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The cellulose binding domain (CBD) of cellulosome-integrating protein A from Clostridium
thermocellum NBRC 103400 was genetically fused to FMN-dependent NADH-azoreductase (AZR) and
glucose 1-dehydrogenase (GDH) from Bacillus subtilis. The fusion enzymes, AZR-CBD and CBD-GDH,
were expressed in Escherichia coli Rosetta-gami B (DE3). The enzymes were purified from cell-free
extracts, and the specific activity of AZR-CBD was 15.1 U/mg and that of CBD-GDH was 22.6 U/mg.
AZR-CBD and CBD-GDH bound strongly to 0.5 % swollen cellulose at approximately 95 and 98 % of
the initial protein amounts, respectively. After immobilization onto the swollen cellulose, AZR-CBD and
CBD-GDH retained their catalytic activity. Both enzymes bound weakly to 0.5 % microcrystalline
cellulose, but the addition of a high concentration of microcrystalline cellulose (10 %) improved the
binding rate of both enzymes. A reactor for flow injection analysis was filled with microcrystalline
cellulose-immobilized AZR-CBD and CBD-GDH. This flow injection analysis system was successfully
applied for the determination of glucose, and a linear calibration curve was observed in the range of
approximately 0.16-2.5 mM glucose, with a correlation coefficient, r, of 0.998.
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INTRODUCTION

A number of oxidases and dehydrogenases with high
substrate specificity have been used for analytically purpo-
ses.) They can specifically detect sugars, acids, alcohols,
and other minor components in food, feed, and blood.
These reactions are easily monitored using photometric,”
fluorimetric,” and electrometric analytical methods.? As a
consequence, colorimetric assay reagent kits and portable
electric sensors have become available commercially. In
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addition, these enzymes are also used in high-precision lab-
oratory instruments, such as electrochemical analyzers, op-
tical biosensors, and flow injection systems. For biosensor
applications, types of oxidoreductase may be immobilized
on the electrode, sensor chip, and resin beads via supports
and matrixes. In many cases, enzyme immobilization em-
ploys absorption, covalent binding, or chemical cross-link-
ing methods.> The absorption method is simple, but the
binding capacity of the enzyme is very low. In the cases of
covalent binding and chemical cross-linking method, sup-
ports and matrixes strongly retain the enzymes. However,
the procedures for immobilization are complicated, and
sometimes the activity of enzyme is reduced or completely
lost.

Construction of recombinant enzymes with binding abili-
ty to supports and matrixes is one way to improve enzyme
immobilization. From this point of view, we focused cellu-
lose binding domains (CBDs). CBDs have been found in
cellulases and cellulosomes, and the biochemical properties
of CBDs have been investigated.®”® Moreover, some
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Fig. 1.  Schematic diagram of the reaction mechanism for the detection

tion analysis system for the determination of glucose.

CBD-fusion recombinant enzymes have been reported,”'®
and immobilization of the fusion enzyme was successful.
ID12) Therefore, fusion of CBD to the oxidoreductase allows
the recombinant enzyme to be immobilized on cellulosic
supports for biosensor production without complicated pro-
cessing.

In this study, we selected FMN-dependent NADH-azore-
ductase (AZR, accession No. NP 391234) and glucose 1-
dehydrogenase (GDH, NP _388275) of Bacillus subtilis
168,'¥% as a model oxidoreductase for the biosensor and a
recipient of CBD fusion. AZR is an FMN-linked enzyme
and catalyzes the reduction of dichloroindophenol (DCIP)
using NADH as an electron donor. Because AZR can de-
colorize DCIP by reduction, AZR is useful for colorimetric
determination of NADH. GDH catalyzes the oxidation of
D-glucose to D-glucono-1,5-lactone and the reduction of
NAD" to NADH. Therefore, GDH is a model enzyme for
NAD" reductases in this study. By combining the AZR and
GDH reactions, glucose was detected as DCIP reductant by
spectrophotometry (Fig. 1A). As a model of CBD, we se-
lected the CBD from cellulosome-integrating protein A
(Cip A, YP _001039466) of Clostridium thermocellum
NBRC 103400, which is classified into carbohydrate-bind-
ing module family 3 (CBM3),'> on the basis of their amino
acid sequences referenced to the Carbohydrate Active en-
Zymes (CAZy) database (http://www.cazy.org/). The bind-
ing site of CBD comprises a planar hydrophobic platform,
which contains exposed aromatic amino acids, and the
binding site interacts with the flat surfaces of cellulose.'®

of glucose (A), reactor for flow injection analysis (B), and flow injec-

Considering these findings, we constructed CBD-fusion
AZR and GDH via chimeric genes and expressed them in
E. coli. To immobilize the fusion enzymes, the binding
abilities were analyzed using swollen cellulose and micro-
crystalline cellulose. Flow injection analysis system for the
determination of glucose was developed using a reaction
column consisting the fusion enzymes immobilized on cel-
lulose.

MATERIALS AND METHODS

Microorganisms and culture. Escherichia coli DH5a. cells
(TOYOBO, Osaka, Japan) used as a host to construct vari-
ous recombinant plasmids were grown at 37 °C with shak-
ing (100 rpm) in LB medium containing 100 pg/mL ampi-
cillin. E. coli Rosetta-gami B (DE3) (Novagen, Madison,
WI, USA), which harbored a recombinant plasmid, was
grown at 30 °C with shaking (100 rpm) in LB medium con-
taining 100 pg/mL ampicillin, 10 pg/mL chloramphenicol,
25 pg/mL kanamycin, and 15 pg/mL tetracycline.

Expression of wild-type and CBD-fusion enzyme genes.
All primers for PCR are listed in Table 1. The AZR (gene
symbol; yvaB) and GDH (gene symbol; gdh) genes were
amplified from genomic DNA of Bacillus subtilis 168 by
PCR. The primer pairs for amplifying the DNA fragments
with AZR and GDH were bsAZR-Nde/bsAZR-Xho and
FBSgdhNdel/BSgdhXholR, respectively. The PCR frag-
ments were digested with Ndel and Xhol, and then cloned
into the Ndel and Xhol sites of pET22b (+). The recombi-
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Table 1. Oligonucleotide primers

Primer name  Oligonucleotide sequence

bs AZR-Nde  5-CGAAAGGGATGGTACATATGGCAAAAG -3’
bsAZR-Xho 5'- CCAAATAACTCGAGGCTTTTTCATTAG-3'
FBSgdhNdel 5'-GGAGGAGGATGCATATGTATCCGGATT -3’
BSgdhXholR 5'- ATGTCTGGGTCGCTCGAGATGTTTAACCG-3'
CBDBamF 5'- CATTTATGGATCCTGGTGTTAACGTTGGC-3'
CBDXhoR 5'- GTTACAGGCTCGAGTGATGGTACTACACTG-3'
bsAZR-BamR 5-GGCTGGATCCAAGAATGTTTTTCCTGCTTC-3'

CBDNdeF 5'-ACACCGACAAACCATATGGCAAATACACCG -3’
CBDBamR 5'-TGCATTCGGATCCTGACGGCGGTATTGT-3'
GDHBamF 5'-TAAGAAGGAGATGGATCCATGTATCCGGAT-3'
GDHBam?2 5'-ATAGGATCCGGAGGAGGAGGTGGTGGTATG-

TAT-3'
5'- CCCGCGAAATTAATACGACTCACTATAGGG-3'
5'- CAAGGGGTTATGCTAGTTATTGCTCAGCGG3'

T7 promoter

T7 terminator

Restriction sites in the oligonucleotide sequence are underlined.

nant plasmids were designated pET22b-azr and pET22b-
gdh, respectively, and both plasmids were used for the ex-
pression of wild-type enzymes.

To construct expression plasmids for AZR- and CBD-fu-
sion enzymes, the TP linker and CBD gene were amplified
from genomic DNA of C. thermocellum NBRC 103400 us-
ing the primer pair CBDBamF/CBDXhoR. After digesting
the amplified fragment with BamHI and Xhol, the fragment
was cloned into the BamHI and Xhol sites of pET22b(+)
(Novagen), and the recombinant plasmid was designated
pET22b-cbdC. The AZR gene was amplified by PCR with
plasmid pET22b-azr as the template, and a primer pair for
the T7 promoter and bsAZR-BamR was used. The PCR
fragments were digested with Ndel and BamHI, and then
cloned into the Ndel and BamHI sites of pET22b-chdC.
The resulting plasmid (pET22b-azr-chd) encoded the fu-
sion protein, AZR-CBD, which consisted of the N-terminal
region of AZR, TP linker, CBD, and a C-terminal 6xHis
tag.

The CBD and GDH fusion enzyme (CBD-GDH) was de-
signed as the N-terminal region of CBD, TP linker, Glyx6
repeats linker, and C-terminal GDH. The Glyx6 repeats
linker was added to enhance the flexibility of the N-termi-
nus and C-terminus. CBD and the TP linker gene were am-
plified from DNA of C. thermocellum using the primer pair
CBDNdeF/CBDBamR. After digesting with Ndel and
BamHI, the PCR fragment was cloned into the Ndel and
BamHI sites of pET22b(+), and the recombinant plasmid
was designated pET22b-Ncbd. To amplify the GDH gene
and add a Glyx6 repeats linker sequence to the 5 end of
the GDH gene, two-round PCR was performed. In the first
PCR, the pET22b-gdh plasmid was used as the template
and a primer pair for the GDHBamF and the T7 terminator.
In the second PCR, the PCR product from the first cycle
was used as the template and the primer pair {GDHBam2/
BSgdhXholR. After digesting the amplified fragment with
BamHI and Xhol, the fragment was cloned into the BamHI
and Xhol sites of pET22b-Nchd. The recombinant plasmid
was designated pET22b-cbd-gdh.

All the expression plasmids were transfected into E. coli

Rosetta-gami B (DE3) cells. The transformants were cul-

tured at 30 °C using the conditions described above until
the optical density at 600 nm was about 0.6, after which
IPTG was added to the culture medium at a final concentra-
tion of 0.4 mM. The cultures were incubated at 30 °C for
an additional 12 h.
Purification of recombinant enzymes. All procedures were
performed at 0—4 °C, unless otherwise stated. E. coli cells
harboring pET22b-azr-cbd, pET22b-azr, pET22b-cbd-gdh,
or pET22b-gdh were each harvested from 500 mL of cul-
ture medium by centrifugation (10,000 x G for 10 min).
Cells harboring pET22b-azr or pET22b-azr-cbd were sus-
pended in 20 mL of 10 mM Tris-HCI buffer (pH 8.0), and
those harboring pET22b-gdh or pET22b-cbd-gdh were sus-
pended in 20 mL of 10 mM potassium phosphate buffer
(pH 6.5) containing 10 % glycerol. Each of the cell suspen-
sions was sonicated (4 °C, 10 min, 350-400 pA) on ice, af-
ter which cell debris was removed by centrifugation. The
supernatant were dialyzed against the same buffer used for
cell resuspension.

AZR-CBD was purified from the dialysate (cell-free ex-
tract) using a Ni-NTA column (2 X 3 cm; Ni-Sepharose 6
Fast Flow; GE Healthcare, Tokyo, Japan). The cell-free ex-
tract was applied to an Ni-NTA column equilibrated with
10 mM Tris-HCI (pH 8.0). After it was washed with the
same buffer, the column was developed with buffer con-
taining 100 mM imidazole, which eluted AZR-CBD. To
purify AZR, the cell-free extract was applied to a DEAE-
cellulofine A-500 column (3 x 5 cm; JNC Co., Tokyo, Ja-
pan) equilibrated with 10 mM Tris-HCI (pH 8.0), and the
column was washed with this buffer. After washing with
buffer, the column was developed with buffers containing
100 mM and 150 mM NaCl. AZR was eluted with buffer
containing 150 mM NaCl, and the active fractions were di-
alyzed against buffer. Ammonium sulfate was added at
20 % saturation to the dialysate, and this solution was ap-
plied to a Butyl-Toyopearl 650M column (2 % 3 cm; TO-
SOH Co., Tokyo, Japan) equilibrated with 10 mM Tris-HC1
(pH 8.0) containing 30 % ammonium sulfate. After wash-
ing with buffer containing 30 % ammonium sulfate, the
column was developed with buffer containing 15 %, which
eluted the enzyme.

Cell-free extract containing CBD-GDH was applied to a
DEAE-cellulofine column (3 x 5 cm) equilibrated with 10
mM potassium phosphate buffer (pH 6.5) containing 10 %
glycerol, and the column was washed with this buffer. After
washing, the column was developed with buffers contain-
ing 20 mM and 60 mM NaCl. CBD-GDH was eluted with
buffer containing 60 mM NaCl, and the active fractions
were dialyzed against buffer. Ammonium sulfate was added
at 10 % saturation to the dialysate, and this solution was ap-
plied to a Butyl-Toyopearl 650M column (2 x 3 cm) equili-
brated with the buffer containing 10 % ammonium sulfate.
After washing with the buffer containing 10 % ammonium
sulfate, the column was developed with buffers containing
5 %, which eluted the enzyme. The cell-free extract con-
taining GDH was applied to a DEAE-cellulofine column (3
x 5 cm) equilibrated with 10 mM potassium phosphate buf-
fer (pH 6.5) containing 10 % glycerol, and the column was
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Fig. 2.

Schematic domain structure of AZR, GDH, CipA, AZR-CBD, and CBD-GDH.

AZR, FMN-dependent NADH-azoreductase; GDH, glucose 1-dehydrogenase; Coh, cohesion; TP, threonine-proline-rich linker; CBM, carbo-
hydrate-binding module family 3; Doc, dockerin; Hisx6, Histidine tag; Glyx6, Glyx6 repeat linker.

washed with this buffer. After washing, the column was de-
veloped with buffers containing 50 mM and 100 mM NaCl.
GDH was eluted with buffer containing 100 mM NaCl, and
the active fractions were dialyzed against buffer. Ammoni-
um sulfate was added at 10 % saturation to the dialysate,
and this solution was applied to a Butyl-Toyopearl 650M
column (2 x 3 cm) equilibrated with buffer containing 10 %
ammonium sulfate. After washing with buffer containing
10 % ammonium sulfate, and GDH was found in the unad-
sorbed fractions.

Assay for AZR activity. AZR activity was determined spec-
trophotometrically by measuring the reduction of DCIP at
600 nm. The mixture contained 40 pM DCIP, 0.1 mM
NADH, 25 mM Tris-HCI buffer (pH 8.5), and appropriate
amounts of the enzyme at 30 °C. One unit of enzyme activ-
ity was defined as the amount of enzyme catalyzing the re-
duction of 1 umol of DCIP per minute.

Assay for GDH activity. GDH activity was determined
spectrophotometrically by measuring the rate of NADH
formation at 340 nm. The mixture contained 10 mM glu-
cose, 1.0 mM NAD", 25 mM potassium phosphate buffer
(pH 6.5), and appropriate amounts of the enzyme at 30 °C.
One unit of enzyme activity was defined as the amount of
enzyme catalyzing the reduction of 1 pmol of NAD" per
minute.

Assay for cellulose binding activity. A mixture contained
0.5-10 % substrate, appropriate amounts of the enzyme,
and 25 mM buffer. Tris-HCI buffer (pH 8.0) was used to
determine the binding activity of AZR-CBD (0.55 mg/mL)
and AZR (0.25 mg/mL), and potassium phosphate buffer
(pH 6.5) was used to determine that of CBD-GDH (0.25
mg/mL) and GDH (0.13 mg/mL). After incubation for 10
min on ice with occasional stirring, the mixture was centri-
fuged, and the enzyme activity in the supernatant was de-
termined. The amount of bound enzyme was estimated by
subtracting the enzyme activity in the supernatant from the
initial enzyme activity. The cellulose binding efficiency
was given as the percentage of the initial enzyme activity.
The values were averages for two independent experiments.

Preparation of the immobilized-enzyme reactor. A sche-
matic diagram of immobilized-enzyme reactor column is
shown in Fig. 1B. A stainless filter folder (inner diameter
8.0 mm; ADVANTEC, Tokyo, Japan) was used as a reactor
column. The same volume of AZR-CBD (1.1 mg/mL) and
microcrystalline cellulose solution (20 % w/v) containing
50 mM Tris-HCI buffer (pH 8.0) were mixed, and the mix-
ture was incubated for 10 min on ice with occasional stir-
ring. The mixture (100 uL) was filtered using a cellulose
acetate filter (pore size 0.45 pm) on the stainless filter fold-
er. CBD-GDH (0.5 mg/mL) was also mixed with micro-
crystalline cellulose solution (20 % w/v) containing 50 mM
potassium phosphate buffer (pH 6.5), and the mixture was
incubated for 10 min on ice with occasional stirring. The
mixture (100 pL) was filtered, and cellulose-immobilized
AZR-CBD was overlaid by cellulose immobilized CBD-
GDH. After filtration, the cellulose acetate filter was put on
the packed cellulose, and the reactor column was washed
with 50 mM potassium phosphate buffer (pH 6.5).

Flow injection analysis system. A schematic diagram of
flow injection analysis system is shown in Fig. 1C. As mo-
bile phases, deionized water and 0.1 M potassium phos-
phate buffer (pH 6.5) containing 80 uM DCIP oxidant and
1 mM NAD", were used and were pumped at a flow rate of
0.25 mL/min with LC-10AS pumps (Shimadzu Co., Kyoto,
Japan). Glucose samples (50 pL) were injected into the de-
ionized water line with a Rheodyne 7725 sample injector
(IDEX, Rohner Park, CA, USA). The column was incuba-
ted at 30 °C using a column incubator. The formation of
DCIP reductant was detected spectrophotometrically at 600
nm using an SPD-10A UV-Vis detector (Shimadzu). The
activity of CBD-GDH was lost at pH 8. The potassium
phosphate buffer (pH 6.5) was chosen to prevent inactiva-
tion of CBD-GDH.

Analytical methods. Protein concentrations were deter-
mined using the Lowry’s method with bovine serum albu-
min as the standard.'” In column chromatography, protein
concentrations were followed using the absorbance at 280
nm. SDS-PAGE was performed in accordance with the
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Laemmli method.'® Pre-stained Protein Markers Broad
Range (Nacalai Tesque Inc., Kyoto, Japan) and ExcelBand
All Blue Regular Range Protein Marker PM1500 (SMO-
BIO Technology, Inc., Hsinchu, Taiwan) were used as a
molecular marker.

Materials. Swollen cellulose was prepared in accordance
with the methods described by Zhang et al. with slight
modifications.!” Microcrystalline cellulose (0.2 g) was sus-
pended in 0.6 mL of distilled water, and 10 mL of 86.2 %
phosphoric acid was added to the cellulose mixture. The
mixture was stirred until the cellulose was completely solu-
bilized. Subsequently, 40 mL of ice-cold water was added
and mixed well. The suspension was centrifuged at 8,000 x
G for 15 min, and the precipitate was washed four times
with distilled water. Microcrystalline cellulose, DCIP, and
bovine serum albumin were purchased from Sigma-Aldrich
Japan (Tokyo, Japan). Glucose and IPTG were purchased
from Nacalai Tesque. NADH and NAD+ were purchased
from Oriental Yeast Co. (Tokyo, Japan). Restriction en-
zymes were obtained from Takara Bio (Shiga, Japan). The
other reagents were chemically pure grades of commercial
products.

RESULTS AND DISCUSSION

Expression and purification of AZR-CBD.

AZR from B. subtilis is a single-domain enzyme and
consists of 211 amino acids. Cellulosome-integrating pro-
tein A (Cip A) of C. thermocellum is multi-domain enzyme
and consists of two N-terminal cohesion domains, a first
TP-rich linker, CBD classified CBM3, a second TP-rich
linker, seven cohesion domains, and a C-terminal dockrin
domain (Fig. 2). Based on the sequences of these proteins,
an AZR and CBD fusion enzyme, AZR-CBD, was de-
signed as N-terminal AZR, TP linker, CBD, and 6xHis tag.
To construct the fusion enzyme expression vector, initially,
a gene with the first TP linker and CBD from Cip A were
amplified by PCR and cloned into pET22b (+) vector
(pET22b-cbdC). Subsequently, AZR gene of B. subtilis was
cloned into pET22b-cbdC. The constructed plasmid,
pET22b-azr-cbd, introduced into E. coli Rosetta-gami B
(DE3), and significant AZR activity was detected in the
cell-free extract (4.2 units/mg protein). AZR-CBD was pu-
rified using Ni-NTA column chromatography, and the spe-
cific activity of purified AZR-CBD was 15.1 units per mg
of protein (Table S1; see J. Appl. Glycosci. Web site).

To compare AZR-CBD with wild-type AZR, AZR was
also expressed in E. coli Rosetta-gami B (DE3) and puri-
fied from the cell-free extract using ion exchange and hy-
drophobic column chromatography (Table S2; see J. Appl.
Glycosci. Web site). The purified AZR exhibited a specific
activity of 65.3 units/mg. The predicted molecular masses
of AZR-CBD and AZR based on their amino acid sequen-
ces were approximately 47 and 23 kDa, respectively. Their
molecular masses estimated by SDS-PAGE were almost in
agreement with these values (Fig. 3A). Although the size of
AZR-CBD is two times larger than that of AZR, the specif-
ic activity of AZR-CBD was four times lower than that of
AZR. This result suggested that the addition of CBD to
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Fig. 3. SDS-PAGE analysis of purified enzymes.

The SDS-PAGE gel (15 %) was stained with Coomassie Brilliant
Blue G-250. (A) lane M, markers; lane 1, AZR-CBD; lane 2, AZR.
(B) lane M, markers; lane 1, CBD-GDH; lane 2, GDH.

AZR caused a decrease in specific activity. The additional
CBD might prevent either substrate binding to the enzyme
or product release from the enzyme. However, the activity
of AZR-CBD was sufficient to perform the colorimetric de-
termination of NADH.

Expression and purification of CBD-GDH.

The gene for GDH from B. subtilis consists of 783 bp
nucleotides encoding 261 amino acids. In our preliminary
experiments, we constructed GDH and CBD fusion en-
zymes consisting of N-terminal GDH, TP linker, and C-ter-
minal CBD, but the fusion enzyme had no GDH activity.
Therefore, the fusion enzyme (CBD-GDH) was constructed
with N-terminal CBD, TP linker, Glyx6 repeats linker, and
C-terminal GDH (Fig. 2). The CBD-GDH expression vec-
tor was constructed using the procedure described below.
The CBD gene and second TP linker was ligated with pET
22b vector (pET22b-Ncbd). Subsequently, the GDH gene
was amplified by PCR, and Glyx6 repeats linker were add-
ed upstream of the GDH gene by PCR. Finally, the PCR
fragment was cloned into pET22b-Nchd, and the construc-
ted vector, pET22b-cbd-gdh, was introduced into E. coli
Rosetta-gami B (DE3). To express wild-type GDH in E.
coli, pET22b-gdh was also introduced into E. coli Rosetta-
gami B (DE3). Both enzymes were purified from cell-free
extract using ion exchange and hydrophobic column chro-
matography (Table S3 and S4; see J. Appl. Glycosci. Web
site). The specific activity of CBD-GDH and GDH were
22.6 and 15.8 units per mg of protein, respectively. The
predicted molecular masses of CBD-GDH and GDH based
on their amino acid sequences were 50 and 28 kDa, respec-
tively. As shown in Fig. 3B, the final preparations of CBD-
GDH and GDH were homogeneous by SDS-PAGE, and
their molecular masses agreed with the predicted molecular
masses. The specific activity of CBD-GDH was higher than
that of GDH. The addition of CBD might affect the stabili-
ty of the enzyme. After hydrophobic column chromatogra-
phy, the specific activity of GDH decreased, but that of
CBD-GDH did not.
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Fig. 4. Enzyme activities of AZR-CBD (A) and CBD-GDH (B) after immobilization on the swollen cellulose, and SDS-PAGE analysis of
immobilized AZR-CBD (C) and CBD-GDH (D).

(A, B) The mixture contained 0.5 % swollen cellulose, appropriate amounts of the enzyme, and 25 mM buffer. Tris-HCI buffer (pH 8.0) was
used to determine the activity of AZR-CBD (0.53 mg/mL), and potassium phosphate buffer (pH 6.5) was used to determine that of CBD-GDH
(0.25 mg/mL). After 10 min of incubation on ice with occasional stirring, the mixture (400 pL) was centrifuged, and the precipitates were resus-
pended in the same volume of buffer. The enzyme activities of the filtrates and resuspended precipitates were detected by spectrophotometry. In
the case of the control mixture, distilled water was substituted for swollen cellulose. The experiment was performed twice, and same results were
obtained. Therefore, typical curves are shown in the figure. Symbols: solid line, resuspended precipitate; broken line, supernatant; dotted line,
control. (C, D) Each sample (10 uL) was analyzed by SDS-PAGE using 15 % polyacrylamide gels. lane 1, markers; lane 2, resuspended precipi-
tate; lane 3, supernatant; lane 4, control.

Cellulose binding activity of CBD-fusion enzymes. Table 2. Cellulose binding activity of AZR and AZR-CBD
Table 2 shows the binding activity of AZR-CBD to swol-

len cellulose and microcrystalline cellulose. AZR-CBD Blm_hng
bound to swollen cellulose at a rate of approximately 97 %, Enzyme Substrate (final conc.) Efficiency
but wild-type AZR hardly bound to it. This finding indica- %)
ted that CBD gave the binding ability to AZR. Although AZR Swollen cellulose (0.5 %) 3
AZR-CBD strongly bound to 0.5 % swollen cellulose, the AZR-CBD  Swollen cellulose (0.5 %) 97
binding efficiency of AZR-CBD to 0.5 % microcrystalline Microcrystalline cellulose (0.5 %) 15
cellulose was only about 15 %. An increase in the amount Microcrystalline cellulose (2.5 %) 18
of microcrystalline cellulose increased binding efficiency, Microcrystalline cellulose (5 %) 22
and AZR-CBD bound to 10 % microcrystalline cellulose at Microcrystalline cellulose (7.5 %) 37

a rate of approximately 44 %. Microcrystalline cellulose (10 %) 44

As shown in Table 3, the maximum amount of CBD-
GDH also bound to swollen cellulose but GDH did not. For
0.5 % microcrystalline cellulose as a substrate, the binding
efficiency of CBD-GDH declined to approximately 8 %. In

Table 3. Cellulose binding activity of GDH and CBD-GDH.

N . . Binding
the case of CBTD-GDH,. the . binding efﬁmency was in- Enzyme Substrate Efficiency
creased by the increase in microcrystalline cellulose, and %)
about 99 % of CBD-GDH bound to 10 % microcrystalline

GDH Swollen cellulose (0.5 %) 5
cellulose. CBD-GDH  Swoll 1lul 0.5 % 98
The enzyme activities of AZR-CBD and CBD-GDH . wotlen ce u.ose( S %)
. e . Microcrystalline cellulose (0.5 %) 8
were measured after immobilization on swollen cellulose. ) i
. . Microcrystalline cellulose (2.5 %) 27
The mixtures of enzyme and swollen cellulose were centri- i all Hulose (5 % 35
fuged, and the precipitates were resuspended in buffer after ferocrystatime cet ose (5 %)
. . . . Microcrystalline cellulose (7.5 %) 62
centrifugation. Figure 4A shows the time course of reduc- ' '
Microcrystalline cellulose (10 %) 99

tion of DCIP with the supernatant and the resuspended
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precipitate. The supernatant scarcely showed any enzyme tem was employed to suppress the background peak caused
activity. On the other hand, the resuspended precipitates by water or buffer injection (Fig. 1C), and the total flow
showed about 92 % reactivity compared with the control rate of the system was set at 0.5 mL/min (0.25 mL/min x
sample (without swollen cellulose). In the case of CBD- two lines). The standard glucose solutions were injected in-
GDH, GDH activity in the resuspended precipitate retained to the deionized water line, and the solutions were mixed
about 88 % reactivity (Fig. 4B). Figures 4C and D show with buffer containing 80 uM DCIP oxidant and 1 mM
SDS-PAGE analysis of the supernatants and the resuspen- NAD". Figure 5A shows that a result of successive 50 pL
ded precipitates. AZR-CBD and CBD-GDH were present injections of glucose solutions, and that the decrease in glu-

in swollen cellulose in the resuspension but not in the su- cose concentration caused a decline in the intensity of the
pernatant. The findings suggested that both enzymes re- signal peak of DCIP reductant. This result indicated that
tained their own catalytic activity after binding to cellulose, glucose was oxidized to D-glucono-1,5-lactone and NAD*
and that the addition of CBD to these oxidoreductases al- was reduced to NADH by immobilized GDH in the top cel-
lowed them to become immobilized on the cellulose with- lulose layer in the reactor. Subsequently, NADH produced
out covalent binding or chemical cross-linking. by GDH was oxidized and DCIP oxidant was reduced by

immobilized AZR in the bottom layer, and the decoloriza-
Flow injection analysis with AZR-CBD and CBD-GDH. tion of DCIP by reduction was monitored using a spectro-

The decolonization of DCIP by reduction was caused by photometer. Figure 5B shows the relationship between the
addition of AZR-CBD and CBD-GDH to the mixture con- amount of glucose and the intensities of the signal peaks,
taining glucose, NAD+, and oxidized DCIP (Fig.S1; see J. and a linear calibration curve was observed in the range for
Appl. Glycosci. Web site). The finding suggests that glu- about 0.16 to 2.5 mM glucose with a correlation coeffi-
cose is detected by combining the AZR and GDH reactions. cient, r, of 0.998. In contrast, the intensity at 5.0 mM glu-

To prepare the reactor for flow injection analysis, AZR- cose deviated substantially from the linear trace. In some
CBD and CBD-GDH were immobilized on microcrystal- cases of flow injection analysis with an immobilized en-
line cellulose. In our preliminary experiments, swollen cel- zyme, a lowering of sensitivity toward high substrate con-
lulose was used as the supports, but the outlet membrane centration was explained by the reaction kinetic of the im-
filter of the reactor became clogged with swollen cellulose. mobilized enzyme (i.e., at high substrate concentration, the
Both enzymes were mixed with microcrystalline cellulose. initial velocity was not sensitive to change in the substrate
The mixture of AZR-CBD and cellulose was poured into concentration). Our flow injection system was based on the
the reactor, and the mixture of CBD-GDH and cellulose coupled reaction of GDH and AZR, and the deviation in the
was poured in subsequently. As a result, the reactor consis- intensity with 5.0 mM glucose from the linear calibration
ted of two layers; the top layer contained microcrystalline might be attributable to the kinetics of either GDH or AZR.
cellulose-immobilized CBD-GDH and the bottom com- In conclusion, CBD fusion enzymes, AZR-CBD and

prised cellulose-immobilized AZR-CBD (Fig. 1B). As de- CBD-GDH, were constructed, and the fusion enzymes
scribed above, AZR-CBD (0.56 mg/mL) and CBD-GDH showed cellulose binding activity. After immobilization on
(0.25 mg/mL) bound to 10 % microcrystalline cellulose at cellulose, CBD-GDH oxidized glucose and reduced NAD",
rates of 44 and 99 % of the initial protein amount, respec- and also AZR-CBD oxidized NADH and reduced DCIP.
tively. In the reactor, about 25 pg of AZR-CBD and CBD- Immobilized AZR-CBD and CBD-GDH could be applied

GDH could be immobilized on the cellulose. for the determination of glucose concentration using a flow
In our flow injection analysis system, a two-pump sys- injection analysis system. The reactor for this system con-
340 20000000
—~ [ ]
330
% 16000000
= I
2 320 5 .
g & 12000000 | e
£ 310 G
s ~
g 8000000 | P
& 300 -
290 4000000 | g
@
280 1 1 1 0 . 1 1 1 1 1
0 50 100 150 200 0 1 2 3 4 5 6
Time (min) Glucose (mM)

Fig. 5. Flow injection analysis peaks of successive 50 pL injections of glucose (A), and a linear calibration curve for glucose using the peak
areas (B).

(A) The glucose solutions (5.0, 2.5, 1.25, 0.63, 0.31, and 0.16 mM) were used as standards. (B) The linear calibration curve was between

glucose concentrations of 0.16 mM and 2.5 mM. Similar peak patterns were obtained from several independent experiments, and typical result is
shown in the figure.
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sisted of a two-layer structure, and the reaction product of
the first-layer was readily catalyzed by the enzyme in the
second-layer. These findings suggested that the CBD fusion
enzyme was easily immobilized on cellulose, and this im-
mobilization method permits the determination of multi-
step enzymatic reactions. In this study, we selected the cel-
lulose binding domain for addition of the binding ability to
oxidoreductase. A large number of CBDs have been char-
acterized, and some of them are available for the immobili-
zation of enzymes. We are searching for combinations of
CBD and polysaccharide that are suitable for enzyme im-
mobilization. This approach may be useful for the construc-
tion of a reactor consisting of multiple layers of immobi-
lized enzymes for the development of biosensors.
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