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cis-Acting RNA elements in the leaders of bacterial mRNA often regulate gene transcription, especially
in the context of amino acid metabolism. We determined that the transcription of the auxiliary, antibiotic-
resistant tryptophanyl-tRNA synthetase gene (¢rpRSI) in Streptomyces coelicolor is regulated by a ribo-
some-mediated attenuator in the 5’ leader of its mRNA region. This regulatory element controls gene
transcription in response to the physiological effects of indolmycin and chuangxinmycin, two antibiotics
that inhibit bacterial tryptophanyl-tRNA synthetases. By mining streptomycete genome sequences, we
found several orthologs of trrpRS1 that share this regulatory element; we predict that they are regulated in
a similar fashion. The validity of this prediction was established through the analysis of a trpRS1 ortholog
(SAV4725) in Streptomyces avermitilis. We conclude that the #rpRS1 locus is a widely distributed and
self-regulating antibiotic resistance cassette. This study provides insights into how auxiliary aminoacyl-

tRNA synthetase genes are regulated in bacteria.

Streptomyces is a large genus of Gram-positive, soil-dwell-
ing bacteria. Interest in these organisms is based largely on
the fact that they produce half of the 10,000 known antibi-
otics and two-thirds of the antibiotics used in clinical med-
icine (2). Since antibiotic resistance determinants accom-
pany genes for antibiotic biosynthesis (7), it is a widely held
notion that these bacteria represent a reservoir of antibiotic
resistance genes (8, 28, 38). The mining of streptomycete
genomes has led to the discovery of novel antibiotic resis-
tance genes (40). The high frequency of antibiotic resistance
observed in many Streptomyces species indicates that much
lateral transfer of resistance genes has taken place (3, 8, 38,
42). In many cases, a Streptomyces species will harbor mul-
tiple genes conferring resistance to antibiotics that it does
not produce (8). As many resistance genes are needed con-
ditionally, the expression of antibiotic resistance genes often
is induced upon exposure to antibiotics (9).

Bioinformatic analysis of the genome sequence of Strep-
tomyces coelicolor (the model organism of the genus) re-
vealed several putative genes that confer resistance to anti-
biotics that the organism does not produce, including
erythromycin, vancomycin, chloramphenicol, the pristina-
mycins, and the lincosamides (2). Many of the bioinformatic
predictions have been validated by antibiotic susceptibility
assays and by genetic and biochemical analyses (11, 17, 20,
24, 40). The transcription of some resistance genes is tightly
regulated. For example, in the presence of vancomycin and
the pristinamycins, S. coelicolor activates the transcription
of the corresponding resistance genes (11, 17, 20).
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The focus of this study is an auxiliary tryptophanyl-tRNA
synthetase gene (trpRS1) in S. coelicolor that confers resis-
tance to indolmycin and chuangxinmycin (25, 39), antibiotics
that competitively inhibit bacterial tryptophanyl-tRNA syn-
thetases (34). The primary tryptophanyl-tRNA synthetase
encoded by the #7pRS2 gene is sensitive to these antibiotics
(25). Indolmycin is an antibiotic produced by Streptomyces
griseus ATCC 12648 (35). Although indolmycin is not used
clinically, its selective inhibition of bacterial tryptophanyl-
tRNA synthetases and potent activity against methicillin-
resistant Staphylococcus aureus (MRSA) and Helicobacter
pylori recently has renewed interest in its pharmacological
potential (19). Chuangxinmycin, produced by Actinoplanes
tsinanensis, also has demonstrable activity against multi-
drug-resistant pathogens (6). We previously reported that
these antibiotics did not affect the transcription of #7pRS2,
whereas the open reading frame (ORF) of the #7pRS! tran-
script could be detected only in cultures that were treated
with indolmycin or chuangxinmycin (39). These observa-
tions indicated that the gene was subject to regulation at the
level of transcription (39). Further, our finding that #7pRSI
is transcribed with a 157-nucleotide leader raised the pos-
sibility that the gene is transcriptionally regulated via the
formation of distinct secondary structures in the leader that
either cause or repress the premature termination of tran-
scription. The regulation of gene transcription by cis-acting
RNA regulatory structures such as T-box riboswitches and
ribosome-mediated transcriptional attenuators is a recur-
ring theme in bacteriology, especially in the context of
amino acid metabolism (15, 26, 29). Computational analyses
often enable the facile classification of RNA sequences into
one of these two categories of RNA regulatory elements (13,
29, 37, 41). On this basis, we analyzed the #rpRS1 leader
sequence in search of any canonical RNA regulatory ele-
ments. Sequence elements resembling those of ribosome-
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TABLE 1. Bacterial strains used in this study

Strain Genotype/description Rigifregece/
S. avermitilis 21, 32
ATCC 31267
S. coelicolor
Mo600 Prototroph; SCP1~ SCP2 24
B725 M600 trpRS1::apr 39
B734 B725 TrpRS2(H48N) 40
B735 B725 TrpRS2(H48Q) 40
B771 B734 pJS340 This study
B772 B735 pJS340 This study
B774 M600 pJS340 This study
B775 M600 pJS341 This study
B776 M600 pJS342 This study
B779 M600 pJS345 This study
B780 M600 pJS346 This study
B782 M600 pJS348 This study
B784 M600 pJS350 This study
B785 M600 pJS351 This study
B786 M600 pJS352 This study
B788 M600 pJS354 This study
B790 M600 pJS356 This study
B791 M600 pJS357 This study
E. coli
DH5a F~ $80lacZAM15 A(lacZYA-argF) Invitrogen
U169 recAl endAI hsdR17 (ry
my ) phoA supE44 thi-1 gyrA96
relAI N~
ET12567 dam dcm hsdS cat tet 39

mediated transcriptional attenuators were identified in the
trpRS1 leader.

In this study, we used molecular genetic approaches to de-
termine if the apparent attenuator regulates #rpRSI transcrip-
tion. Herein, we report the mechanism by which #pRSI tran-
scription is induced by antibiotics that inhibit TrpRS2.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All of the strains that were utilized in
this study are listed in Table 1. S. coelicolor strains were grown at 30°C on
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mannitol soya flour medium (SFM) or Difco nutrient agar medium (DNA) (24).
For RNA isolation, S. avermitilis ATCC 31267 was grown in minimal liquid
medium (NMMP) as previously described (40). Escherichia coli strains DH5a
and ET12567/pUZ8002 were grown on Luria-Bertani medium at 37°C (36). The
MICs for Streptomyces strains were assessed on DNA solid medium after a 48-h
incubation period. For selecting Escherichia coli, ampicillin, apramycin, chlor-
amphenicol, hygromycin, and kanamycin were employed at 100, 50, 25, 80, and
50 pg/ml, respectively. Nalidixic acid was used at 20 pwg/ml to counterselect E. coli
in conjugations with S. coelicolor. Apramycin and hygromycin were used at 50
pg/ml for selecting S. coelicolor. Indolmycin was chemically synthesized by the
authors as described by Kamiyama et al. (14) and used at 10 pg/ml.

Plasmids and primers. All plasmids used in this study are listed in Table 2.
The plasmids used in this study were constructed using standard cloning proce-
dures (36). DNA sequencing was performed by Davis Sequencing (Davis, CA).
The site-specific integrating vector pMS81 (12) was used to introduce the various
reporter constructs (various rpRSI leader fragments fused to the neo open
reading frame) into S. coelicolor. The primers used in this work, all of which were
synthesized by Invitrogen, are listed in Table 3. PCR was performed with either
Taq (Invitrogen) or Pfu (Stratagene, Agilent Technologies) under standard con-
ditions for G-C-rich DNA templates (24).

Creation of reporter constructs. Using wild-type strain S. coelicolor M600
genomic DNA as the template, a 380-bp region spanning the #7pRS! leader and
promoter was amplified by PCR using primers 1 and 2 (Table 3). The PCR
product, with an engineered Ndel site (introduced from primer 2) at its 3’ end
to enable fusion to the neo (kanamycin resistance) gene, was ligated into pBlue-
script KS+ to give pJS358 (Table 2). The trpRSI leader-neo fusion then was
subcloned into the integrative vector pMS81, yielding pJS340. pJS340 was intro-
duced into E. coli strain ET12567/pUZ8002 and then into S. coelicolor strains
B734 and B735 (yielding strains B771 and B772 [Table 1]), and M600 (yielding
strain B774; Table 1) by way of conjugation (23).

A 280-bp segment spanning the #rpRSI promoter and the proposed 1:2 hairpin
of the #rpRSI leader was PCR amplified using pJS358 as the template with
primers 1 and 4. The native #rpRS1 ribosome-binding site was engineered into
primer 4 to enable fusion to the truncated leader (Table 3, boldface segment of
primer 4 sequence). The PCR product derived from primers 1 and 4 was fused
to the neo gene as described above. The truncated #pRSI leader-neo fusion was
subcloned into pMS81 to yield pJS341, which was introduced into wild-type
strain S. coelicolor M600 by way of conjugation to yield strain B775 (Table 1).

A 322-bp segment spanning the rpRSI promoter and leader, with the excep-
tion of the four terminal residues of the A+U-rich tract, was PCR amplified
using pJS358 as the template with primers 1 and 3. The native #rpRS! ribosome-
binding site was engineered into primer 3 to enable fusion to the truncated
leader (boldface segment of primer 3 sequence in Table 3). The PCR product
was ligated to the neo gene, subcloned into pMS81 to give pJS342, and intro-
duced into wild-type strain S. coelicolor M600 by way of conjugation to yield
strain B776 (Table 1).

TABLE 2. Plasmids used in this study”

Plasmid Description Vector backbone Reference or source
pBluescript KS+ pUC ori Amp" Agilent Technologies
(Stratagene)
pGemT pUC-derived, lacZ’', Amp" Promega
pMSS81 oriT dattB-int Hyg" 12
pJS340 trpRS1 wild-type leader-neo pMS81 This study
pJS341 trpRS1 leader lacking 3:4 stem-loop-neo pMS81 This study
pJS342 trpRS1 leader lacking part of A+U-rich tract-neo pMS81 This study
pJS345 trpRS1 leader G(—126)A-neo pMS81 This study
pJS346 trpRS1 leader C(—127)A-neo pMS81 This study
pJS348 trpRS1 leader G(—129)C-neo pMS81 This study
pJS350 trpRS1 leader C(—131)A-neo pMS81 This study
pJS351 trpRS1 leader T(—132)C-neo pMS81 This study
pJS354 SAV4725 wild-type leader-neo pMS81 This study
pJS356 SAVA4725 leader G(—128)C-neo pMSS81 This study
pJS357 SAV4725 leader G(—125)C-neo pMS81 This study
pJS358 trpRS1 wild-type leader pBluescript KS+ This study
pJS359 trpRS1 wild-type leader-neo pBluescript KS+ This study
pJIS360 SAV4725 wild-type leader pBluescript KS+ This study

“ Numbers in parentheses refer to positions relative to the predicted translation start site. Antibiotic resistance markers: Amp”, ampicillin resistance; Hyg",

hygromycin resistance; neo, kanamycin resistance.
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TABLE 3. Primers used in this study”

Entry Primer name Application/function Sequence
1 SCO3334 (—380) For Cloning of the #pRS1 leader 5'-GATATCTTCTTTCGAACGTGGATTCCTC-3"*
2 SCO3334 (—1) Rev Cloning of the #pRS1 leader 5'-CATATGCTCTCCACCTCCTGGTCAG-3"¢
3 SCO3334 (—59)A Rev  Cloning of the #rpRSI leader lacking part of the 5-CATATGCTCTCCACCTCCTTACGAGAACGGCCG

A+U-rich tract
4 SCO3334 (—100)A Rev

5 TrpRS1 G(—126)A F
creation of G(—126)A mutation
6  TrpRSI G(—126)A R
creation of G(—126)A mutation
7 TrpRS1 C(—127)A F
creation of C(—127)A mutation.
8  TipRSI1 C(—127)A R
creation of C(—127)A mutation.

9 TrpRS1 G(—129)C F

creation of G(—129)C mutation

10 TrpRS1 G(—129)C R

creation of G(—129)C mutation.

11 TrpRS1 C(—131)A F

creation of C(—131)A mutation

12 TrpRS1 C(—131)A R

creation of C(—131)A mutation

13 TrpRS1 T(—132)C F

creation of T(—132)C mutation

14 TrpRS1 T(-132)C R

creation of T(—132)C mutation
Cloning of the SAV4725 leader
Cloning of the SAV4725 leader

15 SAV4725 UF
16 SAV4725 UR

17 SAV4725 G(—125)C F1

Cloning of the #pRS1 leader lacking 3:4 hairpin
Site-directed mutagenesis of the #pRS1 leader,
Site-directed mutagenesis of the #pRS1 leader,
Site-directed mutagenesis of the #pRS1 leader,

Site-directed mutagenesis of the #pRS1 leader,

Site-directed mutagenesis of the #7pRSI leader,
Site-directed mutagenesis of the #7pRSI leader,
Site-directed mutagenesis of the #7pRSI leader,
Site-directed mutagenesis of the #7pRSI leader,
Site-directed mutagenesis of the #7pRSI leader,

Site-directed mutagenesis of the #7pRSI leader,

Site-directed mutagenesis of the SAV4725

5 ’—CC(X'%‘é;fGCTCTCCACCTCCTTGTGTACGGCCGCCG
5 ’I}CT:Z&CCAGCTCTGGCAGGCCGCCTG—3 '
5'-CGCCGTCAGGCGGCCTGCCAGAGCTG-3'
5'-GTGTACCCAGCTCTGGAGGGCCGCCTG-3’

5'-GCCGTCAGGCGGCCCTCCAGAGCTG-3'

5’-CCAGCTCTCGCGGGCCG-3'
5’-CGGCCCGCGAGAGCTG-3'
5'-GTACGTGTACCCAGCTATGGCGGGCCGCCTG-3’
5’-GTCAGGCGGCCCGCCATAGCTGGGTAC-3’
5’-GTACGTGTACCCAGCCCTGGCGGGCCGCCTG-3'
5'-CAGGCGGCCCGCCAGGGCTGGGTAC-3’

5'- ACTAGTCGGAATCCTTGCTCCC-3"¢
5'-CATATGCTCTCCACCTCCTGGTCG-3'¢

5'-GTACCCAGCAGTGGTCGGCCGCCTGAC-3’

leader, creation of G(—125)C mutation

18 SAV4725 G(—125)C R1

Site-directed mutagenesis of the SAV4725

5'-CGCCGTCAGGCGGCCGACCACTGCTG-3’

leader, creation of G(—125)C mutation

19 SAV4725 G(—128)C F1

Site-directed mutagenesis of the SAV4725

5'-CGTGTACCCAGCAGTCGTGGGCCGCC-3’

leader, creation of G(—128)C mutation

20 SAV4725 G(—128)C Rl

Site-directed mutagenesis of the SAV4725

5'-CGTCAGGCGGCCCACGACTGCTGGGTAC-3’

leader, creation of G(—128)C mutation

21  SAV4725 RC A
22 SAV4725 RC C
23 SAV4725 RC D

SAV4725 transcript, 5" RACE
SAV4725 transcript, 5" RACE
SAV4725 transcript, 5" RACE

5'-CTGAAGATCCGCTTCATCTCTC-3'
5'-CCGTGCTGATCGACGTC-3’
5'-GTCGACGACGCAGAACAG-3’

“ Numbers in parentheses refer to positions relative to the predicted translation start site.

 The engineered EcoRYV site is underlined.

¢ The engineered Ndel site is underlined.

4 The engineered Spel site is underlined.

¢ The predicted #rpRS1 ribosome-binding site is in boldface.

Using wild-type S. avermitilis ATCC 31267 genomic DNA as the template,
a 400-bp region spanning the SAV4725 leader and promoter was amplified by
PCR using primers 15 and 16 (Table 3). The PCR product was cloned into
pBluescript KS+ (yielding pJS360; Table 2). It then was subcloned into
pJS341 for fusion to the neo gene, yielding pJS354 (Table 2). pJS354 was
introduced into wild-type S. coelicolor M600 by way of conjugation, yielding
strain B788 (Table 1).

Site-directed mutagenesis. Specific point mutations in the S. coelicolor
trpRS1 leader were generated using the Stratagene QuikChange site-directed
mutagenesis procedure. The primer pairs used to generate all point mutations
in the trpRS1 leader are provided in Table 3 (primers 5 to 14). Plasmid pJS358
was used as the template in these reactions. All mutant rpRSI leaders were
fused to the neo gene and subcloned into pMS81, yielding plasmids pJS345 to
pJS351 (Table 2). Plasmids pJS345 to pJS351 were independently introduced
into wild-type S. coelicolor strain M600 via conjugation, yielding strains B779
to B785 (Table 1).

The primer pairs used for the site-directed mutagenesis of the SAV4725 leader
are provided in Table 3 (primers 17 to 20). Plasmid pJS360 was used as the
template in these reactions. The mutant SAV4725 leaders were fused to the neo
gene and subcloned into pMS81, yielding plasmids pJS356 and pJS357 (Table 2).
Plasmids pJS356 and pJS357 were introduced into wild-type S. coelicolor strain
M600 by conjugation, yielding strains B790 and B791 (Table 1).

Mapping of the SAV4725 transcription start site. The SAV4725 transcription
start site was mapped using the 5’ rapid amplification of cDNA ends (5'-RACE)
system, version 2.0 (Invitrogen), as previously described (39). Primers used in this
analysis (21-23) are described in Table 3. The final PCR product was ligated into
vector pGemT (Table 2) and identified by sequencing. The location of the
transcription start site was corroborated through independent trials.

Nucleotide sequence accession numbers. The nucleotide sequences of all
trpRS1 orthologs are available at the NCBI database under the following acces-
sion numbers: Streptomyces albus (ABYC01000233), Streptomyces avermitilis
(NC_003155), Streptomyces coelicolor (NC_003888), Streptomyces ghanaensis
(ABYA01000261), Streptomyces griseoflavus (ACFA01000404), Streptomyces hy-
groscopicus (ACEX01000367), Streptomyces lividans (ACEY01000177), Strepto-
myces pristinaespiralis (ABJI01000428), Streptomyces sviceus (ABJJ01000233),
and Streptomyces viridochromogenes (ACEZ01000149).

RESULTS

Bioinformatic analysis of the trpRS1 leader revealed fea-
tures that are reminiscent of a ribosome-mediated transcrip-
tional attenuator. Analysis of the #7pRSI leader revealed fea-
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FIG. 1. Schematic representation of the mutually exclusive secondary structures formed by the 157-nucleotide leader of the #rpRS1 transcript.
The start codon (GUG), tryptophan codon (UGG), and stop codon (UGA) of the #rpRS1 leader peptide ORF are in boldface. (A) The proposed
terminator structure of the wild-type #pRS1 leader peptide attenuator. An S. coelicolor strain harboring the reporter construct with the wild-type
promoter/leader fails to grow on medium containing only kanamycin (growth is indolmycin dependent). (B) The proposed antiterminator structure
of the rpRS1 leader peptide attenuator. An S. coelicolor strain harboring the wild-type reporter construct grows on medium containing kanamycin

and indolmycin.

tures found in ribosome-mediated transcriptional attenuators
with rho-independent terminators, especially those in trypto-
phan metabolism operons (10, 43, 44). Specifically, we identi-
fied two distinct dyads of symmetry within the leader sequence
that were capable of forming mutually exclusive RNA second-
ary structures (Fig. 1). In one of the presumptive RNA sec-
ondary structures, each dyad of symmetry forms a hairpin. The
two sequences of the upstream dyad of symmetry (sequences 1
and 2) form the 1:2 hairpin, while the two sequences of the
downstream dyad (sequences 3 and 4) form the 3:4 hairpin
(Fig. 1A). As it is G+C rich and immediately upstream of an
A+U-rich tract, the 3:4 hairpin resembles a rho-independent
transcription terminator (10, 27). By analogy to well-charac-
terized transcription attenuators, the 3:4 hairpin is likely to
mediate premature transcription. In the other presumptive
RNA secondary structure, sequence 2 of the upstream dyad
base pairs with sequence 3 of the downstream dyad to form the
2:3 hairpin (Fig. 1B). As this structure precludes the formation
of the rho-independent terminator, it is likely that the 2:3
hairpin is an antiterminator structure permissive to the tran-
scription of the #rpRS1 ORF.

The presumptive switch between the transcriptional termi-
nator and antiterminator structures is mediated by the trans-
lation of a small ORF positioned adjacent to sequence 1 of the
upstream dyad (Fig. 1). The position of the coding region
relative to the dyads is indicative of ribosome-mediated tran-
scriptional attenuation (33). The apparent 39-nucleotide ORF
encodes a 13-amino-acid peptide with the sequence VMTRT

CTQLWRAA. The translation start site of the small ORF
coincides with the transcription start site of #7pRSI. The small
peptide encoded by the ORF is distinct from those found in
other bacterial tryptophan metabolism operons in that it only
has a single tryptophan residue (37). The relative proximity of
the tryptophan codon to sequence 1 of the upstream dyad
suggests that the stalling of the ribosome at this codon would
physically sequester sequence 1 and thus preclude the forma-
tion of the 3:4 hairpin (the apparent rho-independent termi-
nator). Therefore, the ribosome-mediated transcriptional at-
tenuation model can explain the transcriptional response of
trpRS1 to indolmycin and chuangxinmycin (inhibitors of tryp-
tophanyl-tRNA synthetase). Specifically, the inhibition of
TrpRS2 by these antibiotics would decrease intracellular levels
of charged tryptophanyl-tRNA. Under these conditions, the
ribosome would stall at the #p codon and trigger antitermina-
tion, leading to the transcription of the #pRSI ORF.

trpRS1 orthologs are found in the genomes of many species
of Streptomyces bacteria. A comparative analysis of the avail-
able streptomycete genome sequences revealed that several
species possess auxiliary tryptophanyl-tRNA synthetases that
are homologous to #pRSI (data not shown). The nucleotide
sequences immediately upstream of the orthologs were homol-
ogous to the #7pRSI leader (Fig. 2A). The highest degrees of
homology corresponded to the units of dyad symmetry and to
the small ORF in the #7pRSI leader. Further, the position of
the small ORF relative to the dyads was absolutely conserved
(Fig. 2A). All of the apparent leader peptides were 13 amino
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Leader Peptide
A Start Codon

S. coelicolor
S. albus (-165) GUGACCAC
S. avermitilis
S. ghanaensis (-165) GUGACCACGCGUACGUACCGCC.
S. griseoflavus

S. hygroscopicus

S. lividans

S. pristinaespiralis

S. sviceus

S. viridochromogenes

B

S. coelicolor VMTRTCTQLWRAA-
S. lividans VMTRTCTQLWRAA-
S. sviceus MTTRTCTQQWRAA-
S. albus VTTRTYNGLWWAA-
S. avermitilis MTTRTCTQQWWAA-
S. ghanaensis VTTRTYRQFWWAA-
S. griseoflavus MTTRTYSQCWWAA-
S. hygroscopicus MTKHAHLAQWWPA-
S. pristinaespiralis MTSRMCLHQWWAA-
S. viridochromogenes MKTRTCTGLWWAA-

Leader Peptide
Stop Codon

J_ Stem lJ_ Stem 2

(-157) GUGAUGACGCGUACGUGUACCCAGCUCUGGCGGGCCGCCUGACGECGECCGUACACACGUAUGCACUCGALGEECGCCGCUULGECEGEGCCGUUCUCGUAU (-58) ... (+1) AUG
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A + U-Rich trpRS1 ORF
Tract Start Codon

Stem 4 J_

Stem 3

GCGUACGUACAACGGGCUCUGGUGGGCCECCUGACGECEECCAGCCCUGACGUGUGCAGACAACGECCGCCGCACCEECEECCEUUGGCGUAU (-65) ... (+1) AUG
(-156) AUGACUACGCGUACGUGUACCCAGCAGUGGUGGGCCGCCUGACGECEGGCCGUACACACGUAUGUACUCAACGECCGCCECCULCEGECEGECCEUUCUCGUUU (-57) ... (+1) AUG
AGUUCUGGUGGGCCGCCUGACGGCGGCCCUGCUCACGUACGCACCCGAGEEEECEGLCEGACCLEECECECCEUUCUUGUUU (-65) ... (+1) AUG
(-172) AUGACCACGCGUACGUACAGCCAGUGCUGGUGGGCCECCUGACGECEGCCGCCCUCUUACGUACGCACCCACGEECECCGCCUCEECEECCEUUUCUGUUU (-72) .. (+1) AUG
(-168) AUGACGAAGCAUGCGCACCUUGCCCAGUGGUGGCLLGCCUGACGECEECCGCCCCCAGCGCAUGCACUUCCACGEECEGCCECUCCEECEGEGCCGUUUUCGUAU (-67) .. (+1) AUG
(=157) GUGAUGACGCGUACGUGUACCCAGCUCUGGCGEGCCGCCUGACGECEGGECCGUACACACGUAUGCACUCGACGEECEGCCGCUUCEGGCGEGCCEGUUCUCGUAU (-58) ..... (+1) AUG
(-159) AUGACAUCGCGCAUGUGCCUCCACCAGUGGUGGGCCECCUGACGECEECCCGCGCUUUCGCAUGUACCCACEGEEEEGCCEGCUUCGECEECCEGUUCGCGUAU (-60) ... (+1) AUG
(-164) AUGACAACGCGUACGUGCACCCAGCAGUGGCGGGCCECCUGACGECEGECCGUAAGCACGUAUGCACUCAACGECEGCCUCCULCGECEECCEGUUCGCAUAU (-65) ... (+1) AUG

(-163) AUGAAGACGCGUACGUGUACCGGGCUGUGGUGEECCECCUGACGECEECCGCCCUCACGUAUGCGCUCAACEECEEGCCEGCUUCGECEECCEGUUCUUGUUU (-64) ... (+1) AUG

C S. avermitilis

MTTRTCTQQWWAA-
S. coelicolor VMTRTCTQLWRAA-
E. coli MLAIPVLKGWWRTS-

FIG. 2. Sequence alignments of the regions upstream of #pRSI and its orthologs in various Streptomyces species and of the cognate leader
peptides. (A) The regions upstream of the #pRS! orthologs are highly homologous to the attenuator elements of the #pRS1 leader. The sequences
of the dyads of symmetry are shaded gray. The start codon (GUG), tryptophan codon (UGG), and stop codon (UGA) of the leader peptide ORFs
are in boldface. (B) Alignment of the predicted peptide encoded by the small ORF in the #7pRSI leader with those of its orthologs. The peptides
are grouped based on their tryptophan content. The tryptophan residues are shaded gray. (C) Comparison of the leader peptide sequences of S.

avermitilis (SAV4725), S. coelicolor (trpRS1), and E. coli (trpL).

acids in length and had a tryptophan residue at position 10
(Fig. 2B). Interestingly, some leader peptides had tandem tryp-
tophan residues at positions 10 and 11 (Fig. 2B). On this basis,
we organized the leader peptides into two groups (Fig. 2B).
The latter group is typical of the canonical attenuators of trp
operons in bacteria, in that the leader peptide has tandem
tryptophan residues (29, 30). We predict that #pRS and these
orthologs are regulated by ribosome-mediated transcriptional
attenuation.

Targeted deletions and missense point mutations within the
S. coelicolor trpRS1 leader deregulate transcription. The se-
quence and predicted RNA secondary structures of the #7pRS1
leader motivated a series of experiments to examine their sig-
nificance in the regulation of #pRS1. The key to these exper-
iments was the construction of a reporter system in which the
promoter and the leader of the #rpRSI gene were fused to the
neo gene ORF, which encodes an aminoglycoside phospho-
transferase that is a kanamycin resistance determinant. An
integrative plasmid harboring the reporter system was intro-
duced into wild-type strain S. coelicolor M600, which is kana-
mycin sensitive. As expected, the resulting strain (S. coelicolor
B774) exhibited kanamycin resistance only when grown on
media supplemented with indolmycin (Fig. 1).

Initially, we tested the hypothesis that the 3:4 hairpin is a
rho-independent transcriptional terminator. We deleted the
sequence comprising the 3:4 hairpin from the aforementioned
reporter construct and introduced the resulting plasmid into
wild-type S. coelicolor M600. The resulting strain (S. coelicolor
B775) did not require indolmycin for growth on media supple-
mented with kanamycin (Fig. 3A). The observed deregulation
of the neo reporter gene was consistent with the proposed
function of the 3:4 hairpin as a rho-independent transcriptional
terminator. This proposed role for the 3:4 hairpin also was
based on the fact that it was accompanied by an A+U-rich
sequence. These sequences often flank rho-independent ter-
minators and are required for the efficient termination of
transcription. The truncation of the A+U-rich tract of rho-
independent terminators has been shown to compromise
transcriptional termination (4). To evaluate the significance
of the trpRS1 leader’s A+U-rich tract, we prepared a re-
porter construct in which the four terminal nucleotides of
the tract were replaced with the native #pRSI ribosome-
binding site. S. coelicolor strain B776, harboring this trun-
cated reporter construct, exhibited kanamycin resistance in
the absence of indolmycin. The deregulated expression of
the neo gene from this reporter construct indicated that the
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FIG. 3. Schematic representation of the engineered #7pRS! leaders defective with respect to transcription termination. (A) Schematic repre-
sentation of the #7pRSI reporter construct in which the 3:4 hairpin is replaced by the native #rpRSI ribosome-binding site. The strain harboring this
construct grows in an indolmycin-independent fashion on media supplemented with kanamycin. (B) Schematic representation of the #pRSI
reporter construct in which the terminal four nucleotides of the A+ U-rich tract are replaced by the native #7pRS1 ribosome-binding site. The strain
harboring this construct grows in an indolmycin-independent fashion on media supplemented with kanamycin. The start codon (GUG), tryptophan
codon (UGG), and stop codon (UGA) of the leader peptide ORF are in boldface. The start codon (ATG) of the neo open reading frame at

position +1 also is in boldface.

A+U-rich tract is required for efficient transcriptional ter-
mination. Taken together, these observations support our
proposal that the 3:4 hairpin functions as a rho-independent
terminator.

The presence of a small ORF in the #rpRSI leader is central
to our prediction that the #pRSI gene is subject to ribosome-
mediated transcriptional attenuation. Our model for antiter-
mination is based on the antibiotic-induced stalling of the
ribosome at the tryptophan codon of the leader peptide ORF.
On this basis, we hypothesized that missense mutations affect-
ing this codon would deregulate the transcription of #7pRSI.
The wild-type reporter system was used to test this hypothesis.
Using site-directed mutagenesis, we introduced a missense mu-
tation (UGG to UCG) that changed the tryptophan codon to
a serine codon. This construct was introduced into wild-type S.
coelicolor M600, yielding strain S. coelicolor B782. This strain
failed to grow on media supplemented with both kanamycin
and indolmycin or with kanamycin alone; apparently, the tran-
scription of the reporter gene no longer was induced by indol-
mycin. In contrast, missense mutations affecting other codons
of the small open reading frame did not perturb the indolmycin
dependence of reporter gene transcription (as evident in the
phenotype of S. coelicolor strains B779 to B780 and B784 to
B785; data not shown). Based on these observations, it is clear
that antibiotic-induced antitermination is dependent on the
tryptophan codon within the small ORF of the #rpRS1 leader.

Tryptophanyl-tRNA synthetase activity is inversely corre-
lated with antitermination of #rpRSI transcription. S. coeli-
color transcribes the #pRSI ORF only in the presence of in-
dolmycin and chuangxinmycin. This phenomenon is not a
response to the antibiotics but to their inhibition of TrpRS2
activity (39). We proposed that the reduced availability of
charged tryptophanyl-tRNA resulting from TrpRS2 inhibition
is directly sensed via the #pRS1 leader. Accordingly, we sus-
pected that S. coelicolor strains with a compromised ability to
charge tryptophanyl-tRNA would transcribe the trpRS! ORF
in the absence of indolmycin. To test this hypothesis, we in-
troduced the wild-type neo reporter construct into S. coelicolor
trpRS1 null strains with point mutations in the #7pRS2 ORF,
encoding TrpRS2(H48N) or TrpRS2(H48Q) (40). In homolo-
gous tryptophanyl-tRNA synthetases, this histidine residue di-
rectly participates in catalysis, and the replacement of this
residue with asparagine is known to compromise enzymatic
activity (19, 25). The resulting strains, S. coelicolor B771 and S.
coelicolor B772, exhibited indolmycin-independent growth on
media supplemented with kanamycin. Presumably, strains with
genetic mutations that affect tryptophanyl-tRNA charging
have insufficient charged tryptophanyl-tRNA for the efficient
synthesis of the #7pRS1 leader peptide; the ensuing ribosomal
stalling leads to antitermination. Similar observations have
been made in E. coli, where it has been reported that strains
harboring mutations in tryptophanyl-tRNA synthetase exhibit
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a high degree of antitermination at the #7p operon via ribo-
some-mediated transcriptional attenuation (6, 43, 44).

Analysis of a trpRS1 ortholog in S. avermitilis. We predict
that the #pRSI orthologs identified in streptomycete ge-
nome sequences also are regulated by ribosome-mediated
transcriptional attenuation. Some of these orthologs have
two tryptophan codons in their apparent leader peptide
OREF rather than one, as in the #7pRSI leader peptide ORF.
To test predictions about the regulation of ##pRS1 orthologs
and to investigate the significance of tryptophan content in
the leader peptide, we analyzed the #rpRSI ortholog
(SAV4725) in S. avermitilis (21, 31).

A series of experiments was performed to characterize the
transcription of SAV4725. Using reverse transcription-PCR
(RT-PCR), we found that the full-length transcript was de-
tected only in S. avermitilis cultures that had been treated with
indolmycin (40). 5'-RACE analysis revealed that the SAV4725
transcript has a leader that is 156 nucleotides in length and
highly homologous to the #pRSI leader (90% identity). The
sequences comprising the dyads of symmetry are identical in
the #7pRS1 and SAV4725 leaders (Fig. 2A). Furthermore, a po-
sitionally conserved small ORF was observed in the SAV4725
leader. As was the case for #7pRS1, the start codon of the
apparent SAV4725 leader peptide was coincident with
the transcription start site. There were few differences between
the #7pRSI and SAV4725 leader peptide sequences; most no-
tably, the SAV4725 peptide had two tryptophan residues (Fig.
2C). Both leader peptides resemble the one encoded in the
leader of the E. coli trp operon (Fig. 2C), which has been
extensively studied (29, 30).

Site-directed mutagenesis experiments, analogous to those
described in our analysis of the #7pRSI leader, were performed
to characterize the SAV4725 leader. The experiments were
based on the construction of a reporter construct in which the
SAV4725 promoter region and leader were fused to the neo
gene ORF. This construct was introduced into wild-type S.
coelicolor M600. As expected, the resulting strain (S. coelicolor
B788) exhibited indolmycin-dependent growth on media sup-
plemented with kanamycin. Independent missense mutations
were introduced at each of the tryptophan codons of the leader
peptide ORF; the codons were changed to serine codons. S.
coelicolor strains harboring reporter constructs with mutations
in either of the tryptophan codons of the leader peptide ORF
(i-e., S. coelicolor B790 and S. coelicolor B791) exhibited indol-
mycin-dependent growth on media supplemented with kana-
mycin. These observations indicate that #7p codons at either
position 10 or 11 within the leader peptide ORF enable tran-
scriptional attenuation; the stalling of the ribosome at either of
these tryptophan codons will lead to antitermination.

It is noteworthy that the strains harboring reporter con-
structs with single missense mutations in either of the #p
codons of the SAV4725 leader peptide ORF (S. coelicolor 790
and 791) required 2.5 times more indolmycin (10 versus 25
pg/ml) for growth on media supplemented with kanamycin
than did the strain harboring the wild-type reporter construct
(S. coelicolor B788). These findings are consistent with obser-
vations of a direct correlation between the number of con-
secutive regulatory codons in the leader peptide and the
sensitivity of ribosome-mediated transcriptional attenuators
to changes in levels of charged tRNA (44). Thus, we predict
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that #pRSI orthologs with two consecutive tryptophan res-
idues in the leader peptide attenuator are more sensitive to
antibiotic-induced perturbations in levels of charged trypto-
phanyl-tRNA than those with a single tryptophan residue.

DISCUSSION

Auxiliary aminoacyl-tRNA synthetase genes in bacteria of-
ten are associated with resistance to antibiotics that inhibit
aminoacyl-tRNA synthetases (25, 39, 40, 45). Given that the
auxiliary enzyme isoforms are needed only in the presence of
antibiotics, one might anticipate that the corresponding genes
are regulated in a fundamentally different way than those en-
coding the primary isoforms. Streptomyces coelicolor provided
an interesting opportunity to test this premise, since it has two
tryptophanyl-tRNA synthetase genes (2). Apparently, the tran-
scription of #pRSI (the auxiliary, antibiotic-resistant trypto-
phanyl-tRNA synthetase) is an adaptive response to indolmy-
cin and chuangxinmycin exposure. The transcription of other
tryptophan metabolism genes in S. coelicolor is regulated in a
growth phase- and growth rate-dependent fashion (16, 18).

The regulated expression of genes encoding aminoacyl-
tRNA synthetases and other enzymes involved in amino acid
metabolism is a well-known phenomenon in many bacterial
genera (29, 30). Often, the messenger RNAs have regulatory
structures in their 5’ leaders that are affected by regulatory
proteins, uncharged tRNA, cofactors, or rates of leader pep-
tide synthesis (1, 29, 30). We determined that the #pRSI leader
controls transcription via ribosome-mediated attenuation.
trpRS1 orthologs were identified in a number of Streptomyces
species, and their proposed leader sequences were found to be
highly homologous to that of the #pRSI leader. We demon-
strated that the #rpRS1 ortholog in S. avermitilis (SAV4725) is
regulated in the same fashion as #7pRS1. Thus, it appears that
the #pRS1 locus is a widely distributed and self-regulating
antibiotic resistance cassette.

The closest analogy to the mode of regulation for #7pRSI and
SAVA4725 is that of the #p operon in E. coli (29, 30). Its
transcription is controlled by a 162-nucleotide leader region
designated frpL (43, 44). In trpL, attenuation is governed by
the formation of competing terminator and antiterminator
RNA secondary structures that either arrest or permit, respec-
tively, the transcription of genes for tryptophan biosynthesis
(29, 30, 43). When charged tryptophanyl-tRNA levels are low,
the stalling of the ribosome at either of two tandem tryptophan
codons in the trpL leader peptide ORF precludes the forma-
tion of a rho-independent terminator and allows the transcrip-
tion of the tryptophan biosynthesis genes. The results of all of
our experiments were consistent with the #pL model of tran-
scriptional attenuation (30, 44).

It is interesting that the SAV4725 attenuator, but not the
trpRS1 attenuator, was identified in a bioinformatic search for
RNA regulatory elements in actinobacterial genomes (37).
These attenuators differ only in the number of #p codons in the
leader peptide ORF. Our findings suggest that future bioin-
formatic analyses should account for leader peptide attenua-
tors with a single regulatory codon. Further, we predict that the
tryptophan content of the #7pRS1 leader peptide is physiolog-
ically meaningful. Generally, leader peptide attenuators play a
critical role in cellular responses to amino acid starvation. The
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number of regulatory codons in the leader peptide ORF de-
termines the sensitivity of the attenuator to amino acid avail-
ability (22). Attenuators with higher numbers of regulatory
codons are more sensitive to changes in the availability of
charged tRNA than are those with fewer numbers of regula-
tory codons (44). Since the #pRSI leader has a single trp
codon, we suspect that the #pRSI gene is not transcribed
under typical starvation conditions. Indeed, the #pRSI ORF
was not detected in response to tryptophan starvation (25). It
appears that the #pRSI gene is transcribed only under the
adverse physiological conditions brought about by antibiotics
that inhibit tryptophanyl-tRNA synthetases. Only under these
conditions is the level of charged tryptophanyl-tRNA low
enough to cause the ribosome to stall at the single #rp codon in
the rpRS1 leader. The stringent requirements for #zpRSI tran-
scription likely minimize the fitness cost of maintaining the
gene on the S. coelicolor chromosome.

The expression of antibiotic resistance genes is often an
adaptive response to the physiological consequence of antibi-
otic action (9). The molecular logic of #pRS1 regulation is an
ingenious strategy for controlling the expression of an antibi-
otic-resistant tryptophanyl-tRNA synthetase gene. One can en-
vision that adaptive responses to antibiotics that inhibit ami-
noacyl-tRNA synthetases are based on the detection of either
substrate accumulation (i.e., amino acids or uncharged tRNA)
or product diminution (i.e., charged tRNA). The peptide at-
tenuator mechanism for #pRSI regulation enables a response
to the diminution of charged tRNA levels triggered by indol-
mycin and chuangxinmycin. In contrast, the presence of a T-
box motif upstream of an auxiliary tryptophanyl-tRNA syn-
thetase (homologous to TrpRS1) in Bacillus anthracis suggests
that its transcription is a response to the uncharged tRNA that
would accumulate in the presence of these antibiotics (13, 40).
In any case, this study provides insights into how auxiliary
aminoacyl-tRNA synthetase genes are regulated in bacteria.
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