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The Bacillus subtilis men genes encode biosynthetic enzymes for formation of the respiratory chain component
menaquinone. The menpl promoter previously was shown to be the primary cis element for menFD gene
expression. In the present work, it was found that either supplementation with nonfermentable carbon sources
or reutilization of glycolytic end products increased menp1 activity in the late postexponential phase. The effect
on menpl activity by a particular end product (such as acetoin or acetate) was prevented by blocking the
corresponding pathway for end product utilization. Alteration of a TGAAA motif within the promoter region
resulted in unregulated menpl activity throughout the culture cycle, irrespective of the carbon source added.

Menaquinone (MK) is a lipophilic nonprotein component of
the Bacillus subtilis respiratory chain (Fig. 1B) essential for
growth and viability. Not only does MK participate in redox
reactions of oxidative respiration, but it also plays a crucial role
in maintenance of an electrochemical membrane potential and
regulation of cytochrome formation (5, 6, 34). MK is also
necessary for the successful formation of endospores (4, 6).
However, mature spores are deficient in MK but not in cyto-
chromes, implying that MK deficiency may be a mechanism for
inactivating the respiratory chain in dormant spores. Sporula-
tion of B. subtilis is in part regulated by a form of catabolic
repression that involves carbon- and/or nitrogen-containing
metabolites (28, 30). Krebs cycle function is required for acti-
vation of the spo0A transcription factor in B. subtilis (14).
However, menpl promoter activity has been shown to be in-
dependent of the presence of the products of the spo0A4 and
spoOH genes and is enhanced in late stationary phase in culture
medium containing glucose and glutamine (20).

When provided with a mixture of carbon sources, bacteria
preferentially utilize those metabolized most readily, such as
glucose. During glycolysis by B. subtilis, acidic and nonacidic
end products such as acetate and acetoin are formed and
subsequently secreted into the medium (Fig. 1A) (31), while
energy production occurs principally by substrate level phos-
phorylation. Since B. subtilis does not reduce pyruvate to lac-
tate or ethanol, it needs a functional respiratory chain at all
times to regenerate NAD™ for glycolysis. However, except for
balancing reducing equivalents and providing short-chain car-
bon precursors for cellular synthesis, the tricarboxylic acid
(TCA) cycle function is needed at a relatively low level during
glycolysis; secondary carbon sources and glycolytic end prod-
ucts are not utilized until glucose is exhausted (8, 30). Excre-
tion and extracellular accumulation of acidic and neutral com-
pounds occur during glycolysis, leading to a low extracellular
pH (31). When glucose is exhausted, oxidation of these end
products depends on the uptake of the end products and their
reutilization in the form of acetyl coenzyme A via the TCA
cycle (Fig. 1A) (17, 18). At the oxidative metabolic stage,
coordination of TCA cycle activity with the formation of re-
spiratory chain components, especially MK, is essential for
utilization of nonfermentable carbon sources.
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Most B. subtilis structural genes encoding biosynthesis of the
naphthoquinone ring of MK have been isolated (3, 21, 26, 33).
The enzymology of MK biosynthesis is understood, and gene-
enzyme relationships have been established (3, 21, 23). In
previous studies, B. subtilis genes encoding MK biosynthetic
enzymes have been assigned to two major transcriptional units,
the menFD and menBE operons (Fig. 2). Earlier physiological
studies showed that biosynthesis of MK is growth phase de-
pendent. In complex media, the cellular content of MK in-
creases to a maximum at early stationary phase and declines
rapidly to 1/10 of its maximum within 3 h (6). A similar kinetic
profile of B-galactosidase activity was observed with menpl-
lacZ (menFD operon) gene fusions (13, 20). These findings
suggest that regulation of MK biosynthesis depends on tran-
scriptional control of the men genes. Moreover, the gene fu-
sion studies indicated that the elevated promoter activity in
early stationary phase could be sustained into later stationary
phase when the pH of the growth medium was lowered by
acidification either through glycolysis or by external buffering
at acidic pH (13). Thus, regulation of menpl appears to de-
pend on both growth phase and environmental signals.

Here we report a transcriptional study of menFD gene ex-
pression in response to temporal and environmental changes.
Bacterial culture conditions included various carbon sources,
neutral and acidic pH buffering, and blockage of end product
utilization pathways by mutation. In addition, the effects of
promoter cis element mutagenesis on men transcription were
determined.

MATERIALS AND METHODS

Bacterial strains and media. The B. subtilis strains and plasmids used in this
study are listed in Table 1. RB1 (#pC2) is a derivative of the wild-type strain, B.
subtilis 168, from which all cloned men material is derived. Growth supplements
and antibiotics were obtained from Sigma Chemical Company, and media were
obtained from Difco Laboratories. B. subtilis strains were maintained on Luria-
Bertani (LB) medium. B. subtilis strains containing integrative plasmids confer-
ring resistance to erythromycin, neomycin, or kanamycin were grown on LB agar
plates containing 1 pg erythromycin per ml, 5 pg of neomycin per ml, or 10 pg
kanamycin per ml, respectively. To test for integration of recombinant plasmids
into the B. subtilis amyE locus (1, 29), amylase production was determined after
growth on LB plates containing 1% soluble starch (United States Biochemical
Corp.) by flooding the plates with 0.08 N 1,-0.32 N KI in 1% (wt/vol) sodium
tetraborate. Promoter activity indicated by lacZ expression was detected by
inoculating plates containing 4-methylumbelliferyl-B-p-galactoside (MUG) to
identify fluorescent colonies under UV light.

For the study of men gene expression in response to various carbon sources, B.
subtilis strains were grown in Schaeffer’s sporulation medium containing no
glucose; 0.1 or 0.5% glucose (13, 20), or 20 mM acetoin (Fluka), acetic acid
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FIG. 1. (A) Biochemical pathways of carbon metabolism in B. subtilis (31). (B) B. subtilis respiratory chain. This diagram represents possible paths for aerobic

electron transfer in bacilli (32).
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FIG. 2. Organization of B. subtilis men gene cluster and cRNA probes utilized for RPA of menpI-initiated mRNA at men and amyE loci of B. subtilis chromosome.
Arrows indicate the positions of known promoters (3, 20). At men locus, the locations of the menF, menD, open reading frame 3 (ORF3), menB, and menE genes are
indicated (3, 21, 26). Plasmids pAI113, pAI131, pAIl162, and pAI168 are recombinant men gene constructs based on pBS+ and pBS—. Each plasmid was linearized
by the enzyme indicated to generate templates (pAI113,;, a1 PAI1315ry, PAIL62p,,,11, OF PAI168,;,4111) for synthesis of the cRNA probes. Genetic diagrams are
shown for B. subtilis RB1127, RB1275, RB1281, and RB1283, indicating organization of the menpI-lacZ cassettes at the amyE locus. Hatched and open boxes indicate
men genes, dotted lines indicate plasmid sequences, and black boxes indicate the bisected amyE gene. Em', erythromycin resistance gene; Km', kanamycin resistance

gene. ptri-B-gal was purchased from Ambion in a linearized form. wt, wild type.

(Fisher Scientific), or malic acid (Sigma Chemical Co.). Stock solutions of ace-
tate and malate were constructed such that they could be added to glucose-free
Schaeffer’s medium to produce a final pH of 5.5 and a 20 mM concentration of
the respective acid.

For growth and pH measurements, B. subtilis strains were grown in Schaeffer’s
liquid medium containing various carbon sources. In some cases, Schaeffer’s
medium was buffered with 0.1 M MOPS [3-(N-morpholino)propanesulfonic acid;
pH 7.0] or MES [2-(N-morpholino)ethanesulfonic acid; pH 5.5]. The medium
(liquid-to-flask volume ratio of 1:10) was inoculated with cells to an initial 444
of approximately 0.02 as measured with a UV-visible spectrophotometer (Phar-
macia). The flasks were shaken in a 37°C water bath at 250 rpm, and culture
samples were taken every 0.5 to 1 h. The time points chosen for collection of cell
samples were relative to time zero, which was defined as the point in the growth
curve at which departure from exponential growth phase was first observed. The
pH of the supernatant from the same sample was measured with a Cardy Twin
pH meter kit (Horiba Instruments).

In vitro DNA manipulations, DNA sequencing, and bacterial cell transforma-
tion. Restriction digestions, ligations, small-scale isolation of plasmid DNA, and
subclonings were performed by following either standard protocols (19) or the
manufacturer’s instructions for Magic Maxiprep or Wizard miniprep kits (Pro-
mega). All enzymes were obtained from three sources, United States Biochem-
ical Corp., Sigma, and New England Biolabs. Double-stranded DNA was se-
quenced by the Sanger dideoxy chain-termination method with Sequenase
version 2.0 (United States Biochemical Corp.) and [a-**S]dATP (>1,000 Ci/
mmol; Dupont) following the suppliers’ protocols. Sequencing reaction products
were resolved on 5% acrylamide (Long Ranger; J. T. Baker)-7 M urea gels. The
complete sequences from both strands were determined. Chromosomal DNA
was isolated from B. subtilis strains as described by Saunders et al. (27). B. subtilis
was transformed by the method of Piggot et al. (24); E. coli was transformed by
the method of Hanahan (12).

RNase protection assays. Isolation of total cellular RNA from B. subtilis was
done with either the RNaid Plus kit (Bio 101, Inc.) or the RNeasy Total RNA kit
(QIAGEN) following the supplier’s protocol. Radioactive antisense RNA probes
were generated by using the Ambion MAXIscript T7/T3 in vitro transcription kit
following the supplier’s protocol. [a->*P]JUTP (800 Ci/mmol) was obtained from
Dupont. The full-length antisense RNA probes were isolated from polyacryl-
amide gels according to the supplier’s instructions and hybridized to 5 to 10 pg

of total cellular RNA. RNase protection assays were performed as described by
Driscoll et al. (3), by using the RPA II kit (Ambion, Inc.). Quantification of the
radioactivity in dried gels was carried out by using Storage PhosphorImaging
(Molecular Dynamics). In these quantifications, the corresponding blank band-
ing area in the yeast RNA control lane was chosen as the background 0 value.
Volume readings above background were given in pixel values, which should
quantitatively reflect the presence of the target messages for the same amount of
total cellular RNA (10 pg) taken each 0.5 to 1 h throughout the growth cycle.
The data presented in this study are averages of two to four independent exper-
iments.

Site-directed mutagenesis by PCR. To generate site-directed mutations in
menpl sequences, oligonucleotide XQM1 (55 nucleotides; 5'-AATTTAAGCTT
TGTTTCITGACAATTTCTGAAATTAGGTTTATAATAGGTAAGGC-3')
was made for the promoter —35 consensus mutation from TTTTTC to TTGACA
(the underlined bases in XQM1), whereas oligonucleotide XQM2 (59 nucleo-
tides; 5'-AATTTAAGCTTTGTTTCTTTTTCATTTCICGAGTTAGGTTTAT
AATAGGTAAGGCAGGC-3") was made for alteration of the sequence motif
TGAAA to TCGAG (the underlined bases in XQM2). The primer for the
corresponding wild-type control clone was XQF3 (25 nucleotides; 5'-CGGATA
CAACCTTTGCTATCAGTGG-3"), which annealed to a site upstream from the
mutagenesis sites described above. The downstream PCR pairing primer was the
oligonucleotide XQB12 (33 nucleotides; 5-TGACAGGATCCAGAGGGTCA
AGAGACTCGATTTGTC-3"), which was used in all cases. The template for
these 264-bp PCR clones was pAI126. A set of three menpl variant clones was
amplified by using the GeneAmp PCR Reagent Kit (Perkin-Elmer Cetus) with
the Perkin Elmer DNA Thermal Cycler model 480. The PCR was carried out by
following the supplier’s standard protocol except that each PCR mixture con-
tained 100 pmol of each primer and 20 ng of linearized plasmid template. The
PCR products were digested with HindIII, filled in with a Klenow fragment, and
then digested with BamHI to give a uniform size of 270 bp. These fragments were
cloned into the Smal and BamHI sites of pMD429 (a B. subtilis amyE integration
vector [1]) resulting in a set of three menpI-lacZ translational fusion constructs.
The gene fusion products were confirmed by sequencing with oligonucleotide
LAC (5'-TGCAAGGCGATTAAGTTGG-3).

Determination of acetoin, acetate, and malate concentrations. The Westerfeld
modification of the Voges and Proskauer test was used for the colorimetric
measurement of acetoin (35). A 0.5% aqueous creatine (Fluka) solution (0.2 ml)
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TABLE 1. Bacterial strains and plasmids used in this study

Strains

Relevant genotype and phenotype

Source of Reference

Bacillus subtilis
RB1 Marburg strain 168, trpC2

This laboratory

RB1127 RB1QpAI122, trpC2 Em" Lac* AmyE~ This study
RB1271 ACSKO: acs::neo Nm" T. Henkin
RB1271 Acs™, a Neo' transformant of RB1 with DNA from ACSKO This study
RB1275 WT, RB1QpAI170, trpC2 Km" Lac™ AmyE™~ This study
RB1279 M1, RB1QpAIl71, trpC2 Km" Lac* AmyE™~ This study
RB1281 M2, RB1QpAI172, trpC2 Km* Lac* AmyE™~ This study
RB1283 RB1QpMDA429, trpC2 Km" Lac™ AmyE™ This study
RB1285 ACUKO: acu::neo Nm" T. Henkin
RB1285 Acu~, a Nm" transformant of RB1 with DNA from ACUKO This study
Escherichia coli
IM107 endAl gyrA96 thi hsdR17 supE44 relAl N~ A(lac-proAB) [F' traD36 proAB +lacl? lacZ AM15] M. Belfort
mcrA
DHS5a F~ $80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAI hsdRI7 (v~ my ") supE44 N\~ thi-1 Bethesda Research
gyrA96 relAl Laboratories
Plasmids
pAI113 pBS™ with a 236-bp HindIll-Taql menpl fragment This laboratory
pAIl17 Amp" Em'; amyE integration vector J. Mueller
pMD429 Amp" Km'; amyE integration vector C. Meinhof
pAIl122 pAIl117 with a 675-bp HindIIl menpl fragment This study
pAI126 pSGMU?2 with a 823-bp Xbal-Pstl menpl fragment This study
pAIl31 pBS* with a 1,189-bp HindIII-Hincll menpl fragment This study
pAIl62 pBS™ with a 1,015-bp HindlII-EcoRV menFD intercistronic fragment This study
pAI168 pBS™ with a 325-bp HindlII-Bcll menF internal fragment This study
pAI170 pMD429 with a 264-bp wt menpl fragment in frame fused to lacZ This study
pAIl71 pMD429 with a 264-bp menpI-M1 fragment in frame fused to lacZ This study
pAIl72 pMD429 with a 264-bp menpl-M2 fragment in frame fused to lacZ This study
ptri-B-gal Linearized plasmid for B-galactosidase antisense RNA probe synthesis Ambion

and 5% o-naphthol (Fluka) (0.2 ml) in a 2.5 N NaOH solution were added to 1
ml of culture supernatant or diluted supernatant containing between 0.01 and
0.25 mM acetoin. The 454, was allowed to develop at room temperature for 60
min, at which time the color intensity was at its maximum. A standard curve
relating acetoin concentration to 454, was constructed with an acetoin (Fluka)
dilution series. Measurements of both acetate and malate were carried out by
enzymatic assays based on NADH formation and were performed with assay kits
purchased from Boehringer Mannheim following the supplier’s standard proto-
cols. Standard curves relating either the acetate or malate concentration to A3,
were constructed with the dilution series by using standard substrates provided in
the assay Kkits.

RESULTS

Genetic and transcriptional organization of menFD operon
and mapping of menpl-initiated transcripts. Previous work
has established that menpl (5' proximal of menF) is the pri-
mary promoter for menFD operon expression (21). The
mRNA initiation site of menpl (previously identified by S1
transcript mapping) (20) was confirmed by primer extension
(data not shown). The protected fragments obtained in subse-
quent RNase protection assays (RPA) were consistent with the
5’ terminus determined by primer extension analysis. Anti-
sense RNA probes generated from pAIl62,,,;; (Fig. 2) were
also employed to identify polycistronic transcripts encompass-
ing menF and menD initiated from menp! (data not shown).

Effects on menpl-initiated transcription of growth in pH-
buffered and unbuffered media containing glucose. Total cel-
lular RNA was isolated from the wild-type strain RB1 grown in
Schaeffer’s medium containing 0.1% glucose (condition I),
0.5% glucose (condition II), 0.1% glucose buffered at pH 7.0
with 0.1 M MOPS at inoculation (condition III), or 0.1%
glucose buffered with 0.1 M MES to pH 5.5 at T, (to mimic the
pH condition in cultures containing 0.5% glucose; condition

IV). Antisense RNAs generated from pAIl13,;,q; and
pAIl31,. kv (Fig. 2) were used to probe the RNA preparation
for the 5’ part of menp1-initiated transcripts. A maximum level
of menpl activity was seen from 7_, to T, for all four growth
conditions (conditions I to IV) (Fig. 3A), and the specific
responses of menp1 in the post-exponential phase are shown by
the sustained expression (to T,) in 0.5% glucose-containing
medium (condition II), as well as by either diminished (condi-
tion III, pH 7.0) or sustained expression (to 7,; condition 1V,
pH 5.5) in buffered media.

Quantification of four similar RPA (Fig. 3B) showed that
the menpl-initiated transcript accumulation was maximal in
exponential phase (7_,) and at T, to T,. The level of menpl
transcripts then declined rapidly when cells were grown in
medium containing low levels of glucose (0.1%). However, in
medium containing high levels of glucose (0.5%), the maximal
menpl activity was sustained throughout exponential and post-
exponential phases (7_; through T,) (Fig. 3B). In the same
experiments, extracellular pH measurements were made dur-
ing the culture cycle. These measurements indicated that tran-
sient acidification occurred at T, to T, during growth in
Schaeffer’s medium containing 0.1% glucose. However, growth
in 0.5% glucose-containing medium resulted in sustained acid-
ification throughout the period T, to T, (Fig. 3C).

In agreement with previous menpl-lacZ genetic fusion stud-
ies by Hill et al. (13), menpI activity during the post-exponen-
tial phase was sustained through stage 7, with a low level of
glucose (0.1%) when the culture medium was buffered to pH
5.5 at T, (Fig. 3B). On the other hand, post-exponential-phase
menpl transcription was entirely eliminated when the culture
medium was buffered to pH 7.0 at the time of inoculation (Fig.
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FIG. 3. (A) RPA autoradiograph of menpI-initiated mRNA isolated from
strain RB1, utilizing cCRNA probes generated from pAI131,,.,rv (Fig. 2). Strain
RB1 was grown in Schaeffer’s medium with the carbon source and pH conditions
indicated below the group designations, I, II, III, and IV. RPA was performed
with a 441-nucleotide cRNA probe, pAIl131..,rv; 418 nucleotides were specific
to the menpl-menF’ region, and 23 nucleotides were nonspecific. The 32P-
labelled probe (2 X 10° cpm) was hybridized with 10 pg of RNA isolated from
RBI1 cultures harvested at the times indicated above each lane and digested with
a combination of RNase A and T, as described in Materials and Methods; yeast
RNA controls and full-length probes are not shown. glc, glucose. (B) Average
quantification results from four repeats of the experiment described for panel A.
Average pixel values were graphed against time 7_; to T, as indicated. Quan-
titative deviations of pixel values generated from independent experiments are
indicated by the error bars (note: depending on the size of the plot frame, the
axis scale, and error value, some error bars do not appear in the graph because
they are relatively too small). (C) External pH change in different cultures as
indicated. The different culture conditions correspond to groups I to IV in panel
A.

3B). This result seemed to suggest that menp! is pH regulated.
Alternatively, acidic pH (pH 5.5) may facilitate the diffusion of
acidic carbon sources (or acidic glycolysis end products) in
their protonated forms into the cells, which in turn stimulates
men expression.

Effects of growth in nonfermentable carbon sources on
menpl-initiated transcription. The addition of individual sec-
ondary carbon sources to the culture medium was used to
mimic the presence of glycolytic end products. Cultures were
grown to stage 7, in glucose-free Schaeffer’s medium, and then
one of the nonfermentable carbon sources (acetoin, acetate, or
malate [Fig. 1A]) was added to a concentration of 20 mM. The
pH of the medium was carefully controlled and monitored, and
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no changes in growth were observed following the addition of
the carbon source. Acetoin is a nonacidic end product which
does not acidify the growth medium, but acetate and malate
are carboxylic acids. Stock solutions of the latter compounds
had to be adjusted so that the pH of the growth medium after
the addition would be approximately pH 5.5 (see Materials and
Methods) to mimic the pH value at 7, in cultures containing
0.5% glucose (Fig. 3C). The B. subtilis strain used was RB1127
(amyE::menpl-lacZ [Fig. 2]). The purpose of utilizing this
strain was twofold. First, it assisted in identifying a DNA se-
quence segment sufficient in length to contain all of the ele-
ments for menpl wild-type activity. This was done by employ-
ing multiprobe RPA using antisense RNA probes generated
from the plasmids pAI168,;;,q4i; and ptri-B-gal (Ambion) (Fig.
2 and Table 1), in which menpI-initiated transcripts at the
native locus served as positive internal controls for the activity
of menpl at the amyE locus (Fig. 2). Secondly, the menpl-lacZ
cassette at amyE served for later efforts to mutagenize menp]l.

Responses of menpl to secondary carbon sources were re-
flected in transcript accumulation (Fig. 4A). The kinetics of
these responses in the post-exponential phase (Fig. 4B and C)
was correlated with the loss of the corresponding carbon com-
pounds from the culture supernatants (Fig. 4D) and with a pH
change (Fig. 4E). Consistent with previous results in 0.1%
glucose-containing medium, menpl-initiated transcripts
reached maximal values during the period T, to T}, 5 and then
declined rapidly to a very low level after T, (Fig. 4A, conditions
I to IV). However, if any one of the three nonfermentable
carbon sources (acetoin, acetate, or malate) was provided, the
specific menpl-initiated mRNA level could be reelevated in
the late post-exponential-phase period T5 to T, (Fig. 4A, II,
III, and IV, and 4B and C). The decline in transcript level at T
in the presence of malate was blunted (Fig. 4B and C), prob-
ably because of rapid uptake and utilization of this carbon
source (Fig. 4D). Measurements of menpl activity by multi-
probe RPA suggested similar expression kinetics of menpl at
the two loci in various carbon and pH conditions, although the
steady-state levels of the two transcripts differed (Fig. 4B and
C). This result also confirms that the 675-bp HindIII fragment
at amyE contains sufficient sequences to support wild-type
menpl activity.

Effects on menpl activation of introducing mutations block-
ing pathways for glycolytic end product utilization. Mutations
in two genes, acuA (acetoin utilization) and acs4 (encoding
acetyl coenzyme A synthetase; acetate utilization) encoding
end product-utilizing enzymes, induce metabolic disturbances
that prevent acetoin or acetate from entering the TCA cycle
via acetyl coenzyme A (Fig. 1A) (10, 11). Strains RB1285a
(Acu™) and RBI1271a (Acs™) were grown in glucose-free
Schaeffer’s medium with and without the addition of acetoin
and acetate, respectively. Transcripts initiated from menpl at
the native locus were measured by hybridization with antisense
RNA generated from pAIl13,,, .11 (Fig. 2).

Monitoring of the extracellular concentration of acetoin or
acetate during the culture cycle demonstrated the expected
biochemical deficiencies in Acu™ or Acs™ strains and the
prominent functions of the acu- or acs-encoded enzymes (data
not shown). RPA measurements showed that the post-expo-
nential-phase reelevation of menpI-initiated transcripts in re-
sponse to the addition of acetoin or acetate at T, characteristic
of the wild-type strain RB1, was totally abolished in either
Acu~ or Acs™ strains (Fig. 5) (quantification of typical results
is shown beneath the autoradiographs). In the two growth
conditions for strain Acu™ described above (i.e., with or with-
out the addition of acetoin at 7,), the level of menpl activity
remained very low from T, through T, (Fig. 5A, conditions II
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FIG. 4. (A) RPA autoradiograph of menpI-initiated mRNA isolated from strain RB1127, with a multiprobe assay (pAI168,;;,4ry; and ptri-B-gal). Strain RB1127 was
grown in unbuffered Schaeffer’s medium with carbon sources indicated below groups I to IV. As shown in Fig. 2, pAI168;;;,4r11 yields a 309-nucleotide cRNA, 300
nucleotides of which are specific to a menF internal region and 9 nucleotides of which are nonspecific; ptri-B-gal yields a 400-nucleotide cRNA, 283 nucleotides of which
are specific to a lacZ internal region and 117 nucleotides of which were nonspecific. The 3?P-labelled probes (2 X 10° cpm) were hybridized with 10 ug of RNA isolated
from strain RB1127 harvested at the times indicated above each lane and digested with a combination of RNase A and T, as described in Materials and Methods. Lanes
BM and BL, 2 X 10° cpm of pAI168;;;,q1ry and ptri-B-gal, respectively, hybridized to 10 ug of RB1127 RNA and treated with RNase; lanes YM and YL, 2 X 10° cpm
of pAI168;;;,qry and ptri-B-gal, respectively, hybridized to 10 pg of yeast RNA and treated with RNase; lanes PM and PL, 2 X 10° cpm of pAI168;;;,qry and ptri-B-gal
alone, respectively, hybridized to 10 g of yeast RNA not treated with RNase. The arrows indicate the time at which carbon sources were added to the cultures. (B
and C) Average quantification results from four repeats of RPA (panel A). Average pixel values were graphed against time as indicated for menpI-initiated transcripts
from two independent loci (quantitative deviations of pixel values generated from independent experiments were too small to be shown); measurements of
menpl-initiated mRNA at men by pAI168;,qrir (B) and at amyE by ptri-B-gal (C) are shown. The arrows indicate the time at which carbon sources were added to the
cultures. (D) Acetoin, acetate, and malate utilization in strain RB1127. Carbon sources were added at T, and measurements of acetoin, acetate, and malate
concentrations in the supernatant were made hourly until 7. The concentrations of the respective carbon compounds were graphed against the time course from which
the cell samples (for RPA as described for panel A) and supernatant samples were collected. Degradation controls for the three carbon compounds were monitored
by incubating filter-sterilized supernatant from a culture of RB1127 (grown to 7},) with each of the respective compounds. The concentration of each substrate was stable
through T, (data not shown). (E) External pH change in the cultures of strain RB1127 in Schaeffer’s medium containing various carbon sources. Glc, glucose.
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FIG. 5. RPA of menpI-initiated mRNA isolated from strains Acu™ (RB1285a) and RB1 grown in Schaeffer’s medium with addition of acetoin at T, (A) from strains
Acs™ (RB1271a) and RB1 grown in Schaeffer’s medium with addition of acetate at T, (B). B. subtilis strains and their growth media are indicated below each group.
The arrow indicates the times at which carbon sources were added to the cultures. RPA was performed with an antisense RNA probe derived from pAI113;,,q111 (Fig.
2). The 3?P-labelled probe (2 X 10° cpm) was hybridized with 10 g of RNA isolated from strains Acu™, Acs™, or RB1 harvested at the time indicated above each lane
and digested with a combination of RNase A and T, as described in Materials and Methods; the results for the yeast RNA control and full-length probe are not shown.
Average quantification results for the respective strains are shown below the autoradiographs.

and III). Likewise, for the two growth conditions for strain
Acs™ described above (with or without the addition of acetate
at T,), the level of menpl activity remained very low from 7,
through T, (Fig. 5B, conditions II and III). Loss of menpl
activity reelevation in Acu™ and Acs™ mutants in response to
the respective substrates (acetoin or acetate) suggested in-
volvement (in the wild-type strain RB1) of an internal inducer
molecule generated by the utilization of either acetoin or ac-
ctate.

Mutagenesis of menpl regulatory motif TGAAA. A previ-
ously described regulatory sequence motif, TGAAA, occurring
between the —35 and —10 regions of menpl (3), together with
its palindromic half in the —35 region (TTTTTCA), was tar-
geted for site-specific mutagenesis to determine the effects on
menpl activity. Two types of sequence alterations were created
by PCR mutagenesis: (i) a mutation (M1) to create a o**-type
—35 consensus sequence by altering TTTTTCA to TTGACAA
and (ii) a mutation (M2) of the TGAAA sequence in the
—35/—10 spacer region of menpl by altering (C)TGAAA to
(C)TCGAG (the Xhol restriction site was created to facilitate
promoter spacing alterations). These two sequence alterations
are illustrated in Fig. 6. The altered M1- and M2-menp! clones
(recombinant plasmids pAIl171 and pAIl72, respectively) to-
gether with the wild-type clone (pAI170) were constructed in
the amyE integrative lacZ translational fusion vector pMD429

(Table 1) as described in Materials and Methods. The B. sub-
tilis transformants generated were strains RB1275 for the wild
type, RB1279 for M1, and RB1281 for M2 (Table 1 and Fig. 2).
The genetic linkage between AmyE ~ and Km" Lac™* was 100%
in all RB1 transformants (strains RB1275, RB1279, and
RB1281). The three menpl-lacZ fusion products were ana-
lyzed by RPA with the antisense RNA probe ptri-B-gal (Fig. 2).
Carbon sources for the growth conditions utilized as described
above were also used.

As expected, alteration of the —35 sequence of menpl to
match consensus created a promoter ~20 times stronger than
the wild type as indicated by a >20-fold increase in menpI-
initiated transcripts throughout the growth cycle in glucose-
free medium (Fig. 7). The intensity of the signal corresponding
to the protected transcripts (when M1 and the wild type were
compared) differed proportionally in the corresponding five
samples from either of the two strains (7|, through 7, for
conditions I and II in Fig. 7A and RPA quantification in Fig.
7B). This suggests that creation of a perfect —35 consensus
sequence (as in M1) does not cause a change in the regulation
of menp1 expression but results only in an increase of promoter
strength. However, alteration of the (C)TGAAA motif in the
promoter region (as in M2) did not change the promoter
strength but caused loss of regulation during the post-expo-
nential period (condition III in Fig. 7A and quantification in
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FIG. 6. Site-directed mutagenesis of putative regulatory sequences in menpl promoter region. The 264-bp DNA sequences are the PCR mutagenesis products of
menpl fused in frame to the seventh codon of lacZ. The wild-type —35 and —10 promoter consensus sequence of menpl and the ribosomal binding site for menF
translation are underlined. M1 and M2 (indicated by nucleotides above the wild-type sequences) are the two changes made to the palindromic sequences (bold letters).

The relevant restriction enzyme sites are indicated.

Fig. 7B). This loss of regulation occurred regardless of the
carbon sources added at T, (data not shown).

DISCUSSION

Nonfermentable carbon sources appear to serve as positive
signals for menpl promoter activation in the post-exponential
phase. When cells are grown in the presence of a fermentable
carbon source such as glucose, the accumulated glycolytic end
products provide signals for menpl activation in late post-
exponential phase (0.5% glucose, condition II [Fig. 3A]).
These compounds appear to serve to coordinate activation of
the TCA cycle and formation of the respiratory chain. Buffer-
ing of the growth medium to lower the extracellular pH may
facilitate the uptake of acidic end products, and this may con-
tribute to the apparent regulatory effect of low pH. However,
the neutral carbon compound acetoin mediates the same pos-
itive activation effect on menpl expression without acidifying
the culture medium (condition II in Fig. 4A and E). This result
suggests that the carbon compounds themselves, perhaps in
addition to acidic pH, provide the signal for menpI transcrip-
tion.

Studies with acuABC and acsA mutants indicate the exis-
tence of an internal inducer molecule for menpl activation,
derived from the utilization of glycolytic end products. Citrate,
the first intermediate in the TCA cycle, is considered to be the
inducer molecule for citB transcription (9, 30) and subse-
quently activates other TCA cycle genes. However, citB and
men differ on the basis of their responses to glutamine. While
glutamine with glucose confers an added repression effect on
citB (2, 7, 9, 25), glutamine by itself can activate menpl (20).
Furthermore, in contrast to TCA cycle activity, MK formation
is not repressed during glycolysis. Therefore, it is likely that the
molecular mechanisms of activation of the TCA cycle and
respiratory chain differ but are coordinated. If an inducer mol-
ecule exists for menpl activation, it must be a molecule that
can be derived from the activities of both glycolysis and the
TCA cycle. To fulfill these requirements, the inducer might
well be the carrier of reducing equivalents, NADH.

The temporal activation of menpl during rapid growth (in
exponential and early post-exponential phases) supports the
possibility that NADH might be an inducer for the formation
of MK. The need for an active electron transport chain for
oxidation of NADH formed during rapid growth in complex
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FIG. 7. (A) RPA autoradiograph of menpI-initiated mRNA isolated from
strains M1 (RB1279), M2 (RB1281), and wild type (WT) (RB1275). Each strain
contains a copy of a menpI-lacZ fusion located at amyE (Fig. 2). The strains were
grown in unbuffered Schaeffer’s medium without glucose and grouped in I, II,
and IIT (from left to right) as indicated. RPA was performed with the cRNA
probe ptri-B-gal shown in Fig. 2. The 3?P-labelled probe (2 X 10° cpm) was
hybridized with 5 ug of RNA isolated from the respective three strains harvested
at the times indicated above each lane and digested with a combination of RNase
A and T, as described in Materials and Methods; the results for the yeast RNA
control and full-length probe are not shown. (B) Average quantification results
for two RPA as described for panel A. Average pixel values were graphed against
time as indicated.
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medium or glucose-containing medium is indicated by the
presence of high concentrations of both MK and the quinol
oxidases cytochrome aa; and o in exponential and early post-
exponential phases (6, 15, 16). In late post-exponential-growth
phase, menpl activity can be sustained by the addition of car-
bon sources other than glucose or otherwise can be inactivated
or repressed because of the exhaustion of carbon sources. In
both situations, the cellular concentration of NADH could
serve as a measure of carbon availability. Direct measurements
of intracellular NADH would test this hypothesis. These re-
sponses of menpl are similar to those observed for transcrip-
tion of cta4 (22) and for accumulation of caa; oxidase (16).

The poor match to consensus (two of six) in the —35 region
of menpl, together with the perfect match (six of six) in the
—10 region, suggests that menpl is a good candidate to be a
highly regulated promoter. The —35 consensus mutation in-
creased promoter strength so substantially that any fluctuation
in promoter activity initiated by environmental signals, if it still
existed, was impossible to detect. To study such regulatory
mechanisms for menpl in the future, it will be necessary to
design mutations that will not change promoter strength but
confer alterations only in the carbon source- and growth-
phase-dependent kinetics of menpl. In a search for regulatory
sites within menp1, the TGAAA motif was targeted because of
the frequency with which it appears in promoter regions of
genes encoding oxidative functions in B. subtilis (3). Alteration
of the TGAAA motif within menpl had a striking effect in
creating unregulated expression of menp! throughout the cul-
ture cycle regardless of carbon source availability. Thus, this
sequence may be a site at which a factor acts to reduce menpl
activity in the absence of glycolytic end products and other
nonfermentable carbon sources. The response of menpl to
external nonfermentable carbon sources in late stationary
phase might be channeled through a derepression mechanism.
Thus, the TGAAA motif during hypothesized to play an im-
portant role in regulation during post-exponential phase. To
study such mechanisms, it would be helpful to place a mutated
TGAAA at the native men locus; it may then be possible to
isolate suppressors in this mutant background that are altered
in effectors modifying menpl activity.
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