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The expression of the putative operon bglPH of Bacillus subtilis was studied by using bglP'-lacZ transcrip-
tional fusions. The bglP gene encodes an aryl-B-glucoside-specific enzyme II of the phosphoenolpyruvate
sugar:phosphotransferase system, whereas the bglH gene product functions as a phospho-p-glucosidase.
Expression of bgiPH is regulated by at least two different mechanisms: (i) carbon catabolite repression and (ii)
induction via an antitermination mechanism. Distinct deletions of the promoter region were created to
determine cis-acting sites for regulation. An operatorlike structure partially overlapping the —35 box of the
promoter of bglP appears to be the catabolite-responsive element of this operon. The motif is similar to that
of amyO and shows no mismatches with respect to the consensus sequence established as the target of carbon
catabolite repression in B. subtilis. Catabolite repression is abolished in both ccpA and ptsH1 mutants. The
target of the induction by the substrate, salicin or arbutin, is a transcriptional terminator located downstream
from the promoter of bgiP. This structure is very similar to that of transcriptional terminators which regulate
the induction of the B. subtilis sacB gene, the sacPA operon, and the Escherichia coli bgl operon. The licT gene
product, a member of the BglG-SacY family of antitermination proteins, is essential for the induction process.
Expression of bglP is under the negative control of its own gene product. The general proteins of the
phosphoenolpyruvate-dependent phosphotransferase system are required for bglP expression. Furthermore,
the region upstream from bg/P, which reveals a high AT content, exerts a negative regulatory effect on bglP

expression.

The ability of bacteria to utilize aryl-B-glucosides can be
considered as a strategy to exhaust alternative carbon sources
under conditions of nutritional limitation. In Escherichia coli,
there are several genes whose products are involved in the
utilization of such compounds (18, 33, 35, 42), but most of
them are cryptic in wild-type strains. They can be activated by
insertion of insertion elements or by base substitutions near
the catabolite gene activator protein-cyclic AMP (cAMP)
binding site (38). The bgl operon in E. coli consists of bglG,
bglF, and bglB (42). The phospho-B-glucosidase BglB hydro-
lyzes phosphorylated forms of arbutin and salicin. Gene bglG
encodes a positive regulator that acts as an antitermination
protein via binding to its mRNA target (RAT) in the presence
of B-glucosides (2, 22). The RAT sequence partially overlaps a
termination structure upstream of the bg/G gene. The BglF
protein, a component of the phosphoenolpyruvate-dependent
phosphotransferase system (PTS), is responsible for the uptake
and phosphorylation of the aromatic B-glucosides arbutin and
salicin. It is a crucial element in the regulation of the bg/
operon; i.e., BglF inactivates the antiterminator BglG by phos-
phorylation in the absence of substrate (1). When B-glucosides
become available, the phosphorylated BglG is rapidly dephos-
phorylated and thus contributes to induction of the bgl operon
(41).

In Bacillus subtilis, the genes bglP and bglH have recently
been cloned and sequenced. The protein sequences show sim-
ilarities to those of the enzymes II of the PTS and phospho-
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B-glucosidases, respectively (28). Complementation studies
showed that BgIP can act as a B-glucoside permease and that
BglH can hydrolyze salicin in E. coli with the bgl genes deleted.
It has been reported that the expression of bg/P is inducible by
salicin, and it has been suggested that the induction might be
mediated via a termination-antitermination mechanism (28).
Such a mechanism has been described for the sucrose utiliza-
tion systems sacPA and sacB (4, 5, 9-11) of B. subtilis. More-
over, the activity of the antitermination protein LicT, which is
involved in the regulation of B-glucan utilization in B. subtilis
(46), appears to be altered by BglP.

Several systems for the utilization of B-glucosides are
present in B. subtilis. A gene encoding a phospho-B-glucosi-
dase (bglA) showing considerable sequence similarities to the
E. coli bglB gene has been cloned and characterized. The
expression of this gene is inducible by arbutin and salicin, but
its inactivation has no phenotypic effect (51). Recently, another
enzyme II inducible by salicin (bglX) has been cloned and
sequenced. A disruption of this gene did not alter the ability to
grow on salicin (16). Interestingly, all systems map around 330°
of the B. subtilis genome.

In this study, the expression and regulation of the putative
bglPH operon of B. subtilis were investigated. Distinct deletions
of the regulatory region were constructed to determine cis-
acting elements. Several mutations in potential trans-acting
regulators were combined with such deletions. This approach
led us to suggest a scheme for the complex regulation of the
expression of bglP.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All B. subtilis strains used in this
study are listed in Table 1. E. coli RR1 [F~ A(gpt-proA)62 mcrB mrr ara-14 lacY1
leuB6 galK2 rpsL20 xyl-5 mtl-1 supE44] (7) was used for the construction of
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TABLE 1. B. subtilis strains used in this study

Strain Genotype or relevant characteristics” Source? or reference
1S58 trpC2 lys-3 27
QB6046 sacT30 ptsG::cat amyE::(sacP'-lacZ aphA3) 3
GM273 trpC2 sacR-lacZ AptsGHI::erm 9
GM1038 sacA321 sacBA23 ccpA::Tn917'(Aerm, lacZ)::phl 44
GM1221 trpC2 pheAl AbgaX amyE::(gntRK'-lacZ phl) ptsH" (cat) 13
GM1222 trpC2 pheAl AbgaX amyE::(gntRK'-lacZ phl) ptsHI (cat) 13
BGW10 trpC2 lys-3 AlicTS::erm This work
BGW40 trpC2 lys-3 amyE::(lacZ cat) This work
BGW41 trpC2 lys-3 amyE::(bglP'-lacZ cat) 28
BGW46 trpC2 lys-3 amyE::(bglPA3'-lacZ cat) pSL3 tf—IS58
BGW47 trpC2 lys-3 amyE::(bglPA2'-lacZ cat) pSL2 tf—IS58
BGW101 trpC2 lys-3 amyE::(bglP'-lacZ cat) AlicTS::erm pSLA¢ tt—=BGW10
BGW104 trpC2 lys-3 amyE::(bglPA14'-lacZ cat) AlicTS::erm pSL14 tf=BGW10
BGW107 trpC2 lys-3 amyE::(bglPA15'-lacZ cat) AlicTS::erm pSL15 tf=BGW10
BGW401 trpC2 lys-3 amyE::(bglPAI2'-lacZ cat) pSL12 tf—IS58
BGW402 trpC2 lys-3 amyE::(bglPAI3'-lacZ cat) pSL13 tf—IS58
BGW403 trpC2 lys-3 amyE::(bglPA10'-lacZ cat) pSL10 tf—IS58
BGW406 trpC2 lys-3 amyE::(bglPAI4'-lacZ cat) pSL14 tf—IS58
BGW407 trpC2 lys-3 amyE::(bglPAl5'-lacZ cat) pSL15 tf—IS58
BGW408 trpC2 lys-3 amyE::(bglPA16'-lacZ cat) pSL16 tf—IS58
BGW409 trpC2 lys-3 amyE::(bglPAI7'-lacZ cat) pSL17 tf—IS58
BGW410 trpC2 lys-3 amyE::(bglP'-lacZ cat::neo) pCm:Nm? tf—>BGW41
BGW415 As BGW41 plus AbglP::spe pIC260° tf—>BGW41
BGW417 As BGW41 plus ccpA::Tn917' (Aerm, lacZ)::;phl GM1038 tt—=BGW41
BGW420 As BGW41 plus AptsGHI::erm GM273 tft—=BGW41
BGW4101 As BGW410 plus ptsH* (cat) GM1221 tf=BGW410
BGW4102 As BGW410 plus ptsHI (cat) GM1222 tt—=BGW410
BGW4103 As BGW410 plus ptsG::cat QB6046 tf—=BGW410
BGW4171 As BGW403 plus ccpA::Tn917' (Aerm, lacZ)::phl GM1038 tt—=BGW403

“ erm, erythromycin resistance; cat, chloramphenicol acetyltransferase gene; aphA3, kanamycin resistance; neo, neomycin resistance; spe, spectinomycin resistance;

phl, phleomycin resistance.
b tf—, transformation.
¢ Described in reference 28.
4 Described in reference 44.

recombinant plasmids and preparation of templates for DNA sequencing. This
strain was grown in nutrient broth medium as described previously (27). For
selection, ampicillin was added to a final concentration of 100 mg/liter. B. subtilis
cells were grown in amino acid starvation medium (ASM) or in glucose limitation
medium as described previously (47). ASM was supplemented with 0.1% glucose,
which was omitted when another substrate served as a carbon source. If neces-
sary, antibiotics were added to final concentrations of 5 (chloramphenicol), 1
(erythromycin), 25 (lincomycin), 10 (kanamycin), 10 (neomycin), 100 (spectino-
mycin), or 0.2 (phleomycin) mg/liter.

Oligonucleotides and PCR. The sequences of oligonucleotides used as primers
for PCR experiments are as follows: P-1, 5'-d(GAAGTTAATACTAAGTTCAA
ATC)3'; P-2, 5'-d(TTGACATCTCACGAATCTAG)3'; P-2cre, 5'-d(TGAAAG
CGTTGACATCTCACG)3'; P-3r, 5'-d(CATTTTTGGTGTTGACTATCG)3';
and P-4r, 5'-d(GCTTTCGCAGTAACAATCCTG)3'. The arrangement of the
primers in the regulatory region of bglP is shown in Fig. 1. Flanking primers that
hybridize upstream and downstream of the polylinker of pUC19 (50) were
described previously (27). Generation of PCR products was done as described
previously (27). Briefly, 50 pmol of each primer was used. To decrease the
occurrence of potential mismatch bases, about 1 to 2 ug of plasmid DNA or 5 to
8 ng of chromosomal DNA was used and only 20 cycles were run. PCR products
were cloned according to the Double GeneClean protocol (Biol01 Inc.) and
were subsequently sequenced (described below) to detect Tag DNA polymerase
artifacts.

Plasmids. The 1.1-kb BamHI-Pvull fragment of pIC334 (28) containing the
regulatory part and the first few codons of bg/P was cloned into pUC19, yielding
pUC19/5. This plasmid was used to generate PCR products (described below).
Plasmid pDH32M (26), which contains a promoterless lacZ gene and two frag-
ments of the B. subtilis amyE gene, was used to construct transcriptional lacZ
fusions. A cat gene allows the selection of integrants.

Plasmids pSL2 and pSL3 were obtained as follows. A 210-bp Accl fragment
and a 410-bp Xbal-Pyvull fragment, respectively, were isolated from pIC334. The
ends were filled in with the Klenow fragment of DNA polymerase I and ligated
into the single SnaBI site of pDH32M.

To construct pSL12 and pSL13, the following approach was used. PCRs were
performed with (i) the upstream flanking primer and (ii) the primers P-3r and
P-4r, respectively, on pUC19/5 as the template. The products were purified,
treated with BamHI, and cloned into pUC19 linearized by BamHI and Smal,

giving pUC19/6 and pUC19/7, respectively. BamHI-EcoRI fragments (about 800
and 880 bp, respectively) in which the EcoRI end was filled in by the Klenow
fragment were then prepared. Finally, these fragments were ligated with
pDH32M digested with BamHI and SnaBI.

The products of another series of PCRs with pUC19/5 as the template were
cloned into the unique EcoRYV site of pBluescript II SK™ (Stratagene). Plasmid
pVL1 was obtained by using primers P-1 and P-4r (153-bp product), pVL4 was
obtained with primer P-2 and the downstream flanking primer (475-bp product),
and pVLS5 was obtained with primers P-2 and P-4r (78-bp product). Furthermore,
plasmid pVL6 was obtained with primers P-2cre and P-4r (86 bp), and pVL7 was
obtained with primer P-2cre and the downstream flanking primer (485 bp).
Recovery of the PCR products from these plasmids was done by digestion with
BamHI and HindIII. The purified fragments were cloned into pDH32M treated
in the same way, giving plasmids pSL10, pSL14, pSL15, pSL16, and pSL17,
respectively.

Plasmid pSK3 is a derivative of pBGW3 (46) with a Smal-SnaBI deletion
spanning the entire /icT gene and the 5’ part of licS replaced by the erythromycin
resistance gene (1.3-kb Ncil fragment) of pHP13 (17).

For complementation experiments, the licT gene was isolated from pBGW3 as
a HindIII-Ndel fragment. The ends were filled in by the Klenow fragment and
cloned into the HindIII site of plasmid pDG148 (45), also treated with the
Klenow fragment of DNA polymerase I. In the resulting plasmid, pSG2, expres-
sion of licT is under control of the inducible promoter Py,

General genetic techniques. The standard transformation methods for E. coli
and B. subtilis have been described previously (20, 39). Transformants were
selected on solidified nutrient broth medium (1.5% [wt/vol] agar) supplemented
with the relevant antibiotics as described above.

The isolation of plasmids from E. coli and chromosomal DNA from B. subtilis
was performed according to standard procedures (21, 29).

DNA sequences were determined by the dideoxy-chain termination method
(40) with plasmid DNA as the template and Sequenase kit version 2 (U.S.
Biochemical Corp.).

Restriction enzymes, T4 DNA ligase, and other enzymes for DNA manipula-
tion were purchased from commercial sources and were used according to the
recommendations of the supplier. DNA fragments were purified from agarose
gels by using the GeneClean II kit (Bio 101 Inc.). In general, plasmids which
served as cloning vectors were dephosphorylated with shrimp phosphatase (U.S.
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FIG. 1. (A) Schematic drawing of the 1.1-kb BamHI-HindIII bglP fragment with the positions and orientations of the primers and relevant restriction sites. The —35
and —10 boxes of the promoter, the transcriptional start point, and the Shine-Dalgarno region and the translation initiation codon are indicated. Bold letters represent
the RAT sequence, and thick lines represent the conditional terminator. DNA fragments present in corresponding lacZ plasmids are shown. Boxes A, A’, B, C, and
D are deduced from their potential involvement in the regulation of bglP synthesis. (B) Sequence of the regulatory region of bglP. Relevant elements of regulation are

indicated. The 5’ ends of bg/P-specific primers are shown.

Biochemical Corp.) after treatment with restriction enzymes and prior to liga-
tion.

For the integration of bglP’-lacZ fusions, the corresponding plasmids were
linearized with Scal, allowing a double crossing over into the amyE site of the
chromosome.

B-Galactosidase assay. B. subtilis cells containing lacZ fusions were grown in
ASM and supplemented as indicated in Results. Samples (2 ml) were taken
during the exponential phase and until 2.5 h after cells had entered the stationary
phase unless stated otherwise. They were stored at —20°C until the enzyme
assays were carried out as described previously (30). Experiments were per-
formed at least in duplicate. The tables show representative results.

RESULTS

Regulation of bglP expression. A transcriptional fusion of
the 1.1-kb BamHI-Pyull fragment of bg/P (Fig. 1A) to the
promoterless lacZ gene of plasmid pDH32M (26) was con-
structed and integrated into the amyE site of B. subtilis IS58.

The synthesis of B-galactosidase in the resulting strain,
BGWA41, in the presence of different carbon sources is shown
in Table 2. Expression was comparable when citrate or ribose
was added. Moreover, bglP expression was induced over 60-
fold in the presence of salicin plus ribose or citrate. The addi-
tion of 0.3% glucose led to a sharp decrease in B-galactosidase
synthesis even in the presence of the inducer. Low concentra-
tions of glucose resulted in repression of transcription during
logarithmic growth in the presence of the inducer, but induc-
tion occurred after the onset of the stationary phase. Fructose,
sucrose, and glucitol reduced the induction level two- to sev-
enfold, depending on the concentration used.

Sequence similarities indicate the presence of a p-indepen-
dent termination structure (region D in Fig. 1A) which is
partially overlapped by the RAT motif, the mRNA target of
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TABLE 2. Effect of different carbon sources on expression
of bglP'-lacZ fusion in strain BGW41¢

B-Galactosidase activity (Miller units)

Carbon
source Logarithmic phase Stationary phase
% b

2 — Inducer + Inducer® — Inducer + Inducer®
Citrate

0.1 33 226 51 256

0.3 7.8 247 5.6 267
Ribose

0.05 4.8 ND* 4.1 ND

0.1 4.6 231 3.8 247

0.2 4.4 205 3.8 246
Glucose

0.05 0.8 13.7 4.7 114

0.1 1.3 8 29 121

0.2 ND 6 ND 4

0.3 1.2 7 0.9 53
Fructose

0.05 2 60 14.9 163

0.1 2.5 62 2 43

0.2 2.1 59 2.1 37
Sucrose

0.05 4.5 86 13.9 121

0.2 42 70 6.1 104
Glucitol

0.1 2.5 93 1.8 95

0.3 2 82 1.3 99

“ Cells were grown in ASM with the carbon source indicated and with or
without an inducer (salicin). Samples were taken at an optical density of about
0.3 (logarithmic phase) and 1.5 h after cells entered the stationary phase.

® Final concentration (wt/vol).

¢ Salicin as an inducer was added to a final concentration of 0.2% (wt/vol).

4 ND, not determined.

antitermination proteins (6, 22). Moreover, upstream from
these sequences, a promoter probably recognized by the veg-
etative sigma factor o was mapped (28) (Fig. 1B). It was
verified that this promoter, characterized by primer extension
(28), is the only promoter in front of the bglP gene. Strains
BGW47 (amyE::pSL2) and BGW401 (amyE::pSL12) were
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constructed in order to show that no additional promoter,
either internal or upstream, is present. 3-Galactosidase activ-
ities of these strains were comparable to those of the empty
lacZ vector plasmid pDH32M (strain BGW40) when grown in
ASM (Table 3) (data not shown).

Effects of deletions of the regulatory region. For the deter-
mination of essential cis-acting sites, different parts upstream
and/or downstream of the promoter were deleted by using
restriction sites or by generating PCR products.

A deletion of region A and the 5’ part of region A’ (Fig. 1A)
up to the Xbal site (in strain BGW46) had no effect compared
with strain BGW41 (Table 3). Thus, all cis-acting sites respon-
sible for the induction and catabolite repression of bglP ex-
pression seemed to be located downstream from the Xbal site.

Two strains lacking region D (BGW402 and BGW403) were
investigated. Strain BGW403 showed a constitutive expression
independent of the inducer, suggesting that the terminatorlike
structure within region D is involved in the induction process
of bglP expression by aryl-B-glucosides. However, B-galactosi-
dase synthesis in BGW402 (region A was present) was about
fivefold lower than that in BGW403 (lacking region A), indi-
cating negative regulation by region A (Table 3 and Fig. 1A).
This phenomenon was detectable only when region D was
deleted (compare BGW41 and BGW46 in Table 3).

Expression of the bglPA14'-lacZ fusion of strain BGW406, in
which regions A and A’ up to the —35 box of the promoter
were deleted, showed a partial relief of glucose repression
(Table 3). The putative catabolite responsive element (CRE)
was truncated in these mutants, suggesting that this element is
important for that kind of regulation (also described below).
Synthesis of B-galactosidase was constitutive and did not un-
dergo any regulatory mechanisms when the lacZ gene was
under the control of region C (BGW407; Table 3). Therefore,
initiation of transcription in region C did not require a posi-
tively acting element.

Influence of the licT gene product. In a previous work, it was
shown that bglP maps in the vicinity of /icT encoding an anti-
termination protein (28, 46). Moreover, it was proposed that
the activity of LicT can be controlled by BglP (28). This led
us to test whether expression of bglP is also dependent on
the presence of licT. Therefore, plasmid pSL4 (with the en-
tire regulatory region of bglP) was introduced into BGW10
(AlicTS), giving BGW101. No B-galactosidase activity was

TABLE 3. Expression of different bglP’'-lacZ fusions®

B-Galactosidase activity (Miller units)®

Relevant bglP Presence of

Surain fragment” delimited regions” 0.1% Ribose 0.2% Salicin 0.3% Glucose 0.3% Sucose plus
.2% salicin

BGW40? 0.4 ND*¢ ND ND
BGW41 BamHI—Pvull AA'BCD 3.8 250 0.9 5.3
BGW46 Xbal—Pvull (A"YBCD 2.9 247 0.7 ND
BGW402 BamHI—P-4r AA'BC 64 14 7.4 ND
BGW403 P-1—P-4r A'BC 354 89 36 ND
BGW406 P-2—Pvull (B)CD 4 336 4.1 65

BGW407 P-2—P-4r B)C 424 434 397 413

BGW408 P-2cre—P-4r BC 328 111 51 48

BGW409 P-2cre—Pvull BCD 14 148 0.8 4.2

“ Cells were grown in ASM supplemented with the indicated sugar substrates.
b See the legend to Fig. 1A for details.

¢ Samples were taken 1.5 h after cells entered the stationary phase at an optical density of about 1.

4 BGW40 contained the promoterless lacZ gene of pDH32M integrated into the a
¢ ND, not determined.
/Parentheses indicate truncated regions.

myE site.
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TABLE 4. Control of bglP'-lacZ expression in licT mutants®

B-Galactosidase
activity

P £
resence o (Miller units)®

Relevant bglP

Strain £ 2 delimited
ragment - h _—
region 0.1% 0.2%
Ribose Salicin
BGW101¢ BamHI—Pvull ~ AA'BCD 0.7 0.4
BGW101(pSG2)* BamHI—Pvull AA'BCD 206 282
BGW104 P-2—Pvull (B)CD 0.3 0.1
BGW107 P-2—P-4r (B)C 520 554

¢ Cells were grown in ASM supplemented with the indicated sugar substrates.

® See the legend to Fig. 1A for details. Parentheses indicate truncated regions.

¢ Samples were taken during the stationary phase at an optical density of about
1.

4 The corresponding wild-type strain, BGW41, yielded 4 and 256 Miller units
when grown with 0.1% ribose and 0.2% salicin, respectively.

¢ For induction of the Py,,. promoter, IPTG was added to 0.5 mM.

measured when this strain was grown with or without an in-
ducer (Table 4).

The phenotype of BGW101 could be altered in a comple-
mentation experiment. The presence of the replicative plasmid
pSG2 (containing the licT gene) in BGW101 restored bglP’-
lacZ expression when cultures were supplemented with 0.5
mM isopropyl-B-D-thiogalactopyranoside (IPTG) (Table 4).
The increased level even under noninducing conditions (0.1%
ribose) might be due to overproduction of LicT. These results
indicate an essential role of the licT gene product for the
expression of the putative bg/PH operon.

The possibility of cross talk with other antitermination pro-
teins was investigated by using 0.05% sucrose as the sole car-
bon source in ASM. A low concentration of sucrose induces
the sacPA operon, and the antitermination protein SacT is
active (10). Since no increase in B-galactosidase activity was
detected in BGW101, SacT cannot replace LicT to permit
induction of bglP expression (data not shown). In contrast,
other heterologous antiterminator-RAT pairs show significant
cross-activity (6, 43).

Strain BGW104 (licT), lacking regions A and A’, exhibited
no significant deviation in bglP'-lacZ expression compared with
strain BGW101, underlining the strong dependence of BgIP
synthesis on LicT. These data indicate an efficient termination
at an extremely stable hairpin structure. In the /icT mutant
BGW107 carrying region C (i.e., regions A, A’, B, and D were
deleted), nearly the same pattern of expression (Table 4) was
observed with respect to the isogenic wild-type BGW407 (Ta-
ble 3).

Role of PTS components. The possible interaction of PTS
components and LicT was studied by Le Coq and coworkers
(28). Since a heterologous system, i.e., a sacB’-lacZ fusion, and
a different genetic background were applied, we reinvestigated
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this kind of regulation by using derivatives of strain BGW41.
Strain BGW415 was constructed carrying a bglP'-lacZ fusion at
the amyE locus and a chromosomal deletion inactivating bg/P.
About 1,100 Miller units was measured during both the expo-
nential and stationary phases, even in the absence of an in-
ducer (Table 5). This high level of constitutive expression is
probably due to the lack of BgIP that cannot exert a negative
effect on LicT.

The expression of the bglP'-lacZ fusion in the ptsG mutant
BGW4103 corresponded completely to the data obtained with
the isogenic wild type (data not shown). However, 3-galacto-
sidase synthesis in strain BGW420 (with the AptsGHI mutation
of GM273) was extremely low (less than 1 Miller unit; Table 5).
Therefore, the general proteins of the PTS apparently exerted
a positive regulatory effect on LicT activity. This strong regu-
lation was suppressed by transformation of BGW420 with the
replicative plasmid pSG2 (containing the /icT gene). The re-
spective strain was also grown in ASM with 0.1% of the non-
PTS substrate glucitol plus 0.5 mM IPTG, and around 280
Miller units was obtained (Table 5). Since licT expression was
not altered in a ptsGHI mutant, this result underlines the effect
of the PTS on LicT activity (our unpublished results).

Glucose repression of bglP expression. The presence of
0.3% glucose resulted in a complete repression of bglP'-lacZ
expression (Table 2). For the characterization of the CRE, a
set of mutants were constructed. The putative CRE (5'-
TGAAAGCGTTGACA-3") was truncated by using primer P-2
(Fig. 1B), yielding BGW406 (with region D) and BGW407
(without region D). Expression independent of repressing
amounts of glucose was obtained with strain BGW407, where-
as strain BGW406 grown under inducing conditions showed
only partial glucose resistance (Table 3). Exactly the putative
CRE, but no additional upstream sequences, was present on
relevant plasmids used for construction of BGW408 (lacking
region D) and BGW409 (with region D). Since catabolite re-
pression was exerted in strains BGW408 and BGW4(9 (Table
3), the CRE, which partially overlaps the —35 box, was sug-
gested to be the key element in carbon catabolite repression of
bglP expression. The motif deviated in 3 bases (positions 3, 9,
and 11) with respect to an optimal operator that was described
by Weickert and Chambliss (48).

Interestingly, there might be an additional mechanism or
site of catabolite repression. Even in the absence of the CRE
in strain BGW406, there was a weak but distinct influence of
glucose. A fivefold repression of B-galactosidase activity was
observed when cultures were supplemented with both 0.3%
glucose and 0.2% salicin compared with under nonrepressing
conditions (Table 3). In contrast to this, repression was about
50-fold when the CRE was present (BGW41; Table 3). Results
indicating that repression was only six- to ninefold in strains
BGW402, BGW403, and BGW408 (with region D deleted; Fig.

TABLE 5. Effects of mutations of PTS components on bglP'-lacZ expression®

B-Galactosidase activity (Miller units)

Strain® Relevant genotype Carbon source
Logarithmic phase Stationary phase
BGW415 bglP'-lacZ AbglP::spe 0.1% Ribose 1,198 1,108
BGW420 bglP'-lacZ AptsGHI::erm 0.1% Glucitol 0.6 0.7
BGW420(pSG2)* bglP'-lacZ AptsGHI::erm 0.1% Glucitol 279 274

¢ Cells were grown in ASM with the indicated carbon source. Samples were taken at an optical density of about 0.3 (logarithmic phase) and 1.5 h after cells entered

the stationary phase.

b The respective data from the isogenic wild-type strain BGW41 can be taken from Table 2.

¢ For induction of the P,

spac

promoter, IPTG was added to 0.5 mM.
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TABLE 6. Influence of ccpA and ptsHI1 mutations on catabolite repression®

Relevant genotype and

B-Galactosidase activity (Miller units)

Surain bglP fragment” 0.1% Ribose*  0.3% Glucose  0.2% Salicin 0'3?2?7'“?0.56. plus
.2% salicin
BGW41 bglP'-lacZ (BamHI—Pyull) ccpA™ 42 11 256 38
BGW417 bglP'-lacZ (BamHI—Pvull) ccpA::Tn917" (Aerm, lacZ)::phl 14 18 320 73
BGW403 bgIPA10'-lacZ (P-1—P-4r) ccpA™ 369 32 95 ND“
BGW4171  bglPA10'-lacZ (P-1—P-4r) ccpA::Tn917" (Aerm, lacZ)::phl 565 614 569 612
BGW4101  bglP'-lacZ (BamHI—Pvull) ptsH* 6.6 ND 254 5.6
BGW4102  bglP'-lacZ (BamHI—Pvull) ptsH1 6.7 ND 381 122

“ Cells were grown in ASM supplemented with the indicated sugar. Samples were taken 1.5 h after cells entered stationary phase at an optical density of about 1.

b See the legend to Fig. 1A.
¢ Ribose was included as control for nonrepressed enzyme synthesis.
4 ND, not determined.

1A and Table 3) and that only BGW407 was completely glu-
cose resistant strengthen this hypothesis (see Discussion).

Moreover, even 0.2% salicin led to repression of bglP ex-
pression when the RAT-terminator region was deleted (e.g.,
strains BGW403 and BGW408; Table 3 [also see Discussion]).
On the other hand, 0.05% salicin did not repress -galactosi-
dase synthesis but did lead to a sharp decrease in enzyme syn-
thesis at the onset of the stationary phase, probably due to
limiting amounts of the substrate (data not shown).

A trans-acting factor involved in catabolite repression is the
CcpA protein (19). Moreover, the PTS component HPr is
involved in carbon catabolite repression of some catabolic
genes (13). Expression of bglP in the respective mutant strains
was investigated, and the results are shown in Table 6. Repres-
sion of enzyme synthesis in the ccp4 mutant BGW417 was
about 15-fold lower than that in the wild type. Enzyme synthe-
sis was not altered by glucose in strain BGW4171 (ccpA) with
regions A and D deleted. bglP expression in the ptsHI mutant
BGW4102 was repressed only 3-fold by glucose, whereas ex-
pression in the isogenic wild-type strain BGW4101 was re-
pressed 45-fold by glucose. Thus, CcpA and HPr seem to be
involved in catabolite repression of BglP synthesis.

DISCUSSION

In this study, we have characterized the involvement of cis-
and frans-acting elements in the regulation of bglPH expres-
sion.

After deletion of the region containing the terminatorlike
structure of the bg/PH system (region D in Fig. 1A), expression
was independent of the availability of an inducer. Because
expression was altered by the presence of region A, the pres-
ence of a negative-acting element is postulated (see Results).
Whether this regulation is due to a short open reading frame
found in region A (28) or is subject to a possible trans-acting
factor that might bind to AT-rich sequences upstream of bglP
(Fig. 1B) remains to be studied.

The data presented here strongly suggest that the licT gene
encodes the antiterminator of the bg/PH system (Table 4). LicT
belongs to the BglG-SacY family of transcriptional antitermi-
nators (46). A lack of the antitermination protein abolished
B-galactosidase expression, presumably because of complete
termination of transcription at a very stable hairpin structure
(—30 kcal [—126 kJ]/mol). Thus, LicT seems to be a global-
acting antitermination protein, since it is involved in the reg-
ulation of transcription of at least two genes, bg/lPH and licS
(46). Moreover, the putative bgIPH operon may be solely de-
pendent on LicT, since neither cross talk with SacT (antiter-
minator of sacPA) nor cross talk with SacY (antiterminator of

sacB), which is active in a PTS mutant (3), was observed.
However, LicT is fully active at the terminator bgl-t2 of the E.
coli bgl operon (36).

In a previous study, both a positive effect of PTS compo-
nents and a negative effect by the PTS-specific BglP protein on
LicT activity were shown (28). We have presented evidence
that positive regulation is mediated by the general PTS com-
ponents (HPr and PtsI), since a ptsG mutation did not alter
bglP expression. By increasing the number of copies of licT in
BGW420 (ptsGHI), triggering a gene dosage effect, the depen-
dence of bglP expression on the PTS was overcome. Thus, we
speculate that the role of a PTS component(s) could be to
facilitate the formation of a LicT dimer. It has been reported
that BglG of E. coli is active when present as a dimer (2).
Because of the high level of homology between antiterminators
and similar regulatory mechanisms, it is imaginable that anti-
termination proteins of B. subtilis form dimers in order to bind
to the RAT motif too. A higher copy number of LicT might
lead to unspecifically formed dimers even in a AptsGHI back-
ground. Since such a phenotype has not been reported before,
we will study this in more detail in the future.

The expression of many catabolic genes is repressed when
rapidly metabolizable carbon sources are available (15). In B.
subtilis, cis-active sites which render expression of gene amyE
(32) and of the xyl (25), gnt (31), lic (27), and hut (49) operons
glucose resistant were identified. A partial deletion of a box
homologous to those sequences resulted in glucose-resistant
expression of bglP'-lacZ fusions (region B in Fig. 1A). This
CRE partially overlaps the —35 box of the promoter of bg/P
(Fig. 1B). Thus, the relevant mechanism for catabolite repres-
sion seems to prevent the binding of the RNA polymerase.
However, some CREs known to be active are also located
downstream from the promoter, probably functioning by inhi-
bition of transcription elongation of RNA polymerase (24).

An additional glucose repression mechanism apparently me-
diated via LicT can be postulated, since weak repression was
measured when the CRE was deleted but the terminator struc-
ture was present (strain BGW406). Moreover, residual repres-
sion was observed in the ccpA mutant BGW417, indicating a
second mechanism besides CRE-mediated catabolite repres-
sion. Since transcription of licT is not subject to carbon catab-
olite repression (our unpublished results) and multiple CREs
cannot be found, the alteration of LicT activity by the PTS
might be the reason for this phenomenon.

Since the sugar component of the aryl-B-glucoside salicin is
glucose, lacZ expression was also repressed in a series of
strains (with region D deleted) grown with 0.2% salicin (Table
3). Moreover, this result indicates that an intracellular signal
probably formed by metabolization of glucose may be respon-
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sible for carbon catabolite repression in B. subtilis (also de-
scribed below). In E. coli, a high concentration of intracellular
glucose does not exert such an effect, but glucose uptake and,
consequently, (i) low levels of cAMP synthesis and (ii) inducer
exclusion have been shown to be crucial mechanisms in catab-
olite repression (34).

The CcpA protein is involved in catabolite repression of B.
subtilis (8). Recently, a model has suggested that CcpA and
HPr act together, possibly by protein-protein interaction, to
bind DNA and repress transcription (13). An HPr mutant
strain which lacks the second phosphorylation site (serine 46)
led to glucose-insensitive expression of several genes (13, 27).
The phosphorylation of HPr at Ser-46 depends on an ATP-
dependent, fructose-1,6-diphosphate-activated protein kinase
(14, 37). Since only HPr (Ser-P) has been shown to interact
with CcpA, it has been suggested that HPr represents the key
regulatory element in catabolite repression in B. subtilis (12,
23). The expression of bglP'-lacZ fusions in ccpA or ptsHI
mutants was glucose resistant, suggesting their involvement in
carbon catabolite repression of bglP and supporting the model
mentioned above.

In conclusion, the bglP-bglH system is subject to both termi-
nation and antitermination regulation and carbon catabolite
repression—a dual regulation that has also been reported for
the E. coli bgl operon (38, 41).
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