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A gene bank of partially Sau3A-digested Escherichia coli DNA ligated in plasmid pBR322 was screened for
the ability to complement a mutant unable to metabolize trehalose at low osmolarity. The resulting plasmid
was shown to contain the genes encoding transport (freB) and metabolic (treC) functions. The complementing
DNA region was sequenced and shown to contain an operon of two genes, with freB as the promoter proximal
gene and with freC as the promoter distal gene. The transcriptional start point was determined, and one major
transcript was detected. The control region of the operon was found to contain consensus binding motifs for
the cyclic AMP-catabolite activator protein complex and for a specific repressor protein whose gene, treR, is
located immediately upstream of treB, being transcribed in the same direction as treB treC. The products of
both genes could be expressed in minicells in which TreB revealed itself as a protein with an apparent
molecular weight of 42,000. The gene product of treB consists of 485 amino acids with a calculated molecular
weight of 52,308. It showed high homology to enzymes I15° of enteric bacteria specific for the uptake of sucrose
and encoded by plasmid pUR400 of enteric bacteria. Like enzyme II5", enzyme II"™™ belongs to the EIIBC
domain type and lacks a covalently bound EIIA domain. Instead, enzyme II""*-mediated phosphorylation of
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trehalose requires the activity of enzyme IIAS™, a component of the major glucose transport system.

The disaccharide trehalose serves as an osmoprotectant in
many different organisms. Its two glucose molecules are linked
1-1 a-glycosidically. Thus, the sugar is nonreducing and has the
unique quality of maintaining the fluidity of membranes under
conditions of dryness and desiccation (13). In Escherichia coli,
trehalose is synthesized internally in response to osmotic stress
(20, 57, 59). Among other more prominent osmoprotectants
such as glycine-betaine or proline (37), trehalose can contrib-
ute up to 20% of the entire capacity of the osmotic protection
of the cell (16, 29). To synthesize the osmoprotectant trehalose
at high osmolarity, UDP-glucose and glucose 6-phosphate are
used to form trehalose-6-phosphate, regardless of the carbon
source. Trehalose-6-phosphate is subsequently dephosphory-
lated to give free trehalose. Trehalose-6-phosphate synthase is
encoded by otsA (osmotic trehalose synthesis), and trehalose-
6-phosphate phosphatase is encoded by otsB. The two genes
are localized at 42 min on the chromosome, ofsB being the
promoter proximal gene of the operon (16, 23, 59). The operon
is induced by high osmolarity, and at least the synthase is
activated by potassium (59) which is accumulated as a response
to osmotic stress (7). E. coli can grow on trehalose as the sole
source of carbon at low osmolarity and high osmolarity, when
the sugar is synthesized and accumulated internally. This seem-
ingly paradoxical situation of degrading trehalose as a carbon
source and synthesizing it as an osmoprotectant at the same
time is solved by E. coli in an intriguing way. The bacterium has
developed two different systems of trehalose metabolism, one
for high-osmolarity and one for low-osmolarity growth condi-
tions.

Under conditions of high osmolarity, trehalose is hydrolyzed
to glucose by a periplasmic trehalase, encoded by treA, located
at 26 min on the E. coli chromosome (6, 21). Glucose is sub-
sequently taken up by the phosphotransferase system (PTS) as
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glucose 6-phosphate and enters glycolysis. The periplasmic tre-
halase, TreA, is induced by 250 mM NaCl in the medium but
not by trehalose. Mutants in tre4 can no longer grow on tre-
halose as the single source of carbon at high osmolarity (6), but
they do at low osmolarity (<170 mosM NacCl). Therefore, it is
clear that, at low osmolarity, a second system for trehalose
degradation exists.

As described previously (6, 36), trehalose is transported at
low osmolarity via a PTS for trehalose, with a specific EIICB™
(EII"™) and the EITAC" (EIII°") of the glucose-PTS, deliv-
ering trehalose-6-phosphate to the cytoplasm. The resulting
trehalose-6-phosphate is then hydrolyzed to glucose and glu-
cose 6-phosphate by trehalose-6-phosphate hydrolase, the
gene product of #reC (44). Glucose 6-phosphate and glucose
(after being phosphorylated by glucokinase) then enter glyco-
lysis.

TreB (the EII™ protein) and TreC are both induced by
trehalose-6-phosphate (26), and their genes have been mapped
at 96.5 min on the E. coli chromosome (6).

In the present publication, we describe the molecular char-
acterization of the freB gene. We present its sequence and the
product of its expression. We demonstrate that treB and treC
form an operon with freB as the promoter proximal gene.
Upstream of freB and transcribed in the same direction, but
not part of the operon, we found an open reading frame, treR,
encoding the repressor of the system.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used are listed
in Table 1. They were grown under aeration in tryptone broth (TB) or minimal
medium A (MMA) with 0.2% carbon source (38). High-osmolarity minimal
medium contained in addition 250 mM NaCl. Strain constructions were done by
P1 vir-mediated transduction by the method of Miller (38). Selection for Tet" was
done without phenotypic expression by plating on DYT (double yeast tryptone)
(38) containing 5 pg of tetracycline per ml. Selection for loss of Tet" was by the
method of Bochner et al. (3). In order to construct a deletion of the re genes, a
TnI0 insertion was placed next to the treC::lacZ fusion. After selection for loss
of Tet, the candidates were tested for loss of the treC::lacZ fusion (Lac™ Tre™
and kanamycin sensitivity). From the resulting strain, WK208, chromosomal
DNA was prepared by the method of Silhavy et al. (55). The deletion of all tre
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TABLE 1. Bacterial strains and plasmids

Strain or Source or
plasmid Known genotype reference
Strains
CC118 araD139 A(ara-leu)7697 A(lacX)74 34
A(phoA)-20 argE(Am) galE galK recAl
1poB rpsE thi
CC311 A(ara-leu)7697 A(lacX)74 galE galK recAl 32
rpsL thi pOxgen::TnlacZ
DS410T ara azi lacY malA minB mtl rpsL thi tonA 17
xyl
ECL116 F~ endA hsdR A(argF-lac)U169 thi 12
HSK42 MC4100 polA 46
KRIM4 UEI1S treB 6
MC4100 F~ araD139 A(argF-lac)U169 deoCl 10
fIbB5301 ptsF25 rbsR relAl rpsL150
RHol4 MC4100 treA:Q)-sp This study
RHol6 RHo14 treR::Tnl0 This study
RHol7 RHo14 ®(treB::lacZ)hyb2 This study
RHo18 RHo16 ®(treB::lacZ)hyb2 This study
RHo19 RHo14 ®[(treC::lacZ™)I\placMu55 This study
RHo020 RHo16 ®[(treC::lacZ™)I\placMu55 This study
RHo21 RHo19 mpoS::Tn10 This study
RHo22 RHo020 mpoS::Tn10 This study
TG1 F'[lacl® lacZM15 proA™B™ traD36] hsdD5
A(lac-pro) A(pro-lac) supE thi
UE14 MC4100 treA::Tnl0 6
UE15 UE14 Tet® derivative 6
UE26 F~ glk7 ptsG2 ptsM1 rpsL150 15
UEA49 UE14 ®[(treC::lacZ™)1\placMu55 6
WK208 UE1S A(treR treB treC) This study
WK211 UE14 ®(treC::lacZ)hyb31 This study
WK213 UE14 ®(treB::lacZ)hyb105 This study
M13mp18/19 M13 sequencing vector 39
Plasmids
pACYC184 Amp' Cam’ 11
pBR322 Amp* Tet" 4
pHP45Q Amp* Sp*
pHSG575 Cam" 61
pKM100 pBR322 treB* treC* treR* Amp* This study
pRHo14 pTREL11 treA:Q-Sp Amp” This study
pRHo0400 pACYC184 treB™ treC*™ Cam" This study
pRHo0500 pACYC184 freR* Tet" This study
pRIM11¢ pHSG575 treB* treC* Cam” 44
pTRE11 pBR322 treA™ Amp* 21
pUE1 pBR322 treB* treC™ treR* Amp* 6
pWK11“ pHSG575 treB™ treC* Cam” This study
pWKI11F1 pWKI11 ®(treB::lacZ)hyb31 This study
pWKI11F2 pWKI11 ®(treB::lacZ)hyb2 This study
pWKI12 pHSG575 treB* Cam” This study
pWK14 pACYC184 treB* Cam" This study

“ These plasmids express treB and treC constitutively.

genes was verified by Southern hybridization according to the protocol of Sam-
brook et al. (48) with different digoxigenin-labeled DNA fragments (manual
from Boehringer Mannheim) of the fre genes from plasmid pUE1. The plasmid
pTRE11 (Ap") harboring fre4 (21) was digested with Hpal, and the 920-bp
fragment of tre4 was replaced by a Smal fragment of pHP45() containing the )
interposon mediating resistance to spectinomycin (Sp*) (19). The resulting plas-
mid, pRHo14 (pTREI1 tre4:Q-sp), was inserted into the chromosome by linear
transformation into strain MC4100 recD::Tn10. The resulting strain, RHo14, was
selected for Sp* and screened for Amp® as well as the inability for growth on
trehalose under high osmotic conditions. tre4:Q-sp showed 100% cotransduc-
ibility with tre4::Tnl0.

Molecular biological techniques. Plasmid preparation and transformation
were done according to the method described by Sambrook et al. (48). For
restriction and ligation of DNA, the buffer systems of the suppliers were used.
DNA fragments were separated in 0.7% agarose gels, and the DNA of the
appropriate bands was eluted with the Jetsorb kit (Genomed Inc.). DNA se-
quencing was done by the dideoxy chain termination technique of Sanger et al.
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(49), as modified by Biggin et al. (2). After subcloning of the appropriate
fragments in the M13mp18/19 vector system, deletions were generated according
to the method of Dale et al. (14). The sequence reactions were done with
digoxigenin-labeled primers and resolved by direct blotting electrophoresis on a
GATC sequencer with chemiluminescence detection according to the manufac-
turer’s manual (GATC Inc., Konstanz, Germany). Overlapping fragments were
sequenced on double-stranded DNA of pUE1. The mRNA start was mapped by
the reverse transcriptase method of primer extension according to the work of
Belfort et al. (1). Twenty micrograms of total cellular RNA and 5 pmol of
digoxigenin-labeled primer were annealed; this was followed by extension with 10
U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim) for
90 min. Detection was the same as described for sequencing.

Sequence homologies were found by queries to the latest release of all avail-
able databases, with the BLAST server at the National Center for Biotechnology,
Bethesda, Md. Protein homology comparisons were done with the ClustalV
program.

Cloning of treB and treR and construction of plasmids (see Fig. 1 and Table 2).
Chromosomal DNA of strain ECL116 (12), partially digested with Sau3A and
ligated into the BamHI site of pBR322 (4), was used to transform strain UE49.
Selection was for growth on trehalose. Plasmid pUE1 was isolated in this way. A
BamHI deletion of pUEI1 yielded plasmid pKM100. Subcloning of a 6.5-kb PstI
fragment of pUE1 into pHSG575, a tac promoter-carrying plasmid (61), yielded
plasmid pRIM11. By cutting with Clal and Asull followed by religation of
the plasmid, pRIM11 was shortened to pWK11. Digestion of pWK11 with Accl
and Asull followed by religation yielded plasmid pWK12. To subclone treB and
treC with their own promoter, a 4.4-kb BspEI-Clal fragment of pUE1 was ligated
into a NgoMI-Clal-opened pACYC184 vector (11). The resulting plasmid,
pRH0400, was isolated by its ability to complement both treB and treC mutations.
A deletion of pRH0400 with Sphl resulted in plasmid pWK14. treR was cloned
by ligating a 1.9-kb SnaBI-Ncol fragment from pKM100 into NcoI-Xmnl of
pACYC184, yielding plasmid pRH0500. The screen was for repression of a
treB::lacZ fusion.

In vivo selection of plasmid-encoded treB::lacZ fusions. To generate lacZ
fusions in treB, the TnlacZ transposable element (35) was used. For this purpose,
plasmid pWK11 was transformed into strain CC311 (32). Cells (10%) were spread
on agar plates containing 250 g of kanamycin per ml. The colonies of each plate
were harvested, and the plasmid DNA was prepared, yielding several indepen-
dent pools of mutagenized pWKI11. Transformation into strain CC118 allowed
screening for active lacZ fusions on 5-bromo-4-chloro-3-indolylgalactopyrano-
side (XG) indicator plates. The fusion points between the fre gene and lacZ were
determined by double strand sequencing. Of 25 independent pools of mu-
tagenized plasmid DNA, 10 active lacZ fusions were isolated. Two of these 10
were treB:lacZ fusions; the other eight were treC:lacZ fusions. Active lacZ
fusions were moved into the chromosome by the recombination technique of
Saarilahti and Palva (46) by selection for Kan" Lac* Tre~ Cam™ phenotype.
Strains WK211 and WK213 were isolated in this way (Table 1).

Expression of TreB in the minicell system. The plasmids pWK11, pWK12,
and, as vector control, pHSG575 were transformed into strain DS410T (17).
Minicells were prepared, and newly synthesized proteins were labeled with
[**S]methionine as described previously (43). Minicells containing 25 pg of
protein were resuspended in 500 ul of MMA containing 0.4% glycerol and all
amino acids except methionine (5 mM each). Ten microcuries of [>>S]methionine
(Amersham International, Little Chalfont, Buckinghamshire, United Kingdom)
was added, and the suspension was incubated for 30 min at 37°C. The incorpo-
ration of labeled methionine was stopped by adding 50 ul of 3 mM unlabeled
methionine, and the incubation was continued for 5 min. The minicells were
harvested, washed once in 1 ml of TNE (50 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 1 mM EDTA), and resuspended in 25 pl of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. After incubation
for 4 h at 50°C or at room temperature overnight, the samples were heated for
2 min at 95°C and separated by SDS-PAGE (12.5% polyacrylamide gel) (28) and
autoradiographed.

Enzymatic assays. -Galactosidase was assayed according to the method de-
scribed by Miller (38). Specific activity is given in micromoles of ortho-nitrophe-
nyl-B-p-galactopyranoside (ONPG) hydrolyzed per minute per milligram of pro-
tein at room temperature. The protein concentration was taken from the optical
density at 578 nm of the bacterial culture, with the correlation that the optical
density at 578 nm of 1.0 is equivalent to 107 g of protein per ml. The activity of
the trehalose-6-phosphate hydrolase was measured according to the method
described by Rimmele and Boos (44). The specific activity is given in micromoles
of para-nitrophenyl-B-p-glucopyranoside hydrolyzed per minute per milligram of
protein at room temperature.

Transport activity of trehalose and other sugars. Transport activity was as-
sayed as described previously (6).

Nucleotide sequence accession number. The nucleotide sequence of treB re-
ported in this paper has been submitted to GenBank under accession number
U06195. The amino acid sequence of TreB has been submitted to the Swissprot
database under accession number P36672.
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FIG. 1. Plasmids used in this study. The DNA represents an area of the 96-min region of the genetic map of the E. coli chromosome that is depicted in the clockwise
orientation from left to right. All plasmids are derived from pUE1, which is a clone from a DNA library obtained by a limited Sau3A digestion of chromosomal DNA
(strain ECL116 [12]) ligated in pBR322. The cleavage sites of the following endonuclease restriction enzymes are shown: A, Asull; B, BamHI; Bs, BspEI; C, Clal; E,

EcoRI; M, Mlul; N, Ncol; P, PstI; S, Sall and Accl; Sn, SnaBI; Sp, Sphl.
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TABLE 2. Complementational analysis of the different
plasmid subclones for growth on trehalose

Growth on MMA trehalose when transformed into strain®:

Plasmid UEI5 UE49 KRIM4 WK208
(treB* treC™) (reB™ meC:lacZ) (treB treC*)  A(treB-treC)
pBR322 + - - -
pHSG575 + - - -
PACYC184 + — — —
pUE1 + + + +
pKM100 + + + +
pRIM11 + + + +
pWKI11 + + + +
pWK12 + - + -
pRHo0400 + + + +
pWKI14 + - + -

“ Several independent selected transformants have been tested for their ability
to restore growth on trehalose. The appropriate antibiotics were added to the
media for maintenance of the plasmids. Growth was scored after 2 days at 37°C.

RESULTS

Cloning of the freB treC region. Strain UE49 was used as a
recipient strain for transformation with a gene bank of partially
Sau3A-digested DNA fragments (6 to 20 kb) of strain ECL116
(12) into the BamHI site of pBR322. UEA49 is defective in fre4
and carries a treC-lacZ fusion. It cannot grow on trehalose as
the sole source of carbon either at low or at high medium
osmolarity (6). A plasmid, pUE1, complementing UE49 for
growth on trehalose at low but not high osmolarity was iso-
lated. Therefore, it was likely to carry the treB treC region but
not tre4. The plasmid not only complemented UE49, being
defective in freC, but also complemented KRIM4, a strain
that is defective in trehalose transport (6). Subcloning into
pHSGS75, a tac promoter-carrying plasmid (61), yielded the
plasmids pRIM11, pWK11, and pWK12. In Fig. 1, the size of
these plasmids is shown, and in Table 2, their ability to com-
plement strains UE49 and KRIM4 is shown. pWK12, the plas-
mid with the smallest chromosomal insert, 2 kb, was able to
complement the transport function in KRIM4 but not the
trehalose-6-phosphate hydrolase activity lacking in strain
UEA49. The presence of pWK11 and pWK12 in strain UE26,
wild type in respect to the fre gene cluster, after growth on
glycerol increased the transport activity only for trehalose. The
uptake of sucrose, maltose, glucose, and galactose was not
affected (Table 3).

Thus, the 2-kb fragment of pKW12 must contain the entire
treB gene encoding the capacity to take up trehalose.

Expression of treB and treC in minicells. The minicell-pro-
ducing strain DS410T was transformed with plasmids pWK11
(treB™ treC™) and pWKI12 (treB™) as well as the vector plasmid
pHSGS575 (Fig. 1). Minicells were isolated, and newly synthe-

TABLE 3. Transport of several sugars in UE26 (treB* treC™")
carrying plasmid-encoded treB ™

Initial rate of transport of sugar

Plasmid
Trehalose Sucrose Maltose Glucose Galactose
pHGS575 0.65 0.12 2.2 25 5.22
pWK11 8.6 0.13 2.9 48 6.3
pWK12 4.38 0.09 2.3 35 4.25

“The strain was grown on glycerol. Initial rate of transport of radioactive
sugars was measured in cells resuspended in minimal medium. Substrate con-
centration was 30 nM. The rate is given in picomoles per minute per 10° cells.
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FIG. 2. Expression of plasmid-encoded #reB and treC in minicells. Plasmid-
encoded proteins were labeled with [**S]methionine and analyzed by SDS-
PAGE (12.5% polyacrylamide gel). The autoradiogram shows the proteins
encoded by the following plasmids: lane A, vector pHG575; lane B, pWKI11
(treB* treC™); lane C, pWKI12 (reB*); lane S, molecular weight standards
(numbers are in thousands). The positions of TreB and TreC are indicated by
arrowheads.

sized proteins were labeled with [**S]methionine. The proteins
were analyzed by SDS-PAGE and autoradiographed. The re-
sults are shown in Fig. 2. Both pWK11 and pWK12 (but not the
vector plasmid) direct the synthesis of a 42-kDa protein and
can complement KRIM4 for growth on trehalose. Plasmid
pWK12, which is unable to complement strain UE49 for
growth on trehalose, lacks the 62-kDa TreC protein (44). Thus,
it is clear that the 42-kDa protein represents the treB gene
product.

The sequence of freB. The DNA region of the PstI-Accl
fragment contained in pWK12 was sequenced on both strands
with the dideoxy termination technique on single-stranded
DNA after subcloning deletion fragments into M13. Overlap-
ping fragments on both ends were sequenced on double-
stranded DNA of pUEL. The result is shown in Fig. 3. An open
reading frame was found starting at the ATG codon at position
398 and ending with the TAA stop codon at position 1853. This
open reading frame encodes 485 amino acids and represents
treB. Four nucleotides downstream of the stop codon of treB,
the ATG start codon of #reC was recognized, continuing with
the known sequence of reC (44). Upstream of the ATG start
codon of treB, sequences were recognized that are likely to
function as —10 and —35 regions of a ¢’’-dependent pro-
moter. Indeed, primer extension analysis with reverse tran-
scriptase (Fig. 4) revealed the start point of treB transcription
7 nucleotides downstream of the proposed —10 region. In
addition to the promoter, we recognized two sequences, indi-
cated in Fig. 3, that could act as recognition sites for the cyclic
AMP (cAMP)-catabolite activator protein complex (potential
half-sites are underlined). This is consistent with a previous
observation that freA Acrp or treA Acya strains are not able to
grow on trehalose as the sole carbon source (6). One of these
potential cAMP-catabolite activator protein sites is framed by
two nearly palindromic sequences that are likely to represent
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1

AAC GTT GCA AAA GTG ATT ACG CCT GAA ACT ACC GCC TTA CTG TGC GCA ACC
N v A X v I T P E T T A L L C A T

52

GAC ACG CTG GCA CTT GGC GCA AGT ARA TAC CTG CAA GAG CAA CGC ATC GAC
D T L A L G A s K Y L Q E Q R I D
103

ACC TTG CAA CTG GCG AGC GTC GGT AAT ACG CCG TTA ATG AAA TTC TCC CAT
T L Q L A S v G N T P L M K F S H
154

CCG GAG ATC GTA ACC GTA GAT CCC GGT TAC GCC GAA GCT GGA CGG CAG GCG
P E I v T v D P G Y A ] A G R Q A
205

GCT TGC CAG TTG ATC GCG CAG GTA ACC GGG CGC AGC GAA CCG CAA CAR ATC
A o) Q L I A Q v T S R s E P Q Q I
256

ATC ATC CCC GCC ACC CTG TCC TGA

SCGITICC lsiAACGATAAAl TGTGATCTTCGCTG

I I P A T L ) Stop TreR Box1l CAP1

314

CGTT TCGGGARACGTTCCCGTTITTAAATTTTTCCGCGCAATATATTCTGCAGCCAACCARARATGTC
TreR Box2 ~35 —10 f+1 CAP2

381

ATCTGCCATGGGGCTTT ATG ATG AGC AAA ATA AAC CAA ACG GAT ATC GAT CGG
RBS M M S K I N Q T D I D R

434/13

TTG ATT GAA CTG GTC GGC GGG CGC GGC AAT ATT GCG ACG GTG AGC CAC TGT

L I E L v ¢} &) R G N I A T v s H c

485/30

ATT ACT CGC CTA CGC TTT GTC CTC AAC CAA CCG GCC AAT GCC AGA CCG ARA

I T R L R F v L N Q P A N A R P K

536/47

GAA ATT GAG CRA CTC CCT ATG GTG AAA GGC TGT TTC ACC AAT GCC GGG CAA

E I E Q L P M v K G c P T N A G Q

587/64

TTT CAG GTG GTG ATT GGC ACC AAC GTG GGT GAT TAC TAT CAA GCA CTG ATT

F Q v v I G T N v G D Y Y Q A L I

638/81

GCG TCA ACC GGA CAG GCG CAG GTT GAT AAA GAG CAG GTA ARA AAA GCC GCC

A s T G Q A Q v D K E Q v K K A A

689/98

CGG CAT AAT ATG AAA TGG CAT GAG CAG TTG ATC TCT CAT TTC GCG GTG ATC

R H N M K w H B Q L I s H F A v I

740/115

TTC TTC CCG TTG CTG CCC GCG TTG ATT AGC GGC CCT TTC ATC CTC GGT TTT

F F P L L P A L I s G P F I L G ¥

791/132

CGC AAT GTG ATC GGC GAT TTG CCC ATG AGC AAC GGT CAG ACG CTG GCG CAA

R N v I G D L P M 8 N G Q T L A Q
842/149

ATG TAC CCT TCC CTG CAA ACG ATC TAC GAT TTT CTG TGG TTG ATC GGT GAA

M Y P s L Q T I Y D F L w L T G E
893/166

GCG ATC TTC TTC TAC CTG CCG GTC GGT ATT TGC TGG TCA GCG GTG AAA AAA

A I F F Y L P v G I c w s A v X K
944/183

ATG GGC GGC ACG ATC CTT GGT ATC GTG CTT GGC GTG ACA CTG GTIT TCT CCA

M G G T I L G I v L G v T L v s P
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995/200
CAG CTG ATG AAC GCT TAT CTG CTC GGG CAG CAG CTG CCG GRA GTG TGG GAC
Q L M N A Y L L G Q Q L P E v w D

1046/217

TTT GGC ATG TTC AGC ATC GCC AAA GTA GGC TAT CAG GCG CAG GTG ATC CCG
F G M F s I A K v G Y Q A Q v I P
1097/234

GCA CTG TTA GCC GGA CTG GCG CTG GGC GTT ATT GAA ACT CGC CTT ABA CGC
A L L A G L A L G v I E T R L K R
1148/251

ATC GTG CCG GAT TAC CTC TAT CTG GTG GTG GTA CCC GTC TGT TCG CTG ATC
I v P D Y L Y L v v v P v [s4 8 L I
1159/268

CTC GCG GTG TTC CTC GCC CAT GCG CTG ATT GGT CCG TTT GGT CGC ATG ATT
L A v F L A H A L I G P
1250/28%

GGC GAT GGC GTT GCC TTT GCG GTA CGT CAC CTG ATG ACC GGC AGC TTT GCT
G D G v A F A v R H L M T G S F
1301/302

CCG ATT GGC GCA CAG TTG TTT GGC TTC CTG TAC GCC CCG CTG GTG ATC ACC
P I G A Q L F G F L Y A P L v I T
1352/319

GGT GTA CAC CAG ACC ACG CTT GCT ATT GAT TTG CAG ATG ATT CAA AGC ATG
G v H Q T T L A I D L Q M I Q s M
1403/336

GGT GGT ACG CCA GTG TGG CCG CTG ATT GCG CTG TCG AAT ATC GCT CAG GGC
s ) T P v w P L I A L s N I A Q )
1454/353

TCC GCC GTG ATA GGC ATT ATC ATT TCC AGC CGC ARG CAC AAT GAA CGC GAG
S A v I G I I I 8 8 R K B N E R B
1505/370

ATC TCC GTG CCT GCC GCT ATC TCC GCC TGG CTT GGG GTC ACT GAG CCT GCA
I ) v P A A I s A w L G v T E P A
1556/387

ATG TAC GGC ATC AAC CTG AAA TAT CGC TTC CCG ATG CTG TGC GCG ATG ATT
M Y G I N L X Y R F P M L [o] A M I
1607/404

GGT TCT GGT CTG GCA GGA TTG CTA TGC GGC CTG AAC GGC GTT ATG GCG AAT
G s G L A G L L C G L N G v M A N
1658/421

GGC ATC GGC GTA GGC GGC CTG CGG AAT TCT CTC GAT TCA ACC GAG CTA CTG
G I G v [¢] G L R N s L D s T E L L
1705/438

GCA GGT GTT TGC GCT GGC AAT GGC TAT CGC CAT CAT CAT CCC GAT TGT ACT
A G v C A G N G Y R H H H P D c T
1760/455

CAC CTC GTT TAT CTA TCA GCG GAA ATA CCG CCT GGG CAC GCT GGA CAT TGT
H L N Y L s A E I P P G H A G H [
1811/472

TTA ATT TTC TTC GGG GCG CAA TTG CGC TCG CAT TCG CAG GAA TAA
L I F F G A Q L R s H s Q E Stop
1860

Ll
2}
o
=
—

CGTA

ATG ACT CAT CTT CCC CAC TGG TGG CAA AAC GGC GTT ATC TAC CAG ATT TAT

M T H L P H w w Q N G v I Y Q I Y
1911

CCA ARG AGT TTT CAG GAC ACC ACG GGT AGC GGT ACC GGC GAT TTA CGT GGC
P X s F Q D T T G s G T G D L R G

FIG. 3. DNA sequence of treB and flanking regions. The open reading frame representing treB starts with the first ATG codon at nucleotide 398 of the sequence
and ends with the TAA stop codon at nucleotide 1856 of the sequence. The deduced amino acids are numbered (1 to 485) in boldface type. Potential —35 and —10
regions of the promotor are doubly underlined. Potential binding sites for the TreR repressor are underlined and indicated as TreR Box1l and Box2 (solid lines).
Similarly, potential catabolite activator protein binding sites and the potential ribosome binding site are indicated by CAP1 and CAP2 and RBS, respectively (double
lines). The start of treB transcription as determined by reverse transcriptase (Fig. 4) begins with nucleotide 368 and is indicated by an arrow. The open reading frame
upstream of treB represents the 3’ portion of the treR gene encoding the trehalose repressor. The open reading frame downstream of treB represents treC encoding

trehalose-6-phosphate hydrolase (44).

binding sites for TreR, the negative regulator of the system.
The primer extension experiment shown in Fig. 4 revealed the
presence of a second transcript which apparently is not under
the control of induction by trehalose and is seen only with
plasmid as template. This transcript has its origin 20 nucleoti-
des downstream of the trehalose-inducible promoter. Its sig-
nificance for the transcription of the fre operon in vivo is
unclear at present.

We recognized the existence of another open reading frame
preceding the treB control region whose C-terminal portion is
also shown in Fig. 3. This open reading frame is part of treR
encoding the repressor of the system. The sequence, the puri-
fication, and the properties of this protein will be the subject of
another publication.

TreB is homologous to the enzymes II5""°° of different
bacterial origin. The search for homology to the freB-encoded
protein revealed homology (36.5% identity) to another enzyme
II of the PTS, specific for sucrose, encoded by srcA (18) that is

carried on the plasmid pUR400, derived from enteric bacteria
(52). The treB-encoded enzyme is also homologous (33 to 37%
identity) to enzymes II5" of other organisms listed in the
review of Lengeler et al. (31). The comparison of the deduced
amino acid sequence of TreB with that of the pUR400-en-
coded SrcA protein is shown in Fig. 5. The figure indicates the
conserved regions (R1 to R6) recognized in many enzymes II
analyzed so far (41). Conserved at the amino terminus is the
CATRLR amino acid sequence motif, characteristic for the
EIIB domain (nomenclature of Saier and Reizer [47]), thought
to be involved in the phosphoryl transfer from the phospho-
histidine of EIIA®™ to the incoming sugar substrate (40, 42,
64). Characteristic for the enzyme IIC domain aside from its
hydrophobic nature is the GITE motif, which in the case of
TreB is GVTE at position 384. The function of this sequence
motif is also thought to be important for the phosphoryl trans-
fer to the incoming substrate, since mutations in this motif
result in the uncoupling of transport and phosphorylation (30,
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FIG. 4. Determination of the start of transcription of the treB treC operon.
The method of primer extension by reverse transcriptase was used. The primer
consisted of the oligonucleotide representing nucleotides 450 to 432 of the
sequence shown in Fig. 3. The primer extension reaction was done with RNA
isolated from the following strains: lane 1, UE14/pUEL, grown on trehalose; lane
2, UE14/pUEl, grown on glycerol; lane 3, UE14, grown on trehalose; lane 4,
UE1S5, grown in TB plus trehalose; lane 5, WK139 (Acya) (6), grown in TB plus
trehalose; lane 6, WK140 (Acrp) (6), grown in TB plus trehalose. Lanes A, C, G,
and T represent the sequencing reactions with the same primer.

45). The positioning of the CATRLR amino acid sequence
motif at the N terminus and the GVTE motif at the C terminus
as well as the lack of a covalently attached EIIA domain char-
acterizes the TreB protein as an EIIBC-type enzyme II of the
PTS.

The formation of an amphipathic helix with the amino acids
90 to 106 at the N-terminal portion of the protein can be
envisioned as shown in Fig. 6. The function of such a potential
amphipathic helix is unclear. However, a role as a topological
signal for membrane assembly has been discussed for a similar
helix with the mannitol enzyme II of E. coli (65) and of the
chemotactic signal transducer, Tsr (54).

treB and treC form an operon. The positioning of treB
and freC only four nucleotides apart (Fig. 3) suggested that
they form an operon. This was supported by the finding
that lacZ fusions in treB exhibit a strong polar effect on the
expression of the freC gene. This is shown in Table 4. Plasmid
pWKI11 expresses treC-encoded trehalose-6-phosphate hy-
drolase constitutively. The introduction of a lacZ fusion into
pWK11, early in the treB gene, abolishes the synthesis of tre-
halose-6-phosphate hydrolase. After transfer of the treB-lacZ
fusion into the chromosome, the same phenomenon can be
observed.

Northern (RNA) analysis of total RNA, with a 2.4-kb
EcoRI-EcoRV DNA fragment containing treC as probe, re-
vealed one band with the length of about 3,100 nucleotides,
consistent with an mRNA harboring both genes (data not
shown).

The treB treC operon is negatively regulated by TreR, whose
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gene freR is located upstream of treB but is not part of the
operon. Sequencing of the DNA contained in pUE1 carrying a
large chromosomal insert of more than 12 kb including the treB
treC cluster (Fig. 1) revealed a sequence that appeared highly
homologous to a sequence found in Salmonella typhimurium
encoding MgtA, a transport system for magnesium (62). Next
to the mgtA sequence in S. typhimurium, an open reading
frame had been found exhibiting homology to typical repressor
proteins even though this sequence was apparently not in-
volved in the regulation of mgt4 (62). Thus, it appeared likely
that the open reading frame would also be present in E. coli
and could be relevant to the regulation of the treB treC operon
instead of the mgt4 gene. The region upstream of treB was
therefore cloned separately and tested for its ability to down
regulate the expression of treB-lacZ and treC. pRH0500, the
smallest plasmid, contains a 1.9-kb chromosomal DNA frag-
ment that begins with a SnaBI site within mgt4 and ends with
a Ncol site early in treB (Fig. 1). In addition, a mini-Tni0
insertion carrying a chloramphenicol resistance marker (24)
(strain RHo18) was isolated in a freB-lacZ strain that was
cotransducible by P1 transduction with the treB-lacZ fusion. As
shown in Table 5, this strain exhibits a high and constitutive
B-galactosidase activity in contrast to its parent, strain RHo17,
not containing the chloramphenicol insertion. Therefore, the
insertion had occurred in a gene whose function is that of a
repressor. We called the repressor-encoding gene freR. After
transformation of strain RHo18 with pRHo0500, the constitu-
tive expression of treB-lacZ was abolished. Similarly, when the
insertion in freR was combined with a freC-lacZ fusion (strain
RHo020), the expression of treC-lacZ became constitutive but
was repressed after transformation of RHo20 with the freR™ -
carrying plasmid pRHo0500. Transforming strain RHo16 car-
rying the insertion in freR and otherwise treB* treC™ wild type
with pRH0500 abolished the constitutive expression of the
trehalose-6-phosphate hydrolase activity of strain RHo16 (Ta-
ble 6). Plasmid pWK14 harboring the tre promoter but not treR
was able to titrate the repressor function. Strain RHo17 (treB-
lacZ treR™) when grown on glycerol strongly increased the
expression of treB-lacZ after transformation with pWK14 (Ta-
ble 5). These experiments demonstrated that the open reading
frame upstream of treB encodes a repressor for the treB as well
as the treC expression.

The constitutive expression of the freB treC operon in the
absence of TreR is partially sensitive to high osmolarity. In-
duction of treB treC in a wild-type strain by trehalose in the
growth medium is no longer possible in the presence of high
osmolarity (6) (Table 7). On the basis of several findings, we
had concluded that the reason for the inability to induce the tre
operon at high osmolarity was degradation of the effective
cytoplasmic inducer, trehalose-6-phosphate (26). Therefore,
constitutive expression of the tre operon that is caused by the
lack of repressor should be insensitive to high osmolarity. The
availability of a freR mutation allowed us to test this prediction.
Tables 5 and 6 show the results. Whereas the expression of treB
and freC remained high in the constitutive genetic background
(treR), the effect of high osmolarity was nevertheless still no-
ticeable. On average, constitutive expression was reduced by a
factor of 2 to 3. Thus, in addition to the degradation of inducer
at high osmolarity, the expression of the fre operon may still be

FIG. 5. Amino acid sequence homology of TreB to ScrA, the enzyme IT" of enteric bacteria. An asterisk indicates sequence identity; a dot indicates homologous
exchange. Black bars numbered R1 to R6 indicate regions conserved in PTS enzymes II as defined by Peri and Waygood (41). The boxed cysteine residue at position
29 of the TreB sequence represents the highly conserved cysteine of PTS enzymes II that is phosphorylated during transport. Shaded boxes indicate potential
transmembrane domains as determined by hydrophobicity plots. These potential transmembrane domains are compared with the corresponding transmembrane
domains (tmD I to VIII) as determined in the PtsG protein by phoA and lacZ fusions (8). The sequence data for ScrA are taken from references 18 and 31.
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FIG. 6. Potential amphipathic helix at the N terminus of TreB. When amino
acids 90 to 106 of TreB are drawn as an a-helix, the formation of an amphipathic
helical structure with a predominantly positive charge distribution on one side
can be visualized.

subjected to additional regulatory controls that are dependent
on high osmolarity. We considered the possibility that the
remaining reduction at high osmolarity was due to the effect of
sigma factor RpoS, a central regulator of starvation and osmo-
larity (22). However, the introduction of an rpoS::Tnl0 muta-
tion did not alter the twofold reduction in the constitutive
expression of treC-lacZ at high osmolarity (Table 5).

DISCUSSION

In this paper, we describe the molecular characterization of
TreB, the enzyme 11", the PTS-dependent transport protein,
specific for trehalose. Our analysis has shown that there is clear
similarity of TreB to another enzyme II of the PTS, specific for
the nonreducing disaccharide sucrose, found in many different
bacteria (18, 31). This similarity is observed not only in the
protein sequence homology but also in the sequence of the
different domains that had been recognized in the PTS pro-
teins. Thus, the TreB protein, like the ScrA protein, carries its
B domain, the phosphoryl transfer domain, at the N terminus
and the C domain proposed to be the permease proper at the
C terminus. In addition, both proteins do not harbor the co-
valently bound phosphoryl donor domain EIIA but rely for this
function on EIIAS", the soluble EIIA domain (53) of the
glucose transport system (9).

Very little is known about the membrane topology of EII
proteins. The most thoroughly studied system is that of the E.

TABLE 4. Polar effect of treB::lacZ fusions on
the expression of treC*

-Galacto-
Strain Plasmid P sidase Tr_eC
activity activity
WK208 A(treR treB pHSGS575 (vector) <0.001  <0.0001
treC) pWKI11 (treB* treC™) <0.001 0.136
pWKI11F1 (treB-lacZ treC™") 2405  <0.0001
pWKI11F2 (treB-lacZ treC™) 4.875  <0.0001
UE14 (treB* treC") <0.001 0.0600
WK211 treB* 0.30 <0.0001
D(treC::lacZ)
WK213 treC™* 0.10 <0.0001

D(treB::lacZ)

“The specific activities are given in micromoles of hydrolyzed substrate per
minute per milligram of protein. The strains were grown overnight in MMA with
0.2% both glycerol and trehalose. The cultures of plasmid-carrying strains con-
tained 30 pg of chloramphenicol per ml.
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TABLE 5. The expression of treB and treC is under the control of
the TreR repressor and the constitutive expression of treB and
treC in a treR strain is partially resistant against
the repression by high osmolarity

Relevant genotype on: B-Galactosidase

activity”
Strain® and
plasmids No salt 250 mM
Chromosome Plasmid in the NaCl in the
medium medium
RHo17 treB::lacZ treC* 0.0511  0.0157
pACYC184 Vector 0.0597  0.0211
pRHo0500 treR™ 0.0067  0.0038
pWK14 ptre reB* 1.295 ND¢
RHo18 treR treB::lacZ treC* 11.578 4.481
pACYC184 Vector  11.809 3.168
pRHo500 treR* 0.0065  0.0024
RHo19 treC::lacZ treB™ 0.0061  0.0036
pACYC184 Vector 0.0072  0.0031
pRHo500 treR™ 0.0025  0.0022
RHo20 treR treC::lacZ treB™ 1.255 0.877
pPACYC184 Vector 1.279 0.648
pRHo500 treR™ 0.0026  0.0020
RHo21 treC::lacZ rpoS 0.0054  0.0017
RHo22 treR treC::lacZ rpoS 1.326 0.696

@ Strains were grown in MMA and glycerol as carbon source.

b B-Galactosidase activity is given in micromoles of ONPG hydrolyzed per
minute per milligram of protein.

¢ ND, not determined.

coli glucose transporter (8), which is based on the generation
of a nested set of lacZ and phoA fusions (33, 35). In this model,
the EIIC domain spans the membrane eight times with both N-
and C-terminal portions extending into the cytoplasm. So far,
we were unable to isolate stable phoA or lacZ fusions to treB.
Using the analysis for hydrophobicity according to the work of
Kyte and Doolittle (27) and applying the positive inside rule
for membrane protein topology (63) and the most sensible
positioning of the sequence-derived amphipathic helix (Fig. 6),
we propose a model that closely resembles that for the E. coli
glucose transporter with eight membrane-spanning segments
(8).

The treB treC operon is inducible by the presence of treha-
lose in the growth medium, but it becomes uninducible at high
osmolarity (6). We had concluded that the inducer of the
system is internal trehalose-6-phosphate which is formed by
the TreB-mediated uptake of trehalose as trehalose-6-phos-
phate (26). From this study, we had also concluded that the
major factor for the repression of the freB treC operon at high
osmolarity was the inducer degradation by the cytoplasmic

TABLE 6. treC expression and high osmolarity

Relevant genotype on: TreC activity®

Strain® and

No salt 250 mM

vector Chromosome Plasmid in the NaCl in the
medium medium

RHol14 treB* treC* 0.00015 0.00011

pACYC184 Vector 0.00047 0.00010
pRHo500 treR™ <0.0001 <0.0001
RHol6 treR treB™ treC* 0.0364 0.0112
pACYC184 Vector 0.0281 0.0145
pRHo500 treR™ <0.0001 <0.0001

¢ Strains were grown in MMA and glycerol as carbon source.
® TreC activity is given in micromoles of para-nitrophenyl-B-p-glucopyranoside
hydrolyzed per minute per milligram of protein.
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TABLE 7. treC expression is induced by trehalose in the
medium but not at high osmolarity

Relevant genotype on: TreC activity”

Strain“ and

. No salt 250 mM
plasmids Chromosome  Plasmid in the NaCl in the
medium medium
RHo14 (uninduced) treB* treC* 0.0008 ND¢
RHo14 treB™ treC* 0.0337 0.0001
pACYC184 Vector  0.0431 0.0002
pRHo0500 treR™ 0.0044 0.0003

“ Strains were grown in MMA and glycerol (0.4%)-trehalose (0.2%) as carbon
source.

b TreC activity is given in micromoles of para-nitrophenyl-B-p-glucopyranoside
hydrolyzed per minute per milligram of protein.

¢ ND, not determined.

trehalose-6-phosphate phosphatase that is induced at high os-
molarity and is part of the biosynthetic pathway of trehalose
synthesis at high osmolarity (58). The availability of a mutant
defective in treR encoding the repressor of the treB treC operon
allowed us to test whether or not the osmotic repression of the
operon is due only to inducer degradation. The experiments
shown in Tables 5 and 6 demonstrate that the constitutivity of
the treB treC operon in the treR strains RHo16, RHo18, and
RHo020 is partially repressed by osmolarity. Thus, inducer deg-
radation is not the only but the major factor in the osmotic
repression of the treB treC operon. The mechanism by which
the remaining repression due to high osmolarity occurs re-
mains unclear; RpoS, the central regulator of starvation and
osmotic control (22), seems not to be participating.

High-affinity uptake systems for disaccharides exhibiting
high rates of flux necessitate the presence of a specific porin in
the outer membrane particularly at low substrate concentra-
tion. This can be seen in the case of the high-affinity and
binding protein-dependent maltose transport system (60) as
well as the plasmid-encoded PTS-dependent sucrose system
(51). Since trehalose can be used as a carbon source and since
its uptake system exhibits a reasonably high maximal rate of
transport at the micromolar level of substrate, one would ex-
pect the presence in E. coli of a trehalose-inducible porin. The
treB treC operon did not contain an additional gene encoding
a specific outer membrane porin. Instead, trehalose metabo-
lism induces the \ receptor that is very effective in facilitating
the diffusion of trehalose through the outer membrane at low
substrate concentration (25).

With investigation of the function of the periplasmic tre-
halase (encoded by tre4) (5), the enzymes involved in the
internal synthesis of trehalose (encoded by the ots genes) (23),
and the proteins TreB and TreC, involved in the uptake and
degradation of trehalose (encoded by the fre operon) as de-
scribed in this publication, the complete set of proteins neces-
sary to understand the metabolism of trehalose in E. coli ap-
pears to be known. Yet, there are still some questions. One of
these questions concerns the switch from growth at high os-
molarity, at which large amounts of trehalose accumulate, to
low osmolarity at which high internal trehalose is actually
growth inhibitory (6). There are reports of trehalose exit from
the cell (50, 59), even though it is unclear by what pathway this
may be achieved. Facilitated diffusion via TreB as a mode of
exit seems to be excluded since this protein is not induced
under these conditions. There are some experimental results
indicating the presence of an as yet uncharacterized cytoplas-
mic trehalase that is induced under growth conditions of high
osmolarity (6, 44). This enzyme may act as an emergency valve
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to prevent overproduction of internal trehalose and may be
crucial for the transition of high to low medium osmolarity.

The pathway of trehalose metabolism is interwoven with that
of maltose and maltodextrins. Thus, growth on trehalose in-
duces the maltose system (25). The end products of trehalose
degradation are glucose and glucose 6-phosphate. The com-
pounds needed for the synthesis of maltotriose, the internal
inducer of the maltose system, are glucose and glucose 1-phos-
phate (15). Therefore, it would seem that the maltose system in
pgm mutants, lacking phosphoglucomutase, could no longer be
induced by trehalose. However, this is not the case (our un-
published observations). This indicates either the presence of
an alternative enzyme forming glucose 1-phosphate from glu-
cose 6-phosphate in the presence of glucose and in the absence
of phosphoglucomutase (56) or the existence of an alternate
way of forming maltotriose from glucose and glucose 6-phos-
phate.
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