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Summary

We discovered an inverting maltose phosphorylase (Bsel2056) belonging to glycoside hydrolase family 65 from Bacillus
selenitireducens MLS10, which possesses synthetic ability for a-D-glucosyl disaccharides and trisaccharides through the
reverse phosphorolysis with f-D-glucose 1-phosphate as the donor. Bsel2056 showed the preference for monosaccharide
acceptors with alternative C2 substituent (2-amino-2-deoxy-D-glucose, 2-deoxy-D-arabino-hexose, 2-acetamido-2-deoxy-D-
glucose, D-mannose), resulting in production of 1,4-a-D-glucosyl disaccharides with strict regioselectivity. In addition,
Bsel2056 synthesized two maltose derivatives possessing additional D-glucosyl residue bound to C2 position of the D-glucose
residue at the reducing end, 1,4-a-D-glucopyranosyl-[1,2- & -D-glucopyranosyl]-D-glucose and 1,4- o -D-glucopyranosyl-[1,2-
B -D-glucopyranosyl]-D-glucose, from 1,2- -D-glucopyranosyl-D-glucose (kojibiose) and 1,2- f-D-glucopyranosyl-D-glucose
(sophorose), respectively, as the acceptors. Modeling structure analysis using Lactobacillus brevis GH65 maltose phosphorylase
as the template and superimposition of an inhibitory pseudomaltotetrasacchaide acarbose from a complex with Aspergillus
awamori GH15 glucoamylase suggested that Bsel2056 possessed a binding space to accommodate the bulky C2 substituent of

D-glucose.
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Various oligosaccharides possessing multiple functional
bioactive properties such as prebiotic effects (Gibson, 1995),
antibacterial effects (Hickey, 2012), and immunopotentiative
action (Murosaki et al., 1999) have been reported and widely
used as food additive and pharmaceutical materials (Patel and
Goyal, 2011). The functions depend on their constituent
carbohydrates and linkage types (Sela and Mills, 2010).
Therefore, it would be valuable to produce a wide variety of
oligosaccharides efficiently and specifically by suitable
synthetic methods. Disaccharide phosphorylases catalyze
phosphorolysis of particular disaccharide to produce
monosaccharide 1-phosphate (Luley-Goedl and Nidetzky, 2010 ;
Kitaoka and Hayashi, 2002). The phosphorolysis is reversible,
making the phosphorylases suitable catalysts for efficient
syntheses of particular disaccharides. Various
oligosaccharides have been synthesized using the reverse
phosphorolysis from the corresponding sugar 1-phosphate as
donor substrate and suitable acceptors (Kitaoka et al., 1991).
In addition, the reversibility makes it possible to synthesize
oligosaccharides practically from abundantly available natural
sugar by using single phosphorylase (Kitaoka and Hayashi,
2002 ; Sawangwan et al., 2009 ; Nakai et al., 2010a) or by the
combined reaction of two phosphorylases that share the same
monosaccharide 1-phosphate (Daurat-Larroque et al., 1982 ;
Murao et al., 1985 ; Kitaoka et al., 1992a ; Kitaoka et al., 1993 ;
Ohdan et al., 2007 ; Nishimoto and Kitaoka, 2007 and 2009 ;

Suzuki et al., 2009 ; Nakajima et al., 2010). Maltose
phosphorylase (EC 2.4.1.8) are characterized from several
bacteria (Inoue et al., 2002b ; Nakai et al., 2009 ; Kamogawa et
al., 1973 ; Hidata et al., 2005) and found to catalyze reversible
phosphorolysis of maltose with inversion of the anomeric
configuration at the C1 atom. Sequence analysis has assigned
the maltose phosphorylase to glycoside hydrolase family (GH)
65, together with trehalose phosphorylase (EC 2.4.1.20) (Inoue
et al.,, 2002a ; Maruta et al., 2002), kojibiose phosphorylase (EC
24.1.230) (Chaen et al, 1999 ; Yamanoto et al., 2004), nigerose
phosphorylase (EC 2.4.1.279) (Nihira et al, 2012a), and o,
-trehalase (EC 3.2.1.28) (Destruelle et al., 1995) in CAZy
database (http://www.cazy.org : Cantarel et al., 2009). The
three-dimensional structure of GH65 maltose phosphorylase
from Lactobacillus brevis has been determined (Egloff et al.,
2001) and shows similarities with the (a/ o )¢-barrel fold of
GH15 glucoamylase (EC 3.2.1.3) (Aleshin et al., 1994), and the
GH94 cellobiose phosphorylase (EC 2.4.1.20) (Hidaka et al.,
2006) and N, N'diacetylchitobiose phosphorylase (EC 2.4.1.280)
(Honda et al., 2004). Previously we reported that the reverse
phosphorolysis catalyzed by GH65 maltose phosphorylase
from Lactobacillus acidophilus NCFM, which transferred
from the glucosyl moiety of f-D-glucose 1-phosphate to
several monosaccharide acceptors, was useful for specific
production of a-(1,4)-D-glucosyl disaccharides (Nakai et al.,
2009, 2010a, and 2010b). By contrast, none of di- and
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trisaccharides served as the acceptors (Nakai et al., 2009). We
here report about the first identification of a GH65 maltose
phosphorylase possessing synthetic ability for branched
o-D-glucosyl trisaccharides through the reverse
phosphorolysis.

MATERIALS AND METHODS
Sequence analysis

ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/)
was used for the phylogenetic analysis using full-length
amino acid sequences of functionally characterized GH65
members (http://www.cazy.org/GH65.html). A rectangular
cladogram tree was generated using treeview version 1.6.6
software and a bootstrap test based on 1000 resamplings
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

Construction of expression plasmid

The bsel2056 (GenBank ID: ADH99560) was amplified by
PCR from genomic DNA of B. selenitireducens MLS10 as the
template using KOD-plus DNA polymerase (Toyobo, Osaka,
Japan) with the following oligonucleotides based on the
genomic sequence (GenBank ID: CP001791): 5-atggctagcaaacc
ttatttaaaagaagatcc -3' as the forward primer containing an
Nhel site (underlined) and 5- tttctcgagttaatgattaatggatagtte
-3' as the reverse primer containing a Xhol site (underlined).
The amplified bsel2056 was purified with a High Pure PCR
Purification Kit (Roche Applied Science, Mannheim,
Germany), digested by Nhel and XZol (New England Biolabs,
Beverly, MA, USA), and inserted into pET28a (+) (Novagen,
Madison, WI, USA) to add a Hisgtag at the N-terminal of the
recombinant protein. The expression plasmid Bsel2056/
pET28a was propagated in E. coli DHb5a (Toyobo, Osaka,
Japan), purified by High Pure Plasmid Isolation Kit (Roche
Applied Science), and verified by sequencing (Operon
Biotechnologies, Tokyo, Japan).

Recombinant Bsel2056 preparation

An FE. coli BL21 (DE3) (Novagen) transformant harboring
bsel2056/pET28a was grown at 37C in 200 mL Luria-Bertani
medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl)
containing 50 u g/mL of kanamycin up to an absorbance of
0.6 at 600 nm. Expression was induced by 0.1 mM isopropyl
[ -D-thiogalactopyranoside and continued at 18C for 24 h.
Wet cells harvested by centrifugation at 20,000g for 20 min
was suspended in 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-NaOH (pH 7.5)
containing 500 mM NaCl (buffer A). The suspended cells
were disrupted by sonication (Branson sonifier 250A ,
Branson Ultrasonics, Emerson Japan, Ltd., Kanagawa, Japan),
and the supernatant collected by centrifugation at 20,000g for
20 min was applied to a HisTrap HP column (GE Healthcare,
Buckinghamshire, UK) equilibrated with buffer A containing
10 mM imidazole using a AKTA prime (GE Healthcare).
After a wash with buffer A containing 22 mM imidazole,
followed by elution using a 22-400 mM imidazole linear
gradient in buffer A, fractions containing Bsel2056 were

pooled, dialyzed against 10 mM HEPES-NaOH (pH 7.0), and
concentrated (AMICON Ultra; Millipore Co., Billerica, MA,
USA). The protein concentration was determined
spectrophotometrically at 280 nm using a theoretical
extinction coefficient of ¢ = 163,070 cm'M”, based on the
amino acid sequence (Pace et al., 1995). SDS polyacrylamide-
gel electrophoresis was performed using Mini-PROTEAN
Tetra electrophoresis system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) according to the manufacture's protocol.

Measurement of enzymatic activity

Phosphorolytic activity was routinely determined by
quantifying the D-glucose released during the reaction in 50
mM 2-morpholinoethanesulfonic acid (MES)-NaOH (pH 6.5), 10
mM substrates, and 10 mM phosphate at 30 C by glucose
oxidase-peroxidase method (Bauminge, 1974), as described
previously (Nihira et al., 2012a). Reverse phosphorolytic
activity was routinely determined by measuring the increase
in phosphate in the reaction mixture containing 10 mM S
-D-glucose 1-phosphate and 10 mM D-glucose in 50 mM
sodium acetate (pH 5.5) at 30 C by following the method of
Lowry and Lopez (Lowry and Lopez, 1946) as described
previously (Nihira et al., 2012a).

Substrate specificity analysis

Phosphorolytic activities on «a-linked glucobioses
(trehalose, kojibiose, nigerose, maltose, and isomaltose) were
determined under the standard conditions using 87 nM
Bsel2056 by quantifying the liberated D-glucose. The
phosphorolytic activities on maltooligosaccharides of DP 3-6
under the standard conditions using 87 nM Bsel2056 were
examined by thin layer chromatography (TLC). The reaction
mixture was spotted on a TLC plate (Kieselgel 60 F,; Merck,
Darmstadt, Germany), and the sample was developed with a
solution of acetonitrile-water (7:3, v/v). The TLC plates were
soaked in 5% sulfuric acid-methanol solution and heated in an
oven until bands were sufficiently visible.

Acceptor specificity analysis

Reverse phosphorolysis to investigate the acceptor
specificity of Bsel2056 (17 u M) was performed under the
standard conditions by substituting D-glucose into putative
carbohydrate acceptors (D-mannose, D-allose, D-galactose,
D-xylose, D-arabinose, L-arabinose, D-lyxose, L-rhamnose,
D-fructose, 2-deoxy-D-arabino-hexose, D-glucal, 2-amino-2-
deoxy-D-glucose, 2-amino-2-deoxy-D-galactose, 2-amino-2-
deoxy-D-mannose, a-D-glucose l-phosphate, f-D-glucose
1-phosphate, D-glucose 6-phosphate, D-glucuronic acid,
D-galacturonic acid, methyl a-D-glucoside, methyl S
-D-glucoside, 1,5-anhydro-D-glucitol, 3-O-methyl-D-glucose,
2-acetamido-2-deoxy-D-glucose, 2-acetamido-2-deoxy-D-
galactose, 2-acetamido-2-deoxy-D-mannose, trehalose, kojibiose,
nigerose, maltose, isomaltose, sophorose, laminaribiose,
cellobiose, gentiobiose, xylobiose, melibiose, lactose, lacturose,
14- f-D-mannobiose, sucrose, and N, N-diacetylchitobiose) for
2 h. The reaction mixture was spotted on a TLC plate, and
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the sample was developed with a solution of acetonitrile-
water (4:1, v/v). The TLC plates were soaked in 5% sulfuric
acid-methanol solution and heated in an oven until bands
were sufficiently visible.

Temperature and pH profile

The effects of pH on the enzymatic activity for
phosphorolysis and synthesis of maltose using 87 nM
Bsel2056 was measured under the standard conditions by
substituting 50 mM MES-NaOH (pH 6.5) and 50 mM sodium
acetate buffer (pH 5.5) into the following 40 mM buffers:
sodium citrate (pH 3.0-5.5), bis(2-hydroxyethyl)
iminotris(hydroxymethyl)methane-HCI (pH 5.5-7.0), HEPES-
NaOH (pH 7.0-8.5), and glycine-NaOH (pH 8.5-10.5). The
thermal and pH stabilities were evaluated by measuring the
residual phosphorolytic activity on maltose under the
standard conditions after incubation of Bsel2056 (435 nM) at
the temperature range 30-90 C for 15 min in 50 mM MES-
NaOH (pH 6.5) and in the various pH values at 4 C for 24 h,
respectively.

Kinetic analysis

Kinetic analysis of the phosphorolytic reaction was
performed by using the continuous glucose assay. Reaction
mixtures were prepared in wells of a 96-well microtiter plate
by adding various concentration of maltose (0.50, 1.0, 2.0, 3.0,
and 5.0 mM), various concentrations of phosphate (0.50, 1.0,
2.0, 3.0 and 5.0 mM), and 8.7 nM Bsel2056 to the coloring
reagent for the D-glucose assay prepared with 50 mM MES-
NaOH buffer (pH 6.5). The reaction was carried out in a
temperature-controlled microplate reader (Thermo Fisher
Scientific Inc., Waltham, MA) at 30T , and the absorbance at
505 nm was continuously monitored without stop reaction at
30 sec intervals. The kinetic parameters were calculated by
curve-fitting the experimental data to the theoretical equation
(1) for sequential bi bi mechanism using GraFit version 7.0.2
(Erithacus Software Ltd., London, UK).

v = Vi AIBV(Kip K s + K [A] + Ko [B] + [A]B])

(A = maltose, B = phosphate) (1)

Kinetic analysis of the reverse phosphorolysis was
carried out under the standard conditions with 22-433 nM
Bsel2056 and various concentrations (1.0, 2.0, 3.0, 5.0, 10, 20,
and 70 mM) of the suitable acceptors. The kinetic parameters
were calculated by curve fitting the experimental data with
the Michaelis-Menten equation {v = k. [El, [S] / (K., + [S)}
using GraFit version 7.0.2.

Structural Determination of branched trisaccharides
Products for structural determination were generated in
reaction mixture containing 17 u M Bsel2056, 50 mM S
-D-glucose 1-phosphate, and 50 mM kojibiose or sophorose in
a final volume of 500 L of 5 mM sodium acetate buffer (pH
55) incubated at 30 C for 24 h. The reaction mixtures were
desalted using Amberlite MB-3 (Organo, Tokyo, Japan), and
the products were purified by a high performance liquid
chromatography system (Prominence, Shimadzu, Kyoto,

Japan) equipped with a Shodex Asahipak NH2P-50 4E column
(46 mm ¢ X 250 mm; Showa Denko K.K. Tokyo, Japan) at
30C under a constant flow (1.0 mL/min) of mobile phase
(acetonitrile/water v/v, 75/25). Fractions containing the
reaction products were collected, and followed by
lyophilization. The amounts of both products obtained were 2
mg. The one-dimensional (‘H and "C) and two-dimensional
[double-quantum-filtered correlation spectroscopy (DQF-
COSY), totally correlated spectroscopy (TOCSY),
heteronuclear single-quantum coherence (HSQC), and
heteronuclear multiple-bond correlation (HMBC)] nuclear
magnetic resonance (NMR) spectra of the product was taken
in D,O with 2-methyl-2-propanol as an internal standard using
a Bruker Avance 800 spectrometer (Bruker Biospin,
Rheinstetten, Germany). Proton signals were assigned based
on DQF-COSY spectra. °C signals were assigned with HSQC
spectra, based on the assignment of proton signals. The
linkage position in each trisaccharide was determined by
detecting interring cross peaks in each HMBC spectrum.

Homology modeling of Bsel2056

The three-dimensional structure of Bsel2056 was
modeled by swiss model (http://swissmodel.expasy.org/)"”
using the reported structure of L. brevis maltose
phosphorylase (PDB: 1H54) (Egloff et al., 2001) as a template.
To illustrate substrate and acceptor binding interaction to
Bsel2056, acarbose of the complex with Aspergillus awamort
glucoamylase belonging to GH15 (PDB: 1AGM) (Aleshin et al,,
1994) was superimposed on to the modeled Bsel2056 structure
using PyMOL Molecular Graphics System Version 1.5.0.4
(Schrodinger, LLC., San Francisco, CA).

RESULTS AND DISCUSSION
Gene cloning, expression, and purification of recombinant
Bsel2056

The genomic sequence of B. selenitireducens MLS10
(GenBank ID: CP000896) has revealed that it possesses three
genes encoding possible GH 65 phosphorylases (http://www.
cazy.org/GH65_bacteria.html). A GH65 homologous protein
(Bsel2056) encoded by bsel2056 (GenBank ID: ABX81345.1)
exhibits 67% sequence identity and 78% similarity with
maltose phosphorylase from Paenibacillus sp. (Hidaka et al.,
2005) and the phylogenetic tree analysis also categorizes it as
maltose phosphorylase. In this study, the bse/2056 cloned
from the genomic DNA of B. selenitireducens MLS10 was
expressed as a Hisgtag fusion protein in Escherichia coli
BL21 (DE3J) to investigate its enzymatic properties, resulting
that approximately 12 mg of purified protein was obtained
from cell lysate of 200 mL culture. The purified Bsel2056
migrated in SDS polyacrylamide-gel electrophoresis as a
single protein band with an estimated size of approximately
90 kDa in agreement with the theoretical molecular mass of
90,660.

Basic properties of Bsel2056
Bsel2056 showed highest apparent phosphorolytic
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Fig 1. Effect of pH and temperature on the activity and stability of Bsel2056. (A) pH activity dependence
for phosphorolysis and synthesis of maltose by 87 nM Bsel2056 in 40 mM sodium citrate (pH 3.0-
5.5), bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane-HCI (pH 5.5-7.0), HEPES-NaOH (pH 7.0-
8.5), and glycine-NaOH (pH 8.5-10.5). Closed and open symbols represent phosphorolytic and
synthetic activities, respectively. (B) pH stability of 435 nM Bsel2056 at 4 C for 24 h. (C) Stability
of 435 nM Bsel2056 at the temperature range 30-90 C for 15 min.

activity at pH 6.5, whereas the reverse phosphorolytic
reaction has optimum at pH 5.5 (Fig. 1A). Bsel2056 was stable
at 4 C for 24 h in the range of pH 5.0 to 105 (Fig. 1B) and
during 15 min incubation up to 50 T (Fig. 1C).

Substrate specificity of Bsel2056 in phosphorolysis

The phosphorolytic activity of Bsel2056 on several o-linked
glucobioses such as trehalose (a1, al), kojibiose (a-1,2),
nigerose (a-1,3), maltose (o -1,4), and isomaltose (o -1,6) was
examined. In the presence of inorganic phosphate, Bsel2056
phosphorolyzed only maltose with inversion of the anomeric
configuration releasing f-D-glucose 1-phosphate and
D-glucose. Bsel2056 did not cleave the maltose in the absence
of inorganic phosphate. In addition, maltooligosaccharides of
degree of polymerization (DP) 3-6 were not substrate for
Bsel2056. These results indicate that Bsel2056 is typical
maltose phosphorylase, as with those from L. acidophilus
(Nakai et al., 2009), L. brevis (Kamogawa et al., 1973) and
Paentbacillus sp. (Hidaka et al. 2005). The double reciprocal
plots of initial velocities against various initial concentrations
of maltose and phosphate gave a series of lines intersecting
at a point. This indicates that the phosphorolytic reaction
follows a sequential bi bi mechanism, as reported for other
inverting phosphorylases (Kitaoka and Hayashi, 2002 ; Nihira
et al., 2012a and 2012b ; Tsumuraya et al., 1990 ; Nakajima
and Kitaoka, 2008 ; Nakajima et al, 2009 ; Kitaoka et al., 1992b ;
Schwarz et al., 2007 ; Derensy-Dron et al., 1999) including
maltose phosphorylases from L. brevis (Tsumuraya et al.,
1990). Kinetic parameters that appear in Equation 1 for the
sequential bi bi mechanism (see Kinetic analysis in
MATERIALS AND METHODS) were calculated to be %, =
123 s', K0 = 06 mM, K,z = 01 mM, and K, = 24 mM,
where A and B represent maltose and phosphate, respectively.
The kinetic parameters are in the same range as other
inverting phosphorylases (Kitaoka and Hayashi, 2002 ; Nihira
et al., 2012a and 2012b ; Tsumuraya et al., 1990 ; Nakajima
and Kitaoka, 2008 ; Nakajima et al., 2009 ; Kitaoka et al., 1992b ;

Schwarz et al., 2007 ; Derensy-Dron et al., 1999), suggesting
that maltose is the true substrate for Bsel2056.

Acceptor specificity of Bsel2056 in reverse phosphorolysis

The acceptor specificity in reverse phosphorolysis was
examined by using various putative carbohydrate acceptors
(see Acceptor specificity analysis in MATERIALS AND
METHODS) together with f-D-glucose 1-phosphate as the
donor, resulting that 8 monosaccharide [2-amino-2-deoxy-D-
glucose, 2-deoxy-D-arabino-hexopyranose, D-glucose, D-xylose,
2-acetamido-2-deoxy-D-glucose, D-mannose, 1,5-anhydro-D-
glucitol, and D-glucal] were acted as the acceptors, as with
maltose phosphorylases from L. acidophilus (Nakai et al.,
2009). Kinetic parameters on the suitable acceptors were
summarized in Table 1. The acceptor recognition was
illustrated by superimposing an inhibitory
pseudomaltotetrasacchaide acarbose in a complex with
Aspergillus awamori glucoamylase (PDB: 1AGM) of GH15
(Aleshin et al., 1994), constituting clan GH-L together with
GH65, onto the modeled Bsel2056 structure constructed by
using the reported structure of L. brevis maltose
phosphorylase (PDB: 1H54) (Egloff et al., 2001) as a template
(Fig. 2). The structural similarity coupled with the function of
GH15 glucoamylase catalyzing exo-hydrolysis of «-14-linked
maltooligosaccharides by an inverting mechanism supports
that the environment at the active site of GH65 maltose
phosphorylase is similar to that of GH15 glucoamylase. The
recognition of equatorial C3 hydroxyl group of quinovose unit
situated at subsite +1 by hydrogen bond interactions with
Lysb98 and Glu486 of Bsel2056 is in agreement with the
acceptor specificity. Thus Bsel2056 did not utilize D-glucose
derivatives at the C3 position (allose and 3-O-methyl-D-
glucose), clearly suggesting that the equatorial C3 hydroxyl
group of D-glucose is essential for acceptor binding at subsite
+1. In addition, His415 and Glu417 hydrogen bond interactions
with the o-anomeric C1 hydroxyl group support the low &/
K., values of 1,5-anhydro-D-glucitol and D-glucal substituted
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Fig 2. Stereo representation of the predicted substrate recognition of Bsel2056 at the active site.
Acarbose from the complex with A. awamori GH15 glucoamylase (PDB: 1AGM) was superimposed
onto the Bsel2056 structure modeled by using the structure of L. brevis GH65 maltose
phosphorylase (PDB: 1H54) as a template. Suggested hydrogen bonds are shown as dotted lines.

Table 1. Kinetic parameters for the reverse phosphorolysis catalyzed by Bsel2056

Acceptor (n[fl\n/ll) ;kSCT; (kncﬁ\/l/ 1[51")
2-amino-2-deoxy-D-glucose 98 120 12
2-deoxy-D-arabino-hexose 12 136 12
D-glucose 10 107 11
D-xylose 13 122 94
2-acetamido-2-deoxy-D-glucose 40 159 4.0
D-mannose 12 31.9 2.6
1,5-anhydro-D-glucitol ND ND 0.060
D-glucal ND ND 0.060
kojibiose 24 40.0 1.7
sophorose 4.6 6.55 14

Calculated by curve-fitting with the curve of Michaelis-Menten Equation

C1 position (Table 1), as reported that maltose phosphorylase
recognized o-maltose as the substrate (Tsumuraya et al.,
1990). Moreover the Bsel2056/acarbose model suggests that
C2 hydroxyl group at subsite +1 would be solvent-exposed
(Fig. 3), in accordance with accommodation of the C2
substituent of D-glucose (2-amino-2-deoxy-D-glucose and
2-acetamido-2-deoxy-D-glucose). Noticeably, Bsel2056 also
utilized 1,2- a-D-glucopyranosyl-D-glucose (kojibiose) and 1,2-
B -D-glucopyranosyl-D-glucose (sophorose) as the acceptors,
which were not substrates for other disaccharide-specific
maltose phosphorylases reported (Inoue et al., 2002b ; Nakai
et al., 2009 ; Kamogawa et al., 1973, Hidaka et al., 2005 ;
Tsumuraya et al., 1990). The single trisaccharide products
(Fig. 4) from kojibiose and sophorose were identified by 'H-
and "C-NMR spectroscopic analysis to be the corresponding
1,4- a-D-glucopyranosyl-[1,2- a-D-glucopyranosyl]-D-glucose
and 1,4- ¢-D-glucopyranosyl-[1,2- f-D-glucopyranosyl]-D-
glucose, respectively. Each branched structure was evidenced
by the inter-ring HMBC cross peaks observed in the two
positions (C2 and C4) of each reducing end D-glucose unit.

Fig. 3. Surface representation of the predicted binding site to
accommodate C2 substituent of D-glucose derivatives.
Acarbose was superimposed onto the modeled structure
of Bsel2056. Amino acid residues (Glu419, Asn489, and
Trp588) predicted to be involved in the acceptor
recognition at the subsite +2 and loop 3 (His415-Glu423)
preventing the binding of maltose as acceptor is indicated
by stick and ribbon representation, respectively.
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Fig. 4. Structures of branched trisaccharides produced by
reverse phosphorolysis catalyzed by Bsel2056. (A), 14- o
-D-glucopyranosyl-[1,2- a-D-glucopyranosyl]-D-glucose;
(B), 1,4- a-D-glucopyranosyl-[1,2- f -D-glucopyranosyl]-D-
glucose.

These results indicate that the C2 substituted D-glucose unit
at the reducing end is required for binding of disaccharide
acceptor to Bsel2056 at subsite +1 and formation of branched
trisaccharides. The Bsel2056/acarbose model also suggests
that Bsel2056 would possess a binding space enough to
accommodate the bulky D-glucose unit at non-reducing end
of kojibiose and sophorose (Fig. 3), which is predicted to be
constructed by stacking interaction with Trp588 and
hydrogen bond interactions with Glu41l9 and Asn489. In
addition, it should be noted that the synthetic reaction of
Bsel2056 for branched trisaccharides is clearly different from
the continuous extension reaction for linear-chained
oligosaccharides catalyzed by kojibiose phosphorylase
(Charen et al., 2001). The Bsel2056/acarbose model supports
that a loop 3 (His415-Glud23) between a3 and a4 of the (a/ a)s
barrel domain forms a barrier that prevents binding of
maltose as the acceptor and production of liner-chained
maltooligosaccharides (Fig. 3).

ACKNOWLEGEMENT

We thank the staffs of Instrumental Analysis Center for
Food Chemistry of National Food Research Institute for
recording NMR spectra. This work was supported in part by
MEXT's program "Promotion of Environmental Improvement
for Independence of Young Researchers" under the Special
Coordination Funds for Promoting Science and Technology.

REFFERENCES

Aleshin, A. E., L. M. Firsov and R. B. Honzatko. 1974. Refined
structure for the complex of acarbose with glucoamylase
from Aspergillus awamort var. X100 to 2.4-A resolution. J.
Biol. Chem., 269: 15631-15639.

Bauminger, B. B. 1974. Micro method for manual analysis of
true glucose in plasma without deproteinization. /. Clin.
Pathol., 27: 1015-1017.

Cantarel, B. L., P. M. Coutinho, C. Rancurel, T. Bernard, V.
Lombard and B. Henrissat. 2009. The Carbohydrate-
Active EnZymes database (CAZy): an expert resource
for Glycogenomics. Nucleic Acids Res., 37: D233-D238.

Chaen, H., T. Yamamoto, T. Nishimoto, T. Nakada, S. Fukuda,
T. Sugimoto, M. Kurimoto and Y. Tsujisaka. 1999.
Purification and Characterization of a novel phosphorylase,
kojibiose phosphorylase, from Thermoanaerobium brockii.
J. Appl. Glycosct., 46: 423-429.

Chaen, H., T. Nishimoto, T. Nakada, S. Fukuda, M. Kurimoto
and Y. Tsujisaka. 2001. Enzymatic synthesis of
kojioligosaccharides using kojibiose phosphorylase. J.
Biosci. Bioeng., 92: 177-182.

Daurat-Larroque, S., L. Hammar and W.J. Whelan. 1982.
Enzyme reactors for the continuous synthesis of sucrose
from starch. J. Appl. Biochem., 4: 133-152.

Derensy-Dron, D., F. Krzewinski, C. Brassart and S.
Bouquelet. 1999. p-1,3-galactosyl-/N-acetylhexosamine
phosphorylase from Bifidobacterium bifidum DSM 20082:
characterization, partial purification and relation to mucin
degradation. Biotechnol. Appl. Biochem., 29: 3-10.

Destruelle, M., H. Holzer and D. J. Klionsky. 1995. Isolation
and characterization of a novel yeast gene, ATHI, that is
required for vacuolar acid trehalase activity. Yeast, 11:
1015-1025.

Egloff, M.P., J. Uppenberg, L. Haalck, H and van Tilbeurgh.
2001. Crystal structure of maltose phosphorylase from
Lactobacillus brevis: unexpected evolutionary relationship
with glucoamylases. Structure, 9: 689-697.

Gibson, G. R. and M. B. Roberfroid. 1995. Dietary modulation
of the human colonic microbiota: introducing the concept
of prebiotics. J. Nutr., 125: 1401-1412.

Hickey, R. M. 2012. Human milk oligosaccharides and
prevention of pathogen adhesion. Int. Diary J., 22: 141-146.

Hidaka, M., M. Kitaoka, K. Hayashi, T. Wakagi, H. Shoun and
S. Fushinobu. 2006. Structural dissection of the reaction
mechanism of cellobiose phosphorylase. Biochem. J., 398:
37-43.

Honda, Y., M. Kitaoka and K. Hayashi. 2004. Reaction
mechanism of chitobiose phosphorylase from Vibrio
proteolyticus: identification of family 36
glycosyltransferase in Vibrio. Biochem. J., 377: 225-232.

Hidaka, Y., Y. Hatada, M. Akita, M. Yoshida, N. Nakamura, M.
Takada, T. Nakakuki, S. Ito and K. Horikoshi. 2005.
Maltose phosphorylase from a deep-sea Paentbacillus sp..
Enzymatic properties and nucleotide and amino-acid
sequences. Enzyme Microb. Technol., 37: 185-194.

Inoue, Y., K. Ishii, T. Tomita, T. Yatake and F. Fukui. 2002a.



Nihira et al: Enzymatic synthesis of branched o -D-glucosyl trisaccharides

Characterization of trehalose phosphorylase from Bacillus
stearothermophilus SK-1 and nucleotide sequence of the
corresponding gene. Biosci. Biotechnol. Biochem., 66:
1835-1843.

Inoue, Y., N. Yasutake, Y. Oshima, Y. Yamamoto, T. Tomita, S.
Miyoshi and T. Yatake. 2002b. Cloning of the maltose
phosphorylase gene from Bacillus sp. strain RK-1 and
efficient production of the cloned gene and the trehalose
phosphorylase gene from Bacillus stearothermophilus
SK-1 in Bacillus subtilis. Biosci. Biotechnol., Biochem. 66:
2594-2599.

Kamogawa, A., K. Yokobayashi and T. Fukui. 1973.
Purification and properties of maltose phosphorylase from
Lactobactllus brevis. Agric. Biol. Chem., 37: 2813-2819.

Kiefer, F., K. Arnold, M. Kiinzli, L. Bordoli and T. Schwede.
2009. The SWISS-MODEL Repository and associated
resources. Nucleic Acids Res., 37: D387-D392.

Kitaoka, M., T. Sasaki and H. Taniguchi. 1991. Synthesis of
laminarioligosaccharides using crude extract of Euglena
gracilis z cells. Agric. Biol. Chem., 55: 1431-1432.

Kitaoka, M., T. Sasaki and H. Taniguchi. 1992a. Conversion of
sucrose into cellobiose using sucrose phosphorylase,
xylose isomerase and cellobiose phosphorylase. Denpun
Kagaku, 39: 281-283.

Kitaoka, M., T. Sasaki and H. Taniguchi. 1992b. Synthetic
reaction of Cellvibrio gilvus cellobiose phosphorylase. J.
Biochem., 112: 40-44.

Kitaoka, M., T. Sasaki and H. Taniguchi. 1993. Conversion of
sucrose into laminaribiose using sucrose phosphorylase,
xylose isomerase and laminaribiose phosphorylase.
Denpun Kagaku, 40: 311-314.

Kitaoka, M. and K. Hayashi. 2002. Carbohydrate-processing
phosphorolytic enzymes. Trends Glycosci. Glycotechnol.,
14: 35-50.

Lowry, O. H. and J. A. Lopez. 1946. The determination of
inorganic phosphate in the presence of labile phosphate
esters. J. Biol. Chem., 162: 421-428.

Luley-Goedl, C. and B. Nidetzky. 2010. Carbohydrate synthesis
by disaccharide phosphorylases: reactions, catalytic
mechanisms and application in the glycosciences.
Biotechnol. ]., 5: 1324-1338.

Murao, S., H. Nagano, S. Ogura and T. Nishino. 1985.
Enzymatic synthesis of trehalose from maltose. Agric.
Biol. Chem., 49: 2113-2118.

Murosaki, S., K. Muroyama, Y. Yamamoto, H. Kusaka, T. Liu
and Y. Yoshikai. 1999. Immunopotentiating activity of
nigerooligosaccharides for the T Helper 1-Like Immune
Response in Mice. Biosci. Biotechnol. Biochem., 63: 373-378.

Maruta, K., K. Mukai, H. Yamashita, M. Kubota, H. Chaen, S.
Fukuda and M. Kurimoto. 2002. Gene encoding a
trehalose phosphorylase from Thermoanaerobacter
brockii ATCC 35047. Biosci. Biotechnol. Biochem., 66:
1976-1980.

Nakai, H., M. J. Baumann, B. O. Petersen, Y. Westphal, H.
Schols, A. Dilokpimol, M. Abou Hachem, S. J. Lahtinen, J.
@. Duus and B. Svensson. 2009. The maltodextrin

transport system and metabolism in Lactobacillus
acidophilus NCFM and production of novel a-glucosides
through reverse phosphorolysis by maltose phosphorylase.
FEBS J., 276: 7353-7365.

Nakai, H., A. Dilokpimol, M. Abou Hachem and B. Svensson.
2010a. Efficient one-pot enzymatic synthesis of «
-(1,4)-glucosidic disaccharides through a coupled reaction
catalysed by Lactobacillus acidophilus NCFM maltose
phosphorylase. Carbohydr. Res., 345: 1061-1064.

Nakai, H., B. O. Petersen, Y. Westphal, A. Dilokpimol, M.
Abou Hachem, J. @. Duus, H. A. Schols and B. Svensson.
2010b. Rational engineering of Lactobacillus acidophilus
NCFM maltose phosphorylase into either trehalose or
kojibiose dual specificity phosphorylase. Protein Eng.
Des. Sel., 23: 781-787.

Nakajima, M. and M. Kitaoka. 2008. Identification of lacto-/V-
Biose I phosphorylase from Vibrio vulnificus CMCP6.
Appl. Environ. Microbiol., 74: 6333-6337.

Nakajima, M., M. Nishimoto and M. Kitaoka. 2009.
Characterization of three f-galactoside phosphorylases
from Clostridium phytofermentans: discovery of
D-galactosyl- f -(1,4)-L-rhamnose phosphorylase. /. Biol.
Chem., 284: 19220-19227.

Nakajima, M., M. Nishimoto and M. Kitaoka. 2010. Practical
preparation of D-galactosyl- f-(1,4)-L-rhamnose employing
the combined action of phosphorylases. Biosci.
Biotechnol. Biochem., 74: 1652-1655.

Nihira, T., H. Nakai, H. Chiku and M. Kitaoka. 2012a.
Discovery of nigerose phosphorylase from Clostridium
phytofermentans. Appl. Microbiol. Biotechnol., 93: 1513-
1522.

Nihira, T., H. Nakai and M. Kitaoka. 2012b. 3-0O-«
-D-glucopyranosyl-L-rhamnose phosphorylase from
Clostridium phytofermentans. Carbohydr. Res., 350: 94-97.

Nishimoto, M. and M. Kitaoka. 2007. Practical preparation of
lacto-N-biose I, a candidate for the bifidus factor in
human milk. Biosci. Biotechnol. Biochem., 71: 2101-2104.

Nishimoto, M. and M. Kitaoka. 2009. One-pot enzymatic
production of f-D-galactopyranosyl-(1,3)-2-acetamido-2-
deoxy-D-galactose (galacto-N-biose) from sucrose and
2-acetamido-2-deoxy-D-galactose (/V-acetylgalactosamine).
Carbohydr. Res., 344: 2573-2576.

Ohdan, K., K. Fujii, M. Yanase, T. Takaha and T. Kuriki. 2007.
Phosphorylase coupling as a tool to convert cellobiose
into amylose. J. Biotechnol., 127: 496-502.

Pace, C. N, F. Vajdos, L. Fee, G. Grimsley and T. Gray. 1995.
How to measure and predict the molar absorption
coefficient of a protein. Protein Sci., 4: 2411-2423.

Patel, S. and A. Goyal. 2011. Functional oligosaccharides:
production, properties and applications. World J.
Microbiol. Biotechnol., 27: 1119-1128.

Sawangwan, T. C. Goedl and B. Nidetzky. 2009. Single-step
enzymatic synthesis of (R)-2-O-a-D-glucopyranosyl
glycerate, a compatible solute from micro-organisms that
functions as a protein stabiliser. Org. Biomol. Chem., T:
4267-4270.



CREPNE S-Sl it ey

565 % 177 (2012)

Schwarz, A., C. Goedl, A. Minani, B. Nidetzky. 2007. Trehalose
phosphorylase from Pleurotus ostreatus: characterization
and stabilization by covalent modification, and application
for the synthesis of «, «-trehalose. J. Biotechnol., 129:
140-150.

Sela, D. A. and D. A. Mills. 2010. Nursing our microbiota:
molecular linkages between bifidobacteria and milk
oligosaccharides. Trends Microbiol., 18: 298-307.

Suzuki, M., K. Kaneda, Y. Nakai, M. Kitaoka and T. Taniguchi.
2009. Synthesis of cellobiose from starch by the
successive action of phosphorylases. New Biotechnol., 26:
137-142.

Tsumuraya, Y., C. F. Brewer and E. J. Hehre. 1990. Substrate-
induced activation of maltose phosphorylase: interaction
with the anomeric hydroxyl group of a-maltose and «o
-D-glucose controls the enzyme's glucosyltransferase
activity. Arch. Biochem. Biophys. 281: 58-65.

Yamamoto, T., K. Maruta, K. Mukai, H. Yamashita, T.
Nishimoto, M. Kubota, S. Fukuda, M. Kurimoto and Y.
Tsujisaka. 2004. Cloning and sequencing of kojibiose
phosphorylase gene from Thermoanaerobacter brockii
ATCC35047. J. Biosci. Bioeng., 98: 99-106.



Nihira et al: Enzymatic synthesis of branched o-D-glucosyl trisaccharides

YIWPN—XEKZAK)T—EEHWN RIET IV SEDEE

PR - P - Rz - e A - KR
CERi244E 7 H10H %Z4))

Z 0

PRI Y ERARIFESE CRAKRY 7 —X) &, OISO ik & e 2 SOUSALEFERE D S 4 ) THEEBICFHIHEETH
b0 LOLBEHIOF AR T —BIZIHEEOARE SNTE Y, HleFR 26T 55250 7 —EORAPLEN TV,
% 2 T4l Bacillus selenitireducens MLS1025473 % Glycoside Hydrolase Family 651283 4 <)V b — AR AR 7 —El{aT
(bsel2056) o va—=r 7 L, MIkZBEOEZHREREZREL 2. R I Va—202MICT IV EEZFET LIV
I VAR SHOERHEMSEMARE L, al4- Z VI 28EEETLIIEDPHLPIC R o720 EHICHMHMO~YIV b — A KA K
VI—BLIZRL), ABEEIE L. 2HEEETE2 VA 2T bbb ay V8 —ABLY 7+ 0 —RA&MSHEKE LT
AL, v a 3RERERE L2, 723D BT VIO RS, WZEEE LTRHET SV a— 2D 2 (DK
JEICARBE A O WL (73 2B /03— 25E) 2N 5720 O A A R— AR SNz,

FIARBEIHK, 65(1):67-75, 2012

X—T—=R:GEINVa 3, Fvay SN Feg—¥77 31 —65 %)V b—AFAKY) T—E

TR R R
BB FUA R SR
RRATRERG AR ATZERT





