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bstract

Pyrococcus horikoshii trehalose-synthesizing glycosyltransferase employed a galactose as an acceptor in the glucosyl transfer reaction with an
DP-Glc donor. The reaction produced a non-reducing transfer product in a yield of more than 30% based on the molar concentration of donor
sed. The transfer product was purified by paper chromatography and preparative HPLC, and its glycosidic structure was confirmed by 13C nuclear
agnetic resonance to be �-d-glucopyranosyl �-d-galactopyranoside. Interestingly, this trehalose analogue disaccharide inhibited the action of

everal disaccharidases, including a trehalase. The analogue competitively inhibited porcine kidney and rat intestinal trehalases with Ki values

f 0.68 and 3.7 mM, respectively. It also competitively inhibited other intestinal disaccharidases such as sucrase, maltase, and isomaltase with
espective Ki values of approximately 0.66, 3.0, and 2.1 mM. Accordingly, this trehalose analogue would be a potentially indigestible disaccharide,
ffectively inhibiting intestinal brush border disaccharidases.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Trehalose is a non-reducing disaccharide in which two glu-
ose molecules are bonded in an �,�-(1 ↔ 1)-glucosidic linkage
1]. This naturally occurring sugar is widely distributed in
arious organisms such as bacteria, yeast, fungi, insects, inver-
ebrates, and lower and higher plants. It may serve as an energy
ource or protect proteins and cellular membranes from a variety
f environmental stress conditions, including desiccation, dehy-
ration, heat, and freezing [2]. Trehalose is not very hygroscopic,
table to wide ranges of pH and heat, and a low or anti-cariogenic

ompound [3,4]. Generally, ingested trehalose is hydrolyzed to
lucose by intestinal trehalase (EC 3.2.1.28) and absorbed in the
mall intestine.

∗ Corresponding author. Tel.: +82 2 2123 3124; fax: +82 2 312 5229.
E-mail address: soobok@yonsei.ac.kr (S.-B. Lee).
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Interestingly, there are several reports on synthesis of struc-
ural analogues of trehalose. Non-symmetrical trehalose deriva-
ives including �-d-glucopyranosyl �-d-galactopyranoside have
een chemically synthesized in organic solvent [5,6]. In addi-
ion, disaccharide analogues of trehalose containing xylosyl,
ucosyl, or galactosyl moiety have been enzymatically syn-
hesized by using a trehalose phosphorylase (EC 2.4.1.64)
7,8]. Trehalose phosphorylase is one of trehalose biosyn-
hetic enzymes; it can hydrolyze trehalose in the presence
f inorganic phosphate to yield G-1-P and a glucose, and
eversibly synthesize trehalose from both products in vitro
9]. Properties of the trehalose analogues have not been well
nown.

Recently, a novel trehalose synthetic pathway was discovered

nvolving unique trehalose-synthesizing glycosyltransferases
rom Thermococcus litoralis [10] and Pyrococcus horikoshii
11]. The enzymes were able to synthesize trehalose from
DP-Glc as a glucosyl donor and glucose as an acceptor.

mailto:soobok@yonsei.ac.kr
dx.doi.org/10.1016/j.molcatb.2007.08.012


Cata

M
g
fi
s
e
l
g
p
h
�

2

2

(
[
a
p
b
a
m
C
r

2

5
u
p
A
N
a
w
N
b
f
5
1
e

2

K
o
o
o
o
a
u
a
a
[

2

m
d
a
d
t
s
T
(
t
r
c
N
i
c

2

w
�
a
a
i
(
a
e
p
o
i
h
s
s
a
K
d

2

w
w
a
a
a
c

3

3

H.-M. Kim et al. / Journal of Molecular

oreover, we have just found that the trehalose-synthesizing
lycosyltransferase from P. horikoshii has novel substrate speci-
city for galactose as an acceptor molecule in the disaccharide
ynthesis reaction. In this paper, therefore, we describe the
nzymatic synthesis of the galactose-containing trehalose ana-
ogue disaccharide using P. horikoshii trehalose-synthesizing
lycosyltransferase (PhTG). We also characterize the transfer
roduct in terms of inhibition properties against disaccharide-
ydrolyzing activities of several enzymes such as trehalase,
-glucosidase, sucrase, maltase, and isomaltase.

. Experimental

.1. Enzymes and chemicals

P. horikoshii trehalose-synthesizing glycosyltransferase
PhTG) was prepared and purified as previously reported
11]. Nucleoside diphosphate glucose (UDP-Glc, ADP-Glc,
nd GDP-Glc), p-nitrophenyl �-d-glucopyranoside (pNP�G),
-nitrophenyl �-d-galactopyranoside (pNP�Gal), isomaltose,
aker’s yeast �-glucosidase, porcine kidney trehalase, and an
cetone powder of rat intestinal enzymes (trehalase, sucrase,
altase, and isomaltase) were purchased from Sigma Chemical
o. (St. Louis, MO, USA). All other chemicals used were of

eagent grade.

.2. Transglycosylation reaction

The PhTG activity was spectrophotometrically assayed at
05 nm by a modified glucose oxidase/peroxidase method [12]
nder standard conditions at 25 ◦C in 50 mM sodium phos-
hate buffer (pH 7.0) containing 40 mM trehalose as a substrate.

transglycosylation reaction by PhTG was performed with
DP-Glc (UDP-, ADP-, or GDP-Glc) as the glucosyl donor

nd galactose as the acceptor. The purified enzyme (500 U)
as added to a 100 ml reaction mixture containing 17.7 mM
DP-Glc and 55.6 mM galactose in 50 mM sodium acetate
uffer (pH 6.0). The enzyme reaction was carried out at 37 ◦C
or 24–36 h, and the reaction was terminated by boiling for
min. The reaction mixture was centrifuged at 12,000 × g for
0 min, and filtered using 0.45 �m membrane filter for further
xperiments.

.3. Analysis of reaction product

The reaction products were analyzed by TLC on Whatman
5F silica gel plates (Whatman, Kent, UK). The plate was devel-
ped with isopropyl alcohol–ethyl acetate–water (3:1:1 v/v/v)
r n-butanol–pyridine–water (7:3:1 v/v/v) [11]. Carbohydrates
n the TLC plate were visualized by dipping method as previ-
usly reported [13]. The reaction products were quantitatively
nalyzed by HPAEC, using a Dionex CarboPac PA100 col-

mn (0.4 cm × 25 cm, Dionex Co., Sunnyvale, CA, USA) with
linear gradient (0–15%, v/v) of 600 mM sodium acetate

nd 150 mM sodium hydroxide at a flow rate of 1.0 ml/min
14].
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.4. Purification of reaction product

The transfer product was isolated by preparative paper chro-
atography on a Whatman 3 mm paper (23 cm × 55 cm) with a

escending technique. The paper was irrigated with isopropyl
lcohol–ethyl acetate–water (3:1:1 v/v/v) for 24 h. After air-
rying, spots on the paper were located using an AgNO3 reagent
o verify separation of the reaction products. The paper was
ectioned, and the product was eluted with deionized water.
he eluted transfer product was further purified by Prep-HPLC

LC-918, JAI Co. Ltd., Tokyo, Japan) with a polymeric gel filtra-
ion column (W-251, 2 cm × 50 cm) [15]. 13C nuclear magnetic
esonance (NMR) spectra of the transfer product and standard
arbohydrates were recorded with a JEOL JNM LA-400 MHz
MR spectrometer (Tokyo, Japan). The samples were dissolved

n DMSO-d6 at 24 ◦C using tetramethylsilane (TMS) as the
hemical shift reference.

.5. Assays of several disaccharidases

The activities of various disaccharide-hydrolyzing enzymes
ere assayed in the absence and presence of the transfer product.
-Glucosidase activity was spectrophotometrically determined
t 420 nm using pNP�G (0.3–1.0 mM) in 50 mM sodium
cetate buffer (pH 5.0) at 25 ◦C [16]. �-Galactosidase activ-
ty was also spectrophotometrically determined using pNP�Gal
0.3–1.0 mM) in 50 mM sodium phosphate buffer (pH 7.0)
t 25 ◦C [17]. Porcine kidney trehalase and rat intestinal
nzyme activity assays were performed in 50 mM sodium phos-
hate buffer (pH 7.0) at 25 ◦C using the modified glucose
xidase/peroxidase method [12]. The porcine kidney and rat
ntestinal trehalase assays were performed with a final tre-
alose concentration of 0.5–6 and 10–160 mM, respectively. The
ucrase, maltase, and isomaltase activities were assayed using
ucrose at 2.9–15 mM, maltose at 0.3–8 mM, and isomaltose
t 1.2–8.0 mM, respectively. The kinetic parameters (kcat and
m) for all the reactions above were calculated using software
eveloped by Duggleby [18].

.6. Kinetics of enzyme inhibition

The disaccharide-hydrolyzing enzyme reactions employed
ere performed according to the foregoing reaction conditions
ith various concentrations (0.1–5.8 mM) of the transfer product

s an inhibitor. The type of inhibition, inhibition constant (Ki),
nd other kinetic parameters were determined using Dixon plots
nd a replot of the slope versus the reciprocal of the substrate
oncentrations [19].

. Results and discussion

.1. Analysis of the transglycosylation reaction by PhTG
We observed that the enzyme was able to employ a galac-
ose as an acceptor in the transglycosylation reactions with
DP-, ADP-, and GDP-Glc donors, yielding a transfer product.
s shown in Fig. 1, each glucosyl-transfer product was newly
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ig. 1. TLC analysis of the transglycosylation reaction by PhTG with UDP-
altodextrin standards; lane 1: UDP-Glc (A), ADP-Glc (B), GDP-Glc (C) and

ormed and detected by TLC analysis. The transfer product for
ach transglycosylation, which was expected to be a galactose-
ontaining disaccharide, had equivalent position on the TLC
arrows in Fig. 1, lane 2) and HPAEC chromatograms (data
ot shown). The molecular masses of the transfer products for
ll three transglycosylations were determined by MALDI-TOF
ass analysis. Each transfer product was calculated to be an

dentical 342 Da from the peak at m/z 365.4 ([M + Na]+), which
atches the expected molecular mass of the sodium adduct of

exose disaccharide. Consequently, the enzyme was thought to
ave a broad donor specificity for the synthesis of the same dis-
ccharide product containing a glucose and a galactose, just as
hown for the trehalose synthesis [11].

The enzyme specificities for the glucose and the galactose
cceptors were kinetically compared in the transglycosylation
eaction using a UDP-Glc donor (Table 1). The Km value
4.6 mM) for glucose was approximately 2.8 times lower than
hat for galactose. Glucose was also approximately 22 times

ore effective than galactose in terms of reaction specificity,
max/Km. This result implies that the enzyme basically prefers
lucose as the acceptor in the transglycosylation. The enzyme
an, however, use galactose as an acceptor even in a much lower
ffinity.

.2. Purification and structural identification of the

ransfer product

The transfer product was repeatedly purified by paper chro-
atography and Prep-HPLC as described. Approximately 0.19 g

able 1
inetic parameters for the acceptor specificity of PhTG in the transglycosylation
sing UDP-Glc donor

cceptor Km (mM) Vmax (mM min−1) Vmax/Km (min−1)

lucose 4.6 ± 1.4 206 ± 19 44.78
alactose 12.7 ± 3.7 26.1 ± 2.5 2.06

y
i
w
l
a
l
m
l
c
h

A), ADP-Glc (B), or GDP-Glc (C) donor and a galactose acceptor. Lane S:
ose; lane 2: reaction mixture of PhTG with each donor and galactose.

f transfer product was obtained after purification from a
ransglycosylation reaction (36 h) with 1 g UDP-Glc and 1 g
alactose. As a result, the production yields were evaluated
o be approximately 31 and 10% based on the molar concen-
rations of UDP-Glc and galactose, respectively. The purified
ransfer product was confirmed to be non-reducing by using

copper-bicinchoninate method [13]. 13C NMR analysis was
erformed to identify the glycosidic structure of the purified
ransfer product (data not shown). Additional carbon signals
ere observed in the 13C NMR spectrum of the transfer product

s compared to that of �-galactose. Those signals undoubtedly
esulted from the transfer of an �-glucosyl moiety from UDP-
lc to �-galactose. In addition, there was relatively large change

n the �-galactose C-1 chemical shift from 93.11 to 93.91 ppm.
chemical shift from 92.9 to 94.1 ppm in the transfer product

as also observed in the C-1 of �-glucose transferred, which
s almost the same as the �-glucose C-1 chemical shift in tre-
alose. These results confirmed that C-1 of transferred glucosyl
oiety was specifically attached to C-1 of �-galactose in the

ransglycosylation, forming a trehalose analogue disaccharide
hrough an �,�-(1 ↔ 1)-glycosidic linkage, �-d-glucopyranosyl
-d-galactopyranoside.

.3. Inhibition of several disaccharidases

Trehalose is generally hydrolyzed by an intestinal trehalase to
ield two glucose molecules, which are absorbed into the small
ntestine [3]. On the contrary, the trehalose analogue in this study
as neither hydrolyzed by porcine kidney and rat intestine treha-

ases, nor by �-glucosidase and �-galactosidase. This is in good
greement with the previous report [8]. In addition, the ana-
ogue was not hydrolyzed by rat intestinal enzymes including
altase, sucrase, and isomaltase. Because the trehalose ana-
ogue was unhydrolyzed, it was considered that the analogue
ould be effective at inhibiting trehalase or other disaccharide-
ydrolyzing enzyme activities.
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ig. 2. Dixon plots of the activities of porcine kidney (A) and rat intestine (B)
rehalases in the presence of the trehalose analogue inhibitor.

The Dixon plots and replots of the slope indicated inhibition
ype for the activities of the enzymes tested (Figs. 2 and 3).
he inhibition constant and kinetic parameters for the sub-
trates were also determined (Table 2). The trehalose analogue
howed competitive inhibition for porcine kidney trehalase with
Ki value of 0.68 mM (Fig. 2A), and for rat intestinal treha-

ase with a Ki value of 3.72 mM (Fig. 2B). This indicates that
he analogue resists the hydrolysis by trehalases, but favorably
inds the enzyme active site, competing with the trehalose sub-
trate. In fact, trehalase inhibition is an interesting target for
evelopment of novel insecticides, because trehalose is a vital
ource of energy for insect flight [20]. Sucrose, phloridzin, and

ris(hydroxymethyl)aminomethane (TRIS) are known competi-
ive trehalase inhibitors with Ki values in the 1.1–3.7 mM range
21]. Moreover, several potent inhibitors have been reported
ncluding suidatrestin, validoxylamine A, and trehazolin with

u
a
e
a

able 2
inetic parameters for the activities of porcine kidney trehalase, baker’s yeast �-glu

nd isomaltase in the presence of the trehalose analogue

nzyme Inhibition type Ki (mM)

orcine kidney trehalase Competitive 0.68 ± 0.16
aker’s yeast �-glucosidase Competitive 0.29 ± 0.14
at intestine trehalase Competitive 3.72 ± 0.19
at intestine sucrase Competitive 0.66 ± 0.06
at intestine maltase Competitive 3.04 ± 0.48
at intestine isomaltase Competitive 2.14 ± 0.07
lysis B: Enzymatic  49 (2007) 98–103 101

icromolar to nanomolar Ki range [20,22]. Reportedly, trehalase
ccounts for 0.1 and 0.3% of the total brush-border membrane
rotein in rabbit kidney and intestine, respectively [21]. It could
e inferred that the effective trehalase inhibition might delay
rehalose breakdown and absorption in the small intestine.

Unexpectedly, the trehalose analogue in the present study
lso competitively inhibited baker’s yeast �-glucosidase with
Ki value of 0.29 mM and other rat intestinal disaccharidases

sucrase, maltase, and isomaltase) with Ki values of 0.66, 3.04,
nd 2.14 mM, respectively (Fig. 3A–D). The inhibition constants
or the analogue were approximately 2.6–11.5 times lower than
he Km value of the corresponding substrate for each enzyme.
t was considered that the trehalose analogue could compete
ffectively against sucrose with an �-(1 → 2)-glycosidic bond,
altose with an �-(1 → 4)-glucosidic bond, and isomaltose
ith an �-(1 → 6)-glucosidic bond, respectively in the sub-

trate binding sites. The analogue was only inactive against
-galactosidase. Sucrose is widely used in many foods as a
weetener and its daily intake is still large. Starch, the major
ietary carbohydrate, is degraded into maltose in the small intes-
ine. Thus, disaccharidases such as sucrase and �-glucosidase
maltase) in the brush-border membranes of the small intestine
re recognized to be important targets for inhibition. This inhibi-
ion may limit the intestinal digestion of dietary carbohydrates,
hus controlling diabetes and obesity [23–26]. Reportedly, l-
rabinose was recommended as a good inhibitor as it inhibited
nly intestinal sucrase activity with a Ki value of 2 mM in vitro
24]. This monosaccharide showed no inhibition against intesti-
al maltase, isomaltase, trehalase, or lactase activity. Compared
o l-arabinose, the trehalose analogue was three times more
otent in the inhibition against intestinal sucrase, concomi-
antly inhibiting the activities of other intestinal disaccharidases
ncluding maltase in vitro. Recently, valienamine (an amino
ugar analogue of d-glucose) and 3,4,5-trihydroxybenzoic acid
gallic acid) were also suggested to be potent inhibitors of
rush-border sucrase, which were competitive inhibitors with
espective Ki values of approximately 0.77 and 1 mM, similar
o the trehalose analogue in this study [25,26].

Accordingly, the results showed that the trehalose analogue
as very favorable for inhibiting the activities of intestinal
isaccharidases such as trehalase and sucrase. Furthermore, it
ignificantly inhibited the activities of other disaccharidases

sed. Thus, we suggest that the galactose-containing trehalose
nalogue would have a potential as indigestible disaccharide,
ffectively inhibiting the intestinal brush-border disaccharidases
nd potentially interfering with intestinal digestive functions.

cosidase, and rat intestinal disaccharidases such as trehalase, sucrase, maltase,

Km (mM) Vmax (mM min−1) Vmax/Km (min−1)

2.19 ± 1.42 0.82 ± 0.40 0.37
0.75 ± 0.26 1.96 ± 0.35 × 10−3 0.0026

126.4 ± 11.2 0.47 ± 0.02 0.0037
7.6 ± 1.2 0.09 ± 0.01 0.012
2.4 ± 1.6 0.19 ± 0.09 0.079
7.5 ± 0.8 7.5 ± 0.8 0.039
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Fig. 3. Dixon plots of the activities of baker’s yeast �-glucosidase (A), rat intes-
tine sucrase (B), rat intestine maltase (C), and rat intestine isomaltase (D) in the
presence of the trehalose analogue inhibitor.
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urther study is needed in vivo. The unique properties of the
rehalose analogue in enzyme inhibition seem to be attributed
o its concurrent characteristics of structural resemblance and
ndigestibility.

. Conclusions

In conclusion, a galactose was employed as an acceptor in
he glucosyl transfer reaction by PhTG with an NDP-Glc donor,
ielding a transfer product. The product was identified to be
-d-glucopyranosyl �-d-galactopyranoside, trehalose analogue
isaccharide. The analogue showed the inhibitory effects on the
ctivities of several disaccharidases. The analogue showed com-
etitive inhibition against kidney and intestinal trehalases and
ther intestinal disaccharidases including sucrase, with low mil-
imolar range of Ki values. Thus, the trehalase analogue might be
ffective at inhibiting intestinal brush-border disaccharidases.
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