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effect.

The ileal brake mechanism which induces a potentially beneficial slower gastric emptying rate and
increased satiety is triggered by macronutrients including glucose from glycemic carbohydrates. For
optimization of this diet-induced health benefit, there is the need for a way to determine the location of
glucose deposition in the small intestine. Labeled 2-deoxyglucose (2-DG) can be used to trace the loca-
tion of glucose absorption due to its accumulative property in the small intestine enterocytes. However,
because pure glucose, or 2-DG, is directly absorbed in the proximal small intestine, we designed 2-DG
containing maltooligosaccharides (2-DG-MOs) that can be used with a mild a-glucosidase inhibitor to
attain an analytical method for determining location-specific delivery of glucose and its physiological

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is the major glycemic carbohydrate, as well as energy
source, in the human diet (Gropper & Smith, 2012). After inges-
tion of starchy foods, starch molecules are hydrolyzed to glucose
by the combined action of a-hydrolytic enzymes. The salivary
and pancreatic a-amylases produce linear and branched oligosac-
charides, which are then fully hydrolyzed in the small intestine
to glucose by the combined action of the four mucosal «-
glucosidases. The mucosal a-glucosidases consist of two complexes
each with two catalytic enzymes, maltase-glucoamylase (MGAM)
and sucrase-isomaltase (SI) (Dahlqvist & Telenius, 1969). These
four a-glucosidases, recognized as N- and C-terminal subunits
(ntMGAM, ctMGAM, ntSI, and ctSI) are commonly known as malt-
ase, glucoamylase, isomaltase, and sucrase, respectively (Jones
et al., 2011; Quezada-Calvillo et al., 2008). All four a-glucosidases
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hydrolyze a-1,4 glycosidic linkages which are found in the lin-
ear portions of starch molecules, and sucrase and isomaltase show
additional hydrolytic activities of «-1,2 on sucrose and a-1.6 on
branches of starch. The liberated glucose is absorbed into the small
intestine enterocytes via the Na*-dependent glucose transporter 1
(SGLT-1) and transported out the basolateral membrane by glucose
transporter 2 (GLUT-2), and on to the liver where it is metabolized
(Fox, 2004). Glucose infused specifically at the distal part of the
small intestine stimulates L-cells, and releases glucagon-like pep-
tide 1 (GLP-1) and peptide YY (PYY) hormones which affect both
gastric emptying rate and satiety at the level of the hypothala-
mus (Maljaars, Peters, Mela, & Masclee, 2008; Wen, Phillips, Sarr,
Kost, & Holst, 1995). Thus, the location of glucose absorption in the
small intestine is a critical factor related to the triggering of these
desirable physiological responses, and design of food ingredients
to trigger the L-cells is a way to improve their health-related prop-
erty. Materials, however, are needed to study locational digestion
of dietary carbohydrates and the potential physiological effect.
2-Deoxyglucose (2-DG) is structurally similar to glucose, differ-
ing at the C-2 position, where the hydroxyl group is reduced to
hydrogen (O’Neil, 2006). While glucose is absorbed into entero-
cyte cells via SGLT1, the 2-DG is absorbed via the GLUT2, which is
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less distributed at the apical surface of the cells (Ait-Omar et al.,
2011; Au, Gupta, Schembri, & Cheeseman, 2002; Shirazi-Beechey,
1996). Once it enters the enterocyte, the absorbed 2-DG is rapidly
phosphorylated by hexokinase to 2-deoxyglucose 6-phosphate (2-
DG-6P) as is glucose itself (Newsholme & Carrié, 1994; Stiimpel,
Burcelin, Jungermann, & Thorens, 2001); however, 2-DG-6P will
be slowly dephosphorylated by glucose 6-phosphothase with a
1000-fold slower rate than glucose 6-phosphate (Chi, Pusateri,
Carter, Norris, McDougal Jr, & Lowry, 1987). Also, 2-DG-6P is not an
efficient molecule for the glucose transporter systems (Gallagher,
Fowler, Gutterson, MacGregor, Wan, & Wolf, 1978). Thus, the 2-
DG-6P accumulates in the small intestinal enterocyte cells (Burant
& Bell, 1992; Olefsky, 1978). Due to this accumulative property in
the cell, labeled 2-DG'’s (e.g., 14C-, 3H-, and 2-F-2-DG) are used to
trace the location of glucose entry into a range of target cells using
different types of imaging systems (Durham & Woolsey, 1985;
Nedergaard & Astrup, 1986; Yamato, Kataoka, Mizuma, Wada, &
Watanabe, 2009).

As an analytical tool to study the physiological effect of loca-
tional deposition of dietary glucose in the small intestine, 2-DG
holds promise; however 2-DG itselfis absorbed in the proximal part
of the small intestine similar to glucose. To investigate the relation-
ship between the location of digestion and physiological response,
in the present work 2-DG was attached to a maltooligosaccha-
ride with the idea that its digestion rate could be controlled using
a technique of selective inhibition of the mucosal a-glucosidases
which we have recently reported (Lee et al., 2012). To produce the
2-DG-maltooligosaccharides (2-DG-MOs), we used amylosucrase
(AS; E.C. 2.4.1.4) with 2-DG as an acceptor molecule (Fig. 1). The AS
catalyzes a consecutive transglucosyl reaction from sucrose onto
the acceptor molecule, and produces a-1,4-linked a-glucans (Kim
etal., 2013; Kim, Kim, & Yoo, 2015; Potocki de Montalk et al., 2000).
The synthesized 2-DG-MOs were hypothesized to be hydrolyzed
similarly to glucose by the mucosal a-glucosidases as they com-
pare in size with homogenous maltooligosaccharides. 4C-labeled
2-DG-containing synthesized products will be applied to test the
correlation between the location of digestion and absorption, and
physiological response in vivo.

2. Materials and methods
2.1. Materials

Sucrose and 2-DG were obtained from Sigma-Aldrich Chemi-
cal Co. (St. Louis, MO, USA). Waxy corn starch (WCS) was a gift
from Tate and Lyle, Inc. (Decatur, IL, USA). Chemical components
for Luria-Bertani (LB) medium were obtained from Difco Labora-
tories (Detroit, MI, USA). Other chemical reagents were purchased
from Sigma-Aldrich Chemical Co.

2.2. Production of recombinant amylosucrase from Neisseria
polysaccharea

The E. coli BL21(DE3) transformant harboring recombinant AS
gene from Neisseria polysaccharea (NpAS), which was prepared as
previously described (Jung et al., 2009), was grown in LB broth with
20 g of kanamycin per 1 mL at 37 °C until absorbance reached 0.6
at 600 nm. The cells were collected by centrifugation (5000 x g for
20min at 4°C) after isopropyl-3-p-thiogalactoside (IPTG) induc-
tion at 16°C for 12h, and the precipitant was resuspended in
50 mM Tris—-HCI (pH 7.0). Nickel-nitrilotriacetic acid (Ni-NTA) affin-
ity column chromatography (Qiagen, Hilden, Germany) was used
to purify recombinant AS by increasing imidazole concentration
(0-250 mM). The purified protein concentration was determined
by the Bradford method (Bradford, 1976).

2.3. Determination of NpAS activity by DNS

An enzyme assay was carried out in pre-warmed 50 mM
Tris—HCI buffer (pH 7.0) containing 0.1 M of sucrose and 1 mg/mL
of WCS at 35°C for 10 min (Kim et al., 2011). After the reaction, the
amount of released fructose was measured by the dinitrosalicylic
acid (DNS) method, using fructose as a standard (Sumner & Howell,
1935). One unit of AS was defined as the amount of enzyme that
catalyzes the production of 1 pmol of fructose per min.

2.4. Production of 2-deoxyglucose containing
maltooligosaccharides

Enzymatic synthesis of 2-DG-MOs was carried out in 50 mM
Tris—-HCI buffer (pH 7.0) containing 2-DG as an acceptor (3%, w/v)
and sucrose (1 M) as a donor molecule. The pre-warmed substrate
mixture was reacted at 35°C at different times (0, 3, 6, 12, 24, and
24 h) with purified recombinant AS (5 U) to produce 2-DG-MOs. The
enzyme reaction was terminated in a boiling water bath for 10 min.

2.5. Analysis of linear chain length distribution by HPAEC

Chain length distributions of enzyme-synthesized 2-DG-MOs
were measured using a high-performance anion-exchange chro-
matograph (HPAEC) equipped with an electrochemical detector
(ED40; Dionex, Sunnyvale, CA, USA). Filtered samples (with
0.22 wm, 25 L) were injected onto a CarboPac PA-1 pellicular
anion-exchange column (Dionex, Sunnyvale, CA, USA) and chro-
matographic separation of the linear oligosaccharides from the
sample was achieved by gradient elution from 100% eluent A to
100% eluent B with 600 mM sodium-acetate in 150 mM sodium-
hydroxide (Lee et al., 2007). Differences among the means of
number-average degree of polymerization (DP,) were evaluated
using ANOVA and statistical significance was considered at P<0.05.

2.6. MALDI-TOF-MS analysis

Molecular mass spectrum of 2-DG-MOs was obtained by Voy-
ager DESTR matrix-assisted laser desorption/ionization-time of
flight mass spectrometer (MALDI-TOF-MS, PE BioSystems, Fra-
mingham, MA, USA) and a 2,5-dihydroxybenzoic acid (2,5-DHB) as
a matrix. One microliter of sample (0.1-0.001 mg/mL) was mixed
with 1 mL of matrix (0.1-5pmol/mL) and dropped on a sample
plate, which was followed by air-drying until homogeneous crys-
tals formed (Park et al., 2007).

2.7. Hydrolysis properties by human pancreatic a-amylase and
mammalian mucosal «-glucosidases

Hydrolysis property of the enzyme-synthesized 2-DG-MOs by
human pancreatic a-amylase was investigated. The synthesized-
products were solubilized in 10 mM PBS buffer (pH 6.9, 10 mg/mL,
w/v) and reacted with human pancreatic a-amylase (500 U, Merid-
ian Life Science, Inc., Saco, ME, USA) at 37°C for 24 h (Lee et al,,
2013). The product was hydrolyzed using each of four recombinant
mammalian mucosal a-glucosidases. The mucosal a-glucosidases
(ctMGAM, ntMGAM, ctSI, and ntSI) were prepared as described
(Jones et al., 2011). Each mucosal a-glucosidase [1000 U, one unit
(U) enzyme activity arbitrarily defined as the amount of enzyme
that released 1 p.g of glucose from 1% maltose per 10 min at 37 °C]
was reacted with 1% (w/v) of 2-DG-MOs in 10 mM PBS buffer (pH
6.8) at 37 °C for 6 h. The amount of glucose released was analyzed
by the glucose oxidase/peroxidase (GOPOD) method (Vasanthan,
2001).

For enzyme kinetic study of the hydrolysis of individual mucosal
a-glucosidases on 2-DG-MO, each enzyme (5 p.g/mL) was reacted
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Fig. 1. Schematic of the action pattern of amylosucrase on 2-deoxyglucose as an acceptor to produce 2-deoxyglucose-containing maltooligosaccharides (2-DG-MOs).

with a range of sample concentrations (1-50mg) for 60 min
(ctMGAM: 30 min). Kinetic values, apparent Ky and Vpax, were
calculated using SigmaPlot 12 (Systat Software Inc., San Jose, CA,
USA).

3. Results and discussion

Glycemic carbohydrates are hydrolyzed to glucose at different
rates and at the different locations of the small intestine. Of partic-
ular interest is the distal digestion of glycemic carbohydrates and
deposition of glucose in the ileum to trigger the ileal break and gut-
brain axis mechanisms to reduce appetite and food intake. Tracing
the location of carbohydrate digestion for optimization of these
physiological effects is critical in designing food ingredients and
processed foods that may be satiating and promote good health.
Thus, the tools for tracing the location of carbohydrate digestion
need to be developed. Here, we enzymatically synthesized novel
2-DG-MOs which can be utilized to trace the location of diges-
tion in the gastrointestinal tract and to investigate its physiological
response in vivo.

3.1. Production and identification of linear a-glucan from sucrose
and 2-DG by transglycosyl property of NpAS

Fig. 2 presents the compositional changes in mono- and disac-
charides after NpAS reaction (Fig. 2A), and the production pattern
of elongated «-1,4 glucans (Fig. 2B) that occurs when 2-DG is used
as an acceptor molecule for NpAS transglycosylating activity. NpAS
acts by using sucrose as the donor molecule for the reaction to sup-
ply the glucose moiety to the acceptor molecule by hydrolysis of
glycosyl linkage between glucose and fructose. Consequently, the
amount of sucrose gradually decreased during the NpAS reaction
while the amount of fructose, a hydrolyzed byproduct, increased.
The amount of 2-DG also decreased, because it was used as the
acceptor molecule to be linked by the glucose moiety generated
from sucrose (Fig. 2A). In addition, a small amount of glucose was
detected which was due to a minor hydrolysis property of NpAS
instead of transferring activity (Pizzut-Serin et al., 2005; Skov et al.,
2001). The amount of released glucose increased until 24 h; and
decrease afterwards, because glucose was applied as the acceptor
molecule (Mirza et al., 2001). As a result, a peak was detected at

9.5 min which had a different retention time compared to maltose
(data not shown). The peak is thought to be a newly synthesized
glucosyl-2-DG by the NpAS reaction, which also would be utilized
as an acceptor molecule. This peak at 9.5 min of retention time
showed the greatest signal intensity after 3 h NpAS reaction, then
was decreased due to the active re-utilization as a glucosyl accept-
ing molecule. Other disaccharide peaks formed in the AS reaction
with sucrose were previously identified by other researchers as tre-
halulose (at 6.8 min) and turanose (at 8 min), which are sucrose
isomers with a-1,1 and «-1,3 linkages (Potocki de Montalk et al.,
2000; Wang et al., 2012).

As other researchers have shown, synthesized glucan chain
lengths become longer as the reaction time increases (Fig. 2B)
(Potocki-Veronese et al., 2005). Under this reaction condition, the
maximal detectable DP was increased to over 30. As previously
reported, it is expected that the chain length distribution of this
newly synthesized elongated product can be controlled by simply
changing initial sucrose concentration (Kim et al., 2011; Potocki de
Montalk et al., 2000; Wang et al., 2012).

3.2. Identification of 2-DG-MOs produced by NpAS reaction

HPAEC analysis was used to show that 2-DG was incorporated
into the MOs, and that the 2-DG-MO product had a different chem-
ical structure from homogenous MOs (Fig. 3). The HPAEC elution
time of the elongated 2-DG product compares to that of a homoge-
nous a-1,4 linked glucose polymer which was produced under the
same NpAS reaction conditions with glucose applied as an accep-
tor molecule. 2-DG-MO and homogenous MO peaks had different
retention times implying their different monosaccharide composi-
tions. The number-average degree of polymerization (DP;) analysis,
calculated from the HPAEC results, showed that the homogenous
a-1,4 glucan had 10.4 + 1.1 glucose units, and the 2-DG-containing
MOs had 10.6 £0.1. The average chain length between the two
products was not significantly different (P<0.05), which suggests
that NpAS did not discriminate glucose and 2-DG as acceptor
molecules and resulted in a similar size distribution of a-glucans.

The molecular mass of 2-DG-MOs was determined by
matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF-MS) (Table 1). The theoretical mass was
calculated based on the molecular weights of glucose and 2-DG,
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Fig. 2. Change of mono- and disaccharide composition during AS reaction with sucrose and 2-deoxyglucose (A) and increase in the number of glucosyl chains (B). 2-DG,
2-deoxyglucose; Glc, glucose; Fruc, fructose; Suc, sucrose; Tur, turanose; Glc-2-DG, glucosyl-2-deoxyglucose; DP, degree of polymerization; and nC, nanocoulomb.

the OH-group of the reducing end, number of glycosyl units (n),
and sodium ion.

Molecular mass of 2-DG-MOs=162(n—1) +144+18+23Da
Molecular mass of homogenous MOs=162n+18+23 Da

Both theoretical homogenous and 2-DG-MO masses increased
by 162Da per glucosyl unit added. 2-DG-MOs are 16Da lower
in size compared to homogenous MOs due to the absence of an
oxygen atom from C2 hydroxyl group of glucose at the reduc-
ing end. Experimental results from MALDI-TOF-MASS confirmed
that the mass was increased by 162 as a glucosyl unit was added,
which corresponds to the theoretical mass of 2-DG-MOs. This result
demonstrated that 2-DG-MOs were successfully produced by the
action of AS.

Since 2-DG was successfully utilized as an acceptor molecule
instead of glucose, this opens the possibility of producing various
linear and branched structures of glucan materials that contain
2-DG using other types of glucosyltransferases combined with
amylosucrase. For example, control of substrate concentration was
shown previously to result in different sizes of linear a-glucans
(Kim et al., 2011; Potocki-Veronese et al., 2005), and combina-
tion of other glycosyltransferases (e.g., glycogen branching enzyme
and/or 4-a-glucanotransferases) with amylosucrase generated var-
ious types of a-glucans such as glycogen or cycloamylose (Kim
etal,2011; Quanz, 2003). We expect that a range of a-glucan struc-
tures contain 2-DG, e.g., a-1,6 linked structures, can be developed,
which are designed to differ in digestion rate (Lee et al., 2013) to
test physiological response based on digestion location in the small
intestine.
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3.3. Hydrolysis product by a-hydrolytic enzymes

In the gastrointestinal tract, starch or starch-hydrolyzates are
digested to glucose by a combination of a-hydrolytic enzymes,
the two a-amylases and the four mucosal a-glucosidases. 2-DG-
MOs must be completely hydrolyzed to monosaccharides by both
sets of a-hydrolytic enzymes to trace the location of 2-DG absorp-
tion.

Fig. 4A shows the hydrolytic property of the 2-DG-MOs by
human pancreatic a-amylase. 2-DG-MOs were mainly hydrolyzed
to maltose (DP 2), and maltotriose (DP 3) which are major products
of a-amylase digestion of starch (Jones et al., 1983). Also there were
no remaining large oligosaccharides after the action of a-amylase
(inset graph in Fig. 4A). Fig. 4B shows that the synthesized 2-DG-
MO products were fully hydrolyzed by the mucosal a-glucosidases

Table 1

to its monosaccharides, 2-DG and glucose. Thus, full release of the
2-DG from the 2-DG-MOs was found which is required to trace
the location of absorption (because the 2-DG will be absorbed
and accumulated in the small intestinal enterocyte) (Kimmich &
Randles, 1976). Following a-glucosidase digestion, there also were
no remaining maltooligosaccharides (inset graph in Fig. 4B). Thus,
the 2-DG-MOs will be hydrolyzed in the gastrointestinal tract and
absorbed in vivo.

3.4. Hydrolysis rate of synthesized 2-DG-MOs by individual
mucosal o-glucosidases

We also determined whether the synthesized product would
be hydrolyzed at a similar rate to homogenous maltooligosac-
charides. Table 2 shows the kinetic values including apparent Kn

Theoretical molecular masses of 2-DG containing maltooligosaccharides and homogenous maltooligosaccharides, and molecular masses of 2-DG containing maltooligosac-

charides by MALDI-TOF-MS.

Dp? Mass (Da)

Theoretical

Experimental

2-DG containing glucan®

Linear glucan®

6 997
7 1159
8 1321
9 1483
10 1645
11 1807
12 1969
13 2131
14 2293
15 2455
16 2617

1013 996
1175 1159
1337 1321
1499 1483
1661 1646
1823 1809
1985 1973
2147 2133
2309 2296
2471 2459
2633 2620

2 DP: degree of polymerization.

b Calculated as 162(n — 1)+ 144+ 18 + 23 Da, due to the mass of a glucosyl residue, nDP, and 23 Da means the mass of sodium ion (Na*).
¢ Calculated as 162n+18 +23 Da, 18 Da means the additional mass of a reducing end residue.
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Fig. 4. Hydrolysis properties of 2-deoxyglucose-containing maltooligosaccharides (1%, w/v) using human pancreatic a-amylase (A), and the four individual recombinant
mucosal a-glucosidases (B). The inset graphs in both panels indicate complete hydrolysis of larger oligosaccharides containing 2-DG. 2-DG, 2-deoxyglucose; Glc, glucose; Fruc,
fructose; ctMGAM, C-terminal maltase-glucoamylase; ntMGAM, N-terminal maltase-glucoamylase; ctSI, C-terminal sucrase-isomaltase; ntSI, N-terminal sucrase-isomaltase;

DP, degree of polymerization; and nC, nanocoulomb.

(mg/mL), apparent kcar (s=1) and kcat/Km when synthesized 2-DG-
MOs and homogenous MOs were used as substrates. ctMGAM had
the highest hydrolytic rate among the a-glucosidases for 2-DG-
MO hydrolysis. Previous research showed that ctMGAM has higher
activity on longer maltooligosaccharide (Heymann & Giinther,
1994; Heymann, Breitmeier, & Giinther, 1995; Lin et al., 2012),
and in a confirmatory way our kinetics data showed that ctMGAM
has 15-60 times higher hydrolytic rate compared other mucosal

a-glucosidases during 2-DG-MO hydrolysis. Both homogenous and
2-DG-MOs had similar kinetic digestion values, and as they also
had similar DP;, values, it can be concluded that the products are
similarly hydrolyzed to monosaccharides by the action of the
mucosal a-glucosidases.

Although ctMGAM has a higher hydrolytic rate compared other
enzymes, it is inhibited by a high concentration of substrate
which is known as the “brake effect”, while ntMGAM is not
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hydrolysis by C-terminal maltase-glucoamylase.

affected (Heymann & Giinther, 1994; Quezada-Calvillo et al., 2007,
2008). Notably, ctMGAM showed a similar brake effect (Fig. 5) on
2-DG-MO hydrolysis. This result suggests that enzymatically syn-
thesized products can be applied to in vivo tests for studying the
maltooligosaccharide hydrolysis due to its similar hydrolytic prop-
erties.

The above results suggest that partial inhibition of ctMGAM
could be applied to control the rate of glucogenesis of longer

maltooligosaccharides. Such inhibition was demonstrated in
a recent paper from our laboratory showing the possibility
of “toggling” a-glucosidase activities by selectively inhibiting
ctMGAM while leaving ntMGAM and ntSI uninhibited to con-
tinue glucogenesis at a relatively low rate (Lee et al., 2012).
Thus, it is possible to control location of digestion in the small
intestine of the 2-DG-MOs generated here by using such a
strategy.
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Table 2

Kinetic values of synthesized homogenous maltooligosaccharides (homogenous MOs) and 2-deoxyglucose containing maltooligosaccharides (2-DG-MOs) for individual

recombinant mucosal a-glucosidases.

ctMGAM (glucoamylase) ntMGAM (maltase) ctSI (sucrase) ntSI (isomaltase)
Homogenous MOs
Apparent Ky, (mg/mL) 19+1.1 140 £ 1.8 83 +£2.0 145+ 34
Apparent kea (s1) 57.6 £ 15.8 330+ 1.6 7.7 £0.6 73 +£0.7
Keat/Km 31.3 £ 141 27 +1.0 1.0+ 0.3 0.5+0.2
2-DG-MOs
Apparent Ky, (mg/mL) 1.3 +£0.7 18.6 + 3.6 6.7+ 1.9 203 +7.0
Apparent Keae (s1) 48.5 + 9.8 26.8 +2.2 57+0.5 6.9+ 1.0
Keat [Km 36.8 £ 13.6 1.4 + 0.6 09 +03 0.3 £0.15

4. Conclusions

Our results show that the synthesized 2-DG-MOs can be applied
as atraceable material for location of digestion of glycemic carbohy-
drates and glucose deposition, to determine dosage effect, and for
the design of ingredients and whole foods to induce the ileal break
and gut-brain axis mechanisms to control appetite and food intake.
2-DG-MOs and homogeneous MOs were similarly hydrolyzed by
the action of the individual a-hydrolytic enzymes (a«-amylase and
four mucosal a-glucosidases). With inhibition of specific mucosal
a-glucosidases, such as by using a low concentration of acarbose
(Lee et al., 2012), the location of 2-DG-MO hydrolysis would be
extended to the distal part of the small intestine. Thus, this prod-
uct, and other branched structures with labeled 2-DG that might
be made, can be applied as a novel material to trace the location of
glucose absorption from starch digestion related to physiological
response.
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