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A thermostable trehalose synthase (TtTSase) from Thermus
thermophilus HJ6 was immobilized on chitosan activated
with glutaraldehyde. The yield of immobilization was
evaluated as 39.68%. The optimum pH of the immobilized
enzyme was similar to that of the free enzyme. However,
the optimal temperature ranges were shifted by about 4°C
owing to better thermal stability after immobilization.
The half-life of heat inactivation for free and immobilized
enzymes was 5.7 and 6.3 days at 70°C, respectively, thus
showing a lager thermostability of the immobilized enzyme.
When tested in batch reaction, the immobilized enzyme
retained its relative activity of 53% after 30 reuses of
reaction within 12 days, and still retained 82% of its initial
activity even after 150 days at 4°C. A packed-bed bioreactor
with immobilized enzyme showed a maximum yield of 56%
trehalose from 100 mM maltose in a continuous recycling

system (bed volume: 10 ml) under conditions of pH 7.0
and 70°C.
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Trehalose (a-D-glucopyranosyl-1,1-a-D-glucopyranoside) is
a nonreducing disaccharide that is widely present in
various organisms, including bacteria, yeast, fungi, insects,
invertebrates, and plants [7, 21]. The nonreducing disaccharide
serves as a carbohydrate reserve and a protecting agent
against a variety of environmental stresses such as heat,
cold, desiccation, dehydration, and osmotic pressure [1].
These functions have been applied to the development of
additives, stabilizers, and sweeteners, which are useful in
the food, cosmetic, and pharmaceutical industries [15, 18,
20]. Trehalose synthase (TSase; E.C. 5.4.99.16) converts
maltose into trehalose by an intramolecular rearrangement
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of the a-1,4-linkage of maltose to the a,a,-1,1-linkage of
trehalose in the absence of coenzyme [23]. This enzymatic
process has the advantages of simple reaction, high substrate
specificity, high conversion yield, and low cost. Therefore,
it is one of the most efficient processes for the production
of trehalose in the point of industrial application.

The immobilization of enzyme has been often regarded
preparative for commercial applications owing to low stability
[6]. Advantages of immobilized enzymes are that the
generally expensive biocatalysts can be used repeatedly in
batch or continuous reactors. Enzymes can be immaobilized
on various supports and by different methods. Recently,
immobilization of recombinant TSase for trehalose production
has been reported [4]. The recombinant TSase was
immobilized with a high yield onto commercially available
Eupergit C250L, an epoxy-activated acrylic bead. In our
studies, chitosan was selected as the support for enzyme
immobilization. Chitosan is a natural polyaminosaccharide
obtained by N-deacetylation of chitin, and is non-toxic,
biocompatible, and biodegradable [2, 19]. Its reactive amino
and hydroxyl groups after chemical modifications make
possible the coupling of enzymes [10]. Therefore, chitosan
has been used as a support material for immobilization of
enzymes [3, 22].

In a previous study, we have cloned and analyzed the
expression of the gene encoding a hyperthermostable
trehalose synthase from Thermus thermophilus HI6 and
studied its molecular and enzymatic properties [9]. In this
paper, we report the optimization of TSases immobilization
on porous chitosans, the properties of the immobilized
preparation, and the performance of a bioreactor for trehalose
production at high temperature.

MATERIALS AND METHODS

Chemicals, Strains, and Plasmids
Chitosan (C3646, from crab shells), Tween 80, sodium tripolyphosphate,
Triton X-100, and glutaraldehyde were obtained from Sigma Co.
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(St. Louis, MO, U.S.A.). All chemicals were of analytical purity and
used as purchased. The column (XK16/20) for the packed bed
bioreactor was purchased from GE Healthcare. E. coli DH50. and
BL21 (DE3) codon plus (Novagen, Inc., San Diego, CA, U.S.A)
were used as the cloning and expression host cells, respectively. The
plasmid pJLAS503 was preserved in our laboratory as the expression
vector for the T¢TS gene.

Chitosan Particle Preparation

Chitosan particles were prepared by a precipitation method [3]. Chitosan
was solubilized in 2% acetic acid to a final concentration of 2% (w/v).
The solution was filtered through Whatman GF/A filters and added
dropwise through a capillary into a gently stirred coagulation liquid
[1 N sodium hydroxide and 26% (v/v) ethanol]. The obtained particles
were centrifuged and washed with distilled water until neutrality.
The mean size of the particles was determined from optical micrographs
taken with an Eclipse 50i optical microscope (Nikon, Japan).

Enzyme Immobilization

Trehalose synthase (TtTSase) from Thermus thermophilus HI6 cloned
in E. coli was produced as previously described [8, 9]. Immobilization
on chitosan particles was carried out adding 1 g (wet weight) particles
to a mixture of 3.5ml of 0.02mol/l potassium phosphate buffer
(pH 7.0) and 1.5 ml of TtTSase (10 mg/ml). The mixtures were gently
shaken at 100 rpm for 2 h, and after a further 16 h at 25°C in the
presence of 2.5% (v/v) glutaraldehyde, the mixture was centrifuged at
12,000 rpm for 2 min. The immobilized enzymes were washed with
0.02 mol/l potassium phosphate buffer (pH 7.0) until protein was no
longer detected in the washing solution. Protein concentration was
determined using a Bio-Rad protein assay system (Bio-Rad, Hercules,
CA, US.A) with bovine serum albumin as the standard. The
immobilized protein amount was calculated by subtracting the
protein recovered in the supernatant from the protein subjected to
immobilization. The immobilization yield was calculated as the ratio
of immobilized protein to protein subjected to immobilization.

Assay of Enzyme Activity

Enzyme activity was assayed by measuring trehalose produced from
50 mM maltose solution. Maltose solution in 50 mM potassium
phosphate buffer (pH 7.0) was incubated with free or immobilized
enzyme at 70°C for 30 min in a water bath. The reaction mixture
was boiled for 10 min to stop the reaction. The trehalose produced
was analyzed by HPLC (Waters Alliance 2690). Chromatography
was performed using a carbohydrate analysis column (Waters,
300 mmx3.9 mm) on a Waters Alliance 2690 system and a Waters
model 410 detector. Separation of the samples was accomplished
with a linear gradient using eluant (acetonitrile;water, 75:25). The
column temperature was set at 25°C. A Pierce standard amino acid
mixture (hydrolysis standard) was used to calibrate the analyses.
The authentic glucose, maltose, and trehalose were used as controls.

Fig. 1. Scheme of the packed-bed immobilized enzyme reactor.
1, Substrate reservoir; 2, piston pump; 3, thermostat column reactor; 4,
water circular; 5, hot waterbath.

One unit of TtTSase activity was defined as the amount of enzyme
that catalyzed the formation of 1 umole of trehalose per minute
under the reaction conditions.

Continuous Conversions in a Packed-Bed Reactor

The chitosan particles with TtTSase bound were packed into a XK
16/20 glass column (16x200 mm) (GE Healthcare, Uppsala, Sweden)
equipped with a jacket for constant temperature operation. The
reaction temperature was maintained at 70°C using a water circular
(Jeio Tech CW-05G, Korea). The continuous production was carried
out using a packed-bed bioreactor (16x100 mm) containing 8.6 g
(dry weight) of immobilized enzyme preparation. The reactor was
filled with 10 ml of immobilized enzyme resin and the working
volume (Vw) was evaluated as 10 ml. The column was continuously
fed from the bottom with 100 mM maltose solution in 50 mM
sodium phosphate buffer (pH 7.0) at a flow rate of 0.5 ml/min using
a piston pump (Fig. 1). The samples at the outlet of the reactor were
taken and used for further analyses. Two duplicates were made for
each determination.

RESULTS AND DISCUSSION

Immobilization of TtTSase

Chitosan is a suitable biocompatible and inexpensive matrix
for a bioreactor in which the main features of the free
enzyme are preserved. Furthermore, it has been used as a
support material for immobilization of thermostable enzymes
[5, 16]. In view of the thermostable and practicable industrial
applications, the thermostable trehalose synthase (TtTSase)
was immobilized on chitosan. Chitosan supports were
prepared by a precipitation method, and the mean diameter
of the prepared particles was 2.0 mm. The amount of

Table 1. Immobilization yield of support and specific activity of immobilized enzyme.

Support Immobilized protein Immobilization yield Immobilized enzyme Specific activity of
(mg/mg support) (%) activity® immobilized enzyme”
Chitosan 0.16 39.68 0.072 0.45

“Unit of activity: pmol maltose/min/mg dry support.
*Unit of specific activity: pmol maltose/min/mg protein.



immobilized protein on chitosan particle, the immobilization
yield, the activity of TtTSase related to the weight of dry
supports as well as the specific activity of immobilized
enzyme are summarized in Table 1. The immobilization
yield reached 39.68% when the conditions were as follows:
coupling time of 18 h at 25°C in 20 mM potassium phosphate
buffer (pH 7.0) and enzyme loading of 0.01 g protein/g-
supports. The immobilization capacity of chitosan was
much lower than that of Eupergit C250L (92% of
immobilization yield) that has been previously reported
[4]. The specific activities of the free and the immobilized
TtTSase were 0.42 and 0.45 U/mg protein, respectively,
when measured at pH 7.0 and 70°C. As proven by the
presented data, the prepared chitosan particles were applicable
for immobilization of thermophilic TtTSase.

Properties of the Immobilized Enzymes

The effect of pH on the activity of the free and the
immobilized TtTSase was investigated within pH 5.0 and
10.0 at 70°C (Fig. 2). The optimum pHs of free and
immobilized enzymes were 7.0. The optimal pH ranges of
immobilized TtTSase were broader than the corresponding
ranges of the free enzymes, and expand the range of useful
conditions for enzyme toward the acidic region (Fig. 2).
This change was probably due to multi-point ionic interaction
between the enzyme and the chitosan matrix, which has a
polycationic character, containing cationic NH;" and polar
-OH groups. Similar observations for immobilization of
enzyme on chitosan have been reported in the literature
[16].

The effect of temperature on activity was investigated
from 20 to 100°C (Fig. 3). As shown in Fig. 3, the optimum
temperature was found to be 70-80°C for both free and
immobilized enzymes. However, the whole curve was
shifted by about 4°C for the immobilized enzymes, which
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Fig. 2. Effect of pH on the activities of the free (closed circles)
and immobilized (open circles) trehalose synthases.
Error bars denote the variations from three independent experiments.
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Fig. 3. Effect of temperature on the activities of the free (closed
circles) and immobilized (open circles) trehalose synthases.
Error bars denote the variations from three independent experiments.

is often found after immobilization [11]. This shift could
be explained as the stability of TtTSase caused by the
covalent binding. In general, the activity of the immobilized
enzyme, especially in a covalently bound system, is more
resistant than that of the soluble form against heat and
denaturing agents. The thermal stability of the enzyme was
examined at pH 7.0 and 70°C. The free and immobilized
enzymes showed high thermostability, and the half-life
was 5.7 and 6.3 days, respectively (Fig. 4). Thus, the heat
stability of immobilized enzyme was higher than that of
free enzyme.

The reusability of the immobilized enzyme was examined
because of its importance for repeated applications in a
bioreactor. The reactions with immobilized enzyme were
carried out at 70°C for 1h in 1.0 ml of the mixture
containing the immobilized enzyme (100 mg support) and
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Fig. 4. Thermostability of free (closed circles) and immobilized
(open circles) trehalose synthases at 80°C.
Error bars denote the variations from three independent experiments.
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Fig. 5. Effect of reuse number on the activity of immobilized
trehalose synthase.

100 mM maltose. After the reaction, the support was
separated from the reaction solutions through centrifugation
and subsequently washed with distilled water. Immobilized
TtTSase by using chitosan was used repeatedly, 30 times
within 12 days. After 10 reuses, the immobilized TtTSase
retained 73% residual activity. This recycling of the
immobilized enzyme was successfully performed 30 times
in batch reactions with 47% loss of activity (Fig. 5).
Storage stability is an important factor for the commercial
application of enzymatic bioconversion. Storage stability
of immobilized enzyme was investigated in 50 mM sodium
phosphate buffer (pH 7.0) at 4°C for 150 days. Upon 150
days of storage, the residual activity of the immobilized
enzyme still retained 82% of the initial activity (data not
shown). Thus, the high reusability and storage stability
make the immobilized TtTSase very attractive for long-
term continuous conversion of maltose solution.

Packed-Bed Enzyme Reactor for Continuous Trehalose
Conversion

The TtTSase immobilized onto chitosan was used to
prepare a packed-bed bioreactor whose configuration is
shown in Fig. 1. A packed-bed enzyme reactor was employed
for the continuous conversion of maltose (100 mM) in
50 mM sodium phosphate buffer (pH 7.0) at 70°C, and
then the trehalose synthesized was analyzed by HPLC.
Table 2 shows the conversion rate obtained in the feeding
substrate. The conversion rate was calculated at the steady
state as the reaction proceeded. The maximum yield of
trehalose from maltose reached 56% when the retention
time was 200 min. Although the immobilization yield of
the present system was lower than that of the previously
reported system [4], the trehalose production was enhanced
more than that (42%) of the former. As the retention time
increased, the conversion yield into glucose increased and

Table 2. The composition of continuous trehalose production by
packed-bed bioreactor”.

Retention time Product composition”

(min) Trehalose (%) Glucose (%) Maltose (%)
200 56 14 30
150 51 11 38
100 39 7 54
75 24 5 71
50 20 4 76
25 19 3 78
10 16 3 81

*Packed-bed bioreactor: working volumn (immobilized enzyme pellets;
10 ml).
®Product compositions were measured in the steady state of the reaction.

reached 14% at a retention time of 200 min. Trehalose
synthases from Pimelobacter sp. R48 [13]and T aquaticus
[14] catalyzed the conversion of maltose into trehalose and
trehalose into maltose and released a small amount of
glucose from both of these substrates. In the batch reactions
of the free and immobilized enzymes, under identical
conditions, we found that both product compositions were
almost the same at 120 min as having maximized trehalose
production yield. The product was composed of trehalose
(48%), glucose (20%), maltose (32%) (data not shown).
Thus, the conversion yield of glucose in the continuous
packed-bed reactor was lower than that in the batch
reaction, and the trehalose production was more enhanced
in the continuous reaction using a packed-bed bioreactor
than in the batch reaction. This result might be explained
in terms of product inhibition due to by-products formed
during the batch reaction [12].

In an attempt to develop a thermostable and inexpensive
matrix, a trehalose synthase (TtTSase) from Thermus
thermophilus HJ6 was immobilized on chitosan. The
immobilized TtTSase on chitosan support was more enhanced
in the thermostability and storage stability than free enzyme.
Using the continuous packed-bed reactor, a maximum yield
of 56% trehalose was reached, with a good operational
stability at 70°C. The high temperature processing has
several valuable advantages in industrial applications: (i)
longer half-life of enzyme activity, (ii) increased substrate
solubility and higher product concentrations, (iii) reduced
risk of microbial growth, and (iv) reduced product inhibition
[17]. Therefore, the immobilized TtTSase system on chitosan
may be an industrially feasible trehalose production method
by a biological process at high temperature.

Acknowledgment

This work was supported by Blue-Bio Industry Regional
Innovation Center (RIC08-06-07) at Dongeui University



as a RIC program under Ministry of Knowledge Economy
and Busan city. H.-J. Kim is the recipient of graduate
fellowships from the Ministry of Education and Human
Resources Development through the Brain Korea 21
Project.

REFERENCES

1.

10.

11.

Arguelles, J. C. 2000. Physiological roles of trehalose in bacteria
and yeasts: A comparative analysis. Arch. Microbiol. 174: 217-
224

. Chen, X. G, C. S. Lin, C. G Liy, X. H. Meng, C. M. Lee, and

H. 1. Park. 2006. Preparation and biocompatibility of chitosan
microcarriers as biomaterial. Biochem. Eng. J. 27: 269-274.

. Chiy, S. H,, T. W. Chung, R. Giridhar, and W. T. Wu. 2004.

Immobilization of B-cyclodextrin in chitosan beads for separation
of cholesterol from egg yolk. Food Res. Int. 37: 217-223,

. Cho, Y. J., O. I. Park, and H. J. Shin. 2006. Immobilization of

thermostable trehalose synthase for the production of trehalose.
Enzyme Microb. Technol. 39: 108-113.

. D’Auria, S., F. Pellino, F. La Cara, R. Barone, M., Rossi, and R,

Nucei, 1996. Immobilization on chitosan of a thermophilic B-
slycosidase expressed in Saccharomyces cerevisice. Appl. Biochem.
Biotechnol. 61: 157-166.

. Di Lernia, I, C. Schiraldi, M. Generoso, and M. De Rosa.

2002. Trehalose production at high temperature exploiting an
immobilized cell bioreactor. Extremophiles 6: 341-347.

. Elbein, A. 1974, The metabolism of a,o-trehalose. Adv: Carbohydr,

Chem. Biochem. 30: 227-256.

. Gu, N. Y, J. L. Kim, H. J. Kim, D. I. You, H. W. Kim, and

S. I Jeon. 2009. Gene cloning and enzymatic properties of
hyperthermostable $-glycosidase from Thermus thermophilus
HI6. J Biosci. Bioeng. 107: 21-26.

. Kim, H. J, H. W. Kim, and S. J. Jeon. 2008. Gene cloning and

expression of trehalose synthase from Thermus thermophilus
H36. Kor. J. Microbiol. Biotechnol. 36: 182~188.

Krajewska, B. 2004. Application of chitin- and chitosan-based
materials for enzyme immobilization: A review. Enzyme Microb.
Technol. 35: 126-139.

Monsan, P. and D. Combes. 1988. Enzyme stabilization by
immobilization. Methods Enzymol. 137: 584—598.

4.

16.

17.

22.

IMMOBILIZATION OF A THERMOPHILIC TREHALOSE SyNTHASE 517

. Monsan, P, I. Alemzadeh, and D. Combes. 1984. Invertase
covalent grafting onto corn stover. Biotechnol. Bioeng. 26: 658—
664.

. Nishimoto, T, M. Nakano, T. Nakano, H. Chaen, S. Fukuda,

T. Sugimoto, M. Kurimoto, and Y. Tsujisaka. 1996. Purification

and properties of a novel enzyme, trehalose synthase from

Pimelobacter sp. RA&. Biosci. Biotech. Biochem. 60: 640644,

Nishimoto, T. M. Nakano, S. Ikegami, H. Chaen, S. Fukuda, T.

Sugimoto, M. Kurimoto, and Y. Tsujisaka. 1995. Existence of a

novel enzyme converting maltose into trehalose. Biosci. Biotech.

Biochem. 59: 2189-2190.

. Paiva, C. and A. Panek. 1996. Biotechnological applications of

the disaccharide trehalose. Biotechnol. Annu. Rev. 2: 293--314.

Petzelbauer, 1., B. Kuhn, B. Splechtna, K. D. Kulbe, and B.

Nidetzky. 2002. Development of an ulirahigh-temperature process

for the enzymatic hydrolysis of lactose. TV. Immobilization of

two thermostable B-glycosidases and optimization of a packed-
bed reactor for lactose conversion. Biotechnol. Bioeng. T7:

619-631.

Petzelbauer, 1., B. Nidetzky, D. Haltrich, and K. D. Kulbe.

1999. Development of an ulira-high-temperature process for

the enzymatic hydrolysis of lactose. I. The properties of two

thermostable B-glycosidases. Biotechnol. Bioeng. 64: 322332,

. Portmann, M. and G Birch. 1995. Sweet taste and solution
properties of o,a-trehalose. J. Sci. Food Agric. 69: 275-281.

. Ravi Kumar, M. N. V. 2000. Review of chitin and chitosan
applications. React. Funct. Polvm. 46: 1-27.

20. Roser, B. 1991. Trehalose, a new approach to premium dried

foods. Trends Food Sci. Technol. T: 166—169.

. Schiraldi, C., L. D. Lernia, and M. D. Rosa. 2002. Trehalose

production: Exploiting novel approaches. Trends Biotechnol. 20:

420-~425.

Spagna, G, R. N. Barbagallo, E. Greco, I. Manenti, and T. G

Pifferi. 2002. A mixture of purified glycosidases from Aspergillus

niger for oenological application immobilized by inclusion in

chitosan gels. Enzyme Microb. Technol. 30: 80-89.

. Wang, J. H, M. Y. Tsai, J. J. Chen, G C. Lee, and J. F. Shaw.
2007. Role of the C-terminal domain of Thermus thermophilus
trehalose synthase in the thermophilicity, thermostability, and
efficient production of trehalose. J Agric. Food Chem. 55:
3435-3443.



