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Abstract: Trehalose (0.-Glep-(1<>1)-0-Glcp) is widely distributed in nature such as microorganisms, insects,
plants, and invertebrates. This sugar exists not only as an energy source but also as an important
functionality-material that protects the organization from damage by various stresses such as drying, freezing,
and osmotic pressure. Therefore, organisms have various trehalose-related enzymes that participate in degra-
dation or synthesis of trehalose to adjust the concentration in response to the environment. In this study, we
obtained trehalase, trehalose synthase or trehalose phosphorylase producing bacterium from soil or an al-
ready identified bacterium. The trehalose-related enzymes are classified from the catalyst style into three
groups named the degradation, the intramolecular transglucosylation, and the intermolecular transglucosyla-
tion. Three enzymes we screened were different from other kinds of trehalose-related enzymes. In addition, we
clarified some properties of these enzymes, and examined the synthesis of useful oligosaccharides. Trehalase,
which hydrolyzes trehalose to glucose, was purified from the Bacillus sp. T 3 cultures. Trehalose synthase,
which catalyzes the interconversion of maltose and trehalose by intramolecular transglucosylation, was puri-
fied from cell-free extracts of Pimelobacter sp. R 48 and the thermophilic bacterium Thermus aquaticus ATCC
33923. Trehalose phosphorylase, which catalyzes the reversible phosphorolytic cleavage of trehalose, was puri-
fied from a cell-free extract of thermopholic anaerobe, Thermoanaerobacter brockii ATCC 35047. Trehalose
synthase was useful for not only the synthesis of trehalose but also the production of trehalulose (1-O -0-D-
glucopyranosyl-D-fructose) from sucrose. Moreover, a non-reducing disaccharide, o-galactosyl o-glucoside,
was synthesized for the first time by trehalose phosphorylase using galactose as an acceptor.
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Fig. 1. Calibration curve for trehalose determination using the tre-
halose and glucose-oxidase method.

The reaction mixture (pH 7.5) containing trehalose (0~96 nmol)
and trehalase (0.1 U) was incubated at 45°C for 120 min. The glu-
cose content in the reaction mixture was assayed by the glucose-
oxidase method. Regression equation (trehalose 0-72 nmol): ¥ =
1.97(£0.0052)X; Y, glucose measured (nmol); X, trehalose
(nmol).

NG —BTHHEINDL VI — 205 IEFED 5
otz WWEEEREERRE LR, 7 VI — A5
BENE ZHEORFTI LN —-ZADOAIEHL, &+ bL
NA—2A, a—J¥EF—A, ZFa—A, YV I—2Z, 1
VRNV b—A, OB EF—AIZELEH Ladh o7z, K
12, M- 2oMEEEEICOWTHRE L2, P
T — A % 0-96 nmol & & JUGEIZ b LNT — CREHER

0.1 units ML, pH7.0 T45°C, 120 5 E1EH & 2712,

VA=A FF T —VEICIVER LV —- &
Z il L7z (Fig. 1). 70 nmol £ F C BT 72 LS
bz, FVI—ZAEPHBRHLIFHE O ML o —2
BN IL 98.5% Td o7z, RUFZREMME L & RIEERL,
5 pmol ¥ b = AWAETFTTHEALL o7z, LD
ENS, KM NAT—VBEISETO Lo — 2D
EEICHEHTRTHL I L bh ol B, KiFRIZ
Bacillus IBAIE HFK M LT —COBRENEE S 2212
L 72 DBITH 5.

2. bLNO—Z&EREFR (EC 5.4.99.16)

ek, bloo— ZEEEREASR S - BTS2
T LB RRE P LT — 2 FEE S TV,
EIZB D, ARHETO LT - ZOF AR S
N, bl —2Z LRI TEEET L 200RADES
ATz, 728 20, MAEWIC X BB AE" 1T Z0
—BITHB., Tz, BREICLIB LD —-ZAFHKE L
T, YIVIF—=AFAK)F—+¥ (MPase, EC24.18) &7
=R b Lo g —ZAKAKY T —+ (TPase, EC
24164) X< s —=ADSERT B HE, 27
U—ZKAKY T—+¥ (EC24.1.7) &7 /< —1RFH
LNd—AKAKRY) T—+¥ (BEC24.1231) 1LY A7 —
AL TN A=ANLERT L HEY, Mg —¥IiZkb
WAERBEFHA LTIV I — AP SERT 5 HiEY 4, &8
WEINTZ. LA Led s, BRI RERNERZ & O
s b — ZADEMi G EEIIRETH -7, T L
S RIRMTT, bbid~L 4+ TV ML AE— X
AR (MTSase, EC 5.4.99.15)7" & <)L b 1) I

Table 1. TSase producing bacteria.”

Pimelobacter sp. R 48* Thermus filiformis ATCC 43280
Pseudomonas putida H262*  Thermus ruber ATCC 35948
Thermus aquaticus ATCC 25105, 27634, 33923

Thermus sp. ATCC 43814 Thermus sp. ATCC 43814, 43815

*from soil.

Moo —ZAbMbnanA FEJ —+ (MTHase, EC
33.1.141) S FEMIC/ER T2 2 & TV b ) THED
DRI P LT — A% EHT 5 LR % L7200,
NS 2MOBELEUCEHZEANICA VYT I 7 —¥ (EC
32168), YZUTFTFAN) Y ITNVH ) NT VAT T —
¥ (EC24.1.19), Va7 37—+ (EC3.21.3) A
G b L TEREDOEBMELE,S 85% L Lo+ L
N — 2R EIR L7222, BAE, ZoFEICL) b
L= 20 TERNBED T b T 5, MTSase/MTHase
ZOFEE LARIEFEEEIC, LT — 2RI D B HE
BERe LT —AEREEFE (TSase, EC 5.4.99.16)
BEB SN, FAZEBHPLO Lo — 28 ) b
L T, Hiic MTSase & MTHase D #l & &b B X UF TSase
WZEB7NWV N —A0bDOEMMFHEIZOWTH A BE L7
P, BRSSO LT — ZERE, KBRS S5
MTSase/MTHase R4 T 5 Z &I12L72. L2 L, TSase
bEEFAFINARD THREWEEZH L TED, LUTIC
LT 5.

85 BE B Pimelobacter sp. R 48 ¥ PIZ< IV b — 2
o b a— AR ERT AR R L7, KEE
FROFPBEEISICL Y, <V =& P T —2R
DOMEZERZ T 25 L 5 — ¥ TH -7, MTSase
bFlha-14 703y MG La, a-1,1 7V Y FEAD
MHEAR % 3 28 TdH 5 5%, MTSase DSE A 3 LA
o= MF ) ITHEIERT 5 DI124 L, TSase i3~V
F—ADKRINEAT B EANRKREC R L > TWE. KNHIEKE
M ESIIHE LR R, WEYEHE TH 5 Thermus J&
DL DOBEML T/-TSase ZLEET H I &b o7z
(Table 1). ZNEDOKROHH L, Thermus aquaticus ATCC
33923 MR A& IR L, KGR % F Vv CREMNICRES L 72,
P. sp. R48 Hi3K TSase DIMERENEN 30'C T TTHLD
\ZxF U T, aquaticus ATCC 33923 H1sREBEE O RE 2 e 1L
80°C TH 1, 50°C bDEMNED LNz,

ARBEFZEOWEME T HALZ <)V b — A5 5 14012 1 gemol
DL NE—-A%ARTAIEEREERL, TOWEII~
Vh—=2A%EL L-KnilE b LT —ETRESH
%, T A Va— 28RS PO —AREZHEBTS
HETIT o7, ZOHEMEISEICRE Lz P LANT —F
WEPHHTEZ-281E, RifgEx#ED S ETRWICE
Lz Bbhd, E5IZPLAT—FIE, FLra—2
DIGEETANF =2 WEST HEEICHFIAHL 7.
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Fig. 2. Time course of TSase reaction with @-maltose or j-
maltose as substrates.

(a) Products from @-maltose; (b) Products from [3-maltose. Re-
action mixtures containing 0.1% substrate, trehalose synthase
(12,000 U/g-substrate), and 20 mM acetate buffer (pH 6.5) were
incubated at 50°C. Samples were collected at intervals and frozen
rapidly by immersing the micro test tube in cooled methanol (—80
°C) to stop the reaction. After lyophilization, the sugar compositions
were analyzed by GLC. , with enzyme; **---- , without enzyme;
@ trehalose; L, a-maltose; M, @ -maltose.

CH,OH OH

(o]
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Fig. 3. Reaction scheme of TSase.

23+ L TSase (34 CPEAET, WARY O EROA MIIHERG
PEICELC B L ol E512, IV b— X LhEES
NNV ENTZT N T — A kGBI TSase # EAH, TLC
UV NS TABIVZEDF = NI VXTI TR

72. TLCZ U~ NI LIZBWTT IV F—ZIF LN
O—ZZEEEINTWD, A= 3T TVF 7T LIZBNT
WEHE M Z AT 5 O ERPISED SNk olz. Ihb
DFEFIL, OTSase 13K A K T —BREHHEZAE LBV,
@TSase (L 7V 32— ANZHFT 5 551 MEnfE Ko % IR 12
AL 22V, S EERRLTWA. KRIC, EHLEE DMK
IV —=Z (B-%I)V b — AMEE K 80%) FoiE 1 EK

W<V b= (a-7 IV b — AHFE : #798%) |2 TSase
R &, SHEAOREMRZLE GLC 50T X ) X
72 (Fig. 2). 7/ X —DILFEMNELEELIINWTER B &,

TSase (Fa-~X WV b —=AZDOAKREH L, B-<V b —AIZ13fE
HLawekEz SNz, D EOERERNS, TSase lda-~ IV
M= & b Loa— 2O EZR % 55 B UG I &
VRS 245 —¥THAH LR LL (Fig. 3).
2) HEEFRRME

Tl % O WEH % FI v C TSase O H B 4T Sk % MGt L 724
N = b e SRl SRl N AN w B 85 U SR AV %
Az —=AZAHbEHL LAV E =X (1-0-a-D-
glucopyranosyl-D-fructose) % tERL T % 2 & ASh o 722,
ORI ETHWTHY, PLAVE—=ANLDR Y
O—AEREIBOON LD o7, A7 00— X RE 10%

Table 2. Km and Vmax of TSase for various substrates.

Km Vinax ™' Vimax/Km
(mMm) (mmol/min)
Maltose 34.5 102** 2.96
Trehalose 158 208** 1.32
Sucrose 96.5 9.51* 0.099

*!At pH 7.0, 60°C. Production of trehalose,*? maltose,*’
lose.**

trehalu-

w/v, 40°C, 100u/g-sucrose, pH 6.5 D 51T 96 K 8 1E H
KGR, MO — ZDAEEERIL81.0% I2H % L
72. Michaelis-Menten ¥ 4 7 @ # FE X % @& H L <
Lineweaver-Burk D 70 v s 565~V b— A, F L
O—ABIPRZ U= RIKT HHEE/NT A —F 2RO
(Table 2). TSase S~ F—A b LT — R & LEEL T
A7 T—=ANNEHALIZ VO Vi VN E V2D TH S 2
Ebpoi. NTF ) — AR (EC 5.4.99.11)
AT A—=A%/INTF /) —AL PO — ALK T DB
FThHAH COBRZTELETHWMEY DT, Pseudo-
monas mesoacidophila MX-456" 3 X UF Agrobacterium radio-
bacter MX-2323AZ7 0 —=ZX%F L LThLNALE—A
BT AR THAH. TSase b T72/3F F /) — A ER I
FEFMUEEZH LTV,

3) Plam—ZAERFEIZE 2 5 RGRE O

FOLO L b Loa — ZERIMENTEY, <)V b—
ADHO MO — ZEEEIIBLZ70% ThH o7z, F#F
ML, <V R —RE LT — AOFHREIC BT S R
RS IRAE L TB Y, IREPKL 2251206 M L
O— ZERERIIE L AL, ZOHLOEREE L TRIGRE
D& 7 BAHE IR HIER ORNOHERERE) 230
ENBEZENEITONG., L2LaA5, mEIC LD P
KREIZBU AL F—2 & bLa— 2D R ZL LT
WnZenh, HIOERPEZ NI, YV E—AD L
NH—=ANDERII T b ba-14 7V FiEGD
aJJ?WﬂVFﬁa“@E%T%D,mal%»#—@
ZALWHE LTS, Lo, BHISIIBIT22E R X
P EROIBEREER SV F— 2D b Ld— A
DOEIE) =y V-4 (AH) %FFiiT 52 LT
TICBITF-HAEPHFCTEZ LD TIE LV & E 2 7229,
Fnayig—EEHWETIL N — ZDNKSHES L O R
LG —¥ R FW b LT — ZOHIKS BT 2 B
%€ % MicroCal fL#FEEM 7 10 1) — X — ¥ —TI7 o 72451,

Maltose (eq) +H.0=2 D-glucose (eq)
AH=-—3.90%0.12 kJ/mol (50°C)
Trehalose +H,O=2 D-glucose (eq)
AH=+6.03%0.16 kJ/mol (50°C)
Tho7:.

LoT, FNSDENSLT ) —IFEIRREICH L~V
F=ADMLNO—RZERENIZESDAH IE, —9.93
+0.20 kJ/mol (50°C) L FFffi & A7z, 72, 50°C TV b —
AB LM LT — A2 TSase #EH & &7- & 2 DEMIE
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——————
Maltose <«———— Trehalose

Glucoamylase\ / Trehalase
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Fig. 4. Reaction scheme of the interconversion between maltose
and trehalose.

&R OBERLS AT 24T - 72, KIRE ORI B
9 AH ZAHIE L7z R, *EFLZ{‘T@% IBITAHAH I,
Maltose (eq) =0.322 maltose (eq) +0.668 trehalose
AH=-6.53%0.27 kJ/mol (50°C)
Trehalose =0.328 maltose (eq) +0.672 trehalose
AH=+3.44%0.06 kJ/mol (50°C)
Tholz. LoT, TNLDENLT /)~ — - FHIRREIC
HBHINVE=ANRPLNT - RZEREINIZESDAH
I, —9.97+0.28 kJ/mol (50°C) &FHid N7z, 512
&ﬁ@ﬁﬁ"f%v»b—x*ﬂ?ébvnu—xwm
RO AL S, &KinE O F 5 % $ K ([Trehalose]/
[Maltose]) %R 72. Vant Hoff O3\ (d InK/dT=AH/
RT?) (2D &P ER K O % AHRE T 0
dLTr7ay P LTHOLNL —RILBIEENS, 7/ v —

DRERIREEICH A~V P — AN LB — A BB I
k%@AH@,*Q%iQRMM@GOO SR S A7

Db, 3&BYV0FETFHISN/ZAH ITEDIZEIL—
L THBY, Fig 4 \IRLBAF — LD FNES
MWEASEEE NIz, ZORIBAF—LD[AE, <)V b—2A
&b a — ZDOFMHE DL — MR < KSR
FIZIWREENLIEERELTWS, $4bb, Rk
AL 2 BV M LT — A ERRIE L R LB
D FICHIA T & 72, B RIS IR T 5 207
FHT T —=FIZOVTIEW L OPFRE SN TV B2, —
TEM O AR OEIICEAT 2815 T 7u —F 130 7%
VY,
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4) TSase 1&{z5T DIFMF

Pimelobacter sp. R 48 B X U T. aquaticus ATCC 33923 O
TSase BIaT (TreS) Z7u—=r71L, ¥ VN7 E—R
EE%?IJ%%*{?% L7z. P. sp. R48 Hi3k TreS s&fnT- (1719-bp)

Ia—-FENDLT I EEESNE ST3RAT, KRy v
n&ihh%#%%méﬂémﬂmNi il D 5 5% FEAS

RELZETHAZ LD o7, —F, T. aquaticus
ATCC 33923 [Hi3k TreS #E{n¥ (2892-bp) (I —F3 N5
72 BB 963 I TH o7z, WF 871213390 7
3 IERIED OAMLEDTLD b ITAY, N RmHEB OS] IX

BWHHREIMEADSFRD b7z, F72, TSase D7 I/ FEESH
12iE, a-7 37—+ (EC3.2.1.1)% CGTase, 1 V7 37—
¥, 79 v F v 7T ¥ A4 L (BEC24.1.18), MTSase,

MTHase 2 &0 -7 I 5 —¥ 7 7 3 ) —BEBTHRE SN
TV A HEEAEE L Tz (Fig. 5). 2R SRAEHEIE O h
TAMBE CHBO AF Y Y 3B L ORKEICHEST
LS, BHHIBOT AT X U, CHEBOT AT ¥
I 7 7 30—l T ARk ThH L. b okk
A TSase ICDHFHEL TWDH I &S, KEFEDLa-7 3

—E7 73— BTABRLEZ LN,

T. aquaticus ATCC 33923 TreS BnT-® L3t 121% 720-bp
ML bRDOF—T ) -7 17 7L —24 (ORF) »4f
ELTWi ;®mw#%%%éﬂ67i/@%ﬂ&
E. coli HR* % Saccharomyces cerevisiae HI3E* + L vt —
A-6-1) VEEARA T 7% —+¥ (TPPase, EC 3.1.3.12) & #[H
PEZA LT/, TPPase (& b LT — 2-6-1) ¥ & B
F% (EC24.1.15) & EBIWIJEEWFICBVWT LT
AEAERY AT LAO—HE LTHEELTWD Z L b
TWwb. BLH L, 20 VEARGFE M Lovg — 2 G0k
&S TreS BARTHBEICHFAELTVL LD LHEES NS,
elt, MHEMER Rhodobacter aphaeroides D7 /) IEHT 7 &
JeD 2 FEWEIZ, MTSase B & U MTHase 2554 % + L
0 —2AEHAZ A 72 3 FICHEE-§ 2 &5 F 0 —207

Homologous Region

Enzyme

A-region B-region C-region
TSase (T. agquaticus) (96) (101) (193) GFRLIJATI (199) (301 FIRM{II
TSase (Pimelobacter sp.) (103) (108) (201) GFRLBRV (207) (317)
MTSase (Arthrobacter sp.) (87) (233) GLRIBHP (239) (478
MTSase (S. acidocaldarius) (85) (224) GYRIBHI (230) (438
Mals (S. Carlsbergensis) (106) (111) (210) GFRIMTA (216) (344
TAA (A. oeryzae) (117) DVV. 122) (202) GLRINIV (208) (292
CGTase (B. stearothermophilus) (135) (140) (225) GIRFAV (231) (324) FID:
Iam (P. amyloderamosa) (317) (322) (396) GFRFJLA (402) (528) FIDVEE
BE (B. stearothermophilus) (238) DWVPGH (243) (304) GFRVBRV (310) (414)

Fig. 5. Putative catalytic and substrate-binding residues in TSase and amylolytic enzymes.

The following enzymes are shown: TSase, trehalose synthases from Thermus aquaticus ATCC 33923 and Pimelobacter sp. R 48; MTSase,
maltooligosyl trehalose synthases from Arthrobacter sp Q 36* and from Sulfolobus acidocaldarius ATCC 33909"”; MalS, maltase from Sac-

charomyces carlsbergensis™’;
2.4.1.19) from Bacillus stearothermophilus®

TAA, a-amylase (EC 3.2.1.1) from Aspergillus oryzae®
; Iam, isoamylase (EC 3.2.1.68) from Pseudomonas amyloderamosa“”

; CGTase, cyclomaltodextrin glucanotransferase (EC
; BE, Branching enzyme

(EC 2.4.1.18) from Bacillus stearothermophilus.® The putative catalytic residues are highlighted in black. The putative substrate-binding

residues are shaded.
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Table 3. Properties of TPase from various microbial origins.

Property T. brockii E. gracilis® M. varit:gs Plesiomongf sp. C. ferrugi};zga
ATCC 35047 No. 39 SH-35 KY 2039

Molecular mass

SDS-PAGE 88000 ND 105000 88000 98000

Gel filtration 190000 ND 570000 200000 400000
Isoelectric point 54 ND 4.8 4.5 4.6
Optimum pH 7.0-7.5 7.0 7.0 7.0 6.5
Optimum temp. (°C) 70 40 32 50 45
pH stability 6.0-9.0 6.0-8.0 5.5-7.5 6.0-9.0 ND
Thermal stability (°c) below 60 below 40 below 30 below 45 ND

ND, not determined.

JAZRB IR REE, WA MLV AKATTHES
BRLLTHILNO—RAZERET LI LN TRS

B2, TreS BETIE ML NT—ZADGHICEES LTw5
5L\, Thermus BW OBE S, HHEO FLu—ZAE8K
RIZED, BHETL ML O-REEAHGEL TR0
b LNz,

3. PLNA—-RKZRKYS—E (EC 2.4.1.64)

ek, Mo —RlF1kgl720 BLZ3TTHE S
THot770, FENHBEOEE % BEAER L LTI AEY
THo7z. 2. THRNR72X 912, Arthrobacter J& 1 H# R
MTSase & MTHase Z F) ] LA Z 58L& L7z M Lova —
A D THENEEDIHIE S 1, Eﬁ?hmbbAU—Xﬁﬁ
D100 5D 1 OMiETAFUREIC L o7z, 2D L%
I, Mg —RMERTANEBEROA ) —= v T
ZiT o7, FORER, NHETH 5 BN d M Ther-
brockii DE AT b Lona — 295 k&
=R 7 ¥ — A (a-Gle-(1—2) -a-Gle- (1<21) -a-Glc)
ARETEE R L7z, RE R, BEAEEE M Loy — 2
KRARY T —F (TPase) & I —T ¥ F— A% 5
By AFHEEFEI - ¥ E—AKAK) T —+ (KPase, EC
24.1230) OFEERICHRT L2 Z 2B 2L 7
(Fig. 6)". T7%bb, TPase IZL Y Pl AT =205 7L
I — A & f-glucose 1-phosphate (3-G 1P) 2MERL, K>
T KPase 7°3-G 1 P & flt Gk & L Lo —RIZ7 )V ay
NI LI ETETIF /) — AP AT S, KPase (L7

moanaerobacter

B -Glucose 1-phosphate
CHOH CH0H CH,0H

QQ &y &f

CH-_;OH
TPase
H HC HO o HOHC ("

Trehalose

CH,OH
O,

Selaginose

Fig. 6. The synthesis scheme of selaginose from trehalose by

TPase and KPase.

TI—ALBGIPRL A=V ) THEAERT LI L
5, a-12 7NV AV IVEEGEIZET AFHBAARY 7 -ET
HHEDbrod.

1) TPase DEFFZEAIER™

T. brockii \$E\VAEFIRE (RFEEE [ 60°C) 26T 5
Z &5, TPase ldEWIHEEL S22 LA HF S L7,
K TPase DEEFZMME'E % BEAI TPase & & % |2 Table 3 12 F
L7z, ABEFZO SR pH $BEABE S & FAR S At
WHTH-o720, ERmEBS LA LZERIIRD HWET
Hol:. BEMDOWHNS, THEMFRICHELBEREER
b7z, B, ®IT Inoue %7 Bacillus
SK-1 #kHi2K TPase D EH I DWW THEHE L TWw 5, B
stearothermophilus F % TPase O ¥ 1 i & (X T. brockii H £
fif #% TPase & W <, BLZ75°CThH o7z,

T. brockii H1 1 2Lk TPase @ 1 F (X BE 40 TPase & [7] A%
IhnOo— A ZERKT, AF PLNE—R, O=-VF
F—=RA, ZFu—X, fIYNVI—=X, VI FHU—A, F
IFYJEF—R, UL -, FrFFEF— AIIIE
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