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Menaquinone (MK) plays a central role in the respiratory chain of Bacillus subtilis. The biosynthesis ofMK
requires the formation of a naphthoquinone ring via a series of specific reactions branching from the shikimate
pathway. "Early" MK-specific reactions catalyze the formation of o-succinylbenzoate (OSB) from isochoris-
mate, and "late" reactions convert OSB to dihydroxynaphthoate, by utilizing an OSB-coenzyme A interme-
diate. We have cloned and sequenced the B. subtilis menE and menB genes encoding, respectively,
OSB-coenzyme A synthase and dihydroxynaphthoate synthase. The MenB open reading frame encodes a
potential polypeptide of261 amino acid residues with a predicted size of 28.5 kDa, while the MenE open reading
frame could encode a 24.4-kDa polypeptide of 220 amino acid residues. Probable promoter sequences were

identified by high-resolution primer extension assays. Organization of these genes and regulatory regions was
found to be menBp menB menEp menE. Expression of menE was dependent on both menEp and menBp,
indicating an operonlike organization. A region of dyad symmetry capable of forming a stable RNA secondary
structure was found between menB and menE. Culture cycle-dependent expression of menB and menE was
measured by steady-state transcript accumulation. For both genes, maximal accumulation was found to occur

within an hour after the end of exponential growth. The menBp and menEp promoters have sequences
compatible with recognition by the major vegetative form of B. subtilis RNA polymerase, EcA. Both promoter
regions also were found to contain homologies to a sequence motif previously identified in the menCDp region
and in promoters for several B. subtilis tricarboxylic acid cycle genes.

Menaquinone (MK; vitamin K2) is a lipophilic, nonprotein
redox component in the electron transport chain of Bacillus
subtilis which mediates electron flow between dehydroge-
nases and cytochromes (5). In addition to its role in respira-
tion, MK is necessary for successful endospore formation
and is involved in regulation of cytochrome formation (10,
28). The formation of MK appears to be regulated during
growth of B. subtilis, with maximal levels being reached
within 1 h (T1) after the end of exponential growth phase in
batch culture (TO), followed by a rapid decline (10). The lack
of MK in endospores of Bacillus cereus has been correlated
with metabolic dormancy (8). Thus, study of the regulation
of MK biosynthesis should provide insights into the factors
governing modification of Bacillus respiratory chains in
response to both the nutritional status of the growth medium
and the cellular developmental sequence represented by
sporulation.
Much of the enzymology of MK biosynthesis has been

carried out with Escherichia coli (1, 2). However, the
pathway in B. subtilis appears to be similar if not identical
(20, 29). MK is synthesized from a men-specific branch of
the shikimate pathway, beginning with the isomerization of
chorismate to isochorismate. The products of the menCDF
genes are necessary for the conversion of isochorismate to
o-succinylbenzoate (OSB), a stable intermediate in the MK
biosynthetic pathway. The conversion of OSB to dihydroxy-
naphthoate via an OSB-coenzyme A (CoA) intermediate
requires the products of menE (OSB-CoA synthase) and
menB (dihydroxynaphthoate synthase). Several MK-defi-
cient strains of B. subtilis (29) have been characterized in
vitro (20) as to the particular enzymatic function that is
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deficient. This has permitted cloning of men-specific se-
quences and assignment of gene functions to specific seg-
ments of DNA.
The cloning of menCDBE has been previously reported,

along with preliminary analysis of a promoter (menCDp) (13,
21, 22). In subsequent experiments, we discovered that the
previously cloned material was unable to rescue the
menE310 mutation (11). This indicated that only a portion of
menE had been cloned. Genetic disruption studies with
integrative plasmid vectors carrying men-specific inserts
suggested the existence of at least one other transcriptional
unit in the men cluster. In this study, we undertook cloning
the remainder ofmenE and characterization of the transcrip-
tional regulation of menB and menE.
Here, we report cloning of the 3' terminus of menE, the

DNA sequences of menB and menE, and the relative tran-
script abundance of both menB and menE during growth and
sporulation; we also identify probable promoters for menB
and menE by transcript mapping.

MATERIALS AND METHODS

Bacterial strains and media. B. subtilis, E. coli, and bac-
teriophage strains are listed in Table 1. Growth supplements
and antibiotics were from Sigma Chemical Company, and
media were from Difco Laboratories. B. subtilis men strains
were maintained on tryptose blood agar base agar plates
containing 0.5% glucose, 18 ,uM menadione, and 1.5% agar
(TG18 medium) as previously described (22). B. subtilis
strains containing integrative plasmids conferring resistance
to chloramphenicol were grown on TG18 or Luria-Bertani
(LB) agar plates containing 5 jig of chloramphenicol (TG18-
or LB-C5) per ml. For RNA isolations, B. subtilis strains
were grown in 2x Schaeffer's nutrient sporulation medium
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TABLE 1. Strains, bacteriophage, and plasmids

Strain, bacteriophage, Relevant characteristics Source or reference
or plasmid

B. subtilis
RB1 trpC2 This laboratory
RB394 trpC2 menE310 This laboratory (29)
RB413 trpC2 menB325 This laboratory (29)
RB415 trpC2 menB329 This laboratory (29)

E. coli
JM107 A(lac-proAB), thi-1 gyrA96 endAl hsdR17 reLAl supE44 M. Belfort

mcrA [F' traD36 proA lacIq A(lacZ)M15]
ER1451 JM107mcrBC New England Biolabs
KE89 MM294 zad::TnlOpcnB80 Tcr P. Youngman
Bacteriophage R408 Replication-defective M13 helper Stratagene

Plasmids
pSGMU2 Ampr Cm' E. coli replicon J. Errington
pBS +/- Amp' fl origin E. coli replicon Stratagene
pKS +/- Amp' fl origin E. coli replicon Stratagene

(22, 26). E. coli strains containing plasmid vectors conferring
ampicillin resistance were maintained on Luria broth and LB
agar plates supplemented with 50 jig of ampicillin per ml or
on M9 plates (19)- containing 30 ,ug of ampicillin per ml.

Genetic techniques. B. subtilis was transformed by the
method of Piggot et al. (24). E. coli was transformed by the
method of Hanahan (12). Single-stranded DNA was isolated
from F+ E. coli strains carrying M13-derived plasmids with
helper phage R408 by following a standard protocol (4).

In vitro DNA manipulations. Restriction digestions, liga-
tions, and subclonings were performed by following stan-
dard protocols (19). All enzymes were from U.S. Biochem-
ical Corp. unless otherwise listed. Chromosomal DNA was
isolated from B. subtilis strains as described by Saunders et
al. (25).
DNA sequencing. Single- and double-stranded DNA was

sequenced by the Sanger dideoxy chain termination method
by using a modified T7 DNA polymerase (Sequenase) and
aL-35S-dATP (>1,000 Ci/mmol; Amersham) according to the
supplier's protocols. Sequencing reaction products were
resolved on 5% acrylamide (20:1 acrylamide/bisacrylamide)-
7 M urea gels (National Diagnostics). Dried gels were
exposed to X-ray film (X-Omat AR; Kodak) at room tem-
perature for 12 to 72 h. The complete sequence from both
strands was determined.
RNase protection assays. Ribonuclease protection assays

were performed with an RNase protection assay kit (Am-
bion, Inc.) by following the manufacturer's standard proto-
col. Radiolabelled cRNA probes were generated from linear-
ized plasmid clones by utilizing a T7/T3 in vitro transcription
kit (Ambion, Inc.) and [ot-32P]UTP (>400 Ci/mmol; Amer-
sham). RNA was isolated at specific time points from B.
subtilis RB1 grown in 2x Schaeffer's sporulation medium as
described by Miller et al. (21) and resuspended in diethyl
pyrocarbonate-treated distilled water. Protected hybrids
were separated by electrophoresis on 5% polyacrylamide-7
M urea sequencing gels. Autoradiography was carried out on
the dried gels with intensifying screens at -70°C overnight.
The amount of radioactivity in each protected band was
quantified directly from the dried gels with a Beta Scope
Model 603 Blot Analyzer (Betagen Corporation). Molar
ratios were determined from the amount of radioactivity in
each protected band and the estimated size of the band.
Primer extension analysis. Synthetic oligonucleotides JDll

(5'-GTCGTCTCTTGCGTCAGC-3') and JD12 (5'-CAAGC

TGTTCCGCCATTCG-3') (Oligos Etc.) were 5' end labelled
with [y-32P]ATP (3,000 Ci/mmol; Dupont-New England Nu-
clear) and T4 polynucleotide kinase by following the suppli-
er's protocol. Oligonucleotides were separated from precur-
sor ATP on Bio-Spin 6 chromatography columns (Bio-Rad).
RNA from B. subtilis RB1 or Saccharomyces cerevisiae

was coprecipitated (19) with radiolabelled oligonucleotide
and resuspended in 30 pl of hybridization buffer [80%
deionized formamide, 40 mM piperazine-N,N'-bis(2-ethane-
sulfonic acid) (pH 6.4), 400 mM sodium acetate (pH 6.4), 1
mM EDTA]. Samples were heated to 85°C for 10 min,
incubated at 42°C for 17 to 20 h, and precipitated as
described above. The precipitate was resuspended in 21 ,ul of
distilled water. The extension reaction was performed with a
first-strand cDNA synthesis kit (Pharmacia LKB) by follow-
ing the supplier's recommended protocol, except the incu-
bation at 37°C was increased to 2 h. Following the reaction,
0.5 pl of 0.5 M EDTA (pH 8.0) and 1.0 ,ul of 10 mg of RNase
A (Sigma Chemical Co.) per ml were added for 1 h at 37°C.
The total volume of the reaction mixture was brought to 100
,ul with STE buffer (10 mM Tris-Cl [pH 7.5], 1 mM EDTA,
150 mM NaCl) and extracted with an equal volume of
phenol-chloroform-isoamyl alcohol (25:24:1). Aqueous lay-
ers were placed on Bio-Spin 6 chromatography columns, and
the eluate was precipitated with 2.5 volumes of 100% etha-
nol. The precipitate was resuspended in 3 ,u of distilled
water and 2 ,ul of loading buffer (80% formamide, 0.1%
bromophenol blue, 0.1% xylene cyanol, 2 mM EDTA).
Primer extension products were resolved on 5% polyacryl-
amide-7 M urea sequencing gels. Size markers were created
by carrying out DNA sequencing reactions with appropriate
plasmid subclone templates by using oligonucleotide primers
JD11 and JD12.

Nucleotide sequence accession number. The DNA sequence
reported here has been deposited with GenBank under
accession number M74183.

RESULTS

Cloning of the menB-menE region. A previous report
described the cloning of DNA sequences from B. subtilis
capable of rescuing characterized menB and menE mutations
(22). The inability of this cloned material, however, to rescue
the menE310 allele (11) suggested that additional men gene
cluster sequences needed to be isolated 3' to those contained
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FIG. 1. Genetic and physical map of the men locus. Only the B. subtilis sequences of the pSGMU2-based vectors are shown (22). These
vectors were used to transform strain RB1 to chloramphenicol resistance on TG18-C5 medium. Cmr transformants were then screened for Men
phenotype on LB-C5 medium. Abbreviations for restriction sites: B, BamHI; C, ClaI; E, EcoRI; H, HindIll; N, NlaIV; P, PstI; R, RsaI; Sc,
Sacl; V, PvuII.

in the integrative plasmid construct pAI14 (Fig. 1). This
plasmid was subcloned to yield pAI69. The PstI-BamHI
fragment of pAI69 was further subcloned into pSGMU2, and
the latter construct was integrated by homologous recombi-
nation into the chromosome of strain RB1. Following diges-
tion of integrant chromosomal DNA with EcoRI, the out-
clone pAI77 (Fig. 1) was recovered. The structure of this
newly cloned chromosomal DNA was confirmed by South-
ern blot analysis, and the sequence was found to rescue the
menE310 allele. Integration by homologous recombination
of pAI77 into the B. subtilis chromosome yielded a Men+'
phenotype. This indicated that the 3' end of the transcrip-
tional unit encoding menB and menE was not contained in
pAI77. Further outcloning to obtain sequences 3' to the
PstI-EcoRI fragment of pAI77 was hampered by the ten-
dency for these sequences to rearrange in E. coli. This
problem was overcome by utilizing as a cloning host E. coli
KE89 carrying a pcnB mutation which results in a lowered
plasmid copy number for ColEl-like plasmids (18). By using
this host, several stable outclones representing over approx-
imately 4 kbp of additional material were isolated. All of
these outclones (pAI96; Fig. 1) yielded Men' integrants
when integrated, and they served to rescue the menE310
mutation. However, subclones derived from these plasmids
retained the tendency to rearrange at high frequency in E.
coli hosts (6).

Genetic analysis of the menB-menE region. Having isolated
sequences that appeared to represent the remainder of the
men gene cluster, we constructed subclones for use in
marker rescue and genetic disruption experiments. The
results are summarized in Fig. 1. The rescue of menB alleles
by fragments from the 5' portion of the menBE region and
the rescue of the menE310 allele by the PstI-EcoRI fragment
from the 3' portion suggested that the order of the two genes
is 5'-menB menE-3'. The Men phenotype of Cmr integrants
throughout the men gene cluster also is summarized in Fig.
1, including data previously reported (22). Whereas pAI27
and pAI16 disrupt the menCD transcriptional unit (22),

pAI66 does not. This suggests that a transcriptional bound-
ary occurs within pAI66. The 5' boundary of the transcrip-
tional unit that includes menB appears to occur within
pAI68, because the chromosomal fragment in this integrative
plasmid rescues several menB mutations, and does not result
in disruption of men transcription sufficient to cause a Men-
phenotype (Fig. 1).
The integrative plasmids pAI69 and pAI77 gave anoma-

lous results in the genetic disruption tests (Fig. 1). Rather
than clear Men' or Men- phenotypes, Cmr integrants
formed with these plasmids had intermediate growth pheno-
types, forming small colonies on unsupplemented LB me-
dium. This property was reminiscent of the previous result
obtained with plasmid pAI25 (Fig. 1) integrated into the
menCD region of the gene cluster (22) and suggests that
transcription in both the menBE and menCD regions has
complexities that may involve multiple transcription initia-
tion and termination sites.

Sequence of the menB-menE region. DNA sequence anal-
ysis revealed two open reading frames (ORFs) (Fig. 2). An
ORF apparently corresponding to MenB encodes a potential
polypeptide of 261 amino acid residues, with a predicted size
of 28.5 kDa; the MenE ORF encodes a potential polypeptide
220 amino acid residues long with a predicted size of 24.4
kDa. The menE310 allele was cloned and sequenced and
found to be a frameshift mutation caused by a cytosine
insertion after base 1679, within the MenE ORF. Kyte and
Doolittle hydropathy profiles (17) of the predicted polypep-
tides showed no evidence of possible transmembrane do-
mains, suggesting that MenB and MenE function in the
cytoplasm of B. subtilis (data not shown). The MenB ORF
was found to be highly homologous to E. coli MenB (14) and
to another CoA-utilizing enzyme, rat enoyl CoA hydratase
(23) (Fig. 3). The sequence for MenE from E. coli is as yet
unavailable (14). The Men+'- phenotype of the pAI69 and
pAI77 integrants (Fig. 1) suggested that menE possesses a
separate promoter (menEp) but in addition is dependent on
transcription activity from the promoter for menB (menBp).
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1 GGAGCCGTGTAGAGGAAATAGATGTTCCTGTGCTTCTGATCTGCGGGGAGTGGGACGAAAAATTTTGCGCCATCAATCAAGAGGTGCATAAGATGCTTCC
NlaIV

101 TTCTAGTAGAATAGAGATTGTGTTGGTAAAATAGTGAGTCCAAAGCAGGACATACGGTCCATGTGGAGCAGCCGCGATTGAGTTTTGACAAGCATCTG
MenB

* M K I F D E T Y N G I A
201 ACTCATTCACATAGAGAATAAAAGGAGGTCATCATGTGAATGGAAAACAAAACGGACATACGATGAAGATATTTGATGAAACGTATAATGGCATTG

-35 -10 +1 S. D.
K I T I N R P E V H N A F T P K T V A E M I D A F A D A R D D Q N

301 CAAAAATAACAATCAACCGACCTGAGGTACATAATGCGTTTACCCCTAAAACGGTTGCTGAAATGATTGATGCGTTTGCTGACGCAAGAGACGACCAAAA
RsaI

V G V I V L A G A G D K A F C S G G D Q K V R G H G G Y V G D DQ
401 CGTTGGGGTTATCGTGCTTGCCGGTGCAGGGGACAAAGCATTTTGTTCTGGCGGAGACCAAAAAGTGCGCGGCCACGGTGGATATGTAGGAGACGACCAG

I P R L N V L D L Q R L I R V I P K R V V A M V S G Y A I G G G H V
501 ATCCCTCGTCTTAACGTATTGGATCTTCAGCGTTTAATCCGCGTCATCCCGAAACCGGTTGTTGCGATGGTGTCCGGATATGCGATCGGCGGAGGCCATG

L H I V C D L T I A A D N A I F G Q T G P K V G S F D A G Y G S G
601 TGCTTCACATCGTATGTGACTTGACAATTGCTcCGGACAACGCAATTTTTGGACAAACAGGCCCTAAAGTGGGAAGCTTCGATGCAGGTrACGGTTCTGG

HindI II
Y L A R I V G H K K A R E I W Y L C R Q Y N A Q E A L D M G L V N

701 CTACCTGGCTCGAATTGTAGGACATAAAAAAGCACGTGAAATCTGGTACCTATGCCGTCAGTACAACGCACAGGAAGCACTGGACATGGTCTTGTCAAC

T V V P L E Q L E E E T I K W C E E M L E K S P T A L R F L K A A F
801 ACAGTCGTTCCTTTGGAACAGCTTGAAGAAGAAACGATTAAATGGTGTGAAGAAATGCTTGAAAAAAGCCCGACCGCACTGCGCTTTCTTAAAGCTGCGT

N A D T D G L A G I Q Q F A G D A T L L Y Y T T D E A K E G R D S
901 TTAACGCGGACACAGACGGACTTGCTGGAATTCAGCAGTTTGCAGGGGATGCTACCCTTCTTTACTACACAACAGATGAAGCAAAAGAAGGCCGTGATTC

1001

EcoRI
F K E K R K P D F G Q F P R F P - -------------> <---------
CTTTAAGGAAAAACGCAAACCTGATTTCGGACAGTTCCCTCGTTTTCCGTGATCAGCAATATCTAGTAAACCAACAGCTTGAGACTTTGCGGTCCAAGCT

MenE
---* M Q R A Q L T P E R I

1101 GTTTTCTTTTCzTACGACATTTTACCTCGGAGAm TGACATGCTGACAGAACAGCCCAACTGGCTCATGCAGCGGGCACAGCTGACACCTGAGAGAA
-35 -10 +1 S.D.

A L I Y E D Q T V T F A E L F A A S K R M A E Q L A A H S V R K G
1201 TCGCTCTCATCTATGAAGACCAAACCGTGACATTTGCAGAATTGTTTGCCGCGTCTAAACGAATGGCGGAACAGCTTGCCGCTCATTCGGTTCGGAAAGG

D T A A I L L Q N R A E M V Y A V H A C F L L G V K A V L L N T K
1301 GGATACTGCAGCTATTTTGCTCCAAAACCGTGCAGAAATGGTATACGCTGTTCACGCTTGTTTTTTGCTTGGTGTTAAGGCGGTGCTTTTGAATACGAAG

PstI
L S T H E R L F Q L E D S G S G F L L T D S S F E K K E Y E H I V Q

1401 CTGTCAACACATGAAAGGCTGTTTCAGCTGGAGGATTCGGGATCCGGCTTTTTATTGACAGATTCAAGCTTTGAGAAGAAAGAATATGAACACATCGTTC
BamHI HindIII

T I D V D E L M K E A A E E I E I E A Y M Q M D A T A T L M Y T S
1501 AAACGATTGATGTGGATGAACTGATGAAAGAAGCAGCAGAGGAAATTGAGATCGAGGCTTATATGCAAATGGATIGCAACGGCAACGCTGATGTATACGTC

G T T G K P K G V Q Q T F G N H Y F S A C R P L L F G I T E Q D A
1601 GGGTACGACAGGAAAGCCCAAGGGAGTTCAGCAAACGTTCGGAAACCATTATTTCAGTGCGTGTCGTCCGCTCTTATTTGGTATAACAGAACAAGACGCT

G L C I A A L H I S G L S A L F K S V I Y G M T V V L H Q R F S V T
1701 GGCTTATGCATTGCCGCTCTTCATATCAGCGGATTGTCCGCATTATTTAAATCTGTGATCTATGGAATGACTGTCGTGCTTCACCAGCGTTTTTCCGTAA

E C A A F Y Q H S -
1801

1901

2001

CCGAGTGTGCTGCATTCTATCAACATTCATAAGTGACAATGATATTCGCGGTGCAGACTATGCTGGCCAGTCTTITGGAAGAAACAAACCGCTGCCCTG

AATCCATCAGATGCATTCTTCTCGGCGCGGTCCTGCACCGCTGCCATTGCTTGAGGAATGCCGTGAGAAAGGAlTTCCCTGTCTTTCAGTCATATGGAATG

EcoRI

FIG. 2. Sequence of the menBE operon. Abbreviations and symbols: S.D., Shine-Dalgarno sequence; *, nucleotides to which RNA 5'
termini map; - - -> <--- -, sequence of dyad symmetry; hyphens, termination codons. Underlined nucleotides indicate probable promoter
sequences.

Several potential promoter sequences were found in the
region 5' to the MenB ORF and within the intercistronic
region between the MenB and MenE ORFs. These were
similar in sequence to other promoters capable of being
recognized by the major vegetative form ofRNA polymerase
in B. subtilis, Eo-A.
The intercistronic region between menB and menE con-

tains a sequence of dyad symmetry capable of forming an
RNA secondary structure with a predicted AG = -17.9 (30).
Additionally, the loop region within this structure bears
homology (5'-CUUUGCGG-3') to a sequence in thepurFM
intercistronic region of the pur operon of B. subtilis (5'-
CUUUUAGCGG-3') (7) and to E. coli phage T4 terminators
(5'-CUUCGG-3') (31). In the latter situation, this type of
loop has been demonstrated to provide thermodynamic
stability to RNA secondary structures (31). This structure is
predicted to function in rho-independent termination in vivo,
on the basis of stability and sequence criteria common to
rho-independent terminators in E. coli (3).

Characteristics of menB and menE transcription. The ge-
netic and DNA sequence analyses described above pointed
to the likelihood of multiple transcription initiation sites in
the menB-menE region. Further, they suggested the possi-

bility that genes in separate regions of the men locus are
regulated differently from one another. This could provide a
system for control of MK formation. Previous work on
menCDp included measurement of transcript accumulation
during growth and sporulation (21). To map the approximate
5' termini of menB and menE transcripts and to compare the
timing of expression from menB and menE promoters to that
from menCDp, RNase protection assays were performed.
Radiolabelled cRNA probes to the 5' portion of menB were
generated by in vitro transcription with T3 RNA polymerase
by utilizing as template a plasmid subclone containing the
RsaI fragment of pAI68 (Fig. 1). The probe was hybridized
in excess to equal amounts of total RNA isolated from
culture samples taken at several times during growth and
sporulation. In addition to determination of kinetics of
transcript accumulation, size estimation of RNase-protected
fragments was used to map with low resolution the 5'
terminus of menB transcripts. As shown in Fig. 4, the level
of menB mRNA accumulation began to increase late in
vegetative growth (Tv), peaking at T1, i.e., 1 h after To (the
end of exponential growth phase). A rapid decline in menB
transcript levels began at T2 and continued through T4. The
kinetics were similar to those found for menCDp-induced
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enoyl-CoA 1 MAEYLRLPHSLAMIRLCNPPV-NAVSPTVIREVRNGLQKAGSDHTVKAIVICGANGN-FC

bsMenB 1 MKIFDETYNGIAKITINRPEVHNAFTPKTVAEMIDAFADARDDQNVGVIVLAGAGDKAFC

ecMenB 24 DIRYEKSTDGIAKITINRRQVRNASFPLTVKEMIQALADARYDDNIGVIILTGAGDKAFC

enoyl-CoA 59 AGAD--IHGF-SAF-----TPGLALGSLVDEIQRYQKPVLAAIQGVALGGGLELALGCHY

bsMenB 61 SGGDQKVRGH-GGYVGDDQIPRLNVLDLQRLIRVIPKPVVAMVSGYAIGGGHVLHIVCDL

ecMenB 84 SGGDQKVRGDYGGYKDDSGVHHLNVVDFQRQIRTCPKPVVAMVAGYSIGGGHVLHMMCDL

enoyl-CoA 112

bsMenB 120

ecMenB 144

RIANAKARVGLPEVTLGILPGARGTQLLPRVVGVPVALDLITSGKYLSADEALRLGILDA
*: ..

* * *. . *. .....: . .. . ..

TIAADNAIFGQTGPKVGSFDAGYGSGYLARIVGHKKAREIWYLCRQYNAQEALDMGLVNT

TIAADNAIFGQTGPKVGSFDGGWGASYMARIVGQKKAREIWFLCRQYDAKQALDMGLVNT

enoyl-CoA 172 VVKSDPV-EEAIKFAQKIIDKPIEPRRIFNKPVPSLPNMDSVFAEAIAKVRKQYPGVLAP

bsMenB 180 VVPLEQLEEETIKWCEEMLEKSPTALRFLKAAFNADTDGLAGIQQFAGDATLLYYTTDEA

ecMenB 204 VVPLADLEKETVRWCREMLQNSPMALRCLKAALNADCDGQAGLQELAGNATMLFYMTEEG

enoyl-CoA 231 ETCVRSIQASVKHPYEVGIKEE---->

bsMenB 240 KEGRDSFKEKRKPDFGQFPRFP

ecMenB 264 QEGRNAFNQKRQPDFSKRKRNP

FIG. 3. Protein sequence homologies of MenB, based on the DNA sequence of the menB gene. Shown is a sequence homology comparison
of MenB of B. subtilis (bsMenB), MenB of E. coli (14) (ecMenB), and rat enoyl-CoA hydratase (23) (enoyl-CoA). ORFs were compared for
homology by using the program CDGENE (Hitachi America Ltd.). Colons indicate identical residues; periods indicate similar residues.
Broken arrow indicates further sequence not shown.

transcripts (21) and to the kinetics of MK accumulation
during batch culture growth (10). Read-through transcription
originating upstream from menBp also was detected, repre-
sented by a high-molecular-weight fragment corresponding
to complete protection of men-specific sequences in the
cRNA probe corresponding to a size of approximately 400
nucleotides (nt) (Fig. 4). Maximum accumulation of read-
through transcripts occurred at To through T1. At T1, read-
through transcripts into menB appeared to be present at
approximately one-half the molar amount of menBp-initiated
transcripts.
To examine the possibility that menE was transcribed by a

promoter separate from menBp and to examine the possible
role of the menBE intercistronic dyad symmetry as a tran-
scriptional terminator, a radiolabelled cRNA probe to the
menBE intercistronic region was generated from a plasmid
subclone containing the EcoRI-PstI fragment of pAI69 (Fig.
1) by in vitro transcription with T7 RNA polymerase. Figure
5 shows that a 5' terminus could be mapped with low
resolution to the menB-menE intercistronic region, suggesting
either that transcription initiates in this region or that proc-
essing ofmenBp transcripts occurs between menB and menE.
A cRNA probe to the PvuII-PstI fragment of pAI69 (Fig. 1)
was used to confirm that the protected band corresponded to
a 5' terminus for menE and not a 3' terminus for menB
transcripts (6). The timing of expression of menEp-specific
transcripts is qualitatively similar to that for menBp-initiated
transcripts and to those initiated at menCDp (21). The menEp
transcripts are present in a threefold molar excess over menB
RNA at T1 (Fig. 5). The levels of read-through transcripts into
menE, as for read-through into menB, peak at To through T1;
the peak is followed by a rapid decline of detectable message
at T2 through T4. Read-through transcription into menE was
detected as a protected fragment with a size of approximately
380 nt, corresponding to complete protection from RNase of
the men-specific sequences in the probe (Fig. 5). The level of
read-through into menE was approximately 10% of the
amount for menEp-initiated transcripts at T1. The smaller

protected band in Fig. 5 is the appropriate size for a menB
transcript terminating at the intercistronic sequence of dyad
symmetry. This suggests that the dyad symmetry functions in
vivo as a rho-independent terminator.

High-resolution mapping of 5' termini in the menBE op-
eron. The approximate locations of the 5' termini of menB
and menE messages were determined by RNase protection
assays as described above. These termini were then mapped
with high resolution by primer extension experiments. In
Fig. 6, oligonucleotide JD11 was used to map the 5' terminus
of the menB message to an adenine residue at nt 248. The
location of this 5' end suggests that the probable promoter is
the sequence located starting at nt 212, 5'-TAGATA-(N17)-
TATGGC-3'. The sequence suggests that the menBp pro-
moter is capable of recognition by the major vegetative form
of RNA polymerase in B. subtilis, E&". No other sequence
homologies were found for other known recognition signals
by sigma factors. The sequence beginning at nt 199, 5'-
TGACTCATTCACATA-3', which overlaps with the proba-
ble -35 sequence, is very similar to that found in the
menCDp region (21) and among several B. subtilis promoters
for genes involved in the tricarboxylic acid cycle and elec-
tron transport (27) (Fig. 8).

Primer extension analysis with oligonucleotide JD12
mapped a menE 5' terminus to the guanosine residue at nt
1148 (Fig. 7). This 5' terminus suggests that the probable
promoter sequence, starting at nt 1112, is 5'-AATACA-
(N16)-GATGAT-3'. Like menBp, menEp appears to be rec-
ognized by E&r only. The lower-molecular-weight band
corresponds to an adenine residue at nt 1153 and may be due
to degradation or processing. A sequence in the menEp
region beginning at nt 1096, 5'-AAGCTGTlTTCTYfl71
CAATACAGACATT-3', which overlaps both the dyad sym-
metry and the menEp -35 region, has a higher degree of
similarity than that found in menBp with the sequence motif
described above. The higher-molecular-weight band, which
does not appear in RNase protection assays of the same
samples, apparently is an artifact created by pausing of
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Pv R R 595 nt (417 nt)

menB' 1 2 3 4 5 6 7 8

Probe -*

Readthrough-+

menB 5'-.

FIG. 4. Accumulation of menBp-initiated transcripts during
growth and sporulation of strain RB1. RNase protection assays were
performed with a 595-nt 32P_labelled antisense cRNA probe. The
structure of this probe is shown it comprised 417 nt of B. subtis
chromosomal sequences and 178 nt of pBS sequences and spanned
the 5' end of the menB coding region The probe (4 x 10 cpm) was
hybridized with the RNAs indicated and then digested with a
combination of RNases A and TlI Protected hybrids were separated
by electrophoresis on 5% polyacrylamide gels containing 7 M urea
An autoradiograph of the dried gel is shown. Bands corresponding
to protection of the probe by read-through transcripts and menBp-
initiated RNAs are indicated by arrows. Lane 1, 4 x 104 cpm probe
and 10 p.g of yeast RNA not treated with RNase. Lanes 2 to 8, 4 x
i0' cpm of probe and indicated RNA digested with RNases A and
Tl. Lanes: 2, 10 p.g of yeast RNA; 3, 5 p.g of total B. subtiis RNA
isolated from cells during vegetative growth; 4 to 8, 5 ~tg of total B.
subtilis RNA isolated from cells at To, Tl, T2, T3, and T4, respec
tively. Restriction sites: Pv, PvuII R, RsaI.

reverse transcriptase at the cytosine residue at nt 1085,
corresponding to the loop region of the intercistronic dyad
symmetry structure.

DISCUSSION

In this article, we describe the cloning, genetic organiza-
tion, and transcriptional regulation of the menB and menE

~~p
402 nt

- - (383nt)
'menB menE'

Probe-
Readthrough-*

menE 5'-

J. BACTERIOL.

1 2 3 4 5 6 7 8

FIG. 5. Accumulation of menEp-initiated transcripts during
growth and sporulation of strain RB1. RNase protection assays were
performed with a 402-nt 32P-labelled antisense cRNA probe. The
structure of this probe is shown; it comprised 383 nt of B. subtilis
chromosomal sequences and 19 nt of pBS sequences and spanned
the 5' end of the menE coding region. The probe (7 x 104 cpm) was
hybridized with the RNAs indicated and then digested with a
combination of RNases A and T1. Protected hybrids were separated
by electrophoresis on 5% polyacrylamide gels containing 7 M urea.
An autoradiograph of the dried gel is shown. Bands corresponding
to protection of the probe by read-through transcripts and menEp-
initiated RNAs are indicated by arrows. Lane 1, 7 x 104 cpm of
probe and 10 ,ug of yeast RNA not treated with RNase. Lanes 2 to
8, 7 x 104 cpm of probe and indicated RNA digested with RNases A
and T1. Lanes: 2, 10 ,ug of yeast RNA; 3; 5 ,ug of total B. subtilis
RNA isolated from cells during vegetative growth; 4 to 8; 5 jig of
total B. subtilis RNA isolated from cells at To, T1, T2, T3, and T4,
respectively. Restriction sites: E, EcoRI; P, PstI.

genes from B. subtilis. Previously, the men gene cluster of B.
subtilis was thought to be transcribed from a single Eor-type
promoter, menCDp (22). Disruption genetic experiments
demonstrated the existence of additional transcriptional
units. Cloned B. subtilis DNA capable of rescuing biochem-
ically defined menB and menE mutations was sequenced,
and specific functions were assigned to ORFs.
The menB and menE promoters have been identified by

DNA sequencing and high-resolution primer extension map-
ping. Transcription of menB is initiated from an E:R-
dependent promoter approximately 19 nt upstream from the
probable initiation codon for the menB ORF. Transcription
from upstream sequences into menB accounts for approxi-
mately one-half of the menB messages at T1. A sequence of
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FIG. 6. High-resolution mapping of the menBp-initiated tran-

scriptional start site by primer extension. Lanes: 1, 2 x 104 cpm of
32P-end-labelled oligonucleotide (approximately 45 ng) JD11 and 10
,ug of yeast RNA treated with reverse transcriptase; 2, extension
product obtained by hybridizing JD11 with 5 p,g of total B. subtilis
RNA isolated from cells at T1 and treated with reverse transcriptase;
A, C, G, and T, nucleotide sequence derived from pAI68 by using
JD11 as the primer. The solid arrow indicates the sequence fragment
corresponding to the extension product. The DNA sequence of the
sense strand is shown to indicate the transcription start point (open
arrow) and the -35 and -10 regions of menBp.

dyad symmetry in the intercistronic region between menB
and menE capable of pausing T7 RNA polymerase in vitro
(6) apparently functions as a rho-independent terminator.
Transcription beyond this putative stem-loop structure con-
tinues through menE. In addition to read-through transcrip-
tion, menE messages can be formed by initiation at an
EoA-dependent promoter approximately 22 nt upstream
from the menE ORF. The kinetics of expression from menBp
and menEp were examined during growth and sporulation by
RNase protection assays. Both menB and menE messages
accumulate to maximal levels within an hour after the end of
exponential growth in batch culture. These kinetics are very
similar to those previously described (21) for another pro-
moter in the men gene cluster, menCDp.
The reasons for such complex transcriptional regulation in

the men gene locus are unknown. Another prokaryotic
system which exhibits complex regulation of genes involved
in energy production is Rhodobacter capsulatus (15, 32). In
R. capsulatus, there is overlapping transcription of the
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FIG. 7. High-resolution mapping of the menEp-initiated tran-

scriptional start site by primer extension. Lanes: 1, extension
product obtained by hybridizing 2 x 104 CpM Of 32P-end-labelled
oligonucleotide (approximately 45 ng) JD12 with 5 p.g of total B.
subtilis RNA isolated from cells at T, and treated with reverse
transcriptase; 2, 2 x 104 cpm of JD12 and 10 p.g of yeast RNA
treated with reverse transcriptase; A, C, G, and T, nucleotide
sequence derived from pAI69 by using JD12 as the primer. The solid
arrow indicates the sequence fragment corresponding to the exten-
sion product. The DNA sequence of the sense strand is shown to
indicate the transcription start point (open arrow) and the -35 and
-10 regions of menEp.

crtEF, bchCA, and puf operons, which encode products
necessary for formation of the photosynthetic apparatus,
and there is evidence that the three operons can be ex-
pressed as a single transcript (32). Additionally, differential
stability of puf operon messages has been associated with
the progress of translation along certain segments (15).

In E. coli, a transcribed uridine-rich sequence in a dyad
symmetry located upstream from the initiation codon for
rpoD has been shown to enhance translation (33). A similar
situation could be occurring for menE by the menB-menE
intercistronic dyad symmetry. Although read-through tran-
scription accounts for approximately 10% of menE RNA at
the time of maximal expression (Fig. 5), the Men,' pheno-
type of the pAI69 integrant (Fig. 1) suggests that less than
10% of normal MK levels are being synthesized (9). If the
sequence of dyad symmetry enhances the translation of
menE RNA, it would be, to our knowledge, the first report of
that particular regulatory mechanism occurring in a gram-
positive organism.
A promoter region sequence homology previously de-

scribed for menCDp and several genes encoding tricarbox-
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menE -52AA G-CT-m TTTTCAA --T CAT T

menCD -44A A G C T TGT C T T T T CA T TC - - - TGA A A TT
menB 48TG - CA E -T T C A -- G AIG
citB T T T T A- - - -TGAAATTIGT
citG (Plb) +9TTTTT E TGAAA

ctaA -79 MA T A T T T T T G - - - - - T G A A
sdh -12TAAAAT12TGT

Consensus T
A

T T T TCAAT- TA T.GAA.ATT

FIG. 8. Promoter homology comparison. The menBp and menEp promoter regions were searched for sequence similarities with a motif
noted previously (21, 27) among several B. subtilis genes encoding proteins involved in oxidative metabolism, including menCDp. The boxed
areas indicate sequences in common to the menCDp promoter region or that occur with equal frequency among the other promoter regions.
Dashes were inserted for spacing to obtain optimal alignment.

ylic acid cycle and respiratory chain functions (21, 27) also
appears in the promoter regions for menB and menE. This
sequence contains a dyad symmetry which may be a recog-
nition site for a factor(s) involved in common regulation of
these genes. A sequence of dyad symmetry in thepufoperon
promoter region of R. capsulatus has been shown to be
important for light and oxygen regulation (16). B. subtilis
may possess mechanisms that allow both independent and
coordinate expressions of genes involved in energy produc-
tion, providing for rapid and versatile responses to changes
in environmental conditions. It will be, as a consequence,
important to examine the genetic and physiological conse-
quences of disrupting read-through transcription in the
menBE operon and throughout the men gene cluster. Simi-
larly, measurement of the effects of altering the menB-menE
intercistronic stem-loop sequence and the men promoter
sequence homology will begin to provide insights into the
mechanisms by which environmental stimuli affect respira-
tory chain gene expression in B. subtilis.
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