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ABSTRACT The regulatory gene levR of the levanase
operon of Bacillus subtilis was cloned and sequenced. It encodes
a polypeptide of M, 106,064 with two domains homologous to
members of two families of bacterial activators. One domain in
LevR is homologous with one region of bacterial regulators
including SacT and SacY of B. subtilis and BglG from Esch-
erichia coli. Another domain of LevR is homologous to one part
of the central domain of NifA and NtrC, which control nitrogen
assimilation in Gram-negative bacteria. The levanase promoter
contains two regions almost identical to the —12, —24 consen-
sus regions present in o>*-dependent promoters. The expres-
sion of the levanase operon in E. coli was strongly dependent
on o>, Taken together, these results suggest that the operon
is expressed from a —12, —24 promoter regulated by a
o**-like-dependent system in B. subtilis.

In Bacillus subtilis, the expression of the levanase operon is
inducible by fructose and is subject to catabolite repression
(1, 2). A fructose-inducible promoter has been characterized
2.7 kilobases (kb) upstream from the sacC gene, which
encodes levanase. sacC is the distal gene of an operon
containing five genes: levD, levE, levF, levG, and sacC (3).
The first four gene products are involved in a fructose-
phosphotransferase system (fructose-PTS) in B. subtilis and
share homology with the mannose-PTS of Escherichia coli
(3). sacL mutants that constitutively express the levanase
operon have been isolated (1). Three of the corresponding
mutations have been located by DNA sequencing within the
two most upstream genes of the levanase operon. The
analysis of these constitutive mutations led to the conclusion
that levD and levE gene products are involved in a fructose-
PTS and are also negative regulators of the expression of the
levanase operon. A specific component of the PTS is in-
volved in induction of the bgl operon, which allows the
utilization of B-glucosides in E. coli (4, 5). By analogy with
the bgl system, the following model of regulation was pro-
posed: in the presence of fructose LevD, LevE, LevF, and
LevG polypeptides with the general proteins of the PTS make
up a phosphotransferase cascade, leading to the transport and
phosphorylation of fructose. In the absence of fructose, the
phosphate group is transferred probably via the levD and levE
gene products to the product of a regulatory gene not yet
identified, thereby abolishing its activity (3).

In this work, we have cloned the upstream region of the
levanase operon and identified a positive regulatory gene
called levR, which controls the expression of the operon.t
The deduced LevR polypeptide has a molecular mass of 106
kDa. It contains two domains. Domain A shares similarity
with the central domain of NifA and NtrC, two activator

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

2212

proteins controlling assimilation and fixation of nitrogen in
several Gram-negative bacteria including Klebsiella pneumo-
niae and Rhizobium meliloti (6, 7). Domain B is similar to
SacT and SacY, two regulatory proteins of the sucrose
regulon in B. subtilis (8, 9), and to BglG, the regulatory
protein of the bgl system in E. coli (10, 11). The levanase
promoter contains two regions almost identical to the —12,
—24 consensus regions present in o-°*-dependent promoters
(12). Moreover, it is shown that, in E. coli, expression of the
levanase operon requires the presence of both levR and ntrA
gene products.

MATERIALS AND METHODS

Bacterial Strains. E. coli TG1 (13) was used as a host for
pHV1431d derivatives (14, 15), for pHT3101 derivatives (16),
for pAC2 derivatives (see below), and for the sequencing
vectors mp18 and mp19 (17). pHV1431d contains the pAMpB1
origin of replication (14). pHT3101 contains an origin of
replication from a Bacillus thuringiensis resident plasmid
(16). pAC2 contains the pBR322 origin of replication (18). E.
coli ET8000 ntrA* and ET8045 ntrA::Tnl0 (19) were used to
test the expression of the levanase operon. B. subtilis 168
trpC2 and QB169 trpC2 sacL8 (1) were used as recipient
strains during the construction of pRL2 and pRL3 plasmids.
sacL* and sacL8 alleles of levR on multiple copy plasmids
were introduced into, and maintained in, B. subtilis 1A510
recE4 leuA8 argl5 thrAS stp (20). Strain QB5500 was con-
structed as follows. QB5030 trpC2 sacC-lacZ erm (3) was
transformed with linearized pJC30 plasmid. The kanamycin
cassette was introduced into the chromosome by homologous
recombination. One kanamycin-resistant (kan®) chloram-
phenicol-sensitive (cm®) transformant was purified and char-
acterized as QB5500 levR::aphA3 trpC2 sacC-lacZ erm.
QB5038 levD::aphA3 trpC2 was constructed in the same way
except that linearized pJC23 was used to transform B. subtilis
168. One kan® cm® transformant (QB5038) was isolated.

Plasmids. The plasmids used in this work are described in
Fig. 1. pJC30 was constructed as follows. A 1.5-kb Cla 1
restriction fragment containing the aphA3 gene (21) encoding
kanamycin resistance was purified from plasmid pKa (8).
This DNA fragment was cloned into the single Cla I site of
pJC6 (2, 3). pJC23 was constructed by inserting the 1.5-kb
aphA3 DNA fragment into the EcoRYV site of pJC6. During
this construction, the Cla I restriction sites were made blunt
by using the Klenow fragment of DNA polymerase 1. To
construct a B. subtilis gene bank, Pst I-linearized pHV1431d
plasmid DNA and Pst I-digested chromosomal DNA of

Abbreviations: PTS, phosphotransferase system; UAS, upstream
activating sequence; ORF, open reading frame.

e sequence reported in this paper has been deposited in the
GenBank data base (accession no. M60105).
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QB5038 were ligated at a high concentration (50-100 pg/ml)
and used for direct transformation of competent cells of B.
subtilis 1A510 (Rec™). One kan® clone was purified and the
plasmid DNA was extracted. This plasmid was called pRL0
(data not shown). The 7.5-kb Pst I fragment cloned in pRLO
was transferred into the Pst I site of the plasmid pHT3101
giving pRL1. pRL2 (sacL*) and pRL3 (sacL8) were obtained
by in vivo recombination in the 168 (Rec*) and QB169 (Rec™)
strains, respectively, as described (8). Plasmid pRL4 was
constructed as follows. An EcoRI restriction site is located in
the pUC19 polylinker of plasmid pRL3, downstream from the
levG gene (Fig. 1). A 4-kb EcoRI fragment was purified from
pRL3 and cloned into the single EcoRlI site of pHT3101 to
give pRL4. pRLS, pRL6, and pRL7 plasmids were con-
structed as follows. An 8-base-pair (bp) Bgl! II linker was
cloned into the Sma I site of pAF1 (18). Subsequently, the
EcoRI/Sac 1 fragment of pIS112 (22) was purified and cloned
between the EcoRI and Sac I sites of the resulting plasmid,
giving pAC2. A translational gene fusion of the amino-
terminal part of levD to codon 8 of lacZ was constructed in
pAC2. Pst I/EcoRV DNA fragments containing levR and the
promoter of the levanase operon were purified from pRL2
(sacL*) and pRL3 (sacL8), treated with T4 DNA polymerase
enzyme, and cloned into the Sma I site of pAC2, giving pRL6
(sacL*) and pRL7 (sacL8). A Stu 1/EcoRV fragment con-

taining the promoter of the operon was purified from pRL2.

and cloned into the Sma I site of pAC2 plasmid, resulting in
pRLS.

Transformation and Selection of Recombinants. E. coli was
transformed as described (2) with selection on Luria broth
plates containing ampicillin (100 xg/ml). Transformation of
B. subtilis was as described (15) and selection was carried out
on SP plates (2) containing erythromycin (25 ug/ml) or
kanamycin (5 ug/ml).

PB-Galactosidase Assays. E. coli cells containing lacZ fu-
sions were grown at 37°C in M9 medium (23) containing 0.4%
glycerol, 0.1% L-glutamine (7 mM), and ampicillin (100
pg/ml). B-Galactosidase assays were carried out as described
by Miller (23). B. subtilis cells containing lacZ fusions were
grown in CSK (medium C supplemented with potassium
succinate and potassium glutamate) minimal medium (8)
containing 0.2% fructose as the inducer when needed and
each auxotrophic requirement at 100 ug/ml.

PRLS restriction site was not regenerated dur-
ing the cloning of the partial Sau3A frag-
ment. P, Pst1;S, StuI; El, EcoRI; C, Cla
I; EV, EcoRV.

DNA Manipulations. DNA sequences were determined by
the dideoxynucleotide chain-termination method with single-
strand M13 phages as template (24) and modified T7 DNA
polymerase (Sequenase, United States Biochemical). The
nucleotide sequence of the second strand was determined by
using a series of synthetic oligonucleotides that prime at
intervals of 200 nucleotides. The sacL8 mutation was previ-
ously mapped between the promoter of the levanase operon
and the BamHI* of pJC6 (3). A 642-bp DNA fragment
containing the sequence upstream of the operon promoter
was amplified by the PCR technique. Two oligonucleotides,
5'-AAAGGATCCAACACAGTTGTGTTAAGCG-3' cen-
tered on the —40 region of the promoter and 5'-GGGAAT-
TCTGGAAGACATTCTAACCACG-3’ corresponding to the
Stu 1 restriction site located in levR, were used for DNA
amplification. The two oligonucleotides include mismatches
to the wild-type sequence leading to the creation of EcoRI
and BamHI restriction sites. The amplified fragment was
cloned in mpl8 and mpl9 vectors. Three independently
isolated templates were sequenced for each mutant to iden-
tify the errors due to the amplification procedure (25). The
DNA sequence located between the Stu I and BamHI* sites
was obtained as follows. The 2.8-kb Stu I fragment from
pRL3 (Fig. 1) was isolated and cloned into vector mpl8
linearized with Sma I. The DNA sequence of the insert was
determined on both strands.

RESULTS

Characterization of a Regulator of the Levanase Operon.
Two lines of evidence strongly suggested that a regulatory
gene located just upstream from the levanase operon plays a
role in the operon expression. (i) The end of an open reading
frame (ORF), at least 600 bp long was previously observed
preceding the promoter region (3). Gene disruption experi-
ments were carried out to inactivate the expression of this
gene by the introduction of a cassette containing a kanamy-
cin-resistance determinant into the ORF. The construction
was introduced into the chromosome of B. subtilis QB5030 by
homologous recombination via a double crossover event,
giving strain QB5500. The QBS5030 contains a sacC-lacZ
transcriptional fusion allowing a convenient assay for leva-
nase expression (2). Strains QB5030 and QB5500 were grown
in CSK minimal medium in the presence or absence of 0.2%
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fructose as the inducer. B-Galactosidase activities were de-
termined and are presented in Table 1. Disruption of the
upstream ORF results in a total loss of inducibility of the
levanase operon. It was therefore concluded that the product
of this ORF is essential for the expression of the operon. (i)
The sacL8 constitutive mutation was previously mapped in a
900-bp fragment upstream from the promoter of the levanase
operon (3). DNA sequencing of this region showed that this
mutation is located within the coding sequence of the regu-
latory gene (see below). These results prompted us to clone
the upstream region of the promoter of the levanase operon.

Cloning of the Regulatory Gene. The strategy used to clone
the upstream region was to construct a strain containing a
selective marker (aphA3) inserted in the first gene of the
operon (Fig. 1). A kanamycin cassette was introduced into
levD of strain 168, giving strain QB5038. The close linkage
between the upstream ORF and the first gene levD was used
to clone directly in B. subtilis the regulatory gene. Plasmid
pRL1 was obtained in this way. A restriction map of pRL1 is
shown in Fig. 1. To study the effect of the sacL8 allele in a
sacL* background, the sacL8 constitutive allele was cloned
in vivo by gene conversion starting from plasmid pRL1. The
resulting plasmid was called pRL3 (Fig. 1). As a control, a
sacL*kan’ derivative, called pRL2, was obtained from pRL1
in the same way (Fig. 1). pRL2 (sacL*) and pRL3 (sacL8)
plasmids were introduced by transformation into the 1A510
(Rec™) strain of B. subtilis. A high constitutive level of
levanase synthesis (320 units per mg of protein) was observed
in the strain containing plasmid pRL3. The level of levanase
synthesis induced by 0.2% fructose in 1A510 (Rec™) strain
containing pRL2 is 10 units per mg of protein. This low level
of levanase synthesis in the wild-type-induced strain could be
a consequence of catabolite repression as observed (1, 2).
This indicates that the sacL8 allele placed on a multiple copy
plasmid is functional and dominant over the wild type. To
characterize further the regulatory gene on the 7.5-kb Pst I
fragment, subcloning experiments were performed. The re-
sulting plasmid pRL4 (Fig. 1) was introduced by transforma-
tion into the 1A510 strain of B. subtilis. Levanase expression
was tested on SP plates containing erythromycin (2). Expres-
sion was abolished in this case (data not shown). This result
shows that sequences located upstream from the EcoRI
restriction site are required for full expression of the levanase
operon.

DNA Sequence of the Upstream Region of the Levanase
Operon. The DNA sequence of a 3.0-kb DNA fragment
upstream from the levanase operon promoter was determined
on both strands by the dideoxynucleotide chain-termination
method. The sequenced region extends 150 bp upstream from
the EcoRI restriction site (Fig. 1). An OREF starting with an
ATG codon preceded by a putative ribosome binding site
(SD) AAGGA was found. This ORF encodes a polypeptide of
938 residues with a deduced molecular weight of 106,064 (Fig.
2). A region of dyad symmetry followed by a region rich in T

Table 1. Effect of disruption of the levR gene in B. subtilis

B-Galactosidase
specific activity

CSK CSK Fru

Strain Relevant genotype medium medium
QB5030 sacC-lacZ* 30 420
QB5500 sacC-lacZ*levR::aphA3 10 2

Cultures were grown at 37°C in medium C supplemented with
potassium glutamate and potassium succinate (CSK) with or without
0.2% fructose (Fru) as the inducer. p-Galactosidase specific activi-
ties were determined in extracts prepared from exponentially grow-
ing cells. The values mentioned are the mean values of three
independent measurements and are expressed as Miller units per mg
of protein.

Proc. Natl. Acad. Sci. USA 88 (1991)

MIDVRRIDKIYHQLKHNFHDSTLDHLLKIQGNSAKEIAEQLKMERSNVSF 50
ELNNLVRSKKVIKIKTFPVRYIPVEIAEKLFNKKWDTEMMEVKDLQAFSG 100
NSKQNHQHI STNP LELMIGAKGSLKKAISQAKAAVF YPPNGLEMLLLGPT 150
GSGKSLFANRIYQFAIYSDILKAGAPFITFNCADYYNNPQLLLSQLFGHK 200
KGSFTGAAEDKAGLVEQANGGILFMDEIHRLPPEGQEMLFYFIDSGSYNR 250
LGESEHKRTSNVLFICATTENPSSALLKTFLRRIPMTIHIPSLEERSLNE 300
RVDLTTFLLGKEAERIKKNLSVHIDVYNALIHSAKFGNVGQLKSNVQLVC 350
AHGFLENLDRNEVIELTVRDLPDEIKQEWMSSSKNMORSKAISEYVNITT 400
IISPIVEDETTKIDEDLSFNLYHLIEEKVKTLMKEGLSKKDINQYILTDV 450
HLHVRSFFHEQAFQKDNLLTFVEDDVIQMTKQLKEIAEHELDCTFDRKFI 500
YFLSMHIDAFLKRGKQIDVLNTQETDEIRDTHVKEYRVAMIFKDKIQEYF 550
KVAIPEIEVIYLTMLIHSIKSLKENKRVGIIVAAHGNSTASSMVEVATEL 600
LGSTPIAAVDMPLTVSPSDILECVAEKMKQVDEGEGVIMLVDMGSLAMLE 650
SRLEEKTGISIKTISNVTTSMVLDAVRKVNYLNLNLHAIYQSVTKDFIEL 700
WERQPAASGKKKALVSICTTGSGTAKKLEDILTTIVNKASDTPIHILTVS 750
SIKLANSIKEIEKEYEILATVGTKDPKINAPHVSLEVLIEGEGEKLIQQA 800
ITKGSISLSNGLNEANIIVRELCEDSLKKYLVFLNPHHEVIDMLLEWLQTV 850
QDELGVIFNNAVLIKVIMHTAFAFERVIKQNP IAFLEEEEINDQLKEMVY 900
VTERTLAPYEEKLGLRISDDEKLF IAAIFAEEVHGQLF 938

Fi1G. 2. Amino acid sequence deduced from DNA sequence of
levR.

residues is found 19 bp after the stop codon. This region could
form a stem and loop structure and may be a transcription
terminator (see Fig. 4). The nucleotide sequence of the sacL8
mutation was determined by using chromosomal DNA from
strain QB169 (sacL8), amplified by the PCR technique. The
sacL8 mutation is located in the levR regulatory gene. This
mutation corresponds to a C — T transition transforming a
CAG codon (GIn-798) into TAG (stop).

Comparison of the Amino Acid Sequence of the LevR
Polypeptide with That of Known Regulatory Proteins. A
computer search for similarities with other proteins revealed
that the LevR polypeptide shares homologies with members
of a class of regulatory proteins such as NifA and NtrC. A
domain, which we called domain A (Fig. 34), composed of
200 residues shares extensive similarity with NifA and NtrC
of K. pneumoniae and NifA of R. meliloti (26, 27). Potential
ATP-binding sites were observed in strongly conserved re-
gions of the central region of NifA, NtrC, and in other
homologous activators such as DctD from Rhizobium legu-
minosarum and XylR from Pseudomonas putida (7). These
potential ATP-binding sites of domain A are present in
several nucleotide-binding proteins and form part of the
ATP-binding site of adenylate kinase (28). They are also
present in LevR (boxed in Fig. 3A).

A second domain, domain B, of 161 residues is similar to
that of members of another family of bacterial regulatory
proteins known as transcriptional antiterminators: SacT and
SacY from B. subtilis and BglG from E. coli (Fig. 3B).
Conservative replacements were taken into account when
comparing domain B to other proteins. The similarity be-
tween LevR and transcriptional antiterminators is surprising
since no terminator was found downstream of the promoter
of the operon (2). The four proteins share a common prop-
erty: they are negatively controlled by the PTS (3, 8, 29, 30).
This may explain the regions of sequence conservations.

The Promoter of the Levanase Operon. The fructose-
inducible promoter of the levanase operon has previously
been mapped in B. subtilis by primer extension (2). The —35
and —10 regions are weakly similar to those of o*-controlled
promoters, as observed (2). Close inspection of DNA se-
quence revealed that the levanase promoter is similar to the
—12, —24 promoters. The —12, —24 promoters control the
expression of genes involved in nitrogen assimilation but also
control unrelated metabolic functions (7, 31). The general
features of this type of promoter are as follows: (i) They do
not have the typical consensus sequences of E. coli promot-
ers at —35 and —10 regions. They have a consensus 5'-
CTGGCACNSTTGCA-3' sequence centered on positions
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A
Bs LevR 144 MLLLGPTGSEKSLEANRIYQOFAIYSDILKAGABFEITENCADYYNNPQEELSQLFEH 199 . .
Kp NifA 236 VLVRGESGTGKELIANAIHHNSPR----- AAAAFVKENCAAL--PDNLLESELFGH 285 FiG. 3. Comparison of B. subtilis
B 2 ! t .3 P
m NifA 224 VLLURGEFGTGKECFAKLIHQHSTR----- QKKPEIKENCPAL--SESLLESELFGHE 272 8 !
Kp NtrC 164 VLINGESGTGKELVAHALHRHSPR----- AKAPFIALNMAAI--PKDLIESELFGHE 212 LevR with similar regulatory pro-
teins. (A) Comparison of B. subtilis
3 . ? i N .
Bs LevR 200 KRGSETGAAEDKAGLVEQANGEGILFMDETHRLPPEGPEMLFYFIDSESYNRLEESE 255 LevR with K. pneumoniae NifA, R
Kp NifA 286 ERGAFTGAVRORKGRFELADGGTLFLDEIGESSASFOAKLLRILOEGEMERVGGDE 340 liloti Ni .
Rm NifA 273 EKGAFTGAIAQRVGRFESANGGTLLLDEIGEIPPAFQAKLLRVIQEGEFERvGGTE 328 meliloti NifA, and K. pneumoniae
Kp NtrC 213 EKGAFTGANTVRQGRFEQADGGTLELDEIGDMBLDVOTRLLRVLADGQFYRVGGYA 268  NtrC. Amino acid sequence of the A
domains of four pol tides has
Bs LevR 256 HKRTSNVLFICATTENPSSHELLKT------ FLERIPMTIHIPSLEERSLNERVDLT 305 o ligned by i t%dyp.ep (h
RE NLfR 335 TLRV DV RENRnTaayorcETREDlYiRLNUNEIALErEREROEDIATIA. 301 hone)tomaximize identit dentiod
m Ni - 3 YRISGVPLILPPLRHRDGDIPLLAR imize i i i
Kp NtrC 269 PVKV-DVRIIAATHQNLELRVQEGKFREDLFHRLNVIRVHLPPLRERREDIPRLAR 323 phe'ns)tomalelzeldentlty. Iden.tlca.]
residues are boxed and numbers indi-
Bs LevR 306 TELLGKERERIKXNLSVEIDVYNALIASAKFGNVGOLXSN 345  cate the position of the residues in the
Kp NifA 5 HEFLVRKIAHSQGRTLRISDGAIRLLMEYSWPGNVRELENC 434 i i i i -
RE\ NifA 384 AFLQRFNEEN-GRDLHFAPSALDHLSKCKFPGNVRELENC 422 r,espe,cnve.prOteln: LeYR 18 3.3% lden
Kp NtrC 324 HFLQIAARELGVEAKQLHPETEMALTRLAWPGNVROLENT 363 tical in this domain with NifA of K.
pneumoniae and R. meliloti and with
B NtrC of K. pneumoniae. (B) Compar-

Bs LevR 411
Bs SacT 1
Bs SacY 1
Ec BglG 1

Bs LevR 462 5
Bs SacT 52 ENEKFKQILQTLPEEHIEIAEDIISYAEGELAAPLSDHIHIALSDHLSFAIERIQONG 1
Bs SacY 54 DYKQFEEILETLPEDHIQOISEQIISHAEKELNIKINERIHVAFSDHLSFAIERLSNG 1
Ec BglG 57 LNGRLSELLSHIPLEVMATCDRIISLAQERLG-KLQDSIYISLTDHCQFAIXRFQON 1
Bs LevR 518 DVINTQETDEIRDTHVKEYRVAMIFRDKIQEYFRVAIPEIBRVINETMLIHSIKSL
Bs SacT 109 LLVONKLLHEIKALYKKEYEIGLWAIGHVKETLGVSLPEDEAGYIALHIHTAKMD
Bs SacY 111 MVIKNPLLNEIRVLYPREFQIGLWARALIKDKLGIHIPDDEIGNIAMHTIHTARNN
Ec BglG 110 VLLPNPLLWDIQRLYPRKEFQLGEEALTIIDKRLGVQLPKDEVGEIAMHLVSAQM-

—24, —12. (ii) They are recognized by a specific RNA
polymerase o>* factor encoded by ntrA. (iii) A positive
regulatory protein interacts with upstream activating se-
quences (UASs) to stimulate the transcription (12, 31).

The DNA sequence of the levanase promoter revealed at
—24 and —12 positions two sequences identical with those
found in most NifA and o>*-controlled promoters (Fig. 4).
Eleven bases of the 12 are identical with the consensus when
comparing the —12, —24 promoters. Moreover, a UAS-like
element (TGTN;,ACA) centered at position —132 was also
found upstream from the transcription start site of the leva-
nase operon in the putative transcriptional terminator of the
levR gene. This conservation of DNA sequences suggests
that the levanase operon is controlled by a o**-type promoter
in B. subtilis. Since the equivalent ntrA gene of B. subtilis has
not yet been described, no o defective mutant is available.
Thus, we used a set of isogenic E. coli strains ET8000 (ntrA*)
and ET8045 (ntrA) to test the dependence of the promoter on
o4, A series of plasmids was constructed containing trans-
lational levD-lacZ fusions in which the B-galactosidase is
expressed from the levanase promoter. These plasmids con-
tain the levR* gene (pRL6) or the sacL8 allele (pRL7). A
deleted plasmid without the levR gene was also constructed
and used as a control (pRLS). The ET8000 and ET8045 strains
were transformed with these plasmids (Table 2). B-Galacto-
sidase was expressed constitutively in the ET8000 (ntrrA*)

TTTTTCATATGAACHIGTATTAAATGGARCACCATT TTAATACAGGTTTATTTTTTTCGT

TTTAAGTGTTTCAACAACAAATTGCTATTGGCTGAAATAACAATGAAAACGCTTAACACA

+1
-24 -12
ACTGTGTTGGCACGATCCTTGCATTATATATGGATGTACAAAACAGGAAAGGAGCAATAG
—

SD

ATATG ATT TCA GTT ATT ATC AGC GGT CAT GGA GAT TTT CCC ATA GCA
Met Ile Ser Val Ile Ile Ser Gly His Gly Asp Phe Pro Ile Ala

F1G. 4. Promoter region of the levanase operon. The sequence of
a 227-bp fragment is presented, including the beginning of the levD
coding sequence. The potential ribosome binding site (SD) is under-
lined. The transcription start point (+1) mapped in B. subtilis is
indicated by a vertical arrow. The —12 and —24 regions correspond-
ing to the transcription start point are overlined. Convergent arrows
indicate the putative transcription terminator of the levR gene.
Putative UAS for levR is boxed.

TKIDEDLSFNLYHLI-EE-KVRKTLMREGLSKKDINQYTNTDVHEHVREFFHHEQ-- 4

61
MKIYKVLNNNAALIK-EDDQERIVMGP GIAFQKKKNDLIPMNKV-ERKIFVVRD-- 51 o .

MKIKRILNHNAIVVK-DONEEKILLGAGIAFNKKKNDIVDPSKi-ExTrIrkpTP 53 tilis SacT and SacY and E. coli BglG.
MNMQITKILNNNVVVVIDDQOREXKVVMGRGIGFQKRAGERINSSGI-EKEYALSSHE 56

AFQR-DNLLTFVEDDVIOMTKOLKEIAEHELDCTFDRRFIYFLESMEIDAFLKRGKQOI

ison of B. subtilis LevR with B. sub-

Similar residues are boxed (accepted
e conservative replacements are I, L,
os V,and M; D and E; A and G; R and
59 K;SandT; F and Y). The percent-

ages of similarity between LevR and
572 SacT, SacY, and BglG, in these do-
182 mains, are 40%, 42%, and 34%,
163 respectively.

strain when the levR™ or the sacL8 allele was present on the
plasmid. In this case, a 350-fold stimulation of expression was
observed compared with the construction without levR. This
stimulation was not observed when these plasmids were
introduced into the ET8045 (ntrA) E. coli strain. This result
indicates that > is involved in the expression of the levanase
operon at least in E. coli.

DISCUSSION

The results obtained in this work indicate that the upstream
region of the levanase operon contains a positive regulatory
levR gene involved in expression of the levanase operon. The
five genes of this operon are transcribed from a single
promoter, which has been previously characterized in B.
subtilis (2). No transcriptional terminator with dyad symme-
try was found between the promoter and the end of the
operon. Two domains, A and B containing, respectively, 200
and 161 residues, were identified in LevR. The homology
found between domain B and SacT, SacY, and BglG is
surprising because the levanase operon promoter is probably
not controlled by an antitermination mechanism. However,
this may reflect the fact that these four proteins are all
negatively controlled by the PTS. It has been shown that
BglG, the antiterminator of the 8-glucoside utilization system
of E. coli, is regulated by phosphorylation via the PTS (30).
The products of levD and levE, the first two genes of the
levanase operon, are enzyme III-like, which also negatively

Table 2. Dependence of expression of the levanase operon in E.
coli on ntrA and levR gene products

B-Galactosidase
specific activity
Strain Strain
Plasmid ET8000 ET8045
pRLS (Pf-levD-lacZ) 30 - 60
pRL6 (levR*, Pf-levD-lacZ) 11,600 110
pRL7 [levR(sacL8), Pf-levD-lacZ] 11,400 9%

E. coli ET8000 (ntrA*) and ET8045 (ntrA) were transformed with
pRLS, pRL6, and pRL7 plasmids. Cultures were grown at 37°C in M9
medium containing 0.4% glycerol, 0.1% L-glutamine, and ampicillin
(100 ug/ml). B-Galactosidase specific activities were determined
twice and are expressed as Miller units per mg of protein.
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regulate operon expression (3). The phosphorylated enzyme
III may transfer the phosphate group either to fructose or to
domain B of LevR, inactivating its function.

The constitutive sacL8 mutation, which eliminates 140
residues from the original polypeptide, was identified in levR.
We may suppose that the carboxyl-terminal domain of LevR
is involved in negative control of the activation process. One
possible hypothesis is that the carboxyl-terminal domain of
LevR masks a functional activator domain. An alternative
hypothesis is that in the sacL8 truncated polypeptide a
conformational change rendered the LevR polypeptide in-
sensitive to negative regulation by the PTS. Other examples
of active truncated activators have been described (32, 33).

Domain A of LevR shares similarity with the well-
conserved central domain of the NifA/NtrC family of bac-
terial activators. It was proposed that this central domain of
NifA/NtrC is specifically required for the formation of open
complexes between >4 holoenzyme of RNA polymerase and
the promoters (34, 35). ATP and a specific activator protein
are necessary to catalyze formation of the corresponding
open promoters. Indeed, the central domain of members of
this family contains an ATP-binding site, which is also
present in LevR. In Gram-negative bacteria, NifA and NtrC
interact with promoters recognized by o> holoenzyme RNA
polymerase. The consensus sequence of these promoters
called —12, —24 promoters is now well established and differs
from that of the —10, —35 vegetative promoters. The pro-
moter of the levanase operon is very similar to the consensus
of the —12, —24 promoters. It is also well known that NifA
and NtrC interact with specific UASs to stimulate transcrip-
tion. Actually, a putative UAS is present far upstream (—132)
from the promoter of the levanase operon. Deletion mapping
experiments performed in B. subtilis suggest that this puta-
tive UAS is involved in transcription activation of the leva-
nase operon (I.M.-V., unpublished results).

No gene encoding o** has yet been identified in B. subtilis.
Using an E. coli ntrA mutant, we showed that levanase
operon expression is strictly dependent on the presence of
both LevR from B. subtilis and o> from E. coli. However, we
cannot exclude the possibility that ¢>* also controls the
promoter of levR in E. coli. Nevertheless, it is likely that B.
subtilis contains a o>*-like factor. It has been suggested that
these —12, —24 promoters control a large family of regulons
in Gram-negative bacteria (7, 31). Diverse functions including
nitrogen fixation, C,4 dicarboxylate transport, assimilation of
poor nitrogen sources, catabolism of aromatic compounds
such as toluene and xylene, pilin formation, and pathogenic-
ity are controlled by o>*. These functions are expressed in
response to certain environmental conditions and therefore
need to have sensory systems that transduce the appropriate
signals to the cognate regulators. The levanase operon may
fit this pattern. The physiological functions of levanase after
carbon source depletion could be the degradation of levans,
which are polymers of fructose. It has already been shown
that very low concentrations of fructose induce levanase
synthesis via a signal transduction by a fructose-PTS.
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