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In Bacillus subtilis, the genes of the branched-chain amino acids biosynthetic pathway are organized in three
genetic loci: the ilvBHC-leuABCD (ilv-leu) operon, ilvA, and ilvD. These genes, as well as ybgE, encoding a
branched-chain amino acid aminotransferase, were recently demonstrated to represent direct targets of the
global transcriptional regulator CodY. In the present study, the transcriptional organization and posttran-
scriptional regulation of these genes were analyzed. Whereas ybgE and ilvD are transcribed monocistronically,
the ilvA gene forms a bicistronic operon with the downstream located ypmP gene, encoding a protein of
unknown function. The ypmP gene is also directly preceded by a promoter sharing the regulatory pattern of the
ilvA promoter. The ilv-leu operon revealed complex posttranscriptional regulation: three mRNA species of 8.5,
5.8, and 1.2 kb were detected. Among them, the 8.5-kb full-length primary transcript exhibits the shortest
half-life (1.2 min). Endoribonucleolytic cleavage of this transcript generates the 5.8-kb mRNA, which lacks the
coding sequences of the first two genes of the operon and is predicted to carry a stem-loop structure at its 5�
end. This processing product has a significantly longer half-life (3 min) than the full-length precursor. The
most stable transcript (half-life, 7.6 min) is the 1.2-kb mRNA generated by the processing event and exonu-
cleolytic degradation of the large transcripts or partial transcriptional termination. This mRNA, which
encompasses exclusively the ilvC coding sequence, is predicted to carry a further stable stem-loop structure at
its 3� end. The very different steady-state amounts of mRNA resulting from their different stabilities are also
reflected at the protein level: proteome studies revealed that the cellular amount of IlvC protein is 10-fold
greater than that of the other proteins encoded by the ilv-leu operon. Therefore, differential segmental stability
resulting from mRNA processing ensures the fine-tuning of the expression of the individual genes of the
operon.

In Bacillus subtilis, three genetic loci are involved in the
biosynthesis of branched-chain amino acids: the ilvBHC-
leuABCD (ilv-leu) operon including genes encoding acetolac-
tate synthase (ilvBH), ketol-acid reductoisomerase (ilvC),
2-isopropylmalate synthase (leuA), 3-isopropylmalate dehydro-
genase (leuB), and 3-isopropylmalate dehydratase (leuCD); the
ilvA gene encoding threonine dehydratase; and the ilvD gene
encoding dihydroxy-acid dehydratase. These enzymes catalyze
the formation of the �-keto acid precursors of isoleucine, va-
line, and leucine. In the final biosynthetic reaction, the �-keto
acids are converted to the respective amino acids by transam-
ination. Previous studies demonstrated that the ilv-leu operon
is regulated in response to leucine availability by the T-box
transcription antitermination system (14, 30). The common
T-box-dependent regulatory mechanism of the biosynthetic ilv-
leu operon and the aminoacyl-tRNA synthetase genes (15, 34)
would be predicted to result in the coregulation of these genes.
However, our global study of B. subtilis gene expression in
response to amino acid availability (29) revealed that the ilv-leu
operon was downregulated in the presence of Casamino Acids

(CAA), whereas expression of the aminoacyl-tRNA synthetase
genes was not affected under the same conditions. Further-
more, we found that all three transcriptional units involved in
the biosynthesis of branched-chain amino acids, as well as the
ybgE gene encoding a branched-chain amino acid aminotrans-
ferase, exhibited reduced expression levels in the presence of
CAA. Although the genes for branched-chain amino acid bio-
synthesis share this common regulatory pattern, a genome-
wide search revealed no T-box leader sequences upstream of
ilvA, ilvD, and ybgE (6). Therefore, we were interested in iden-
tifying the regulatory mechanism responsible for the common
regulation of the genes involved in branched-chain amino acid
biosynthesis. Since the CodY repressor was known to mediate
amino acid repression of several B. subtilis genes, we supposed
that CodY may function as the common regulator of these
genes. Experiments which were carried out to test whether the
ilv-leu operon and the ilvA, ilvD, and ybgE genes are under the
control of CodY verified this hypothesis. In the meantime,
Molle et al. (33) reported on the identification of new CodY
regulated genes, and the genes for branched-chain amino acid
biosynthesis, including ybgE, were among these newly identi-
fied direct CodY targets.

Many early-stationary-phase genes of B. subtilis are re-
pressed by the global regulator CodY. Ratnayake-Lecam-
wasam et al. (35) demonstrated that CodY represents a GTP-
sensing protein that functions as a repressor under high-GTP
conditions, i.e., during exponential growth in nutrient-rich me-
dium. When B. subtilis cells encounter nutrient-limiting condi-
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tions, the cellular GTP pool drops, due either to the depletion
of precursors of guanine nucleotides or to the activation of the
stringent response (26). Since CodY-regulated genes are re-
pressed during growth in media containing amino acid mix-
tures (2), the cellular GTP pool might be affected by amino
acid availability via the stringent response due to partial amino
acid limitation in minimal medium. However, recent in vitro
experiments carried out in the Sonenshein laboratory demon-
strated that branched-chain amino acids interact directly with
CodY, thereby stimulating the binding of CodY to many of its
targets (33).

In the present work, we analyzed the transcriptional organi-
zation of the genes encoding the branched-chain amino acid
biosynthetic enzymes, identifying ilvD and ybgE as monocis-
tronic transcriptional units and cotranscription of ilvA with the
ypmP gene. The heptacistronic ilvBHC-leuABCD operon was
demonstrated to exhibit posttranscriptional regulation by
mRNA processing and differential segmental stabilities of the
processing products, which results in different amounts of the
encoded proteins.

Relatively little is known about mRNA degradation, mRNA
processing, and mechanisms of posttranscriptional regulation
in B. subtilis. In gram-negative bacteria, the extensively ana-
lyzed pufQBALMX operon of Rhodobacter capsulatus repre-
sents a model system for studying gene regulation by differen-
tial segmental mRNA stability of polycistronic operons (3, 16,
17, 23, 24). The pufBA genes encode the proteins of the light-
harvesting I complex, while the pufLM genes encode the pig-
ment-binding proteins of the reaction center. There is a 10- to
15-fold excess of light-harvesting I complexes over reaction
center complexes in R. capsulatus cells grown under low-oxy-
gen tension, which at least partially results from differential
stabilities of the individual puf mRNA segments (23). As ex-
emplified in the puf operon, the endoribonuclease RNase E
represents a key factor in the modulation of RNA degradation
and processing in gram-negative bacteria (8). In Escherichia
coli as well as R. capsulatus, RNase E, the exoribonuclease
PNPase, and the RNA helicase RhlB, which facilitates the
unwinding of structured RNA, are organized in a large com-
plex called the degradosome (8, 22). According to current
models, degradation of the majority of the mRNAs is initiated
by the binding of RNase E to the 5� end. Subsequently, the
degradosome proceeds in the 5�-3� direction, thereby “scan-
ning” the bound RNA for AU-rich, single-stranded RNA re-
gions representing RNase E recognition sites. The resulting
cleavage fragments are rapidly degraded by the exoribonucle-
ases PNPase and RNase II. Both enzymes are impeded by
secondary structures frequently located at the 3� ends of pri-
mary transcripts, functioning both as transcriptional termina-
tors and as 3�-RNA stabilizers. Therefore, the decay of struc-
tured 3� ends is postulated to require successive rounds of
addition and degradation of poly(A) tails which function as
“on-ramps” for the exonucleases, particularly the PNPase. This
RNA polyadenylation is performed by the poly(A) polymerase
(PAPI) (8).

Although an RNase E-encoding gene cannot be derived
from the genome sequence of B. subtilis, an RNase E-like
enzymatic activity has been found (9). Whereas PNPase is
present in B. subtilis, a gene which encodes the orthologue of
PAPI is absent, although polyadenylation of mRNA has been

observed (10). Obviously, the enzymatic apparatus responsible
for mRNA degradation and processing differs markedly be-
tween E. coli and B. subtilis. However, the structural elements
influencing mRNA stability are similar: the accessibility of 5�
and 3� ends is crucial. Protection of the 5� end by a stem-loop
structure and frequently or strongly binding ribosomes confers
stability to a particular mRNA in both species, as well as stable
stem-loop structures at the 3� end (10).

Up to now, two polycistronic operons exhibiting differential
segmental mRNA stability were described in B. subtilis, the
heptacistronic dnaK operon (20, 21) and the hexacistronic
gapA operon (27, 31). In both cases, the processing of primary
transcripts generates products with significantly different half-
lives, resulting in different amounts of the encoded proteins.
However, the identity of the endoribonucleases performing the
mRNA-processing reactions is still unknown.

The ilv-leu operon is the third example of a polycistronic
operon in B. subtilis exhibiting modulation of the amounts of
its encoded proteins by mRNA processing and differential seg-
mental mRNA stability. Besides regulation of the whole
operon via CodY repression and T-box-mediated antitermina-
tion, this additional level of regulation fine-tunes the expres-
sion of its individual genes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The B. subtilis strains used in this
study were B. subtilis 168 (trpC2) (1), PS29 (trpC2 unkU::spec), and its isogenic
�codY derivative PS37 (37). All B. subtilis strains were grown in minimal medium
(38) supplemented with glucose (0.5%) and tryptophan (16 mg/liter). If indi-
cated, CAA (Sigma) were added to a final concentration of 0.2%. Cells were
harvested in the exponential growth phase after reaching an optical density at
500 nm (OD500) of 0.5.

The ilvA::cat mutant strain UM101 was constructed as follows. The complete
ilvA coding region was amplified from B. subtilis 168 chromosomal DNA using
Pfu polymerase (Stratagene) and primers ILVACLONE-5� (5�-GGCCATGGA
TCCATGAAACCGTTGCTTAAAGAAAAC-3�) and ILVACLONE-3� (5�-GG
CCATGGATCCAGATTAGCAAATGGAACAAGTCCT-3�). The PCR prod-
uct carried BamHI restriction sites at both ends (underlined in the primer
sequences). After hydrolysis with BamHI, this fragment was inserted in BamHI-
linearized pSKII(�) (Stratagene), resulting in the plasmid pilvA. Subsequently,
pilvA was hydrolyzed using Eco47III. Using this enzyme, a 464-bp fragment was
removed from the ilvA coding sequence, leaving 426 bp of the 5� region and 376
bp of the 3� region of the gene. After removal of the central 464-bp fragment, the
Eco47III-hydrolyzed pilvA was ligated with a 950-bp EcoRV fragment (released
from pSK::cat [39]) carrying a chloramphenicol resistance gene with its own
promoter and two transcriptional terminators, one at each end of the resistance
cassette. One of the resulting plasmids, in which transcription of the cat and ilvA
genes occurs in the same direction, was named pilvA::cat. The pilvA::cat plasmid
was linearized with ScaI and used for transformation of B. subtilis 168, with
subsequent selection on chloramphenicol-containing agar plates. One of the
transformants was checked by PCR for the correct integration of the cat cassette
in the ilvA locus and designated UM101.

The ilvB::cat mutant strain UM102 was constructed as follows. The complete
ilvB coding region was amplified from B. subtilis 168 chromosomal DNA using
Pfu polymerase and primers ILVBCLONE-5� (5�-GGCCATTCTAGAATGGG
GACTAATGTACAGGTGGAT-3�) and ILVBCLONE-3� (5�-GGCCATCTCG
AGAGGTTTCACCCCCACCATTTCATG-3�). The PCR product carried a
XbaI restriction site at its 5� end an a XhoI restriction site at its 3� end (under-
lined in the primer sequences). After hydrolysis with XbaI and XhoI, this frag-
ment was inserted into XbaI-XhoI-digested pBlue SalI SmaI� (20), resulting in
plasmid pilvB. Subsequently, pilvB was linearized with SmaI. Since this plasmid
contains one single SmaI restriction site within ilvB, the hydrolysis cleaved the
ilvB coding sequence in a 5�-terminal 581-bp fragment and a 3�-terminal 1,141-bp
fragment. The SmaI-linearized pilvB was ligated with the same chloramphenicol
resistance cassette used for the construction of UM101. One of the resulting
plasmids in which transcription of the cat and ilvB genes occurs in the same
direction was chosen and named pilvB::cat. B. subtilis 168 was transformed with
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the ScaI-linearized pilvB::cat plasmid, with subsequent selection on chloram-
phenicol containing agar plates. One of the transformants was checked by PCR
for correct integration of the cat cassette in the ilvA locus and designated
UM102.

The B. subtilis 168 strains carrying translational fusions of lacZ to the upstream
regions of the ilvA, ilvB, ilvD, and ybgE genes were kindly provided by Jörg
Stülke. The fusions were introduced into the codY null mutant strain PS37 and
its isogenic wild-type strain, PS29, by transformation with chromosomal DNA
and subsequent selection on agar plates containing chloramphenicol and spec-
tinomycin. In the case of the PS37 derivative strains, the codY deletion was
verified by PCR. In all cloning experiments, E. coli DH10B (Invitrogen) was used
as the host strain, which was routinely grown in Luria-Bertani medium contain-
ing ampicillin (200 �g/ml) for all plasmid-bearing strains. Chloramphenicol and
spectinomycin were added at 5 and 100 �g/ml, respectively.

Assay of �-galactosidase activity, RNA preparation, and Northern analysis.
The �-galactosidase assay was carried out as described by Miller (32). The
preparation of total RNA and the Northern hybridization procedures were
carried out as described previously (13). Chemiluminescence was detected with
the Lumi-Imager (Roche Diagnostics), and chemiluminographs were quantified
using the Lumi-Analyse software package (Roche Diagnostics). Transcript sizes
were determined by comparison with an RNA size marker (Invitrogen). The
positions of the molecular size markers are depicted on the left in all Northern
blot images.

The digoxigenin-labeled RNA probes were synthesized by in vitro transcrip-
tion with T7 RNA polymerase and specific PCR products as templates. Synthesis
of the templates by PCR was performed using the following oligonucleotide
pairs: for the ilvA probe; ILVA-5� (5�-ATGAAACCGTTGCTTAAAGA-3�) and
ILVA-3� (5�-CTAATACGACTCACTATAGGGAGATGTACCTACCCCAGA
GAGAA-3�); for ilvB, ILVB-5� (5�-ATGGGGACTAATGTACAGGT-3�) and
ILVB-3� (5�-CTAATACGACTCACTATAGGGAGATGTTGTCGGCTGGTA
TCCCG-3�); for ilvC, ILVC-5� (5�-TATAACGGTGATATCAAAGA-3�) and
ILVC-3� (5�-CTAATACGACTCACTATAGGGAGAGCCGCAAAGAACTG
CTTGCT-3�); for ilvD, ILVD-5� (5�-GAGGATCACCATGGCAGAAT-3�) and
ILVD-3� (5�-CTAATACGACTCACTATAGGGAGAAGACAGTTCATTGA
GTTCGC-3�); for ilvH, ILVH-5� (5�-ACATTGACTGTGGTGAACCG-3�) and
ILVH-3� (5�-CTAATACGACTCACTATAGGGAGAGCTGGTTCCCCTCGC
AAAAG-3�); for leuA, LEUA-5� (5�-GGTCTCCGTTGCGCAAAATT-3�) and
LEUA-3� (5�-CTAATACGACTCACTATAGGGAGAGACTGCCATTCCCA
AATCATC-3�); for leuC, LEUC-5� (5�-ATGATGCCTCGAACAATCAT-3�)
and LEUC-3� (5�-CTAATACGACTCACTATAGGGAGAGACGTAGCCTGT
GCCGAATT-3�); for leuD, LEUD-5� (5�-ATGGAACCTTTGAAATCACATA
C-3�) and LEUD-3� (5�-CTAATACGACTCACTATAGGGAGAGGCTTGAA
GCCAAGAGCTTC-3�); for ybgE, YBGE-5� (5�-CTTCCTTGGGGTTTGGAC
AA-3�) and YBGE-3� (5�-CTAATACGACTCACTATAGGGAGATGAAGAC
TGGCGGCATAGTT-3�); and for ypmP, YPMP-5� (5�-TTGTTACTCAAAAG
CCTAGA-3�) and YPMP-3� (5�-CTAATACGACTCACTATAGGGAGACGC
GTTGTGCTTTAACACCT-3�). The underlined sequences indicate the T7
promoter region.

Primer extension analysis. Primer extension was carried out as described
previously (40) using the 32P-labeled primer ILVC-PEX (5�-TTCAGGGCATG
TGCGTGGCC-3�). The DNA-sequencing reactions were carried out with the
same primer and an 1,567-bp ilvH-ilvC DNA template which was generated by
PCR using the primer pair ILVH-5�B (5�-CTAATACGACTCACTATAGGGA
GATTGAAAAGAATTATCACATT-3�) and ILVC-3�B (5�-ATTTTGCGCAA
CGGAGACCA-3�).

Preparation of protein extracts and 2-D protein gel electrophoresis. B. subtilis
strain 168 growing in minimal medium at 37°C was harvested in the exponential
growth phase after reaching an OD500 of 0.5. Protein extracts were prepared as
described previously (5). IPG strips in the pH range from 4 to 7 (Amersham
Biosciences) were loaded with 100 �g of crude protein extract. Isoelectric fo-
cusing using the Multiphor II unit (Amersham Biosciences) and sodium dodecyl
sulfate polyacrylamide gel electrophoresis using the Investigator two-dimen-
sional (2-D) electrophoresis system (Genomic Solutions) were performed as
described previously (5). The resulting 2-D gels were fixed with 50% (vol/vol)
methanol–7% (vol/vol) acetic acid and stained with SYPRO Ruby protein gel
stain (Molecular Probes). Fluorescence was detected using a Storm860 imager
(Molecular Dynamics). The 2-D gel image analysis and quantification of the
protein amounts were performed with the Delta 2-D software (Decodon). Pro-
tein extracts from three independent cultures were used for quantification, and
each sample was resolved twice. The identification of proteins was performed by
matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass
spectrometry as described previously (5).

RESULTS

Analysis of regulation and transcriptional organization of
the genes encoding the branched-chain amino acid biosyn-
thetic enzymes. The results of our global gene expression anal-
ysis of B. subtilis grown in minimal medium with and without
CAA (29) prompted us to conclude that CodY-dependent
regulation of the genes for the biosynthesis of branched-chain
amino acids (ilv-leu operon, ilvA, ilvD, and ybgE) was occur-
ring. To verify this hypothesis and to obtain information about
the transcriptional organization of these genes, Northern anal-
yses using probes with specificity for ilvA, ilvB, ilvD, and ybgE
were carried out. To this end, RNA was prepared from B.
subtilis PS29 and the isogenic �codY mutant PS37 grown in
minimal medium in the presence or absence of CAA until the
OD500 reached 0.5. The results are given in Fig. 1. The ilvA-
specific probe detected a single mRNA of around 1.6 kb, in-
dicating contranscription of ilvA and the downstream gene

FIG. 1. Northern analysis of ilvA, ilvB, ilvD, and ybgE in PS29 (wt)
and PS37 (�codY). RNA was prepared from cells growing exponen-
tially in minimal medium in the presence (�) or absence (�) of CAA
(0.2%). Electrophoretic separation of the RNA (5 �g per lane) was
performed using 1.2% (ilvA, ilvD, and ybgE) or 0.6% (ilvB) agarose
gels.
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ypmP. The ilvB Northern blot demonstrated a large (8.5-kb)
mRNA predicted to encompass the coding regions of ilvB,
ilvH, ilvC, leuA, leuB, leuC, and leuD. The ilvD and ybgE genes
were found to be monocistronically transcribed as mRNAs of
1.8 and 1.2 kb, respectively.

As shown in Fig. 1, significantly smaller amounts of ilvA,
ilvB, ilvD, and ybgE mRNA were observed in the wild type in
presence of CAA whereas similar amounts of mRNA were
detected under both growth conditions in the codY mutant. In
agreement with the study by Molle et al. (33), these results
demonstrated CodY-dependent regulation of the branched-
chain amino acid biosynthesis genes. However, the extent of
CodY repression was different: whereas no ilvB, ilvD, and ybgE
specific transcripts were detected in the wild type in the pres-
ence of CAA, a faint band was visible for ilvA, indicating
weaker CodY repression. Furthermore, the ilvA, ilvB, and ilvD
specific mRNAs were present in comparable amounts in the
wild-type strain in the absence of CAA and in the codY mutant.
In contrast, the amount of ybgE mRNA was significantly larger
in the mutant strain. This indicated that in wild-type cells,
CodY strongly represses the ybgE gene even in minimal me-
dium without CAA. These results were confirmed by �-galac-
tosidase activity assays of wild-type and �codY strains carrying
chromosomal lacZ fusions to the ilvA, ilvB, ilvD, and ybgE
promoter regions with samples taken under the same growth
conditions as for the Northern blot analyses (data not shown).

Analysis of the transcriptional units carrying the genes en-
coding the branched-chain amino acids biosynthesis enzymes
after GTP depletion. It was previously shown that the CodY
repressor is active under conditions of high cellular GTP con-
centration (35). Consequently, GTP depletion causes dere-
pression of CodY-regulated genes. Ratnayake-Lecamwasam et
al. (35) demonstrated induction of the CodY-repressed dpp
operon by treatment of cells with decoyinine, a GMP syn-
thetase inhibitor. In the present study, mycophenolic acid,
which inhibits the IMP dehydrogenase and thus the synthesis
of guanine nucleotides, was used to decrease the cellular GTP
pool. Cultures of B. subtilis PS29 and the isogenic �codY mu-
tant PS37 were grown in minimal medium with CAA. When
the OD500 had reached 0.5, mycophenolic acid was added to a
final concentration of 100 �M. Samples for RNA preparation
were removed before and 10, 20, and 40 min after addition of
mycophenolic acid. The RNA preparations were used in
Northern hybridizations with ilvA-, ilvB-, ilvD-, and ybgE-spe-
cific probes (Fig. 2).

The ilvA-, ilvB-, and ilvD-specific mRNAs were significantly
upregulated in the wild type by 10 min after addition of my-
cophenolic acid. However, the derepressed wild-type mRNA
levels did not reach that of the codY mutant before mycophe-
nolic acid treatment, although the amount of ilvA mRNA was
very similar to that of the mutant. In the codY mutant strain,
neither the ilvA- nor the ilvB- and ilvD-specific mRNAs were
induced on mycophenolic acid addition. In contrast, the
amounts of mRNA were significantly reduced, most obviously
in the case of ilvB. Whereas CodY-dependent derepression of
ilvA, ilvB, and ilvD could be confirmed following GTP deple-
tion, the monocistronic ybgE exhibited a different pattern of
expression. Although ybgE was clearly CodY dependent, it
remained strongly repressed after mycophenolic acid treat-
ment and was not induced by GTP depletion. The expression

of chromosomal fusions between lacZ and the promoter re-
gions of ilvA, ilvB, ilvD, and ybgE, measured before and 40 min
after the addition of mycophenolic acid, confirmed the results
of the Northern blot analyses (data not shown).

Northern blot analysis of ypmP and ilvC. The results of the
Northern hybridizations demonstrated single monocistronic
ilvD and ybgE mRNAs, whereas a bicistronic ilvA-ypmP mRNA
and a heptacistronic ilv-leu mRNA could be predicted. To
complete the analysis of the two polycistronic operons, RNA
prepared from the wild type (PS29) and �codY mutant (PS37),
after growth in minimal medium in the presence or absence of
CAA, was used in Northern hybridizations with ypmP- and
ilvC-specific probes (Fig. 3). In addition to the 1.6-kb ilvA-
ypmP mRNA, which was already demonstrated using the ilvA
probe, the ypmP probe detected an additional mRNA of 0.25
kb, which exhibited the expression pattern of ilvA. This mono-
cistronic ypmP mRNA was present in larger amounts com-
pared to the bicistronic transcript. For ilvC, two further
mRNAs were detected in addition to the 8.5-kb mRNA, one of
around 5.8 kb and one of 1.2 kb. The 5.8-kb mRNA was
present in larger amounts than the 8.5-kb mRNA, and the
1.2-kb mRNA was the most abundant transcript. All three
mRNA species detected with the ilvC probe had the same
expression pattern. The newly identified mRNA species could
be generated by endoribonucleolytic processing of the 1.6-kb
ilvA-ypmP mRNA and the 8.5-kb ilv-leu mRNA or by the
activities of additional internal promoters. To differentiate be-
tween these possibilities, several experiments were carried out.

Detection of an internal promoter upstream of ypmP. The
results obtained with strain PS29 and the isogenic �codY mu-
tant PS37 concerning the regulation of the four transcriptional
units as well as all detected mRNA species were reproducible
in the B. subtilis 168 background. Since this strain is routinely
used in our laboratory, all further experiments were carried out
with B. subtilis 168. To analyze the origin of the 0.25-kb ypmP
mRNA, a mutant was constructed to separate ypmP transcrip-
tion from the ilvA promoter. Therefore, part of the ilvA coding
region was replaced by a chloramphenicol resistance cassette
carrying its own promoter and two transcriptional terminators,
as described in Materials and Methods (Fig. 4). If the 0.25-kb
ypmP mRNA was generated by endoribonucleolytic cleavage
of the 1.6-kb ilvA-ypmP mRNA, it should be absent when
transcription from the promoter upstream of ilvA is blocked.
However, if an internal promoter upstream of ypmP was re-
sponsible for the synthesis of the 0.25-kb mRNA, this should
be present even when the ypmP gene and the ilvA promoter
were uncoupled. RNA was prepared from the ilvA mutant and
from the B. subtilis 168 wild type growing exponentially in
minimal medium supplemented with 1 mM isoleucine or CAA.
Growth of the ilvA mutant requires isoleucine due to the loss
of the threonine dehydratase activity. These RNA preparations
were used in Northern experiments using ilvA- and ypmP-
specific probes (Fig. 4).

Both probes detected the 1.6-kb ilvA-ypmP mRNA in the
wild-type strain but not in the ilvA mutant, demonstrating the
uncoupling of ypmP transcription from the ilvA promoter. In
the ilvA mutant, the ilvA probe additionally hybridized to an
mRNA of 0.4 kb that showed the same regulatory pattern as
the 1.6-kb mRNA of the wild type. This transcript most prob-
ably results from transcription initiation at the ilvA promoter
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and termination at the first terminator within the chloram-
phenicol resistance cassette. However, the 0.25-kb ypmP
mRNA was still present in the mutant strain, clearly indicating
the presence of an additional promoter immediately upstream
of ypmP, which is likely to be located in the relatively large
intercistronic region of 89 bp between ilvA and ypmP (Fig. 4).
Thus, generation of the 0.25-kb mRNA by mRNA processing
could be excluded. Since this transcript still exhibited CAA-
dependent regulation, the ypmP promoter might also be under
CodY control.

Detailed Northern analysis of the ilv-leu operon. To unravel
the transcriptional organization of the ilv-leu operon, a com-
prehensive Northern analysis was carried out. Wild-type cells
grown in minimal medium were harvested during exponential
growth (OD500 of 0.5) for RNA preparation. This RNA was

hybridized to probes with specificity for ilvB, ilvH, ilvC, leuA,
leuC, and leuD (Fig. 5A). The ilvB and ilvH probes detected
exclusively the 8.5-kb mRNA encompassing the entire operon.
As shown above, the ilvC probe detected the 8.5-, 5.8-, and
1.2-kb mRNAs. The leuA probe hybridized to the 8.5- and
5.8-kb mRNAs and, with much lower efficiency than the ilvC
probe, to the 1.2-kb mRNA. Finally, the leuC- and leuD-spe-
cific probes detected only the two large mRNA species.

These results are summarized in Fig. 5C. The 8.5-kb mRNA
initiated at the promoter upstream of ilvB is terminated at the
two transcriptional terminators downstream of leuD. The 5�
end of the 5.8- and 1.2-kb mRNAs is predicted to be located
close to the 5� end of ilvC or the 3� end of ilvH. Finally, the 3�
end of the 1.2-kb mRNA is predicted to be located in the
5�-proximal part of the leuA coding region. Indeed, a signifi-

FIG. 2. Northern analysis of ilvA, ilvB, ilvD, and ybgE under conditions of GTP depletion. PS29 (wt) and PS37 (�codY) were grown in minimal
medium in the presence of CAA (0.2%). After the culture reached an OD500 of 0.5, mycophenolic acid (Sigma) was added to a final concentration
of 100 �M. RNA was prepared from cells harvested before (Co [control]) and at the indicated times (10, 20, and 40 min) after the addition of
mycophenolic acid. Electrophoretic separation of the RNA (5 �g per lane) was performed using 1.2% (ilvA, ilvD, and ybgE) or 0.6% (ilvB) agarose
gels. Note that in the case of the ybgE luminograph, different exposure times for the wild-type and �codY strains were used. Whereas a long
exposure time was necessary to detect the wild-type bands, the very strong signals in the �codY strain required a short exposure time to avoid
overexposition.
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cant secondary structure can be derived from the DNA se-
quence at the 5� end of leuA (Fig. 5B). This putative stem-loop
structure (�G � �16 kcal/mol) is located around 120 bases
downstream of the leuA start codon. Whereas this secondary
structure could explain the generation of the 3� end of the
1.2-kb mRNA by partial transcriptional termination or by stall-
ing of exoribonucleases, the origin of the 5� end of 1.2- and
5.8-kb mRNA remained to be detected. As with the ilvA-ypmP
operon, this 5� end could be generated by endoribonucleolytic
mRNA processing or by the activity of an internal promoter.

Detection of an mRNA-processing event within the ilv-leu
operon. To differentiate between the activity of an internal
promoter and an mRNA-processing event, uncoupling of all
downstream located genes from the ilvB promoter was
achieved by insertion of the chloramphenicol resistance cas-
sette into the 5� half of the ilvB coding region as described in
Materials and Methods (Fig. 6). B. subtilis 168 and the isogenic
ilvB mutant strain were grown in minimal medium in the pres-
ence of CAA to overcome the auxotrophy of the mutant strain.

For RNA preparation, cells were harvested during exponential
growth (OD500 of 0.5). In a Northern experiment, these RNA
preparations were hybridized with an ilvC-specific probe (Fig.
6). Whereas the corresponding RNA gel showed the good
quality of the RNA preparations, the luminograph of the
Northern hybridization unambiguously demonstrated the ab-
sence of ilvC-specific mRNAs in the mutant strain. This result
revealed that the complete ilv-leu operon is inactivated in the
ilvB mutant. Consequently, the 5.8- and 1.2-kb mRNAs are
generated by endoribonucleolytic mRNA processing of the
8.5-kb mRNA and not by the activity of an internal promoter.

Mapping of the mRNA-processing site upstream of ilvC by
primer extension. To determine the mRNA cleavage site up-
stream of ilvC, a primer extension experiment was carried out
using RNA prepared from B. subtilis 168 grown in minimal
medium in the presence or absence of CAA. These RNA
preparations were hybridized to a radioactively labeled primer
complementary to the ilvC-specific mRNA, 113 bases down-
stream of the ilvC start codon. The result of the primer exten-

FIG. 3. Northern analysis of ilvA, ypmP, ilvB, and ilvC in PS29 (wt)
and PS37 (�codY). RNA was prepared from cells growing exponen-
tially in minimal medium in the presence (�) or absence (�) of CAA
(0.2%). Electrophoretic separation of the RNA (5 �g per lane) was
performed using 1.2% (ilvA and ypmP) or 0.6% (ilvB and ilvC) agarose
gels.

FIG. 4. Northern analysis of the ilvA::cat mutant strain UM101.
RNA was prepared from UM101 (ilvA) and B. subtilis 168 (wt) growing
exponentially in minimal medium supplemented with 1 mM isoleucine
in the presence (�) or absence (�) of CAA (0.2%). RNA electro-
phoresis (5 �g per lane) was performed using 1.2% agarose gels.
Hybridization was carried out using ilvA- and ypmP-specific probes.
The top drawing shows the chromosomal organization of the ilvA-
ypmP locus in UM101. The detected transcriptional organization of
the wild-type locus is depicted in the bottom drawing.

VOL. 186, 2004 TRANSCRIPTIONAL ORGANIZATION OF B. SUBTILIS GENES 2245



sion experiment is shown in Fig. 7A. One single mRNA 5� end
was mapped, corresponding to a G residue located 92 bases
upstream of the ilvC start codon within the ilvH coding region,
66 bases upstream of the ilvH stop codon (Fig. 7B). The se-
quencing reaction of the ilvH-ilvC PCR product revealed an

additional C residue 46 bp upstream of the 3� end of the ilvH
coding region which was lacking in the published sequence
(25). This was confirmed by sequencing two independently
generated PCR products. This insertion (indicated in Fig. 7B)
changes the C-terminal amino acid sequence of IlvH from

FIG. 5. Detection of mRNAs specified by the ilv-leu operon. (A) Northern analysis. RNA was prepared from B. subtilis 168 growing
exponentially in minimal medium. Six slots of a 0.6% RNA gel were loaded in parallel with 5 �g of this preparation. After electrophoresis and
blotting, the membrane was cut into six strips, which were subsequently hybridized to probes with specifity for ilvB, ilvH, ilvC, leuA, leuC, and leuD.
The reassembled chemiluminographs are shown. (B) Secondary structure (�G � �16 kcal/mol) in the 5�-terminal region of leuA as predicted by
the Zuker algorithm (43). (C) Transcriptional organization of the ilv-leu operon as derived from the Northern analysis. The lengths of the different
transcripts are indicated. The thickness of the arrows reflects the abundance of the transcripts.

FIG. 6. Northern analysis of the ilvB::cat mutant strain UM102. RNA was prepared from UM102 (ilvB) and B. subtilis 168 (wt) growing
exponentially in minimal medium in the presence of CAA (0.2%). This RNA preparation (5 �g per lane) was electrophoretically separated in a
0.6% agarose gel, which is shown on the left side. The corresponding chemiluminograph after hybridization of the blotted RNA with an ilvC probe
is depicted on the right side. The drawing shows the chromosomal organization of the ilv-leu locus in UM102.
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SKRRHPIKQYLLYKT to QQKASSNKTISIV, resulting in a
protein shortened by 2 amino acids.

The signal representing the mapped 5� end exhibited the
expected regulatory pattern (Fig. 7A). To test for a nonspecific
reverse transcriptase product, the primer extension was per-
formed in parallel using ilvH-ilvC RNA generated by in vitro
transcription. In this control reaction, no significant signal ap-
peared at the position of the mapped 5� end (data not shown).
To obtain more information about the structural determinants
of the mapped processing site, the surrounding mRNA region
was folded in silico by using the Zuker algorithm (43). This
reveals that the mRNA cleavage site is located between an A
and a G residue directly upstream of a relatively stable com-
plex secondary structure (�G � �19.0 kcal/mol), at the distal
3� site of a single-stranded mRNA stretch of 7 bases (Fig. 7C).
The single-stranded region is flanked at the 3� side by the
above-mentioned secondary structure and at the 5� side by an
additional, less stable secondary structure (�G � �3.0 kcal/
mol) at the 5� side. After cleavage, the 5� ends of the resulting
processing products are located within a base-paired double-

stranded region. Since it is known that 5� base-paired ends of
mRNA confer protection against degradation in E. coli as well
as B. subtilis (10), it could be predicted that the 5.8- and 1.2-kb
processing products are more stable than the 8.5-kb precurser.
This assumption was further strengthened by the observation
that the processing products are present in the cell in larger
amounts than is the full-length precursor mRNA, as revealed
by the Northern analyses. Therefore, it was tempting to spec-
ulate that the physiological function of the processing event
was the generation of mRNAs with higher stabilities. This
prediction was tested by half-life determination of the 8.5-,
5.8-, and 1.2-kb mRNAs.

Half-life determination of the three mRNA species of the
ilv-leu operon. Rifampin was added to exponentially growing B.
subtilis 168 cells to prevent the initiation of transcription. Sam-
ples for RNA preparation were removed before and at differ-
ent times after the rifampin addition. These RNA samples
were hybridized in Northern experiments with ilvB- and ilvC-
specific probes (Fig. 8). Quantification of the resulting lumi-
nographs allowed the calculation of specific half-lifes: for the

FIG. 7. Mapping of the mRNA-processing site upstream of ilvC. (A) Primer extension analysis. The reactions were performed using 5 �g of
RNA prepared from B. subtilis 168 growing exponentially in minimal medium in the presence (�) or absence (�) of CAA (0.2%). Lanes A, C,
G, and T show the dideoxy sequencing ladder obtained with the same primer as used for the primer extension reactions. (B) Sequence of the
chromosomal region surrounding the mapped processing site. Regions predicted to specify secondary structures on the mRNA level are highlighted
in grey, and stem-loop structures are depicted as arrowheads. The C residue absent in the published genome sequence is underlined and in
boldface, and the G residue representing the mapped 5� end is marked by an arrow. The ilvH stop codon and the ilvC start codon are shown in
boldface, and the ilvC ribosome-binding site is shown in italic. (C) Secondary-structure prediction for the mRNA surrounding the processing site
according to the Zuker algorithm (43). The mapped mRNA cleavage site is indicated by an arrow.
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8.5-kb primary transcript, a half-life of 1.2 min was determined,
whereas the 5.8- and 1.2-kb processing products exhibited half-
lifes of 3.0 and 7.6 min, respectively. Thus, the postulated
differential mRNA stabilities resulting from the different 5�
ends of the primary transcript and the processing products
were verified.

The mRNA analyses showed that the ilvB and ilvH genes
encoding the acetolactate synthase subunits are expressed only
as part of the 8.5-kb mRNA and specify the smallest amounts
of mRNA of all genes in the operon. The mRNA-processing
event upstream of ilvC, which generates the 5.8- and 1.2-kb
mRNAs, should also result in the generation of a 5�-proximal
processing product of around 2.7 kb containing ilvB and the
truncated ilvH. It is possible that the faint band above the
nonspecific 23 S rRNA signal, which was detected with the
ilvB-specific probe, represents this processing product (Fig. 1,

2, 3, 5, and 8). However, the detection of this mRNA was not
reliably reproducible since the band was absent in several RNA
preparations, pointing to a very low mRNA stability. The leuA,
leuB, leuC, and leuD genes, encoding 2-isopropylmalate syn-
thase, 3-isopropylmalate dehydrogenase, and the 3-isopropyl-
malate dehydratase subunits, respectively, are expressed as
part of the 8.5- and 5.8-kb mRNA. Consequently, these genes
specify more mRNA than do ilvB and ilvH. The largest amount
of mRNA is specified by ilvC, encoding ketol-acid reducto-
isomerase, which is expressed as part of three mRNA species.
In addition to the 8.5- and 5.8-kb mRNAs, ilvC specifies the
1.2-kb mRNA which represents the most abundant transcript.
These observations raised the question whether the different
amounts of mRNA are also reflected in the amounts of pro-
teins synthesized. Therefore, the relative amounts of the pro-
teins encoded by the operon were compared.

FIG. 8. Half-life determination of the different mRNAs of the ilv-leu operon. RNA (5 �g per lane) was prepared from B. subtilis 168 growing
exponentially in minimal medium before (Co) and at different times (given in minutes) after the addition of rifampin. After RNA electrophoresis
in 0.6% agarose gels and blotting, the membranes were hybridized to ilvB- and ilvC-specific probes. The half-lifes of the 8.5-, 5.8-, and 1.2-kb
mRNA were determined by linear regression analysis plots of the percentage of remaining mRNA versus the time. The half-life data were obtained
from three experiments using independently prepared RNA.
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Determination of the relative protein amounts of the en-
zymes encoded by the ilv-leu operon. To determine the relative
cellular amounts of the proteins involved in branched-chain
amino acid biosynthesis, protein extracts were prepared from
B. subtilis 168 grown in minimal medium. These extracts were
separated by 2-D polyacrylamide gel electrophoresis and
stained with SYPRO Ruby protein gel stain (Fig. 9). Following
quantification of the 2-D gel images, the relative amounts of
the IlvB, IlvC, LeuA, LeuB, LeuC, and LeuD proteins could be
calculated; IlvH was not detectable in the 2-D gels in the pH
range from 4 to 7 due to its alkaline isoelectric point (pI).
However, since IlvB and IlvH form a heteromer and are trans-
lationally coupled (the ilvB stop codon and the ilvH start codon
share two bases), it can be postulated that the two proteins are
present in similar amounts. The averaged quantification data
revealed the following relative proteins amounts: 1.2 	 0.16
(IlvB), 11.76 	 1.0 (IlvC), 1.72 	 0.20 (LeuA), 1.72 	 0.22
(LeuB), 1.12 	 0.25 (LeuC), and 1.0 	 0.23 (LeuD). Thus, the
large amount of ilvC-specific mRNA, which is caused primarily
by the remarkably long half-life of the 1.2-kb processing prod-
uct, is indeed reflected by a correspondingly large amount of
the IlvC protein. Whereas the monomeric species of the other
proteins encoded by the ilv-leu operon were detected in com-
parable amounts, the abundance of IlvC was around 10-fold
higher. However, there was no difference between the amounts
of the proteins encoded by ilvB showing the smallest mRNA
amount of the operon and leuA, leuB, leuC, and leuD, exhib-
iting mean mRNA amounts. In addition to the proteins en-
coded by the ilv-leu operon, the IlvA and IlvD proteins were
analyzed. Whereas the amount of IlvD (1.28 	 0.23) was com-
parable to IlvB, LeuA, LeuB, LeuC, and LeuD, the IlvA pro-
tein was present in significantly smaller amounts (0.36 	 0.03).

DISCUSSION

In the present study, the transcriptional organization and
regulation of the genes encoding the branched-chain amino
acid biosynthetic enzymes were analyzed. As already reported
by Molle et al. (33), the ilv-leu operon and the ilvA, ilvB, and
ybgE genes were shown to be controlled by the global tran-
scriptional regulator, CodY. However, it is still not known why
the branched-chain amino acid biosynthetic pathway is coregu-
lated with early-stationary-phase and sporulation genes in re-
sponse to the nutritional state of the cell. Possibly, CodY
regulation of branched-chain amino acid biosynthesis occurs
because spore formation requires de novo biosynthesis of fatty
acids (36). Valine, leucine, and isoleucine are the precursors
for biosynthesis of iso- and anteiso-branched fatty acids, which
represent the major fatty acid species of the membrane lipids
in Bacillus species (11). The absence of de novo fatty acid
biosynthesis at the onset of sporulation results in a block of

E-directed gene expression in the mother cell, caused by the
failure of pro-
E processing to its active form (36). It was
suggested that de novo fatty acid biosynthesis contributes to
the specific phospholipid composition of the mother cell, which
is predicted to be essential for activation of the pro-
E pro-
cessing protease, SpollGA (36). Therefore, CodY-mediated
induction of branched-chain amino acid biosynthesis genes
would ensure the availability of precursors for de novo fatty
acid biosynthesis at the onset of sporulation.

The most interesting results of this study were obtained in
the context of the posttranscriptional regulation of the ilv-leu
operon. This operon is transcribed from a single promoter
which is located upstream of ilvB. The corresponding transcrip-
tional start site was mapped 482 bases upstream of the ilvB
start codon (14). The large leader region mediates regulation
of the ilv-leu operon by antitermination via the T-box mecha-
nism (14, 30). A full-length 8.5-kb primary transcript is synthe-
sized by transcriptional initiation at the ilvB promoter and
termination at one of the two terminator structures (�G �
�19.8 and �12.7 kcal/mol), which can be derived from the
sequence immediately downstream of leuD. The processing
event upstream of ilvC generates different processing products:
a 5�-proximal product of around 2.7 kb containing ilvB and the
truncated ilvH is postulated to exhibit a very low stability.
Removal of the 5� portion of the 8.5-kb mRNA generates the
new 5� end of the 5.8-kb as well as the 1.2-kb mRNA, which
results in significantly more stable processing products.

Possibly, partial transcriptional termination occurs at the
stem-loop structure in the 5�-terminal region of the leuA cod-
ing sequence (Fig. 5B). This would result in a primary tran-
script of around 3.9 kb, which should be detectable using ilvB,
ilvH, and ilvC probes. However, a corresponding band was not
detected, suggesting a very short half-life of this postulated
primary transcript. Rapid processing at the site upstream of
ilvC may prevent the accumulation of detectable amounts of
mRNA. Alternatively, the secondary structure in the 5�-termi-
nal region of leuA may not function primarily as a transcrip-
tional terminator but as a 3� mRNA-stabilizing element. Ac-
cordingly, the 1.2-kb processing product is generated by
endoribonucleolytic cleavage of the 8.5-kb precurser at the
processing site upstream of ilvC and exonucleolytic degrada-
tion of the 8.5- and 5.8-kb mRNAs, which is impeded at the

FIG. 9. SYPRO ruby-stained cytosolic proteins of B. subtilis 168
separated by 2-D protein gel electrophoresis. The protein extract (100
�g) prepared from cells growing exponentially in minimal medium was
separated in a pH gradient of 4 to 7. The labeled spots represent
proteins involved in the biosynthesis of branched-chain amino acids.
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stem-loop structure downstream of ilvC. The latter assumption
is further strengthened by the fact that despite sharing an
mRNA 5� end, the 5.8-kb processing product has a significantly
shorter half-life (3.0 min) than does the 1.2-kb product (7.6
min). The strong secondary structures formed by the termina-
tors downstream of leuD can be predicted to protect the distal
3� end of the 8.5- and 5.8-kb mRNAs against exoribonucleo-
lytic degradation. Since exoribonucleases require unpaired sin-
gle-stranded 3� ends to attach to the mRNA, recognition sites
for endoribonucleases able to generate such 3� ends have to be
postulated in the region between the secondary structure
downstream of ilvC and the farthest 3� end of the operon.
Finally, we cannot exclude the possibility that this secondary
structure functions as both a 3� mRNA stabilizer and a tran-
scriptional terminator.

The processing site upstream of ilvC is of especial interest.
The secondary-structure prediction for this mRNA region re-
sembles the one of the processing site mapped in the cggR-
gapA-pgk-tpi-pgm-eno operon (gapA operon) at the farthest 3�
end of the cggR coding region (27). As shown in Fig. 7C and 10,
mRNA cleavage occurs in both cases between A and G resi-
dues within single-stranded regions flanked by stem loop struc-
tures, near the downstream stem-loop. Single-stranded, mostly
AU-rich RNA regions which are stabilized by adjacent stem-
loop structures represent recognition sites for the most impor-
tant E. coli endoribonuclease RNase E (8). An enzymatic ac-
tivity similar to RNase E was described in B. subtilis (9),
although the corresponding gene is absent from the genomic
sequence (25). This postulated RNase E-like B. subtilis en-
zyme, whose gene still remains to be identified, might be re-
sponsible for the endoribonucleolytic processing of the gapA
and ilv-leu operons.

In both cases, the processing events generate products with
different mRNA stabilities. Due to its very low stability, the
5�-proximal ilvBH processing product of the ilv-leu operon
could not be be detected reliably whereas the 3�-proximal 1.2-
and 5.8-kb processing products exhibited higher stabilities
(half-lives of 7.6 and 3.0 min, respectively). The 5�-proximal

processing product of the cggR-gapA-pgk-tpi-pgm-eno operon,
which encompasses the leader region and a 3�-truncated cggR
coding sequence, exhibited a half-life of 1.5 min, whereas the
3�-proximal 1.2-kb gapA-processing and 6.2-kb gapA-pgk-tpi-
pgm-eno-processing products showed half-lives of 3.5 and 3.0
min, respectively. The more stable 3�-proximal processing
products of the ilv-leu and gapA operons have a common struc-
tural feature: the processing events generate 5� ends which are
characterized by complex secondary structures. In the case of
the gapA operon, this 5� end represents an overhang of two
bases upstream of the stem-loop structure (Fig. 10), whereas in
the case of the ilv-leu operon, the 5� end is included in the base
pairing of the stem-loop structure (Fig. 7C). The steric shield-
ing of 5� ends results in mRNA stabilization in E. coli as well
as in B. subtilis (8, 10). In E. coli, this can be explained by the
fact that the crucial step in the initiation of mRNA degrada-
tion, the binding of RNase E, occurs at the 5� end (28). Effi-
cient attachement of RNase E requires a single-stranded, non-
base-paired 5� end (28). If 5� ends are protected either by the
presence of a stable secondary structure or by the frequent
binding of ribosomes to an adjacent Shine-Dalgarno sequence,
impaired attachment of RNase E results in increased mRNA
stability (8, 10). Although the identity of the RNase E-like
enzyme(s) in B. subtilis is still unknown, the fact that similar
structural determinants at the 5� end confer mRNA stability in
E. coli and B. subtilis suggests that the mRNA degradation
systems might be comparable (10). Most probably, the in-
creased stabilities of the 3�-proximal processing products of the
gapA and ilv-leu operons result from steric exclusion of an
enzymatic apparatus which initiates mRNA degradation by
binding to 5� ends.

A further common feature of the processing sites of these
operons is the relatively large distance between the 5� second-
ary structures and the ribosome-binding sites of the first genes
of the generated processing products: the distances between
the mapped 5� ends and the start codons of gapA and ilvC are
65 and 91 bases, respectively, and the distances between the 5�
stem-loops and the Shine-Dalgarno sequences (AAAGGAGG
AAAC and CAAGGGAGAGAT, consensus positions under-
lined) are 20 and 31 bases. These relatively large leader regions
might reflect the necessity of preventing interference of the
stem-loop structures with ribosomal subunits: as a 30S ribo-
somal subunit bound to a Shine-Dalgarno sequence covers a
region of around 30 nucleotides (42), too close a neighboring
5� stabilizing stem-loop could decrease the translation initia-
tion rate by reducing the efficiency of ribosome binding.

The high stability of the monocistronic 1.2-kb ilvC process-
ing product caused by the combination of the stem-loop struc-
tures at the 5� and 3� ends is reflected at the protein level: the
amount of IlvC is around 10-fold greater than that of the other
proteins encoded by the ilv-leu operon. Thus, different
amounts of protein are achieved by adjusting the differential
stabilities of mRNAs specified by the same operon. There are
two further examples of polycistronic B. subtilis operons which
regulate the amounts of their encoded proteins by differential
mRNA stabilities: the gapA operon and the dnaK operon. For
the above-mentioned gapA operon, the low stability of the
mRNA species which encodes the repressor protein CggR
results in a 100-fold-smaller amount of the monomeric form of
CggR compared to the product of the second gene of the

FIG. 10. The mRNA secondary structures surrounding the pro-
cessing site mapped in the gapA operon (27). The mapped mRNA
cleavage site is indicated by an arrow.
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operon, gapA (31). In this case, the physiological function of
this molar ratio is obvious: the gene product of gapA, the
glyceraldehyde-3-phosphate dehydrogenase, is a metabolic en-
zyme required in high copy numbers in the cell. In contrast, the
repressor protein CggR binds to only a single target sequence
located upstream of cggR (12) and is consequently required
only in very small quantities.

The mRNA species which contain the first gene of the hep-
tacistronic hrcA-grpE-dnaK-dnaJ-orf35-orf28-orf50 operon also
exhibit a very low stability, resulting in a molar ratio of the
monomeric forms of the proteins HrcA and DnaK of 1:100 at
37°C and 1:40 at 48°C (21). The physiological function of this
molar ratio resembles that postulated for the gapA operon: the
Hsp70 chaperone of B. subtilis, DnaK, is required in large
amounts under normal growth conditions and is present in
even greater amounts after a temperature upshift. The HrcA
protein is the repressor of the class I heat shock operons
hrcA-grpE-dnaK-dnaJ-orf35-orf28-orf50 and groESL (41). Be-
cause there are only two target sites of this repressor, the
required cellular quantities are clearly smaller than those of
DnaK. As in the case of the gapA operon, an mRNA-process-
ing event generates segments of differential mRNA stability.
Cleavage in the intercistronic region between hrcA and grpE
results in a monocistronic upstream hrcA-processing product
of low stability and a more stable downstream processing prod-
uct carrying dnaK. However, the mapped cleavage site is lo-
cated within a secondary-structure element and may therefore
be recognized by an endoribonuclease different from the one
which most probably cleaves the mRNA at the 3� end of cggR
and the 5� end of ilvC (21).

For the ilv-leu operon, the rationale for the different protein
amounts has not yet been identified. On the one hand, the
ketol-acid reductoisomerase encoded by ilvC may represent a
multimeric protein, and the larger amounts of monomeric sub-
units would result in a comparable molar ratio of the func-
tional enzymes. Indeed, the IlvC proteins of Salmonella en-
terica serovar Typhimurium and Spinacia oleracea were shown
to form homotetramers (4, 19). However, since the B. subtilis
IlvC lacks several large stretches of amino acids found in these
enzymes, a reliable prediction of a multimeric structure is not
possible. B. subtilis ketol-acid reductoisomerase may exhibit a
low specific activity compared to other enzymes encoded by the
ilv-leu operon, and the cell compensates for this lower effi-
ciency by having a larger amount of protein. Indeed, the puri-
fied E. coli enzyme shows a ca. 20-fold-lower specific activity
than that of the purified acetolactate synthase encoded by
ilvBH (7, 18). Although it cannot be assumed that the B. subtilis
and E. coli enzymes have the same properties, the different
protein amounts of the branched-chain amino acid biosyn-
thetic enzymes could be explained by different activities of the
enzymes encoded by the ilv-leu operon.

In summary, the genes for branched-chain amino acid bio-
synthesis are regulated at different levels. First, the promoters
preceding the four trancriptional units involved in this pathway
(ilvA-ypmP, ilvBHC-leuABCD, ilvD, and ybgE) are under CodY
control (33). Second, expression of the ilv-leu operon is regu-
lated by tRNA-mediated transcriptional antitermination in re-
sponse to leucine availability (14, 30). Finally, as demonstrated
in the present work, different amounts of the enzymes encoded
by the ilv-leu operon are adjusted by mRNA processing and

differential segmental mRNA stability of the resulting process-
ing products.
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