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A DNA fragment encoding two enzymes leading to trehalose biosynthesis, maltooligosyltrehalose synthase
(BvMTS) and maltooligosyltrehalose trehalohydrolase (BvMTH), was cloned from the nonpathogenic bacte-
rium Brevibacterium helvolum. The open reading frames for the two proteins are 2,331 and 1,770 bp long, re-
spectively, and overlap by four nucleotides. Recombinant BvMTS, BvMTH, and fusion gene BvMTSH, construct-
ed by insertion of an adenylate in the overlapping region, were expressed in Escherichia coli. Purified BvMTS
protein catalyzed conversion of maltopentaose to maltotriosyltrehalose, which was further hydrolyzed by BvMTH
protein to produce trehalose and maltotriose. The enzymes shortened maltooligosaccharides by two glucose
units per cycle of sequential reactions and released trehalose. Maltotriose and maltose were not catalyzed fur-
ther and thus remained in the reaction mixtures depending on whether the substrates had an odd or even num-
ber of glucose units. The bifunctional in-frame fusion enzyme, BvMTSH, catalyzed the sequential reactions
more efficiently than an equimolar mixture of the two individual enzymes did, presumably due to a proximity
effect on the catalytic sites of the enzymes. The recombinant enzymes produced trehalose from soluble starch,
an abundant natural source for trehalose production. Addition of a-amylase to the enzyme reaction mixture
dramatically increased trehalose production by partial hydrolysis of the starch to provide more reducing ends
accessible to the BvMTS catalytic sites.

Trehalose (a-D-glucopyranosyl-[1,1]-a-D-glucopyranose) is a
nonreducing diglucoside found in various organisms, including
bacteria, algae, fungi, yeasts, insects, and some plants (5). In
nature, trehalose serves not only as a carbohydrate reserve but
also as an agent that protects against a variety of physical and
chemical stresses in various organisms (6, 21, 23, 24). Treha-
lose is known to have high water-holding activity and thus to
preserve the integrity of biological membranes (3). As such,
this sugar allows desert plants to tolerate naturally occurring
stresses during cycles of dehydration and rehydration (4). In
addition, the water-holding capability of trehalose has been
applied to development of additives, stabilizers, and sweeten-
ers that are quite useful in the food, cosmetic, and pharmaceu-
tical industries (16). Investigations have focused on searching
for efficient synthetic processes and abundant raw sources for
production of trehalose.

Preparation of recombinant enzymes, especially multifunc-
tional fusion, has great potential in enzyme technology. Fusion
of structural genes encoding enzymes that catalyze sequential
reactions has several advantages, such as simple expression of
a single recombinant unit containing multiple genes and one-
step purification of recombinant proteins. Physical proximity
due to fusion of multiple enzymes might lead to faster rates of
sequential enzyme reactions by facilitating transfer of reaction
intermediates to the catalytic sites of the next enzymes.

In Escherichia coli and yeasts, biosynthesis of trehalose is
accomplished through two enzymatic processes. Trehalose 6-
phosphate (T6P) synthase converts UDP-glucose and glucose

6-phosphate to T6P, which is further dephosphorylated to tre-
halose by T6P phosphatase (7). Recently, we reported that a
bifunctional fusion enzyme resulting from fusion between T6P
synthase and T6P phosphatase catalyzes the sequential reac-
tions more efficiently than a combination of the separate en-
zymes does (20).

In some bacteria, biosynthesis of trehalose is mediated by
maltooligosyltrehalose synthase (MTS) and maltooligosyltre-
halose trehalohydrolase (MTH). These two enzymes and their
corresponding genes have been isolated from Arthrobacter sp.
strain Q36 (14), Rhizobium sp. strain M-11 (15), Sulfolobus
solfataricus KM1 (12), and Mycobacterium tuberculosis (18).
MTS converts a-1,4-glycosidic linkages at reducing ends of
maltooligosaccharides into a-1,1 linkages, producing maltooli-
gosyltrehalose. MTH then hydrolyzes the second a-1,4-glyco-
sidic linkage of the intermediate to release trehalose.

One nonpathogenic bacterium, Brevibacterium helvolum, is
known to contain the enzymes that synthesize trehalose from
maltooligosaccharides (16). In the present study, we cloned a
DNA fragment that contains two new genes encoding MTS
and MTH from B. helvolum (BvMTS and BvMTH, respective-
ly). These genes were expressed in E. coli individually or in a
fused form to produce recombinant enzymes. The recombinant
enzymes were characterized to determine their in vitro activi-
ties during production of trehalose from soluble starch, an
abundant source of maltodextrins in nature.

MATERIALS AND METHODS

Cloning of the BvMTS and BvMTH genes. B. helvolum ATCC 11822 was grown
in Luria-Bertani medium (19). Bacterial genomic DNA was isolated, digested by
either EcoRI or SalI, separated on a 1.0% agarose gel, and hybridized on a blot
(GenScreen Plus membrane; DuPont) at low stringency with the MTS-MTH gene
probe from M. tuberculosis (18). Hybridized bands at 4.3 kb that resulted from
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EcoRI digestion and hybridized bands at 6.0 kb that resulted from SalI digestion
were isolated from the gel, inserted into pUC18 at an EcoRI or SalI site, and
transformed into E. coli MC1061. Overlapping MTS and MTH clones were
screened by colony hybridization, and their nucleotide sequences were deter-
mined as described previously (19).

PCR. A PCR was carried out in a 100-ml (total volume) mixture containing 10
mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, each deoxynucleoside triphosphate at a
concentration of 0.2 mM, 100 ng of template DNA, 150 ng of each primer, and
2.5 U of Taq DNA polymerase (Boehringer Mannheim). DNA was amplified
under the following conditions: 5 min at 94°C, followed by 30 cycles of 1 min
94°C, 1 min at 52°C, and 2 min at 72°C and a final extension at 72°C for 10 min.

Construction of recombinant expression plasmids. Open reading frames
(ORFs) of BvMTS and BvMTH were amplified by PCR. The BvMTS-specific
primers were P1 (59-GCGATATCATGAAGACTCCGGTCTCCAC-39) and
P2 (59-GGGAATTCGTCCAACGTTGACCAAGGTCAT-39), which contained
translation initiation and termination codons (underlined), respectively. The PCR
products were digested with EcoRV and EcoRI and cloned into the pRSET-C
vector (Invitrogen Inc.) to produce pRBvMTS. The BvMTH-specific primers
were P3 (59-GGGGTACATGACCTTGGTCAACGTTG-39) and P4 (59-TTAA
GCTTCAGGACTTGAGGACCG-39). The PCR products were digested with
KpnI and HindIII and cloned into the pRSET-B vector to produce pRBvMTH.

An expression recombinant for the fusion enzyme, pRBvMTSH, was con-
structed by using four primers. The ORF of BvMTS was produced by PCR by
using primer P1 containing the translation initiation codon of BvMTS and primer
P2m (59-GAAAAGGCAATGACCTTG-39) containing an additional adenine
(underlined) inserted to modify the termination codon. The ORF of BvMTH was
produced by PCR by using primers P3m (59-CAAGGTCATTGCCTTTTC-39)
and P4 containing the termination codon of BvMTH. Primers P2m and P3m are
complementary to each other. Employing the amplified ORFs for BvMTS and
BvMTH as templates and mutual end primers, we amplified the BvMTSH fusion
gene by using the P1 and P4 primers. The amplified BvMTSH fragments were
introduced into pRSET-C at EcoRV and HindIII sites to produce pRBvMTSH.

Expression and purification of BvMTS, BvMTH, and the BvMTSH fusion
enzyme. pRBvMTS, pRBvMTH, and pRBvMTSH were transformed into E. coli
BL21. Expression of the inserts was induced by adding 1 mM isopropyl-b-D-
thiogalactopyranoside (IPTG) to each culture and incubating it for 4 h at 37°C.
Induced enzymes were purified with an Ni21-nitrilotriacetic acid-agarose affinity
column (Qiagen). Elution of the enzymes was performed by using a 10 to 300
mM imidazole gradient according to the manufacturer’s instructions. Protein
samples were analyzed by discontinuous sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (19). Protein concentrations were measured by the Bradford
method (1), using bovine serum albumin as a standard.

Enzyme assay. Trehalose synthesis activity was measured by incubating 5 pmol
of each purified enzyme in 100 ml of 50 mM sodium phosphate buffer (pH 7.0)
containing 1 mM maltooligosaccharides (Sigma Chemical Co.). In some exper-
iments, 1.0% (wt/vol) soluble starch or 45 mM maltopentaose was used as a
substrate, as indicated below. The reaction was carried out at 37°C for up to 24 h
and was terminated by heating the reaction mixture at 95°C for 5 min.

Products of the enzyme reactions were analyzed by thin-layer chromatography
(TLC). Samples (5 ml) were spotted onto a TLC plate (Silica Gel F254; Merck),
and the plate was developed twice with n-butanol–ethanol–water (5:3:2). To
visualize the carbohydrate spots, the plate was sprayed with 20% sulfuric acid
and charred. Each spot was quantified with a densitiometer.

To distinguish between trehalose and maltose, products and intermediates of
the enzyme reactions were analyzed by high-pH ion chromatography (HPIC) at
room temperature by using a Carbo-Pak PA1 column and a DX500 HPIC system
(Dionex). The saccharides were eluted with a continuous 0 to 250 mM sodium
acetate gradient (prepared in a 150 mM sodium hydroxide solution) for 30 min.
The saccharides that eluted from the column were monitored with an ED40
potential amperometric detector. The amount of trehalose was determined from
the following standard equation (R2 5 0.998); amount of trehalose (mg) 5
0.2365 3 (integrated peak area 31026).

Nucleotide sequence accession number. The nucleotide sequences of B. hel-
volum genes and deduced amino acid sequences determined in this study have
been deposited in the GenBank database under accession no. AF039919.

RESULTS

Molecular cloning of BvMTS and BvMTH genes. Bacterial
genomic DNA containing two genes encoding BvMTS and
BvMTH was cloned from B. helvolum.

The translation initiation sites for the two enzymes were
determined by comparison with MTS and MTH genes of other
bacteria, such as Arthrobacter sp. strain Q36 (14), Rhizobium
sp. strain M-11 (15), S. solfataricus KM1 (12), and M. tubercu-
losis (18). The translation initiation codon of the BvMTH gene
overlaps the termination codon of the BvMTS gene by 4 nu-
cleotides. The putative ribosome binding sites, 59-AGACGCC-
39 for BvMTS and 59-TGGAGAA-39 for BvMTH, precede the

ATG translation start codons of the two genes. The ORF of
BvMTS is 2,331 bp long and encodes 776 amino acids, and the
ORF of BvMTH is 1,770 bp long and encodes 589 amino acid
residues. The estimated molecular weights of the two polypep-
tides are 85,800 and 64,200, respectively. The nucleotide se-
quences of BvMTS and BvMTH show 54 and 58% homology,
respectively, to those of the M. tuberculosis genes.

Through GenBank database analysis, it was noticed that the
deduced amino acid sequences encoded by the BvMTS and
BvMTH genes contain the domains that are highly conserved in
a-amylolytic enzymes. This family of enzymes includes a-amy-
lases, pullulanases, cyclomaltodextrin glucanotransferases, and
starch-branching enzymes (8, 25). The conserved domains are
known to be the substrate-binding sites of the starch hydrolysis
enzymes (9, 10).

Expression of BvMTS, BvMTH, and fusion gene BvMTSH.
To overexpress each gene, either the BvMTS ORF or the
BvMTH ORF was introduced into E. coli expression vector
pRSET. In addition, genes encoding BvMTS and BvMTH
were fused together in frame and expressed in E. coli as well.
The ORF of the BvMTH gene overlaps that of the BvMTH
gene by 4 nucleotides, as shown in Fig. 1. To construct an in-
frame fusion gene, one additional adenine nucleotide was in-
serted next to the last amino acid codon (GCA) of BvMTS by
PCR-mediated site-directed mutagenesis as described in Ma-
terials and Methods. The junction sequence between the two
genes and the strategy used for construction of the BvMTSH
fusion gene are illustrated in Fig. 1. As a result, a gene encod-
ing fusion protein BvMTSH, in which the last amino acid (Ala)
of BvMTS was fused directly to the first amino acid (Met) of
BvMTH, was constructed. The construct was introduced into
expression vector pRSET-C to produce pRBvMTSH.

BvMTS, BvMTH, and BvMTSH proteins produced in E. coli
were purified by Ni21-nitrilotriacetic acid affinity chromatog-
raphy almost to homogeneity as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis analysis (data not
shown). The estimated molecular weights of the recombinant
BvMTS, BvMTH, and BvMTSH proteins were about 97,000,
66,000, and 160,000, respectively, including the hexahistidine
domain derived from the pRSET vector. The sizes of the pro-
teins observed on the gel were in accordance with those cal-
culated from the deduced amino acids.

Production of trehalose from maltooligosaccharides. En-
zymatic activities of the purified recombinant BvMTS and
BvMTH proteins were analyzed by HPIC by using maltooligo-
saccharides as substrates. In the reaction with BvMTS, most of
maltopentaose was converted to an intermediate (Fig. 2A).
This intermediate has been identified as maltotriosyltrehalose,

FIG. 1. DNA sequence of the fused region of BvMTS and BvMTH. The 39
end of BvMTS overlaps the 59 end of BvMTH by 4 nucleotides. One adenine
nucleotide was inserted next to the last amino acid codon (GCA) of BvMTS by
site-directed mutagenesis to produce the fused gene BvMTSH by using PCR as
described in Materials and Methods.
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as determined by Maruta et al. (16) and Kato et al. (11).
Maltopentaose did not react with BvMTH itself (Fig. 2B) but
was converted into trehalose and maltotriose in the presence
of both enzymes (Fig. 2C). These results suggest that BvMTS
produces maltotriosyltrehalose from maltopentaose and then
BvMTH hydrolyzes maltotriosyltrehalose to trehalose and mal-
totriose. The reactions catalyzed by the two enzymes are de-
picted in Fig. 2G.

The recombinant BvMTSH fusion enzyme also converted
maltopentaose to maltotriose and trehalose, as did the mixture
of BvMTS and BvMTH (Fig. 2D). This result demonstrates
that the BvMTSH fusion enzyme is functional and catalyzes
two sequential reactions mediated by the two individual en-
zymes (Fig. 2G).

When maltohexaose was used as a substrate in the enzyme
reactions, trehalose was also produced (Fig. 2E and F). In this
reaction, maltotetraosyltrehalose might have been an interme-
diate (it was not detected) that was hydrolyzed to produce
trehalose and maltotetraose. Maltotetraose then was con-
verted to trehalose and maltose.

The enzyme activities of the recombinant BvMTS, BvMTH,
and BvMTSH proteins with various sizes of maltooligosaccha-
rides were further examined by identifying the reaction prod-
ucts on a TLC plate (Fig. 3). Both the enzyme mixture and the
fusion enzyme were active on maltooligosaccharides longer
than maltotriose. Less than 5% of the maltotriose reacted
further with any of the enzymes, suggesting that maltotriose is
not an efficient substrate for the enzymes. Most maltotetraose
was converted to trehalose and maltose by the enzymes. Mal-
topentaose and maltoheptaose were converted into trehalose
and maltotriose, while maltohexaose was converted to treha-
lose and maltose. Altogether, maltooligosaccharides were short-
en by two glucose units per cycle of reactions by releasing a
trehalose molecule. Maltooligosaccharides having an odd
number of glucose units were converted to trehalose and mal-
totriose, and maltooligosaccharides with an even number of
glucose units were converted to trehalose and maltose. There
was no difference in substrate specificity between the BvMTS-
BvMTH mixture and the BvMTSH fusion enzyme.

The rate of conversion from maltotriose to trehalose by the
BvMTSH fusion enzyme (50 nM) was higher by approximately
30% than the rate of conversion by an equimolar mixture of
the individual enzymes (BvMTS and BvMTH) (Fig. 3). The

FIG. 2. HPIC analyses of reaction products obtained from maltooligosaccha-
rides by enzymatic activity of recombinant BvMTS, BvMTH, and BvMTSH
proteins. A 0.1-mmol portion of maltopentaose (A through D) or 0.1 mmol of
maltohexaose (E and F) was reacted with 5 pmol of purified recombinant enzyme
BvMTS alone (A), BvMTH alone (B), a mixture of BvMTS and BvMTH (C and
E), or BvMTSH (D and F). Each reaction was terminated after 1 h. G6, malto-
hexaose; G5, maltopentaose; G4, maltotetraose; G3-T, maltotriosyltrehalose; G2,
maltose; T, trehalose. (G) Trehalose synthesis from maltopentaose by BvMTS
and BvMTH. BvMTS catalyzes the conversion of maltopentose to maltotriosyl-
trehalose, which is further hydrolyzed by BvMTH to produce trehalose and
maltotriose. BvMTSH, the fusion protein consisting of the two individual en-
zymes, catalyzes the sequential reactions.

FIG. 3. Reaction activities of BvMTS-BvMTH mixture and BvMTSH with
various sizes of maltooligosaccharides. As indicated below the chromatograms,
maltotriose (G3), maltotetraose (G4), maltopentaose (G5), maltohexaose (G6),
maltoheptaose (G7), a mixture of maltooligosaccharides (M), or soluble starch
(SS) was incubated with the BvMTS-BvMTH mixture or BvMTSH for 24 h, and
the reaction products were analyzed on TLC plates. Lanes S contained a stan-
dard mixture of maltooligoglucosides (glucose through maltoheptaose) and tre-
halose. The positions of the reaction products, including glucose through mal-
toheptaose (G1 through G7) and trehalose (T), are indicated on the left.
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optimal temperature for the enzyme reactions was 30 to 40°C
(data not shown). At temperatures higher than 45°C, the en-
zyme activities were significantly reduced, resulting in little, if
any, production of trehalose from maltooligosaccharides. The
thermostablities of the individual recombinant enzymes and
the recombinant fusion protein were identical.

Production of trehalose from soluble starch. We examined if
starch, the most abundant maltodextrin in nature, could be
used as a substrate for the trehalose-producing enzymes. A
mixture of the purified enzymes (BvMTS and BvMTH) or the
purified fusion enzyme (BvMTSH) was incubated with 1.0%
(wt/vol) soluble starch. Soluble starch was gradually converted
to disaccharides by each enzyme preparation as the reaction
time increased up to 12 h (Fig. 4). HPIC analysis revealed that
the disaccharides were mainly trehalose (Fig. 5).

Addition of a-amylase to the reaction mixture dramatically
increased trehalose production from soluble starch (Fig.
4). Without a-amylase, the mixture containing BvMTS and
BvMTH had converted 22.1% (data not shown) of the soluble
starch to trehalose after a 24-h reaction, and the fusion protein
had converted 30.0% (Fig. 4). After addition of a-amylase
(0.05 U/mg of soluble starch), 68.3% of the soluble starch was
converted to trehalose after 24 h by the combined reactions of
BvMTS and BvMTH (data not shown), and 70.4% was con-
verted by the BvMTSH fusion enzyme (Fig. 4). The yield of

trehalose was also affected by the concentration of a-amylase;
the optimal concentration was 0.05 U per mg of soluble starch
(data not shown). Concentrations of a-amylase higher than
0.05 U/mg slightly inhibited trehalose production.

DISCUSSION

In a group of bacteria, trehalose is synthesized by MTS and
MTH (12, 14, 15, 18). It has been reported that the nonpatho-
genic bacterium B. helvolum contains enzymes similar to MTS
and MTH (16). In the present study, a DNA clone encoding
these two enzymes was isolated from B. helvolum.

Purified recombinant BvMTS proteins catalyzed conversion
of maltopentose to maltotriosyltrehalose (Fig. 3). The inter-
mediate was further hydrolyzed by BvMTH proteins to pro-
duce trehalose and maltotriose. We constructed a bifunctional
fusion enzyme, BvMTSH, by in-frame fusion of structural
genes for BvMTS and BvMTH (Fig. 1). The catalytic activity of
the fusion protein for trehalose synthesis from maltopentaose
was more efficient than that of an equimolar mixture of the two
individual enzymes (Fig. 3). The improved catalytic activity of
the fusion enzyme might be due to a proximity effect (17).

In many biological metabolic processes, proximity of en-
zymes provides highly attractive advantages for whole enzy-
matic processes. Such proximity allows a reaction intermediate
to be directly transferred to the active site of the next enzyme
in a sequential enzyme complex. By preventing serious diffu-
sion of the intermediate, the reaction rates of whole enzymatic
processes could be increased (2, 13, 22). Recently, we reported
that a bifunctional fusion enzyme resulting from fusion be-
tween T6P synthase and trehalose 6-phosphatase of E. coli ex-
hibited increased catalytic activity during trehalose synthesis
(20).

We tested the possibility of using longer maltooligosaccha-
rides as substrates in the enzyme reaction for trehalose pro-
duction. The BvMTSH fusion protein or a mixture of the two
individual enzymes shortened maltooligosaccharides by two
glucose units per cycle of sequential reactions releasing treha-
lose, leaving either maltotriose or maltose depending on the
length of the glucose units (Fig. 2).

The substrate specificity of the enzymes was extended to
soluble starch (Fig. 3 and 4), the most abundant maltodextrin
in nature. The yield of trehalose from soluble starch, however,
was relatively low, 22.1 to 30.0% (Fig. 4). The low yield of
trehalose might be because soluble starch could not provide
many reducing ends available for BvMTS activity. Thus, we
hypothesized that a-amylase could hydrolyze the soluble starch
to maltooligosaccharides, generating more reducing ends. Ad-
dition of a-amylase to the enzyme reaction mixture along with
soluble starch significantly increased the production of treha-
lose. In the presence of a-amylase, a mixture of the two indi-
vidual enzymes converted 68.3% of the soluble starch into tre-
halose, and the fusion enzyme gave a 70.4% conversion yield.

Construction of a recombinant bifunctional fusion enzyme
should provide a simple technique for preparation of purified
enzymes that are essential in trehalose production, as demon-
strated with BvMTSH in this study. In addition, the use of
a-amylase in the enzyme reaction should provide a way to mass
produce trehalose from an inexpensive raw material, such as
soluble starch.
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