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Gene Cloning, Expression, and Biochemical Characterization
of a Recombinant Trehalose Synthase from  Picrophilus torridus
in Escherichia coli
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A trehalose synthase (TSase) gene from a hyperacidophilic, thermophilic archaea, Picrophilus torridus,
was synthesized using overlap extension PCR and transformed into Escherichia coli for expression.
The purified recombinant P. torridus TSase (PTTS) showed an optimum pH and temperature of 6.0
and 45 °C, respectively, and the enzyme maintained high activity at pH 5.0 and 60 °C. Kinetic analysis
showed that the enzyme has a 2.5-fold higher catalytic efficiency (k.a/Kw) for maltose than for
trehalose, indicating maltose as the preferred substrate. The maximum conversion rate of maltose
into trehalose by the enzyme was independent of the substrate concentration, tended to increase at
lower temperatures, and reached ~71% at 20 °C. Enzyme activity was inhibited by Hg2*, AI3*, and
SDS. Five amino acid residues that are important for oc-amylase family enzyme catalysis were shown
to be conserved in PTTS (Asp2%3, Glu?45, Asp3!l, His', and His®%) and required for its activity,
suggesting this enzyme might employ a similar hydrolysis mechanism.
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INTRODUCTION Three main pathways specifying the biosynthesis of trehalose
have been identified in various organisrd). The first pathway
utilizes trehalose-phosphate (P) synthase (EC 2.4.1.15) (OtsA
in Escherichia coli that catalyzes the transfer of glucose from
UDP-glucose to glucose-6-P to form trehalose-P and UDP. The
1,1,- and3,5-1,1-trehalose, only the,o-1,1-form is widespread phosphate is then removgd by trehalose-P phosphatase (EC
in nature and present in a large number of organisms, including 3-1:3-12) (OtsB rE. colj to give free trehaloselg). The second
bacteria, yeast, fungi, insects, invertebrates, and plants (1).Pathway also involves two enzymes called maltooligosyl
Trehalose has important biological functions in organisms, trehalose synthase (EC 5.4.99.15) and maltooligosy! trehallose
including serving as an energy and carbon source, bacterial cellt'ehalohydrolase (EC 3.2.1.141). The former enzyme first
wall component and signaling molecule, and helping organisms converts thea-1,4-linkage in the reducing end of the malto-
acquire tolerance to various stresses, such as cold, heat, desic?ligosaccharide chain into an1,1-linkage, and then the latter

Trehalose (om-glucopyranosyla-p-glucopyranoside) is a
naturally occurring nonreducing disaccharide in which the two
glucose molecules are linked through a 1,1-glycosidic bond.
Although three anomers of trehalose exist, thatje;1,1-,0.,3-

cation, dehydration, and osmotic and oxidative str@ss1(). enzyme hydrolyzes the reducing-end disaccharide to release one
Itis also very important for industrial applications in fields such molecule of trehalosel@—15). The third pathway, catalyzed
as food, cosmetic, and pharmaceutical industries (11). by trehalose synthase (TSase) (EC 5.4.99.16), involves the direct

conversion of maltose into trehalose by an intramolecular

* Address correspondence to this author at the Department of Food r_earrangement of the-1,4-linkage Of_ maltose to the-1,1-
Science and Biotechnology, National Chung Hsing University, Taichung linkage of trehalosel). Because this pathway allows one-

402, Taiwan (telephone 886-4-2284-0201; fax886-4-2285-3813; e-mail  gtep formation of trehalose and an inexpensive substrate
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"National Yang-Ming University. maltose, is employed, this pathway is capable of industrial
g/\\(c(’isdgmla chlgIC% . buted i h . manufacture of trehalose. Up to now, about six TSases have
S Ming Chamn Universiy o eauall to tis work been reported from different species and characterized for their
#National Chung Hsing University. biochemical propertiesl{—22). However, the three TSases
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from Pimelobactersp. R48,Thermobifida fusca, anB'seudo- kDa M 1 2 3 4 5
monas stutzei©J38 are thermolabile, and the one fréimrermus

aquaticusis highly thermostable, possessing the problem of low 2% —

enzyme yield in the original organism. Furthermore, these '}63 —

enzymes prefer to work at a pH that is near or above neutral.

In this study, we report the biochemical properties and pro- ss4
posed catalytic mechanism of a recombinant TSase (PTTS) from
Picrophilus torridus, a hyperacidophilic, thermophilic, het-
erotrophic, and absolutely aerobic archaea that grows optimally
at 60°C and pH 0.7 (23). The unique property of this enzyme
suggests that it is potentially useful for industrial production of
trehalose.

31.0

MATERIALS AND METHODS

Materials. All saccharides were purchased from Sigma Chemical Figure 1. 12% SDS-PAGE analysis for the purification of recombinant
Co. The column for protein purification was obtained from Amersham PTTS: (lanes 1 and 2) total cell lysate and soluble fraction, respectively,
Pharmacia Biotech Inc. (Piscataway, NJ). Acetonitrile was from Tedia obtained from a non-expression control of Rosetta-gami B transformed

Co. Inc. All other chemicals and reagents were of analytical grade.

Bacterial Strains and Plasmids.The expression vector pET-23a-
(+) (Novagen, Madison, WI) was used and transformed intdetheli

with pET-23a(+)-PTTS plasmid; (lanes 3 and 4) total cell lysate and soluble
fraction, respectively, obtained from Rosetta-gami B(DE3) transformed
with pET-23a(+)-PTTS; (lane 5) purified recombinant PTTS after Ni column

strains DH5cand Rosetta-gami B (DE3) (Novagen) for cloning and  purification; (lane M) protein molecular mass markers indicated in kDa.
expression, respectivell. coli strains were cultured in LuriaBertani

(LB) broth and on LB agar supplemented with 1@9mL ampicillin
(LB-Amp) for cloning host or in combination with 16g/mL kana-
mycin, 12.5ug/mL tetracycline, and 34g/mL chloramphenicol (LB-
Amp-Kan-Tet-Chl) for expression host. Afl. coli strains were cultured

at 37°C and in an orbital shaker at a speed of 225 rpm unless otherwise
mentioned.

Synthesis of Trehalose Synthase GenAccording to the published
DNA sequence of the TSase gendotorridus(DSM 9790) (GenBank

accession number AE017261PTTS), 36 oligonucleotides were  yeaction solution containing 50 mM sodium phosphate (pH 6.0) and
designed accounting for both strands of the full-length ORPBTS 150 mM maltose and incubating in a 26 water bath for 25 min. The
(1677 bp). Each oligonucleotide contained 70 base pairs and overlappechssay time was under the linear range of enzyme reaction. The reaction
with adjacent ones by 20 base paMsld andEcoR| cutting sites were  yas terminated by heating the mixture in boiling water for 15 min.
introduced into the 'Sand 3'ends of the gene, respectively, and the  one unit of enzyme activity was defined as the amount of enzyme that
threeNdel cutting sites inside the sequence were modified according catalyzes the formation of Amol of trehalose per minute. Kinetic

to theE. colicodon usage database (at http:/www.kazusa.or.jp/codon) analysis was performed under conditions of pH 6.0 antiGHr 5 min
without changing the amino acid sequence. The stop coddHa®s in 50 mM sodium phosphate buffer containing substrate (maltose,
was eliminated to in-frame read a HB){tag on the C terminus of the  trehalose, or maltose plus a constant 10 mM glucose) at various concen-
protein for one-step purification. Overlap extension PCR was used 10 trations. The resulting data were analyzed off-line with Origin 6.0
assemble the 36 oligonucleotides to obtain the full-length PTTS gene. goftware (Microcal, Northampton, MA). All experiments were carried
The synthesized PTTS gene was then digested with restriction enzymesyt in duplicate or triplicate.

Ndel andEcoRI and ligated into vector pET-23g). The resulting Carbohydrates Analysis. The amount of trehalose, glucose, and
plasmid was transformed into Rosetta-gami B (DE3) for expression. majtose after each enzymatic reaction was measured using a high-
Protein Purification. The strain harboring the plasmid was cultivated performance liquid chromatography (HPLC) (SFD 2100) system
overnight in LB-Amp-Kan-Tet-Chl medium and refreshed in a ratio equipped with an RI detector (Schambeck SFD, RI 2000) at a flow
of 1:40 with the same medium. Protein expression was performed by rate of 0.9 mL/min. A carbohydrate analysis column (Hypersil-100
using basal-level expression, and the refreshed culture was cultivatedAmino, Thermo Hypersil-Keystone) equilibrated with 75% acetonitrile,
at 27°C and in an orbital shaker at a speed of 225 rpm for 2 days 24% Milli-Q water, and 1% formic acid was used. The retention times
without the addition of IPTG. The culture broth was centrifuged at of glucose, maltose, and trehalose were 8.0, 11.2, and 12.5 min,

Protein Assay.Protein concentration was measured according to
the method of Bradford using a protein assay kit purchased from Bio-
Rad Laboratories (Hercules, CA) with bovine serum albumin as
standard.

Enzyme Assay.The activity of TSase was assayed by measuring
the amount of trehalose produced from maltose. The standard reaction
was performed by adding 1/4L of purified enzyme into 5QL of

4000 rpm for 10 min at 4C and the supernatant decanted. The resulting
cell pellet was resuspended in 20 mM sodium phosphate buffer (pH
7.0), and cells were lysed using a sonicator (Misonix, model XL-2020)
set to a power of 5% for 20 times of 30 s bursts, with a 30 s intermission
between bursts. After centrifugation at 12000 rpm for 20 min, the
supernatant containing crude enzyme was collected and then purified
according to the following procedures: 20 mM sodium phosphate (pH
7.0) buffer containing 2.5 M NaCl and 25 mM imidazole was added
to the crude extract to reach a final concentration of 0.5 M NaCl and
5 mM imidazole. It was then loaded onto a HiTrap Chelating HP
column (1 mL) equilibrated with 20 mM sodium phosphate buffer (pH
7.0) containing 0.5 M NaCl and 5 mM imidazole on a fast protein
liquid chromatography system (Pharmacia). After the column was
washed, the PTTS was eluted with a linear gradient-6680 mM
imidazole in the same buffer. Active fractions were pooled, concen-
trated, and buffer exchanged using Centricon PL-30 (Amicon, Beverly,
MA). The purified enzyme was stored in 20 mM sodium phosphate
buffer (pH 7.0) and was analyzed on 12% SDS-PAGE.

respectively.

RESULTS

Purification of Recombinant PTTS. The production of
recombinant PTTS constituted a very high percentagz8fo)
of the total cell protein (data not shown). Protein purification
was carried out by Ni column; the enzyme was purified 3.6-
fold with a yield of 63%, and the specific activity was 80 units
mg?! of protein (data not shown). SDS-PAGE analysis of the
purified enzyme showed a single protein band around 65 kDa
in size (Figure 1).

Effects of pH and Temperature on the Activity and
Stability of Recombinant PTTS. The pH dependence of PTTS
was studied at 43C in 50 mM acetate buffer (pH 3-55.0) or
50 mM phosphate buffer (pH 6-68.5) using 150 mM maltose
as a substrate. The optimum pH for PTTS was 6.0, but the
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Table 1. Kinetic Parameters of PTTS

substrate Ky (mM) Vinax@ (eemol/min-gmol) Keat (571 Kear Ky (M~1s71)
maltose 424+£16 5699.4 £ 61.4 95.0+£1.0 2238.1+108.1
trehalose 210.3+3.9 11257.3 +295.1 1876 £5.0 892.1+£6.9
maltose + 10 mM glucose 137.8+4.0 5870.1 £ 120.7 97.8+£2.0 709.8+6.4

@ Kinetics analyses were carried out under conditions of pH 6.0 and 45 °C for 5 min with maltose or trehalose of various concentrations. The concentration of purified
PTTS used was 0.38 uM. The theoretical molecular weight of the recombinant PTTS is 68016.

120 120
®  Activity
—o— Stability
100 S L 100
\\ PR—
‘\ ~ 80
80 / \ <
& V4 A \ 2
= / \\ \ 2 60
£ /7 I ' 3
g 60 // \ s g
e #/ | Ta s 40
g /4 \ a
[ L7 i
< 40 /] \
/] \ 20
; ,
/ // \\
20 / / 0
Y. 0 10 20 30 40 50 60 70 80 %0
Yo
o 4 - Temperature ('C)
3 4 5 6 7 8 9 Figure 3. Effects of temperature on the activity and stability of PTTS.
pH The enzyme activities at various temperatures were examined at the

maltose concentration of 150 mM and pH 6.0 for 25 min. To examine
temperature stability, the residual activity of the enzyme was measured
at 45 °C after preincubation of the purified enzyme at different temperatures
(4-100 °C) and pH 6.0 for 20 min. The solid circle (®) and open circle
(O) denote the enzyme activity and temperature stability, respectively,
under various temperatures.

Figure 2. Effects of pH on the activity and stability of PTTS. The enzyme
activities at various pH values were examined at the maltose concentration
of 150 mM and 45 °C for 25 min. The pH stability of enzyme was
examined by measuring the residual activity of enzyme at pH 6.0 after
preincubation in various pH values at 45 °C for 20 min. The solid square
(m) and circle (@) indicate the enzyme activity under 50 mM sodium
phosphate buffer (pH 6.0—-8.5) and 50 mM acetate buffer (pH 3.5-6.0),
respectively. The open square (CJ) and circle (O) represent the pH stability

X Table 2. Effects of Metal lons and Reagents on the Activity of PTTS
under 50 mM sodium phosphate buffer (pH 6.0-8.5) and 50 mM acetate

buffer (pH 3.5-6.0), respectively. relative activity? (%) relative activity? (%)
reagent 1mM 10 mM reagent 1mM 10 mM
o _ . . none 100 100 CdSo, 64 0
enzyme maintained high activity at pH 5.0. pH stability, exam-  yncj, 108 0 CuSo, 62 0
ined by preincubating the purified enzyme at various pH values znS0, 102 0 PbCl, 60 62
for 20 min and then assaying the remaining enzyme activity MdCh 99 7 HyCl, 0 0
under standard assay condition, showed a highly retained activity SrCl, %8 4 A(SOd)s 0 0
- . CaCl, 97 4 DTT 96 85
within a pH range of 5.867.5 (Figure 2). The effects of CoCl, 96 1 EDTA 93 85
temperature on PTTS activity and stability are depicted in Baso, 93 4 Tris 67 8
Figure 3. The optimum temperature was 45, and the enzyme NiCl, 90 3 SDS 0 0
maintained stability up to 66C at pH 6.0 for 20 min. FeSO, 84 0

Kinetics Analysis. Kinetic parameters of PTTS were inves-
tigated at pH 6.0 and 4% for 5 min using maltose or trehalose
as substrateT@ble 1). The results showed that this enzyme
has a much higher affinity for maltose than trehalose because
the Ky for trehalose was<5 times that for maltose. Although
a higherkgq for trehalose was seen, PTTS had a 2.5-fold higher
enzyme efficiency @/Kv) toward maltose than trehalose. indicated that the enzyme activity was inhibited strongly by
Moreover, it was found that the addition of glucose into the Hg?", Al3", and SDS and moderately by €dCuw*", P", and
reaction mixture would retard trehalose formation, and this effect Tris at concentrations of 1 mM. However, at a concentration of
was proportional to the glucose concentration (data not shown).10 mM, almost all metal ions and reagents, except DTT and
In the presence of 10 mM glucose, PTTS showed a 3.3-fold EDTA, inhibited the enzyme activity.

@ Enzyme activity was measured in the presence of 1 and 10 mM metal ions
or reagents under assay conditions of temperature 45 °C, 50 mM sodium phosphate
buffer (pH 6.0), and 150 mM maltose for 25 min. Relative activity is expressed as
a percentage of the enzyme activity in the absence of metal ions and reagents.

increase irkKy and a nearly unchangéghax for maltose, imply- Substrate Specificity of Recombinant PTTSThe recombi-
ing that glucose is a competitive inhibitor of TSa3alfle 1). nant PTTS acted on maltose and trehalose and converted them
Effects of Metal lons and Reagents on PTTS ActivityThe to each other with the production of a small amount of glucose.

effects of metal ions and reagents were determined by examininglt also acted on sucrose and catalyzed the formation of glucose,
enzyme activity in the presence of 1 and 10 mM metal ions or fructose, and trehalulosex{p-glucopyranosyl-(1,1p-fructo-
reagents under standard assay conditidable 2). The results furanose]. However, the activity was quite low (data not shown).
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Figure 4. Effects of substrate concentration on the maximum yield of % 50 Iggg
trehalose by PTTS. Purified enzyme was incubated with different concen- é 40 —A— 45T
trations of maltose in 50 mM sodium phosphate buffer (pH 6.0) at 45 °C. S 20 —& QT
Samples were collected at various intervals of reaction time and analyzed § "
by HPLC. The symbols, which indicate different concentrations of maltose, c
are ¢, 1 M; B, 500 mM; a, 250 mM; <, 150 mM; and O, 50 mM. 10 —
0
In addition, it converted then,f-1,1-trehalose to maltose, 0 10 » 0 i 40 0 % 0 8
although only~7%, just as with theo,a-1,1-trehalose. No Time (i)
detectable activities were seen with glucose, fructose, galactose,C- 160 ! —
f,p-1,1-trehalose, lactose, mannose, sorbitol, isomaltulose, mal- 140
totriose, maltotetraose, maltopentose, starch, or methyl cellulose_ 130
as substrates under the standard assay conditions described undér .,
Materials and Methods (data not shown). g
Effects of Substrate Concentration and Temperature on 8 &
the Maximum Yield of Trehalose. The effects of the substrate g
concentration on the yield of trehalose by PTTS were examined $ 40
at pH 6.0, 45°C, and various maltose concentrations. The final 0 |
yield of trehalose increased as the substrate concentration , , , . ,

increased. The maximum conversions of maltose into trehalose
were all~60%, implying that the enzyme conversion was inde-
pendent of the substrate concentration and that higher maltose
concentration did not have any adverse effect on the trehaloserigure 5. Effects of temperature on the formation of trehalose (A) and
productivity Figure 4). For the effects of temperature, reaction glucose (B) from maltose (C) by PTTS. Reaction mixtures containing
mixtures containing 150 mM maltose were incubated under pH purified PTTS, 150 mM maltose, and pH 6.0 sodium phosphate buffer
6.0 at 20, 30, 45, and 68C for 3 days, and the maximum  were incubated at various temperatures for 72 h. Samples were collected
conversions of maltose into trehalose were 71, 68, 61, and 50%at various intervals and analyzed by HPLC. The symbols, which indicate
with maltose and glucose contents of 25.4 and 3.6%, 27.6 anddifferent reaction temperatures, are 4, 20 °C; M, 30 °C; 4, 45 °C; and
4.3%, 31.2 and 7.8%, and 31.3 and 19.2%, respectively (Figure a, 60 °C.
5). Although a faster catalytic rate can be achieved at higher
temperature, a slightly lower conversion was displayed due to
more glucose generated. Therefore, a higher maximum yield Table 3. Relative Specific Activity of Wild-Type PTTS and Its Mutant
was gained at a lower temperature. Enzymes

Site-Directed MutagenesisDomain architectures analysis

Time (hr)

using the SMART program (http://smart.embl-heidelberg.de) . relative specific . relative specific
. . : mutation activity? (%) mutation activity? (%)
revealed that PTTS contains asamylase domain spanning -
residues 16—413, with a value of 2.10E-10". In alignment wild type 100 E245A 0.26 +0.007
ith the amino acid sequences of two structure-resolved glycosyl H106A 0180115 H3100 10.95:+0.144
wi q glycosyl pop3a 0.21+0.005 D311A 0.20+0.034

hydrolase family 13 ¢-amylase family) enzymes, oligo-1,6-

glucosidase fromBacillus cereusnd isomaltulose synthase from aRelative activities are represented as the ratio of mutants to wild type. The
Klebsiellasp. LX3, three putative active sites (A8f GIL?*, specific activity of wild-type PTTS was 86 units/mg.

and Asp™) and two substrate-binding sites (Higand Hi$19)

of PTTS were deduce®4, 25). To verify the importance of

these residues, site-directed mutagenesis was used to replace

the five residues individually with Ala, and each mutant recom- Moreover, similar conservations of active sites and substrate-
binant protein was purified by Ni column. The drastic reduction binding sites were observed in two other TSag@sielobacter

in enzyme activity of all mutants suggested that these five resi- TSase and hermus aquaticu§Sase Figure 6), further support-
dues might play essential roles in PTTS cataly3iable 3). ing the catalytic importance of these residues in TSase activity.
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PTTS ASVEDOBIPWR L ESRSS [ DNPKREWE IFSDTPEKFKEAR TIE IDTE VSSE 171
PSTS  FMNRTNDARPIROASRSDPDGPYGIREY VESDTDELYQDARVIEVDTE FHHA 178
TATS \'H"E—i B PUROEARK-PNSPMREWY VISDTPEKYKGYRVIEKDEE YWHA 165
BSOG \H"Z‘%II IWAURAESRKSKDNPYREY Y LIKDPKPDGSEPNNWGS TES SKKQ 167
BCOG NS TSDEENYRTESRKSKDNKYRIEYY I [JRPGK-EGKEPNNWGAAES SK 167
Pall V{JINGTNDORPURIOSKSDENNPYRY YFIRDGK-DNQPPNNY PSEEG ARQE 209
PTTS 226
PSTS 233
TATS [ 220
BSOG | 237
BCOG 237
Pall 277
PTTS OWPTETKAYFGN—————————(GDEF 280
PSTS OWPTDVVEYEFGPEEREDGTVVGPES 296
TATS NMWPEETLPYEGD————G—-DGV / 275
BSOG GSDTEEAKKYTDASR 298
BCOG NEE GRMPGVTTEEAKLYTGEER———— KELOUVFQREHMDLDSGEG—-CGKNWD 295
Pall = IFGYPLDRSSQEFDRRR——————-H = 335
* ok
PTTS —RSDYYPIMDITKQTLPIPDNCDWCTFLRMSIEL TLEMVTDSER———— DIMYREYAKTPKMRLNLG 341
PSTS ——RESRFPISEIMEQTPATPEGCQWG T FLRASIEL TLEMVTDEDR——— DYMWGEYAKDPRMKANIG 357
TATS ——REDRGPIETMLKEAEGIPETAQWALFLRMEEL TLEKVTEEER————EFMYEAYAPDPKFRINLG 336

BSOG  TKPFDLTALKKTMTRWQTGLMNVGWNTLYFENSINOPRY TSRWGNDR-KLRKECAKAFATVLHGMKGTPFT 367
BCOG  VKPCSLLTLKENLTKWQKALEHTGWNSLYWNWSIEQPRVVSRFGNDG-MYRTESAKMLATVLHMMKGTPYT 364
Pall HKSWSLSQFRQT ISEMDVTVGKYGWNTFFLDREINPRAVSHFGDDRPQWREASAKALATITLTQRATPFT 405

Figure 6. Alignment of amino acid sequences of trehalose synthases from P. torridus (PTTS), Pimelobacter sp. R48 (PSTS), and T. aquaticus (TATS);
oligo-1,6-glucosidases from B. subtilis (BSOG) and B. cereus (BCOG); and isomaltulose synthase from Klebsiella sp. LX3 (Pall). The conserved active
sites and substrate-binding sites are denoted by asterisks. Protein sequence alignment was performed using Vector NTI suite 7.0 (Informax Inc., Bethesda,
MD).

DISCUSSION hydrolyzing genes in th®. torridus genome were predicted

The recombinant PTTS reported here had an optimal pH of (NCBI), PTTS might play a regulatory role in controlliing the
6.0 and optimal temperature of 4& and maintained high intracellular amount of trehalose itself B torridus.
activity and stability up to pH 5.0 and 6. In comparison The biochemical properties of PTTS without the His-tag were
with other previously reported trehalose synthases, this recombi-the same as those with the His-tag (data not shown). Neverthe-
nant PTTS has the most acidic optimum pH. Moreover, the three less, the specific activity of native PTTS wad..3-fold higher
well-characterized TSases frdRimelobacterT. aquatics, and ~ than the recombinant His-tag fusion PTTS, perhaps due to the
Mycobacterium Smegmatﬂ]owed dramatic decreases in en- steric hindrance exerted by the His—tag that blocks the entrance
zyme activity at pH below 5.0 and retainedB0% of activity of substrate into the active site. AIthough the HiS'tag mlght have
(17, 18, 20). However, the PTTS could maintain 80% of its an adverse effect on enzyme activity, it facilitates protein purifi-
activity at pH 5.0. Therefore, it is more acid-tolerant than other cation and simplifies the procedures. The purification yield of
TSases reported so far. As the Maillard reaction, a nonenzymaticPTTS with the His-tag was 63% (data not shown), which was
protein glycation that often leads to protein denaturation and ~4-fold higher than that of native protein (data not shown).
inactivation, is enhanced in the alkaline pH region, using Therefore, for applications that require purified enzyme, enzyme
enzymes that can tolerate acidic environment could help to With the His-tag will be more useful. For applications that use
reduce the chemical reaction between maltose and proteins agrude enzyme, the enzyme without the His-tag should be

high temperature (2&7). considered.

The specific activity of this enzyme toward maltose was esti-  Enzymes belonging to the-amylase family contain a com-
mated to be~80 units/mg of protein, which was4.7-fold mon structural feature and conserved residues for catalysis and
higher than that oPimelobacterTSase~2.8-fold higher than substrate binding (28). Although TSase has been classified as
that of M. smegmatisT Sase, and roughly equal to that Bf a member of this family and proposed to contain a similar

stutzeriCJ38 TSase and reache®0% of that ofT. aquaticus hydrolysis mechanism, no direct evidence can prove this
TSase (17,18, 20, 22). Kinetics analysis showed that the speculation 29). Our study showed that residues of catalytic
recombinant PTTS had much greater affinity (5-fold) and importance ina-amylase family enzymes were also conserved
catalytic efficiency (2.5-fold) for maltose than trehalose. in PTTS (Figure 6), and the importance of these residues in
However, theke, for trehalose was 2-fold higher than that for PTTS catalysis was revealed in a mutagenesis sttdylé 3).

maltose Table 2). Because no trehalase gene or other trehalose- This finding is consistent with previous suggestions and further
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supported the assumption that PTTS employs a similar hydroly-
sis mechanism as otheramylase family enzymes to cleave
thea-1,4-glycosidic linkage of maltose. A double displacement
might proceed through the reaction; &fumight act as a proton
donor, and Asf?® might act as a nucleophile that attacks the
bonded anomeric carbon of the maltose.
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(9) Purvis, J. E.; Yomano, L. P.; Ingram, L. O. Enhanced trehalose
production improves growth dEscherichia coliunder osmotic
stress Appl. Environ. Microbiol.2005,71, 3761—3769.

(10) Benaroudj, N.; Lee, D. H.; Goldberg, A. L. Trehalose accumula-
tion during cellular stress protects cells and cellular proteins from
damage by oxygen radicald. Biol. Chem2001,276, 24261—
24267.

More glucose was released when the reaction was performed (11) Schiraldi, C.; Di Lernia, |.; De Rosa, M. Trehalose production:

under a higher temperatur€igure 5). This phenomenon is
thought to be due to the weak hydrolytic property possessed

exploiting novel approaches$rends BiotechnoR002 20, 420—
425.

by trehalose synthase itself, which increases as the temperature(12) Cabib, E.; Leloir, L. F. The biosynthesis of trehalose phosphate.

rises (18,19). However, this could also be explained from the
viewpoint of mechanism. Koh et aR9) proposed that glucose
was generated due to the entry of a water molecule into the
active site to hydrolyze the enzymglucose intermediate prior
to the formation of the glycosidic bond. Hence, it is possible
that a temperature rise would increase the flexibility of the
protein structure, making the active site more accessible to water
molecules to attack the split glucose before the formation of
the a,a-1,1-glycosidic bond.

In conclusion, the recombinant PTTS reported here is

thermostable and more acid-resistant than any others reported

so far. Because a high-temperature, acidic environment is
unfavorable for the growth of many organisms, the recombinant
PTTS can be used to reduce the possibility of contamination.

Besides, as high reaction temperature also increases the solubil-

ity and fluidity of substrate and no influence was seen on the
trehalose conversion by PTTS in high maltose concentration,
this enzyme could be applied more economically for the indus-
trial manufacture of trehalose. In addition, our previous paper
has described an enzymatic method that can produce high-
maltose syrup and high-protein product simultaneously from
raw material such as rice or cor(, 31). Hence, from a
combination of PTTS with this invention a method that enables
efficient and economical production of high-value trehalose from
low-price crops could be developed.
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