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The expression of the Bacillus subtilis sacPA operon is induced by sucrose. A DNA fragment containing the
upstream region of this operon was cloned. This fragment contains a promoter from which the operon is
expressed. This upstream region also contains a palindromic DNA sequence very similar to the transcriptional
terminator which regulates the induction of the B. subtilis sacB gene. Of 37 nucleotides in a region partially
overlapping the sacP palindromic sequence, 34 were identical to the corresponding region of the sacB gene. A
similar motif is also present in the bgl operon of Escherichia coli. The sacT locus controlling sacPA expression
had been identified by a single constitutive mutation sac730 which mapped close to the sacPA operon. DNA
fragments containing the sacT* and sacT30 alleles were cloned and sequenced. The sacT gene product is very
similar to the B. subtilis sacY and to the E. coli bglG gene products. The constitutive sacT30 mutation was
identified. It corresponds to a Asp-96-to-Tyr missense mutation located in a highly conserved region in SacT
and SacY. These results strongly suggest that sacT is a specific regulatory gene of the sacPA operon.

The structural genes involved in the utilization of sucrose
in Bacillus subtilis are clustered in two regions of the
bacterial chromosome (18). sacA codes for an endocellular
sucrase (9, 10, 17), and sacP is the structural gene of a
membrane-associated, specific component of the phospho-
enolpyruvate-dependent carbohydrate phosphotransferase
system (PTS) of sucrose transport (7, 8). sacP and sacA
appear to be organized in an operon. A second sucrose-
hydrolyzing enzyme, levansucrase, is encoded by sacB (20,
36). Both the expression of the sacPA operon and that of the
sacB gene are inducible by sucrose (18). The sucrose regulon
of B. subtilis has been extensively studied by genetic analy-
sis. Mutants causing constitutive expression of saccharolytic
enzymes have been selected, and their analysis led to the
identification of three regulatory loci, sacT, sacS, and sacR.
A single sacT(Con) mutant has been isolated, and the
mutation sacT30 was mapped close to the sacPA operon by
transformation. In the sacT30 mutant, both sacP and sacA
expression are constitutive (18). The sacS locus was identi-
fied by several different constitutive mutations. The
sa¢S(Con) mutations lead to constitutive expression of the
sacP, sacA, and sacB genes. It was therefore postulated that
the product of the sacS locus regulates the expression of
sacPA and sacB (18, 19). The sacS locus was cloned (4, 6)
and sequenced (38; M. Zukowski, cited in reference 8). It
contained two genes, sacX and sacY. The sacX gene product
negatively regulates sacY (4). The product of the sacY gene
is very similar to the antiterminator of the Escherichia coli
bgl operon (38). Furthermore, it was shown that sacB
expression is regulated by a transcriptional antitermination
mechanism (31). This regulation involves the sacY gene
product, but a direct interaction of the sacY gene product
with the transcriptional apparatus or with the DNA has not
been yet demonstrated. S1 nuclease mapping of the sacB
promoter defined the transcription start site 199 base pairs
(bp) upstream of the sacB coding sequence (31). Between the
promoter and the sacB coding sequence, a region of dyad
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symmetry, of approximately 70 nucleotides, was shown to
act as a transcriptional terminator (31). Deletions of this
termination structure or single-base changes that destroy the
dyad symmetry lead to constitutive synthesis of levansu-
crase. The sacR(Con) mutations have been shown to be
changes of the nucleotide sequence in the putative stem-
and-loop structure (31, 33).

Little was known about the specific regulation of the
sacPA operon at the molecular level. A strain deleted for
sacX and sacY was constructed. In this strain, the sacPA
operon is still inducible by sucrose (35). This experiment
strongly suggested that B. subtilis has two regulatory path-
ways allowing the induction of the sacP, sacA, and sacB
genes.

In this work, we have cloned the region upstream of the
sacPA operon and have identified and sequenced the sacT
gene and the sacT30 allele. We have shown that the SacT
protein is required for sacPA expression. SacT is very
similar to the sacY gene product and to the E. coli BglG
antiterminator (30). These results show that sacT is a regu-
latory gene involved in the control of sacPA induction.

MATERIALS AND METHODS

Strains. B. subtilis strains used in this study are listed in
Table 1. E. coli K-12 strain TGl [A(lac-proAB) supE thi
hsD5(F’ traD36 proA* proB™ lacI® lacZ AM15); T. J.
Gibson, Ph.D. thesis, University of Cambridge, 1984] was
used for plasmid constructions and as a host for M13 phages.
E. coli was transformed as previously described (5) with
selection on L broth plates containing ampicillin (100 pg/ml).
Transformation of B. subtilis was as previously described (3,
14), and selection was carried out on SP (1, 18) or tryptose
blood agar base plates (Difco Laboratories, Detroit, Mich.)
containing chloramphenicol (5 ng/ml), kanamycin (5 pg/ml),
or erythromycin (25 pg/ml).

Media. E. coli was grown in Lb broth, and B. subtilis was
grown in Penassay antibiotic medium 3 (Difco) or C medium
(70 mM K,HPO, - 3H,0, 30 mM KH,PO,, 25 mM
(NH,),S0O,, 0.5 mM MgSO,, 0.01 mM MnSO,, 22 mg of
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TABLE 1. Genotypes and sources of strains used in this study®

Strain Genotype Source or reference
168 trpC2 Laboratory stock
QB39 trpC2 sacT30 18
1A510  recE4 leuA8 arg-15 thrAS stp 26
PGS54  trpC2 metC3 pisl6 11
GM329  1rpC2 metC3 AptsX AptsH Aptsl 12

ermC
QB6001 rpC2 sacT::aphA3 pTP3—168
QB6003 trpC2 aphA3 pTP5—168
QB6005 recE4 leuA8 arg-15 thrAS stp pBSG8-24—1A510
QB6006 rpC2 pBSG8-24—168
QB6007 trpC2 sacT30 pBSG8-24—-QB39
QB6008 recE4 leuA8 arg-15 thrAS stp pBSG8-29—-1A510
QB6009 trpC2 sacT30 pBSG8-29—->QB39
QB6010 trpC2 amyE::(del3 sacP-lacZ cat) pTP7—168
QB6011 trpC2 sacT30 amyE::(del3 sacP- pTP7—-QB39
lacZ cat)
QB6012 1rpC2 amyE::(del4 sacP-lacZ cat) pTP9—168
QB6013  trpC2 metC3 ptsl6 amyE::(del3 pTP7—PGS554
sacP-lacZ cat)
QB6014 trpC2 AptsX AptsH Aptsl ermC GM329—-QB6010
amyE::(del3 sacP-lacZ cat)
QB6015 recE4 leuA8 arg-15 thrAS stp pHT3101—-1A510
QB6016 recFE4 leuA8 arg-15 thrAS stp pTP1-1AS510
QB6017 recE4 leuA8 arg-15 thrAS stp pTP2—1AS510

“ Arrows (—) indicate construction by transformation. del indicates a
deletion of the upstream region of sacP. aphA3 indicates the kanamycin
resistance gene from Streptococcus faecalis (37). cat indicates the chloram-
phenicol acetyltransferase gene from pC194 (13).

ferric ammonium citrate per liter) supplemented with the
following nutrients: 20 mM potassium succinate, 50 mM
potassium glutamate, 0.05% casein hydrolysate (CSKCH
medium), and 100 mg of auxotrophic requirements per liter.

Plasmids. Plasmid pBSG8-15 was constructed as follows.
A Nael-Tagql restriction fragment containing the cat gene
from plasmid pC194 (13) was cloned between the Smal and
Sall restriction sites of plasmid pUCS. The resulting plasmid
was pOB106 (a gift from P. Stragier). The EcoRI-HindIII
fragment of pOB106 containing the car gene was cloned
between the two EcoRYV restriction sites of the sacP gene in
plasmid pBSG8-12 (7) (a pUC9 derivative). The resulting
plasmid was called pBS G8-15.

Plasmid pKa was constructed by cloning a 3.5-kilobase-
pair (kbp) EcoRlI restriction fragment containing the origin of
replication of pHV1436 (13a) in pAT21, a derivative of
pBR322 containing the aphA3 (Km") gene encoding the 3’
5'’-aminoglycoside phosphotransferase type III of Strepto-
coccus faecalis (37).

pMC11 was constructed as follows. A 4.5-kbp Smal-Kpnl
fragment containing the lacZ and erm genes from pTV32 (27)
was purified and made blunt-ended by T4 DNA polymerase.
It was cloned between the Smal and Sall restriction sites of
pEB111 made blunt-ended by using Klenow fragment of
DNA polymerase I (16).

Plasmid pBSG8-24 was obtained by cloning (i) a 1-kbp
HindIII-Stul fragment purified from pTP1 (Fig. 1) and (ii) a
4.5-kbp Smal-HindIII fragment extracted from pMC11 and
containing the entire lacZ and erm genes into the single
HindIII site of plasmid pKa. This plasmid contains a tran-
scriptional fusion. pBSG8-29, a derivative of pBSG8-24, was
constructed as follows. A 4.5-kbp Xmnl restriction fragment
containing the sacPA promoter, the entire lacZ gene, and
part of the erm gene was purified from pBSG8-24. It was
cloned into the HindIII site of plasmid pKa made blunt by
using Klenow fragment.
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FIG. 1. Restriction map of the 4.5-kbp EcoRI DNA fragment
containing the upstream DNA region of the sacPA operon in pTP1.
The orientation of the sacPA operon is indicated with an arrow. The
pHT3101 vector is not shown. The solid bar indicates the sacPA
operon. The hatched bar indicates the cat gene. kb, Kilobase.

pTP3 was constructed as follows. A 1.5-kbp Clal restric-
tion fragment containing the aphA3 gene was purified from
plasmid pKa. This DNA fragment was cloned between the
two Bglll restriction sites of plasmid pTP1 replacing the
0.7-kbp BglII fragment. BgllII and Clal sites were made blunt
by using the Klenow fragment of DNA polymerase I.

Plasmid pTP4 was constructed as follows. The 3-kbp
EcoRI-BglII fragment containing the cat gene was purified
from pTP1 (Fig. 1) and cloned into pBR322 between the
EcoRI and BamHI restriction sites. The resulting recombi-
nant was called pTP4.

pTP5 was constructed by inserting the 1.5-kbp Clal frag-
ment containing the aphA3 gene (see pTP3 construction
above) into the single HindlIlI restriction site of pTP4.

pTP7 and pTP9 were constructed as follows. A XmnI-Sspl
restriction fragment carrying the upstream region of the
sacPA operon was cloned in the Smal site of the lacZ gene
of plasmid pIS112 (22) to create a hybrid gene. The transla-
tional fusion was then transferred to plasmid pAF1, which is
a derivative of ptrpBG1 (32). pAF1 plasmid carries a pro-
moterless lacZ gene between two fragments of the B. subtilis
amyE gene. This facilitates single-copy integration of gene
fusions at the amyE locus. pAF1 also contains the cat gene,
allowing selection of integrants (10a). Unique Stul and Sacl
restriction sites are located in the cat gene and in the lacZ
gene, respectively, of pIS112 plasmid. A Stul-Sacl DNA
fragment containing the translational fusion was inserted
between the Stul and Sacl restriction sites of pAF1 plasmid,
leading to pTP7. Similarly, a HindII-Sspl restriction frag-
ment was cloned into the Smal site of pIS112 and transferred
in the same way to pAF1, giving plasmid pTP9. pTP7 and
pTP9 plasmid constructions were verified by DNA sequenc-
ing with oligonucleotides located near the Xmnl and HindII
restriction sites.

DNA manipulation. Standard procedures were used for
extracting plasmids from E. coli and B. subtilis (1, 24).
Restriction enzymes, T4 DNA polymerase, the Klenow
fragment of DNA polymerase I, and T4 DNA ligase were
used according to the recommendations of the manufacturer.
When necessary, 5’ and 3’ protruding ends of DNA frag-
ments were repaired to blunt ends by using Klenow DNA
polymerase, T4 DNA polymerase, and deoxynucleoside
triphosphates. DNA fragments were purified from agarose
gels by using the Gene Clean kit (Bio 101, Inc., La Jolla,
Calif.).

DNA sequences were determined by the dideoxy-chain
termination method with single-stranded M13 phages as
templates (28) and modified T7 DNA polymerase (U.S.
Biochemicals Corp., Cleveland, Ohio). The nucleotide se-
quence of the second DNA strand was determined by using
synthetic oligonucleotides. Chromosomal DN A was purified
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from exponentially growing cells as previously described
25).

B-Galactosidase assays. B. subtilis cells containing lacZ
fusions were grown in the appropriate media. p-Galactosi-
dase assays were carried out as described previously (25). B.
subtilis colonies expressing lacZ fusions were detected by
overlaying colonies with 8 ml of soft agar (7.5 mg/ml)
containing lysozyme (2 mg/ml) and 5-bromo-4-chloro-3-in-
dolyl-B-p-galactopyranoside (X-gal; 250 pg/ml).

Cloning of the sacT30 allele. The sacT30 mutation was
transferred from the chromosome of strain QB39 to the
plasmid pTP1 as follows. Strain QB39 was transformed with
pTP1. A single clone of this strain was grown in PAB
medium containing erythromycin (25 pg/ml) and chloram-
phenicol (5 pg/ml) to an optical density at 600 nm of 1.
Plasmid DNA was extracted and used to transform B.
subtilis 1A510 (Rec™). Individual colonies of 1A510 trans-
formants were tested for sucrase synthesis. Thirty percent
constitutively expressed sucrase. Plasmid DNA was ex-
tracted from one of these constitutive clones, introduced
into E. coli, purified, and called pTP2. The restriction maps
of pTP2 and pTP1 were identical (data not shown).

RESULTS

Cloning of the upstream region of the sacPA operon. The
sacT(Con) mutation was previously mapped just upstream
from the sacPA genes by transformation (18). The close
linkage was used to clone the sacT locus. A DNA fragment
containing the cat gene from plasmid pC194 was inserted
into the sacP gene in pBSG8-12 (see Materials and Meth-
ods). The resulting recombinant plasmid pBSG8-15 was
linearized and introduced into B. subtilis 168 by transforma-
tion. Spontaneous Cm" transformants were selected which
contained the cat gene integrated by double crossover in the
sacP gene. The resulting strain, QB4503, was used to clone
the upstream region of the sacPA operon into the stable
shuttle vector pHT3101 in B. subtilis (21). For this purpose,
EcoRI restriction fragments of QB4503 DNA were cloned
into pHT3101 and the resulting pldsmids were used to
transform B. subtilis 168 or 1A510 (Rec™) to Cm". Plasmid
pTP1 (Cm" Em") containing thg upstream region of the
sacPA operon on a 4.5-kbp EcoRI fragment was obtained in
this way. A restriction map of this fragment is shown in Fig.
1.

DNA sequence of the sacT upstream region of the sacPA
operon. The DNA sequence of a 2.0-kbp DNA fragment of
the region upstream of the sacPA operon (Fig. 2) was
determined on both strands by the dideoxy-chain termina-
tion method (see Materials and Methods). The sequenced
region extends from 200 bp upstream of the Bg/II site (Fig. 1)
to the beginning of the sacP coding sequence (Fig. 2). An
opén reading frame, open reading frame 1 (ORF1) (277
codons), was found starting at position 68 at a TTG putative
initiation codon and ending at position 894. The TTG codon
is preceded by a putative ribosomte binding site (GGAG) with
alow AG value (—39.3 kJ/mol). ORF1 encodes a polypeptide
with a deduced molecular weight of 32,037 and was identified
as the sacT gene (see below). The beginning of the sacP gene
(7) was found at position 2008. A long palindromic structure
containing two 31-bp stretches with nine mismatches is
located at position 1940, centered 65 bp upstream of the
translation initiation codon of sacP (Fig. 2). A second ORF,
open reading frame 2 (ORF2), extends from right to left from
position 1706 to position 936 (data not shown). A potential
rho-independent terminator is centered at position 920 be-
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tween the stop codon of ORF2 and the stop codon of sacT
gene (Fig. 2).

Localization of the sacPA promoter. In order to define
DNA sequences that play a role in the expression of the
sacPA operon, a series of deletions was created upstream
from the beginning of the sacP gene. Two transcriptional
fusions with the lacZ of E. coli were constructed as shown in
Fig. 3 and were cloned into the replicative plasmid pKa (see
Materials and Methods). These two recombinant plasmids,
pBSG8-24 and pBSG8-29, were introduced into B. subtilis
1A510 (Rec™), giving strains QB6005 and QB6008, respec-
tively. The uninduced levels of B-galactosidase expression
observed in strains QB6005 and QB6008 are similar (Table
2). In the presence of sucrose, a 30- to 40-fold increase of
B-galactosidase activity was observed in these strains. The
values obtained are quite similar to that observed with the
wild-type strain (Rec*) containing the plasmid pBSG8-24
(QB6006). These results indicate that the XmnlI-Stul restric-
tion fragment cloned in front of the lacZ gene contains the
sacPA sucrose-inducible promoter. This promoter is there-
fore located in the 245-bp fragment preceding the ATG
initiation codon of sacP (Fig. 2).

In order to define further the location of the sacPA
promoter, translational fusions of the amino-terminal region
of sacP to the eighth codon of the lacZ gene were con-
structed and integrated as single copies at the amyE locus
(see Materials and Methods; Fig. 3). Plasmids pTP7 and
pTP9 (Fig. 3) were introduced into B. subtilis 168, giving
strains QB6010 and QB6012, respectively. These strains
were grown with and without induction with 0.1% sucrose.
The B-galactosidase activity in strain QB6012 is sixfold
lower than that observed in QB6010 in the presence of
sucrose, suggesting that sequences located between Xmnl
and HindIl restriction sites are required for full sacPA
expression.

Strain QB39 (sacT30) transformed either with pBSG8-24
(QB6007) or with pTP7 (QB6011) constitutively expresses
B-galactosidase (Table 2). The absence of inducible recom-
binant clones indicates that the sacT30 mutation is presum-
ably located upstream of the HindIIl site. As the promoter of
the sacP gene, followed by the lacZ reporter gene, is located
either on a replicative plasmid or at the chromosomal amyE
locus, the sacT gene appears to be trans acting. This was
confirmed as detailed below.

The constitutive expression of B-galactosidase in strains
QB6007 and QB6011 is decreased eight- and sixfold, respec-
tively, in the presence of sucrose. It was already shown that
the constitutive synthesis of sucrase in the sacT30 mutant is
markedly repressed by carbon sources such as glucose,
glycerol, or sucrose. This decrease is a consequence of
catabolite repression, which has been previously observed
for this and other enzymatic systems in B. subtilis (15, 19).

A comparison of DNA sequences in the promoter region
of the sacPA and sacB genes is shown in Fig. 4. An
imperfect palindromic sequence is present upstream of the
sacP gene. Inspection of this sequence revealed a sngmﬁcant
similarity to the terminator present in the sacB leader region
(31). Fifty out of 53 bp are identical (Fig. 4, boxed regions).
The largest box is homologous to box A and box B se-
quences found in the B-glucoside utilization system of E. coli
and in the B-glucanase promoter region of B. subtilis (23).

Fine structure genetic analysis of the sacT locus. Gene
disruption experiments were carried out in order to locate
the sacT gene. ORF1 was disrupted by replacing the 0.7-kbp
BgllI fragment in plasmid pTP1 with a 1.5-kbp Clal fragment
containing the aphA3 kanamycin resistance determinant
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MetLysIleTyrLysValLeuAsn
CTTTACATGGCGGTCARAAGGAGGTAARATCCCAGTCAAAAGCAAATTGGCGGGAGAGATAACCTCTTGAARATCTATAAAGTATTAAAC
. . . . . 8D . . . .

AsnAsnAlaAlaLeuIleLysGluAspAspGlnGluLysIleValMetGlyProGlyI1eAlaPheGlnLysLysLysAsnAspLeuIle
AACAATGCGGCTTTAATAAAAGAGGATGATCAGGAAAAAATCGTGATGGGACCGGGAATCGCTTTTCAARARAAGARAAATGATCTCATC
100 . .

ProMetAsnLysValGluLysIlePheValValArgAspGluAsnGluLysPheLysGlnIleLeuGlnThrLeuProGluGluHisIle
CCTATGAATAAAGTGGAAAAGATCTTTGTCGTGCGCGACGAGAATGARARGTTCARACARATCCTGCARACACTGCCGGAGGAGCATATA
. BglII . . . . . . .

GluIleAlaGluAspIleIleSerTyrAlaGluGlyGluLeuAlaAlaProLeuSerAspHislleﬂisIleAlaLeuSerAspHisLeu
GAAATAGCTGAGGATATCATCAGCTATGCGGAAGGAGAGCTCGCGGCGCCGCTGAGCGATCACATTCATATCGCGCTTTCCGACCATTTG
. . 300 . . . . . .

SerPheAlalleGluArgIleGlnAsnGlyLeuleuValGlnAsnLysLeuleuHisGlulleLysAlaLeuTyrLysLysGluTyrGlu
TCCTTTGCGATCGARAGGATTCAAAATGGGCTGCTTGTGCAGAAT AAATTGCTGCATGAGATAAAGGCGCTCTATAAAARAGRATATGAG
. . . 400 . . . . .

IleGlyLeuTrpAlalleGlyHisValLysGluThrLeuGlyValSerLeuProGluAspGluAlaGlyTyrIleAlaLeuHisIleHis
ATCGGCCTGTGGGCGATCGGACATGTAAAAGAGACATTGGGCGTGTCTCTGCCTGAAGATGAAGCGGGT TATATTGCCCTTCACATCCAT
. . . . 500 . . . .

ThrAlalysMetAspAlaGluSerMetTyrSerAlaLeulysHisThrThrMet IleLysGluMet IleGluLysIleLysGlnTyrPhe
ACGGCGAAGATGGATGCGGAGAGCATGTATTCAGCGCTGAAGCATACGACCATGATCAAAGAAATGATAGAGAAAATAAAACAATACTTT
. . . . . 600 . .

AsnArgLysValAspGluAsnSerIleSerTyrGlnArgLeuValThrHisLeuArgTyrAlaValSerArgleuGluSerAsnGluAla
AATCGAAAGGTGGATGAAAACAGCATTTCCTATCAACGCCTTGTCACGCATTTGCGATACGCGGTCAGCCGGTTGGAATCAAATGAAGCG
. . . . . . 700 . .

LeuHisArgMetAspGluGluMet LeuTyrPheIleGlnLysLysTyrSerPheAlaTyrGlnCysAlaLeuGluLeuAlaGluPheleu
CTCCATCGTATGGACGAGGAGATGCTTTATTTCATCCAAAAAAAGTATTCATTCGCCTATCAATGTGCGCTGGAGCTGGCGGAGTTTTTG
. . . . . . . 800 .

LysAsnGluTyrGlnLeuHisLeuProGluSerGluAlaGlyTyrIleThrLeuHisValGlnArglLeuGlnAspleuSerGlu***
AAAAATGAATATCAATTACATTTGCCGGAATCCGAGGCCGGCTATATCACGCTGCATGTCCAGCGTCTTCAAGATCTCTCGGAATAACCG
. . . . . . . BglII . 900

CTTTGACTTGCAGGGAGTGATCTCTGGAAGTTTTTTTATTGATCAGGATTCAGTGTGTAGTACATCCAGCCCATCATAACTATTCCCGCG

33333>>>>> <<<LLLLL<L<L . . . .

GTCAGATTGCCGAGCGTAACGGGGATTAAGTTTCTGACTGCTCCCATCAGTGTCACTGTATCAGGGTGCTCGATCAAAAGCGAGATGGCG

1000 . . . . . . . .

AATGTGCACATATTGGCAATGCTGTGTTCAAAGCCGGAAATAAAGAAGCAGAAAACGAAAAGCATCATGGTAAAAAGCTTTGCTCCTTCC
. 1100 . . . . . HindIII .

CCTTTGAGAGACATTGGAATGAAAAAGGCGAGGCACACAAGCCAATTGCACAGCATTCCTCTGAAAAACAATTCGGAAGCCGGCGGCTCC
. . 1200 . . . . . .

ATTTTGTGCTCTGCCAAATGAATCAAAAAGGAATGAACAGAAGGCTCCTCAAAAAGTCCCGTCGCGCTGATCAGGATGGCAAACAGAATG
. . . 1300 . . . .

GCGCCGATTAAATTGCCGGCATAGCTTGACATCCACAAGTATAGGGTGTCGCGCCAGCTGATTTTTTTCCGGAGCGCGGTATAGGTGAAA

. . . . 1400 . . .

TAAAAGGTGTTGCCGGTAAATAAATCTCCGCCTCCGTAAGCAATCATCAGAATAGCGGCCCCGAAAGTGACAGCGGCTGCCGGAAAGGCA
. . . . . 1500 . -

AACGGAGAATCAGCCATAAAGAAATAGCTGCCTGTTTTGCTTGCGGCTGTAATGCCAAAACCAATAAATATACTGGCCAAAATGGACCGA
. . . 1600 . .

AGCACATAACGGATTTTGCTTGAAGCGAATATGTTTTGT TTTTTCAAAGCATACTGTTCAACCTTTTGTAATGCTTGAGTTTCCATTGTC
. . . . . . . 1700
TTTTCCTGCTTTCTTTCATGATTGAGCATAGTATGGCACGATATTGTGAAGTATTTICACAATTAATTTTTACGAATTTTTGTCTACATGT

. . . . XmnI . . . 1800

TATATCAAACTATTTAACTAAAAAAATAGTTGACGAAAACGCTATCATGATTTATGATGAAAGCGTATTCTTAATCTGAATAAGCGGGAT
. . HindII . . .

TGTGACTGGTAAARGCAGGCAAGACCTAAAATTTGCGTAAATGAAAAAGGATCGCTGTGTCCTTTATTCGTTGGCGAATTTTAGGTCTTTT
1900 S333>3333D333>5353>53>>>>>3>>>> <CLLLLLLLLLLLLLLLLLLLLLLLLLLLL

MetAspTyrLysGluThrAlalysArgLeulleGluLeuLeuGlyGlyLysGluAsnlIlelle
TTGTTTAAATAAAAGGGGGAGAAATAGATGGATTACAAAGAGACTGCAAAACGCCTCATTGAGCTTCTCGGAGGGAAAGAAAATATTATC
. sD . . . . . . . SspI .

FIG. 2. DNA sequence of the sacPA upstream region (GenBank accession no. M33761). The deduced amino acid sequence of the sacT
gene is shown. Potential Shine-Dalgarno sequences are underscored. The beginning of the sacP coding sequence is also shown (7).
>>>><<<< indicates regions of dyad symmetry.
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plasmid HindIl Xmal Hindll Sspl Sl deletion

pBSG8-24 ! L delt
lacZ

pBSGE-29 —— AR
lacZ

PTP7 I
lacZ

pTPO R A
lacZ

FIG. 3. Restriction maps of replicative plasmids (pBS G8-24 and
pBS G8-29) and integrative plasmids (pTP7 and pTP9) containing
different deletions of the upstream region of the sacPA operon.

yielding plasmid pTP3. In order to disrupt ORF2, aphA3 was
introduced at the unique HindIII site of pTP4 (see Materials
and Methods), giving pTPS. These constructions were intro-
duced into the chromosome of B. subtilis 168 by homologous
recombination after transformation with linearized plasmids
pTP3 and pTPS, giving strains QB6001 (ORF1::aphA3) and
QB6003 (ORF2::aphA3), respectively (Fig. 5). Sucrase ac-
tivities of strains QB6001 and QB6003 grown in CSKCH
medium with and without induction with 0.1% sucrose (Fig.
5) were assayed as previously described (15) and compared
with that of the wild-type strain. QB6001 (ORF1 disrupted)
produced only very small amounts of sucrase, whereas
QB6003 (ORF?2 disrupted) showed normal sucrase activity.
It was therefore concluded that while ORF1 is essential for
the expression of the sacPA operon, ORF?2 is not.

In order to confirm that ORF1 corresponds to sacT, the
sacT30 allele was cloned onto plasmid pTP2 in vivo by gene
conversion as described in Materials and Methods. DNA
sequencing of ORF1 and ORF2 upstream from sacPA re-
vealed a single nucleotide change (G—T) at position 352
(Fig. 2) corresponding to an Asp-96-to-Tyr missense muta-
tion in ORF1 (Fig. 6). This indicates that ORF1 is the sacT
gene.

Dominance of sacT(Con) over sacT*. Plasmids pTP1
(sacT"), pTP2 (sacT30), and pHT3101 were introduced in B.
subtilis 1A510 (Rec™). Sucrase specific activity was assayed
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TABLE 2. Effect of upstream deletions on the expression
of sacP-lacZ fusions

Replicative plasmid B-Galactosidase

Strain Relevant or chromosomal activity”
genotype insertion”
-1 +1

QB6005  recE4 pBSG8-24(dell) 26 1,078

QB6006  Wild type pBSG8-24(dell) 19 1,275

QB6007  sacT30 pBSG8-24(dell) 10,975 1,342

QB6008  recE4 pBSG8-29(del2) 28 760

QB6010  Wild type amykE::(del3, sacP- 17 573
lacZ cat)

QB6011  sacT30 amyE::(del3, sacP- 4,690 733
lacZ cat)

QB6012  Wild type amyE::(deld, sacP- 13 95
lacZ cat)

QB6013  ptsi6 amyE::(del3, sacP- 214 265
lacZ cat)

QB6014  AptsX AptsH amyE::(del3, sacP- 684 725
Aptsl lacZ cat)

4 del, Deletions of the upstream region of sacP (see Fig. 3).
® Miller units per milligram of protein. —I, Uninduced; +1I, induced.

in CSKCH medium with and without induction with 0.1%
sucrose. Constitutive sucrase expression was observed in
the strain containing pTP2 (Table 3).

This suggests that sacT may encode a trans-acting regu-
lator of the sacPA operon. In the presence of sucrose, a
strong decrease of sucrase activity was observed when the
sacT30 allele was present on the multiple-copy plasmid
pTP2. A similar effect was observed in B. subtilis QB6007
and QB6011 (Table 2) and QB39 (sacT30) (15).

Similarity of SacT to other antiterminator proteins. The
deduced amino acid sequence of sacT gene shares extensive
similarity with the putative antiterminator SacY of the B.
subtilis sucrose system and to a lesser extent with BglG, the
antiterminator of the E. coli B-glucoside utilization system.
The deduced SacT polypeptide is 48% identical to SacY and
35% identical to BglG (Fig. 6). The constitutive sacT30 allele
contains one missense mutation (Asp-96 to Tyr). A consti-

XmnI

sacP TTGTAATGCTTGAGTTTCCATTGTCTTTTCCTGCTTTCT T TCATGAT TGAGCATAGTATGGCACGATATTGTGAAGTATTTCACAATTAATTTTTACGA
sacB GATTAAAAAGGCAACTTTATGCCCATGCAACAGAAACTATAAAAAATACAGAGAATGAARARAGAAACAGATAGATTTTTTAGT TCTTTAGGCCCGTAGTC
HindII
sacp ATTTTTGTCTACATGTTATATCAAACTATTTAACTAAAAAAATAGT TGACGAAAACGCTATCATGATTTATGATGAAAGCGTATTCTTAATCTGAATAA
sacB TGCAAATCCTTTTATGATTTTCTATCAAACAAAAGAGGAAAATAGACCAGT TGCAATCCAAACGAGAGTCTAATAGAATGAGGTCGAAAAGTAAATCGC
-35 -10

sacp GCGGGATTGTGACTGGTAAAGCAGGCAAGACCTAARATTTGCGTAAATGAAAAAGGATCGCTGTGTCCTTTATTCGTTGGCGAATTTTAGGTCTTTTTT
DOOOO55555POD55555555555555555> CLLLLLLLLLLLLLLLLRLLLLLLLLLLKLKL

sacB GCGGGTTTGTTACTGATAAAGCAGGCAAGACCTAAAR--TGTGTAAAGGGCAAAGTGTATACTTTGGCGTCACCCCTT-ACATATTTTAGGTCTTTTTT
S555553555P>55555555555555555> <LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLKLKL

sacP GTTTAAATAAAAGGGGGAGAAATAGATGGATTACAAAGAGACTGCAAAACGCCTCATTGAGCTTCTCGGAGGGAAAGAAAATATTATCAGCGCGGCTCA

SD
sacB TATTGTGCGTAACTAACTTGCCATCTTCAAACAGGAGGGCTGGAAGAAGCAGACCGCTAACACAGTACATAAAAAAGGAGACATGAACGATGAACATCA

SD

FIG. 4. Comparison of DNA sequences upstream of sacP and sacB genes. Identical nucleotides are boxed. Arrowheads indicgte regions
of dyad symmetry. Gaps were introduced to maximize the homologies. Putative Shine-Dalgarno sequences and -35 and —10 regions of the

sacB promoter are underscored.
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A) Strain QB 6001 Sucrase activity

Strain -I +I

168 14 580

ORF1 OB 6001 2 59

—_—
ECORI aqnll BgIII  HindIII sculx ECORI
aphA3 — ’A
sacp sacA

B) Strain QB 6003 Sucrase activity

Strain -I +I

168 14 580

0B 6003 8 739
ORF2

Elcokl BglIXl Bgl!lI l'llindIII St\il ECoORI
[N\ % T
aphA3 '
A\l
[NNNANNNNNNNNNNN
sacP sacA

FIG. 5. Mapping of sacT by gene disruption. Strains QB6001 (A)
and QB6003 (B) were grown in CSKCH medium with and without
induction with 0.1% sucrose. Sucrase activity was compared with
that of the wild-type strain grown in the same conditions and
expressed in micromoles of glucose per minute per milligram of
protein). —I, Uninduced; +1, induced.

tutive allele of the sacY gene (sacS49) (6) has previously
been shown to contain a single missense mutation resulting
in a His-to-Tyr change at amino acid 99 (M. Débarbouillé,
unpublished results). Interestingly, both the sacT30 and
sacS49 mutations are at sites in stretches of amino acid
residues which are highly conserved in SacT, SacY, and
BglG (Fig. 6).

Constitutive expression of the sacPA operon in a ptsI mu-
tant. A previous report suggested that sucrase could be

SacT
SacY
BglG

SacT
SacY
BglG

SacT
SacY

Guvxxupnnuxrxvikg
BglG

NVLLPNPLLWDIQRL

SacT
SacY
BglG

AGDMTQTLD RDI
SGNMEDVAGVTQLMRERLOL

SacT
SacY
BglG
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synthetized constitutively in a B. subtilis strain carrying a
mutation of the enzyme I of the PTS (ptsl6) (M. Pascal,
Ph.D. thesis, University of Paris VII, Paris, France, 1976).
To confirm this report, the strain PG554, which carries the
ptsl6 mutation, was transformed with pTP7, which contains
a translational fusion of sacP to lacZ. The resulting strain,
QB6013, was grown with and without sucrose induction, and
B-galactosidase was assayed. The B-galactosidase activity
was identical in the induced and the uninduced cultures. This
level was higher than that of the uninduced wild-type strain
and 37% of that of the induced wild-type strain (Table 2).
These results clearly indicate that sacPA operon expression
is partially constitutive in a ptsI mutant in B. subtilis. A
strain containing a deletion of ptsX (a crr-like gene), ptsH
(coding for Hpr), and the 5’ end of ptsI (coding for the
enzyme I) was constructed (12). This deletion was intro-
duced by transformation into strain QB6010 to give strain
QB6014. B-Galactosidase activities were determined after
growth in CSK medium with and without 0.1% sucrose. The
results presented in Table 2 indicate that expression of the
sacPA operon is fully constitutive in strain QB6014. This
result confirms that the PTS negatively controls the tran-
scription of the sacPA operon.

DISCUSSION

Our results show that the sacT gene product is involved in
sacPA operon expression. A 10-fold decrease of sucrase
synthesis was observed in a AsacT strain, as compared with
that observed in the wild-type strain. It was previously
shown that two partially interchangeable regulatory path-
ways allowed the induction of two saccharolytic enzymes in
B. subtilis (35). The finding that the sacT gene product is
involved in sacPA expression supports this result. It has
been shown that sacB transcripts stop at an upstream
terminator in the absence of sucrose and extend past the
terminator in the presence of sucrose (31). The sacY gene of
the sacS locus encodes the putative antiterminator involved
in this process. The sacT and sacY gene products share

MKIYKVLNNNAALIK-EDDQEKIVMGPGIAFQKKKNDLIPMNKVEKIFVVRD- -
MKIKRILNHNAIVVK-DQNEEKILLGAGIAFNKKKNDIVDPSKIEKTFIRKDTP
MNMQITKILNNNVVVVIDDQOREKVVMGRGIGFQKRAGERINSSGIEKEYALSSHE

[¥_sacT 30

FIG. 6. Comparison of sacT, sacY of B. subtilis, and bglG gene products of E. coli. Gaps were introduced to optimize the homologies.

Regions of identity are indicated by shaded boxes.
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TABLE 3. Assays of sucrase activity in strains carrying sacT*
or sacT30 on a multiple-copy plasmid

Strain Host and Sucrase sp act (10%)°
plasmids —1 +1

QB6015 1A510(pHT3101) 2 600
QB6016 1A510(pTP1) 8 430
QB6017 1A510(pTP2) 3,000 452

@ Specific activity is defined as the amount of enzyme liberating 1 pmol of
glucose per min per mg of protein. —I, uninduced; +1I, induced.

strong similarity throughout their sequences, with 48% of the
residues being identical. An intergenic region of 870 bp was
found between the end of sacT and the Xmnl site located in
the promoter region of the sacPA operon. The sacPA
promoter region was located within the 245 bp preceding the
initiation codon of the sacP gene. This intergenic region
contains an additional ORF whose disruption does not
interfere with the expression of the sacPA operon. A palin-
dromic DNA sequence is present 70 bp upstream from the
initiation codon of sacP. This DNA sequence is similar to
the sacB transcriptional terminator located between the
promoter and the sacB coding sequence. Highly similar
DNA sequences (34 of 37 bp) were found upstream of the
palindromic structures of the sacB and the sacPA genes (Fig.
4). These sequences partially overlap the palindromic struc-
tures and correspond to box A and box B as previously
described for the B-glucoside utilization operon of E. coli
and for the B-glucanase gene of B. subtilis (data not shown)
(30). It is tempting to speculate that sacT encodes an
antiterminator interacting directly or indirectly with the
palindromic structure upstream of sacPA.

The strong similarity of the two regulatory systems con-
trolling sacPA and sacB genes raises the possibility of
“‘cross-talk’’ between them. SacT is very similar to SacY,
and their putative targets (palindromic sequences) are also
very similar. Residual sacB induction was detected in a
AsacX AsacY strain (35). This low level of sacB expression
may be due at least in part to the sacT gene product. A low
constitutive level of sacB expression is detected in sacT30
mutants (Pascal, Ph.D. thesis). A reciprocal phenomenon
was observed in a AsacT strain (QB6001); low-level expres-
sion of sacPA was induced by sucrose, suggesting the
involvement of the sacY gene product. This hypothesis is
reinforced by the fact that sacB, sacP, and sacA are consti-
tutive in a B. subtilis strain containing a sacY(Con) allele,
thus strongly suggesting that in a constitutive mutant, a
modified SacY protein induces sacPA expression.

The involvement of a specific component of the PTS in
induction has been shown for the bgl operon in E. coli (23).
bglF is the structural gene encoding the enzyme IIB#!, which
is both a negative regulator of the operon expression and a
component of the phosphotransferase involved in the uptake
of B-glucosides. BglG is a transcriptional antiterminator.
Phosphorylated BglF can transfer phosphate either to B-
glucosides or to BglG, blocking its action as an antitermina-
tor (2, 29). Another example of gene regulation in which a
PTS is involved has recently been proposed for the levanase
operon in B. subtilis (1. Martin-Verstraete, M. Débarbouillé,
A. Klier, and G. Rapoport, J. Mol. Biol., in press). Prelim-
inary evidence suggests that the product of the sacX gene of
the sac$ locus negatively controls sacB expression (4). The
SacX protein shares a strong homology with the enzyme
1154 of the sucrose PTS (38; M. Zukowski, cited in reference
8). The SacX protein could be a functional but minor enzyme
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I15*¢ with a mainly regulatory role. It has been proposed that

the SacX protein functions in a manner analogous to BglF,
regulating SacY activity by phosphorylation (34). The sacPA
operon is constitutively expressed at a low level in the B.
subtilis ptsI mutant. However, in a strain deleted for ptsX,
ptsH, and part of ptsl, the expression of the operon is fully
constitutive, thus confirming the involvement of the PTS in
the induction.

The three regulatory proteins, one encoded by the bgl
operon of E. coli and two encoded by the sucrose regulon of
B. subtilis, are homologous proteins which presumably
function by similar antitermination mechanisms. Interest-
ingly, constitutive mutations in the three antiterminators
have been found in the same region (Fig. 6). The sacT30
mutation corresponds to an Asp-96-to-Tyr modification, and
bglG33 corresponds to an Asp-99-to-Asn change (S. Rankin
and A. Wright, personal communication). It is therefore
tempting to speculate that this region, which includes con-
served Asp and His residues, is involved in the regulation of
the activity of the antiterminator, probably by phosphoryla-
tion. The expression of the sacPA operon remains inducible
in a AsacX AsacY strain of B. subtilis. The sacX gene
product is therefore not required for the control of the SacT
antiterminator. By analogy with the sacX sacY system, the
sacT gene product is expected to be regulated by SacP or by
another enzyme Il-like regulator. Biochemical evidence is
needed to analyze and confirm the role of SacT as an
antiterminator. In addition, the regulation of the activity of
SacT remains to be determined.
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