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Wataru Saburi, Momoko Kobayashi, Haruhide Mori, Masayuki Okuyama, and Atsuo Kimura1

From the Research Faculty of Agriculture, Hokkaido University, Sapporo 060-8689, Japan

Background: A mutant dextran glucosidase where the nucleophilic Asp (-COO�) was replaced by cysteine sulfinate
(-SOO�) was characterized.
Results: The cysteine sulfinate-introduced enzyme showed higher transglucosylation activity than wild type enzyme.
Conclusion: The more acidic nucleophile (-SOO�) increased transglycosylation activity.
Significance: A novel strategy to enhance transglycosylation by glycosidases is proposed.

Dextran glucosidase from Streptococcus mutans (SmDG) cat-
alyzes the hydrolysis of an �-1,6-glucosidic linkage at the non-
reducing end of isomaltooligosaccharides and dextran. This
enzyme has an Asp-194 catalytic nucleophile and two catalyti-
cally unrelated Cys residues, Cys-129 and Cys-532. Cys-free
SmDGwas constructed by replacement with Ser (C129S/C532S
(2CS), the activity of which was the same as that of the wild type,
SmDG). The nucleophile mutant of 2CS was generated by sub-
stitution of Asp-194 with Cys (D194C-2CS). The hydrolytic
activity of D194C-2CS was 8.1 � 10�4 % of 2CS. KI-associated
oxidation of D194C-2CS increased the activity up to 0.27% of
2CS, which was 330 times higher than D194C-2CS. Peptide-
mappingmass analysis of the oxidizedD194C-2CS (Ox-D194C-
2CS) revealed that Cys-194 was converted into cysteine sulfinate.
Ox-D194C-2CS and 2CS shared the same properties (optimum
pH, pI, and substrate specificity), whereas Ox-D194C-2CS had
much higher transglucosylation activity than 2CS. This is the first
study indicating that amoreacidicnucleophile (-SOO�) enhances
transglycosylation. The introduction of cysteine sulfinate as a
catalytic nucleophile could be a novel approach to enhance
transglycosylation.

Dextran glucosidase (EC 3.2.1.70, DG),2 which is involved in
the metabolism of isomaltooligosaccharides in Streptococci
and Lactobacilli, hydrolyzes�-1,6-glucosidic linkages at nonre-
ducing ends of isomaltooligosaccharides and dextran (1, 2). In
contrast to oligosaccharide �-1,6-glucohydrases (EC 3.2.1.10),
which are specific to short-chain substrates, DG acts on not
only short-chain substrates but also long-chain substrates such
as dextran.

According to sequence-based classification of glycoside
hydrolases (GH) (3, 4), DG is classified intoGH13 subfamily 31.
GH 13 consists of �30 kinds of retaining glycosidases and
transglycosylases, including �-amylases (EC 3.2.1.1), cyclodex-
trin glucanotransferases (EC 2.4.1.19), branching enzymes (EC
2.4.1.18), and �-glucosidases (EC 3.2.1.20) acting on �-glucans
such as starch, cyclodextrin, dextran, and sucrose. Despite low
sequence similarity of entire sequences, the enzymes of this
family share three common domains, A, B, and C. Domain A is
the catalytic domain folded in a (�/�)8-barrel (5). Domain B is a
long loop connecting �-strand 3 and �-helix 3 of domain A.
Domain C follows domain A and is made up of �-strands. Four
short conserved sequences (I–IV) of GH 13 enzymes are
involved in the formation of the catalytic sites.
It is believed that retaining GHs, including DG, catalyze the

hydrolysis of glycosidic linkages through a double-displace-
ment mechanism (6), which has been postulated by Koshland
(7) (Fig. 1). Generally, two carboxyl groups act as the catalysts,
although some exceptions have been reported (8–11). The
catalytic carboxylate (catalytic nucleophile) nucleophilically
attacks the anomeric carbon to form a covalently bound glyco-
syl-enzyme intermediate with inverted anomeric configura-
tion. The catalytic carboxyl group (general acid/base catalyst)
simultaneously donates a proton to the glycosidic oxygen and
releases the aglycone. The dissociated general acid/base cata-
lyst promotes the nucleophilic attack of the oxygenwater to the
C1 of the intermediate, and the glycone part is released upon a
second anomeric inversion. These two steps proceed through
an oxocarbenium ion-like transition state. Transglycosylation
occurs when the hydroxyl group of a sugar serves as an acceptor
of the glycone part. The catalytic nucleophile and general acid/
base catalyst of GH family 13 enzymes are Asp and Glu, found
in the conserved regions II and III, respectively (5), and these
residues are situated at the C-terminal ends of �-strand 4 and
�-strand 5 of domain A, respectively.

Recently, we have determined the three-dimensional struc-
tures of DG from Streptococcus mutans (SmDG, GenBankTM

code, BAE79634.1) in the native state (Protein Data Bank code,
2ZIC) and complexed with isomaltotriose (IG3; Protein Data
Bank code, 2ZID) (12). Asp-194 andGlu-236, corresponding to

1 To whom correspondence should be addressed: Research Faculty of Agri-
culture, Hokkaido University, Kita-9 Nishi-9, Kita-ku, Sapporo 060-8589,
Japan. Tel. and Fax: 81-11-706-2808; E-mail: kimura@abs.agr.hokudai.ac.jp.

2 The abbreviations used are: DG, dextran glucosidase; SmDG, Streptococcus
mutans DG; 2CS, C129S/C532S; D194C-2CS, D194C/C129S/C532S; GH,
glycoside hydrolase; IG2, isomaltose; IG3, isomaltotriose; IG4, isomalto-
tetraose; IG5, isomaltopentaose; Ox-D194C-2CS, oxidized D194C-2CS; PG,
phenyl �-D-glucopyranoside; pNPG, p-nitrophenyl �-D-glucopyranoside;
pNPIG2, p-nitrophenyl �-isomaltoside.
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theAsp andGlu conserved in regions II and III, respectively, are
located at the bottom of the active site pocket, and they are
thought to act as the catalytic nucleophile and the general acid/
base catalyst, respectively.
Cysteine sulfinate substitutions of the catalytic carboxylates

(general base catalyst) in inverting glycosidases have been
reported (13, 14). In the case of GH 15 glucoamylase (EC
3.2.1.3), replacement of the general base catalyst by cysteine
sulfinate increased the catalytic activity (the mutant enzymes
showed 160% of the activity of the wild type) (13). On the other
hand, the mutant GH 6 cellulase harboring cysteine sulfinate
in the position of the catalytic base showed only 52% of the
wild type activity, but it had higher activity at low pH than
the wild type cellulase (14). In contrast to these inverting
glycosidases, the effect of sulfinate substitution of a catalytic
carboxylate on a retaining glycosidase has not been investi-
gated thus far. In this study, the catalytic nucleophile of
SmDG, Asp-194, was replaced by cysteine sulfinate (Fig. 1),
and the mutant enzyme was characterized in detail.

EXPERIMENTAL PROCEDURES

Preparation of C129S/C532S (2CS), D194A/C129S/C532S
(D194C-2CS), and D194A

Generation of the mutants was as follows. (i) For 2CS,
replacement of two original Cys residues (Cys-129 and Cys-
532) with Ser was carried out by the overlap extension PCR
method (15), in which the expression plasmid of the wild type
SmDG (1) as the template was used. (ii) ForD194A andD194C-
2CS, Asp-194 of wild type enzyme or 2CS was substituted with
Ala or Cys by site-directed mutagenesis by the megaprimer
PCR method (16), in which the expression plasmid of the wild
type enzyme or 2CS was used for D194A or D194C-2CS,
respectively. Sequences of the primers used are summarized in
Table 1. Amplified PCR fragments were cloned into pET-23d
(Novagen, Darmstadt, Germany) as described previously (1).
The resulting expression plasmids were introduced into Esche-
richia coli BL21 (DE3) CodonPlus RIL (Stratagene; La Jolla,
CA), and the mutant enzymes were prepared as reported else-

FIGURE 1. The catalytic mechanisms of retaining glycosidases. A mechanism for �-glucosidase is shown. R indicates the aglycone part. For hydrolysis and
transglucosylation, R� is the proton and sugar, respectively. The R� is the carbon and sulfur, indicating that the nucleophilic residue is Asp and cysteine sulfinate,
respectively. Double dagger symbols indicate transition state of the reaction.

TABLE 1
Sequences of the primers used in this study
NcoI and XhoI sites are underlined. Substituted nucleotides are double-underlined.

Name Sequence (5�33�) Direction Purpose

SmDGN GATACCATGGAAAAACATTGGTGGCAC Sense Covering 5�-terminal of the SmDG gene
SmDGC ATCCTCGAGTATCTTAATACAAAAAGCATC Antisense Covering 3�-terminal of the SmDG gene
C129Ss TATTATATTTGGTCTGACCAGCCAAAT Sense Preparation of 2CS
C129Sa ATTTGGCTGGTCAGACCAAATATAATA Antisense Preparation of 2CS
C532Sa ATCCTCGAGTATCTTAATAGAAAAAGCAT Antisense Preparation of 2CS
D194A GGCTTTCGGATGGCCGTCATTGATATG Sense Preparation of D194A
D194C GGCTTTCGGATGTGCGTCATTGATATG Sense Preparation of D194C-2CS
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where (1). Induction of protein production was carried out at
15 °C for 18 h to improve the production level of the recombi-
nant protein. Concentrations of the purified enzymes were
measured by quantification of each amino acid by the ninhydrin
colorimetric method using JLC-500/V (Jeol Ltd.; Tokyo, Japan)
after hydrolysis of 32 �g of the purified enzymes in 6 N HCl at
110 °C for 24 h (17).

Oxidation of D194C-2CS

The thiol group ofCys-194 ofD194C-2CSwas oxidized byKI
(13, 14). 2CS, as a control, was also treated under the same
conditions. To determine the optimum concentration of KI
treatment, a mixture (100 �l) containing 0–0.3 M KI, 10 �M

bromine, 0.25M sodiumphosphate buffer (pH 6.0), and 3.16�M

D194C-2CS or 3.51�M2CSwas incubated at 25 °C for 30 h, and
the activity was measured as described herein.
The oxidizedD194C-2CS (Ox-D194C-2CS)was prepared on

a large scale. Fifty ml of a mixture containing 0.2 M KI and the
above-mentioned components was incubated at 25 °C for 240 h
and dialyzed thoroughly against 20 mM sodium phosphate
buffer (pH 6.0). The thiol group of D194C-2CS before and after
oxidation was quantified by Ellman’s method (18) The sample
(3.46 nmol) was dried up in vacuo and dissolved in 90 �l of 0.1
M Tris-HCl buffer (pH 7.0) containing 10 mM EDTA and 6 M

guanidine-HCl. Ten �l of 50 mM sodium phosphate buffer (pH
7.0) containing 4 mM 5,5�-dithiobis(2-nitrobenzoic acid) was
added and incubated at room temperature for 10 min. Liber-
ated 3-carboxy-4-nitrothiophenolate ion from5,5�-dithiobis(2-
nitrobenzoic acid) was measured on the basis of �1 m, 412 nm �
13,380 (19).

Structural Analysis of Oxidized Cys

One nmol of Ox-D194C-2CSwas dissolved in 100�l of 0.5 M

Tris-HCl buffer (pH 7.5) containing 10 mM EDTA, 4 M urea,
and 0.2 �M lysyl endopeptidase (Wako Pure Chemical Indus-
tries; Osaka, Japan), and incubated at 37 °C for 24 h. The result-
ing mixture was purified using HPLC under following condi-
tions: column, Capcell Pak C18 UG120 (�4.6 � 150 mm:
Shiseido; Tokyo, Japan); column temperature, 50 °C; elution,
0–50% acetonitrile linear gradient in 0.1% trifluoroacetic acid;
flow rate, 1ml/min; detection, absorbance at 214 nm.To screen
the peptide containing oxidized Cys-194, themolecular masses
of the separated peptides were measured by matrix-assisted
laser desorption ionization-time of flight-mass spectrometry
with the Voyager-DE-STR TOF-MS system (Applied Biosys-
tems, Foster City, CA). As a matrix solution, 32.5 mM 2,5-dihy-
droxybenzoic acid in 30% acetonitrile and 0.1% trifluoroacetic
acid was used. The sequence of the peptide was confirmed
using a Procise 491 protein sequencer (Applied Biosystems).
The pI values of 2CS, D194C-2CS, and Ox-D194C-2CS were

measured by isoelectric focusing electrophoresis. Two hundred
nanograms of each protein was applied on a PhastGel IEF 4-6.5
(Amersham Biosciences), and the electrophoresis was per-
formed using a PhastSystem (Amersham Biosciences). Protein
was detected by Coomassie Brilliant Blue staining using Rapid
CBB Kanto (Kanto Kagaku, Tokyo, Japan).

Enzyme Assay

In the standard enzyme assay, the activity toward 2mM p-ni-
trophenyl�-d-glucopyranoside (pNPG,Nacalai Tesque, Kyoto,
Japan) was measured as described previously (1). Thermal and
pH stabilities and optimumpHwere evaluated according to our
previous study (1). Steady state kinetic parameters for pNPG,
phenyl �-glucopyranoside (PG) (synthesized by Trevelyan’s
method (20)), and p-nitrophenyl �-isomaltoside (pNPIG2)
(prepared by our previous method (1)) were determined
according to the procedures described previously (21). The
kinetic parameters for isomaltose (IG2; Tokyo Kasei, Tokyo)
were calculated with some modifications as described below.
The transglucosylation ratio (%) was calculated from the divi-
sion of transglucosylation velocity by aglycone releasing veloc-
ity (sum of transglucosylation and hydrolysis). Conditions of
the assay are described below.
pNPG—Aglycone releasing and hydrolytic velocities toward

0.2–8 mM pNPG were measured as described previously (21),
except that EDTA was not added to the reaction mixture. The
concentrations of Ox-D194C-2CS, 2CS, and wild type were
192, 0.789, and 0.404 nM, respectively.
PG—The reactions in the presence of 1–20mM PGwere car-

ried out similar to those of pNPG except for the substrate and
enzyme concentrations. The concentrations ofOx-D194C-2CS
and 2CS were 30.8 and 0.980 nM, respectively. The liberated
glucose was measured by the glucose oxidase-peroxidase
method to determine the hydrolytic velocity (22). For the mea-
surement of aglycone releasing velocity, liberated phenol was
quantified by the method of Robertson and Halvorson (23).
pNPIG2—A reaction mixture (50 �l) containing 2.56 nM

Ox-D194C-2CS or 0.196 nM 2CS, 1–4.5 mM pNPIG2, 40 mM

sodium phosphate buffer (pH 6.0), and 0.02% BSA was incu-
bated at 37 °C for 10min. The reaction was stopped by adding 5
�l of 5 M acetic acid, and themixture was separated byHPLC to
quantify pNPG (aglycone) and p-nitrophenyl �-isomaltotri-
oside (transglucosylation product). The HPLC conditions were
as follows: column, �4.6 � 250 mm AP303 (YMC; Kyoto,
Japan); column temperature, 50 °C; eluent, 9% acetonitrile; flow
rate, 1 ml/min; detection, absorbance at 313 nm.
IG2—In the reaction to IG2, glucose was liberated as the

hydrolytic product (glycone part) and the leaving group of both
transglucosylation and hydrolysis. Thus the velocity of glucose
liberation (vg) was given by sum of velocities for leaving group
release (vlr) and hydrolysis (vh). From our previous study (21),
vlr and vh were calculated as follows

v lr � �kcat1Km2�S	 � kcat2�S	2
/��S	2 � Km2�S	 � Km1Km2


(Eq. 1)

vh � kcat1Km2�S	/��S	2 � Km2�S	 � Km1Km2
 (Eq. 2)

and therefore vg was given as follows

vg � vlr � vh � �2kcat1Km2�S	 � kcat2�S	2
/��S	2 � Km2�S	

� Km1Km2
 (Eq. 3)

A reactionmixture (50 �l) containing 64 nMOx-D194C-2CS
or 0.156 nM 2CS, 1–20 mM IG2, 40 mM sodium phosphate
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buffer (pH 6.0), and 0.02% BSA was incubated at 37 °C for 10
min. Liberated glucose was measured as described above.

TLC Analysis of Products from IG2 and IG3

The reactions to IG2 and IG3 by Ox-D194C-2CS and 2CS
were analyzed. One ml of a mixture consisting of 192 nM
Ox-D194C-2CS or 19.2 nM 2CS, 20 mM IG2, or 10 mM IG3
(Seikagaku, Tokyo, Japan) and 10mM sodium phosphate buffer
(pH6.0)was incubated at 37 °C.An aliquot (100�l) was taken at
the time indicated and immediately boiled for 3 min. The
resulting mixture (2 �l) was analyzed by TLC. 2-Propanol/1-
butanol/water, v/v/v, 12:3:4 was used as the developing solvent.
The chromatogramwas visualized with a detection reagent (5%
sulfuric acid in ethanol) followed by heating at 120 °C.

Product Distribution Analysis of Reaction toward IG3

Reaction products from IG3 were quantified by high per-
formance anion exchange chromatography. A reactionmixture
(500 �l) consisting of 19.2 nM 2CS or 1.92 �M Ox-D194C-2CS,
10 mM IG3, and 10 mM sodium phosphate buffer (pH 6.0) was
incubated at 37 °C. An aliquot (50�l) was taken at the indicated
time and heated at 100 °C for 10 min to stop the reaction. High
performance anion exchange chromatography was carried
out under the following conditions: column, CarboPac PA1
(�4.0 � 250 mm, Dionex, Sunnyvale, CA); injection volume,
10 �l; eluent, 320 mM NaOH; flow rate, 0.8 ml/min; detec-
tion, pulsed amperometry.

RESULTS AND DISCUSSION

Characterization of D194AMutant—To confirm the impor-
tance of Asp-194 for SmDG catalytic activity, D194A was char-
acterized. From 1 liter of culture fluid of the E. coli transfor-
mant, 31.8 mg of purified D194A was obtained. The enzyme
activity significantly decreased upon substitution of Asp-194 to
Ala, and its specific activity was 6.70 � 10�4 units/mg (3.9 �
10�4 % of wild type). This indicates that as the catalytic nucleo-
phile, Asp-194 is essential for enzyme activity as predicted from
the structural analysis of SmDG (12) and comparison of its
amino acid sequence with those GH 13 enzymes where the
catalytic nucleophiles have been demonstrated experimentally
(24–28) (Table 2).
Production of 2CS—TwoCys residues of SmDG,Cys-129 and

Cys-532, were replaced by Ser, generating a Cys-free SmDG, i.e.
2CS. From 1 liter of culture medium, 20.1 mg of purified 2CS

was recovered. The specific activity toward 2 mM pNPG of 2CS
was 160 units/mg, which was similar to that of the wild type
SmDG, 171 units/mg (1). 2CS showed the same pH optimum
(pH 6.0), pH stability (pH 5.6–7.0 at 37 °C for 15 min), thermal
stability (�40 °C at pH 6.0 for 15min), and substrate specificity
as wild type SmDG (1). Kinetic parameters of 2CS for pNPG
were also basically close to those of the wild type (Table 3). The
substitutions of two Cys residues with Ser did not affect the
enzymatic properties, and 2CS was used as the control enzyme
in the following analyses.
Oxidation of theThiolGroup ofD194C-2CS—D194C-2CS, in

which Asp-194 of 2CS was replaced by Cys, was prepared from
2 liters of culture broth of the E. coli transformant, and 34.9 mg
of purified enzyme was obtained. The specific activity of
D194C-2CSwas 1.30� 10�3 units/mg, whichwas 8.1� 10�4 %
of 2CS.
To oxidize the thiol group of Cys-194, D194C-2CS was

treated with various concentrations of KI at 25 °C for 30 h. The
activity of D194C-2CS increased depending on the concentra-
tion of KI up to 0.3 M (Fig. 2a). Using 2CS as a control, the
activity was not changed by incubation with �0.2 M KI and
decreased to 71% of the original activity in the presence of 0.3 M

KI. When D194C-2CS was incubated in the presence of 0.2 M

KI, the maximal activity was reached at 195 h and did not

TABLE 2
Multiple-alignment of the conserved region II of GH 13

Enzyme Origin Sequencea Position Accessionb

Dextran glucosidase Streptococcus mutans GFRMDVIDM 190–198 Q99040
Oligo-1,6-glucosidase Bacillus cereus GFRMDVINF 195–203 P21332
�-Glucosidase Saccharomyces cerevisiae GFRIDTAGL 210–218 P38158
�-Amylase Aspergillus oryzae GLRIDTVKH 223–231 Q00250

Sus scrofa (pancreatic) GFRIDASKH 193–201 P00690
Homo sapiens (pancreatic) GFRLDASKH 208–216 P04746

Neopullulanase Geobacillus stearothermophilus GWRLDVANE 324–332 P38940
Isoamylase Pseudomonas amyloderamosa GFRFDLASV 397–405 P10342
Branching enzyme Escherichia coli ALRVDAVAS 401–409 P07762
CGTasec Bacillus circulans 251 GIRMDAVKH 252–260 P43379
Amylosucrase Neisseria polysaccharea ILRMDAVAF 290–298 Q9ZEU2

a Bold letters indicate the catalytic nucleophile.
b UniProtKB databank accession numbers are shown.
c CGTase, cyclodextrin glycosyltransferase.

TABLE 3
Kinetic parameters of Ox-D194C-2CS and 2CS
Reaction velocities were measured at 37°C at pH 6.0 (sodium phosphate buffer).
N.D, not determined. Data are mean � S.D. deviation for three independent
experiments.
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change significantly upon further incubation, whereas the
activity of 2CS did not change when incubated under the same
conditions for 300 h (Fig. 2b). To prepare Ox-D194C-2CS for
characterization, 158 nmol of D198C-2CS was treated with 0.2
MKI for 240 h at 25 °C. After the incubation, no free thiol group
was detected in 3.46 nmol of Ox-D194C-2CS, indicating that
the single Cys at the catalytic center was fully oxidized (more
than 95% of D194C-2CS was oxidized, estimated from the limit
of detection of free-thiol group).

The structure of the oxidized thiol group was analyzed by
mass spectrometry. After digestion of Ox-D194C-2CS with
lysyl endopeptidase, the resulting peptides were separated by
HPLC, and the mass of each peptide was measured by matrix-
assisted laser desorption ionization-time of flight-mass spec-
trometry. One peptide of 1629.6 Da was revealed to be Gly-
187–Lys-201 by complete Edman degradation sequencing. The
mass of this peptide was higher than its theoretical mass of
1596.8 Da by�32 Da, indicating that Cys-194 was converted to
cysteine sulfinate as reported previously for two inverting gly-
cosidases (13, 14). Masses of 17 peptides were assigned, and
35% of the entire sequence was covered. The peptide carrying
nonoxidized Cys-194 was not found in the analysis. Although
retaining and inverting glycosidases employ distinct reaction
mechanisms, the sulfinate group can replace carboxylates,
which act as the catalytic nucleophile and general base catalyst
in retaining and inverting glycosidases, respectively.
Characterization of Ox-D194C-2CS—The specific activity of

Ox-D194C-2CS toward 2mM pNPGwas 0.438 units/mg, which
was 0.27% of 2CS and 340-fold higher than D194C-2CS.
Ox-D194C-2CS was stable from pH 6.0 to 7.0 and at tempera-
tures �37 °C. Ox-D194C-2CS was slightly less stable at low pH
and high temperature than 2CS. Ox-D194C-2CS showed the
highest activity at pH 6.0 toward 0.5 mM IG2, similar to 2CS,
and no shift of its pH profile was observed, although introduc-
tion of a cysteine sulfinate at the catalytic base position of a
cellulase is known to induce an acidic shift in its pH profile (14).
Isoelectric focusing electrophoresis of 2CS, D194C-2CS, and
Ox-D194C-2CS in the native state revealed that the isoelectric
points of all SmDG variants were the same, 5.1, and thus, the
replacement of Asp-194 by cysteine sulfinate did not affect its
pI. Ox-D194C-2CS acted on only IG2, but not on trehalose,
kojibiose, nigerose, and maltose, similar to the activity profile
for 2CS, indicating that the substrate preference of Ox-D194C-
2CS was the same as that of 2CS.
Transglucosylation Activity of Ox-D194C-2CS—The reac-

tions catalyzed by Ox-D194C-2CS and 2CS to IG3 were moni-
tored by TLC and high performance anion exchange chroma-
tography (Figs. 3a and 4). In the initial stage of the reaction,
glucose and isomaltotetraose (IG4)were liberated by hydrolysis
and transglycosylation, respectively. IG2 was produced by both

FIGURE 2. Oxidation of D194C-2CS with KI. a, oxidation of D194C-2CS with
various concentrations of KI. Filled and open triangles indicate D194C-2CS and
2CS, respectively. b, time course of oxidation of D194C-2CS with 0.2 M KI. Filled
and open triangles indicate D194C-2CS and 2CS, respectively.

FIGURE 3. Time course of reaction of Ox-D194C-2CS and 2CS with 10 mM IG3 (a) and 20 mM IG2 (b). IG2–IG5 indicate isomaltose to isomaltoheptaose,
respectively. a, reaction time and SmDG variants are shown below the chromatogram. b, lane 1, Ox-D194C-2CS; lane 2, 2CS; reaction time, 30 min.
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reactions. Under the experimental conditions (10 mM IG3),
2CS released an almost equal amount of glucose and IG2 at the
initial stage of the reaction (up to 20min), whereas Ox-D194C-
2CS generated not only glucose and IG2 also IG4. This result
indicates that 2CS predominantly catalyzed hydrolysis, but
Ox-D194C-2CS catalyzed both hydrolysis and transglucosyla-
tion. The production level of IG4 reached maximum (0.77 mM)
at 20 min of reaction, and the concentration of IG4 was
decreased by further incubation. Ox-D194C-2CS also pro-
duced a small amount of isomaltopentaose (IG5), which was
not detected in the 2CS reaction. The IG5 produced gradually
increased during the reaction, and the concentration reached
0.35 mM at 60 min of reaction.
To kinetically analyze the enhancement of transglucosyla-

tion, the velocity of aglycone release (the sum of transglucosy-
lation andhydrolysis) and the hydrolysis (transglucosylation for
pNPIG2) velocity toward pNPG, PG, and pNPIG2 were mea-
sured, and steady state kinetic parameters were determined
(Table 3). Ox-D194C-2CS showed 17–3,000-fold lower kcat1
values for pNPG, PG, and pNPIG2 than 2CS, but kcat2 values,

which are the reaction rate constants at infinite substrate con-
centration, for these substrates were 1.8–260-fold lower. In
particular, Ox-D194C-2CS showed a kcat2 value for pNPIG2
approximately half of that of 2CS. For Ox-D194C-2CS, the
kcat1/kcat2 values for pNPG, PG, and pNPIG2 were 0.0821,
0.00563, and 0.333, respectively, which were 9.4–66-fold lower
than those of 2CS (0.954, 0.370, and 3.10, respectively).
Ox-D194C-2CS exhibited lower kcat1/kcat2 values than 2CS and
similarKm2 values, resulting in lowerKTG values than 2CS. The
KTG value is equal to the substrate concentration giving 50% of
the transglucosylation ratio, where the transglucosylation ratio
is represented by the following equation (21)

Transglucosylation ratio � vtg/vlr � �S	/�KTG � �S	
 	 100

(Eq. 4)

where

KTG � kcat1Km2/kcat2 (Eq. 5)

The Ox-D194C-2CS and 2CS transglucosylation ratios for
pNPG, PG, and pNPIG2 increased depending on the substrate
concentrations, and all fit the theoretical curves (Fig. 5), which
were calculated from the values in Table 3. Ox-D194C-2CS
showed considerably higher transglucosylation ratios for these
substrates at any substrate concentration tested. When pNPG
and PG were employed as substrates, Ox-D194C-2CS reached
almost 100% of the transglucosylation ratios at concentrations
of 4mMorhigher,whereas the transglucosylation ratiosof 2CS for
these substrates were 75 and 55% at 4 mM, respectively. When
compared with 2CS, Ox-D194C-2CS also showed a much higher
transglucosylation ratio toward pNPIG2, although the substrate
concentration tested was not sufficient to reach 100%. The trans-
glucosylation ratios of Ox-D194C-2CS and 2CS for 4.5 mM

pNPIG2 were 80 and 28%, respectively.
In the reaction to IG2, TLC analysis indicated that

Ox-D194C-2CS produced a large amount of IG3 in contrast to
2CS (Fig. 3b). Kinetic analysis supported this observation. The
velocities of Ox-D194C-2CS for the glucose liberation fitted
well to the theoretical curve obtained from Equation 3 (kinetic
parameters are shown in Table 3). In contrast to Ox-D194C-
2CS, the velocities of 2CS for glucose liberation did not obey
Equation 3 and fitted instead to theMichaelis-Menten equation
because of a low level of transglucosylation velocity. The kcat
(422 � 15 s�1) and Km (7.75 � 0.56 mM) were similar to the
Michaelis-Menten values from our previous data of the wild
type (kcat, 483 s�1; Km, 9.35 mM) (1).

Transglucosylation product-formation analysis (Figs. 3 and
4) and smallKTG values (Table 3) revealed that Ox-D194C-2CS
exhibited significantly higher preference for transglucosylation
than 2CS. In other words, the conversion of the catalytic car-
boxylate (pKa, 3.90) to a sulfinate (pKa, 1.50) (29) enhanced
preference for transglucosylation. This indicates that, in the
deglycosylation step, Ox-D194C-2CS used acceptor sugars
more than water (i.e. catalytic water). We have no reasonable
explanation for this phenomenon, and three-dimensional
structural analysis is required to provide structural insight. One
possible explanationwas that the glucosyl enzyme intermediate
was stabilized by changing the nucleophilic carboxylate to sul-

FIGURE 4. Quantitative analysis of reactions of Ox-D194C-2CS and 2CS
with 10 mM IG3. Filled circles, glucose; open circles, IG2; filled triangles, IG3;
open triangles, IG4; filled squares, IG5. a, 2CS. b, Ox-D194C-2CS.
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finate. Sugar binding to the acceptor site of Ox-D194C-2CS
might stabilize the transition state of the deglucosylation step
and lower the activation barrier increased through stabilization
of the glucosyl enzyme intermediate. A similar phenomenon
has been observed in the reactivation of glycosyl enzyme inter-

mediates trapped with 5- or 2-fluoroglycoside (30, 31),
although in this case, the activation energy of the deglycosyla-
tion step increased through destabilization of the transition
state by substitution of the hydroxy group of the glycone part to
fluorine. The intermediateswere fully stable inwater so that the
labeled positions could be analyzed, but the bound fluoroglyco-
sides were released by the addition of sugars through transgly-
cosylations. This reactivation was thought to be driven by the
binding energy between the intermediate and the added accep-
tor sugar, whichwas used to stabilize the transition state for the
transfer of the glycosyl residue (32).
Ox-D194C-2CS efficiently transferred a glucose moiety not

only from aryl glucoside substrates (pNPG and PG), but also
from natural �-1,6-glucosyl-linked substrates (IG2, IG3, and
pNPIG2) (Figs. 3–5 and Table 3). Ox-D194C-2CS did not
require activated substrates equipped with a good leaving
group such as fluorine or dinitrophenolate for efficient trans-
glucosylation. This is useful for the industrial production of
oligosaccharides because it is too difficult to employ synthetic
substrates in the industrial process. Thus, introduction of cys-
teine sulfinate as the catalytic nucleophile of retaining glycosi-
dases could be a new strategy to provide high transglycosylation
activity. A change of distance between the catalytic nucleophile
and general acid/base catalyst results in a large loss of enzyme
activity (33). Hence this technique is presumably limited to
retaining glycosidases having Asp as the catalytic nucleophile
because conversion of Glu into cysteine sulfinate shortens the
distance between the catalytic residues.
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9. Marković-Housley, Z.,Miglierini, G., Soldatova, L., Rizkallah, P. J., Müller,
U., and Schirmer, T. (2000) Crystal structure of hyaluronidase, a major
allergen of bee venom. Structure Fold Des. 8, 1025–1035

10. Terwisscha van Scheltinga A. C., Armand, S., Kalk, K. H., Isogai, A., Hen-
rissat, B., and Dijkstra, B. W. (1995) Stereochemistry of chitin hydrolysis
by a plant chitinase/lysozyme and x-ray structure of a complex with
allosamidin: evidence for substrate assisted catalysis. Biochemistry 34,
15619–15623

FIGURE 5. Transglucosylation ratios of Ox-D194C-2CS and 2CS. a– c, trans-
glucosylation ratios for pNPG (a), PG (b), and pNPIG2 (c) were measured. The
solid line was generated by fitting to the theoretical equation (21) using the
data in Table 3. Filled and open circles indicate Ox-D194C-2CS and 2CS,
respectively.

Replacement of Catalytic Nucleophile by Sulfinate

31676 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 44 • NOVEMBER 1, 2013



11. Lodge, J. A., Maier, T., Liebl, W., Hoffmann, V., and Sträter, N. (2003)
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