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An a-glucosidase (HaG) with the following unique properties was isolated from Halomonas sp. strain H11: (i) high transglu-
cosylation activity, (ii) activation by monovalent cations, and (iii) very narrow substrate specificity. The molecular mass of the
purified HaG was estimated to be 58 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). HaG
showed high hydrolytic activities toward maltose, sucrose, and p-nitrophenyl a-p-glucoside (pNPG) but to almost no other di-
saccharides or malto-oligosaccharides higher than trisaccharides. HaG showed optimum activity to maltose at 30°C and pH 6.5.
Monovalent cations such as K*, Rb*, Cs*, and NH,* increased the enzymatic activity to 2- to 9-fold of the original activity.
These ions shifted the activity-pH profile to the alkaline side. The optimum temperature rose to 40°C in the presence of 10 mM
NH,*, although temperature stability was not affected. The apparent K, and k_,, values for maltose and pNPG were significantly
improved by monovalent cations. Surprisingly, k_,./K,, for pNPG increased 372- to 969-fold in their presence. HaG used some
alcohols as acceptor substrates in transglucosylation and was useful for efficient synthesis of a-D-glucosylglycerol. The efficiency
of the production level was superior to that of the previously reported enzyme Aspergillus niger a-glucosidase in terms of small
amounts of by-products. Sequence analysis of HaG revealed that it was classified in glycoside hydrolase family 13. Its amino acid
sequence showed high identities, 60%, 58%, 57%, and 56%, to Xanthomonas campestris WU-9701 a-glucosidase, Xanthomonas
campestris pv. raphani 756C oligo-1,6-glucosidase, Pseudomonas stutzeri DSM 4166 oligo-1,6-glucosidase, and Agrobacterium

tumefaciens F2 a-glucosidase, respectively.

-Glucosidase (EC 3.2.1.20, a-D-glucoside glucohydrolase) is
aa ubiquitous enzyme widely distributed in microorganisms,
plants, and animals. It catalyzes liberation of a-glucose from the
nonreducing ends of a-glucosides such as malto-oligosaccharides
and sucrose. Its substrate specificity is significantly diverse, de-
pending on the enzyme origins, and the enzymes are classified into
three groups on the basis of their substrate specificities (10).
Group I enzymes are more active toward heterogeneous sub-
strates, represented by sucrose and synthetic glycosides such as
p-nitrophenyl a-D-glucoside (pNPG) and phenyl a-D-glucoside,
than toward homogeneous substrates such as maltose. Group II
enzymes, known as maltases, prefer homogeneous substrates to
heterogeneous substrates. Like group II enzymes, group III en-
zymes mainly hydrolyze homogeneous substrates but have high
activity toward long-chain substrates like glycogen and soluble
starch.

According to the sequence-based classification of glycoside hy-
drolase (GH), a-glucosidases are generally classified into two fam-
ilies, GH families 13 (subfamily 30) and 31 (9). Enzymes from
bacteria, some yeast such as Saccharomyces cerevisiae, and insects
are mainly classified into the former family, and those from plants,
animals, some yeast such as Schizosaccharomyces pombe, and fungi
are in the latter.

Enzymes of both families catalyze hydrolysis of a-glucosides, with
net retention of the anomeric configuration, through a double dis-
placement mechanism, where two acidic amino acid residues act as a
catalytic nucleophile and a general acid/base catalyst (31). The general
acid/base catalyst donates a proton to the glucosidic oxygen, and the
catalytic nucleophile simultaneously attacks the anomeric carbon to
form a B-glucosyl enzyme intermediate. Consequently, the general
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acid/base catalyst activates a water molecule as a general base catalyst
to stimulate nucleophilic attack of the water molecule at the anomeric
carbon of the glucosyl-enzyme intermediate. Transglucosylation can
occur if a free hydroxy group of a sugar or alcohol, rather than water,
attacks nucleophilically.

In the food and pharmaceutical industries, a-glucosidases play
essential roles in the production of isomalto-oligosaccharides,
nigero-oligosaccharides (48, 57), and some glucosides such as
a-D-glucosyl vitamin E (33) and a-D-glucosylglycerol (aGG)
(50). Glucosylation of nonsugar compounds is a useful technique
for improving their physicochemical properties, such as stability
and water solubility (26, 33, 47, 56).

aGG, a collective term for 2-O-a-p-glucosylglycerol (2-O-
aGG), (2R)-1-O-a-p-glucosylglycerol [(2R)-1-O-aGG], and
(25)-1-O-a-p-glucosylglycerol [(2S-1-O-aGG], is a glucosylated
compound observed in some osmotolerant bacteria and plants
(18) and is also found in traditional Japanese liquors produced
from rice (49). GG has been reported to have some beneficial
functions as a moisturizing agent in cosmetics (58) and potential
as a health food material and therapeutic agent because it stimu-
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lates insulin-like growth factor behavior (17) and has antitumor
effects (37).

aGG can be synthesized enzymatically from malto-oligosaccharides
and glycerol with fungal a-glucosidase (50) or bacterial cyclodex-
trin glucanotransferase (EC. 2.4.1.19) (35). However, the produc-
tion yield has been restricted because accumulation of by-
products such as malto-oligosaccharides and di- or higher
glucosylated glycerols was unavoidable as a result of the nature of
the enzyme. In contrast, sucrose phosphorylase (EC. 2.4.1.7) has
been reported to regioselectively produce 2-O-aGG from sucrose
and glycerol in high yield (15). Although sucrose phosphorylase is
an attractive biocatalyst for glucosides (29), not all types of gluco-
sides can be synthesized using it, and research on its use for the
production of various kinds of glucosides is still under develop-
ment (1).

In this work, we focused on a-glucosidase as a biocatalyst
for the production of glucosides because its substrate, malto-
oligosaccharides, can be obtained by degradation of starch at low
cost. We screened a-glucosidases showing high transglucosyla-
tion activity, and an enzyme with the desired properties was suc-
cessfully obtained from a halophilic marine bacterium, Halomo-
nas sp. strain H11, isolated from the surface of coral. In addition to
its high transglucosylation activity, the enzyme has several unique
properties: first, significant stimulation by monovalent cations
such as NH, ", K*, Rb™, and Cs™, and second, very narrow spec-
ificity for substrate chain length and glucosidic bonds. In this ar-
ticle, the enzymatic properties and applications of a-glucosidase
from Halomonas sp. H11 (HaG) are described.

MATERIALS AND METHODS

Isolation and identification of bacterial strains. Bacterial strains from
coral, collected in the sea near Okinawa, Japan, were propagated with a
culture medium consisting of 1% (wt/vol) sodium arginate (Wako Pure
Chemical Industries, Osaka, Japan), 0.5% (wt/vol) peptone (Becton Dick-
inson, Franklin Lakes, NJ), 0.5% (wt/vol) yeast extract (Becton Dickin-
son), 0.1% (wt/vol) KH,PO, (Kanto Chemical, Tokyo, Japan), 0.02%
(wt/vol) MgSO, - 7H,0O (Kanto Chemical), and 10% (wt/vol) NaCl; the
pH was adjusted to 10 with separately sterilized 1% (wt/vol) Na,COj;
(Kanto Chemical). The culture medium was incubated at 30°C for 2
weeks, and a single colony was isolated from the resulting culture fluid on
the same medium containing 2% (wt/vol) agar. Chromosomal DNA of
the obtained bacterium was extracted using an Instragene matrix (Bio-
Rad, Hercules, CA) and used as the template in PCR. Primestar HS DNA
polymerase (Takara Bio, Shiga, Japan) and a primer set of 9F and 1510R
(34) were used to amplify a region of 16S rRNA (see Table SI in the
supplemental material). A BigDye Terminator (version 3.1) cycle se-
quencing kit (Applied Biosystems, Foster City, CA) and primers 9F, 785F,
802R, and 1510R (34) were used in sequence analysis (see Table S1 in the
supplemental material). An automatic DNA sequencer, the ABI Prism
3130x] genetic analyzer system (Applied Biosystems), and the software
Chromaspro (version 1.4; Technelysium Pty., Tewantin, Australia) were
used. Sequence similarity searches and phylogenetic classifications were
performed using the software Aporon (version 2.0; Techno Suruga Lab-
oratory, Shizuoka, Japan), the database Aporon DB-BA (version 6.0;
Techno Suruga Laboratory), GenBank, the DNA Data Bank of Japan
(DDBJ), and the EMBL Nucleotide Sequence Database. Cells grown on
Marine Broth 2216 (Becton Dickinson) containing 2% (wt/vol) agar were
used for the following tests. Morphological observations were carried out
using an optical microscope, BX50F4 (Olympus, Tokyo, Japan). Cells
were stained with Feyber G Nissui (Nissui Seiyaku, Tokyo, Japan) in a
Gram-staining test. Other physiological tests were performed by the
methods described by Barrow and Feltham (6) and using a kit, API 20NE
(bioMérieux, Lyon, France).
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Purification of a-glucosidase from Halomonas sp. strain H11. Ha-
lomonas sp. H11 was cultured aerobically at 37°C for 24 h with rotary
shaking at 150 rpm in 2 liters of a medium consisting of 1% (wt/vol)
soluble starch (Kanto Chemical), 0.5% (wt/vol) polypeptone (Wako Pure
Chemical Industries), 0.5% (wt/vol) yeast extract, 3.5% (wt/vol) NaCl,
0.01% (wt/vol) KH,PO,, and 0.02% (wt/vol) MgSO, - 7H,0O; the pH was
adjusted to 7.0 with 2 N NaOH. Bacterial cells were harvested by centrif-
ugation and disrupted by sonication using an Astrason ultrasonic proces-
sor (XL; Misonix, Farmingdale, NY) in 50 ml of 20 mM HEPES-NaOH
buffer (pH 7.0). The resulting cell debris was removed by centrifugation,
and the supernatant was regarded as the crude extract. The pH of the
crude extract was adjusted to 5.0 with 20 mM sodium acetate buffer (pH
5.0) and applied to a Toyopearl DEAE-650 M column (16 by 170 mmy;
Tosoh, Tokyo, Japan) equilibrated with 20 mM sodium acetate buffer (pH
5.0). After washing with the same buffer, the adsorbed protein was eluted
using a linear gradient of NaCl (0 to 0.5 M; total volume, 60 ml; flow rate,
2 ml/min). The active fractions that eluted at about 0.1 M NaCl were
collected, and ammonium sulfate was added to the solution to give a final
concentration of 1.5 M. This was loaded on a Toyopearl Butyl-650 M
column (16 by 200 mm; Tosoh) equilibrated with 20 mM HEPES-NaOH
buffer containing 1.5 M ammonium sulfate (pH 7.0). The adsorbed pro-
tein was eluted using a descending linear gradient of ammonium sulfate
(1.5 to 0 M; total volume, 120 ml; flow rate, 2 ml/min). The active frac-
tions that eluted at about 1.0 M ammonium sulfate were collected and
desalted by repeated dilution and concentration. The sample was concen-
trated by ultracentrifugation using an Amicon Ultra-15 centrifugal unit
(nominal molecular weight limit, 10,000; Millipore, Billerica, MA), and
the resulting concentrate was diluted with 20 mM HEPES-NaOH buffer
(pH 7.0). Finally, the sample was concentrated to about 5 ml and applied
to a Resource Q column (1 ml; GE Healthcare, Uppsala, Sweden) equili-
brated with 20 mM HEPES-NaOH buffer (pH 7.0). After washing with 4
ml of the same buffer, the adsorbed protein was eluted using a linear
gradient of NaCl (0 to 1.0 M; total volume, 30 ml; flow rate, 3 ml/min).
The active fractions that eluted at about 0.1 M NaCl were collected and
desalted as described above. To confirm the purity of the enzyme prepa-
ration, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out on a 12.5% polyacrylamide gel, as described by
Laemmli (27). A molecular size marker, Mark12 unstained standard (In-
vitrogen, Carlsbad, CA), was used. The gel was stained with Rapid CBB
Kanto (Kanto Chemical). Protein concentration was determined with a
DC protein assay kit (Bio-Rad) in all procedures. Bovine serum albumin
(Bio-Rad) was used as a standard protein. Since the enzyme activity was
not affected by freeze-thawing, the enzyme preparation was frozen for
long-term storage.

Enzyme activity assay. For the standard assay, maltase activity was
measured. A reaction mixture (0.1 ml) consisting of an appropriate con-
centration of enzyme, 0.2% (wt/vol) maltose (Nihon Shokuhin Kako,
Tokyo, Japan), and 40 mM HEPES-NaOH buffer (pH 7.0) was incubated
at 30°C for 10 min. The reaction was terminated by adding twice the
volume of 2 M Tris-HCI buffer (pH 7.0), and the liberated glucose was
measured using the glucose oxidase-peroxidase method (32) with a Glu-
cose C II test kit (Wako Pure Chemical Industries). One unit of
a-glucosidase activity was defined as the amount of enzyme that hydro-
lyzes 1 pmol of maltose per minute.

Effects of pH and temperature on activity and stability of HaG. The
optimum pH and optimum temperature were evaluated by measuring
enzyme activities at given pH values and temperatures, respectively. The
reaction pH was adjusted with 40 mM Britton-Robinson buffer (pH 3.0 to
12.0; composed of a mixture of 40 mM acetic acid, 40 mM phosphoric
acid, and 40 mM glycine; the pH value was adjusted with NaOH) as the
reaction buffer. The pH stability was determined on the basis of the resid-
ual activity after incubation of 0.36 wg/ml of enzyme solutions in 10 mM
Britton-Robinson buffer at various pH values at 4°C for 24 h. The tem-
perature stability was evaluated from the residual activity after incubating
the enzyme in 20 mM HEPES-NaOH (pH 7.0) at given temperatures for
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EA ————ESA EA+P

FIG 1 Kinetic model for the reaction activated by a nonessential activator. E,
S, P, and A indicate enzyme, substrate, product, and activator, respectively. K,
and K, , denote the dissociation constants for the ES complex and ESA ternary
complex, respectively, to EA. K, and K, are the dissociation constants for the
EA complex and ESA ternary complex, respectively, to ES. k., and k,, are
rate constants in the absence and presence, respectively, of an activator.

15 min. The activity before treatment was considered 100% of the residual
activity.

Substrate specificity. The initial hydrolytic rates for the following
substrates were measured: maltose (Nihon Shokuhin Kako), maltotriose
(Nihon Shokuhin Kako), maltotetraose (Seikagaku, Tokyo, Japan),
maltopentaose (Seikagaku), maltohexaose (Seikagaku), isomaltose (To-
kyo Chemical Industry, Tokyo, Japan), trehalose (Wako Pure Chemical
Industries), nigerose (Wako Pure Chemical Industries), kojibiose (Wako
Pure Chemical Industries), sucrose (Kanto Chemical), methyl a-p-
glucoside (Taoka Chemical, Osaka, Japan), and soluble starch (Nacalai
Tesque, Kyoto, Japan). A reaction mixture (0.1 ml) consisting of 7.2
ng/ml enzyme, 4 mM substrate (soluble starch, 0.2% [wt/vol]), and 40
mM HEPES-NaOH buffer (pH 7.0) was incubated at 30°C for 10 min. The
liberated glucose was determined as described above. The enzyme reac-
tion toward pNPG (Sigma, St. Louis, MO) was performed by incubating
0.1 ml of a mixture consisting of 4 mM substrate and 7.2 ug/ml enzyme in
the same buffer. The reaction was stopped by adding twice the volume of
1 M Na,CO;. The absorbance at 405 nm was measured to determine the
amount of p-nitrophenol (pNP) released. pNP (Wako Pure Chemical
Industries) was used as a standard.

Effects of various salts on enzyme activity and stability. Enzyme ac-
tivities in the presence of 10 mM solutions of various salts (LiCl, NaCl,
MgCl, KCl, CaCl,, MnCl,, FeCl,, CoCl,, CuCl, ZnCl,, AgNO;, CsCl, and
NH,CI) and 5 mM (NH,),SO, were assayed. The effects of ammonium
ions on the temperature-activity profile were investigated by measuring
the activity at various temperatures in the presence or absence of 10 mM
NH,CL. The thermal stability of HaG in the presence of 10 mM NH,Cl was
evaluated as described above.

Kinetic parameters for maltose and pNPG in the presence of mon-
ovalent cations. To evaluate the effects of monovalent cations on the
kinetic parameters for maltose and pNPG, the apparent kinetic parame-
ters for these substrates in the presence of 10 mM concentration of acti-
vators were determined from the initial rates of hydrolysis at various sub-
strate concentrations (2 to 20 mM for maltose and 0.001 to 8 mM for
PNPG) by regressing to the Michaelis-Menten equation.

Activations for hydrolysis of maltose by monovalent cations were ki-
netically analyzed in detail, based on a nonessential activator model (12).
The reaction scheme for a reaction activated by a nonessential activator is
shown in Fig. 1. In this model, rate equations 1 and 2 below were given
under the assumption of rapid equilibration:

v o= KA(kcatl ° KAS + kcatZ ) A)S (1)
K, + Kas(Ky + A) + Ky(Kys + A)S
where v is the initial hydrolysis rate, and A and S indicate the concentra-
tions of the activator and substrate, respectively. The four dissociation
constants in this equation are related as shown in Equation 2:

Koa - Ka = Kys + Ky, (2)

We determined the individual constants as follows. First, the initial hy-
drolytic rates were measured at various concentrations of maltose (2 to 20
mM), without an activator, to obtain k_,,, and K,,,. The values were calcu-
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lated by fitting the experimental data to Equation 1 at A equal to 0 by
nonlinear regression. Next, the hydrolytic rates were measured at a sub-
strate concentration much higher than that for K,, in the presence of
various concentrations of activators (0.001 to 100 mM). The k,, and K¢
values were calculated from the concentration in the activator-rate plot.
Finally, the enzyme assay was carried out with maltose at the same con-
centration as that for K, in the presence of various concentrations of
activators (0.001 to 100 mM). K, was determined from the concentration
of the activator-hydrolytic rate plot as described above. Then K, was
obtained by substituting the other parameters for equation 2. To verify the
calculated parameters, the experimental hydrolytic rates for 4.5 mM or 50
mM maltose in the presence of various concentrations of activators were
compared with the theoretical values calculated from the obtained param-
eters.

Transglucosylation activity toward various alcohols. The trans-
glucosylation activities toward ethanol, glycerol, propylene glycol,
1-propanol, and 2-propanol (all reagents were purchased from Kanto
Chemical) were qualitatively analyzed by thin-layer chromatography. Re-
action mixtures (10 ul) containing 5% (vol/vol) alcohols, 10% (wt/vol)
maltose, 50 mM HEPES-NaOH buffer (pH 7.0), 5 mM (NH,),SO,, and
0.18 wg/ml of HaG were incubated at 37°C for 24 h. A 10-fold-diluted
sample (1 ul) was analyzed by thin-layer chromatography (Silica Gel 60
F,5,; Merck, Darmstadt, Germany) with a solvent system consisting of
2-propanol-1-butanol-water at 2:2:1 (vol/vol/vol). Glucose and maltose
(each 1% [wt/vol]) were used as standards. The chromatograms were
visualized by spraying with a solvent consisting of 10% (vol/vol) sulfuric
acid in methanol and heating.

Enzymatic synthesis of «GG. The production efficiencies of GG by
HaG and Aspergillus niger a-glucosidase (AnG) were compared; AnG has
been reported to produce aGG efficiently (50). A reaction mixture (1 ml)
containing 20% (wt/vol) maltose, 20% (wt/vol) glycerol, 0.04 U/ml of
purified HaG or AnG, and 40 mM reaction buffer (HEPES-NaOH buffer
containing 5 mM ammonium sulfate, pH 7.0, for HaG and sodium acetate
buffer, pH 5.0, for AnG) was incubated at 37°C. AnG was purchased from
Amano Enzymes (Nagoya, Japan), and the activity was assayed using the
same method as that used for HaG except for the reaction buffer, which
was 40 mM sodium acetate buffer (pH 5.0). The total «GG was quantified
by high-performance liquid chromatography (HPLC) under the follow-
ing conditions: column, Ultron PS-80N.L (8.0 by 500 mm; Shinwa Chem-
ical Industries, Kyoto, Japan); eluant, water; flow rate, 0.9 ml/min; col-
umn temperature, 50°C; detection, refractive index. To determine the
ratio of stereoisomers of the product, «GG was purified with HPLC. aGG
(5 mg) was trimethylsilylated using TMSI-C reagent (GL Sciences, Tokyo,
Japan) and analyzed by gas chromatography (49).

N-terminal amino acid sequence analysis. Purified a-glucosidase
was transferred to a polyvinylidene difluoride membrane (Immobilon-
PS5, Millipore) using a semidry electroblotting apparatus (Bio-Rad). The
protein band detected with Coomassie brilliant blue R-250 (Wako Pure
Chemical Industries) was cut off and analyzed using a protein sequencer
(Procise 492cLC; Applied Biosystems). To determine the internal amino
acid sequence, purified HaG was digested by lysyl endopeptidase, and the
resulting peptides were sequenced as follows. The purified enzyme (55
pg) was dissolved in 100 wl of 20 mM Tris-HCI (pH 8.0) containing 8 M
urea. Then 3 ul 0£0.02% (wt/vol) lysyl endopeptidase (Wako Pure Chem-
ical Industries) was added, followed by incubation at 37°C overnight. The
resultant peptides were separated by reverse-phase HPLC under the fol-
lowing conditions: column, ODS AS-303 (4.6 by 250 mm; YMC, Kyoto,
Japan); flow rate, 1 ml/min; column temperature, 40°C; detection, UV
215 nmy; elution, linear gradient of 0 to 100% acetonitrile in 0.1% trifluo-
roacetic acid for 60 min.

Cloning of HaG gene. Chromosomal DNA of Halomonas sp. H11 was
prepared using a previously described method (41) and digested with Sall
or PstI (Takara Bio) to connect cassette DNA fragments supplied by an LA
PCR in vitro cloning kit (Takara Bio). The resulting DNA fragments were
used as a template in the PCR to amplify the HaG gene. All the primers
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used in this research are listed in Table S1 in the supplemental material. Ex
Taq polymerase (Takara Bio) and a set of primers, HAG-N1, designed on
the basis of the N-terminal amino acid sequence of HaG, and primer CS1,
corresponding to the cassette sequence, were used. To amplify the desired
region specifically, nested PCR was performed with primers HAG-N2 and
CS2. The amplified DNA fragment was cloned into a pGEM-T Easy vector
(Promega, Madison, WI) and sequenced with primers HAG-F'3, HAG-
F'4, HAG-F'5, HAG-F'6, HAG-R'1, HAG-R'4, pGEM-up-F, and pGEM-
dn-R. Sequence analyses were performed using a BigDye Terminator cycle
sequencing kit (Beckman Coulter, Inc., Brea, CA) and a DNA sequencer,
CEQ2000XL (Beckman Coulter). To obtain the remaining regions of the
HaG gene, PCR was performed with two primer sets designed on the basis
of the analyzed DNA sequence, HAG-I1 and CS1 and HAG-I2 and CSI.
Nested PCR was followed by PCR with primers HAG-F'1 and CS2 and
primers HAG-I3 and CS2, respectively. Amplified DNA fragments were
cloned into the pGEM-T Easy vector and sequenced. A homology search
was performed using the Basic Local Alignment Search Tool (BLAST)
program (5).

Nucleotide sequence accession number. The sequence data for HaG
are available from DDBJ with accession number AB663683.

RESULTS

Identification of bacterial strain H11 isolated from coral. A bac-
terial strain, H11, isolated from coral was selected as the enzyme
source because it appeared to produce an enzyme harboring strong
transglucosylation activity toward glycerol when it was cultivated
with the medium containing soluble starch. A phylogenetic tree con-
structed with its 16S rRNA sequence showed that the H11 strain is
closely related to Halomonas aquamarina, Halomonas meridiana, and
Halomonas axialensis and is likely to be categorized in the Halomonas
genus (see Fig. S1 in the supplemental material). Its 16S rRNA se-
quence showed 99.5% identities to the 16S rRNA sequences of both
H. aquamarina DMS 30161 and H. meridiana DMS 5425. Physiolog-
ical tests revealed that the H11 strain is rod shaped (0.7 to 0.8 by 1.2 to
2.0 wm), pale yellow, smooth surfaced, Gram negative, mobile, and
capable of growing at 4 to 45°C. It showed catalase, oxidase, urease,
and cytochrome oxidase activities. Otherwise, all of the following
were negative: nitrate reduction; production of indole; glucose oxi-
dation; arginine dihydrolase and [-galactosidase activities; lipase
activity for Tween 80; hydrolysis of esculin, gelatin, starch, and
casein; and use of glucose, L-arabinose, D-mannose, D-mannitol,
N-acetylglucosamine, maltose, potassium gluconate, n-capric acid,
adipic acid, bL-malic acid, sodium citrate, and phenyl acetate. These
features were not totally identical to those of any Halomonas species
reported so far (23, 53). Therefore, the H11 strain was named Halo-
monas sp. H11 and deposited at the National Biological Resource
Center (Chiba, Japan) as NBRC 108813.

Purification of HaG. HaG was purified from a cell extract to
homogeneity by several types of column chromatography (see Ta-
ble S2 in the supplemental material). After hydrophobic column
chromatography with Toyopearl Butyl-650 M, the total enzyme
activity significantly increased because of activation by NH, ", de-
scribed in detail later. The purified enzyme showed a single band
in SDS-PAGE (see Fig. S2 in the supplemental material), and its
molecular mass was estimated to be 58 kDa. It showed 50.9-fold
higher specific activity than that of the crude extract.

Effects of pH and temperature. The effects of pH and temper-
ature on enzyme activity and stability were investigated, and these
are summarized in Fig. S3 in the supplemental material. The max-
imum activity was observed at pH 6.5 when the buffer was 20 mM
Britton-Robinson buffer. In 40 mM HEPES-NaOH (pH 7.0), the
optimum temperature for HaG was 30°C, and interestingly, it
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TABLE 1 Hydrolytic rates for various substrates

Hydrolytic rate Relative hydrolysis

Substrate (s™hH activity” (%)
Maltose 0.763 100
Isomaltose 0.016 1.1
Trehalose 0.024 2.6

Nigerose 0.032 4.2
Kojibiose ND* ND
Maltotriose 0.040 5.3
Maltotetraose ND ND
Maltopentaose ND ND
Maltohexaose ND ND

Sucrose 0.253 33
Methyl-a-D-glucoside ND ND

Soluble starch ND ND

PNPG 0.439 57.5

“ Reaction rates on 4 mM each substrate (expect soluble starch was 0.2% [wt/vol]) are
shown, where the activity to maltose is 100 for calculating relative activity.
Y ND, not detectable.

exhibited more than 50% of the maximum activity even at 4°C. As
will be mentioned in detail later, the monovalent cation in the
buffer used was important for both pH activity and temperature
activity. HaG was stable in the range from medium pH to the
alkaline side at 4°C for 24 h. After treatment at 4 to 60°C for 15
min, the original activity was retained below 45°C but abruptly
decreased above 50°C.

Substrate specificity. The hydrolytic rates for various sub-
strates were measured (Table 1). HaG showed high activity for
maltose, pNPG, and sucrose, in this order. The hydrolysis rates for
isomaltose, trehalose, nigerose, and maltotriose were negligible,
and kojibiose was not hydrolyzed at all. Malto-oligosaccharides
longer than maltotriose, starch, and methyl a-D-glucoside were
rarely hydrolyzed.

Effects of various salts on HaG activity. The effects of various
salts on HaG activity were investigated. The relative activities in
the presence of a 10 mM salt concentration, where the activity
with no salt was regarded as 100%, were as follows: LiCl, 151%;
NacCl, 116%; KCl, 601%; RbCl, 579%; CsCl, 332%; NH,Cl, 548%;
MgCl,, 30%; CaCl,, 20%; CoCl,, 1%; and ZnCl,, MnCl,, FeCl,,
CuCl, and AgNOj, not detectable. (NH,),SO, also caused an in-
crease in HaG activity to 545% when the molar concentration of
NH, " was equal to that of NH,CL The results indicate that HaG
activity was obviously activated by monovalent cations. On the
other hand, HaG activity was inhibited by divalent cations such as
Mg*" and Ca**.

Kinetic analysis for activation of HaG by monovalent cat-
ions. The results described above showed that monovalent cat-
ions, particularly K, Rb™, NH, ", and Cs ™, were strong activators
for HaG. To clarify the effects of these monovalent cations, the
apparent kinetic parameters for maltose and pNPG in the absence
or presence of a 10 mM concentration of activators were measured
(Table 2). The apparent K., (K,,p,) and apparent ke, (kcatapp)
values for maltose in the absence of monovalent cations were 4.50
mM and 0.80 s, respectively. These values were most improved
to 1.45 mM and 7.43 s~' by NH," and K, respectively. The
Keatapp! Kimapp value was increased 22.4-fold by NH, " relative to
that without any monovalent cations. For pNPG, K., and k ,capp,
were 4.64 mM and 1.00 s~', respectively, in the absence of an
activator. They were almost the same as those for maltose. On the
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TABLE 2 Apparent kinetic parameters for maltose and pNPG in the absence or presence of monovalent cations”

Maltose PNPG
Keatapp Kispp keatapp! Kinapp kcatapp/Kmapp kcatapp Kispp keatapp! Kimapp kcatapp/Kmapp
Activator (s7h (mM) (s'mM™1) (fold) (sh (mM) (s'mM™1 (fold)
None 0.80 4.50 0.18 1 1.00 4.64 0.22 1
K* 7.43 2.06 3.61 20.3 4.36 0.021 209 969
Rb* 6.73 1.92 3.51 19.7 3.29 0.017 193 893
Cs™ 5.23 2.88 1.82 10.2 1.55 0.019 80.2 372
NH‘;r 5.77 1.45 3.98 22.4 3.59 0.018 200 929

@ The hydrolysis rate was assayed in the presence of 10 mM activator (cation) at various substrate concentrations. Parameters were calculated by regressing the experimental data to

the Michaelis-Menten equation.

other hand, K,,,,,,,, was significantly improved to about 0.02 mM in
the presence of all the monovalent cations tested. Although the
changes were less, k., values were also improved, to 4.36 s~ ',
329 571, 1.55 s, and 3.59 s~ ' by K", Rb", Cs", and NH, ",
respectively. The K,ppp/Kimap, values were increased 969-fold,
893-fold, 372-fold, and 929-fold by K*, Rb™, Cs™, and NH, ™,
respectively.

Next, the kinetic parameters for maltose hydrolysis in a non-
essential activation model were measured to evaluate the activa-
tion by K*, Rb™, NH, ™, and Cs™ (Table 3). The measured reac-
tion rates for 4.5 mM or 50 mM maltose with various
concentrations of activators fitted well to the theoretical lines,
indicating that activation by monovalent cations was explained
well by a nonessential activation model (Fig. 2). The activation
degree reached almost maximum at 10 mM each activator and
even over the range of 10 to 100 mM. The actual hydrolytic rates
for 4.5 mM and 50 mM maltose in the absence of an activator were
0.71 s~' and 1.53 s~ respectively, whereas those for 4.5 mM
maltose increased 8.3-fold, 5.9-fold, 5.0-fold, and 7.1-fold in the
presence of 50 mM K™, Rb™, Cs™, and NH, ™, respectively. Simi-
larly, the rates for 50 mM maltose were increased 5.7-fold, 4.0-
fold, 2.7-fold, and 4.3-fold by the same concentration of the re-
spective monovalent cations.

The K, and K 5 values for NH, ", which mirror the affinity of
the activator with the enzyme and the enzyme-substrate complex,
respectively, were the lowest among the monovalent cations
tested, followed by Rb™, K*, and Cs™, in this order. The K,,,
values were as follows: Cs*, 1.19 mM; NH, ", 1.86 mM; Rb ", 2.88
mM; and K, 3.52 mM. The k_,,, value for the hydrolysis of malt-
ose in the presence of K was the best of those for the monovalent
cations tested, and those with Rb™, NH, ™, and Cs™ followed, in
this order.

Effects of monovalent cations on pH-activity and temperature-
activity. The effects of NH, " on enzyme activity at various pH
values and temperatures were evaluated. As shown in Fig. 3, the
activities at all pH values were raised by monovalent cations in

TABLE 3 Kinetic parameters for hydrolysis of maltose in nonessential
activator model

kczltl kcatZ Km KmA KA KAS
Activator (s7h (s7h (mM) (mM) (mM) (mM)
K* 0.8 8.6 4.5 3.52 1.35 1.06
Rb* 0.8 6.7 4.5 2.88 0.66 0.42
Cs* 0.8 4.2 4.5 1.19 7.14 1.88
NH," 0.8 6.4 4.5 1.86 0.54 0.22
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the following order: K™, Rb™, NH, ", and Cs™. These ions shifted
the bell-shaped pH-activity curve to the alkaline side. The opti-
mum pH in the absence of monovalent cations was 6.5, that in the
presence of 10 mM K*, Rb", and NH," was 7.0, and that in the
presence of Cs* was 7.5. NH," was most effective in increasing
the activity around the alkaline side. Interestingly, the optimum
temperature for HaG activity was shifted from 30°C to 40°C in the
presence of 10 mM NH, " (Fig. 4), although stability was not af-
fected (data not shown). The actual activity in the presence of
NH, " at 40°C was 11.6-fold higher than that in its absence.

Transglucosylation toward various alcohols and enzymatic
synthesis of a-D-glucosylglycerol. The transglucosylation activi-
ties toward various alcohols, i.e., ethanol, glycerol, propylene gly-
col, 1-propanol, and 2-propanol, were investigated. Transglu-
cosylation products were detected in all the reactions tested (data
not shown). As expected from the results on substrate specificity,
no oligosaccharides were produced by transglucosylation. The effi-
ciencies of the synthesis of «GG by HaG and AnG were compared
in the absence and presence of 10 mM NH, . The time course of
aGG production is shown in Fig. 5a. The production rate and
yield of GG by HaG in the presence of NH," were the highest
among the four cases tested. The carbohydrate contents (percent,
wt/wt) of the reaction mixture at 816 h are summarized in Fig. 5b.
In the reaction of HaG in the presence of NH, ™, the content of
aGG represented 29.4% (wt/wt) of the total carbohydrates (the
molar yield of «GG from converted maltose was 92.7%), and the
aGG content for the reaction of AnG was about 8% (wt/wt), in-
dependent of NH,*. The accumulations of glucose and trisaccha-
rides (G3) were considerably less in the reaction with HaG than in
that with AnG. The compositions of the stereoisomers of GG at
816 h were analyzed by gas chromatography, revealing that the
ratios of the constituent isomers 2-O-aGG/(2R)-1-O-aGG/(2S)-
1-0-aGG were 10:52:38 for HaG and 7:73:20 for AnG.

Sequence analysis of HaG. The N-terminal amino acid se-
quence of purified HaG was MQDNMMWWRGGVIYQIYPRS.
Primers were designed on the basis of this sequence, and the HaG
gene was obtained by the cassette PCR method (22). The HaG
gene consisted of 1,617 bases and encoded 538 amino acids (Fig.
6). The theoretical molecular mass and pl were 61,139 Da and
4.75, respectively. The partial internal peptide sequence TLGAPE
ANPY was found in this sequence. Four regions, I, II, III, and IV,
conserved in the GH family 13 enzymes, were found in the amino
acid sequence of HaG, namely, DQVISH, GFRLDTVNF, EIGD,
and ATSNHD. HaG was therefore obviously classified in GH fam-
ily 13. The amino acid sequence of HaG exhibited high identities,
of the order of 87%, 79%, 78%, 69%, and 68%, to those of putative
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FIG 2 Activator-reaction rate plots for hydrolysis of maltose. Reaction rates for 4.5 mM (open circles) and 50 mM (solid circles) maltose were measured in the
presence of various concentrations of monovalent cations. The averages of at least two measurements less than 5% standard deviation are shown. Theoretical
lines (dotted lines) were drawn on the basis of Equation 1 and measured kinetic parameters. (a) K*; (b) Rb*; (¢) Cs™*; (d) NH,*.

a-amylases (provably a-glucosidase) from Halomonas sp. strain
TDO1 (GenBank accession number EGP19311), Chromohalobac-
ter salexigens DSM 3043 (GenBank accession number ABE57826),
Halomonas elongata DSM 2581 (GenBank accession number
CBV43561), Marinomonas posidonica IVIA-Po-181 (GenBank ac-
cession number AEF56441), and Marinomonas sp. strain MED121

Activity (U/mg)

10 11 12 13 14

pH

FIG 3 pH-activity profiles of HaG in the presence of monovalent cations.
Enzyme activity was assayed at various pH values. The averages of at least two
measurements less than 5% standard deviation are shown. Open circles, no
monovalent cation; solid circles, K*; open triangles, Rb*; solid triangles, Cs™;
open squares, NH, "
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(GenBank accession number EAQ64921), respectively. Targeting
validated proteins, HaG showed 60%, 58%, 57%, and 56% identities
to a-glucosidase from Xanthomonas campestris WU-9701 (GenBank
accession number BAC87873), oligo-1,6-glucosidase from X. camp-
estris pv. raphani 756C (GenBank accession number AEL07660),
oligo-1,6-glucosidase from Pseudomonas stutzeri DSM 4166
(GenBank accession number AEA85435), and a-glucosidase from
Agrobacterium tumefaciens F2 (GenBank accession number

100 A

Relative activity (%)
By (2] o]
o o o
(¢}

N
o
L

0 T T T T T
0 10 20 30 40 50 60
Temperature (°C)

FIG 4 NH," effect on temperature-activity curve of HaG. Enzyme activity
was measured at various temperatures in the absence or presence of 10 mM
NH,". The activities at 30°C and 40°C in the presence and absence, respec-
tively, of NH, " were regarded as 100%. The averages on at least two measure-
ments are shown. Solid and open circles, HaG activity measured in the pres-
ence of 0 and 10 mM NH,,*, respectively.
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FIG 5 Enzymatic synthesis of «GG. (a) Time course of production of aGG.
aGG (percent, wt/vol) produced in the reaction mixture with 20% (wt/vol)
maltose, 20% (wt/vol) glycerol, and 0.04 U/ml enzymes. Open and solid cir-
cles, reaction with purified HaG in the absence and presence of 10 mM NH, ",
respectively; open and solid triangles, reaction with purified HaG in the ab-
sence and presence of a-glucosidase from Aspergillus niger, respectively. (b)
Content (percent, wt/wt) of carbohydrates at a reaction time of 816 h. Plus and
minus signs, presence and absence of NH, ", respectively. The carbohydrate
content is equivalent to the area percentage of the detector, i.e., the refractive
index response, in HPLC analysis. G1, glucose; GG, a-glucosylglycerol; G2,
disaccharides; G3, trisaccharides.

EGP58908), respectively. Identities to a-glucosidase from Geoba-
cillus sp. strain HTA-462 (Protein Data Bank [PDB] accession
number 2ZE0) (43), trehalulose synthase from Pseudomonas
mesoacidophia (PDB accession number 2PWH), oligo-1,6-
glucosidase from Bacillus cereus (PDB accession number 1UOK)
(54), and dextran glucosidase from Streptococcus mutans (PDB
accession number 2ZIC) (20), all of whose crystal structures have
been solved, were 36%, 35%, 33%, and 31%, respectively.

DISCUSSION

In this work, we describe a unique a-glucosidase which exhibits
strong transglucosylation activity toward alcohols and glycerol
and has additional remarkable features, namely, stimulation by
monovalent cations and narrow substrate specificity. The enzyme
is probably psychrophilic and prefers a moderate pH (Fig. 3; see
Fig. S3 in the supplemental material). These conditions are well
suited to the marine environment where Halomonas sp. H11 was
isolated. Halomonas sp. H11 was negative for the hydrolysis of
starch and utilization of maltose or glucose under the conditions
of the physiological tests. However, it could utilize starch when
soluble starch was contained in the culture medium and produced
HaG. This suggests that expression of enzymes that are related to
glycoside hydrolysis is probably induced by derivatives of starch.
HaG was found to have specific activity toward maltose, sucrose,
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and pNPG but rarely had activity toward longer malto-
oligosaccharides or disaccharides other than maltose (Table 1). Such
a narrow specificity for the substrate chain length by HaG is remark-
able because bacterial a-glucosidases generally hydrolyze not only
maltose but also longer malto-oligosaccharides (21, 24, 36).

On the basis of multiple-sequence alignment, HaG was pre-
dicted to have a longer B — a loop 4, which connects 3-strand 4
and a-helix 4, than other enzymes (Fig. 6). The length of B — «
loop 4 is the determinant of the specificity for substrate chain
length in GH family 13 a-glucosidases and related enzymes, such
as oligo-1,6-glucosidase and dextran glucosidase (40). The shorter
loop of dextran glucosidase, which forms open substrate binding
sites to accommodate long-chain substrates, has been shown to be
associated with a high preference for long-chain substrates. Com-
pared with a-glucosidases and oligo-1,6-glucosidase, HaG has an
even longer B — « loop 4. The length of the putative 8 — « loop
4 of a-glucosidase from X. campestris WU-9701 (GenBank acces-
sion number BAC87873), which hydrolyzes almost only maltose
among the malto-oligosaccharides, as does HaG (52), is the same
as that of HaG. We expect that such an unusually long 8 — a loop
4 might contribute to the narrow specificity for substrate chain
length in HaG.

HaG was greatly stimulated by monovalent cations, namely, K™,
Rb*, NH,™, and Cs*. Although numerous enzymes have been doc-
umented to be activated by monovalent cations in the plant and an-
imal world (44), most types of known a-glucosidases in GH family 13
are independent of monovalent cations. There have been only two
reports documenting stimulation of a-glucosidase activity by mon-
ovalent cations. Crude a-glucosidases from fast-growing rhizobia
and A. tumefaciens were reported to be stimulated by K, NH,*, and
Rb* (19), and purified a-glucosidase from Rhizobium sp. strain
USDA 4280 was reported to be stimulated to 141% and 207% by
addition of 10 mM K* and NH, ", respectively (7). However, such
a-glucosidases have as yet rarely been investigated in detail. HaG
exhibited high sequence identity (56%) to a-glucosidase from A. tu-
mefaciens F2 (GenBank accession number EGP58908), implying that
these enzymes share a monovalent cation binding site structure and
activation mechanism.

We determined the activation kinetics and enzymological
properties of HaG. The monovalent cation activators K*, Rb™,
NH, ", and Cs™ for HaG have similar ionic diameters. In particu-
lar, the ionic diameters of Rb™ and NH,™ are almost the same
(Rb*, 1.48 A;NH,™, 1.43 A). These ions showed almost the same
K, and Ky values (Table 3). In addition, the k_,,, values for malt-
ose hydrolysis in the presence of these ions were also similar. The
K, and K, values for Cs™, which has an ionic diameter of 1.70 A,
were higher than those for the other ions. The k_,, value was
highest with the smallest ion, K*, whose diameter is 1.33 A. These
results indicate that the activator binding site of HaG is suitable for
binding to monovalent ions with ionic diameters of about 1.4 A.

The Kipapp and k ,q,pp values for maltose and pNPG were im-
proved by the addition of K™, Rb™*, Cs™, and NH, " (Table 2). In
particular, the K,,,,, values for pNPG were significantly im-
proved, regardless of the type of monovalent cation. Enzyme-
PNPG complexes might be stabilized by interaction between the
negative charge of the nitrate group of pNP and a monovalent
cation bound to the substrate binding site of the enzyme. Mon-
ovalent cation activators may therefore be involved in the forma-
tion of the substrate binding sites of HaG.

Unlike the minority of a-glucosidases, which are stimulated by
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FIG 6 Multiple-sequence alignment of amino acid sequences of HaG and some a-glucosidases. Amino acid sequences of HaG and a-glucosidases from Xanthomonas
campestris WU-9701 (GenBank accession number BAC87873), Agrobacterium tumefaciens F2 (GenBank accession number EGP58908), and Geobacillus sp. HTA-462
(PDB accession number 2ZE0), oligo-1,6-glucosidase from Bacillus cereus (PDB accession number 1UOK), and dextran glucosidase from Streptococcus mutans (PDB
accession number 2ZIC) were aligned using the Clustal Omega program (16, 45). Asterisks, colons, and periods indicate completely conserved, strongly similar, and
weakly similar residues, respectively, as mentioned on the website (http://www.ebi.ac.uk/Tools/msa/clustalo/help/faq.html#23). aand B above the sequence indicate the
predicted a helices and 8 strand, respectively. Four conserved regions, I, I1, III, and IV, common in GH family 13 are shaded. N-terminal and partial internal amino acid

sequences analyzed by Edman degradation are underlined.

monovalent cations, one group of a-amylases classified in the
same GH family 13, i.e., @-amylases from mammals and Pseudo-
alteromonas haloplanktis, are allosterically activated by chloride
ions (11, 30). In all chloride-dependent a-amylases whose crystal

March 2012 Volume 78 Number 6

structures have been solved (2, 3, 8, 28, 38, 39, 46), Cl” binds to a
common site, close to the center of the catalytic barrel in the vi-
cinity of the active site. Some of these amylases have been further
investigated by structural and kinetic analyses with mutant en-
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zymes (4, 30); CI™ may play a role by polarizing the catalytic water
molecule and interacting with the general acid/base catalyst to
elevate the acid dissociation constant (pK,) value of the Glu resi-
due (14). In the case of HaG, the enzyme activity at the alkaline
side was enhanced by addition of monovalent cations (Fig. 3).
This indicated that the pK, value of the acid/base catalyst was
increased, as observed in chloride-dependent a-amylases. Mon-
ovalent cations might interact with the second catalytic Asp,
which is situated at the conserved region IV and forms hydrogen-
bonding interactions with the general acid/base catalyst, thereby
increasing the pK, value of the acid/base (30).

It was notable that monovalent cations increased the optimum
temperature of HaG (Fig. 4), but as yet we have no explanation for
this phenomenon. The temperature-activity profiles in the ab-
sence and presence of NH, * were similar to those of psychrophilic
and mesophilic a-amylases (13). We expect that a study of the
interactions of monovalent cations and HaG will provide some
insights to aid understanding of the environmental adaptation of
the enzyme.

HagG efficiently transferred glucosyl residues to some alcohols.
The precise structures of these products were not analyzed, but
based on the properties of HaG, they were thought to be
a-glucosides linked to the OH groups of alcohols. The glucosyla-
tion efficiency toward glycerol to produce aGG was superior to
that of AnG when their hydrolysis activities for maltose were com-
pared (Fig. 5), implying that HaG has stronger transglucosylation
activity than does AnG. The synthesis of «GG was more efficient
in the presence of NH, ", suggesting that a monovalent cation
stimulated not only hydrolysis but also the transglucosylation ac-
tivity of HaG. As deduced from the substrate specificity (Table 1),
smaller amounts of trisaccharides were produced in the reaction
with HaG than in that with AnG. Such an efficient production rate
and the yield of aGG, with few by-products, are very attractive
properties of HaG. The transglucosylation reaction for glycerol
was carried out with the enzymes in a considerably smaller
amount (0.04 U/ml) to distinguish the effects of activator and the
differences between HaG and AnG. It should be noted that the
length of the reaction time can be shortened if the amount of
enzymes is increased (data not shown).

A sequence similarity search by BLAST showed that putative
proteins with high similarities to HaG are distributed in moderate
halophilic, marine (Halomonas spp. and Marinomonas spp.), and
plant pathogen-related (Agrobacterium spp. and Xanthomonas
spp.) bacteria. It seems that these bacteria have in common an
adaptation to saline or nitrate-rich environments. Some kinds of
Halomonas spp. have been reported to exist at extreme ocean
depths (23, 42, 51), and Halomonas elongata DMS 3043 is known
to accumulate compatible solutes such as ectoine and betaine to
balance high osmotic pressure (55). aGG is also known to be
accumulated as a compatible solute in cyanobacteria and some
osmotolerant bacteria to adopt a high osmotic pressure. In cyano-
bacteria, the synthesis of aGG is carried out by two enzymes,
GG-phosphate synthase (EC 2.4.1.213) and GG-phosphate phos-
phatase (EC. 3.1.3.69), with glycerol 3-phosphate and ADP-
glucose (25). As there is no report that a-glucosidases might be
involved in the formation of GG in any living organisms and the
general task of a-glucosidase is producing glucose from the
a-glucoside for a carbon source, we do not yet have an idea why
HaG hydrolyzes maltose specifically and exhibits strong transglu-
cosylation activity toward glycerol and some other alcohols.
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a-Glucosidases similar to HaG in marine bacteria are expected to
have properties similar to those of HaG. Further investigation of
the relations between enzymes and their environment is required.
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