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The Bacillus subtilis cysE and cysS genes encoding, conserved stretches of amino acid sequences (Eriani et al.,
respectively, the serine acetyltransferase and the cys1990; for a review, see Moras, 1992).
In Escherichia coli, all the genescoding for aminoacyl-tRNA
teinyl-tRNA synthetase were found downstream from
the gltX gene encoding the glutamyl-tRNA synthetase. synthetases havebeen cloned and sequenced. Genetic mapping
This gene organization is also conserved in Bacillus indicates that they are dispersed around the E. coli chromosteurothermophilus where thecysE and cysS genes show some (Bachmann, 1990). Only the lysyl-tRNA synthetase is
high amino acid identity with those
of
B. subtilis.
In both encoded by two genes, LysS and lysU, and standsas a n exceprule of one aminoacyl-tRNA synthetaselamino acid
organisms the d n g sequences of cysE and cysS over- tion to the
(L6vbque et al., 1990). Although the cell growth rate similarly
lap, suggesting a translational coupling.
B. s ~ b t i l i cysE
s
and cysS were expressed in Escherichia coli using the influences the expression of aminoacyl-tRNA synthetase genes,
no common mechanism for specific control was found in E. coli
inducible trc promoter; they functionally complement
mutants of E. coli affected in those genes. Overproduc- (Grunberg-Manago, 1989). The regulation of some of those
tion of B. subtilis CysRS in E. coli has a toxic effecton genes was studied detail;
in
they are controlled by mechanisms
cell growth. Disruption of gltX and cysS by Campbell- as different as transcriptional autoregulation for a l a s , translational autoregulationfor thrS, and transcription attenuation
type insertionis lethal for the cell, indicating that these
genes code for an essential and unique function in B. for pheST.
subtilis. S1 mapping analysis shows that the transcrip- The situation is quitedifferent in Bacillus subtilis and probtion of gltX is under the control of a sigmaA promoter ably in other Gram-positive bacteria. Duplicated genes were
located 43 base pairs upstream of the initiation codon.
A found for at least two aminoacyl-tRNA synthetases (Glaser et
T-box sequence and a rho-independentterminator
al., 1990; Putzer et al., 19901, and only one aminoacyl-tRNA
known to regulate expression
of other aminoacyl-tRNA synthetase is involved in the aminoacylation of tRNAG'" and
synthetase genes andof some amino acid biosynthetic tRNAG1" (Wilcox and Nirenberg, 1968; Lapointe et al., 1986).
operons in Bacillus sp., were found between gltX and Furthermore, common regulatory elements were found in the
cysE. No sigma A promoter was detected upstream of mRNA leader of several aminoacyl-tRNA synthetase genes in
cy&, which is consistent with the lethalityof a Camp- Gram-positive bacteria except for 8. subtilis gLtX (Breton,
bell-type insertion using a plasmid that interrupts tran1990) and Bacillus stearothermophilus metS(Mechulum et al.,
scription coming from thegltX promoter, and suggests
1991). Those elements consist of a sigma Apromoter and, in the
that gltX, cysE, and cysS constitute an operon. This
is the
first case where genes implicated
in the biosynthesisof 5'-non-coding region of the mRNA, of a highly conserved sean amino acid andits cognate aminoacyl-tRNA synthe- quence called T-box located just in front of a rho-independent
terminator (Henkin et al., 1992). T-boxes function as antitertase are shown to be co-transcribed.

minators of the transcription which is modulated by the intracellular level of the specific aminoacyl-tRNA synthetases and
by a starvation for the specific amino acid (Putzer et al., 1992).
Aminoacyl-tRNA synthetases play a critical role in protein Moreover, recent results suggesta direct role for the tRNA in
biosynthesis, since they catalyze the accurate charging of a determining thespecificity of the antitermination (Grundy and
given set of tRNAs with the cognate amino acid. Comparison of Henkin, 1993). This a ~ a n g e m e n was
t
also found in the reguthe structure and
function of the am~oacyl-tRNA synthetaseslatory region of the B. subtilis ilu-leu operon which is dereresulted in their partition into
two classes on the basisof highly pressed in a leu23 mutant fVanderHorn and Zahler, 1992; Grandoni et al., 1992). Those resultssuggestthat
a common
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synthetase or to starvation for cysteine. To our knowledge this
is the first case where an amino acid biosynthetic gene is reported to be directly co-regulated with the cognate aminoacyltRNA synthetase gene.

a HincII-ClaI 1.3-kb fragment from pLQB206 into the pYG207 SmaIClaI unique site (Fig. 5 A ) .
pYG502,pYG503,pYG505,pYG506, and pYG507: those plasmids
were constructed by inserting a restriction fragment as specified in Fig.
1, in compatible sites of the plasmid pDG271 (Antoniewskiet al., 1990)
which contains a chloramphenicol resistance gene expressed in B. subEXPERIMENTALPROCEDURES
tilis.
Materials-All restriction endonucleases and modification enzymes
pYG200 and pYG252: the first fusion was constructed by inserting
were purchased from Bethesda Research Laboratories, Pharmacia LKB the HindIII-AuaI (filled in) 590-bp fragment (ordinates 3187-3777, see
Biotechnology Inc.,Boehringer Mannheim, Sigma, or International Bio- Fig. 2) in theplasmid pDG268 (Antoniewskiet al., 1990)at the HindIII
technologies, Inc.All enzymes were used according tothe manufactur- and the BamHI (filled in) sites to create pYG200. The other fusion was
er's instructions; the vectors pBS and pBluescriptSK(+)were obtained constructed by inserting a EcoRI-AuaI 800-bp fragment that contains
from Stratagene; pDG148, pDG268,and pDG271 werea generous gift of the thrS promoter (ordinates 1-139, see Putzer 1992) upstream from
P. Stragier (IBPC, Paris, France); 5-bromo-4-chloro-3-indolyl-~-~-galacthe gltX-cysE intergenic region (ordinates 3187-3777, see Fig. 2).
toside and isopropyl-P-D-thiogalactopyranoside(IPTG)' were obtained
pYG210: this plasmid was constructed by inserting a NarI-XbaI fragfrom IBI and Bethesda Research Laboratories, and 2-nitrophenyl-p-~- ment from pYG209 in the plasmid pDG148 (Antoniewskiet al., 1990)
galactopyranoside(ONPG)from Boehringer Mannheim; labeled nucleo- cut by ClaI-XbaI.
tides: [ C Y - ~ ~ P I ~(800
CTP
Cilmmol), [a-35SldATP-a-S(500 Cilmmol), and
DNA Sequencing and ComputerAnalysis-Double-stranded DNA
[y-32PlATP (3000 Cilmmol) were
obtained from Du Pont Canada Inc. All was sequenced by the dideoxyribonucleotide chain-termination techcentrifugations were carried out in Eppendorf tubes at 13,000 nique (Sanger et al., 1977)using the T7 sequencingkit from Pharmacia.
revolutions/min with a Biofuge A centrifuge from Canlab.
Samples were electrophoresedon 543% polyacrylamide gels
containing
Bacterial CellGrowth and lkansformation-E. coli strains DH5a
8 M urea in Tris-borate-EDTA buffer(Sambrooket al., 1989) using the
and JMlOl(Table I) were used to maintain and propagate plasmids. LB 2010 Macrophor System from LKB. The programs of the University of
medium (Ausubel etal., 1989)was routinely used for growth of E. coli Wisconsin Genetics Computer Group (Devereuxet al., 1984)were used
cells and was supplemented with 1%glucose forB. subtilis. Concentra- for nucleotide and amino acid sequence analysis. In particular, Wordtion of antibiotics were: 100 pg/mlampicillin for E. coli, 5 pg/ml chlor- search and Tfasta programs were used to scan the GenBank (version
amphenicol forB. subtilis chromosomal plasmidintegrants, and pglml
5
74) data base, and Pileup was used to align multiple amino acid sekanamycin for replicative plasmids. M9 medium (Miller, 1972),supple- quences.
mented with 0.2% glucose for E. coli or1%for B. subtilis and 50 pg/ml
Analysis of Expressed Proteins in E. coli-Expression of putative
amino acids when necessary, wasused to test functional complementa- proteins encoded by recombinant plasmids in E. coli was monitored as
tion and to check auxotrophies of the strains used in this work. E. coli
described by Amann et al. (1988) with the following modification. Culcells weretransformed according toChung et al. (1989).B. subtilis cells tures of plasmid-containing E. coli RB791 were grown at 37 "C to an
were transformed as described by Hardy (1985).
absorbance of 0.5 at 550 nm in LB medium with 100 mg/ml ampicillin.
Southern Blot Hybridization-Chromosomal DNA was isolated from IPTG was then added to a final concentration of 1 rm and omitted for
E . subtilis as described before (Breton et al., 1990). DNA was digested the control cultures, and the cultures were incubated further for 3 h.
with various restriction endonucleases. The fragments were separated
For analysis of total proteins, cells were pelleted by centrifugation of
by electrophoresis through a 0.7% agarose gel, transferred to a nylon
1-ml culture aliquots, resuspended in 300 p1of Laemmli sample buffer,
membrane (Amersham Hybond-N), and covalently linked to it by UV
boiled for 5 min, and centrifuged for 1 min to remove cell debris. Aliirradiation. For normal stringency conditions (using an homologous quots of 20 pl were analyzed by SDS-PAGE (Laemmli, 1970).
radiolabeled DNAfragment as a probe), hybridization was performed in
Isolation of Total Cellular RNA-Total RNA was extracted from B.
5 x SSC (Sambrook et al., 1989),5 x Denhardt's solution, and 0.3% SDS subtilis cultures, grown in LB medium, 1%glucose to an absorbance of
a t 65 "C and was followed bywashes at 65 "C, twicein 2 x SSC and 0.1% 1.0 at 550nm, by vortexing the cells with phenol and glass beads
SDS, and once in 0.2 x SSC and 0.1% SDS.Hybridization probes were according to Putzer et al. (1992).
radiolabeled with 32Pby the random priming method (Feinberg and
Northern Blotting-Total cellular RNA (2 to 10 pg) was fractionated
Vogelstein, 1983) and separated from unincorporated nucleotides by on formaldehyde-containinggels (Lehrach et al., 1977) and transferred
chromatography through a Sephadex G-50 spun column (Sambrook et to a nylon membrane (Amersham Hybond-N) using a vacuum blotter
al., 1989).
(Hoefer). Hybridization, using a homologous DNA fragment radiolaDNA Cloning"Genera1 cloning techniques were used, as described beled by random priming (Feinberg and Vogelstein, 1983) as a probe,
(Sambrook et al., 1989; Ausubel et al., 1989). Digested chromosomal
was conducted at 45"C overnight in 50% formamide, 5 x SSC, 5 x
DNA was fractionated by electrophoresis in low-melting agarose gel. Denhardt's solution, 0.3%SDS, and 100 pg/ml of denatured DNA from
The desired fraction of DNA fragments, identified by Southern hybrid- salmon sperm. Blots were washed three times in 50% formamide, 5 x
ization, was extracted from the gel, purified, and inserted by ligation SSC, 0.3% SDSat 45 "C for15 min, and rinsed once in 2 x SSC at room
into the cloning vectorspBS orpBluescriptSK(+)previously digested by temperature to eliminate the formamide prior to autoradiography.
the same restriction endonuclease (or one giving compatible cohesive
lkanscript Mapping with SI Nuclease-S1 nuclease mapping was
ends) and treated with bacterial alkaline phosphatase. Plasmids were done as described for double-stranded probes (Williams and Mason,
introduced into competentE. coli DH5a cellsby transformation (Chung 1985)with the following modifications.In amicrocentrifuge tube, about
et al., 1989).The recombinant plasmid, encoding the COOH terminus
6 ng of 5' end-labeled probe and 100 pg of total cellular RNA were
part of the cysteinyl-tRNA synthetase, was identified by dot-blot hy- co-precipitatedwith ethanol. The pellet was washedwith 70% ethanol,
bridization using a 0.5-kb EcoRI fragment as a probe. Recombinant
dried, and resuspended by vortexing in 30 pl of hybridization buffer (20
plasmids purified by the method of Brun et al. (1991) were more than
rm HEPES, pH 6.5,0.4 M NaCl, 80%deionizedformamide).The solution
90%in thecovalently closedcircular form and could bedirectly used for was then heated at 75 "C for 10 min and brought t o the hybridization
DNA sequencing.
temperature (44-52 "C).After an overnight hybridization, 300 pl of icePlasmid Constructions-pYG207, pYG208, and pYG209: the plasmid cold S1 buffer (30 r m sodium acetate, pH 4.6,50 rm NaCl, 1m~ ZnS04,
pTrc99b containing the trc promoter (a hybrid promoter containing the
5% glycerol, and containing 200 units of S1 nuclease) were added. The
-35 region of trp and the-10 region of the lacUV5 promoters separated
digestion was done at 25 or 37 "Cfor 1 5 4 5 min, and stopped by addition
by 17 base pairs) and thelacP gene which increases the amount of lac of 50 p1 of 4.0 M ammonium acetate, 0.1 M EDTA, followed by a phenolrepressor in the cell (Amann et al., 1988)was used to express cysE and
chloroform extraction. The nucleic acids were ethanol precipitated and
cysS. The 1.7-kbHindIII fragment from pLQB207 (Fig. 1)was inserted
resuspended in 50 pl of formamide dye mix (80% formamide, 10 m~
in the unique HindIII site of pTrc99b. The recombinant plasmid where EDTA, 0.025% bromphenol blue, 0.025% xylene cyanol).
In each experithe COOH-terminal part of cysS is under the control of the trc promoter ment, the same volume of nucleic acid solution was electrophoresed in
was called pYG207. To obtain the full cysS gene, a 800-bp DraI-ClaI 6% polyacrylamide gelscontaining 8 M urea. The sizes of the protected
fragment from pLQB206 (Fig. 1 and Breton et al., 1990) was inserted
fragments were evaluated by comparing their mobilities with those of
into the SrnaI-ClaI unique sites of pYG207 t o create pYG209. Aplasmid DNA fragments obtained by sequencing reactions.
that contains both cysEand cysS, pYG208, was constructed by inserting
P-GalactosidaseAssay-Cells from 3-mlaliquots of cultures grown to
an absorbance of 1.0 at 550 nm were harvested and washed once with
The abbreviations used are: IPTG, isopropyl-P-D-thiogalactopyrano- 2 buffer (Miller, 1972). After resuspension in 0.5 mlof Z buffer, the
side; PAGE, polyacrylamide gelelectrophoresis;kb, kilobase(s);bp, base samples weresonicated and centrifuged for 1 min. P-Galactosidase
specific activity was measured essentially as described by Miller (19721,
pair(s); ORF, open reading frame.

gltX-cysE-cysS Operon of ltvo Bacillus Species

7475

T-LE I
Bacterial strains used
~~

Refs.

Strain

B. subtilis 168T(BGSClAl)
B. subtilis 168p
B. stearothermophilus (ATCC 7954)
E. coli K12 UQ818
E. coli JM15
E. coli DH5a

E. coli JMlOl
E. coli RB791

trpC2
Prototrophe
Prototrophe
P99: cvsS818(CvsRSta)
Cys tfr-8
"
supE44, thi-1, AlacU169(080 lacZAM15). endA1, recA1, hsdR17,
gyrA96, r e a l
supE44, thi-1, A(lac-prom), F'(traD36, prom', laclq, lacZAM15)
W3110; lacIqL8

E:

P
E S
I-------"l
pLQB537
I

FIG.1. Physical map of the E. subtilis gltX gene with flanking regions
and sequencing strategy. Large boxes
indicate gene coding sequences that are
all transcribed from left to right,whereas
the small box identifies a T-box sequence
followed by 9 , a rho-independent termiidentify
DNA
nator. Small arrows
stretches
seauenced
from restriction
sites,anddottedlinesindicatefragments
cloned in pDG271 for integration experiments. C, ClaI; D, Dral; E, EcoRV; Hc,
HincII; H, HindIII; N , NruI; P, PstI; R,
EcoRI; S, SalI; X , XbaI.
~~

Burkholder and Giles (1947)
Gift from T. Leighton
Campbell (1955)
Bohman and Isaksson (1979)
Johnes-Mortimer (1968)
Hanahan (1983)
Yanisch-Perron et al. (1985)
Amann et al. (1988)
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chroococcum. The alignmentof the five polypeptides is stronger
for a segment contained between Ile144 and Pro241 (Fig. 3)
which contains the consensus sequence found in acetyltransferases
usingacetyl-coA as anacetyl donor (Downie, 1989). An
RESULTS
interestingfeature of the E. coli and B.aphidicola serine
Cloning and Sequencingof the cysE and cysS Genes from B. acetyltransferases is their 70-amino-acid NH2-terminal extenflanking regions,
subtilisandB.
stearothermophilus-The
sion that might be implicated inother functions of serine
downstream from the gltX genes of B. subtilis and B. stearoacetyltransferase in those organisms (Fig. 3).
thermophilus contained on the recombinant plasmids pLQB207
The second ORF which overlaps, respectively, 4 and 23 bp in
and pLQB538, have been cloned (Breton et al.,1990 and Fig. 1).
B. subtilis and B. stearothermophilus with the putative cysE
The complete sequences of the gltX promoter region and downstream flanking region are presented in Fig. 2. We found that gene, shows significant similarities with the E. coli cysS gene,
the chromosomal organization in the neighborhood of gltX is encoding the cysteinyl-tRNA synthetase. Theribosome-binding
very similar between these two species. Indeed, to each ORF sites are located 10 and 7 bp upstream of the initiator codon,
identified in B. subtilis corresponds, at the sameposition rela- respectively, in B. subtilis and B. stearothermophilus. Only the
tive to gltX in B. stearothermophilus, a highly homologous ORF sequence correspondingto a 5' end of this ORF had been cloned
of about the same length.
Based on these similarities, two previously (Breton et al., 1990). The remaining portion of B.
ORFs downstream of gltX have been identified and their se- subtilis cysS was obtained by cloning an overlapping 1.7-kb
HindIII fragment identified by Southern analysis using as a
quences used to search the GenBank database.
probe a 600-bp HindIII-EcoRV fragment from pLQB206 (Fig.
The ORF adjacent to and downstream of B. subtilis gltX
encodes a putative polypeptide of 217 amino acids which is 1).Chromosomal DNA, isolated from B. subtilis and digested
80.2% identical to the 225amino acid putative polypeptide with HindlII, was separated on a 0.7% agarose gel, and the
the 1.7-kb fragmentwas ligatedwith
encoded by the corresponding ORF of B. stearothermophilus. A fractioncontaining
ribosome-binding site is found in either case respectively at 7 pBluescriptSK(+). The recombinantplasmid which contains
and 6 bp upstream of the initiator codon and shows good the 3' endof this ORF was identified by dot-blot hybridization
complementarity to the 3' endof the 16 S rRNA (Vellanoweth using the above-mentioned probe. The complete sequence of
and Rabinowitz, 1992). Searching the databasesyielded three this ORF was obtained by sequencing overlapping subclones
different sequences with good similarities: E. coli (Denk and (Fig. 2). It encodes a putative polypeptide of 466 amino acids
1992) which is 47.2% identical withE. coli cysteinyl-tRNA synthetase
Bock, 1987) and Buchnera aphidicola (Lai and Baumann,
cysE genesandthe
n i p gene of Azotobacter chroococcum (Fig. 4).
Expression of theB.subtilis
cysE andcysS Genes in E.
(Evans et al., 1991) all of them encoding a serine acetyltransferase, a key enzyme for de novo synthesis of cysteine. The coli-In order to demonstrate that thetwo ORFs downstream
amino acid sequence identities between the B. subtilis and the from B. subtilis gltX are cysE and cysS, we expressed them in
B. stearothermophilus serine acetyltransferases with those of E. coli and verified that they were complementing mutants of
other organisms are, respectively, 38.6 and 39.6% for E. coli, the cysE or cysS genes. Since no promotersequences were
40.2 and 43.2% for B. aphidicola, and 48.4 and 49.6% for A. found in frontof the cysE or cysS genes, the plasmids pYG207,
and expressed as nanomoles of ONPG produced/min/mg of protein. Totalproteinconcentrationwasdetermined
for eachsample by the
method of Bradford (1976).
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FIG.2, Nucleotide sequence of B. rubtilir gltX and flanking regions and comparison with that of B. rteorathermophilus, The
nucleotide sequence is divided into two parts: upstream from g l t v (A) and downstream from gltX ( B ) The GIuRS coding regionis from position
1706 to 3157 in B. subtilis, and fmm 1021 to 2490 in B. stearothermophilus (Breton et aZ., 1990).The first two lines show the nucleotide sequence
(RNA-likestrand) ofB. subfifiswith the deduced amino acids, whereas the last two lines indicate only the nucleotides and amino acids which differ
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sequences. The dots indicate where a gap has been inserted to maximize the alignment of these sequences. Tho
presumed ribosome-binding sites (RBS)and transcription terminator are underlined, respectively, by fhin tines and two diuergirzg half.arrows.
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Z l X are boxed, and the5' end points of the gflX
pmximnl transcripts are indicated by asterisks and by f +).
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pYG208, and pYG209 were constructed (for details see "Experimental Procedures"). These plasmids were introduced into E.
coli RB791, and ampicillin-resistant transfonnants were
checked for protein expression. Fig. 5B shows a Coomassie
Blue-stained SDS-PAGE displaying the total protein extract of
plasmid-bearing and plasmid-free cells of strain RB791. Extracts of IPTGinduced cells contain a band c o ~ e s ~ n d i to
n ga
polypeptide of molecular mass 54,000 Da which i s practically

identical to the molecular mass deduced from the cysteinyltRNA synthetase amino acid sequence (53,907Dah Furthermore, the 54,000-Da protein represents approximately 40% of
the total protein of cells containing pYG209 upon IPTG induction. This ove~roduction severely
is
affecting the growth of E.
coli, which stops after addition of IPTG to the medium. 'Ib
strengthen the link between cys~inyl-tRNAsynthetase overproduction and growth inhibition, we interrupted the coding
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RB791 bearing this plasmid grows well even after IPTG induction, and no cysteinyl-tRNA synthetase was present in total
extracts of these cells (results not shown).It is possible that the
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tor-like structure followinggltX (ordinates 3354-3420 in the B.
subtilis sequence and ordinates2270-2831 in theB. stearothermophilus sequence). The region of dyad symmetry and the
stretch of Ts of the terminator structure are also very conserved, whereas its loop is not. It is likely that this structure
functions as a terminator, since in E. coli the expression of cysE
and cysS from plasmid pYG208 which contains it is strongly
diminished in comparison with that from pYG209 plasmid
pYG209
pYG208
pYG207
B)
I - M
I I - RB791
which does not (Fig. 5B ). Within this region and preceding the
terminator structure,a short sequence of 18 nucleotides is completely conserved. This sequence is similar to a consensus se97,6 kD
quence found in the5'-non-coding region of several aminoacyl66,3 kD
tRNA synthetase genes and of the ilu-leu operon in B. subtilis
which is also referred to as theT-box (Henkin et al., 1992). The
T-box sequence was shown in these cases to be important for
antitermination of transcription (Putzer et al., 1992). Indeed,
t
this transcribed segment can be drawn as two putative stable
alternative RNA secondary structures (Fig. 6) andcould act as
JMl5 (cysE)
- + + - an antiterminator by forming, with the first dyad of the adjaUQ818 ( c ~ s S ~ S ) +
+
+
- cent terminator, a competing secondary structure which could
FIG.5. Expression of B. subtilis cysE and cysS genes in E. coli prevent theformation of the terminator. Furthermore, a strikand complementation of cysE and cysS mutants. A, large boxes ing conservation of putative secondary structure was recently
indicate gene coding sequences that are all transcribed from left to
right, whereasthe small box identifies a T-box sequence followed found upstream of the T-box in theleader region of most of the
known aminoacyl-tRNA synthetase genes (Grundy and Henby 9 , a rho-independent terminator. Thin lines indicate fragments
cloned in pTrc99b. B, total extractof E.coli RB791 harboring the indi- kin, 1993); a codon specific for the corresponding amino acid,
cated plasmids were separated by SDS-PAGE on a 10% gel. I and - located in an internal loop, was shown to be essential for the
indicate, respectively, growth in the presence or the absence of 1 mM
specificity of transcription antitermination. The same putative
IPTG. M indicates the molecular weight marker.
C,E. coli JM15 (cy&-)
and UQ818 (cysS9 were transformed with the indicated plasmids and secondary structure including a cysteine codon is found in both
tested for functional complementation under nonpemissive conditionsB. subtilis and B. stearothermophilus 100 bp upstream of the
(growth on minimal plates forcy&-; growth a t 42 "C for cysStn).
T-box adjacent to cysE-cysS (Fig. 6), which corresponds to the
distanceseenin
other aminoacyl-tRNA synthetase leaders.
overproduction of cysteinyl-tRNA synthetase affects cell These structural regulatory elements were not found in the
growth because of tRNA misacylation (Swanson et al., 1988). 5'-flanking region of gltX (Fig. 2 and Breton, 1990); this gene
Total protein extract of RB791 cells bearing pYG208 did not and metS (Mechulum et al., 1991) are theonly aminoacyl-tRNA
show the presence of a 24,000-Da polypeptide as expected from synthetase genes known not to be regulated by this regulatory
the cysE sequence (results not shown). This low expression is mechanism in Bacillus sp.
probably due to the low efficiency of translational initiation
gltx and cysS Are Essential Genes-In B. subtilis, the preswith the codon GTG in E. coli compared with thatin B. subtilis ence of two genes encoding aminoacyl-tRNA synthetases specific for the same amino acid has been reported for tyrosylwhere changes in the initiation codon are tolerated without
significantly affecting translationinitiation
(Vellanoweth, tRNA synthetase andthreonyl-tRNA synthetase (Glaseret al.,
1993). The presence of a rho-independent terminator located 1990; Putzer et al., 1990). In these cases, one gene is vegetais
repressed. We tested
just in frontof cysE in pYG208 significantly contributes to the tively expressed and the other normally
low expression level observed from pYG208 in comparison with for the inducibility of second genes encoding glutamyl-tRNA
synthetase or cysteinyl-tRNA synthetase by attempting to inthat observed from pYG209.
These recombinant plasmids were shown to encode func- activate gltXor cysS by Campbell-type integrations usingplastional serine acetyltransferase andcysteinyl-tRNA synthetase mids that contain internal fragments of these genes. Such an
by complementation of a cysE- (JM15) or cysSt3(UQ818) mu- integration experiment using the plasmid pYG503 (see Fig. 1)
was ableto grow on that contains an internal fragment of gltX and the cat gene
tants ofE.coli (Fig. 5 0 . The JM15 mutant
minimal medium agar with or without 1mM IFTG when trans- yielded no chloramphenicol-resistant colonies even after 2 days
formed by pYG208 which contains the full cysE gene, but was of incubation at 37 "C, indicating that gltX interruption isleunableto grow whentransformedwith
either pYG207 or thal for the cell and that thisgene is essential. An integration
pYG209. The UQ818 mutant grew normally at non-permissive experiment using the plasmid pYG502 (see Fig. 1)which conof cysS resulted in its inactivation.
temperature (42 "C) whentransformed
with pYG208 or tains an internal fragment
pYG209 (Fig. 5C) but not with pYG209AClaI that does not In this case, no chloramphenicol-resistant integrants were obexpress cysteinyl-tRNA synthetase. Thepresence or absence of tained after transformation, whereas integration of pYG505,
IPTG in the medium did not influence the complementation, containing the 3' end of cysS (see Fig. 1) as a control, gives
except for the cells transformed with pYG209 that cannot grow chloramphenicol-resistant integrants a t high frequency. This
in thepresence of 1mM IFTG apparently because of the lethal result indicates that cysS is the only gene encoding the cysteinyl-tRNA synthetase activity. Furthermore,the
region
effect of cysteinyl-tRNA synthetase overproduction.
downstream from cysS is probably not co-transcribed with cysE
Zntergenic Regulatory Sequence Between gltX and cysE-The
intergenic non-coding sequences between the gltX and cysE
the
and cysS,or is not coding for an essential gene, since chloramgenes are, respectively, 301 bp for B. subtilis and 371bp for B. phenicol-resistant integrants were obtainedwith
plasmid
stearothermophilus.This alternating of strongly conserved pYG505 that interruptstranscription coming from cysS.CampDNA segments with other less conserved segments between bell-type integration using the plasmid pYG506 (see Fig. 1)
these two organisms (Fig. 2) isa good way to identify important that causes an interruptionof the transcription from the gltX
regulatory sequences. Significant similarity was found for a promoter is lethal for the cell (no chloramphenicol-resistant
short sequence of about 60 nucleotides including the termina- integrants), whereas using the plasmid pYG507 (see Fig. 1)
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FIG.6. Alternative RNA secondary
structure in the gZtX terminator region. B. subtilis and B. stearothermophilus RNA secondary structures predicted
by computer analysis. Boxed nucleotides
indicate the overlap between proposed antitermination and termination structures.
Nucleotide corresponding to the T-box are
bold, and thecystein codon is underlined.
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that keeps it intact hasno effect on cell growth (chloramphen- which a double-stranded probe is used. To verify if the tranicol-resistant integrants).
scription ofgltX could also be initiated from distal promoter(s),
Expression of gltX-cysE-cysS in B. subtilis-The gltX reading we used a longer probe (800 bp), and only the signals correframe is 483 codons long, is initiated by an ATG codon, and sponding to a position between -42 and -45 from gltX were
terminated by an ocher stop codon. A T-box consensus sequence obtained (Breton, 1990). Furthermore, the intensity of these
and a rho-independent transcription terminator arefound 200 bands doubles when the quantity of RNA is doubled. This rebp downstreamfrom gltX. In order to determine the
location of gion contains
the
promoter-like sequence
(ITGATG-NI7the 5’ end of the gltX transcript in vivo, S1 nuclease mapping TAGAAT) similar to the consensuspromotersequence
(Tl”
was done on total B. subtilis RNA, using a 5’ end-labeled frag- GACA-NI7-TATAAT)recognized by B. subtilis RNA polymerase
ment of 334 bp ending at the PvuII site situated at position in thepresence of the major form of sigma factor (@) found in
+177 from the start of the g l t x coding region (Fig. 1) and be- vegetative cells (Moran et al., 1982). The gltXmRNA 5’end is
ginning at the upstream Hind111 site. Fig. 7 shows a cluster of situated 11bp downstream from the -10 hexamer. Even though
protected bands at a position corresponding to a length of 218- the sequences upstream ofgltX in
B. subtilis andB. stearother221 bp. These signals correspond to a position between -42 and mophilus are very different, the -35 and -10 hexamers of these
-45 from the start of thegltX coding region (Fig. 2). Some of the putative promoters are conserved indicating that this
sequence
labeled probe is also completely protected against S1 nuclease is likely to be recognized as a promoter in vivo. This promoter
digestion in all experimentsexcept in a control reaction where precedinggltx is not
found in the same
position with respect to
total RNAwasreplaced by tRNA. However, it is not certain that
the initiationcodon of gltX (Fig. 2). However, the similarity in
this results from protection by mRNA since completely pro- the sequence of the transcriptional control elements around
tected probe signals are often present in S1 experiments in gltX suggests that the transcription
of the gltX genes is similar
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FIG.7. Mapping of the 5' end of the B. subtilis gZtX transcripts
by S1 nuclease digestion. Sequencingreactions
of M13mp18
phagemid using universal primer are used to evaluate the sizesof the
transcripts. Reaction conditions (hybridization temperature/pgof RNA/
digestion temperature/digestion time( m i n h n i t s of S1 nuclease) were
for lune 1 (44/100/25/15/200), lane 2 (46/100/25/15/200), lane 3 (48/100/
25/15/200), lane 4 (48/100/25/30/200), lune 5 (48/100/25/45/200), lane 6
(48/100/37/30/200), lane 7 (48/200/37/30/200), lane 8 (48/100 of tRNA/
37/30/200), and lane 9 (probe without digestion).

FIG.8. Northern analysis of the gltX and cysS mRNA isolated
from B. subfilis. 2, 5, and 10 pg of bulk RNA from B. subtilis exponentially growing in rich medium were subjected to electrophoresis,
blotted, and hybridized to the "ZP-labeled probes a s described under
"Experimental Procedures." A, EcoRV-Hind111 1.3-kb fragment from
pLQB206 (Fig. 1). and B, HindIII-PstI 750-bp fragment from pLQB207
(Fig. 1).

thermophilus. Complementation of a E. coli cysSts mutant by
the cysS gene of B. subtilis is correlated with the expression of
a 54-kDa protein as expected from the cysteinyl-tRNA synthefor B. subtilis and for B. stearothermophilus. No other pro- tase amino acid sequence. We found in the Bacillus cysteinylmoter-like structure has been found in the gltX-coding se- tRNA synthetase sequences the consensus motifs, HIGH and
quence or downstream of it in either B. subtilis or B. stearo- KMSKS, which are common to the class I aminoacyl-tRNA
thermophilus.
synthetases (Eriani, 1990). Sequence comparison with other
Northern hybridization using a gltX probe (a EcoRV-Hind111 class I enzymes are in agreement with previous results ob1.3-kb fragment from pLQB206) reveals the presence of a tran- tained by Hou et al. (1991), where the cysteinyl-tRNA synthescript of 1700 nucleotides, the size expected of a fragment ex- tase was classified in thesubclass of methionine-tRNA synthetending to the terminatormentioned above (Fig. 8). This result tase, isoleucine-tRNA synthetase, leucine-tRNA synthetase,
correlates well with the presence of the terminator in the in- and valine-tRNA synthetase (Moras, 19921.
tergenic sequence between gltX and cysE, and with transcripFunctional complementation was also observed when a E.
tion initiation from a single promoter. No other signals were coli cysE mutant was transformed with a plasmid containing
seen when gltX was used as a probe. With a probe specific to the B. subtilis cysE gene. Even when expression of the cysE
cysS, HindIII-PstI 750-bp fragment from pLQB207, no clear gene was induced by IPTG, the product of the cysE gene was
signals were detected (Fig. 8).
not seen following SDS-PAGEof E. coli crude extract, probably
Cysteinyl-tRNA synthetase Represses Dunscription of cysE- because of its low level or its instability. Comparison of the
cysS-To further study the transcription throughT-box
the and nucleotide sequences of cysE from different organisms shows
terminator, we constructed two transcriptional fusions with E. striking differences in thepolypeptide length. The serineacetcoli lacZ. One (pYG2OO) contains only the gltX-cysE intergenic yltransferase sequences of E. coli and B. aphidicola show an
region, and the other (pYG252) also contains the well charac- extension of 70 amino acids in theNH2 terminus, whereas the
terized thrS promoter (Putzer et al., 19921, upstream from the A. chroococcum sequence has a 50-amino-acid extension in the
gltX-cysE intergenic region. B. subtilis 168p cells transformed COOH terminus. Even with those differences in length, the
by these plasmids were selected for integration by growth in number of identical residues found between the cysE genes
the presence of chloramphenicol. Integration of the fusion at from those organism is very high. The highest similarity is in
the amyE locus was checked for amylase deficiency. As ex- the 100-amino-acid region of the consensus sequence for acetpected, for the absence of sequences similar to the consensus for yltransferases (Fig. 3) (Downie, 1989). Those differences in
sigma A promotersin theintergenic region, no P-galactosidase length might reflect other functions of the serine acetyltransactivity was detectable with pYG200. Integrants ofpYG252
ferase, as the E. coli enzyme is known to be allosteric, whereas
were transformed witha replicative plasmid,pYG210 (see "Ex- the A. chroococcum enzyme is not (Evans, 1991).The B. subtilis
perimental Procedures"), that overproduces the cysteinyl-tRNA and B. stearothermophilus serine acetyltransferases are the
synthetase under the control of the trc promoter, or with a smallest andmay have lost their regulatory domain since they
control plasmid, pDG148 (Antoniewski, 19901, that did not con- are genetically regulated,whereas the E. coli andthe B.
tain cysS. The overproduction of the cysteinyl-tRNA synthetase aphidicola enzymes may have conserved the N H 2 terminus
a 3-fold repression of the P-galactosidase activ- domain because they are expressed constitutively in those orin trans causes
ity, whereas thepresence of the control plasmid has no effect. ganisms. It will be interesting to further characterize the serine
acetyltransferase activity in thecysteine regulon of B. subtilis
DISCUSSION
to clarify those differences since all those genesencode a funcIn this article, we have shown that the two ORFs down- tional serine acetyltransferase.
stream from gltX encode the serine acetyltransferase and the
The proximity of thegltX, cysE, and cysS genes suggeststhat
cysteinyl-tRNA synthetase both in B. subtilis and inB. stearo- they are cotranscribed. Furthermore, our search for a typical
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sigma A or any other type of promoter in the sequence upthe regulationof the bgl operon in E. coli and sac operons in 3.
stream of cysE from gltX initiation codon to cysE initiation subtilis: in those systems, the products of bglG and sacY act as
codon was unsuccessful. Only one putative sigma A promoter antitermination factorsdepending on their stateof phosphorylwas found 40 bp upstream of gltX initiation codon (Fig. 2). S1 ation controlled, respectively, by a second factor coded by bglF
mapping experiments confirm that this putative promoter is and sacT (Schnetz and Rak, 1988; DBbarbouillk et al., 1990).
active in uiuo. A terminator sequence preceded by a T-box con- The leader regions of the bgl and sac operons can form altersensus sequence is located between gZtX and cysE. The tran- native structures (-4 to -5 kcal/mol for antiterminator; -18 to
scripts were analyzed by Northern blotting using gltX- or cysS- -30 kcal/mol for terminator), and bases in the antiterminator
specific probes. Only a transcript corresponding to gltX was stem are either paired or interact with the antitermination
with the cysS probe (Fig. factor. The similarities of structure found with these systems
detected with thegltXprobe, and none
8). The lack of detection of the qsE-cysS transcript could be due are infavor of a general titerm mi nation factor interacting with
either to its instability or to the existence of another gene the T-box to stabilize the antiterminator structure. The
speciencoding a cysteinyl-tRNA synthetase on the 3. subtilis chro- ficity of this control for tyrS wasrecently proposed to be due to
mosome. A situation similar to the latter possibility was de- the interactionof uncharged tRNAtF with a codon located in an
scribed by Putzer et al. (1992) for the threonyl-tRNA synthe- internal loop of a conserved secondary structure of this leader,
tase, where thrS is
vegetatively expressed and thrZ isinduced found by comparison of the leaders of tyrS, pheS, thrS, valS,
only when cells are starved for threonine or when thrS is dis- and Zeus (Grundy and Henkin,1993). Such a secondary strucrupted. As we observed that disruption of the cysS chromo- ture located at the sameposition with respect to the T-box can
somal copy is lethal whereas a non-disrupting integration in be drawn for B. subtilis and 3. stearothermophilus cysE-cysS
the cysS locus is not, we conclude that thecloned cysS gene is (Fig. 7), with a cysteine codon at theposition expected from the
the only gene encoding a cysteinyl-tRNA synthetase activity in model of Grundy and Henkin(1993).In lightof this model, our
B. subtilis. Therefore, we suspect that theabsence of a signal observation that cysteinyl-tRNA synthetase overproduction recorresponding to the cysE-cysS transcript is due toa post-tran- presses cysE-cysS transcription (see ‘Results”) can be exscriptional event which lowers the stability of the cysE-cysS plained by the increased ~ i n o a c y l a t i o nlevel of tRNAcys.
mR.NA, as reported for the atp operon of E. coli ( ~ c ~ a r t h y , The chromosomes of different species of Bacillus appear to
1990). Experiments are under way to further characterize the have been rather stable (Vary and Tao 1988) suggesting that
cysE-cysS mRNA.
the conservation of local gene organization between Bacillus
The T-box consensus sequence was previously found in the species i s biologically significant. Since B. subtilis gltX is not
and
leader region of thepheST, tyrS, thrS, and thrZ genes more
regulated by antitermination but isprobably growth rate regurecently in the leuS andilv-leu biosynthetic operon. Putzer et lated, its association with cysE and cysS allows those genes to
aZ. (1992) clearly demonstrated that the T-box is directly im- be also under this growth rate control. Our results show that
plicated inantitermination of transcriptionin response to cysE and cysS are co-regulated according to the intracellular
variations in the levels of threonine-tRNA synthetase or of level of cysteinyl-tRNA synthetase. This is the firstcase where
threonine. For the above-mentioned genes, the T-box and ter- a biosynthetic gene and its cognate aminoacyl-tRNA syntheminator are in the
5’-non-coding region of the mRNA, between tase are reported to be co-regulated. In E. coli, these genesare
a sigma A promoter and the structural gene, whereas in the expressed and controlled independently, whereas inB. subtilis
case of cysE-cy&, no promoter-like structure has been found, this association probably reflects a feature of cellular differenwhich suggests that transcription coming from gltX could be tiation that requires
a highly coordinated expressionof protein
antiterminated at this site, allowing transcription of the down- and amino acid biosynthesis.
of cysEstream genes. To further characterize the transcription
cysS genes, we interrupted the transcriptionof gltX from that
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