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The disaccharide trehalose acts as an osmoprotectant as well as a carbon source in Escherichia coli. At high
osmolarity of the growth medium, the cells synthesize large amounts of trehalose internally as an osmopro-
tectant. However, they can also degrade trehalose as the sole source of carbon under both high- and
low-osmolarity growth conditions. The modes of trehalose utilization are different under the two conditions and
have to be well regulated (W. Boos, U. Ehmann, H. Forkl, W. Klein, M. Rimmele, and P. Postma, J. Bacteriol.
172:3450-3461, 1990). At low osmolarity, trehalose is transported via a trehalose-specific enzyme II of the
phosphotransferase system, encoded by treB. The trehalose-6-phosphate formed internally is hydrolyzed to
glucose and glucose 6-phosphate by the key enzyme of the system, trehalose-6-phosphate hydrolase, encoded
by treC. We have cloned treC, contained in an operon with treB as the promoter-proximal gene. We have
overproduced and purified the treC gene product and identified it as a protein consisting of a single polypeptide
with an apparent molecular weight of 62,000 as determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The enzyme hydrolyzes trehalose-6-phosphate with a Km of 6 mM and a V.. of at least 5.5
iimol of trehalose-6-phosphate hydrolyzed per min per mg of protein. The enzyme also very effectively
hydrolyzes p-nitrophenyl-a-D-glucopyranoside, but it does not recognize trehalose, sucrose, maltose, isomalt-
ose, or maltodextrins. treC was sequenced and found to encode a polypeptide with a calculated molecular weight
of 63,781. The amino acid sequence deduced from the DNA sequence shows homology (50%6 identity) with those
of oligo-1,6-glucosidases (sucrase-isomaltases) of Bacilus spp. but not with those of other disaccharide
phosphate hydrolases. This report corrects our previous view on the function of the treC gene product as an
amylotrehalase, which was based on the analysis of the metabolic products of trehalose metabolism in whole
cells.

The disaccharide trehalose serves as an osmoprotectant in
many different organisms. Its two glucose molecules are linked
1-1 oa-glycosidically. Thus, the sugar is nonreducing and has the
unique quality of maintaining the fluidity of membranes under
conditions of dryness and desiccation (16, 17). In Escherichia
coli, trehalose is synthesized internally as an answer to osmotic
stress (23, 45, 48). Among other, more prominent osmopro-
tectants such as glycine betaine or proline (11, 36), trehalose
can contribute up to 20% of the entire capacity for osmotic
protection of the cell (21, 32). To synthesize the osmopro-
tectant trehalose at high osmolarity, UDP-glucose and glucose
6-phosphate are used to form trehalose-6-phosphate, regard-
less of the carbon source. Trehalose-6-phosphate is subse-
quently dephosphorylated 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, otsB being the promoter-proximal gene of the
operon (21, 23). The operon is induced by high osmolarity, and
at least the synthase is activated by potassium (23), which is
accumulated in response to osmotic stress (8). Induction of the
ots operon is also dependent on RpoS, the alternative sigma
factor of stationary-phase cells (26).

E. coli can grow on trehalose as the sole source of carbon at
low and high osmolarity, when the sugar is synthesized and
accumulated internally. This seemingly 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
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systems of trehalose metabolism, one for high osmolarity and
one for low osmolarity.
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 (7, 24). Glucose is
subsequently taken up by the phosphotransferase system (PTS)
as glucose 6-phosphate and enters glycolysis. The periplasmic
trehalase, TreA, is induced by 250 mM NaCl in the medium
but not by trehalose. treA mutants can no longer grow on
trehalose as the sole source of carbon at high osmolarity (7),
but they do grow at low osmolarity (<170 mosM NaCl).
Therefore, it is clear that at low osmolarity, a second system for
trehalose degradation exists.
As described previously (7, 34), trehalose is transported at

low osmolarity via a PTS for trehalose, using specific enzyme
EIICBTre (EIITre) and the EIIAGIC (EIIIGiC) of the glucose
PTS, delivering trehalose-6-phosphate to the cytoplasm. As we
will describe here, the resulting trehalose-6-phosphate is then
hydrolyzed to glucose and glucose 6-phosphate by trehalose-
6-phosphate hydrolase, the gene product of treC. Glucose
6-phosphate and glucose (after being phosphorylated by glu-
cokinase) then enter glycolysis. TreB (EII re) and TreC are
both induced by trehalose-6-phosphate (28). The genes treB
and treC form an operon, treB being the promoter-proximal
gene of the operon. They are localized at 96.5 min on the
chromosome. The treB-treC operon is under cyclic AMP-
catabolite gene activation protein regulation and is thus subject
to glucose-mediated catabolite repression (7).

Previously (7), we had concluded that the treC gene product
had the activity of an amylotrehalase, recognizing free treha-
lose as its substrate. TreC was thought to release one molecule
of glucose from trehalose and to transfer the other onto an
as-yet-unidentified glucose polymer. The evidence for this

5654



TREHALOSE-6-PHOSPHATE HYDROLASE OF E. COLI 5655

TABLE 1. Bacterial strains and plasmids

Strain, plasmid, Known genotype Source or
or phage reference(s)

BL21 (DE3) F- hsdS gal met r- m- XlYS placIq- 47
lacI/placUV5 T7 gene 1

CB17 UE26 treA::TnlO 19
ECL116 F- endA hsdR A(argF-lac)U169 thi 15
HB290 MC4100 minA minB rpsL mgl 25
HF18 BL21 tsx::TnlO H. Fsihi
KRIM4 UE15 treB 7
MC4100 F- araD A(argF-lac)U169 rpsL150 14

reLU1 deoCI flbB5301 deoC1
ptsF25 rbsR

UE14 MC4100 treA::TnlO 7
UE15 UE14 Tets derivative 7
UE26 (ZSC112L) F- ptsG2 ptsMl glk7 rpsL150 18
UE49 UE14 O[(treC-lacZ+)1]XplacMu55 7
pBR322 High-copy-number vector 5
pHSG575 Low-copy-number vector 51
pPD1 pHSG575 with cloned T7 20

promoter of pT7-5
pT7-5 T7 expression system vector 50
M13mpl8 and Sequencing phages 39, 55
M13mpl9

scheme was based on experiments with whole cells and cell
extracts. After the purification of TreC to homogeneity as

reported in this publication, we were unable to demonstrate
hydrolysis of free trehalose, even in the presence of purified
sugar polymers of E. coli cells or in the presence of cellular
extract expected to contain the putative polysaccharide accep-
tor for amylotrehalase. Instead, we could demonstrate the
ability of the enzyme to hydrolyze trehalose-6-phosphate, thus
identifying the enzyme as trehalose-6-phosphate hydrolase.

MATERIALS AND METHODS

Media and growth conditions. Cells were grown at 370C in
minimal medium A (MMA) (42) or in TB medium (42)
supplemented with 10 mM MgSO4. As a carbon source in

MMA, we used 0.4% glycerol or 0.2% other carbon sources
(trehalose, galactose, maltose, or glucose 6-phosphate). Sugars
and sugar phosphates were obtained from Sigma. Bacterial
strains are derivatives of E. coli K-12 and are listed in Table 1.
They were constructed by P1 vir-mediated transduction (38).
The TnlO insertions were removed by the method of Bochner
et al. (4).
Transport of trehalose. Transport of trehalose was mea-

sured as previously described (7), using 45 nM [14C]trehalose
(10).

Cloning of treC and construction of plasmids (see Fig. 1).
Standard DNA methods were used (42). Chromosomal DNA
of strain ECL116 (15), partially digested with Sau3A and
ligated into the BamHI site of pBR322, was used to transform
strain UE49, which was then selected for growth on trehalose.
Plasmid pUE1 was isolated in this way. A 2.8-kb EcoRI-ClaI
fragment was subcloned into pBR322 that had been digested
with EcoRI and ClaI, yielding pRIM1. Digestion of pRIM1
with ScaI and religation resulted in the loss of a 0.7-kb
fragment, yielding plasmid pRIM2. pRIM1 was treated with
EcoRI and XmnI, and the resulting 2.3-kb insert fragment was
ligated into pBR322 that had been digested with EcoRI and
EcoRV. This plasmid was called pRIM5. In order to subclone
treB and treC together, we digested pUE1 with PstI. The 6.5-kb
PstI fragment was cloned into the PstI site of the low-copy-

number vector pHSG575, resulting in pRIM11. The PstI insert
ofpRIM11 was cloned into the PstI site of pPD1 (20), resulting
in pRIM12. The vector pPD1 is a pHSG575 derivative con-
taining the T7 promoter in front of the multiple cloning site.

Expression of TreC in the minicell system. The plasmids
pUE1, pRIM1, pRIM2, pRIM5, and, as a control, pBR322
were transformed into strain HB290. Minicells were prepared
and the proteins were labeled essentially as described previ-
ously (41, 42). Minicells containing 25 pug of protein were
resuspended in 0.5 ml of MMA with 0.4% glucose and all
amino acids except methionine (0.25 mM each). A 10-1iCi
amount of [355]methionine (Amersham International, Bucks,
United Kingdom) was added, and the suspension was incu-
bated for 30 min at 370C. The incorporation of labeled
methionine was stopped by the addition of 50 1.I of 3 mM
methionine, and incubation was continued at 370C for 5 min.
The minicells were harvested, washed in 1 ml of TNE buffer
(50 mM Tris-HCl [pH 7.5], 10 mM NaCl, 1 mM EDTA), and
resuspended in 25 ,ul of sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer. After being
heated for 20 min at 50°C, the samples were separated by
SDS-12.5% PAGE (29) and autoradiographed.

Cell extracts. Extracts were made from cells grown in TB
medium or MMA. A 200-ml overnight culture was washed
twice in 10 mM Tris-HCl (pH 7.2)-0.1% ,B-mercaptoethanol
and resuspended in 2 ml of the same buffer. The cells were
ruptured in a French pressure cell at 20,000 to 25,000 lb/in2.
The crude extract was centrifuged for 30 min at 4°C at 27,000
X g. The supernatant was dialyzed and the protein concentra-
tion was determined by the method of Bradford (9), using the
protein assay medium of Bio-Rad (Pierce).

Analysis of sugars by TLC. For thin-layer chromatography
(TLC), we used precoated TLC plates (Silica 60; Merck). To
10 to 50 ,ul of cell extracts or purified TreC in 10 mM Tris-HCl
(pH 7.0), 10 mM (final concentration) trehalose or trehalose-
6-phosphate was added. The solutions were incubated for 1 h
at 37°C, and 10 ,I was spotted onto a TLC plate and dried.
When appropriate and as indicated in Fig. 4, calf intestine
alkaline phosphatase (5 U; Boehringer Mannheim) was added
and the incubation was continued for 1 h. The reaction
mixtures to which alkaline phosphatase had been added were
treated with 5 mg of ion-exchange resin (Serdolit MB; Serva)
and centrifuged, and the supernatant was spotted onto TLC
plates. As controls, 10 ,u each of 10 mM glucose, trehalose,
glucose 6-phosphate, and trehalose-6-phosphate was spotted.
The TLC plates were developed in 1-butanol-ethanol-water
(5:3:2), air dried, and sprayed with 20% H2SO4. The sugar
spots were made visible by charring (100°C).

Determination of the amount of glucose excreted by strain
CB17. Strain CB17 was grown overnight in MMA with glycerol
and trehalose as the carbon sources. The cells were concen-
trated to an optical density at 578 nm of 40, and 10 mM
trehalose was added. At intervals, 20-pI samples of the cell
suspension were centrifuged, and glucose in the supernatant
was determined by using glucose oxidase (2) with the glucose
oxidase-peroxidase kit of Merck.
TreC assay with PNG as the substrate. A 5- to 20-pA volume

of dialyzed cell extracts or purified TreC was added to 0.5 ml
of MMA alone or to MMA containing in addition different
concentrations of NaCl. A 200-pu amount of p-nitrophenyl-ct-
D-glucopyranoside (PNG) (4 mg/ml in H20) was added to start
the assay. As soon as the yellow color of para-nitrophenol
started to appear, the reaction was stopped by the addition of
1 ml 1 M Na2CO3. The samples were centrifuged, and the A420
of the supernatant was measured. The specific activity of
trehalose-6-phosphate hydrolase is given in micromoles of
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PNG hydrolyzed per minute and milligram of protein (units
per milligram of protein). This assay (in the absence of NaCl)
was used throughout this work as a standard. It should be
noted that the activity of the enzyme (units per milligram of
protein) in this assay is 16-fold lower than in the coupled assay
using the natural substrate trehalose-6-phosphate as described
below.

Coupled trehalose-6-phosphate hydrolase-glucose 6-phos-
phate dehydrogenase test. Glucose 6-phosphate produced by
TreC-mediated hydrolysis of trehalose-6-phosphate was oxi-
dized to 6-phospho-D-glucono-b-lactone by glucose 6-phos-
phate dehydrogenase, thereby reducing NADP+ to NADPH
plus H'. The assay was set up in such a way that the rate of
NADPH formation was linear with the amount of TreC and
was not limited by substrate or by glucose 6-phosphate dehy-
drogenase. The increase in A340 was measured over time. To
900 1.l of 50 mM Tris-HCl (pH 7.5), 0.5 to 50 mM trehalose-
6-phosphate, 0.3 mM NADP+ (Boehringer Mannheim), and
10 mM MgSO4 (all final concentrations) were added. Water
was added to a final volume of 1 ml. The reaction was started
with the addition of dialyzed cell extract (20 iul of a 0.2-mg/ml
solution) or pure TreC (5 ,ul of a 0.4-mg/ml solution) together
with glucose 6-phosphate dehydrogenase from Sigma (5 RIl of
a 0.4-mg/ml solution in H20). The reaction was monitored
spectrophotometrically over time at 340 nm and room temper-
ature with a Gilford photometer.

Sequencing of treC and sequencing strategy. The treC se-
quence was determined by the dideoxy chain termination
method of Sanger et al. (43), as modified by Biggin et al. (3).
We used universal lac primers (United States Biochemicals,
Cleveland, Ohio) as well as customized primers (Gesellschaft
fir angewandte Biotechnologie mbH, Ebersberg, Germany)
(MWG) and the Sequenase kit version 2.0 (U.S. Biochemi-
cals). [35S]dATP was purchased from Amersham Interna-
tional. The 2.8-kb EcoRI-ClaI fragment of plasmid pUE1
containing treC (Fig. 1) was cloned into the EcoRI-AccI site of
the M13 derivatives M13mp18 and M13mpl9 (Table 1),
yielding M13wkS and M13wk4, respectively. First we used the
universal lac primer (17-mer) provided by the sequencing kit
for sequencing the insert of M13wk4 and M13wkS. We used
the primers indicated in Fig. 5 as customized primers: primers
3 (5' CGA ACT GGT GAC GCA GG 3', at position 2124), 4
(5' GTA CCG CTG GAT TCT CC 3', at position 2406), 4a (5'
TCA GAT TCA CCA CAT CC 3', at position 2485), 5 (5'
GAG AAT GAT ACG AAT CC 3', at position 2169), and 6 (5'
CAT TAC GTT ATT CCT GC 3', at position 1875). Primer 3
contains the sequence shown in Fig. 5. Primers 4 to 6 are
complementary to the sequence shown in Fig. 5. Sequence
homologies were found by queries to the latest release of all
available databases, using BLAST server at National Center
for Biotechnology (NCBI), Bethesda, MD. (1).

Protein homology comparisons were done with the ClustalV
program (27).

Purification of TreC. To overexpress TreC for purification,
the T7 system of Studier and Moffat (47) was used. Strain
HF18 containing plasmid pRIM12, encoding treC under the
control of the T7 promoter, was grown overnight at 37°C in 4
liters of TB medium containing 0.4% glycerol, chlorampheni-
col (25 ,ug/ml), and tetracycline (20 ,ug/ml). A 2 mM final
concentration of isopropyl-i-D-thiogalactopyranoside (IPTG)
was added to induce the T7 RNA polymerase encoded chro-
mosomally by the strain, and the culture was incubated further
for 40 min. The following procedures were all performed at
4°C. The culture was centrifuged for 15 min at 4,200 X g. The
pellet was resuspended in 30 ml of 10 mM Tris-HCl (pH 7.5)-i
mM dithiothreitol (DTT). This suspension was ruptured in a
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FIG. 1. Plasmids used. The location and direction of the 17
promoter in pRIM12 (p 17) are shown. The extension, location, and
direction of treB, treC, and nrdD in the plasmids are indicated below
pRIM12. Only the relevant sites are shown in each plasmid.

French pressure cell at 20,000 lb/in2. A 10-mg amount of the
protease inhibitor phenylmethylsulfonyl fluoride (PMSF) and
100 tug of DNase (bovine grade II; from Boehringer) per ml
were added. The suspension was centrifuged for 1 h at 36,900
X g. The supernatant (30 ml) was precipitated with 40%
ammonium sulfate and centrifuged for 20 min at 27,200 X g.
The supernatant was precipitated with 100% ammonium sul-
fate. The resulting pellet was resuspended for 2 h in 10 ml of
a 60% ammonium sulfate solution and then centrifuged for 20
min at 27,200 X g. The pellet was resuspended in 10 ml of 100
mM Tris-HCl (pH 7.5)-i mM DTT and dialyzed overnight
against 2 liters of 10 mM Tris-HCl (pH 7.5)-i mM DTT-2 g of
PMSF per liter. All the following Tris buffers contained 1 mM
DTT and 2 mg of PMSF per ml.
The dialyzed protein solution was loaded onto an anion-

exchange DEAE-Sepharose CL6B column (2.5 [inner diame-
ter] by 9.7 cm) that was equilibrated with 20 mM Tris-HCl (pH
7.5) and washed with 30 ml of the same buffer. The flow rate
was 24 ml/h. The column was eluted with 200 ml of a linear 0
to 500 mM NaCl gradient in 20 mM Tris-HCl, pH 7.5. The
protein eluted at 250 mM NaCl. Samples containing TreC
activity were pooled and precipitated with 100% ammonium
sulfate. The pellet was resuspended in 1.5 ml of 100 mM
Tris-HCl, pH 7.5. Molecular-sieve chromatography through
Sephacryl S200 (1.5 [inner diameter] by 90 cm) equilibrated
with 50 mM Tris-HCl (pH 7.5) followed. The flow rate was 8
ml/h. The TreC-containing samples were pooled and chro-
matographed in 2-ml aliquots on an anion-exchange fast
protein liquid chromatography (FPLC) column (MonoQ)
equilibrated with 50 mM Tris-HCl, pH 7.5. After being loaded,
the column was subjected to a wash with 7.5 ml of the same
buffer followed by elution with 40 ml of a linear 0 to 500 mM
NaCl gradient in 50 mM Tris-HCl, pH 7.5. The protein eluted
again at 250 mM NaCl. The TreC-containing samples were
pooled, dialyzed against 50 mM Tris-HCl (pH 7.5), and kept
frozen in aliquots at -20°C. Enzymatic activity of the protein
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TABLE 2. Specific activity of trehalose-6-phosphate hydrolase in
different extracts with the substrate PNG

Strain extract or Inductiona Addition of NaCl U/mg of protein (10'
purified protein to assay (mM)" U/mg of protein)c

UE14 - - 0.8
+ - 50
-d + (300) 2.5
_d _ 0.4
+ + (300) 95

UE49
Alone - - <0.03
With pUE1 - - 0.3

+ - 5
With pRIM1 - - 2.8

+ - 3.5
With pRIM11 - - 155

+ - 157

CB17 - - 0.75
-/+ - 51

Purified TreC - 705
+ (300) 1,202
+ (500) 1,674

a Uninduced (-) strains were grown in MMA with glycerol. Induction (+) was
done by growth in MMA with trehalose. CB17 induction was performed by
adding 0.2% trehalose to the glycerol medium (-/+).

I Where indicated, NaCl was added to the assay prior to the addition of the
substrate PNG.

The activity of TreC is given in units (micromoles of PNG hydrolyzed per
minute) per milligram of protein (10-3). Values represent the average of three
measurements that did not vary by more than 5%.

d This strain was grown in the presence of additional 300 mM NaCl.

samples after each step was followed by PNG assay, Bradford
protein determination (9), and SDS-PAGE.

Nucleotide sequence accession number. The nucleotide se-
quence reported in this paper has been submitted to GenBank
under accession number U06195. The protein sequence has
been submitted to the Swissprot data bank under accession
number P28904.

RESULTS

Cloning of treC, encoding trehalose-6-phosphate hydrolase.
treC was cloned by transforming the Tre- strain UE49
(treA::TnlO treC-lacZ) with a gene bank of partially digested
Sau3A chromosomal E. coli (Tre' strain ECL116 [15]) DNA
fragments ligated into the BamHI site of pBR322 and selecting
for growth on trehalose. Plasmid pUE1 (Fig. 1) complemented
the growth defect of UE49 on trehalose and also the Tre-
phenotype of strain KRIM4 (treA treB), which is defective in
trehalose transport. Thus, pUE1 carries treB as well as treC.
Plasmids containing smaller chromosomal inserts were ob-
tained from pUE1 by subcloning as indicated in Fig. 1.
Plasmids pRIM1 and pRIM5, when transformed into strain
UE49, yielded only Tre' clones after a mutational event,
indicating, as will become clear later, the lack of an appropri-
ate promoter for treC. Neither plasmid complemented
KRIM4, indicating the absence of treB. Plasmid pRIM2 did not
complement the treC mutation in strain UE49 and did not
show the 62-kDa protein band corresponding to TreC in
minicell experiments (data not shown). Plasmid pRIM11, in
which the 6.5-kb PstI fragment of pUE1 was cloned into the
low-copy-number plasmid pHSG575, complemented the treC
as well as the treB mutation. As shown in Table 2, the presence

FIG. 2. Expression of plasmid-encoded genes. Plasmids were trans-
formed into strain HB290 and minicells were prepared. Plasmid-
encoded proteins were labeled with [35S]methionine and analyzed by
SDS-12.5% PAGE. The autoradiogram shows the following plasmids:
lane a, pBR322; lane b, pUE1; lane c, pRIM1; lane d, pRIM5. The
molecular mass standard (in kilodaltons) is indicated on the left. The
arrow points to TreC, a protein of 62 kDa.

of pUE1 in strain UE49 caused trehalose-inducible synthesis
of trehalose-6-phosphate hydrolase activity while pRIM1 re-
sulted in a low but constitutive level of enzyme activity. In
contrast, pRIM11 expressed high and constitutive levels of the
enzyme (Table 2) as well as high levels of transport activity
(data not shown). Apparently, pUE1 carried not only the intact
treB-treC region but also its regulatory elements, while in
pRIM11 treB and treC were under noncognate promoter
control. Plasmid pRIM12 contained the insert of pRIM11
under T7 promoter control. Since only one orientation of the
insert in pRIM12 (the one shown in Fig. 1) gave T7 promoter-
dependent expression of TreC, it is clear that the direction of
transcription of treC is from left to right, as indicated in Fig. 1.

Expression of treC in minicells. The plasmids pUE1,
pRIM1, and pRIM5 were transformed into the minicell-
producing strain HB290, and the plasmid-encoded proteins
were labeled with [35S]methionine, separated by SDS-PAGE,
and subjected to autoradiography. The results are shown in
Fig. 2. All plasmids encoded a protein with a molecular weight
of 62,000. Besides the vector-encoded proteins, this protein
was the only one seen in pRIM5. The insert in pRIM5 has a
2.5-kb coding capacity, just 1 kb more than necessary to encode
a protein with a molecular weight of 62,000. Since the molec-
ular weight of the purified TreC protein in fact has a molecular
weight of 62,000 (Fig. 3), it is obvious that the protein observed
in the minicell experiment is encoded by treC.
PNG is a substrate of trehalose-6-phosphate hydrolase. We

screened the ability of purified TreC protein to hydrolyze
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FIG. 3. Purification of TreC. After each purification step, samples
were analyzed by SDS-12.5% PAGE and stained with Coomassie blue.
Each lane was loaded with approximately 5 ,ug of protein. The
following preparations are shown: lanes 1 and 8, protein size standards;
lane 2, crude cell extract; lane 3, 40 to 60% ammonium sulfate fraction;
lane 4, protein fraction after DEAE anion exchange; lane 5, protein
fraction after gel filtration through Sephacryl S200; lanes 6 and 7,
fractions after FPLC (MonoQ) chromatography. Molecular masses (in
kilodaltons) are indicated on the right.

trehalose in the presence of maltodextrins of various lengths as
well as other polysaccharides extracted from large numbers of
cells. We did not observe hydrolysis of trehalose, nor did we
observe hydrolysis of maltodextrins of various lengths or of
isomaltose or sucrose. Instead, we found that PNG was

effectively hydrolyzed by the enzyme to glucose and p-nitro-
phenol. This reaction was rather specific. PNG was not hydro-
lyzed in extracts lacking TreC, nor was it hydrolyzed by the
periplasmic trehalase (6) or by any of the maltodextrin-
degrading enzymes, such as amylomaltase (40, 54), amylase
(22), or maltodextrin glucosidase (35, 42). The hydrolysis of
PNG in 130 mM potassium phosphate (pH 7.0) with 13 mM
PNG (which is above the saturating concentration) as a
substrate was used to spectrophotometrically assay for TreC
activity following the release ofp-nitrophenol. The data for the
specific activity of TreC in various bacterial extracts after
growth in the presence and absence of trehalose, as shown in
Table 2, were obtained with this assay. We noticed, and this is
also shown in Table 2, that the addition of 200 to 500mM NaCl
to the standard assay resulted in an increase of activity. Using
the PNG assay, we found that wild-type cells (UE14) were
induced by trehalose by a factor of 60. The treC::lacZ mutant
(UE49) essentially lacked any hydrolyzing activity. Cell ex-

tracts of UE49 harboring plasmid pUE1 contained trehalose-
inducible TreC activity but, surprisingly, to a lesser extent than
the wild-type strain UE14 in the absence of any plasmid.

Strains KRIM4 (treA treB), CB17 (treA::TnlOptsMptsGglk),
and RIM31 (treA::TnlO galU) do not grow, or grow only very
slowly, on trehalose. To investigate whether this might be due
to a deficiency in TreC activity, we tested different extracts of
these strains. The uninduced extracts of the strains were all the
same as the uninduced wild-type extract in their TreC activity
(data shown only for CB17 in Table 2). Except for the treB
strain KRIM4, the cells are inducible in their TreC activity
when grown in the presence of trehalose. Therefore, a lack of
treC inducibility or TreC activity is not the reason for their
defect in trehalose metabolism.

TABLE 3. Purification procedure for TreCa

Purification Amt of Sp act (,umol/ Yield Fold
step product protein protein)of cation

HF18 pRIM12 French 420 0.22 100 1
press extract

40-0% NH3SO4 292 0.23 71 1
fraction

DEAE fraction 117.6 0.35 43.8 1.6
Sephacryl S200 fraction 45 0.62 30 2.8
FPLC MonoQ fraction 13 0.70 10.4 3.7

a The samples of the different purification steps were tested in the PNG assay
to determine micromoles of PNG hydrolyzed per minute per milligram of
protein. Values represent the average of three measurements that did not vary by
more than 5%.

Purification of trehalose-6-phosphate hydrolase, the treC
gene product. treC was overexpressed under control of the T7
promoter in strain HF18. Purification was achieved by ammo-
nium sulfate precipitation (40 to 60% saturation), DEAE-
Sepharose ion-exchange chromatography, molecular-sieve
chromatography through Sephacryl S200, and finally ion-
exchange chromatography through an FPLC MonoQ column.

Figure 3 and Table 3 show the yield and degree of the
purification in the different steps as analyzed by SDS-PAGE
and the enzymatic assay with PNG. The protein was essentially
pure after the MonoQ FPLC step. From the elution profile of
the enzyme in the MonoQ column, it was clear that the
molecular weight of the native protein was the same as that of
the denatured polypeptide as determined by SDS-PAGE. We
obtained 13 mg of trehalose-6-phosphate hydrolase from 4
liters of IPTG-induced cells harvested at an optical density at
578 nm of 2.5. The surprisingly low degree of purification (Fig.
3; Table 3) is likely due to a considerable inactivation of the
protein during purification.
The TreC protein hydrolyzes trehalose-6-phosphate. Cell

extracts of strains expressing TreC, as well as the pure enzyme,
recognize not trehalose but trehalose-6-phosphate as a sub-
strate. Figure 4 shows the analysis by TLC of trehalose and
trehalose-6-phosphate after incubation with cell extracts con-
taining TreC or with pure TreC protein. As can be seen in Fig.
4, trehalose-6-phosphate is hydrolyzed to glucose and glucose
6-phosphate (lanes 7 and 9). Glucose 6-phosphate was identi-
fied by the addition of alkaline phosphatase to the heat-
inactivated incubation mixture with TreC (lane 12), in which
glucose was the major product of hydrolysis. The other com-
pound was trehalose, which was formed by the action of
alkaline phosphatase on the remaining trehalose-6-phosphate.
Neither glucose nor another product is formed when trehalose
is added to the pure enzyme (lane 6). On the other hand, cell
extracts but not pure TreC form small amounts of glucose from
trehalose, indicating the presence of a so-far-unidentified
cytoplasmic trehalase that is different from the periplasmic
trehalase and from the TreC protein (7, 34). Its activity can
also be seen in UE49 extracts. All the strains from which these
extracts were obtained are treA, thus lacking periplasmic
trehalase.
What can also be seen in Fig. 4 is that when trehalose-6-

phosphate is incubated with cell extracts (but not with purified
TreC protein), there is always, besides the formation of
glucose, the formation of trehalose (lanes 9 and 11). The
formation of trehalose is most likely due to the activity of
trehalose-6-phosphate phosphatase, the otsB gene product of
the high-osmolarity system, which is still synthesized to some
extent at low osmolarity, particularly when the cells have been
grown to stationary phase (26). An extract containing large
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FIG. 4. TLC analysis of trehalose-6-phosphate (tre-6-P) and treha-
lose (tre) after incubation with TreC. tre-6-P or tre (10 mM each) in 10
mM Tris-HCl (pH 7.0) was incubated for 1 h at 370C with TreC-
containing extracts (+TreC), with purified TreC (TreC), or with
extracts of strain UE49 lacking TreC (-TreC). Alkaline phosphatase
(PhoA) (5 U) was added as indicated. Lanes 1 to 4, controls (10 pul of
a 10 mM solution each). All extracts contained significant amounts of
OtsB, hydrolizing tre-6-P to tre (lanes 9 and 11). They also contained
small amounts of a trehalase activity of unknown origin, unrelated to
TreA or TreC (lanes 8 and 10). A 10-5±I sample of each incubation
mixture was spotted onto a TLC plate, dried, developed, and visualized
by charring.

amounts of trehalose-6-phosphate hydrolase (lane 13) shows
no trehalose when incubated with trehalose-6-phosphate, since
the substrate is hydrolyzed by TreC before its dephosphoryla-
tion by OtsB. To confirm that the product of TreC activity,
besides glucose, is glucose 6-phosphate, we used an enzymatic
assay that couples the TreC-mediated formation of glucose
6-phosphate from trehalose-6-phosphate with glucose 6-phos-
phate dehydrogenase. The rate of formation of NADPH upon
the addition of the two enzymes to trehalose-6-phosphate and
NADP+ was monitored spectrophotometrically. With this test,
the Km and the Vm. of the enzyme for trehalose-6-phosphate
were determined to be 6 mM and 5.5 pumol/min/mg of protein,
respectively. The Vm.n is certainly an underestimation of the
fully active enzyme, since we had noticed that the enzyme lost
activity during purification. When the crude extracts of treha-
lose-induced cells of UE14 were tested at a 10 mM substrate
concentration, a rate of 0.8 pumol/min/mg of protein was
obtained.

Determination of the DNA sequence of treC and sequence
homologies. The EcoRI-ClaI fragment of pUE1 that is also
present in pRIM1 was cloned into M13mpl8 and M13mpl9
and sequenced by using the universal lacZ primer as well as
customized primers along the sequence. The sequence of treC
together with the deduced amino acid sequence is shown in
Fig. 5. We had sequenced 791 bp beginning from the EcoRI
site of the M13 clones and 200 bp beginning from the ClaI site
(not shown in Fig. 5) when we found that the 3' end of the treC
sequence was identical to an incomplete open reading frame
reported by Sun et al. (49). Those authors recently published

the DNA sequence of the nrdD gene, encoding an anaerobic
ribonucleotide reductase. Upstream of the nrdD sequence,
they had found and partly sequenced the 3' portion of an open
reading frame whose deduced amino acid sequence was ho-
mologous to an oligo-1,6-glucosidase (53) of Bacillus cereus. It
became clear that the 3' end of the EcoRI-Clal fragment was
identical with the 5' end of the nrdD gene as well as with the
3' portion of the open reading frame as reported by Sun et al.
(49). The sequence already published by Sun et al. is marked in
Fig. 5. The treC gene starts with the ATG at position 1873 of
the sequence shown in Fig. 5. This is clear from the determi-
nation of the first seven N-terminal amino acids of the purified
protein. The treC gene ends with the TAA stop codon at
position 3527, which is followed by a potential transcriptional
termination site as indicated in the sequence (Fig. 5). Thus,
treC encodes a protein containing 552 amino acids with a
calculated molecular weight of 63,781. Upstream of treC we
could identify a potential ribosomal binding site for treC and an
adjacent open reading frame that continues up to the EcoRI
site, the beginning of the sequence. This open reading frame
represents the 3' portion of the treB gene, whose sequence,
including the transcriptional start site of the treB-treC operon,
will be published elsewhere.

Figure 6 shows the comparison of the deduced amino acid
sequence of TreC with a number of protein sequences found to
be homologous by searching the protein data bank. As can be
seen, TreC is homologous over the entire sequence, excluding
the very C terminus, with oligo-1,6-glucosidases (sucrase-
isomaltases) of Bacillus thernoglucosidiasus (51% identity), B.
cereus (48% identity), and a Bacillus sp. (45% identity) and
with dextran glucosidase of Streptococcus equisimilis (45%
identity).

Involvement of glucokinase in trehalose metabolism. In
order to estimate the contributions of glucose and glucose
6-phosphate, the products liberated by TreC, for growth on
trehalose, we tested strain CB17. This strain is defective in glk,
which encodes glucokinase; in treA, which encodes the
periplasmic trehalase; and inptsG and ptsM, which encode the
enzyme IHs of the PTS-mediated transport systems for glucose.
Thus, this strain is unable to grow on glucose. It has been
observed that this strain also is unable to grow on maltose (12).
We observed the same phenomenon with trehalose as the
substrate. The strain cannot grow on trehalose even though it
is fully active in trehalose transport (data not shown). This is
surprising, since the TreC enzyme is also fully active (Table 2).
As shown in Table 4, 10 mM trehalose given to cells of strain
CB17 grown to stationary phase was taken up and hydrolyzed,
and half of the glucose contained in trehalose was secreted into
the medium. The rate of glucose formation was about 1.5 nmol
of trehalose hydrolyzed per min per 109 cells. Growth can be
restored by the introduction of either glucokinase (phosphor-
ylating internal glucose) or enzyme EIIGlC (phosphorylating
incoming glucose). Since the second product of TreC-medi-
ated hydrolysis of trehalose-6-phosphate is glucose 6-phos-
phate, the strain should grow on trehalose even though it could
use only half of its glucose content. The assumption that CB17
can use internal glucose 6-phosphate is borne out by the
observation that it can grow on this compound as the sole
source of carbon. CB17 is also unable to grow on galactose,
even though it can grow on glycerol.

DISCUSSION

In this paper, we describe the cloning and sequencing of treC
as well as the purification and characterization of its gene
product, the trehalose-6-phosphate hydrolase of E. coli. To our
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________ EcoRI

M13mpl8/19 OGG AAT TCT CTC GAT TCA ACC GAG CTA CTG GCA GGT GTT TGC GCT GGC AAT GGC TAT CGC 1751

universaliprimer R N S L D S T E L L A G V C A G N G Y R 447

1752 CAT CAT CAT CCC GAT TGT ACT CAC CTC GTT TAT CTA TCA GCG GAA ATA CCG CCT GGG CAC GCT GGA CAT TGT TTA 1826
448 H H H P D C T H L V Y L S A E I P P G H A G H C L 472

S.D. #6
1827 ATT TTC TTC GGG GCG CAA TTG CGC TCG CAT TCO CAG GAA TAA cgta A= ACT CAT CTT CCC CAC TGG TGG CAA AAC 1902
473 I F F G A Q L R S H S Q E * M T H L P H W W Q N 10

stop tr start t=
1903 GGC GTT ATC TAC CAG ATT TAT CCA AAG AGT TTT CAG GAC ACC ACG GGT AGC GGT ACC GGC GAT TTA CGT GGC GTT 1977

11 G V I Y Q I Y P K S F Q D T T G S G T G D L R G V 35

1978 ATC CAA CAC CTG GAC TAT CTG CAT AAA CTG GGC GTT GAT GCC ATC TGG CTA ACC CCC TTT TAT GTC TCT CCC CAG 2052
36 I Q H L D Y L H K L G V D A I W L T P F Y V S P Q 60

2053 GTC GAT AAC GGT TAC GAC GTA GCG AAC TAT ACG GCG ATT GTA CCC ACC TAC GGC ACG CTG GAC GAT TTT GAC GAA 2127
61 V D N G Y D V A N Y T A I V P T Y G T L D D F D E 85

#3 D < #5

2128 CTG GTG ACG CAG GCA AAA TCG CGC GGG ATT CGT ATC ATT CTC GAT ATG GTG TTT AAC CAT ACC TCT ACC CAA CAT 2202
86 L V T Q A K S R G I R I I L D M V F N H T S T Q H 110

2203 GCC TGG TTT CGC GAG GCG CTG AAC AAA GAA AGC CCT TAC CGC CAG TTT TAT ATC TGG CGC GAT GGA GAA CCA GAA 2277
Ill A W F R E A L N K E S P Y R Q F Y I W R D G E P E 135

Sun et
2278 ACG CCA CCG AAC AAC TGG CGT TCA AAA TTT GGC GGT AGT GCG TGG CGC TGG CAT GCG GAA AGC GAA CAG TACTA 2352
136 T P P N N W R S K F G G S A W R W H A E S E Q Y Y 160

al., 1993 #4
2353 TTQ CAT CTC TTT GCA CCA GAA CAG GCG GAT CTC AAC TGG GAG AAT CCA GCG GTA CGC GCA GAG CTG AAA AAA GTC 2427
161 L H L F A P E Q A D L N W E N P A V R A E L K K V 185

.4 #4a

2428 TGT GAG TTC TGG GCC GAT CGT GGG GTC GAC GGG TTG CGC CTG GAT GTG GTG AAT CTG ATC TCC AAA GAC CCG CGT 2502
186 C E F W A D R G V D G L R L D V V N L I S K D P R 210

2503 TTC CCT GAA GAC CTG GAC GGC GAC GGG CGT CGC TTC TAC ACC GAC GGG CCA CGA GCA CAC GAG TTT TTG CAC GAG 2577
211 F P E D L D G D G R R F Y T D G P R A H E F L H E 235

2578 ATG AAC CGC GAT GTG TTT ACG CCA CGC GGG TTA ATG ACC GTA GGT GAA ATG TCC TCC ACC AGC CTT GAG CAT TGC 2652
236 M N R D V F T P R G L M T V G E M S S T S L E H C 260

2653 CAG CGA TAC GCG GCT CTG ACA GGC AGT GAA TTG TCG ATG ACC TTT AAT TTT CAT CAC CTG AAG GTC GAT TAT CCC 2727
261 Q R Y A A L T G S E L S M T F N F H H L K V D Y P 285

2728 GGT GGT GAA AAA TGG ACT CTG GCT AAA CCT GAC TTT GTG GCG TTG AAA ACA TTG TTC CGC CAC TGG CAA CAA GGA 2802
286 G G E K W T L A K P D F V A L K T L F R H W Q Q G 310

2803 ATG CAC AAC GTA GCA TGG AAT GCC TTG TTC TGG TGT AAC CAC GAT CAG CCG CGC ATT GTT TCT CGC TTT GGT GAT 2877
311 M H N V A W N A L F W C N H D Q P R I V S R F G D 335

2878 GAA GGT GAA TAC CGC GTG CCT GCG GCA AAA ATG CTG GCG ATG GTG CTG CAT GGC ATG CAG GGA ACG CCG TAT ATC 2952
336 E G E Y R V P A A K M L A M V L H G M Q G T P Y I 360

2953 TAC CAG GGC GAA GAG ATT GGC ATG ACC AAC CCG CAT TTC ACG CGC ATT ACT GAC TAT CGC GAC GTA GAG AGC CTC 3027
361 Y Q G E E I G M T N P H F T R I T D Y R D V E S L 385

3028 AAT ATG TTT GCC GAG CTG CGC AAC GAT GGG CGT GAT GCC GAC GAG TTA TTG GCA ATC CTC GCC AGT AAA TCC CGT 3102
386 N M F A E L R N D G R D A D E L L A I L A S K S R 410

3103 GAC AAC AGT CGC ACG CCC ATG CAA TGG AGC AAC GGC GAT AAT GCC GGG TTT ACG GCT GGC GAA CCG TGG ATT GGC 3177
411 D N S R T P M Q W S N G D N A G F T A G E P W I G 435

3178 CTG GGC GAT AAC TAT CAA CAA ATC AAC GTA GAA GCC GCG CTG GCC GAT GAT TCC TCG GTG TTT TAC ACC TAC CAA 3252
436 L G D N Y Q Q I N V E A A L A D D S S V F Y T Y Q 460

3253 AAG TTA ATC GCA CTG CGT AAG CAG GAA GCC ATC CTG ACA TGG GGC AAT TAC CAG GAT CTG CTG CCA AAC AGC CCT 3327

461 K L I A L R K Q E A I L T W G N Y Q D L L P N S P 485

3328 GTA TTG TGG TGC TAT CGC CGT GAA TGG AAG GGG CAA ACC TTG CTG GTC ATT GCC AAC CTT AGC CGT GAG ATC CAA 3402

486 V L W C Y R R E W K G Q T L L V I A N L S R E I Q 510

3403 CCC TGG CAG GCA GGG CAA ATG CGC GGC AAC TGG CAG CTT GTG ATG CAT AAC TAC GAA GAA GCC TCA CCA CAA CCC 3477

511 P W Q A G Q M R G N W Q L V M H N Y E E A S P Q P 535

3478 TGT GCC ATG AAT TTA CGG CCT TTT GAG GCT GTC TGG TGG TTA CAG AAG TAA atcttccctaagccccggtaatgccggtcatt 3560
536 C A M N L R P F E A V W W L Q K *. tein. +(552

stop tzAQ loop

3561 ccggggttttggtctgtcagtatgttgtttttgttgatttttcaaccagcaaattcattaaaaaatttacatatcgctgtagcgccgtcatccgtacgc 3660

3661 tctgctttttactttgagctacatcaaaaaaagctcaaacatccttgatgcaaagcactatatatagactttaaaatgcgtcccaacccaatatgttgta 3760

3761 ttaatcgactataattgctactacagctccccacgaaaaaggtgcggcgttgtggataagcggatggcgattgcggaaagcaccggaaaacgaaacgaaa 3860

3861 aaaccggaaaacgcctttcccaatttctgtggataacctgttcttaaaaatatggagCgatc AM ACA CCG CAT GTG ATG AAA CGA GAC 3949

1 M T P H V M K R D 9
start n=

3950 GGC TGC AAA GTG CCG TTT AAA TCA GAG CGC ATC AAA GAA GCG ATT CTG CGT GCA GCT AAA GCA GCG GAA GTC GAT 4024

10 G C K V P F K S E R I K E A I L R A A K A A E V D 34
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knowledge, this is the first time a trehalose-6-phosphate hy-
drolase from any organism has been cloned, purified to
homogeneity, and sequenced.

treC is located immediately upstream of nrdD, which en-
codes the anaerobic ribonucleotide reductase at 96.5 min on
the genetic map of E. coli (49). It is separated from nrdD by a
putative transcriptional termination site (Fig. 5) followed by a
promoter for nrdD (49). Upstream of treC and immediately
adjacent to it is treB, encoding EIITre. As will be described in
detail elsewhere, treB and treC form an operon (27a). Consis-
tent with this interpretation is the observation that plasmid
pUE1 (containing treB as well as treC) exhibits inducible TreC
activity, whereas pRIM1 (containing treC and only 200 bp of
the 3' portion of treB) exhibits low but constitutive levels of
TreC because it does not contain the main promoter of the
operon. It is not clear yet whether there exists a weak promoter
within the treB gene that allows trehalose-independent expres-
sion of treC. We had observed that our largest plasmid, pUE1,
exhibited trehalose-inducible TreC activity that was less than
the chromosomally encoded TreC activity of a wild-type strain.
Preliminary results have shown that this plasmid contains
upstream of the treB-treC operon the gene encoding the
repressor for the operon. This repressor might be responsible
for the lower level of expression of the pUEl-encoded treC.
The purified TreC protein hydrolyzed PNG but not treha-

lose. This prompted us to reevaluate the role and enzymatic
function of TreC. It occurred to us that the p-nitrophenyl ring
in PNG vaguely resembles the glucose 6-phosphate portion of
trehalose-6-phosphate. Since this compound has now become
commercially available, we could demonstrate that TreC was
indeed able to hydrolyze trehalose-6-phosphate. Thus, it be-
came clear that TreC was not an amylotrehalase, as proposed
earlier (7), but a trehalose-6-phosphate hydrolase. The rate of
TreC-mediated trehalose-6-phosphate hydrolysis in extracts of
fully induced strains was high enough to account for the
metabolic flow necessary for growth.
The rate of transport of a particular carbon source is usually

considered the rate-limiting step in the degradation of the
carbon source (33). In the case of trehalose metabolism, the
key reaction is the hydrolysis of trehalose-6-phosphate after
the PTS-mediated uptake of trehalose as trehalose-6-phos-
phate. Crude extracts of a fully induced wild-type strain
contained an activity of 0.8 ,umol of trehalose-6-phosphate
hydrolyzed per min and mg of protein. With the approximation
that 109 cells correspond to about 0.1 mg of protein (38), the
Vm. of TreC activity contained in 109 cells corresponds to
about 80 nmol of trehalose-6-phosphate hydrolyzed per mim.
This value should be compared with 9 nmol/min and 109 cells
at room temperature, the Vm. of trehalose uptake of fully
induced cells as determined by transport assays (1). On the
basis of Michaelis-Menten kinetics and using aKm of 6 mM for
the enzyme and assuming the absence of any other trehalose-
6-phosphate-degrading enzyme (for example, OtsB), the equi-
librium concentration of intracellular trehalose-6-phosphate
during growth on unlimited' amounts of trehalose should
therefore be about 0.76 mM. Thus, the activity of OtsB that
eliminates trehalose-6-phosphate nonproductively (forming
nonmetabolizable internal trehalose) will greatly affect growth
on trehalose. We have demonstrated previously that the high
activity of this enzyme under high-osmolarity growth condi-

tions is responsible for the reduction of treB-treC expression at
high osmolarity because of the lack of induction of treB-treC by
internal trehalose-6-phosphate (28).

In order to compare TreC with other enzymes, we searched
the BLAST facility of NCBI. The highest degree of homology
of the deduced amino acid sequence of TreC to proteins in the
data bank was to oligo-1,6-glucosidases (sucrase-isomaltases)
from Bacillus species over the entire sequence (Fig. 6). His-
105, Asp-200, Glu-250, His-324, and Asp-325 of TreC can be
considered conserved amino acids in comparison with analo-
gous sites in oligo-1,6-glucosidases of B. cereus (53), B. ther-
moglucosidiasus (52), and dextran glucosidase of S. equisimilis
(37), as shown in Fig. 6. Watanabe et al. (52) compared the
oligo-1,6-glucosidase sequences of B. cereus and B. thermoglu-
cosidiasus with the sequences of Aspergillus oryzae a-amylase
(35) and porcine pancreas et-amylase (13), both of which had
been crystallized and had had their X-ray structures deter-
mined. Although the amino acid sequences of the oligo-1,6-
glucosidases and the a-amylases diverged, Watanabe et al.
found a strong similarity between the protein conformation of
the oligo-1,6-glucosidases, predicted by the primary structure,
and the known structure of the a-amylases. From this compar-
ison, Watanabe et al. could infer which amino acids are
important for the function of the active site of the glucosidases.
Exactly the same amino acids (His-105, Asp-200, Glu-250,
His-324, and Asp-325 of TreC) are highly conserved in TreC
(Fig. 6). Watanabe et al. (52) discuss these sites as taking part
in binding the ct-glucosyl group of PNG or the nonreducing
a-glucosyl group of isomaltosaccharide, since these terminal
glucose residues are released from the corresponding substrate
upon hydrolysis. Possibly, these sites in TreC have similar
functions with trehalose-6-phosphate as the substrate.
The conserved Pro-18, Pro-54, Pro-59, and Pro-138 residues

of TreC can be discussed in the same way, in respect to the
analogous sites in B. cereus and B. thermoglucosidiasus. Wa-
tanabe et al. (52) see these proline residues as important for
the conformational integrity of the active site cleft of the
oligo-1,6-glucosidases compared with the a-amylase of A.
oryzae (35).
The functions of the prominent homologous stretch of 11

identical amino acids beginning at position 360 of TreC (Fig. 6)
and of 6 identical amino acids beginning at position 414 of
TreC are unknown.

It seems surprising that TreC (which recognizes a sugar-
phosphate) contains homology to the stretch in oligo-1,6-
glucosidases (which recognize unphosphorylated sugars) which
has been proposed as the active site. However, this is not
without precedence, since the active sites of triose-phosphate
isomerase, pyruvate kinase, and aldolase (the substrates of
which are all organic phosphates) show homology to sequences
proposed to form the active site in A. oryzae a-amylase (an
enzyme recognizing unphosphorylated sugars) (35).
We did not find significant homology to enzymes hydrolyzing

sucrose 6-phosphate of gram-negative bacteria that are part of
the sucrose degradative pathway and genetically connected to
the PTS-mediated uptake of sucrose as sucrose 6-phosphate
(44) This is even more surprising, since TreB (the enzyme
ElI re) is highly homologous to several sucrose PTS ElI
proteins (27a).

Marechal (34) had reported earlier that E. coli contained a

FIG. 5. DNA sequence of treC. The 3' end of treB and the sequence of treC are shown. The beginning of the sequence published by Sun et al.
(49) is indicated (boldface and underlined), beginning at position 2348. Arrows above the DNA sequences indicate the primer sequences used
(primers 3 to 6). The putative Shine Dalgarno sequence (S.D.) is indicated. treC starts with the ATG codon at position 1873. The stop codons of
treB and treC (asterisks) and the putative termination loop for treC translation (arrows beginning at bp 3538) are shown.
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18
MTHLPHWWQNGVIYQIY KSFQDTTGSGTGDLRGVIQHLDYLHKLGVDAI
MER--VWWKEAVVYQIY SFYDSNGDGIGDIRGIIAKLDYLKELGVDVV
MEK--QWWKESVVYQI SFMDSNGDGIGDLRGIISKLDYLKELGIDVI
--S--QWWKEAVVYQIY'RSFYDSNGDGFGDLOGVIQKLDYIKRLGADVI

*.1* . .. . .-
WL1AiYVS tVI)NGYDVANYTAIVPTYGTLDDFDELVTOAXSRGTRTTLD
WL'eVYK-4 DDNGYDISDYRDIMDEFGTMADWKTMLEEMHKRGIKLVMD
WLS!YES.NDDNGYDISDYCKIMNEFGTMEDWDELLHEMHERNMKLMMD
T.Tr ~T̂ 1.̂,rV-,,"o ^ ^WLC e DS DDNGYDISDRSINYEKFGTbNDDMF-QbLIVHfV^KRMKII1MD
WLS vYQS.MDDNGYDISDYEAIAEVFGNMDDMDDLLAAANERGIKIIMD

. ... . . .....

105 138
MVFNHrSTQHAWFREAL-NKESPYRQFYIWRDGEPETP--FNNWRSKFGGS
LVV]EN SDEHPWFIESRKSKDNPYRDYYIWRPGK-NGKEIFSNNWESVFSGS

r SDEHwrAWiAESRKSKJNPrY Y vwrDvArzDw9Ir WuaLrF

AWRWHAESEQYYLHLFAPEQADLNWENPAVRAELKKVC:
AWEYDEMTGEYYLHLFSKKQPDLNWENPKVRREVYEMM
AWQYDEMTDEYYLHLFSKKQPDLNWDNEKVRQDVYEMM
AWS-AMSTAQYYLHYFSKKQPDLNWENEAVRREVYDLM
AWELDEASGQYYLHLFSKKQPDLNWENAHVRQKIYDMM

200
IDVNLISKDPRFPE-DLDGD---- GRRFYTDGPRAH'
NDVINMISKVPELPDGEPQSGKKYASGSRYYMNGPRVH'
!.D VINFISKEEGLPTVETEEEG-YVSGHKHFMNGPNIH
41DVIGSISKFVDFPDYETDDSRPYVVG-RYHSNGPRLH
I.DUVIDLIGK ---IPDSEITG----------- NGPRLH

PRGLMTV ESSTSLEHCQRYAALTGSELSMTFNFHHL
KYDIMTV( E PGVTPKEGILYTDPSRRELNMVFQFEHM
HYDIMTV E MPGVTTEEAKLYTGEERKELQMVFQFEHM
RYDCMTVC E AGGSDVEEAKKYTDPSRHELNMIFTFEHM
NHDVMTVCrWGATPEIARQYSRPENKELSMVFQFEHVI

WTLAKP-DFVALKTLFRHWQQGMH-NVAWNALFWC32
WD- IRPWSLADLKKTMTKWQKELE-GKGWNSLYLN1E
WD-VKPCSLLTLKENLTKWQKALE-HTGWNSLYNE I
WQ--MKPFDPIALKKTMTRWQTALM-NVGWNTLYFEN I
WDYAEELDVPALKTIFSKWQTELKLGEGWNSLFWNNE

380 370
EYRVPAAKMLHGMQGTPIYQGEEIGMTPHFTR
KYRVESAKMLATFLHMMQGTPYIYQGEEIGMTN iRFPS
MYRIESAKMLATVLHMMKGTPYIYQGEEI ES"
ELRKQSRQSISNSSARHEGNPFIYQGEEIGMTN EMP-
IYREKSAKALAILLHLMRGTP PFKD

414 419
FAE- -LRNDGRDADELLAILASKSRDNSTi SNGD
YKERVEE-YGEDPQEVMEKIYYKGRDN TPMQF DSE
YKEKVME-RGEDIEKVMQSIYIKGRDN TPMQ4DDQN
YRELVIENKTMTEEDFRKAVAKKGRDHA RTPMQDDGK
YAKEAMEN-GVPAARVMSSIRKVG RDNATPMQKDT

TreC GLGDNYQQINVEAALADDSSVFYTYQKLIALRKQEAIL
BacT PVNPNYKEINVKAALEDPNSVFHYYKKLIQLRKQHDII
BacC TVNPNYKEINVKQAIQNKDSIFYYYKKLIELRKNNEIV
BacS AVNPRYQEINVKESLADEDSIFYYYQKLIGLRKQNKVI
DexB PVNPNYQEINVADALANQDSIFYTYQQLIALRKDQDWL

TreC PVLWCYRREWKGQTLLVIANLSREIQPWQ-AGQMR-GN
BacT PYIYRYTRTLGNEQLIVITNFSEKTPVFRLPDHIIYKT
BacC PSIFAYVRTYGVEKLLVIANFTAEECIFELPEDISYSE
BacS PRIFAYIREYRGEKLLV---------------------
DexB -KVFAYQRQFGEETYVIVVNVSDQEQVF--AKDL--AG

TreC SPQPCAMNLRPFEA-VWWLQ-K
BacT AEELKEIRLRPWEARVYKIRLP
BacC GP-IENITLRPYEAMVFKLK--
BacS ---------------------P
DexB V--LETKHLQPWDAFCVKLSV-

FIG. 6. Homology of TreC to oligo-1,6-glucosidases
protein sequence of TreC was analyzed in the BLAST
with the ClustalV program (27). The sequences of tre
phate hydrolase of E. coli (TreC); oligo-1,6-glucosidase
glucosidiasus (BacT), B. cereus (BacC), and a Bacillus s
dextran glucosidase of S. equisimilis (DexB) are sh(
indicate identical amino acids, while dots indicate coi

'EFWADRGVDGLR
KFWLDKGVDGFR
KFWLEKGIDGFR
[TFWMDRGVDGWR
NFWIAKGIGGFR

TABLE 4. Formation and secretion of glucose after the
uptake of trehalose by strain CB17'

mM glucose
Time (h) released into

the medium

0........................................ 0.8
1 ........................................ 3.2
2........................................ 5.0
3 ........................................ 6.8
4.5........................................

9.0
5 ........................................ 9.5
6 ........................................ 9.2
7........................................ 10.5
8 ........................................ 9.4

25 ........................................ 8.3

a CB17 cells were induced with trehalose and were concentrated to an optical
density at 578 nm of 40 in MMA. Trehalose (10 mM final concentration) was
added. At the indicated times, 20 ,u l of cells was centrifuged and the supernatant
was tested for glucose content.

[EFLHEMNRDVFT trehalose-6-phosphate hydrolase as well as an EII enzyme of
[EFLQEMNREVLS the PTS specific for trehalose. At the time, we could not

YENENEVLS reproduce Marechal's finding of a trehalose-6-phosphate hy-
[DYLKEMNQATFG drolase. Instead, the incubation of trehalose-6-phosphate with

cellular extracts always yielded trehalose and some glucose,
,KVD---YPGGEK indicative for a catabolic trehalose-6-phosphate phosphatase
IDLDS--G-PGGK as the first degradative enzyme (7). In retrospect, we presume
IDLDS---GEGGK that there existed in our extracts a considerable amount of
DIDTKQHSPNGK

'GLQHKPNAP--K trehalose-6-phosphate phosphatase, the product of otsB, that
efficiently competed with trehalose-6-phosphate hydrolase

PRIVSRFGDEG (TreC) and produced free trehalose from this compound. As
PRAVSRFGDDG we now know, OtsB is induced not only under conditions of
PRVVSRGNDG high osmolarity but also under stationary-growth conditions,
PRVLSIWGNDS both phenomena being dependent on the alternate sigma
** * factor RpoS (26). The most reasonable explanation for the

LITDYRDVESLNM different results in our assays and the assays that Marechal
,IEDYRDIETLN performed (34) is therefore that the strain Marechal used for
*LEMYDDLEIKNA testing cellular extracts was grown to mid-log phase, a condi-
LTEVDDIESLN- tion under which expression of RpoS is reduced (31), whereas

we used extracts of stationary-phase cells. Thus, the extracts
)NAGFTAG-EPWI that Marechal used may not have contained trehalose-6-
'NAGFTAG-TPWI phosphate phosphatase whereas ours did.

;YAGFTDG-EAWL From this consideration and as already mentioned above, it
HAGFSEAQETWL appears that trehalose-6-phosphate phosphatase, the otsB gene

product, is critical for the ability of the cell to metabolize
TWGNYQDLLPNS trehalose. It seems that OtsB, the trehalose-6-phosphate phos-
VYGSYDLILEDD phatase (in the absence of TreA, the periplasmic trehalase),
:VYGDYRLLLEED curtails growth on trehalose, particularly when stationary-
*VEADYHLLPTAD phase cells are inoculated in trehalose-containing media. Long

lag phases are notorious in studies of growth on trehalose (30).
IWQLVMHNYE-EA Another interesting phenomenon is the observation that a
'KELLISN=DVDE treA ptsMptsG gik strain which lacks any enzymatic activity to

*------------ phosphorylate glucose is unable to grow on trehalose even
,AEVVITNTDVDK though it is fully active in uptake of trehalose as trehalose-6-

phosphate and in its hydrolysis to glucose and glucose 6-phos-
phate. Despite the fact that these cells lack their glucose

;. The deduced
data bank and
:halose-6-phos-
s of B. thermo-
;p. (BacS); and
own. Asterisks
nserved amino

acids. Dashes mark sites of missing amino acids. Prolines at sites 18, 54,
59, and 138 are boxed. His-105, Asp-200, Glu-250, His-324, and

Asp-325 are boxed and marked with a point, indicating their possible
function as part of the active site of the enzymes. The long stretches of

identical amino acids (whose significance is not yet known) from

positions 360 to 370 and from positions 414 to 419 in the C-terminal

part of these enzymes are boxed.

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB

TreC
BacT
BacC
BacS
DexB
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LamB outer membrane

inner membrane
.zE

trehalose-6-phosphate -> trehalose

glucose + glucose-6-phosphate

-@ > high osmolarity

\/~ >low osmolarnty

glucose-6-phosphate

glycolysis

FIG. 7. Model of trehalose metabolism in E. coli. Trehalose dif-
fuses into the periplasm through the LamB pore (LamB). Under
low-osmolarity conditions, trehalose is transported into the cell under
simultaneous phosphorylation by enzyme EIICBTre (TreB) of the PTS,
using EIIA of the glucose PTS (EIIAGlC) as the phosphoryl donor.
Internally, trehalose-6-phosphate is hydrolyzed to glucose and glucose
6-phosphate by the trehalose-6-phosphate hydrolase (TreC). Free
glucose is phosphorylated by glucokinase (GLk), and glucose 6-phos-
phate undergoes glycolysis. At high osmolarity, TreB and TreC are
repressed. Trehalose is hydrolyzed in the periplasm to two molecules
of glucose by the periplasmic trehalase (TreA). Glucose is then
transported into the cells by the glucose PTS. On the other hand,
trehalose is synthesized under high-osmolarity conditions by the
trehalose-6-phosphate synthase (OtsA) and the trehalose-6-phosphate
phosphatase (OtsB), using glucose 6-phosphate and UDP-glucose as
substrates.

transport systems, they effectively excrete the unusable glucose
through an as-yet-unknown pathway (Table 4). It is unclear
why the retained glucose 6-phosphate is not able to support
growth. The same phenomenon can be observed with the
utilization of maltose in a very similar strain. In this case,
unusable glucose is also secreted and the remaining maltodex-
trins cannot support growth despite the presence of maltodex-
trin phosphorylase (12). It seems that for growth on glycolytic
carbon sources, the cell needs the capacity to phosphorylate
glucose, indicating at the same time the presence of a cyto-
plasmic activity hydrolyzing glucose 6-phosphate or glucose
1-phosphate to glucose (19).

Figure 7 represents our present view of trehalose metabo-
lism in E. coli. At high osmolarity, OtsA and OtsB are present
at high levels and synthesize internal trehalose from UDP-
glucose and glucose 6-phosphate (46). At the same time, the
TreB-mediated uptake of trehalose as trehalose-6-phosphate
and its TreC-mediated hydrolysis to glucose and glucose
6-phosphate are prevented by the OtsB-mediated removal of
internal trehalose-6-phosphate, this compound being the in-

ducer of the treB-treC operon (28) as well as the substrate of
the TreC protein. Nevertheless, the utilization of exogenous
trehalose as a carbon source is still possible at high osmolarity
because of the hydrolysis of trehalose to glucose in the
periplasm by the osmotically-inducible periplasmic trehalase
(TreA), followed by the PTS-mediated uptake of glucose as
glucose 6-phosphate.
At low osmolarity, provided that the level of OtsB is low,

trehalose is taken up by TreB as trehalose-6-phosphate and
hydrolyzed by TreC to glucose and glucose 6-phosphate, which
are then subjected to glucose phosphorylation to glucose
6-phosphate and glycolysis.

Future studies will have to concentrate on the regulatory
role of OtsB in the utilization of internal trehalose-6-phos-
phate as well as on the role of internal-glucose phosphoryla-
tion. The latter aspect is important for the utilization of not
only trehalose but also other disaccharides, such as maltose
and lactose, as well as the monosaccharide galactose.
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