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Abstract Numerous trehalose synthases (TreS) from

thermophilic microorganisms have extra C-terminal

domains. To determine the function of the N- and C-ter-

minal domains of TreS from the thermophilic bacterium

Meiothermus ruber CBS-01, the two domains were

expressed. From the findings, the N-terminal domain from

M. ruber was not active when compared with that from

Thermus thermophilus, which had been studied previously.

The circular dichroism spectrum showed that the secondary

structure of N-terminal domain from M. ruber underwent a

greater change than that of C terminus. In addition, the

N-terminal domain from T. thermophilus and C terminus

from M. ruber were fused. The fusion protein TSTtMr was

more efficient and thermostable than the TreS from M. ru-

ber. The N-terminal domain from M. ruber and C terminus

from T. thermophilus were fused. The optimum tempera-

ture and thermostability of fusion protein TSMrTt were

similar to the TreS from M. ruber. It was presumed that

aside from the C-terminal domain, the N-terminal domain

of TreS from thermophilic bacteria could influence ther-

mostability. For the TreS from M. ruber, the mutant protein

R392F led to a complete loss in activity, and R392A

showed a sharp decrease in activity.
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Introduction

Various sugars and sugar alcohols play important roles in

the protection of cellular proteins, signal pathways, and

energy sources. Among these, trehalose (a-D-glucopyran-

osyl-1, 1-a-D-glucopyranoside) has attracted extensive

interests. Trehalose is a non-reducing disaccharide that

has two glucose units linked by a, a-1, 1-glycosidic

linkage. It is widely spread throughout bacteria, archaea,

yeast, fungi, insects, and plants (Maruta et al. 1996b;

Shimakata and Minatagawa 2000; Müller et al. 2001;

Elbein et al. 2003; Mahmud et al. 2009). Trehalose has

been proven to be an active preservative of proteins,

biomasses, pharmaceutical preparations and even organs

for transplantation (Schiraldi et al. 2002). Therefore, tre-

halose is widely used in food, cosmetic, and pharma-

ceutical industries.

To date, the following five main enzymatic routes

involved in trehalose biosynthesis have been discovered:

(1) trehalose-6-phosphate synthetase and trehalose-6-

phosphate phosphatase (TPS and TPP) (Kaasen et al.

1994), (2) maltooligosyltrehalose trehalohydrolase and

maltooligosyltrehalose synthase (TreY and TreZ) (Maruta

et al. 1996a), (3) trehalose synthase (TreS) (Nishimoto

et al. 1995), (4) trehalose glycosyltransferring synthase

(TreT) (Ryu et al. 2005), and (5) trehalose phosphorylase

(TreP) (Han et al. 2003).
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TreS converts maltose to trehalose in a single step

process, which saves time and costs in the industry.

Therefore, this enzymatic process shows great advantages

and potential in producing trehalose. TreS has been studied

to a great extent. It has been cloned from numerous bac-

teria and archaea (Wei et al. 2004; Lee et al. 2005; Chen

et al. 2006; Yue et al. 2009). In addition, the relationship of

the structure and function of TreS has also been investi-

gated. TreS from Mycobacterium smegmatis has two dif-

ferent binding sites of maltose and trehalose (Pan et al.

2004) and could undergo a self-induced or autocatalytic

proteolysis upon long-term storage on ice. TreS also has

amylase activity that converts glycogen to trehalose (Pan

et al. 2008). In some extremophiles, TreS has an additional

C-domain, which may affect the thermophilicity and ther-

mostability of the enzyme (Wang et al. 2007b).

In previous works, the treS gene has been cloned from a

thermophilic Meiothermus ruber strain CBS-01 and

expressed in Escherichia coli to characterize its properties

(Zhu et al. 2008; Zhu et al. 2010). In the present study, the

sequence of TreS from M. ruber was found to be similar to

that from Thermus thermophilus. The similarity of the two

sequences of N-terminal domain was very high. However,

the optimum temperature and thermostability of TreS from

the two kinds of organisms were quite different. The

N-terminal region of TreS from T. thermophilus was active,

as observed in a previous work (Wang et al. 2007b),

whereas the domain from M. ruber was not. This phe-

nomenon attracted the interests of the current researchers in

investigating the function of the N- and C-terminal regions

of the two enzymes. Thus, a series of truncated treS gene

expression vectors and fused gene expression vectors were

constructed. Kinetic parameters and secondary structures

between these recombinant proteins and the wild-type TreS

from M. ruber strain CBS-01 or T. thermophilus HB8 were

examined to compare their activities.

Materials and methods

Bacterial strains, plasmids, and reagents

M. ruber CBS-01 (CGMCC1256) and T. thermophilus HB8

(ATCC27634) were used in the current study. E. coli DH5a
and E. coli Rosetta-gami (DE3) were from Novagen

(Madison, WI) and used as host for the cloning vectors and

expression vectors, respectively. Plasmid pET-21a(?) for

expression was purchased from Novagen (Novagen, USA).

Enzymes for DNA restriction and polymerases for the

polymerase chain reaction (PCR) process were from

Takara (Takara, China). All saccharides including maltose,

trehalose, and glucose were purchased from Sigma (Sigma,

USA). The columns used for protein purification were from

GE (GE, Sweden). The Amicon Ultra-4 centrifuge was

obtained from Millipore (Millipore, USA). The other

chemicals and reagents were of analytical grade.

Construction of recombinant expression vectors

The whole treS gene (GenBank No. EU443098) of M. ru-

ber was amplified from the genomic DNA of M. ruber

CBS-01 using PCR with primers Ptres-F and Ptres-R (all

primers are listed in S1 in Supplementary Material). The

open reading frame (ORF) was 2895 bp long. The ampli-

fied DNA was ligated into EcoRI- and SalI-digested pET-

21a(?) to produce pET-TSM. The protein expressed was

TSM (Fig. 1a).

The whole treS gene (GenBank No. TTHA0478) of

T. thermophilus was amplified from the genomic DNA of

T. thermophilus HB8 using PCR with primers PT.t-TreSF

and PT.t-TreSR. The ORF was 2898 bp long. The ampli-

fied DNA was ligated into the similarly treated pET-

21a(?) mentioned above to produce pET-TST. The protein

expressed was TST (Fig. 1b).

The TSTtMr fusion protein consisted of 550 amino acids

from the N terminus of TST and 412 amino acids from the

C terminus of TSM (Fig. 1c). The gene was constructed

using overlap PCR. The gene containing the N-terminal

fragment of TST was cloned with primers PT.t-TreSF and

pTtMr1, whereas the gene containing the C-terminal

fragment of TSM was cloned with primers Ptres-R and

pTtMr2. The fusion gene TSTtMr was amplified through

fusion PCR with primers PT.t-TreSF and Ptres-R. The

TSTtMr was ligated into EcoRI–Sal I-digested pET-21a(?)

to construct pTSTtMr.

The TSMrTt fusion protein consisted of 540 amino acids

from the N terminus of TSM and 423 amino acids from the

C terminus of TST (Fig. 1d). The method to construct

plasmid pTSMrTt was similar to that of pTSTtMr. The

primers for the N-terminal fragment of TSM were Ptres-F

and pMrTt1. PT.t-TreSR and pTtMr2 were the primers for

the C-terminal fragment of TST. The whole fusion gene

was amplified with primers Ptres-F and PT.t-TreSR.

To examine the function of the C-terminal (Fig. 1e) and

N-terminal domains (Fig. 1f) of TSM, pET-TSMC

and pET-TSMN were constructed. The digested vector

pET-21a(?) was ligated with the truncated treS gene of

M. ruber containing 1275 nucleotide residues from C ter-

minus to construct pET-TSMC, and with another truncated

gene containing 1650 nucleotide residues from N terminus

to construct pET-TSMN. The primers used were pTSC and

Ptres-R for TSMC, and Ptres-F and pTSN for TSMN.

All the expression vectors were linked with 6 9 His-tag

at the C terminus to purify with NTA-Ni column.

The recombinant plasmids were transformed into E. coli

strains Rosetta-gami (DE3) for expression.

378 Extremophiles (2012) 16:377–385

123



Site-directed mutagenesis

The treS gene from M. ruber in the previously constructed

vector pET-TSM was mutated by splicing overlap exten-

sion PCR (Warrens et al. 1997).

Expression and purification of recombinant enzymes

The enzymes were expressed and purified using NTA-Ni

column chromatography as described previously (Zhu et al.

2010). The pooled enzymes were dialyzed against 10 mM

potassium phosphate buffer (pH 6.5). The dialyzed proteins

were loaded on a Resource Q column (200 9 10 mm) equil-

ibrated with 10 mM potassium phosphate buffer (pH 6.5). The

proteins were eluted with a linear gradient of 0–0.5 M NaCl in

the same buffer. The active fractions were pooled, and then the

enzyme solution was placed on the Superdex 200

(600 9 10 mm) equilibrated with 10 mM potassium phos-

phate buffer (pH 6.5). The proteins were eluted with the same

buffer at 1 mL/min. The active fractions were pooled, con-

centrated, and desalted using an Amicon Ultra-4 centrifugal

filter. The protein concentration was determined using Brad-

ford’s method (Bradford 1976) with BSA as standards or by

absorption measurements with extinction coefficients of

1.768, 1.663, 1.784, 1.746, and 1.757 g L-1 cm-1 at 280 nm

for TSM, TSMC, TSMN, R392A, and R392F, respectively.

The purified recombinant enzymes were analyzed in

denaturing conditions by sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE).

Enzyme characterization

The values of kcat and Km for transformation from maltose

to trehalose or trehalose to maltose were determined at

optimum temperature in 10 mM potassium phosphate

buffer (pH 6.5) for 30 min containing 10–90 mM substrate

and 5 lg protein. Lineweaver–Burk plot was used to cal-

culate the values of kcat and Km.

The optimum temperature of the enzymes was deter-

mined by measuring the initial reaction rates over the

temperatures ranging from 30 to 75�C with the mixture

consisting of 100 mM maltose, 10 mM potassium phos-

phate buffer (pH 6.5), and 5 lg enzyme for 10 min. The

initial rates were determined by fitting experimental data

obtained within 10 min to the equation c = At ? B,

where c is the product concentration, t is the time, and

A (the initial rate) and B are obtained by linear regression.

The half-life of the enzymes at different temperatures was

calculated to examine the stability against thermal dena-

turation. The proteins were incubated at a series of tem-

peratures for various periods of time. The residual

activities were then measured. The reaction was termi-

nated by heating at 100�C for 10 min. No product for-

mation was detected using high-performance liquid

chromatography (HPLC) at 100�C for the pre-experiment

conducted.

The activities of TSMC, TSMN, R392A, and R392F

were detected in the 10 mM potassium phosphate buffer

(pH 6.5) with 50 mM substrate and 10 lg purified protein

after incubation for 2 h at 30 or 50�C. The mixture of

TSMC and TSMN of 10 lg each was analyzed in the same

conditions as above.

All data were obtained in three parallel tests at least for

the properties of the recombinant enzymes.

Analysis of carbohydrate

The quantification of sugars after each enzymatic reaction

was carried out using an HPLC system equipped with a

differential refractometer detector and a computerized

processing unit (Anastar, version 1.1) as previously

described (Zhu et al. 2010).

Molecular modeling and analysis

The structural model of TreS from M. ruber was based on

the reported crystal structure of the catalytic domain of

a-glucosidase (PDB code 2ze0) from deep-sea bacterium

Geobacillus sp. strain HTA-462. The hypothetical confor-

mation was predicted by Swiss-Model Workspace (Arnold

et al. 2006; Kiefer et al. 2009) and illustrated as ribbon

diagrams using PyMOL. The important functional amino

acid residues were predicted following the methods

described previously (Song et al. 2007) and support vector

machines (SVMs) (Cristianini and Shawe-Taylor 2000;

Krishnan and Westhead 2003; Gao et al. 2009) with the

assistance of Prof. Tao Zhang from Nankai University.

Fig. 1 Expression cassettes of the enzymes TSM, TST, TSTtMr,

TSMrTt, TSMC, and TSMN. The recombinant proteins for a TSM,

b TST, c TSTtMr: the fusion protein of N-terminal portion of TST

(residues 1–550) fused with C-terminal portion of TSM (residues

551–end), d TSMrTt: the fusion protein of N-terminal portion of TSM

(residues 1–540) fused with C-terminal portion of TST (541aa–end),

e TSMC: the C-terminal portion of the TreS from M. ruber (residues

551–end) and f TSMN: the N-terminal portion of the TreS from M.
ruber (residues 1–550)
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Circular dichroism (CD) spectroscopy

Circular dichroism spectra were recorded using a MOS-450

Spectrometer (Bio-Logic, USA). Up to 10 lM of each purified

protein was used in 10 mM potassium phosphate buffer (pH

6.5) in a 1-mm quartz cell. The spectra were scanned from 190

to 250 nm at a scanning speed of 50 nm/min with a response

time of 0.5 s. The data were averaged over three scans.

Results

Sequence analysis of the treS gene from M. ruber

and T. thermophilus

The treS gene (GenBank No. EU443098) cloned from

M. ruber genomic DNA (TSM) was 2895 bp long and

encoded 964 amino acid residues. Another treS gene (Gen-

Bank No. TTHA0478) cloned from T. thermophilus genomic

DNA (TST) was 2898 bp long and encoded 965 amino acid

residues. According to a BLAST search, the N-terminal

domain from M. ruber and T. thermophilus shared high sim-

ilarity with other non-thermophilic TreS, including TreS from

Deinococcus radiodurans (GenBank No. AE000513),

Myxococcus fulvus HW-1 (GenBank No. AEI67205), Stigm-

atella aurantiaca DW4/3-1 (GenBank No. YP_003953779.1).

The thermostable TreS had an extra C-terminal domain that

was missing in other TreS proteins. This domain was reported

to play a key role in thermophilicity and thermostability in the

TST. In the same study, the N-terminal region (1–550aa) from

TST was active (Wang et al. 2007b). TSM was also a ther-

mostable protein from thermophilic M. ruber. Through

sequence alignment, the identity of the N-terminal domain of

TreS between M. ruber and T. thermophilus was up to 87%,

whereas the identity of the C-terminal domain of two proteins

was 54% (Fig. 2). Thus, TST and TSM were divided into

N-terminal (1–550aa) and C-terminal (551aa–end) domains to

analyze their functions.

Construction, expression, and purification

of recombinant enzyme

The inserted segments of all the expression vectors were

sequenced. Each recombinant enzyme was expressed,

purified, and analyzed on SDS-PAGE (10% minigel),

which showed a clear protein band. According to previous

works, the 6 9 His-tag at the C terminus domain did not

affect the activity of TreS. Therefore, purified proteins

were used in the subsequent study.

Activity of recombinant proteins

The enzymatic activities of two truncated proteins (TSMN

and TSMC) and fusion proteins (TSMrTt and TSTtMr)

were analyzed by the formation of trehalose on HPLC

using maltose as the substrate. No activity of TSMN or

TSMC was detected. The mixture was also inactive when

these two truncated enzymes were mixed. It could not

recover the activity of the wild-type TreS from M. ruber.

However, the fusion proteins TSMrTt and TSTtMr could

convert maltose into trehalose and produce glucose as a

byproduct. Similar levels of activity were observed for the

reverse reaction catalyzing trehalose to maltose.

Characterization of TSM, TST, TSTtMr, and TSMrTt

Due to fusion proteins, TSMrTt and TSTtMr, displaying

the activity to convert maltose into trehalose, kinetic

analyses of TSM, TST, TSTtMr, and TSMrTt were per-

formed. The kinetic parameters (Km and kcat) of TSM, TST,

TSMrTt and TSTtMr are given in Table 1.

The Km values of TSM, TST, and TSMrTt using maltose

as substrate were close to that of the three proteins using

trehalose as substrate, suggesting that maltose and treha-

lose were recognized by these proteins with similar affin-

ities. However, the Km value of TSTtMr using trehalose

was about 2.7-fold higher than that of the enzyme using

maltose as substrate, which indicated that TSTtMr pre-

ferred maltose over trehalose as its substrate. All four

proteins displayed higher kcat/Km values towards maltose

than towards trehalose. Among these proteins, TSTtMr

displayed the highest value, indicating that it could convert

maltose to trehalose more efficiently than the other proteins

from a kinetic point of view.

The effects of temperature on the activity

and the stability of recombinant enzymes TSM,

TST, TSTtMr, and TSMrTt

Figure 3 shows that the optimal temperature of both TSM

and TSMrTt was 50�C, whereas the optimal temperature of

TST and TSTtMr was 60�C.

Table 2 shows the half-lives of TSM, TST, TSMrTt, and

TSTtMr at different temperatures. The half-lives of TSM

and TSMrTt were almost the same at 70, 75, and 80�C,

which were shorter than those of TST or TSTtMr. Com-

paring TSTtMr with TST, the half-life of TSTtMr was

much shorter than that of TST at 80�C, implying that TST

was the most thermostable among the four enzymes.

Fig. 2 Alignment of the amino acid sequences of trehalose synthases

from M. smegmatis (GenBank accession number YP_890728),
M. ruber (GenBank accession number ACA35051), and T. thermo-
philus (GenBank accession number AAQ16097). The putative

conserved active sites and substrate-binding sites are denoted by

asterisks. The mutant site R392 is denoted by arrowhead. Residues

that are identical are shaded in gray box, whereas conserved residues

are shaded in blue box (color figure online)

c
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Protein modeling

The three-dimensional structure of the N-terminal domain

of TreS from M. ruber was predicted at the tertiary level as

a GH13 domain (S2 in Supplementary Material). This

domain was a catalytic module consisting of 9–543 amino

acid residues from N terminus of TSM. Among those, 53

amino acid residues were located in a putative catalytic

cleft. H104, D200, H308, and D309, which corresponded to

catalytic or substrate-binding residues in other organisms,

were in the cleft. It indicated that the predicted cleft may be

an important catalytic region.

The activity of mutants of TSM at different

temperatures

Support vector machines were used to predict the important

functional amino acid residue sites (Cristianini and Shawe-

Taylor 2000; Krishnan and Westhead 2003). It predicted

protein function changes associated with amino acid sub-

stitution using only sequence information, and cross-vali-

dated them on a large dataset extracted from the Protein

Mutant Database (PMD). By the SVM classifiers, three

local sequence features of proteins (residue composition,

hydrophobic interaction, and evolutionary property) were

investigated (Gao et al. 2009). The algorithm calculated the

scores of different amino acid residues at different sites.

Larger score represented greater change in the function of

protein.

According to the scores, 50 amino acid residues of TSM

were recommended for site-directed mutagenesis. We

presumed that residues positioned in the putative catalytic

cleft would exhibit the largest effects on protein function,

and three candidate residues (Y135, F142, and R392) were

identified. As R392 was a highly conserved amino acid

residue (Fig. 2), it was subjected to site-directed

mutagenesis.

The result of mutagenesis at R392 was predicted by the

algorithm based on the signal processing and amino acid

sequences (Song et al. 2007; Gao et al. 2009). Initially,

R392F with the higher score which indicated greater change

in function was chosen to investigate. R392F displayed no

activity at different temperatures. Subsequently, R392A

with medium score was selected for further examination.

R392A was inactive at 50�C and could catalyze maltose into

trehalose after being incubated with maltose for 2 h at 30�C.

The yield of trehalose was 15.6% of that produced from TSM

at 30�C for 30 min. Moreover, the half-life of R392A was a

little shorter than that of the wild-type TSM at 70–75�C

(Table 2). It indicated that the changes of R392F were

greater than that of R392A as predicted.

Secondary structure studies

The far-UV CD spectrum of TSM and TSMC was similar.

TSMN did not exhibit an obvious negative or positive peak

near three 222, 208 and 195 nm (Fig. 4). The a-helices, b-

strands, and random contents were predicted using K2D

program (http://www.embl.de/*andrade/k2d.html) (And-

rade et al. 1993; Merelo et al. 1994) (data not shown).

Table 1 The kinetic parameters for TSM, TST, TSTtMr, and

TSMrTt

Km(mM) kcat (s-1) kcat/Km (mM-1 s-1)

Maltose as substrate

TSM 126 ± 3 147 ± 2 1.16 ± 0.01

TST 97.4 ± 5.9 227 ± 19 2.51 ± 0.05

TSTtMr 57.5 ± 3.0 152 ± 5 2.70 ± 0.03

TSMrTt 79.2 ± 2.3 115 ± 13 1.50 ± 0.06

Trehalose as substrate

TSM 98.9 ± 1.8 68.9 ± 3.0 0.697 ± 0.008

TST 82.2 ± 3.2 110 ± 11 1.33 ± 0.03

TSTtMr 154 ± 5 202 ± 13 1.32 ± 0.03

TSMrTt 69.6 ± 4.7 61.0 ± 4.3 0.871 ± 0.014

Fig. 3 Effects of temperature on the activity of TSM, TST, TSTtMr,

and TSMrTt. The catalytic activity of TSM (blue), TST (green),

TSTtMr (black) and TSMrTt (red) was assayed at a series of

temperatures (30–75�C) (color figure online)

Table 2 The half-lives of the recombinant trehalose synthases

70�C (min) 75�C (min) 80�C (min)

TSM 48.5 ± 2.7 15.8 ± 2.3 \5

TST [480 475 ± 5 233 ± 5

TsTtMr [480 456 ± 3 27.6 ± 3.7

TsMrTt 47.6 ± 2.0 17.6 ± 2.2 \5

TSM(R392A) 42.2 ± 9.4 12.5 ± 4.3 \5
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As shown in Fig. 4, R392F and R392A mutant proteins

exhibited similar CD spectra to that of the wild-type TSM,

suggesting that the abolishment or decrease in activity of

the mutant proteins was not due to dramatic changes in

enzyme conformation, but to the residue changes

themselves.

Discussion

According to the BLAST search and Swiss-model

(http://swissmodel.expasy.org/), the position 9–543 amino

acid residues from the N-terminal of TSM belong to the

a-amylase family, which shares five conserved amino acid

residues and a common (a/b)8 barrel structure (MacGregor

et al. 2001; Maarel et al. 2002). In this region, 53 amino

acid residues were located in a predicted cleft. According

to the reaction mechanism and crystal structures of some

enzymes belonging to the a-amylase family (MacGregor

et al. 2001), the catalytic residues, Asp and Glu, and sub-

strate-binding residues, His, have been deduced and veri-

fied in TreS of Thermus caldophilus (Koh et al. 2003) and

Picrophilus torridus (Chen et al. 2006). These residues are

conserved in M. ruber TreS (Fig. 2). D309 and E243 in

TSM are deduced to be involved in catalysis, and H104 and

H308 in substrate binding. D200 of TSM was corresponded

to D230 of TreS from M. smegmatis, which was identified

as the nucleophile following a two-step double-displace-

ment catalytic mechanism (Zhang et al. 2011). H104,

D200, H308, and D309 were located in the putative cleft.

Thus, the cleft in the N-terminal domain was thought to

interact with the substrate. However, in contrary to our

expectations, TSMN was inactive. In a previous research,

the N-terminal of TreS from T. thermophilus could convert

the reversible reaction of maltose $ trehalose (Wang et al.

2007b). However, as shown in Fig. 2, TSMN was inactive

because of the 11.7% differences between the two

sequences. Subsequently, the protein TSMC without the

N-terminal domain was constructed to detect the function

of the C-terminal domain of TreS. After mixing TSMN and

TSMC, the conversion of maltose into trehalose could not

be retrieved. These two parts could not process the reaction

separately, implying that unlike TST, the integrity of the

structure or the C-terminal domain may be more significant

to the function of TSM.

CD spectroscopy was utilized to analyze the secondary

structure and classify the tertiary structure of the two

truncated proteins and wild-type TSM. TSMN contained

more a-helices and lesser b-strands than TSM (data not

shown). As displayed in Fig. 4, TSM was primarily an a/b
protein (Greenfield 1996). TSMN did not show a clear peak

near the 222, 208 and 195 nm, which indicated that the

structure of TSMN was impaired. So the N-terminal por-

tion of TSM without the C-terminal domain could not fold

as TSM did. Although TSMN contained five conserved

amino acid residues of the a-amylase family and a pre-

dicted active cleft, the conformation may be impaired,

leading to the loss in activity. This observation indicated

that the C-terminal domain was important to the structure.

The extra C-terminal domain of TreS from T. thermo-

philus was reported to play a key role in thermophilicity

and thermostability (Wang et al. 2007b). Although there

was not so much difference between the sequences of TSM

and TST, the kinetic parameters, thermophilicity and

thermostability of the two proteins differed greatly. The

foregoing was the reason why TreS from T. thermophilus

was chosen for constructing the fusion proteins. The

N-terminal and C-terminal domains of TSM and TST were

switched to ascertain which of them played the important

role in the characteristics and function of TreS. Two

recombinant proteins, namely, TSTtMr and TSMrTt, were

constructed. At 70 or 75�C, the half-lives of TST and

TSTtMr were longer than that of the protein missing a

C-terminal domain from T. thermophilus (the half-life was

less than 1 h). This finding proved that the extra C-terminal

domain from the thermophilic TreS could preserve the

thermostability of enzyme. In addition, the protein from

M. ruber without C-terminal domain was inactive. How-

ever, the fusion enzyme TSMrTt recovered the activity.

Although the sequences of the C-terminal region exten-

sively differed, the fusion proteins TSMrTt and TSTtMr

were both active, implying that the C-terminal region may

contribute to the activity of the protein.

For TSM, TSMrTt, TST, and TSTtMr, the proteins had

the same optimum temperature and similar half-lives if

they possessed the same N-terminal domain. The fusion of

different C-terminal regions did not significantly alter the

optimum temperatures or their half-lives, implying that the

N-terminal domains themselves also play a major role in

Fig. 4 Far-UV CD spectrum of TSM (filled squares), TSMN (filled
triangles), TSMC (open squares), R392F (crosses), R392A (open
triangles)
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determining the thermostability and optimum temperature

of enzymes.

In some cases, the fusion of multiple enzymes provides

physical proximity between the catalytic sites of the indi-

vidual enzymes, enabling the reactions to be carried out

more efficiently (Seo et al. 2000; Wang et al. 2007a; Seo

et al. 2008). In the current study, the fusion protein TSTtMr

showed some advantages in catalytic efficiency. Compar-

ing their kcat/Km values, that of TSTtMr was greater than

the kcat/Km value of wild-type TST or TSM using maltose

as substrate. Thus, TSTtMr could convert maltose to tre-

halose faster and was stable at high temperatures. Although

the half-life of TsTtMr at 80�C was shorter than that of

TST, high temperature is unnecessary in the industry.

These two points make TSTtMr suitable for use in the

production of trehalose in the industry.

R392A showed a lower reaction temperature and a little

shorter half-life at 70–75�C than TSM. There were many

factors and mechanisms of protein thermostabilization,

including ionic interaction, hydrophobic interaction,

hydrogen bonds, etc. (Fessas et al. 2007; Scirè et al. 2008).

The crystal structure of TreS had not been reported yet.

Thus, the mechanisms of its thermostabilization could not

be made clear. However, this phenomenon provided a

potential region for the investigation of the activity and

thermostability of TreS.
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