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Abstract

Nucleotide sequencing revealed the genes treP encoding a putative specific enzyme I1™™ upstream from tred and treR encoding
a potential regulator downstream from tred of Bacillus subtilis 168. The treP gene encodes a 470-amino acid (aa) protein (50 kDa)
showing high similarities to several different specific enzymes II of phosphoenolpyruvate-dependent phosphotransferase systems.
treR encodes a 238-aa protein (28 kDa) with high homologies in its N-terminal part to DNA-binding proteins including a helix-
turn-helix motif. Homologies in its C-terminal part place it in the family of FadR-GntR transcriptional regulators. The three genes,
treP-treA-treR, are probably organized in one operon expressed by a ¢*-dependent promoter 53 bp upstream from treP and a

p-independent terminator 28 bp downstream from treR.
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1. Introduction

The utilization of the abundant carbon source treha-
lose by Bacillus subtilis involves the transport across the
cytoplasmic membrane and an intracellular phospho-
o-(1,1)-glucosidase  (TreA) hydrolyzing trehalose
6-phosphate into glucose 6-phosphate and glucose
(Kennett and Sueoka, 1971; Helfert et al., 1995; Gotsche
and Dahl, 1995). TreA is also able to cleave p-nitrophe-
nyl a-D-glucopyranoside (PNPG) in vitro (Kennett and
Sueoka, 1971; Helfert et al, 1995). TreA activity is
induced by trehalose and subject to catabolite repression
(CR) (Helfert et al., 1995). CR in B. subtilis is in general
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Abbreviations: aa, amino acid(s); B., Bacillus; bp, base pair(s); CcpA,
catabolite controlling protein A; Cm, chloramphenicol; CR, catabolite
repression; CRE, catabolite responsive element; E., Escherichia; GCG,
Genetics Computer Group (Madison, WI, USA); I, identity; IEP,
isoelectric point; kb, kilobase(s) or 1000 bp; M,, molecular weight; nt,
nucleotide(s); ORF, open reading frame; PNPG, p-nitrophenyl «-D-glu-
copyranoside; S, similarity; SD, Shine-Dalgarno; TM, transmembrane
(domain); tre or Tre, trehalose; tred, gene encoding phospho-a-(1,1)-
glucosidase of B. subtilis; treB, gene encoding the enzyme 11" of E. colj;
treP, gene encoding the putative enzyme I1™™ of B. subtilis; treR, gene
encoding the potential regulator of the tre operon; wt, wild type.
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mediated by a cis-acting element CRE (Weickert and
Chambliss, 1990; Grundy et al, 1994), a trans-acting
element CcpA (Henkin et al.,, 1991; Hueck et al., 1994)
and a component of the phosphoenolpyruvate:sugar
phosphotransferase system HPr (Deutscher et al., 1994)
(for a recent review see Hueck and Hillen, 1995). Several
genes underlying CR contain a CRE located within
200 bp upstream or downstream from the promoter
(Hueck et al,, 1994). However, a ccpA deletion has no
obvious effect on CR by glucose or mannitol on TreA
activity, whereas CR by fructose is abolished (Helfert
et al., 1995).

The aim of this study was to clone and sequence the
entire trehalose operon. The putative function of the
encoded genes is proposed on the basis of sequence
comparisons. The data suggest two additional genes,
treP and treR, encoding a potential specific enzyme
II™ and the putative regulator, respectively.

2. Experimental and discussion

2.1. Cloning of DN A containing treP and treR

We used a B. subtilis 168 genomic library described
previously (Helfert et al, 1995). 2ug DNA from the
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genomic library was transformed to B. subtilis 1A167
(tre-12) which exhibits a trehalose minus phenotype
(Kennett and Sueoka, 1971). Transformants were
selected on minimal medium plates containing 10 mM
trehalose and kanamycin (5 ug/ml) (Helfert et al., 1995).
One of the clones carried a plasmid of 12 kb (designated
pCHI1, Helfert et al., 1995), harboring an insert of 5 kb
and was used as template in sequencing reactions using
synthesized oligonucleotides as specific primers to deter-
mine treP and sequences located upstream. Furthermore
a 2018 bp Nsil fragment of pCH1 was cloned into the
compatible Pstl site of pBluescript SK ™ (Stratagene, La
Jolla, CA, USA) yielding plasmid pSG3, which contains
the treR gene and downstream sequences. This construct
was used as template to determine the treR sequence,
using synthesized oligonucleotides.

2.2. Nt sequence and analysis

The nt sequence of the tre operon was determined on
both strands (Fig. 1, Helfert et al., 1995) and analyzed
by the GCG program. The sequence upstream from treA
contained one complete ORF of 1410 bp starting with
an ATG start codon at nt position 167 in Fig. 1 ending
with a TAA stop codon at position 1579 (corresponding
to nt position 444 in Helfert et al., 1995). The ATG
codon is preceded at an appropriate distance by the
putative ribosome-binding site GGAGG between nt
positions 155 and 159. The sequence downstream from
treA contained an ORF of 714 bp starting with ATG
(position 3352 in Fig. 1, corresponding to nt position
2217 in Helfert et al., 1995), preceded by the putative
ribosome-binding site GGTGG, ending with a stop
codon at position 4068. It is followed by a p-independent
terminator-like structure. The sequences 5-TACAAT-3’
(—10 region) 53 bp upstream from the start codon of
treP and 5-TTGACT-3' (—35 region) 76 bp upstream
match in each region with one mismatch to the consensus
promoter sequence of ¢* (Moran et al., 1982) and have
an ideal spacing of 17 bp. This is in agreement with the
highest TreA activity found at the end of the exponential
growth phase (Helfert et al., 1995). No transcription
terminator-like structures were identified between treP
and treA or treA and treR. This suggests that all three
genes may be located within an operon and that the
promoter is located upstream from treP.

The treR ORF encodes a protein of 238 aa residues
(Fig. 1) with a calculated M, of 28 kDa and a calculated
IEP of 7.3. The translated sequence of treR has identities
to the FadR-GntR family of transcriptional regulators
(Haydon and Guest, 1991) (Table 1). Using the TreR aa
sequence from E. coli (sequence taken from Horlacher
et al. (1994) from EMBL data library accession No.
U07790/U14003) in an alignment with TreR from B.
subtilis, no significant homologies or homologous
regions were detected (data not shown).

The treP ORF encodes a protein of 470 aa residues
(Fig. 1) with a calculated M, of 50 kDa and a calculated
IEP of 8.9. The deduced aa sequence revealed high
similarities to several enzymes IT (a comparison with the
two enzymes of highest homology is shown in Fig. 2).
TreP is highly similar to TreB of E. coli, which has been
identified as the specific enzyme 11" (Boos et al., 1990;
Klein et al., 1995). Interestingly, a higher similarity was
found to enzyme I15° of Staphylococcus xylosus (Wagner
et al, 1993). This may indicate that TreP could also
transport sucrose. Nevertheless, these similarities indi-
cate that TreP belongs to the family of enzyme II, the
permeases of phosphoenolpyruvate-dependent phospho-
transferase systems.

2.3. Putative structure of the predicted TreP protein

Two highly conserved aa sequence motifs typical for
enzymes II suggested to be involved in the phosphoryl
transfer have also been identified in TreP. The CATRLR
aa motif is typically found in the B domain of enzyme
II, where the cysteine reflects the phosphorylation site
(Fig. 2) (Nuoffer et al.,, 1988). A second conserved motif
(GITE) is typically localized in the C domain which is
also important for phosphoryl transfer to the substrate
(Lengeler, 1990; Ruijter et al,, 1992). Investigations using
a series of lacZ and phoA fusions to ptsG of E. coli have
revealed that the enzyme contains eight TM regions
(Buhr and Erni, 1993). These regions are also highly
conserved in TreP (Fig. 2) and reflect those regions of
hydrophobic character (Fig. 3) implying an analogous
structure as proposed for PtsG of E. coli. A potential
enzyme ITA domain as observed for enzyme I1°"° in B.
subtilis (Gonzy-Tréboul et al., 1991) is missing in TreP.
These results show that TreP belongs to the enzyme
IIBC type.

2.4. Possible role of TreR

TreA expression is under control of trehalose induc-
tion (Helfert et al., 1995). This indicates the existence of
a regulatory protein involved in the regulation of tran-
scription of the tre operon. The treR gene product is
one candidate which might regulate tre operon expres-
sion since it exhibits a putative helix-turn-helix motif in
its N-terminal part, homologous to several DNA-bind-
ing proteins. The nature of its function, repressor or
activator, is not clear with the current sequence data
alone. However, its homology to the FadR-GntR family
(Table 1) implicates a function as a regulator.

2.5. Potential CRE

Since TreA activity is under CR we have searched
for potential CRE sequences by homology to the
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ATATTCAATAAGTGCTTGTGACTTTTAGGGTAACCTTGTCTGTTTCATATATTCCAGACTAGGATGAAAGCGCTATAAAAAAGTGIIGACTACCTGTATATACAGGAATACAATATGATTATAAGTTGTATATACAAGTTATAAAAACGG
sD tref
ATACGEAGGGGTTGGCATGGGGGAACTGAACAAATCGGCACGTCAGAT TG TCGAAGCAGTCGGLGGTGCTGAAAATATTGCAGCGGCAACTCATTGTGTTACACGTTTGCGTTTTGC TTTAATAGATGAAAGCAAGGT TGACCAAGAGAT
M G ELNTEKST START OTILVEA AYGGATENTIAAATHCYTRLREFALTIDTETSTKVDOQEH
GCTTGATCAAATTGATGTGGTAAAGGGATCATTCTCGACAAACGGACAGTTTCAGGTCGTAATCGGCCAGGGAACTGTCAATAAAGTATATGCTGAACTGGT TAAGGAAACGGGGAT TGGCGAGTCAACAAAGGATGAAGT GAAGAAGGC
L Da 1 DV VY X GS FSTNGOSFFOQVY DI 60GTV NKVYAELVY KETSGTIGESTZKHDTEVYKKA
CRE
CTCAGAAMAAAATATGAATCLTT TGCAGCGTGC TG GAAAALGLT TGCAGATATTTTTAT TCGAATATTGCCTGCGAT TGTCACGOCGOGTCTTTTAATGOGOATCAATAACATTTTAACGGCGGAAGRCATTTECTTCAGCACAARATC
SE K N M NP LQRATVE K L DL F L P L P AT VT AGLL MG L NNTLUTAEGTISFSTEKS
GATTGTGCAGGTTTATCCGCAGTGGGCGGATCTTGCTAATATGAT TAACCTGATTGCAGGCACGGLCTTTACGTTTTTGCCT6CGT TAATCOGATGETCTGCCGTCAAGCGGTTCGGCEGCAATCCGCTTCTCAGCATTRTGLTCGGERT
PV a vy PoWADLANMNMINLCIAGTAFTFEFLPALLIGHSAVKRFGGNPLLGT VLGV
TATGCTCGTGCATCCTGATTTGCTGAATGCGTGEGGATATGGCGCGGCAGAACAAAGCGGAGAGATCCCGGTATGGAATCTATTCOGCC TAGAGGTGCAGAAAGTCGGCTATCAGEGCCAGGTGCTCCCAATTTTGCTTGCTTCTTATAT
M LV HPDLLNANTGTYTGAATET GS® GETLTPVWNLFGLEY QKVYGYQGQV L P LT L LASTYH
GCTGGCGAAGATTGAGGTATTTTTAACAAAACGCACACCTGAGGGCATACAGCTGCTCGTTGTCGCACCAATTACGCTTCTCTTAACAGGATTTGCCTCTTTTATCATTATCGGCCCGATTACATTTGCGATCGGTAATGTACTGACTTC
LAKTEVYFLTKRTPESG I @ LLUVVAPRTDTLLLTSFASFEILIITILIGPITEFALGHNVLTS
AGGGCTTATCTCGGTGTTTGGTTCTTTITGCCOCACTGRGLEGTCTGTTATATGGCGGTTTCTACTCAGCGCTCGTGATTACCEGTATGCATCACACGTITCT TGCAGTCGACCTGCAGCTCATCGGTTCAAAGCTCOGCBGLACCTTTTT
6 LT SV FGSFAKANLGG LLYGG6FYSALVITGMHHTFELAVDLOLIGSKI LGGTFL
ATGGCCGATGCTGECGCTTTCTAATATCGCACAAGGTTCRECGGCTCTGGCATTGATGTTTATCGTGAAGGATGAGAAACAAAAAGGCCTCTCCCTCACATCAGGGATTTCTGCTTATCTTGGCATTACAGAGCCTGCCATCTTTGGGGT
WP ML ALSNTIAQG S KAKELALMNFEITVKDEK QK GUOUSUTSGETD S AYLGTTEPATLFGV
GAATCTGCGATACAGATTCCCGTTTATCATTGCAATGGTCAGCTCTGGCCTGGCCGGAATGTATATTTCTTCTCAAGGTGTGCTGGCAAGCTCCGTCGGTGTCGGCGGCGTGCCOGEGATTTTCTCAATCATGAGCCAGTACTGGGGCGT
N L RYRFEPE LT AMNVY S SE L AGCHY 1§ S Q6 V L ASSVEVEGEV P GCTF ST HS QY W6 A
GTTTGCAATCGGGATGGCTATTGTATTGATCGTGCCGTTTGCCGGAACATACGCGTATGGCAGATTCAAACATAAATAACAAGT GGGGAGCGEGACGTGTTGAACGTTCCCTTTTCCCGTTTTCAATTTAAATATGGTGGTGEAAACAGA
FET G M ATV L I VPP FAGTVYAYGREFKHEK®*
S0 treR
T6oiienann... tred............. TAACGAAACCGTGTTAAACTAAGCTGGGIGGTCCATAATGAAGGTGAATAAATTCATCACAATTTATAAAGACATCGCACAGCAAAT TGAAGGCGGCCGATGGAAAGCGGAGGAGATTCT
M KV NEKEF I T 1 YKDTI1AOQOQTLTET G®G6RWEKATETETTL
TCCGTCTGAACATGAGTTGACCGCACAGTACGGTACATCAAGAGAAACGGTCCGAAAGGCGCTTCATATGCTCGCGCAAAACGGT TATATCCAGAAAATCAGGGGAAAAGGCTCCGTCGTGCTCAATCGTGAAAAAATGCAGTTTCCCGT
F S EHELTARYGTS SRETV RKALHMWCUCAGNGY 1T KT RGEKTGSVYLNREKMGQEF PV
TTCGBGCCTTRTCAGCTTCAAGGAGC TCGCGCAAACGCTTGGCAAAGAAACGAAAACAACTGTACACAAATTCGGGC TGEAGCCTCCOTCAGAGCTGATCCAAAAACAGCTCCGGECCAATCTGGATGACGACATCTGGGAAGTCATCAG
$6 LV SFKELAOQTILGKTETKT TV HKE FGLEPPBP SELIAQKO QLRANTLDTDTDTILWNETVTIR
GTCTAGAAAGATTGACGGGGAACATGTGATTTTGGACAAGGATTACTTTTTCAGAAAGCATGTCCCTCACCTGACGAAAGAAAT TTGTGAAAACTCCATATATGAATATATAGAAGGAGAGCTCGGTCT TTCGATCAGTTACGCCCAAAA
SR K1 DGEHUV I LDOKDTYFEF RKHVPHLTITKETLCENSTYEYTEGETLGLS I S Y ATQK
AGAAATTGTAGCCGAGCCGTGTACGGACGAGGACAGAGAGC TGCTCGATTTACGCGGC TATGACCATATGGTCGTGGTGAGAAACTACGTCTITTTGGAGGATACCAGTTTGTTTCAATATACGGAAAGCAGACACCGTCTCGACAAATT
€1 vV AEPCTOTETDRTETLTLTDLRGYTDHHVYV VY RNYVFLETDTSLEFOQYTESTRHRTLTDEKF

CC%ATITGETGGTT]F'TGﬁGC('%GC%GGEGAQATEAGAGAGGCGCCTGCCTGCGGTCGACGCGCGCTTTTTTGTTTGGTXTCAAAATTGATAC ATCCAACAAAAATGTGCGTACTTTTACTTTTT

Fig. 1. Nt sequence of the B. subtilis treP and treR genes. The sequence presented contains the potential promoter, treP and downstream sequences
up to position 1652 (corresponding to the ATG start codon of tred previously published by Helfert et al, 1995) and in addition treR, beginning
with the stop codon of treA at position 3316 of the putative tre operon harboring the potential SD. A potential ¢* promoter sequence (— 35
(TTGACT) and —10 (TACAAT) regions) and the potential ribosome-binding sites (SD) are underlined. The potential p-independent terminator
is indicated by arrows. The aa sequences derived from the nt sequences are depicted in one-letter code. Each stop codon of treP and treR is
indicated by an asterisk. Potential CREs are underlined and designated. These data have been submitted to the EMBL Data Library under
accession No. Z54245.

Table 1 Martin-Verstraete et al., 1995) showed that this position
Identities and similarities of TreR to the GntR-FadR family of is critical for a full function. As we have previously
lat - . .
feguiators shown (Helfert et al, 1995), a strain carrying a
Regulators Identities (%) Similarities (%) ccpA: . Tn917 insertion still exhibits CR of TreA activity
by glucose and mannitol, but not by fructose. Since
](:}1(1111,: ;Z i; CcpA is supposed to interact with CRE (Fujita et al,,
GniR 19 50 1995; Henkin et al., 1991; Kim et al, 1995) mediating
HutCy, 21 47 CR one of the two or both potential CREs of the tre
HutCs, 24 48 operon are involved in CR at the transcriptional level.
KorA 18 43
P30 28 49
PhnF 22 49

A comparison of the listed regulators with each other, the definition
of the FadR-GntR family of regulators and the citations of the original
publications is presented by Haydon and Guest (1991).

proposed consensus sequence (Hueck et al., 1994). One
CRE matching the consensus was found within the
coding sequence of treP, 319 bp downstream from the
start codon. The localization of a functional CRE
within the first structural gene of an operon has also
been described for the hut (Wray et al., 1994) and xyl
(Kraus et al.,, 1994) operons. Another potential CRE is
localized upstream from the putative promoter at
positions 6578 (Fig. 1), with one mismatch at position
13 of the proposed consensus sequence. Previous studies
with mutated CRE (Weickert and Chambliss, 1990;

3. Conclusions

The high homology of TreP with several enzymes
I1, its suggested topology and its localization within the
putative tre operon provide evidence for its function as
the specific trehalose transporter.

TreR belongs to the FadR-GntR family and is a
potential regulator of the tre operon.

The three genes treP, treA and treR are probably
organized in the tre operon which is presumably
expressed by a o*-dependent promoter and terminated
by a p-independent terminator.

Two potential CREs are present in the tre operon
which could be involved in CR.
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Fig. 2. Homologies of enzymes I1. Presented are the similarities (dots between rows) and identities (lines between rows) of TreP of B. subtilis to
TreB of E. coli (Klein et al., 1995) and to ScrA of Staphylococcus xylosus (Wagner et al., 1993) as obtained by sequence analysis using the GCG
program. The percentage of similarities (S) and identities (I) to TreP is depicted in a box at the end of the last row. The arrow indicates the
cysteine in domain B which is highly conserved in enzymes II and is phosphorylated during transport (Nuoffer et al., 1988). The open boxes
indicate conserved regions which are thought to be important for the phosphoryl transfer to the incoming sugar (Lengeler, 1990; Ruijter et al.,
1992). The lines numbered 1-8 indicate those regions which are supposed to be potential membrane spanning regions, determined in the PtsG

protein of E. coli by a series of phoA and lacZ fusions (Buhr and Erni, 1993).
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Fig. 3. Hydrophobicity profile of the predicted TreP protein. Hydropathy values for a window of 9 aa were calculated by the method of Kyte and
Doolittle (1982) using the GCG program. The solid lines (numbered 1-8 corresponding to the underlined regions in Fig. 2) indicate the regions
most likely to form TM a-helices. Hydrophobic regions correspond to the positive index numbers.
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