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ABSTRACT.  Transition from exponential phase of growth to stationary phase in Streptomyces aureofaci-
ens is characterized by a decrease in the rate of translation and induction of tetracycline (Ttc) biosynthesis. 
In exponential phase, no significant changes were found in the activity of ribosomes at binding of ternary 
complex Phe-tRNA.EF-Tu.GTP to the A-site on ribosomes. Overexpression of Ttc in stationary phase is 
accompanied by a decrease in the binding of the ternary complex Phe-tRNA.EF-Tu.GTP to the A-site of ribo-
some and a formation of an aggregate with Ttc by part of the ribosomes. Antibiotics that cause ribosome to 
stall or pause could increase the requirement for tmRNA in the process called trans-translation. We found dif-
ferences in the level of tmRNA during the development of S. aureofaciens. Subinhibitory concentrations of 
Ttc, streptomycin and chloramphenicol induced an increase in the tmRNA level in cells from the exponential 
phase of growth. In vitro trans-translation system of S. aureofaciens was sensitive to Ttc at a concentration 
of >15 μmol/L; the trans-translation system can thus be considered to contribute to resistance against Ttc pro-
duced only at sublethal concentrations. These experiments suggest that the main role of the rising tmRNA 
level at the beginning of the Ttc production is connected with ribosome rescue.    

Abbreviations 
Clm chloramphenicol Stm streptomycin DTT 1,4-dithiothreitol 
Kir kirromycin Ttc tetracycline tmRNA transfer-messenger RNA 

Streptomycetes are soil microorganisms, exposed to various physical and chemical conditions includ-
ing stresses that activate specialized responses such as synthesis of antibiotics and morphological differentia-
tion from vegetative cells to aerial mycelium and spores. Many antibiotics produced by streptomycetes are 
known inhibitors of protein synthesis. The ribosome plays a central role in sensing and adaptation to envi-
ronmental stress induced by the presence of inhibitors of ribosomal functions (van Bogelen and Neidhardt 
1999). Ttc inhibits protein synthesis by interfering with the binding of aminoacyl-tRNA to the A-site of ribo-
some (Suarez and Nathans 1965). Crystallographic studies of Ttc–ribosome complexes (Brodersen et al. 2000; 
Pioletti et al. 2001) revealed six Ttc-binding sites on 30S subunits. The binding site localized between the 
distorted minor groove of H34 and the stem-loop of H31 is responsible for the blockage of the A-site. There 
are two mechanisms of ribosomal resistance to Ttc. One is mediated by ribosomal protection proteins (Ro-
berts 1996), the other by the mutation 1058G�C on 16S RNA (Ross et al. 1998). Resistance mediated by 
ribosome protection proteins (Tet-family) confers resistance only at a low concentration of Ttc (Dantley et 
al. 1998). 

Experiments with Synechocystis showed that in the presence of subinhibitory concentrations of pro-
tein synthesis inhibitors this cyanobacterium is dependent on the presence of tmRNA (de la Cruz and Vio-
que 2001). Preincubation of ssrA mutant Synechocystis with Clm led to a 50 % reduction in protein synthesis 
relative to the level of translation observed in wild-type Synechocystis with Clm. These results suggest that 
tmRNA is required for efficient translation in the presence of protein synthesis inhibitors (Vioque and de la 
Cruz 2003). When a ribosome translates to the 3´ end of an incomplete mRNA or the mRNA lacking a stop 
codon, tmRNA is charged with alanine by alanyl-tRNA synthetases and alanine enters the A-site of the ribo-
some, which is then transferred to the stalled polypeptide chain (Keiler et al. 2000). tmRNA is a hybrid of  
a tRNA-like domain and an mRNA-like domain connected by pseudoknots. Translation resumes at an inter-
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nal position in tmRNA but not on the mRNA on which the ribosomes were stalled. This co-translation react-
ion terminates at the stop codon. The final translation product is a chimeric polypeptide in which the specific 
tagged polypeptide is recognized and degraded by ATP-dependent proteinases (Herman 1998). The read-
through of stop codons by ribosomes can lead to expression of potentially toxic extended proteins. Product-
ion of tmRNA tagged proteins in E. coli has been observed to increase in the presence of both suppressor 
tRNA and the miscoding drugs kanamycin and Stm (Abo et al. 2002) which cause translational read-through 
of stop codons. tmRNA has been shown to be essential for growth in Neisseria gonorrhoeae (Huang et al. 
2002), Mycoplasma species (Hutchison et al. 1999) and for invasion of macrophages by Salmonella enterica 
(Julio et al. 2000). In Caulobacter crescentus it is required for normal timing of the G1-to-S transition. A dele-
tion of the ssrA gene or the gene encoding small basic protein SmpB, which is required for association of 
tmRNA with ribosome (Karzai et al. 1999), results in a specific delay in the cell cycle (Keiler and Shapiro 
2003). In Bacillus subtilis, tmRNA is thermoinducible, and its ability to recycle stalled ribosomes via trans-
translation is involved in the stress tolerance of the cell (Muto et al. 2000). Furthermore, cells lacking a func-
tional tmRNA exhibit a variety of subtle phenotypes such as slow growth at a high temperature, reduced mo-
tility and inhibition of phage growth and enhanced activity of several repressors (Slavcev and Hayes 2004; 
Munavar et al. 2005). 

The presence of a functional trans-translational system is important to allow the survival of several 
species of bacteria under unfavorable conditions.  

Ribosomes stalled at the truncated mRNA lacking a termination codon are released and the tmRNA 
system facilitates the degradation of the truncated mRNAs and allows 3´ to 5´ exonucleases to access the 
free mRNA 3´ end (Ueda et al. 2002). Thus, the tmRNA quality control mechanism not only degrades aber-
rant polypeptides once produced, but also prevents the production of aberrant polypeptides through a rapid 
elimination of damaged mRNAs. In addition, trans-translation system is activating during the translation of 
full-length mRNA when ribosomes pause at rare codons or stop codons because the cognate tRNA or release 
factor is restricted (Roche and Sauer 1999; Collier et al. 2002; Hayes et al. 2002; Li et al. 2005). Proteomic 
studies have shown that many proteins including transcription factors are tagged by tmRNA. The regulatory 
role of tmRNA was recognized in many studies with mutants of ssrA genes.  

Despite the important biological function of tmRNA, its physiological role in antibiotic-producing 
streptomycetes remains unresolved. Here we investigated a possible role of the tmRNA during development 
of streptomycetes producing Ttc. We addressed three basic questions: (1) Is the level of tmRNA regulated 
during the growth and development in Streptomycetes aureofaciens? (2) How does the presence of subinhi-
bitory concentrations of antibiotic influence the abundance of the tmRNA? (3) Is trans-translation system 
involved in the mechanism of resistance to the produced drug? Our data show differences in abundance of 
tmRNA due to the presence of various antibiotics interfering with protein synthesis.  

MATERIALS  AND  METHODS 

Streptomyces aureofaciens strain MBU 84/25 was obtained from the collection of microorganisms 
of the Institute of Microbiology (Acad. Sci. Czech Rep.). Spores were prepared according to Kieser et al. (2000) 
and used for inoculation of MJ complex medium (in g/L): casamino acids 10, glycerol 10, yeast extract 2, 
(NH4)2SO4 2, K2HPO4 1, MgSO4·7H2O 0.2 and soya extract 10 mL (pH 7.2). Cells from different stages of 
development were harvested by centrifugation and washed with the standard buffer (in mmol/L): Tris-HCl 20 
(pH 7.6), NH4Cl 40, MgCl2 10, DTT 1, phenylmethanesulfonyl fluoride (PMSF) 1. Cultures were grown on 
reciprocal shaker (2.3 Hz) at 28 °C. 

Isolation of RNA from spores and vegetative cells. Spores or vegetative cells (0.6 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 Inc.). Homogenate (1 mL) was 
mixed with 50 μL of 10 % sarkosyl and incubated for 5 min at room temperature. The sample was shaken 
with 0.2 mL of chloroform, and centrifuged (14 500 g, 10 min, 4 °C). The water phase containing RNA was 
taken off and precipitated by the mixture (the volume corresponded to the above water phase) of sodium 
acetate (pH 5.5)–2-propanol (0.1 : 1, V/V) at 20 °C. RNA was sedimented at 14 500 g (10 min, 4 °C) and 
washed with 1 mL 75 % ethanol. The final sediment was solubilized in a sterile 10 mmol/L Tris-HCl (pH 8). 
RNA was analyzed in 7 % polyacrylamide with 6 mol/L urea sequencing gels and visualized with ethidium 
bromide. 

Analysis of tmRNA by Northern hybridization. Aliquots of the total RNA (50 μg) were separated by 
electrophoresis in 7 % polyacrylamide gels with 6 mol/L urea. A nylon membrane was blotted with separa-
ted RNA using a vacuum blotter Hybaid. 32P-Labeled ssrA probe was added for hybridization for 16 h at 
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48 °C. The blot was washed with 0.5× SSC and visualized by PhosphorImager. The relative amounts of 
tmRNA were quantified using an Aida Image analyzer.  

Cloning of the ssrA gene of  S. aureofaciens. The gene encoding tmRNA from S. aureofaciens was 
isolated from the total RNA of spores or vegetative cells by reverse transcription and PCR amplification of 
DNA using an upstream primer (5´-GGG GAT GAT CGG TTT CGA CAG-3´) and the downstream primer 
(5´-TGG TGG AGA TGG CGG GAA TC-3´). Plasmid with the ssrA gene under the control of the T7 pro-
moter was constructed by PCR amplification of S. aureofaciens genomic DNA with upstream primer (5´-CGA 
ATT CTA ATA CGA CTC ACT ATA GGG GGA TGA TCG GTT TCG ACA G-3´) containing an 
EcoRI restriction site and T7 promoter sequences. The amplified DNA was digested with EcoRI and cloned 
into pGEM-T Easy vector to generate pGEM-SaT7.  

Sequencing analysis. For sequencing, the amplified PCR fragments were extracted from agarose 
gels using the MinElute gel extraction kit (Qiagen, Germany). Purified PCR fragments were sequenced with 
the ABI Prism BigDye terminator v3.1 cycle sequencing kit (Applied Biosystems, UK). The chain termina-
tion reaction (Sanger et al. 1977) was performed by cycle-sequencing technique (Murray 1989) according  
to the manufacturer’s protocol. The sequence was determined with an ABI Prism 3100 DNA sequencer 
(Applied Biosystems), an ally edited and analyzed with the Lasergene® sequence analysis software (DNAStar, 
USA) (the GenBank accession number for the ssrA of S. aureofaciens is AY 616521).  

Preparation of S30 fraction and sedimentation analysis. Cells were disrupted with glass beads in 
FastPrep homogenizer and extracted with standard buffer (mmol/L): Tris-HCl 10 (pH 7.6), NH4Cl 60, mag-
nesium diacetate 8, DTT 1 and 1 μg/mL DNAase RQ1 (RNAase-free). Extract was centrifuged (15 000 g,  
30 min, 4 °C); the supernatant was again centrifuged (30 000 g, 30 min) to obtain the S30 fraction. Samples 
containing 2 A260 units of the S30 fractions were analyzed by centrifugation (rotor SW 50.1; 834 Hz, 100 min, 
4 °C) in 5 mL linear (5–22 %) sucrose gradients.  

Binding of ternary complex 14C-L-Phe-tRNA.EF-Tu.GTP to ribosomes. The complex EF-Tu.GTP 
was prepared in the reaction mixture (100 μL) containing (mmol/L) Tris-HCl 50 (pH 7.5), magnesium 
diacetate 10, NH4Cl 60, GTP 5, EF-Ts 120, phosphoenolpyruvate 40; 10 μg pyruvate kinase nd 600 pmol 
EF-Tu from S. aureofaciens (Mikulík et al. 1983); the incubation was done for 10 min at 30 °C. Aliquots 
(100 μL) containing 50 mmol/L Tris-HCl (pH 7.6), 8 mmol/L magnesium diacetate, 80 μg poly(U), 25 pmol 
ribosomes were preincubated with 50 pmol of deacylated Phe-tRNA for 30 min at 30 °C. Then 120 pmol of 
EF-Tu.GTP and 200 pmol 14C-L-Phe-tRNA (1500 pmol per A260 unit) were added and incubation continued 
for another 10 min at 30 °C. Reactions were terminated by addition of 3 mL of cold buffer (mmol/L: Tris-
HCl 5, pH 7.6; NH4Cl 100, magnesium diacetate 8). Radioactivity of Phe-tRNA bound to the A-site of ribo-
somes was determined by membrane filter assay.  

In vitro trans-translation using the stalled complex of ribosomes. The composition of the reaction 
mixture was similar as described by Himeno et al. (1997), Konno et al. (2004) and Asano et al. (2005). Poly-
phenylalanine was synthesized in 100 μL reaction mixtures containing (mmol/L): Tris-HCl 50 (pH 7.6), 
magnesium diacetate 10, NH4Cl 80, DTT 1, phosphoenol pyruvate 5, ATP 1, GTP 0.5, and 15 pmol L-phenyl-
alanine, 2 A260 units of S30 fraction and 100 μg poly(U). The time dependent incorporation of 3H-L-phenyl-
alanine (15 pmol) into polyphenylalanine was examined in a parallel experiment. After a 15-min incubation 
at 32 °C, phenylalanine incorporation was saturated. To the stalled complex of ribosomes was added the mix-
ture of (μmol/L): each of U-14C-L-alanine 20, U-14C-L-arginine 20, U-14C-L-leucine 20, U-14C-L-lysine 20, 
and 50 μmol/L each of remaining unlabeled amino acids. After a 15-min incubation at 32 °C, the reaction was 
terminated by adding trichloroacetic acid to a final concentration of 5 %. Material insoluble in hot trichloro-
acetic acid was filtered over Whatman GF/C filters and assayed for radioactivity. 

RESULTS 

Protein synthesis, biosynthesis of tetracycline and tmRNA abundance. To obtain convincing evi-
dence about the presence of tmRNA in aerial spores and vegetative cells total RNA of S. aureofaciens was 
isolated and separated; then Northern blot was probed with PCR-amplified DNA of S. aureofaciens with 
primers derived from conservative 3´ and 5´ ends of S. coelicolor ssrA. Two spots �380 and 460 bp were de-
tected by hybridization. Spot 380 bp (Fig. 1) from spore RNA was eluted and used for reverse transcription 
and cDNA was subjected to sequence analysis. The primers were also employed for the preparation of ssrA 
by PCR amplification of the DNA from vegetative cells. The results of sequence analysis showed that ssrA 
from aerial spores and vegetative cells have identical structure. The gene consists of 382 bp, the characteris-
tic tag-reading frame located at the positions 98–140. The complete nucleotide sequence is deposited in 
GenBank AY616521. The data are the first report on the presence of tmRNA in the aerial spores.  
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The information on the rate of protein synthesis, activity of ribo-
somes and production of Ttc was considered to be essential for study-
ing the potential role of tmRNA in the development of S. aureofaciens. 
The rate of protein synthesis was measured (at time intervals the cells 
were pulse-labeled with U-14C-L-leucine); growth of the culture in the 
complex medium (Fig. 2A) was characterized by a rapid increase in 
14C-leucine incorporation up to 24 h, thereafter the rate decreased. After 
a 96-h cultivation, the decline in the rate of protein synthesis was �75 %. 
The synthesis of Ttc started from 16 h and, after 120 h of cultivation, the 
Ttc concentration reached about 2 mg/mL. To test whether the decline 
in the rate of protein synthesis during transition from exponential phase 
of growth (up to 24 h) to antibiotic-producing phase (stationary phase) 
is connected with the activity of ribosomes, binding of the ternary com-
plex 14C-Phe-tRNA.EF-Tu.GTP to the A-site on ribosomes was exami-
ned. As shown in Fig. 3, subinhibitory concentration of Ttc (20– 
100 μg/mL) had no effect on the activity of ribosomes isolated after 14 
and 24 h of cultivation. When Ttc concentration in the cultivation me-
dium reached >400 μg/mL, ribosomes isolated from 32-, 48- and 72-h 
cultures were less active in the binding of the ternary complex to the A-
site. We also determined the distribution of ribosomes and ribosomal 
subunits in S30 fractions during development (Fig. 4; these experiments 
were performed with cells washed several times to remove contamina-
tion with Ttc). The major part of ribosomal population isolated from 
24-h cultures contained 70S ribosomes. The amount of ribosomal sub-
units in S30 fractions increased after 32 h of cultivation and, after 72 h, 
part of ribosomes formed aggregates (that sediment at the bottom of 
centrifugation tube) with Ttc. The aggregates from several tubes were 
collected and extracted with chloroform. Spectrometric analysis (mea-
suring maximum absorbance at 220, 268 and 355 nm) confirmed the 
presence of Ttc in the aggregates. These data indicate that accumulat-
ion of Ttc in the cultivation medium causes the inactivation of riboso-
mal function and leads to changes in the distribution of ribosomes.  

Translation pausing can lead to cleavage of the A-site codon and 
facilitate conscription of the tmRNA-quality-control system to suffer-
ing ribosomes. To follow the abundance of the tmRNA during develop-
ment and differentiation, cells from different stages of growth and diffe-
rentiation were used to isolate total RNA in the presence of  the RNAase 
inhibitor; after analyzing and probing the 32P-labeled ssrA, the radio-
active spot corresponding to 380 bp (tmRNA) was quantified. The level 
of tmRNA increased up to 48 h of cultivation and then, during the late 
stationary phase, decreased (Fig. 2B); in controls, the level of 5S RNA 
was monitored to eliminate general loss of RNA. The results showed 
no substantial change in 5S RNA level during the experiment. The de-
crease in tmRNA during the late exponential phase in S. aureofaciens 
suggests that the tmRNA was degraded. To support these observations 
the half-life of tmRNA from the exponentially growing cells of S. aureo-

faciens (14-h culture) and from the stationary-phase cells (68-h culture) was determined by inhibition of 
transcription with rifamycin and the decay of tmRNA was measured (Fig. 5). tmRNA from exponentially 
growing cells was stable for >50 min; in cells from late stationary phase �50 % was degraded during 1 h.  

Involvement of tmRNA in resistance to tetracycline. We determined whether subinhibitory concen-
trations of Clm, Kir, Stm and Ttc affect the level of tmRNA. The outcome of this experiment is that induct-
ion of tmRNA expression under conditions where Ttc has been added that is naturally synthesized is instan-
taneous and remains constant (Table I). The most pronounced effect on the increase of the tmRNA was 
observed with Stm, which caused progressive enhancement of the tmRNA levels (>3×). Clm also exhibited  
a significant effect on the rise in tmRNA concentration. In contrast, Kir had only a low influence on the 
tmRNA abundance.  

To examine the sensitivity of the trans-translation system to Ttc, stalled complexes of ribosomes 
with poly(U) were prepared from the 24-h-culture S30 fraction (see Materials and Methods). The polyphenyl- 

 
 

Fig. 1.  Analysis of total RNA from 
spores of S. aureofaciens producing 
tetracycline. Aerial spores were dis-
integrated with glass beads in the 
presence of RNA-Blue and RNA was 
analyzed in 7 % polyacrylamide– 
6 mol/L urea gel. A: part of the gel 
containing RNAs <600 bp was visu-
alized with ethidium bromide, and 
Northern blot (B) was probed with 
32P-labeled PCR amplified DNA 
using oligonucleotides derived from 
conservative sequences of S. coeli-
color ssrA; spot of 380 bp was iden-
tified as tmRNA and the second 
hybridizable spot of 460 bp was con-
sidered to be a precursor tmRNA.  
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Fig. 2.  Protein synthesis and production of tetracycline in Strepto-
myces aureofaciens (A) and analysis of tmRNA during development 
of S. aureofaciens (B). A: The rate of protein synthesis was exami-
ned using pulse-label experiments: at time intervals, samples (5 mL) 
were pulse-labeled for 5 min with U-14C-L-leucine (583 TBq/mol); 
two 1-mL samples were taken, precipitated with 1 mL 10 % trichloro-
acetic acid and incubated for 20 min at 95 °C; precipitates were col-
lected on glass micro fiber filters, washed with 5 % trichloroacetic 
acid, dried and measured for radioactivity; squares – rate of protein 
synthesis in complex medium, triangles – synthesis of tetracycline. 
Data are average values from 3 parallel experiments; the error limits 
were within ±5 %. B: Aliquot samples of cultures were taken after 
15-, 24-, 48- and 96-h cultivation; total RNA was isolated and 50 μg 
RNA samples were separated by gel (7 % polyacrylamide–6 mol/L 
urea) electrophoresis; tmRNA was detected by Northern hybridization 
with 32P-labeled probe. The amount of tmRNA was quantified by 
Aida Image analyzer; the blots were re-probed for 5S RNA.  

 
 
Fig. 4.  Sedimentation analysis of ribosomes 
from S. aureofaciens. S30 fractions from 14-, 
24- and 72-h cells growing on complex me-
dium and producing tetracycline; sedimentation 
is from right to left; R – detector response, c – 
sucrose concentration. 
 

 
 
 

alanine incorporation was saturated after a 15-min 
alanine incorporation was saturated after a 15-min 
alanine incorporation was saturated after a 15-min 
incubation; the stalled complex of ribosomes (mixed 
with 14C-labeled amino acids, which are constituents 
of the tag-peptide of S. aureofaciens tmRNA) was 
resistant to the presence of �15 μmol/L Ttc; its 
higher concentration inhibited the incorporation of  
14C-amino acids to tag-peptides (Fig. 6). These data 
indicate that S. aureofaciens responds to the presen-
ce of subinhibitory concentrations of Ttc by eleva-
ting the tmRNA level. The increased concentration 
of Ttc causing inhibition of trans-translation thus 
indicates that the trans-translation system may con-
tribute to the resistance against the drug produced 
only at sublethal concentrations. 
 

 
 
Fig. 3.  Binding of ternary complex 14C-L-Phe-tRNA.EF-
Tu.GTP to ribosomes isolated after 15-, 24-, 48- and 72-h 
tetracycline-producing cultures was performed at 30 °C, 
close to optimum temperature for growth of S. aureofaci-
ens; the results correspond to the average of 3 experiments; 
the error limits were within ±4 %.  
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Fig. 5.  Northern-blot analysis of stability of the tmRNA 
from 14- and 68-h culture of S. aureofaciens. Represen-
tative blot analysis of the tmRNA expression; transcript-
ion was inhibited by addition of rifamycin (300 μg/mL) 
and aliquots were taken at the indicated time for RNA 
extraction and Northern analysis (for quantification of 
tmRNA see Fig. 2B). The value obtained at time zero 
was used as 100 %; the amount of tmRNA remaining 
after addition of rifamycin was plotted as a function of 
time; the half-life was determined by linear regression. 
 

Table I.  The effect of antibiotics (10-min, 1- and 3-h treat-
ment)a on the level of tmRNA (%)b in S. aureofaciens 

Antibiotic 10 min 1 h 3 h 

Clm 105 ±   9.4 113 ± 15.0 150 ± 11.8 
Kir 102 ± 12.1 104 ± 11.4 111 ± 14.9 
Stm 120 ±   9.4 174 ± 17.2 312 ± 26.9 
Ttc 132 ± 15.0 138 ± 17.2 130 ± 17.1 

aClm (8 μg/mL), Kir (5), Stm (5), or Ttc (200) were added  
  to exponentially growing cultures; at time intervals, total  
  RNA was isolated; aliquot parts were analyzed by electro- 
  phoresis in polyacrylamide–urea gels; Northern blots were  
  hybridized with 32P-labeled probe. 
bControl (100 %) – the level of tmRNA before the addition  
  of antibiotics; values are averages from three experiments. 

DISCUSSION 

The rate of protein synthesis is regulated, thereby 
integrating the translation process with other metabo-
lic pathways of the cell. Altered translation rates 
occur under various conditions including stress, during 
the transition from active growth to antibiotic produ-
cing phase and cell differentiation in streptomycetes. 
At present, conclusive evidence is not available about 
how streptomycetes control the transition from pri-
mary metabolism and activate secondary metabolism. 
We examined the rate of protein synthesis during the 
development of Ttc-producing strain of S. aureofaci-
ens, activity of ribosomes, abundance of tmRNA and 

sensitivity of trans-translation to Ttc. We showed that the translational system is sensitive to the 
accumulation of Ttc; it changes the pattern of ribosomes and the activity of ribosomes at the binding of 
ternary complex Phe-tRNA.EF-Tu.GTP to the A-site on ribosomes. Antibiotics that cause ribosome to stall 
or pause could increase the cleavage of mRNA within or in adjacent to the A-site codon. The A-site mRNA-
cleavage pathway accompanied with pausing ribosomes and induction of  the tmRNA system can reduce 
translational errors and production of aberrant polypeptides (Hayes and Sauer 2003). The binding of Ttc 
blocks the binding of the ternary complex to the A-site by sterically interfering with accommodation of the 
aminoacyl-tRNA (Suarez and Nathans 1965). Over-expression of Ttc at the late-stationary phase of growth 
leads to the reduction of translation rate and to the decrease in the tmRNA level. The trans-translation 
system may then contribute to the survival of streptomycetes only in the presence of subinhibitory 
concentration of  Ttc.  
 

Fig. 6.  Effect of tetracycline on in vitro incorporation of amino acids by 
stalled complex of ribosomes. Preincubated S30 fractions (2 A260 units) 
were used for translation of poly(U) in reaction mixtures (100 μL) con-
taining (mmol/L) Tris-HCl 50 (pH 7.6), NH4Cl 80, MgCl2 10, phenyl-
alanine 15, phosphoenolpyruvate 5, DTT 1, ATP 1, GTP 0.5, and 100 μg 
poly(U). After a 15-min incubation, phenylalanine incorporation was sa-
turated. To the stalled complex of ribosomes was added 20 μmol/L each 
of U-14C-L-alanine, U-14C-L-arginine, U-14C-L-leucine, U-14C-L-lysi-
ne, and 50 μmol/L each of remaining unlabeled amino acids and tetra-
cycline (for further details see also Materials and Methods); the values 
are the averages from four independent experiments. 
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Our data suggest that the main role of the rising level of tmRNA at the beginning of Ttc production 
is connected with ribosome rescue. Ribosome release mediated by trans-translation becomes more critical 
for organisms under stress conditions. This suggestion is supported by experiments when the level of tmRNA 
increased in the presence of Ttc and other antibiotics interfering with protein synthesis. A report on ssrA in 
Streptomyces lividans (Braud et al. 2005) showed that disruption of ssrA locus has no effect on the morpho-
logy of mutant colonies. The ssrA gene was constitutively expressed during cultivation in liquid medium. 
On the other hand, we found differences in the abundance of tmRNA during the development of S. aureo-
faciens – our data show differences in the tmRNA stability during development (cf. Fig. 6). As tmRNA is 
stable during the exponential phase (half-life >50 min) while in the stationary phase about ½ tmRNA is de-
graded, it remains to be established how the stability of tmRNA is regulated. Hong et al. (2005) showed that 
SmpB protein (small protein B) protects tmRNA from degradation. Accommodation of tmRNA on riboso-
mes of Escherichia coli is dependent on the presence of elongation factor Tu, SmpB protein, and ribosomal 
protein S1. Additional proteins RNAase R, YfbG and phosphoribosyl-diphosphate synthase were co-purified 
with the tmRNA–SmpB complex (Karzai and Sauer 2001). Our preliminary data (Pale�ková et al. 2006) 
indicate that association of proteins to the tmRNA of S. aureofaciens is growth-phase dependent. Polyribo-
nucleotide-nucleotidyltransferase (PNPase) was identified among proteins associated to tmRNA. The enzyme 
is 3´,5´-exoribonuclease catalyzing phosphorolytic degradation of RNA. In S. antibioticus, the expression of 
pnp gene encoding PNPase is regulated by functional promoter in the intergenic region (Bralley and Jones 
2004) with structure similar to the sigma factor (�S), which is expressed during growth cessation or starvat-
ion. This mechanism could be involved in the regulation of PNPase expression and consequently in changes of 
the tmRNA level. 

This work was supported by grant of the Grant Agency of the Czech Republic no. 203/05/0106 to the corresponding author.  

REFERENCES 

ABO T., UEDA K., SUNOHARA T., OGAWA K., AIBA H.: SsrA-mediated protein tagging in the presence of miscoding drugs and its phy-
siological role in Escherichia coli. Genes Cells 7, 629–638 (2002). 

ASANO K., KURITA D., TAKADA K., KONNO T., MUTO A., HIMENO H.: Competition between trans-translation and termination or elon-
gation of translation. Nucl.Acids Res. 33, 5544–5552 (2005). 

VAN BOGELEN R.A., NEIDHARDT F.C.: Ribosomes as sensors of heat and cold shock in Escherichia coli. Proc.Nat.Acad.Sci.USA 87, 
5589–5593 (1999). 

BRALLEY P., JONES H.G.: Organization and expression of polynucleotide phosphorylase gene (pnp) of Streptomyces: processing of pnp 
transcripts in Streptomyces antibioticus. J.Bacteriol. 186, 3160–3172 (2004). 

BRAUD S., LAVIRE C., BELLIER A., MAZODIER P.: Effect of SsrA (tmRNA) tagging system on translational regulation in Streptomyces. 
Arch.Microbiol. 184, 343–352 (2005).  

BRODERSEN D.E., CLEMONS W.M., CARTER A.P., MORGAN-WARREN R.J., WIMBERLY B.T., RAMAKRISHNAN V.R.: The structural basis 
for the action of antibiotics tetracycline, pactamycin and hygromycin B on the 30S ribosomal subunit. Cell 103, 1143–1154 
(2000). 

COLLIER J., BINET E., BOULOC P.: Competition between SsrA tagging and translational termination at weak stop codons in Escherichia 
coli. Mol.Microbiol. 45, 745–754 (2002). 

DE LA CRUZ J., VIOQUE A.:. Increased sensitivity to protein synthesis inhibitors in cells lacking tmRNA. RNA 7, 1708–1716 (2001). 
DANTLEY K.A., DANNELLY H.K., BURDETT V.: Binding interaction between Tet(M) and the ribosome: requirements for binding. J.Bac-

teriol. 180, 4089–4092 (1998). 
HAYES C.S., BOSE B., SAUER R.T.: Stop codons preceded by rare arginine codons are efficient determinants of SsrA tagging in Esche-

richia coli. Proc.Nat.Acad.Sci.USA 99, 3440–3445 (2002).  
HAYES C.S., SAUER R.T.: Cleavage of the A-site mRNA codon during ribosome pausing provides a mechanism for translation quality 

control. Mol.Cell. 12, 903–911 (2003).  
HERMAN C., THEVENET D., BOULOC P., WALKER G.C., D’ARI R.: Degradation of carboxy-terminal-tagged cytoplasmic proteins by the 

Escherichia coli proteinase HflB (FtsH). Genes Dev. 12, 1348–1355 (1998). 
HIMENO H., SATO M., TADAKI T., FUKUSHIMA M., USHIDA C., MUTO A.: In vitro trans-translation mediated by alanine-charged 10Sa 

RNA. J.Mol.Biol. 268, 803–808 (1997). 
HONG S.-J., TRAN Q.-A., KEILER K.C.: Cell cycle regulated degradation of tmRNA is controlled by RnaseR and SmpB. Mol.Microbiol. 

57, 565–575 (2005). 
HUANG C., WOLFGANG M.C., WITHEY J., KOOMEY M., FRIEDMAN D.I.: Charged tmRNA but not tmRNA-mediated proteolysis is essen-

tial for Neisseria gonorrhoeae viability. EMBO J. 19, 1098–1107 (2002). 
HUTCHISON C.A., PETERSON S.N., GILL S.R., CLINE R.T., WHITE O., FRASER C.M., SMITH H.O., VENTER J.C.: Global transposon mu-

tagenesis and a minimal Mycoplasma genome. Science 286, 2165–2169 (1999).  
JULIO S.M., HEITHOF D.N., MAHAN M.J.: ssrA (tmRNA) plays a role in Salmonella enterica serovar Typhimurium pathogenesis. J.Bac-

teriol. 182, 1558–1563 (2000). 
KARZAI A.W., SUSSKIND M.M., SAUER R.T.: SmpB, a unique RNA-binding protein essential for the peptide-tagging activity of SsrA 

(tmRNA). EMBO J. 18, 3793–3799 (1999). 
KARZAI A.W., SAUER R.T.: Protein factors associated with the SsrA–SmpB tagging and ribosome rescue complex. Proc.Nat.Acad.Sci. 

USA 98, 3040–3044 (2001). 



524    P. PALE�KOVÁ  et al. Vol. 51 

KEILER K.C., WALLER P.R., SAUER R.T.: Role of a peptide tagging system in degradation of proteins synthesized from damaged mes-
senger RNA. Science 271, 990–993 (2000).  

KEILER K.C., SHAPIRO L.: tmRNA is required for correct timing of DNA replication in Caulobacter crescentus. J.Bacteriol. 185, 573–
580 (2003).  

KIESER T., BIBB M.J., BUTTNER M.J., CHATER K.F., HOPWOOD D.A.: Practical Streptomycetes Genetics, pp. 54–55. John Innes Foun-
dation, Norwich (UK) 2000. 

KONNO T., TAKAHASHI T., KURITA D., MUTO A., HIMENO H.: A minimum structure of aminoglycosides that causes an initiation shift of 
trans-translation. Nucl.Acids Res. 32, 4119–4126 (2004). 

LI X., HIRANO R., TAGAMI H., AIBA H.: Protein tagging at rare codons is caused by tmRNA action at 3´ end of nonstop mRNA genera-
ted in response to ribosome stalling. RNA 12, 248–255(2005). 

MIKULÍK K., JIRÁ�OVÁ A., WEISER J., JANDA I., Š	ASTNÁ J., QUYEN N.: Transalation of poly(U) on ribosomes from Streptomyces 
aureofaciens. Biochim.Biophys.Acta. 740, 99–107 (1983). 

MUNAVAR H., ZHOU Y., GOTTESMAN S.: Analysis of the Escherichia coli Alp phenotype heat shock induction in ssrA mutants. J. Bac-
teriol. 187, 4739–4751 (2005). 

MURRAY V.: Improved double-stranded DNA sequencing using linear polymerase chain reaction. Nucl.Acids Res. 17, 8889 (1989). 
MUTO A., FUJIHARA A., ITO K.I., MATSUNO J., USHIDA C., HIMENO H.: Requirement of transfer-messenger RNA for growth of Bacillus 

subtilis under stresses. Genes Cells 5, 627–635 (2000). 
PALE�KOVÁ P., FELSBERG J., HALADA P., BOBEK J., MIKULÍK K.: Structure of tmRNA of Streptomycetes and association of proteins 

with tmRNA, p. 98 in Abstr. Book, 10th Internat. Symp. Genetics of Industrial Microorganisms. Inst. Microbiol. Acad. Sci. 
Czech Rep., Prague 2006. 

PIOLETTI M., SCHLUNZEN F., HARMS J., ZARIVACH R., GLUHMANN M., AVILA H., BASHAN A., BERTELS H., AUERBACH T., JACOBY C., 
HARTSCH T., YONATH A., FRANCESCHI F.: Crystal structures of complexes of the small ribosomal subunit with tetracycline, 
edeine and IF3. EMBO J. 20, 1829–1839 (2001).  

ROBERTS M.C.: Tetracycline resistance determinants: mechanisms of action, regulation of expression, genetic mobility and distribution. 
FEMS Microbiol.Rev. 19, 1–24 (1996).  

ROCHE E.D., SAUER R.T.: SsrA-mediated peptide tagging caused by rare codons and tRNA scarcity. EMBO J. 18, 4579–4589 (1999). 
ROSS J.I., EADY E.A., COVE J.H., CUNDLIFFE W.J.: 16S rRNA mutation associated with tetracycline resistance in a Gram-positive bac-

terium. Antimicrob.Agents Chemother. 42, 1702–1705 (1998). 
SANGER F., NICKELN S., COULSON A.R.: DNA sequencing with chain-terminator inhibitors. Proc.Nat.Acad.Sci.USA 74, 5463–5467 

(1977). 
SLAVCEV R.A., HAYES S.: Blocking the T4 lysis inhibition phenotype. Gene 321, 163–171 (2004). 
SUAREZ G., NATHANS D.: Inhibition of aminoacyl-sRNA binding to ribosomes by tetracycline. Biochem.Biophys.Res.Commun. 18, 

743–750 (1965).  
UEDA K., YAMAMOTO Y., OGAWA K., ABO T., INOKUCHI H., AIBA H.: Bacterial SsrA system plays a role in coping with unwanted 

translational read through caused by suppressor tRNAs. Genes Cells 7, 509–519 (2002). 
VIOQUE A., DE LA CRUZ J.: Trans-translation and protein synthesis inhibitors. FEMS Microbiol.Lett. 218, 9–14 (2003). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


