The Authors
Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 2, 114–122



griseus, S. collinus is correlated mostly with the activity of
the translational system while in S. lividans tmRNA was
constitutively expressed during cultivation (Braud et al.,
2005). To support the suggestion demonstrating differ-
ences in tmRNA abundance during development, the sta-
bility of tmRNA in the two streptomycetes strains was
investigated. The decay of tmRNA was examined at a
high concentration of rifampicin (300 mg ml-1) because at
a low concentration (25 mg ml-1) the drug stimulates tran-
scription from sR-dependent promoters (Newell et al.,
2006). Ribosomes, having a highly cooperative structure,
are also a potential target for control mechanisms that
generate signals and activate adaptive regulons. The
function of tmRNA in trans-translation is dependent on the
presence of several protein ligands: protein synthesis
elongation factor Tu (Rudinger-Thirion et al., 1999),
SmpB (small protein B) (Karzai et al., 1999) and riboso-
mal protein S1 (Wower et al., 2000). RNase R was iden-

tified as the nuclease responsible for degradation of
the tmRNA. It is known that SmpB and EF-Tu binds to
aminoacyl moiety of alanyl-tmRNA (Shimizu and Ueda,
2006). It is likely that in the cells from the exponential
phase of growth, tmRNA is stabilized by interaction with
SmpB and its stability could be regulated by exposing or
protecting the 3′ end of the tmRNA (Hong et al., 2005).
In experiments with S. aureofaciens, we found that the
highest level of SmpB was in the cells from exponential
phase of growth and a descending amount in the cells
from stationary phase (Mikulík et al., 2008), which indi-
cates that availability of the SmpB can be involved in
regulation of tmRNA stability.

A previous study (Ueda et al., 2002) demonstrated that
antibiotics causing amino acid misreading (kanamycin,
streptomycin, hygromycin B, paromomycin and gentami-
cin) induce read-through of stop codons and enhance
the tmRNA mediated protein tagging. Differences among

A
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D

Fig. 5. The tmRNA abundance and incorporation of U14C-leucine to proteins in the presence or absence of antibiotics in S. collinus.
A. To cultures from the exponential phase of growth (14 h) the antibiotics (�) kirromycin (5 mg ml-1), (D) chloramphenicol (8 mg ml-1), (�)
streptomycin (5 mg ml-1) or (¥) tetracycline (1 mg ml-1) were added. At the time intervals tmRNA was analysed as in Fig. 4.
B. At the same time incorporation of U14C-leucine (0.5 mCi ml-1) was determined as above.
C. Cultures were incubated in the presence or absence of ( ) ampicillin (10 mg ml-1), (�) rifampicin (1 mg ml-1), (�) nalidixic acid (20 mg ml-1) or
(�) vankomycin (1 mg ml-1), and tmRNA was examined as in Fig. 4.
D. Incorporation of U14C-leucine (0.5 mCi ml-1) to proteins in the presence or absence (�) of antibiotics was measured. The figure represents
average data from three independent experiments.
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streptomycetes in response to the presence of antibiotic
led to the analysis of ssrA genes. The most significant
differences between ssrA genes of S. aureofaciens, S.
collinus and S. griseus are in the central regions of the
tag-encoding parts and in the sequences about 20 nt
following termination codons. These differences in the
tag-encoding domains are most probably involved in
recognition signals of specific proteolysis system (Mikulík
et al., 2008).

A sub-inhibitory concentration of antibiotics induces
specific cell responses at the level of gene expression
(Goh et al., 2002). This response is drug-specific and
need not to be directly linked to the mode of antibiotics
action (Tsui et al., 2004). As trans-translation is involved in
various steps of bacterial physiology, it is assumed that
the inactivation of the ssrA could induce changes in sen-
sitivity to antibiotics that affect other target sites than the
ribosome (Luidalepp et al., 2005). We examined sensitiv-
ity of S. griseus and S. collinus to the presence of
antibiotics interfering with different target sites. The
enhancement of the tmRNA level stimulated by the pres-
ence of antibiotic that is naturally produced by the strain is
instantaneous. Similar results were obtained in experi-
ments with S. collinus.

The outcome of these experiments indicates that the
trans-translation system responds to the presence of pro-
duced antibiotics and contributes to the reactivation of
stalled complexes of ribosomes and thereby plays a
significant role in the survival of streptomycetes under
adverse conditions. This activity is limited by drug pro-
duced intracellular concentration and the sensitivity of
ribosomes. Overexpression of antibiotics is connected
with a decrease in activity of transcription and translation
system and degradation of cell macromolecules, which
are used as building blocks for biosynthesis of secondary
metabolites (Voigt et al., 2002; Ostash et al., 2007). The
system activates efficient resistance mechanisms, e.g.
active efflux of antibiotics from cells, changes in the com-
position of the cell wall or it induces the drug modification.

Antibiotics that interfere with RNA polymerase, DNA
and the cell wall were less effective in stimulation of
tmRNA abundance than drugs targeting the ribosome
itself. From antibiotics having other target sites than ribo-
somes, a small increase in tmRNA was observed in the
presence of nalidixic acid and vancomycin in S. griseus.
Inhibitory action of nalidixic acid involves trapping a
gyrase–DNA complex in which DNA is broken. During the
gyrase poisoning hydroxyl radicals are generated, which
play an important role in cell killing (Dwyer et al., 2007).
Hydroxyl radical cleaves RNA independently of base
sequence and secondary structure. Significant increase in
tmRNA was observed in the presence of ampicillin in S.
collinus. It remains to be seen whether the tmRNA is
induced by ampicillin as a response to oxidative stress. It

was recently showed (Kohanski et al., 2007) that bacteri-
cidal antibiotics, regardless of drug-target interaction,
stimulate the production of toxic hydroxyl radicals that
contribute to cell death.

Experimental procedures

Strains and cultivation

Streptomyces collinus Tü 365 was cultivated in medium (g l-1)
peptone 4.0, yeast extract 4.0, malt extract 2.0, MgSO4 0.5,
K2HPO4 2.0, KH2PO4 2.0, glucose 8.0 (sterilized separately),
pH 7.2.

Streptomyces griseus MBU was cultivated in medium GYM
(g l-1) glucose 4.0, yeast extract 4.0, malt extract 10.0,
FeSO4.7H2O 7.5 mg, CuSO4.5H2O 5.0 mg, MnSO4.5H2O
4.0 mg, CaCl2.2H2O 15.0 mg, ZnSO4.7H2O 9.0 mg, pH 7.3.

Both strains were cultivated in 500 ml flasks with 80 ml
media at 28°C on a reciprocal shaker at 125 r.p.m. Cells from
different stages of development were harvested by centrifu-
gation and washed with the standard buffer 20 mM Tris-HCl,
pH 7.6, 40 mM NH4Cl, 10 mM MgCl2, 1 mM DTT, 1 mM phe-
nylmethylsulfonyl fluoride.

Isolation of RNA

Vegetative cells (1.0 g wet material) were mixed with RNA
Blue containing guanidium thiocyanate, sodium citrate,
2-mercaptoethanol, Na3VO4 (Top-Bio) and disrupted with
glass beads in FastPrep homogenizer (Qbiogene). Homoge-
nate (1 ml) was mixed with 50 ml of 10% sarkosyl and incu-
bated for 5 min at room temperature. The sample was shaken
with 0.2 ml of chloroform and then centrifuged at 14 500 g for
10 min at 4°C. The water phase containing RNA was taken
off and precipitated by 0.1 vol 3 M CH3COONa, pH 5.5:1 vol
isopropanol. RNA was sediment at 14 500 g for 10 min and
4°C and washed with 1 ml of 75% ethanol. The final sediment
was solubilized in a sterile 10 mM Tris-HCl, pH 8.0. RNA was
analysed in 7% polyacrylamide-6M urea sequencing gels and
visualized with ethidium bromide.

Analysis of tmRNA by Northern hybridization

Aliquots of the total RNA were separated by electrophoresis
in a 7% polyacrylamide-6M urea gels. A nylon membrane was
blotted with separated RNAs using a vacuum blotter Hybaid.
Dig-11-dUTP-labelled DNA-probe was prepared by PCR
amplification of corresponding DNAs using upstream primer
5′-GGGGATGATCGGTTTCGACAG-3′ and downstream
primer 5′-TGGTGGAGATGGCGGGAATC-3′. After hybridiza-
tion at 68°C for 16 h, tmRNA was detected by anti-
digoxigenin-AP-conjugate and colorimetric substrates. The
relative amounts of tmRNA were quantified using Bio-Rad
Molecular Imager FX and Aida Image analyser. The ssrA
genes from S. collinus and S. griseus have been deposited in
the GenBank (accession numbers AY485228 and DQ471924
respectively).

Incorporation of L-[U-14C]-leucine to proteins

Cells from 14 h cultures were labelled with L-[U-14C]-leucine
(4 Mbq mol-1) in the absence or presence of streptomycin
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(5 mg ml-1), kirromycin (5 mg ml-1), tetracycline (2.5 mg ml-1),
chloramphenicol (10 mg ml-1), rifampicin (2.5 mg ml-1), nalid-
ixic acid (10 mg ml-1), ampicillin (10 mg ml-1) or vancomycin
(1 mg ml-1). At the indicated time intervals three 1 ml samples
were taken into 1 ml of 10% TCA containing 1 mg ml-1 of cold
L-leucine. Samples were boiled for 20 min at 95–98°C.
Chilled samples were collected and washed on Synpor
0.4 mm nitrocellulose filters. Washed samples were dried and
radioactivity measured in liquid scintillation counter.

Preparation of S30 fractions

Cells from 14-, 24-, 48- and 72-h-old cultures were homo-
genized with glass beads in FastPrep homogenizer and
extracted with standard buffer containing 20 mM Tris-HCl,
pH 7.6, 80 mM NH4Cl, 10 mM magnesium acetate, 1 mM
DTT (dithiothreitol) and 1 mg ml-1 DNase RQ1 (RNase free).
Extracts were centrifuged at 10 000 g for 10 min and super-
natant solutions were again centrifuged at 30 000 g for
30 min. Supernatant S30 fractions so prepared were incu-
bated for 40 min in mixture of 20 amino acids (0.2 mM each),
5 mM ATP, 5 mM phosphoenol-pyruvate, 0.2 mM GTP. Dialy-
sed S30 fractions were frozen in aliquots and stored at
-70°C.

In vitro trans-translation using the stalled complex
of ribosomes

The composition of the reaction mixture was similar to that
as described previously (Himeno et al., 1997; Konno et al.,
2004; Asano et al., 2005). Polyphenylalanine was synthe-
sized in 100 ml reaction mixtures containing 50 mM Tris-HCl
pH 7.6, 10 mM magnesium acetate, 80 mM NH4Cl, 1.0 mM
DTT, 5 mM phosphoenol-pyruvate, 1 mM ATP, 0.5 mM GTP,
15 pmol L-phenylalanine, 2 A260 units of S30 fraction and
100 mg poly(U). In parallel experiment, time-dependent incor-
poration of L-[3H]-phenylalanine (15 pmol) into polyphenyla-
lanine was examined. After 15 min incubation at 32°C,
phenylalanine incorporation was saturated (not shown). To
the stalled complex of ribosomes was added 20 mM each of
L-[U-14C]-alanine, L-[U-14C]-arginine, L-[U-14C]-leucine, L-[U-
14C]-lysine and 50 mM each of remaining unlabelled amino
acids. After incubation at 32°C for 15 min, the reaction was
terminated by trichloroacetic acid to final concentration of 5%.
Material insoluble in hot TCA was filtered over Whatman
GF/C filters and assayed for radioactivity.
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