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Summary. The treA gene of Escherichia coli K12 codes for 
a periplasmic trehalase that is induced by growth at high 
osmolarity. The position of treA within a cloned chromo- 
somal D N A  fragment was identified by subcloning of re- 
striction fragments and analysis of  the gene product in mini- 
cells. The nucleotide sequence of the treA coding region 
as well as its upstream control region was determined. The 
treA gene consists of  1695 bp encoding 565 amino acids. 
The amino-terminus of the mature trehalase was found to 
begin with the amino acid Glu at position 31 of the open 
reading frame. The first 30 amino acids resemble a typical 
signal sequence, consistent with trehalase being a secreted 
periplasmic enzyme. Two previously isolated phoA fusions 
to the osmA gene were transferred by homologous recombi- 
nation on to a treA-containing plasmid and found to be 
within treA. Analysis of the hybrid genes and their gene 
products aided the localization of treA and the determina- 
tion of its direction of transcription within the cloned chro- 
mosomal segment. The treA-phoA fusions encoded hybrid 
proteins which could be found in the periplasm. We found 
that at high osmolarity the normal pathway for the uptake 
and utilization of trehalose is blocked. Therefore, the func- 
tion of the periplasmic trehalase is to provide the cell with 
the ability to utilize trehalose at high osmolarity by splitting 
it into glucose molecules that can subsequently be taken 
up by the phosphotransferase-mediated uptake system. 
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Introduction 

Trehalose is a nonreducing disaccharide composed of two 
glucose moieties that are linked alpha-glucosidically. This 
sugar plays an important role as a reserve carbohydrate 
in yeast and other organisms (Panek 1969). Trehalase 
(EC 3.2.1.28), the enzyme that liberates glucose from treha- 
lose during the onset of vegetative growth, has been studied 
intensively and is known to be regulated by cAMP (Theve- 
lein 1984), The gram-negative bacterium Escherichia coli 
K12 can use trehalose as its sole source of carbon and 
energy. Its specific utilization has been described as phos- 
photransferase (PTS)-mediated uptake presumably as treha- 
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lose-6-phosphate (Marrchal 1984), a conclusion that has 
been challenged by Postma et al. (1986). Further metabo- 
lism of internal trehalose-6-phosphate has been claimed by 
Marrchal (1984) to occur by a trehalose-6-phosphate hyd- 
rolase releasing glucose and glucose-6-phosphate. Our un- 
published results do not support this conclusion. They rath- 
er indicate hydrolysis in the cytoplasm of trehalose-6-phos- 
phate to trehalose and subsequently to glucose. 

E. coli can hydrolyse trehalose by a periplasmic treha- 
lase. This enzyme is induced under conditions of  high osmo- 
larity in the growth medium but not by trehalose (Boos 
et al. 1987). Very likely, this enzyme provides the cell with 
an alternate pathway for trehalose utilization at high osmo- 
larity, when it splits trehalose in the periplasm into glucose 
molecules which can then enter the cell as glucose-6-phos- 
phate via a PTS-mediated uptake system for glucose. In 
addition, E. coli also contains an effective system for the 
internal synthesis of trehalose under conditions of  high os- 
molarity in the growth medium (Giaever et al. 1988); this 
synthesis represents one of several cellular osmoprotective 
reactions (Strom et al. 1986). The biochemical basis for the 
internal synthesis of  trehalose is known: trehalose synthe- 
tase, an enzyme that is induced under growth conditions 
of high osmolarity and that is activated in the presence 
of high concentrations of potassium ions, transfers glucose 
from UDP-glucose to glucose-6-phosphate, yielding treha- 
lose-6-phosphate (Giaever et al. 1988). The latter is further 
hydrolysed to trehalose, presumably by a specific phospha- 
tase. 

The isolation of gene fusions to phoA, the structural 
gene for the periplasmic alkaline phosphatase, led to the 
identification of several genes (osmA to osmK) that code 
for periplasmic or membrane-bound proteins that are in- 
duced under growth conditions of  high osmolarity (Gutier- 
fez et al. 1987). Among these, osmA was found to lack the 
periplasmic trehalase (Boos et al. 1987), suggesting that 
treA and osmA are the same gene. To learn more about 
the molecular basis of the complex regulatory phenomena 
that are connected with the cellular response to osmotic 
stress and to overproduce trehalase for biochemical studies, 
we have recently cloned treA (Boos et al. 1987). In the pres- 
ent paper we report an analysis of this gene. 

Materials and methods 

Bacterial strains and plasmids. Bacterial strains and plas- 
mids used in this study are listed in Table 1. 
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Table 1. Bacteria and plasmids 

Strain Description Origin/Reference 

Escherichia coli KI2 
MC4100 F-  araD139 A(argF--lac)U169 

rpsL150 relA1 deoC1 ptsF25 
rbsRflbB5301 

UE5 Hfr KLI6 thi A(ptsHl-crr) 
galR treA : : TnlO 

MPh2 MC4100 zJ(brnQ-phoA-proC) 

BRE2410 a MPh2 t reA::TnlO 
CLG1 b MPh2 treA-134 : : TnphoA 

CLGI 1 ~ MPh2 treA-259: : TnphoA 
CLG190 araD139 A (ara-leu) 7697 

A (lac) X74 galU galK rpsL 
A (malF)3 phoR zJ (phoA)PvulI  
pcnB zad: : TnlO recA1/ 
F'lacl q lacZ + y+ 

CLG310 a CLG1/F' lacl  q lacZ + Y+ 
KRIM4 MC4100 treA: :Tnl0 trt 
UE15 MC4100 treA trt § 
UE41 MC4100 trt treA § 

zcg-757: :Tn l0  
SH120 MC4100 glpR A(glpT--glpA) 593 

gyrA p h o S T  
DS410T minB ara lacY malA mtl  xy l  

rpsL thi fhuA azi 
A(glp T--  glp A)593 

Casadaban 
(1976) 

Boos et al. 
(1987) 

Gutierrez et al. 
(1987) 

This work 
Gutierrez et al. 

(1987) 
C. Gutierrez 
Laboratory 

collection 

This work 
W. Boos 
W. Boos 
W. Boos 

Schweizer and 
Boos (1983) 

Larson et al. 
(1982) 

Plasmids 
pBR322 bla + tet + Bolivar et al. 

(1977) 
pTZ19R bla + lacPO Mead et al. 

(1986) 
pTRE5 pBR322 bla + tet + treA + ; Boos et al. 

Fig. 1A (1987) 
pTRE7 pBR322 tet + treA + ; Fig. 1 A This work 
pTRE8 pBR322 bla + treA-  ; Fig. 1 A This work 
pTRE9 pBR322 tet + treA - ; Fig. 1 A This work 
pTRE10 pBR322 bla + treA + ; Fig. 1A This work 
pTREI1 pBR322 bla + treA+; Fig. 1A This work 
pTRE12 pTRE5 treA-134: :TnphoA; This work 

Fig. 1 B 
pTRE13 pTRE5 treA-259: : TnphoA ; This work 

Fig. 1 B 
pTRE14 pTZ19R bla + treA + This work 

a This strain was constructed by growing a Plvir lysate on the 
t reA::TnlO strain UE5 and subsequently transducing the 
treA: :Tnl0 insertion into strain MPh2 
b The TnphoA insertion present in this strain has previously been 
described as osmA-134::TnphoA (Gutierrez et al. 1987) 
c This PhoA + TnphoA insertion in treA was isolated and character- 
ized as previously described for osmA-134: :TnphoA (Gutierrez 
et al. 1987) 
d This strain is a Lac + exconjugant from a cross between strain 
CLG1 and strain CLG190 

M e d i a  and  chemicals.  Trehalose MacConkey,  M M A  and 
LB media were prepared as described by Miller (1972). 
Kanamycin (Kan) and ampicillin (Amp) were added to me- 
dia at 40 ~tg/ml and 100 ~g/ml, respectively. The chromo- 
genic substrate of  alkaline phosphatase, 5-bromo-4-chloro- 
3-indolyl-phosphate (XP), was used at a concentration of  

40 ~tg/ml. PhoA + colonies developed a blue colour when 
grown on solid media at pH 7.0 in the presence of  this 
compound.  

Genet ic  procedures .  Standard procedures were used for 
growth of  bacteria and bacteriophages, and generalized 
transduction with phage Plvir  was as described by Miller 
(1972) and Silhavy et al. (1984). The selection for recombi- 
nation of  chromosomal  t r e A : : T n p h o A  insertions on to the 
t reA + plasmid pTRE5 was based on the increase in resis- 
tance to Kan conferred by the amplification of  the T n p h o A  
sequence on a multicopy plasmid (Berg et al. 1983). The 
t reA:  : T n p h o A  fusion strains CLG1 and C L G l l  (Table 1) 
were transformed with pTRE5 and streaked on LB agar 
supplemented with XP and containing 300 I~g/ml Kan. 
Large, dark blue colonies which appeared after 24 h of  incu- 
bation at 37 ~ C were restreaked on the same medium. Plas- 
raids prepared from these clones were used to transform 
strain CLG190, selecting for Kanr transformants. The re- 
striction patterns o f  plasmids prepared from these transfor- 
mants were determined to verify that these plasmids carried 
a T n p h o A  insertion. Strain CLG190 carries a recA1 and 
a p c n B  mutation (Table 1); the latter mutat ion reduces the 
copy number of  the ColEl-derived plasmids (Lopilato et 
al. 1986). CLG190 was used as a recipient in the last trans- 
formation step in order to avoid a possible deleterious effect 
of  high-level expression of  an amplified t r e A - p h o A  gene 
fusion. 

Since T n p h o A  is a transposon (Manoil and Beckwith 
1985), it was necessary to verify that its insertion into plas- 
mid pTRE5 had resulted from homologous recombination 
between D N A  sequences present both in the E. coli chromo- 
some and pTRE5,  and not by transposition of  T n p h o A  
into this plasmid. Therefore, several independent plasmid 
candidates were analyzed for the recombination of  each 
t r e A : :  T n p h o A  fusion into pTRES. All plasmids obtained 
with a particular fusion showed the same restriction pattern, 
al though those obtained from the two different t r e A : :  Tn- 
p h o A  fusion strains, C L G I  and CLG11, were readily distin- 
guished by restriction analysis. Thus the insertions were 
assumed to have resulted from homologous recombination. 

M e t h o d s  used  with nucleic acids. Isolation of  plasmid DNA,  
restriction digestion of  DNA,  D N A  ligation with T4 ligase, 
and D N A  transformation were carried out as described 
(Maniatis etal .  1982; Silhavy etal.  1984). The 2.55 kb 
E c o R I - B a m H I  fragment from pTRE5 that carries t reA 
(Fig. 1) was cloned into the multifunctional vector p T Z I 9 R  
(Mead et al. 1986), resulting in plasmid p T R E I 4  (Table 1). 
A series of  deletions extending from the B a m H I  site toward 
the E c o R I  site were constructed using exonuclease III/S1 
nuclease (Promega). Various D N A  fragments were also 
subcloned into pTZ18R and pTZ19R (Mead et al. 1986). 
These plasmids were transformed into strain CLG190, and 
single-stranded D N A  was obtained by infecting the result- 
ing strains with the M13KO7 helper phage (Mead et al. 
1986). D N A  sequences were determined using the enzyme 
Sequenase (USB Corp.) and 35S-dATP for the labelling, 
according to the manufacturer 's  protocol.  Double-stranded 
D N A  of  the plasmids pTRE12 and p T R E I 3  (Table 1) was 
denatured, hybridized with a 13-mer primer specific for the 
5' end of  the ' phoA  sequence carried by T n p h o A ,  and se- 
quenced with Sequenase to determine the t r e A : : T n p h o A  
fusion joints. These fusion joints were deduced according 
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Fig. l. Structure of the treA + plasmid pTRE5 and its derivatives and location of the treA : :TnphoA insertions. A The restriction maps 
of pTRE5 and its derivatives with their TreA phenotypes are shown. The heavy lines represent pBR322 vector DNA and the thin 
lines represent chromosomal DNA. The open boxes correspond to a segment of the mini-Mu element pEG5005 (Groisman and Casadaban 
1986) which was originally used to clone treA (Boos et al. 1987). The triangle indicates an in vitro constructed deletion. B The direction 
of transcription of the treA gene is indicated by the hatched arrow and the positions of the TnphoA insertions are marked by small 
arrows. The other symbols are as in A: R, EeoRI; B, BamHI; PII, PvuII; Ps, PstI; PI, PvuI; M, MtuI; K, KpnI; N, NsiI; X, XmaI 

to the TnphoA left-end sequence (Manoil and Beckwith 
1985). 

Preparation o f  periplasmic proteins and minicells, gel electro- 
phoresis, and immunological detection o f  TreA-PhoA hybrid 
proteins. Periplasmic proteins were prepared as described 
by Neu and Heppel (1965). The particular strains were 
grown overnight in 100 ml of LB medium. The shock proce- 
dure was done with cells resuspended in 20 ml of the condi- 
tioning medium. The final shock fluid was lyophilysed and 
resuspended in 1 ml of 50 mM TRIS-HC1, pH 7.2, dialysed 
against the same buffer, and clarified by centrifugation. 
It routinely contained 2-3 mg of protein/ml. The purifica- 
tion of trehalase and the determination of trehalase activity 
in crude shock fluids were as described previously (Boos 
et al. 1987). Polyacrylamide gel electrophoresis with gels 
containing 12% acrylamide was done according to Laemmli 
(1970). Immunoblotting was done according to Towbin 
et al. (1979) using antibodies raised against alkaline phos- 
phatase or trehalase. Minicell preparation from strain 
DS410T (Table 1) and radiolabelling of newly synthesized 
proteins with 35S-methionine (1000mCi/mmol; from 
Amersham Corp.) were done as described by Boos et al. 
(1987). 

Results and discussion 

Location oftreA in p TRE5 

We have previously described a treA + plasmid, pTRE5, 
that carries a 10.3 kb chromosomal EcoRI  restriction frag- 
ment inserted into the unique EcoRI site of  plasmid 
pBR322. One end of this fragment originates from an 
EcoRI  site present in the chromosomal DNA, and the other 
end corresponds to an EcoRI site in the DNA of the mini- 
Mu element pEG5005 (Groisman and Casadaban 1986), 
which was used in the cloning of treA (Boos et al. 1987). 
We first established a restriction map of pTRE5 (Fig. 1 A). 
The treA gene was mapped at 26 min on the E. coli chromo- 
some, which corresponds to a position of 1260 kb on the 
E. coli chromosomal restriction map (Kohara et al. 1987). 
The restriction pattern of the chromosomal segment present 
in pTRE5 is in fairly good agreement with the pattern re- 
ported by Kohara et al. (1987) for a DNA fragment extend- 
ing from positions 1258 kb to 1268 kb on this map. 

To locate treA within the cloned fragment, we deleted 
various segments of pTRE5 and also subcloned defined 
restriction fragments into plasmid pBR322. To detect treha- 
lase activity, we transformed these new plasmids into strain 
CLG1 carrying the treA-134: :TnphoA fusion (Gutierrez 
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et al. 1987) and streaked the transformants on to trehalose 
MacConkey indicator plates. Strain CLGI  forms pink colo- 
nies on these plates; however, when it is transformed with 
a treA § plasmid like pTRE5, it forms dark red colonies. 
This phenotype results from the hydrolysis of trehalose by 
the periplasmic trehalase and the further transport and me- 
tabolism of the resulting glucose molecules (Boos et al. 
1987). Two plasmids, pTRE10 and p T R E I I ,  were con- 
structed by cleaving pTRE5 with PvulI and BamHI, respec- 
tively, and religating. Both plasmids conferred a TreA § 
phenotype in strain CLG1 (Fig. 1 A). Additional plasmids 
(pTRE7 to pTRE9; Fig. 1 A) were constructed by subclon- 
ing segments of pTRE5 into plasmid pBR322 and trans- 
formed into strain CLG1. These results narrowed the posi- 
tion of treA to the 2.55 kb EcoRI-BamHI fragment (posi- 
tion 4.36 kb to 6.91 kb of pTRE5; Fig. IA), and showed 
that a segment of treA is present between the PvuI and 
BamHl sites (positions 5.56 kb and 6.91 kb, respectively) 
of pTRE5 (Fig. 1A). Assays of trehalase activity in crude 
shock fluids prepared from each of the plasmid-containing 
strains were used to confirm the TreA phenotypes deter- 
mined on the trehalose MacConkey indicator plates (data 
not shown). 

Analysis o f  plasmid-encoded trehalase in minicells 

We also expressed the treA + plasmids in minicells and ana- 
lysed the synthesized proteins by SDS-polyacrylamide gel 
electrophoresis (PAGE). Purified trehalase is known to 
have a molecular weight of 58 000 on such gels, and pTRE5 
has been shown to direct the synthesis of trehalase, as well 
as that of several other proteins (Boos et al. 1987). A 
58 kDa protein that comigrated with purified trehalase was 
detected in the protein profiles of  plasmid-containing 
strains (Fig. 2B, lane 3). These results show that the various 
plasmids when present in strain CLG1 not only lead to 
a TreA + phenotype but also encode an intact trehalase. 
It should be noted that trehalase was the only non-vector- 
encoded protein detected in minicells carrying pTREI1 
(Fig. 2). This plasmid, which was used in subsequent DNA 
sequencing experiments, carries a 2.55 kb chromosomal seg- 
ment whose coding capacity is only slightly larger than that 
required for a 58 kDa protein. 

Recombination of  treA: : TnphoA gene fusions 
on to p TRE5 

Strains CLG1 and C L G l l  (Table 1) carry PhoA + inser- 
tions of the transposon TnphoA (Manoil and Beckwith 
1985) in a nonessential gene initially named osmA, whose 
expression is stimulated by an increase in the osmotic pres- 
sure of the growth medium (Gutierrez et al. 1987). Like 
treA, osmA was mapped at 26 rain on the E. coli chromo- 
some. Furthermore, strains CLGI  and C L G l l  lacked the 
periplasmic trehalase activity (Boos et al. 1987 and our un- 
published data). In order to clarify the relationship between 
treA and osmA, we transformed strains CLGI  and CLG11 
with pTRE5 and transferred the TnphoA insertions by re- 
combination on to this plasmid. The resulting plasmids, 
pTRE12 and pTREI3,  allowed us to map the two TnphoA 
insertions at different positions within the 2.55 kb chromo- 
somal fragment that carries treA (Fig. 1 B). One can there- 
fore conclude that osmA is identical to treA; this was con- 
firmed by subsequent DNA sequence analysis (see below). 

Fig. 2. Plasmid-directed protein synthesis in minicells. Minicells 
transformed with pBR322 (A, lane 1), pTRE5 (A, lane 2), pTRE10 
(A, lane 3), pTRE7 (A, lane 4), pTRE5 (B, lane 2) and pTREI1 
(B, lane 3) were labelled with aSS-methionine, dissolved in SDS, 
and analysed by SDS-PAGE. Molecular weight standards are 
shown in the left lane of (A) and the right lane of (B); purified 
trehalase was electrophoresed in lane i of (B). The gel was stained 
with Coomassie blue and dried. The molecular weight standards 
and purified trehalase were marked with radioactive ink and the 
gel was autoradiographed. The arrowheads indicate the position 
of the plasmid-encoded trehalase. The numbers at the left indicate 
the molecular weight of the marker proteins in kilodaltons 

We propose to conserve the name treA for this gene. Re- 
striction analysis of the treA: :TnphoA fusions present on 
plasmids pTRE12 and pTRE13 also allowed us to deduce 
the direction of transcription of treA within the cloned chro- 
mosomal fragment (Fig. 1 B). According to the position of 
the treA-encoding DNA segment on the E. coli chromosom- 
al restriction map (Kohara et al. 1987), this would corre- 
spond to a counterclockwise transcription of treA on the 
bacterial genetic map (Bachmann 1987). 

Biochemical analysis 
of  the plasmid-encoded TreA-PhoA hybrid proteins 

To determine the size of the two plasmid-encoded TreA- 
PhoA fusion proteins derived from strain CLG1 (carrying 
treA-134: : TnphoA) and CLGI  1 (carrying treA- 
259: :TnphoA), we isolated the periplasmic proteins of  
strains harbouring these two treA-phoA fusion plasmids and 
analysed them by SDS-PAGE (Fig. 3A). The proteins were 
then transferred to nitrocellulose sheets and probed with 
antibodies against alkaline phosphatase (Fig. 3 B). As can 
be seen in the figure, the TreA-PhoA 259 fusion protein 
was slightly larger than mature alkaline phosphatase, 
whereas the TreA-PhoA 134 fusion protein was larger by 
about 25 kDa. The latter fusion protein showed extensive 
proteolytic breakdown. Thus, TreA-PhoA 259 has its fusion 
joint very early in trehalase, while the TreA-PhoA 134 fu- 
sion protein contains about one-third of the amino-terminal 
portion of trehalase. Since the fusion joint could accurately 
be determined, the position of the 5' end of the treA coding 
region on the plasmid DNA became clear (Fig. 1 B). 
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Fig. 4. Strategy for sequencing treA and the treA : : TnphoA fusion 
joints. Deletions A1 to A64 represent the endpoints of deletions 
extending from the BamHI site towards the EcoRI site. The restric- 
tion sites used for the subcloning of DNA fragments are shown 
and the fusion sites for the two treA : : TnphoA insertions are indi- 
cated. Thin arrows show the regions sequenced in each sequencing 
reaction. Arrows originating at a closed circle indicate sequencing 
reactions performed with denatured double-stranded DNA. The 
other sequencing reactions were done with single-stranded DNA. 
The hatched arrow indicates the extent of the treA coding region 

Fig. 3. SDS-PAGE of periplasmic proteins and immunological de- 
tection of TreA-PhoA hybrid proteins. A The periplasmic proteins 
of the following strains were applied to a 12% SDS-polyacrylamide 
gel which was stained with Coomassie blue: SH 120, a strain synthe- 
sizing alkaline phosphatase constitutively (lane l); BRE2410 
(pTRE13; treA-259: :TnphoA) (lane 2); BRE2410 (pTRE12; treA- 
134::TnphoA) (lane 3); MPh2, a strain lacking alkaline phospha- 
tase (lane 4); CLGI (treA-134: :TnphoA, pTRE5; treA +) (lane 5); 
purified trehalase (lane 6). Only the periplasmic protein prepara- 
tions in lanes 1, 4 and 5 contained trehalase; the protein bands 
at the position of trehalase in lanes 2 and 3 represent an unrelated 
polypeptide (Boos et al. 1987). In lane 7 a molecular weight stan- 
dard is shown. B The proteins shown on the gel in A were trans- 
ferred electrophoretically on to a sheet of nitrocellulose and probed 
with a rabbit antiserum directed against alkaline phosphatase. The 
arrowheads to the left of A the gel and B the nitrocellulose sheet 
mark the position of mature alkaline phosphatase; the other arrow- 
heads indicate the position of the TreA-PhoA hybrid proteins 

DNA sequence of t reA and the amino-terminus 
o f  the mature trehalase 

From plasmid pTREI1 ,  we have sequenced the entire 
2.55 kb BamHI-EcoRI chromosomal D N A  segment that 
carries treA (Fig. 1). The sequencing strategy used is sum- 
marized in Fig. 4, and the determined D N A  sequence is 
shown in Fig. 5. Only one open reading frame (ORF) that 
is long enough to encode a 58 kDa protein can be found 
in this sequence. This open reading frame is oriented from 
the unique BamHI site present in p T R E l l  towards the 
EcoRI site (Fig. 4), in agreement with the direction of  tran- 
scription o f  treA as determined from the analysis of  the 
t reA::TnphoA insertions present in p T R E I 2  and pTRE13 
(Fig. 1 B). The full-length O R F  starts with an A T G  codon 
(at position 496; Fig. 5) and ends with a T A A  stop codon 
(at position 2191; Fig. 5). The treA O R F  was also con- 

firmed by sequencing the fusion joints of  the two treA: :Tn- 
phoA insertions. They occurred after nucleotides 610 and 
1288 for treA-259: :TnphoA and treA-134::TnphoA, re- 
spectively (Fig. 5). According to the D N A  sequence o f  the 
TnphoA left end (Manoil and Beckwith 1985), the created 
phoA fusions are in frame with the proposed treA ORF.  
With an amino-terminus that is identical to that of  wild- 
type trehalase, these fusions would encode hybrid proteins 
that are larger than alkaline phosphatase by 8 and 234 ami- 
no acids. This would increase the size of  alkaline phospha- 
tase by 900 and 26839 Da, respectively, in agreement with 
the sizes of  the hybrid proteins determined from their elec- 
trophoretic mobility. 

Trehalase is a periplasmic enzyme and therefore is most 
likely synthesized as a precursor molecule. We thus se- 
quenced the amino-terminus of  the purified trehalase. The 
determined sequence with the exception of  Pro-34 matches 
that o f  the predicted product  o f  the identified O R F  from 
Glu-31 to Leu-43 (Fig. 5), demonstrating that this proposed 
O R F  does encode trehalase. The mature trehalase would 
then comprise 535 amino acids and its calculated molecular 
weight would be 60463 Da, in good agreement with the 
value of  58000 Da  for trehalase estimated from its electro- 
phoretic mobility on SDS-polyacrylamide gels (Boos et al. 
1987). Upstream of  the G A A  codon encoding Glu-32 in 
the treA ORF,  four codons are found that can function 
as translational starts (Stormo 1986), a G U G ,  a U U G ,  and 
two AUGs  at nucleotides 577, 550, 529 and 496, respective- 
ly (Fig. 5). AUG-496 is the only one of  these preceded by 
a putative ribosome-binding site: 5 ' - A A G G A G - 3 '  (marked 
with asterisks in Fig. 5). This sequence is located 8 bp up- 
stream of  the A U G  codon, a distance close to the consensus 
spacer in translational starts (Stormo 1986). The amino- 
terminus o f  the putative trehalase precursor exhibits the 
characteristic features of  a bacterial signal sequence (von 
Heijne 1985). An amino-terminal segment with three posi- 
tive charges (from Met-I to Lys-l 1; Fig. 5) is followed by 
a hydrophobic  core of  fifteen amino acids. The sequence 
Val-Gln-Ala-Glu from amino acids 28 to 31 fits the minimal 
requirement for a signal peptidase cleavage site with a cut 
between Ala and Glu (von Heijne 1985). Furthermore,  this 
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i00 

CGGTTGTAAAAGGTATCTGCCTTAGCGCCGGAAGTCCGGTATCCCACAGCGCCCT AATCGCCCGTGAACTGGGGATTGGCTGGATTTGCCAGCAGGGTGAGAAACTGTAT 

200 

GCGATACAACCAGAAGAAACGCTAACGCTGGACGTTAAAACGCAACGTTTCAACC GTCAGGGTT/~GCCACTGTTCGGATGGCATCG~I~CTGATGTCATCCGGCAA~YlPTA 

300  

C T C A G C A C T ~ M ~ T G G ~ % C T A C C T G ` ~ A T A ~ C A C C J d ~ T ~ I ~ A T G A T G A T ' P I ' ~ C ' ~ C G C T ~ . T C A C G ~ C C C ~ C G C C G C T G G C T G G C T ~ T A ~ C A G A C G ` ~ A  

-35 -I0 400 

TTTGATCACTCTATTTCGCCGTTATTTATCCCTTTAATTCCCTTTTCTAAAATGC CTGACAG~"CGCAG~TGAGA'I~I~CGATCATGCAGCTAGTGCGATCCTG~CT~% 

500 
SD 

GGg-iq-YCTGATAC'I~G/~TACCG'I~I~A'I~2CGGT'I~CGCC~AGGAGAATGATTG ATG A / ~  TCC CCC GCA CCT TCT CGC CCG C ~  ~ ATG GCG 'X~A 
*"~"~ Met LyS Set Pro Ala Pro Ser Arg Pro Gln Lys Met Ala Lou 

600 

ATT CCA GCC TGT ATC TTT TTG TGT TTC GCT GCG CTA TCG GTG CAG GCA GAA GAA ACA CCG GTA ACA CCA CAG CCG CCT GAT ATT 
Ile Pro Ala Cys Ile Phe Leu Cys Phe Ala Ala Leu Set ValGln Ala Glu Glu Thr Pro Val Thr Pro Gln Pro Pro Asp II...~e 

A 700 

TTA TTA GGG CCG CTG TTT AAT GAT GTG CAA AAC GCC AAA CTTTTT CCG GAC CAA AAA ACC TTT GCC GAT GCC GTG CCG AAC AGC 
Leu Leu GIy Pro Leu Phe Asn Asp Vsl Gln Ash Ala Lys Leu Phe Pro Asp Gln Lys Thr Phe Ala Asp Ala Val Pro ASh Set 

GAT CCG CTG ATG ATC CTT GCT GAT TAT CGG ATG CAG CAA AAC CAG 
Asp Pro Leu Met Ile Leu Ala Asp Tyr Arg Met Gln Gln Asn Gln 

800 

ACC CTG CCG AAA GAA GGC GAG AAA TAT GTT CCG CCA GAG GGG CAG 
Thr Leu Pro Lys Glu GIy Glu Lys Tyr Val Pro Pro Glu Gly Gln 

900 

ACG CGT TCT ACC GAA AAC ACC GAA A~ TGG GAT TCT CTG TTA CCG 
Thr Arg Set Thr Glu Asn Thr Glu Lys Trp Asp Set Leu Leu Pro 

AGC GGA TTT GAT CTG CGC CAT TTC GTT AAC GTC AAT TTC 
Set Gly Phe Asp Leu Arg His Phe Val Asn Val Ann Phe 

TCA CTG CGC GAA CAT ATT GAC GGA CTT TGG CCG GTA TTA 
Ser Leu Arg Glu His Ile Asp G1u Lau Trp Pro Val Leu 

CTG CCG GAA CCT TAT GTC GTG CCG GGC GGA CGC TTT CGC 
Leu Pro Glu Pro Tyr val Val Pro GIy GIu Arg Phe Arg 

1000 

GAG GTA TAT TAC TGG GAC AGT TAC TTC ACC ATG TTA GGA CTTGCC GAA AGC GGT CAC TGG GAT AAA GTC GCG GAT ATG GTG GCC 
Glu Val Tyr Tyr Trp Asp Set Tyr Phe Thr Met Leu Gly Leu Ala Glu Ser GIu His Trp Asp Lys Val Ala Asp Met Val Ala 

1100 

AAT TTT GCT CAT GAA ATA GAC ACT TAC GGT CAT ATT CCC AAC GGC AAC CGC AGT TAC TiT TTA AGC CGC TCG CAA CCG CCC TTC 
Ash Phe Ala His Glu Ile Asp Thr Tyr Gly His Ile Pro Asn Gly ASh Arg Set Tyr Tyr Leu Ser Arg Set Gin Pro Pro Phe 

1200 

TTT GCC CTG ATG GTA GAG TTA CTG GCG CAG CAT GAA GGC GAT GCC GCG TTG AAG CAA TAC CTG CCG CAA ATG CAA AAA GAA TAT 
Phe Ala Leu Met Val Glu Leu Leu Ala Gln His Glu Gly Asp Ala Ala Leu Lys Gln Tyr Leu Pro Gln Met Gln Lys Glu Tyr 

GCT TAC TGG ATG GAC GGT GTT GAA AAC CTG CAA GCC GGA CAACAG GAA AAA CGC GTT GTC AAA CTT CAG GAT GGT ACC CTT CTC 
Ala Tyr Trp Met Asp Giy Val Glu Asn Leu Gln Ala Gly Gln Gln Glu Lys Arg Val Val Lys Leu Gln ASp Gly Thr Leu Leu 

1300 

AAC CGC TAC TGG GAC GAT CGC GAT ACG CCA CGA CCA GAG TCA TGG GTG GAA GAT ATT GCC ACC GCC AAA AGC AAT CCG AAT CGA 
Asn Arg Tyr Trp Asp Asp Arg Asp Thr Pro Arg Pro Glu Set Trp Val Glu ASp Ile Ala Thr Ala Lys Set Asn Pro ASh Arg 

1400 

CCT GCC ACT GAA ATT TAC CGC GAC CTG CGC TCT GCC GCT GCG TCT GGC TGG GAT TTC AGC TCG CGC TGG ATG GAC AAC CCG CAG 
Pro Ala Thr Glu Ile Tyr Arg Asp Leu Arg Set Ala Ala Ala Set Gly Trp Asp Phe Set Set Arg Trp Met Asp Ash Pro Gln 

1500 

CAG TTA AAT ACC TTA CGC ACC ACC AGC ATC GTA CCG GTC GAT CTG AAC AGC CTG 
Gln Leu Ash Thr Leu Arg Thr Thr Set Ile Val Pro Val Asp Leu Ash Ser Leu 

GCC AGC AAA GCT GCC GGA GAT AAC GCG ATG GCA AAC CAG TAC GAA ACG CTG GCA 
Ala Set Lys Ala Ala GIy Asp Asn Ala Met Ala Ash Gln Tyr Glu Thr Leu Ala 

CTG TGG AAC GAT CAA CAA GGC TGG TAT GCC GAT TAC GAC CTGAAA AGT CAT AAA 
Leu Trp Ash Asp Gln Gin GIu Trp Tyr Ala Asp Tyr Asp Leu Lys Set His Lys 

ATG TTT AAA ATG GAA AAA ATC CTC GCC CGC 
Met Phe Lys Met Glu Lys Ile Leu Ala Arg 

1600 

~T GCC CGT CAA AAA GGG ATC GAA AAA TAC 
Asn Ala Arg Gln Lys GIy Ile Glu Lys Tyr 

1700 

GTG CGC AAT CAG TTA ACC GCG GCC GCC CTG 
Val Arg Asn Gin Leu Thr Ala Ala Ala Leu 

TTC CCG CTG TAC GTC AAT GCG GCA GCG AAA GAT CGC GCC AAC AAA ATG GCG ACG 
Phe Pro Leu Tyr Val Ash Ala Ala Ala Lys Asp Arg Ala Ash Lys Met Ala Thr 

Fig. 5 

GCG ACG AAA ACA CAT CTG CTG CAA CCC GGC 
Ala Thr Lys Thr His Leu Leu Gln Pro Gly 
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1800 

GGC CTG AAC Ace ACG TCG GTG AAA AGT GGG CAA CAA TGG GAT GCG CCA AAT GGC TGG GCA CCG TTA CAG TGG GTC GCG ACA GAA 
Gly Leu Ash Thr Thr Set Val Lys Ser Gly Gin Gln Trp Asp Ala Pro ASh Gly Trp Ala Pro Leu Gin Trp Val Ala Thr G1u 

1900 

GGA TTA CAA AAC TAC eGG CAA AAA GAG GTG GCG ATG GAC ATT AGe TGG CAC TTC CTG Ace AAT GTT CAG CAC ACC TAT GAC eGG 
Gly Leu Gln Asn Tyr Gly Gln Lys Glu Val Ala Met Asp Ile Set Trp His Phe Leu Thr Ash Val Gln His Thr Tyr Asp Arg 

2000 

GAG AAA AAG CTG GTG GAA AAA TAT GAT GTC AGC ACe ACe GGA ACG GGG GGC GGC GGT GGC GAA TAT CCA TTA CAG GAT GGC TTT 
Glu Lys Lys Leu Val Glu Lys Tyr Amp Val Ser Thr Thr Gly Thr G1y Gly Gly Gly ely GIu Tyr Pro Leu Gin Asp G1y Phe 

2100 

GGC TGG Ace AAT GGC GTG ACG CTG AAA ATG CTG GAT TTG ATe TGC eGG AAA GAG CAA CCG TGT GAC AAT GTT CCG GCG AGG CGT 
GIu Trp Thr Ash GIu Val Thr Leu Lys Met Leu Alp Leu Ile Cys Pro Lles Glu Gin Pro Cys Asp Ash Val Pro Ala Thr Arg 

2200 

CCG ACe GTT AAG TCA GCA ACG ACG CAA CCC TeA Ace AAA GAG GCA CAA CCC ACA CCT TAA CCAGCGCTTACTCCGACAACGTCATTCGGCT 
Pro Thr Val Lys Set Ala Thr Thr Gln Pro Set Thr Lys Glu Ala Gln Pro Thr Pro --- t 

2300 

TCTCCGGATGGCGTTGTCGGCAGATAACACCATAGCTATGGTTTTTTCTACACAG ACGGTTTTTCAAGTC CTGGCGGGAAGTATTGCGCAAATGTTTGeCATACGTGGTT 
J 

2400 

GCCGAAGATAGCGTCATTTCTACGGGTAAGTGTTTCACTTTCATCACCCGGCGAT TTACGCCGACGTTGGCTATATAAAGCATCAATTGCTACCTGAATATTGTTACGGT 

2500 

GTTCACTCATCAACGTTTTTTTGCTTTCTGGAGTTAAATTAATAATCAC ATAATC CAGACACTCCAGAGAATTTAGCAACCAAAAAAAGAATTC 

Fig. 5. Nucleotide sequence of tre.4 and its flanking regions. The nucleotide sequence of the treA region and the deduced amino acid 
sequence for the precursor of trehalase are shown. The putative cleavage site for the signal sequence peptidase is indicated by the 
arrowhead below the line. Underlined amino acids were determined experimentally. The ribosome-binding site (SD) is marked by asterisks 
below the line, and a possible promoter region ( -10 and -35) is overlined. The proposed transcription terminator for treA is indicated 
by the two arrows below the line. The treA-259: :TnphoA and the treA-134:: TnphoA fusions are marked by solid triangles after positions 
610 bp and t288 bp, respectively 
,11 

putative signal sequence-processing site is highly homolo- 
gous to the processing site for the signal sequence of the 
outer membrane protein TolC (Hackett and Reeves 1983). 
This suggests that the trehalase is synthesized as a precursor 
larger then the mature protein found exported into the peri- 
plasmic space. 

A search for similarity was done on the mature trehalase 
by scanning the "Swissprot" protein sequence bank by the 
method of Lipman and Pearson (1985). No significant simi- 
larity was found in this search. 

treA appears to be transcribed as a single cistron 

A computer search using the matrix of Mulligan et al. 
(1984) identified several putative promoters within the re- 
gion of 240 to 480 bp. The - 3 5  and - 1 0  hexanucleotides 
of the strongest predicted promoter with a homology score 
of 59% are overlined in Fig. 5. We compared the treA con- 
trol region with those of the osmoregulated ompC and ompF 
genes (Inokuchi et al. 1982; Mizuno et al. 1983). No appar- 
ent similarity was detected, consistent with the observation 
that the osmotic control of treA expression is independent 
of the products of the ompB locus (Gutierrez et al. 1987). 
Obviously, more work is needed to identify the actual treA 
promoter and the DNA sequences involved in the osmotic 
regulation of treA. 

A potential stem-loop structure is found 11 bp down- 
stream of the treA stop codon (Fig. 5). This structure is 
not followed by a stretch of T's typical for consensus-factor- 
independent transcription terminators (Brendel et al. 1986), 
but it should be very stable (AG of -28 .6  kcal) and it 
is a good candidate for a transcription terminator element. 

In any case, no reading frame of a significant size and pre- 
ceded by a potential translation start site can be found 
either downstream of this stem-loop structure or upstream 
of the treA translational start. Therefore, it appears that 
treA must be transcribed as a single cistron. 

The periplasmic trehalase is essential 
f o r  growth on trehalose at high osmolarity 

As reported earlier (Boos et al. 1987), a mutation in treA 
did not abolish the ability of E. coli to grow on trehalose. 
In view of the observation that E. coli produces from inter- 
nal metabolites large amounts of trehalose at high osmolar- 
ity (Giaever et al. 1988), the presence of a periplasmatic 
trehalase that is induced under the same conditions ap- 
peared illogical. This paradox was solved when we observed 
that treA mutants grew on trehalose only at low osmolarity 
(Table 2). Apparently, uptake and/or further metabolism 
of trehalose is turned off in the presence of more than 
250 mM NaC1 in the growth medium. In addition, a mutant 
(KRIM4) that was unable to grow on trehalose due to 
a defect in the trehalose uptake system (trt;  trehalose trans- 
port) was isolated from strain UE15, a treA derivative of 
strain MC4100 (Boos et al. ; unpublished results). Introduc- 
tion of a wild-type treA gene into strain KRIM4 by P1 
transduction yielded UE41. This strain grows on trehalose 
at both low and high osmolarity, although with reduced 
efficiency in comparison to a trt+treA § strain. The effect 
of different combinations of treA and trt on the growth 
rates with 0.2% trehalose as carbon source is shown in 
Table 2. From this analysis it is clear that the major func- 
tion of the periplasmic trehalase is to provide a means of 
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Table 2. Generation time with trehalose as sole source of carbon 
in different strains grown at low and high osmolarity 

Strain Relevant Generation time at 
genotype a 

low high 
osmolarity b osmolarity b 

MC4100 trt + treA + 63 min 220 min 
UE15 trt + treA 74 min _ c 
UE41 trt treA + 231 min 234 min 
KRIM4 trt treA _ c _ 

The strains are all derivatives of MC4100 
b The growth medium was MMA, 0.2% trehalose, without or with 
250 mM NaC1 
c No growth of the culture was observed 

trehalose utilization at high osmolarity by hydrolysing tre- 
halose to glucose, which is then taken up via a PTS-me- 
diated uptake system. 
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