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A number of mutations have been described with pleiotropic effects on the expression of genes for
degradative enzymes in Bacillus subtilis. The sacU32(Hy) and sacQ36(Hy) mutations increase the expression of
a wide varjety of enzymes that degrade biological polymers. The phenotypes caused by mutations at the hpr
locus are more restricted; they are known to increase expression of the alkaline and neutral proteases. The
alkaline protease (aprE) promoter was analyzed to determine the target site for stimulation by these loci.
Deletion of upstream regions of the aprE promoter could abolish or greatly reduce stimulation by mutatlons at
these loci. A region upstream of —200 was necessary for full stimulation by an hpr-97 mutation, ‘whereas a
region between —141 and —164 was necessary for full stimulation by the sacU32(Hy) and sacQ36(Hy)
mutations. Northern analyses of mRNA preparations shawed that the levels of aprE mRNA were increased in
strains carrying the sacU32(Hy) or hpr-97 mutation. Moreover, primer extension analysis of these mRNA
preparations revealed that the transcription start point was identical to that in a wnld-type strain. We
hypothesize that upstream activation of the subtilisin promoter mediated by these genes is a mechanism for
global responses to a variety of nutritional conditions.

In Bacillus subtilis, the expression of a variety of degra-
dative enzymes can be increased by mutations at a number
of loci. These loci are unlinked to the structural genes for the
affected enzymes. Mutations at the sacU and sacQ loci can
increase the expression of levansucrase, alkaline protease,
neutral protease, xylanase, B-glucanase, a-amylase, and
intracellular serine protease (1, 2, 10—13) Other mutations of
the sacU locus decrease the expression of these enzymes.
Another locus, designated hpr, has been defined which has a
more restricted phenotype. Mutations at this locus lead to
increased expression _of alkaline and neutral proteases but do
not affect the expression of levansucrase or a-amylase (8).
Mutation at the hpr locus may have a small effect on the
expression of intracellular serine protease (M. Ruppen,
personal communication). Another gene, designated prtR,
has recently been isolated whose overexpression on a plas-
mid can stimulate levansucrase and alkaline and neutral
protease production (14, 21). No chromosomal mutation of
this gene has been described.

The mechanism by which the sacU32(Hy) and sacQ36
(Hy) mutations act to increase the expression of the levan-
sucrase (sacB) gene has been the focus of a number of recent
reports (2, 17). Mutations at both loci can increase the
amount of sacB mRNA, probably by increasing the rate of
transcription initiation. The mRNA start site was identical in
strains that have sacU32(Hy), sacQ36(Hy), or wild-type
alleles at these loci (17). How these mutations act to increase
transcription of the sacB gene is unknown. Deletion analysis
of the sacB promoter suggested that a region near —100 was
necessary for complete stimulation of sacB transcription by
the sacU32(Hy) and sacQ36(Hy) mutations (H. Shimotsu,
M. Yang, and D. J. Henner, unpublished data).

The prtR and sacQ genes have been isolated and shown to
encode 60- and 46-amino-acid polypeptides, respectively

* Corresponding author.
1 Publication 4907-BCR from the Research Institute of Scripps
Clinic.

296

(14, 20). They have no obvious similarity to other known
polypeptides and only very limited similarity to each other.
Overproduction of the sacQ or prtR polypeptides leads to
stimulation of expression of these degradative enzymes (1,
14, 20, 21). It is not known whether these polypeptides act
directly on their target genes or indirectly by stimulating the
production of other regulatory factors. The nature of the
sacU gene is unknown, and an initial report of its isolation
has subsequently been retracted (G. Rapoport, personal
communication). The hpr gene has been recently isolated,
and the nature of stimulatory mutations at this site should
soon be known (M. Perego and J. A. Hoch, unpublished
data).

In these studies, the aprE promoter was analyzed to
determine the site at which the hpr-97, sacU32(Hy), and
sacQ36(Hy) mutations act to stimulate its transcription. We
determined that there are at least two regions involved in the
stimulation of this promoter. The target site for hpr-97
stimulation is separable from that of sacU32(Hy) and
sac@36(Hy) stimulation, and both target sites lie rather far
upstream of the transcription start site. We also demon-
strated that the hpr-97 and sacU32(Hy) mutations act by
mcreasmg the amount of mRNA mmated at the same start
point as in wild-type strains.

MATERIALS AND METHODS

Nucleic acids. The nucleotide sequence of DNA prepara-
tions was determined by the method of Sanger et al. (16) with
M13 bacteriophages mpl8 and mp19 for templates (22).

The generation and characterization of deletions are de-
scribed in the accompanying paper (4). mRNA was isolated
and primer extension and Northern (RNA) blot analyses
were undertaken as described in the accompanying paper
).

Strains. The following strains were used in this study:
BG125 trpC2 his-1 thr-5, BG2335 hpr-97 his-1 thr-5, BG2334
his-1 thr-5 scoC4, BG29 sacQ36(Hy) trpC2 ald, and BG4049
trpC2 thr-5 sacU32(Hy). Into these strains were integrated
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GAATTCG (SG35.21)
GGCGGCCGCA TCTGATGTCT TTGCTTGGCG AATGTTCATC TTATTTCTTC CTCCCTCTCA ATAATTTTTT CATTCTATCC CTTTTCTGTA
-400 =350

. GAATTCG (SG35.20)
AAGTTTATTT TTCAGAATAC TTTTATCATC ATGCTTTGAA AAAATATCAC GATAATATCC ATTGTTCTCA CGGAAGCACA CGCAGGTCAT
-300 -250

GAATTCG (SG35.8) GAATTCG (SG35.8425) GAA
TTGAACGAAT TTTTTCGACA GGAATTTGCC GGGACTCAGG AGCATTTAAC CTAAAAAAGC ATGACATTTC AGCATAATGA ACATTTACTC
=200 =150

GAATTCG (SG35.8423)
TTCG (SG35.8421) GAATTCG (SG35.8434) GAATTCG (SG35.846)
ATGTCTATTT TCGTTCTTTT CTGTATGAAA ATAGTTATTT CGAGTCTCTA CGGAAATAGC GAGAGATGAT ATACCTAAAT AGAGATAAAA
<100

GAAATC (SG35.6)
GAATT (SG35.5) GAATTCGAGCTCGGTACCC (SG35.4)

+1

TCATCTCAAA AAAATGGGTC TACTAAAATA TTATTCCATC TATTACAATA AATTCACAGA ATAGTCTTTT AAGTAAGTCT ACTCTGAATT

-50

TTTTTAAAAG GAGAGGGTAA AGA GTG AGA AGC AAA AAA TTG TGG ATC
+50 Met Arg Ser Lys Lys Leu Trp Ile

FIG. 1. Nucleotide sequence of the aprE promoter. The sequence was determined for both strands, and the sequence across all festriction
sites was confirmed by sequencing across the site. The transcription initiation site is dénoted by +1. Numbering is with respect to the
transcription initiation site. The endpoints of each promoter derivative discussed in the text are shown, and the linker to the EcoRI or BamHI
site used to construct the lacZ fusions is also shown for each derivative.

the single-copy vectors carrying various deletions upstream
of the aprE promoter. The single-copy vectors, as well as the
B-galactosidase assay methods, are described in the accom-
panying report (4). Construction of combinations of chromo-
somal markers was carried out by transformation or trans-
duction (9).

RESULTS

Nucleotide sequence of the aprE promoter region. Although
the nucleotide sequence of the B. subtilis promoter region
has been previously reported (18), only a short distance
upstream of the coding region has been published. To
facilitate an examination of the effect of upstream regions on
aprE expression, the sequence was determined for approx-
imately 500 base pairs upstream of the initiation codon. The
stimulation by all of the mutations studied here was found to
occur between an upstream Notl site and the promoter. This
sequence is shown in Fig. 1.

Deletion analysis of the subtilisin promoter. A series of
deletions derivatives of the single-copy integration vector
pSG35.1 was constructed as described in the accompanying
paper (4). The endpoints of each deletion are shown in Fig.
1. Each derivative was transformed into strain BG12S.
Subsequently, the sacU32(Hy) and sacQ36(Hy) mutations
were transduced into the BG125 parent by cotransduction
with hisA and thr, respectively. A series of hpr-79 aprE-lacZ
mutant strains was created by DNA transformation, with
DNA from the BG125 series of strains as the donor strain
and hpr-97- bearing strains as the recipient and chloram-
phenicol resistance as the selection. The B-galactosidase
profile of each strain was then determined.

Figure 2 shows a comparison of the rates of p-galacto-
sidase synthesis for several deletions in either the hpr-97 or
the sacQ36(Hy) background. Both the sacQ36(Hy) and
hpr-97-mutations stimulated the apparent rate of B-galacto-
sidase synthesis approximately 10-fold over that observed in
wild-type strains. Their effects are due to stimulation of the
initial rate, and this stimulation does not occur until the end
of exponeiitial growth. The Apr-97 mutation maximally stim-
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FIG. 2. B-Galactosidase profiles. T, indicates the time at which
the culture left the exponential phase of growth. Genetic back-
ground and aprE-lacZ fusion derivative: @, hpr-97 and SG35.18; O,
wild type and SG35.18; O, sacQ36(Hy) and SG35.8A25; W,
sacQ36(Hy) and SG35.8A21; A, sacQ36(Hy) and SG35.8A6.
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TABLE 1. Effect of upstream deletion and sacU(Hy), sacQ(Hy), and hpr mutations on the rate of B-galactosidase accumuiation from the
aprE promoter in an dprE-lacZ fusion

Initial rate of B-galactosidase accumulation (U/mg per h)

Promoter Deletion
endpoint Wild type sacU(Hy) sacQ(Hy) hpr
SG35.1 —-600 490 8,000
SG35.18 —412 750 6,800
SG35.21 —340 500 4,000
SG35.20 —244 1,700 4,000
SG35.8 —-200 800 6,450 7,250 440
SG35.8425 —164 575 8,400 9,950 500
SG35.8A21 -141 610 1,900 2,200 300
SG35.8A23 -113 560 750 2,200 340
SG35.8A34 -104 600 900 2,200 202
SG35.8A6 —64 375 800 900 260

ulated deletion SG35.18, whereas this deletion showed nor-
mal activity in a wild-type strain. Representative rates for
the deletion series in a sacQ36(Hy) background are also
shown in Fig. 2. Deletions SG35.8 and SG35.8A25 were
maximally stimulated, whereas deletion SG35.8A6 was un-
responsive to the sacQ36(Hy) mutation. Deletion SG35.8A21
was three- to fourfold less stimulated by the sacQ36(Hy)
mutation but still showed about a threefold higher rate of
synthesis than did the wild-type strain. Kinetics identical to
those of SG35.8A21 were obtained for deletions SG35.8A23
and SG35.8A34.

Table 1 shows the rate of B-galactosidase accumulation in
all of the strains tested. All of the deletions, with the
exception of SG35.8A20, had similar rates of B-galactosidase
accumulation in a wild-type background. Independent wild-
type transformants carrying derivative SG35.8A20 showed
consistently higher rates of B-galactosidase accumulation
than did the other derivatives. Deletion of the sequence
between —164 and —141 reduced stimulation by both
sacU32(Hy) and sacQ36(Hy) from approximately 10-fold to
about 3-fold. Further deletions to —64 still retained some
stimulation by both sacU32(Hy) and sacQ36(Hy).

The region necessary for stimulation by the Apr-97 muta-
tion lies upstream of —200. Deletions from approximately
—600 to —400 or —340 showed small decreases in the rate of
B-galactosidase accumulation in an hpr-97 background and
in stimulation. A further deletion to —244 showed the same
rate of B-galactosidase accumulation as the —340 deletion,
but the stimulation was much reduced if the increased rate in
the wild-type background was taken into consideration. A
deletion to —200 showed a sharp cutoff in the rate of
B-galactosidase accumulation, and this and further deletions
all had lower rates of accumulation than the same deletions
in the wild-type background.

'Determination of aprE mRNA levels and initiation points in
sacU32(Hy) and hpr-97 mutations. The mechanism by which
the sacU32(Hy) and hpr-97 mutations stimulate expression
was examined by determining the amount of aprE mRNA in
a quantitative Northern analysis. A substantially larger
amount of aprE mRNA could be detected in preparations
extracted from strains carrying the sacU32(Hy), scoC4, and
hpr-97 mutations, as opposed to a strain that was wild type
at both loci (Fig. 3). Northern analysis carried out with
mRNA from a sacU32(Hy) spo0A strain gave no detectable
band of hybridization, confirming that the increased signal
seen in the sacU32(Hy) strain is due to subtilisin mRNA
(data not shown). The scoC4 mutation resides in the hpr
locus (M. Perego and J. A. Hoch, unpublished data). At this
level of resolution, there appeared to be only one size of

mRNA in all three strains, suggesting that these mutations
do not furiction by activating different promoters. This point
was also addressed by examining the mRNA start point in
éach strain. A single major start point was seen for each
mRNA preparation (Fig. 4). The amount of mRNA detected
by this metﬁod was also greater in the preparations from the
sacU32(Hy), scoC4, and hpr-97 strains, confirming the
Northern blot analysis. A number of minor bands were also
seen near +31 (Fig. 4). As discussed in the accompanying
paper, we suspect that these bands are artifactual (4). No
other bands were apparent on the entire gel, and no band
was visible at the top of the gel, indicating that no transcript
extended from upstream of the designated initiation point.
Since both bands increase in the mutant strains and no signal
was found at either location with mRNA from a spo0A strain
(data not shown) we concluded that both bands are subtilisin

1 2 3 4

FIG. 3. Northern analysis of aprE mRNA. The miarks at the right
indicate the positions of RNA standards with molecular sizes from
top to bottom of 9,500, 7,500, 4,400, 2,400, 1,400, and 300 base pairs.
The relevant genotypes of the strains used for mRNA extraction are
as follows (lanes): 1, wild type; 2, scoC4; 3, hpr-97; 4, sacU32(Hy).
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derived and not due to nonspecific priming of another
mRNA.

DISCUSSION

The Northern analyses and determination of the aprE
mRNA start point suggest that both the sacU32(Hy) and
hpr-97 mutations act by increasing the steady-state level of
mRNA. An identical finding has been reported for the
actions of the sacU32(Hy) and sacQ36(Hy) mutations on the
sacB promoter (2, 17). For both promoters, the same start
site appears to be utilized in all strains, suggesting that a
cryptic promoter is not activated by these mutations. A
previous study has shown that sacB mRNA half-life is not
changed by the presence of a sacU32(Hy) mutation (3), and
we favor the hypothesis that these mutations act by increas-
ing the rate of transcription initiation rather than by stabiliz-
ing the mRNA. A similar conclusion has been reached for
the stimulation of the aprE promoter by the product of the
priR gene (19).

The analysis of the deletion derivatives of the aprE
promoter showed that regions well upstream of the tran-
scription start site are necessary for full stimulation by the
hpr-97, sacU32(Hy), and sacQ36(Hy) mutations. These de-
letions roughly define the left edge of the regions necessary
for this full stimulation. There are no obvious palindromic
sequences, repeated elements, or sequences similar to

'ABCD

.

+31

i
&

FIG. 4. Determination of the transcription start site for aprE
in hpr-97 and sacU32(Hy) strains. Primer extension analyses were
carried out with mRNA from wild-type (lane A), scoC4 (lane B),
hpr-97 (lane C), and sacU32(Hy) (lane D) strains. A control se-
quencing ladder was run beside the reactions to verify the +1 and
+31 positions.
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=150
aprE GACATTTCAGCATAATGAACATTTACTCATGTCTATTTTCGTTCTTTT

* Kk k Rk X hhhhAh & L1 1] * Rk ARRARAR

sacB AAAAATACAG AGAATGAAAAGAAACAGATAGATTTTTTAGTTCTTTA
-120

FIG. 5. Comparison of aprE and sacB upstream regions contain-
ing the target for sacU32(Hy) and sacQ36(Hy) stimulation. The
sacB sequence is from Shimotsu and Henner (17). The asterisks
indicate identical nucleotides. The positions with respect to the
transcription start site are indicated.

known protein-binding sites defined by these deletions (6).
The analysis of the deletion mutations is not as clear-cut as
we would have desired. There is definitely a clear difference
between the deletion at —200 and all those with larger
upstream regions for Apr-97 stimulation. But whether there
is a single site between —244 and —200 or whether there are
a number of upstream sites whose effects are cumulative
between —200 and —400 is difficult to determine from these
data. Similarly, the —164 and —141 deletions clearly differ
for sacU32(Hy) and sacQ36(Hy) stimulation. However, fur-
ther deletions show a consistent stimulation of up to three-
fold. The sacU32(Hy) and sacQ36(Hy) mutations are known
to have very pleiotropic effects on cells, and one could
postulate that this further stimulation is a secondary effect. It
is also possible that a second target site exists within or
downstream of the promoter region that mediates this addi-
tional stimulation. Deletion mutations of the upstream re-
gions of the nif promoters show a similar complex pattern of
stimulation (7).

A similar study using the sacB promoter suggested that a
region near —100 was necessary for full stimulation of the
sacB promoter by the sacU32(Hy) and sacQ36(Hy) muta-
tions (H. Shimotsu and D. J. Henner, unpublished data).
Interpretation of these data was complicated by the finding
that a second region downstream of the promoter appeared
to mediate both sucrose induction and stimulation by
sacU32(Hy) and sacQ36(Hy) (Shimotsu and Henner, unpub-
lished data). For the aprE promoter, the region between
—164 and —141 appears to be necessary for full stimulation
by the sacU32(Hy) and sacQ36(Hy) mutations. Comparison
of the DNA sequences in this region showed some similar-
ities (Fig. 5). However, the similarities are primarily in a
T-rich region and it is difficult to judge their significance. A
comparison of this region with other known target genes of
the sacU32(Hy) and sacQ36(Hy) mutations showed similar-
ities in the regions upstream of the genes. The transcription
start points of some of these genes have not been character-
ized. However, the comparisons picked up primarily
stretches of T’s and there was no convincing consensus
sequence.

Although positive stimulation of promoters upstream of
the RNA polymerase recognition site has been defined for a
number of systems (for a review, see reference 15), it is not
so common for sites upstream of —100 to stimulate transcrip-
tion. The most analogous case appears to be that of the nif
genes. Both the nifA and ntrC gene products appear to be
transcription stimulatory factors whose target sites are often
found 100 to 150 base pairs upstream of the transcription
start site and which can function when placed more than
1,000 base pairs upstream (7). Studies are in progress to
determine whether the spacing of the target sites for the
hpr-97, sacU32(Hy) and sacQ36(Hy) mutations is critical for
their activity.
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Two central questions are raised by this research. What
are the factors that interact with the target sites to cause
stimulation, and what are the physiological roles of these
stimulatory systems? Although the sacU32(Hy), sacQ36
(Hy), and hpr-97 mutations stimulate expression of aprE,
there is no evidence that they directly interact with the target
sites. At least two other genes have been characterized
which also influence expression of the aprE gene. Overex-
pression of the prtR gene, a 60-amino-acid polypeptide, on a
high-copy plasmid stimulates expression of levansucrase,
neutral protease, and alkaline protease (14). This phenotype
appears to be very similar to that caused by the sacU32(Hy)
and sacQ36(Hy) mutations and might have the same target
site(s). Another region of DNA, encoding two small poly-
peptides, has been isolated which inhibits both sporulation
and alkaline protease production (5). Analysis of some of the
aprE-lacZ deletion derivatives described here suggests that
the inhibition is caused at an upstream site on the aprE
promoter (I. Smith, personal communication). Why should
the cell have such a complex set of controls for a gene that
is nonessential for growth, at least in a laboratory environ-
ment? We speculate that, since the enzymes stimulated by
these mutations are all involved in the degradation of com-
plex polymers, there controls are part of a global regulatory
system involved in the search for alternative nutrient
sources.
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