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The improved stability and substrate specificity of cell surface displayed glucose dehydrogenase (GDH)
mutants by replacing four amino acids from Bacillus subtilis by using site-directed mutagenesis was sys-
tematically investigated. A series of mutated GDHs including E170R/Q252L, V149K/E170R/Q252L, E170R/
Q252L/G259A and V149K/E170R/Q252L/G259A, were fused to the ice nucleation protein for displaying
on cell surface of Eschericia coli. Q252L/E170R/V149K, Q252L/E170R/G259A and Q252L/E170R/V149K/
G259A variants were found stable at a wide pH range and shown excellent thermostability. Especially,
the Q252L/E170R/V149K/G259A mutant showed half-life of ~3.8 days at 70 °C. Q252L/E170R/V149K/
G259A variant exhibited the narrowest substrate specificity for p-glucose. The whole cell displayed
GDH mutant could be cultured in a large scale with excellent enzyme activity and productivity. In addi-
tion, a sensitive and stable electrochemical glucose biosensor can be prepared using the GDH-mutant
bacteria modified electrode. Thus, the whole cell biocatalysts are promising candidates for exploitation
in a wide range of industrial applications.
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1. Introduction toring sensor (Bilen et al., 2007; Yoo and Lee, 2010) and NAD(P)H

regeneration system (Schewe et al., 2008; Xu et al., 2006).

Glucose dehydrogenase (GDH) (EC 1.1.1.47) from Bacillus sp. is a
member of short-chain dehydrogenase/reductase family (Jornvall
et al., 1995), which widely exists in various organisms and involves
in glucose metabolic pathways. Bacillus subtilis produces GDH in
the forespore compartment during sporulation, which can react
with p-glucose with NAD* or NADP* as its cofactor and produce
p-gluconate (Fujita et al., 1977). Owing to the universality and high
efficiency of enzyme reaction, GDH has been widely used in food
and medicine industry fields as an important part of biofuel cell
(Wang et al., 2012; Zhu et al., 2012), clinical blood glucose moni-
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The crystal structure of glucose dehydrogenase (GlcDH) from
Bacillus megaterium IWG3 has been determined (Zhang et al.,
2009). It is a tetrameric protein composed of four identical sub-
units with a molecular weight of about 28 kDa (Nagao et al.,
1992). A comparison of the amino acid sequences between the
GDH from B. subtilis and GlcDH from B. megaterium revealed an
identity above 80%, indicating parallel evolution of two species.
The contact area between subunits A and B of GIcDH is signifi-
cantly smaller than other short-chain dehydrogenase, and AB sub-
units lack of salt bridge, leading to weak interactions between
them (Yamamoto et al., 2001; Zhang et al., 2009). The tetramer
could rapidly dissociate into inactive monomers under the high
temperature and alkaline condition (Pauly and Pfleiderer, 1977).
Therefore, the poor stability of GDH from Bacillus sp. is the bottle-
neck in its practical industrial applications. Previous studies have
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focused on GIcDH from B. megaterium for improving its stability.
Some mutants have been obtained using chemical mutagenesis
and DNA rearrangement technology, such as E96A, Q252L, and
E170K, etc. (Baik et al., 2003, 2005; Makino et al., 1989; Nagao
et al., 1989). However, few studies have reported on the detailed
mechanism and the variant with a better improved stability of
GDH from B. subtilis. Moreover, wild type GDH could catalyze other
saccharides with similar structure to glucose, such as p-maltose,
p-xylose, p-galactose and p-mannose (Liang et al., 2013; Nishioka
et al., 2012). Its low specificity has become the critical limit in
the area of glucose biosensor development and other industrial
applications. Although the structure-guided mutagenic study
showed that substitution amino acid residues of C-terminal region
could greatly affected the specificity of BmGlcDH-1V from B. mega-
terium 1AM 1030 (Nishioka et al., 2012), little research has been
conducted on the substrate specificity of GDH from B. subtilis.

Quikchange site-directed mutagenesis technique is a fast, easy
and efficient method to obtain mutant gene by PCR reaction using
the plasmid harboring the whole sequence as the template and
primers containing the mutant sites. The technique has been suc-
cessfully used to construct plasmids of various mutants (Olafsen
et al., 2006).

The microbial cell surface display system enables foreign pro-
teins to interact with substrates easily in external environment by
fusing with appropriate anchoring motifs, such as OmpA, ice nucle-
ation protein (INP) and a-agglutinin (Jahns and Rehm, 2012). The
method could not only simplify laborious purification steps, but
also improve stability of displayed proteins (Chen et al., 2011; Jahns
and Rehm, 2012). To date, microbial surface display has been ap-
plied in many fields, such as enzyme library screening (Binder
et al., 2010; Boder and Wittrup, 1997), vaccines (Majander et al.,
2005; Samuelson et al., 2002) and biocatalysts to improve biomass
production (Jin et al., 2013; Matano et al., 2013), biosensors (Li et al.,
2012, 2013; Liang et al., 2012, 2013; Wang et al., 2013) as well as
biofuel cells (Fishilevich et al., 2009; Xia et al., 2013).

Eschericia coli surface-displayed GDH using INP as an anchor
motif had been constructed in our previous study (Liang et al.,
2013). Unfortunately, the fusion protein was unstable when pH
was above 10 and temperature rose to 40 °C. Additionally, the sub-
strate specificity was not so satisfactory, because it also responded
to p-maltose, bo-mannose and p-xylose (Liang et al., 2013). Poly[(R)-
3-hydroxybutyrate| depolymerase mutants were displayed on the
surface of E. coli to form a whole-cell catalyst (Tan et al., 2013), and
mutants with improved p-nitrophenyl butyrate activity were effec-
tively screened. In the present study, the mutant GDH genes from
B. subtilis generated through QuikChange technique were ex-
pressed as displayed enzymes on the surface of E. coli, and GDH
mutants with excellent activity, stability and substrate specificity
were obtained. Moreover, the scale-up of whole cell and its appli-
cation in glucose biosensor were also investigated. Thus, the pres-
ent research may provide a perfect whole cell biocatalyst for
bioenergy, bioanalysis, and bio-industry.

2. Methods
2.1. Bacterial strain, plasmid, and culture conditions

E. coli DH5a (F~ @80 lacZAM15A (lacZYA-argF) U169 endAl
recAl hsdR17 (r;, mj) supE44i-thi-1 gyrA96 relA1 phoA) and
BL21 (DE3) (F~ ompT hsdSg (ry mg) gal dem (DE3)) were used as
the hosts for plasmid construction and enzyme expression, respec-
tively. E. coli strains were grown in Luria-Bertani (LB) medium and
incubated by rotary shaking at 200 rpm and 37 °C. When required,
ampicillin at 100 pg/ml and kanamycin at 30 pg/ml were used for
the corresponding recombinant E. coli selection.

2.2. Construction of expressed plasmids harboring GDH mutant-
encoding genes

Plasmid pTInaPbN-Gdh harboring the genes of wild type GDH
and N-terminal domain of INP from Pseudomonas borealis, which
constructed in our previous study (Liang et al., 2013), was used
as a template for further mutagenesis study. Site-directed muta-
genesis via PCR was carried out by using QuikChange method. All
primers used in this study are listed in Table 1. PCR products were
digested with Dpnl restriction enzyme and transformed into E. coli
BL21 (DE3) by heat shock transformation. Transformants were se-
lected on LB agar plates containing kanamycin (30 pg/ml). Four
mutants, Q252L/E170R, Q252L/E170R/V149K, Q252L/E170R/
G259A and Q252L/E170R/V149K/G259A were obtained.

2.3. Cell surface display of GDH wild type and mutants

Plasmids carrying mutant genes of Q252L/E170R, Q252L/E170R/
V149K, Q252L/E170R/G259A and Q252L/E170R/V149K/G259A
were transformed into E. coli BL21 (DE3). Strains were inoculated
in LB liquid medium, and incubated by rotary shaking at 200 rpm
until absorbance (ODggp) of ~0.6 at 37 °C. Expression of INP fused
with GDH mutants were induced after isopropyl-p-D-thio galacto-
pyranoside (IPTG) was added to the medium to a final concentra-
tion of 0.5 mM at 25 °C.

2.4. Assay of GDH activity, stability and substrate specificity

The whole cells displayed targeted proteins were washed twice
with 75 mM Tris-HCI buffer (pH 8.0). The activities of wild-type
and its variants were assayed spectrophotometrically by measur-
ing the rate of NADH formation at 340 nm. The reaction solution
consisted of 75 mM Tris-HCI buffer (pH 8.0), 5 mM b-glucose,
3 mM NAD* and whole cells. One unit of activity was defined as
the amount of enzyme necessary for the production of 1 pmol
NADH per minute.

To determine the thermal stability of the wild type and mutant
enzymes, the whole cells were incubated in the 75 mM Tris-HCI
buffer (pH 8.0) at 50-70 °C for 1 h. The residual activity was mea-
sured as described above. Besides, the whole cells with mutant
GDH were incubated until no enzyme activity could be detected
at 60°C and 70 °C. Activity assay of the same amount of cells
was performed at regular intervals. The pH stability was evaluated
by incubating each of wild-type and its variants in a buffer solution
at a pH between 3.5 and 10.5 (20 mM citrate-NaOH buffer, pH3.5-
5.5; 20 mM phosphate buffer, pH5.5-7.5; 20 mM Tris-HCl buffer,
pH7.5-8.5; 20 mM glycine-NaOH buffer, pH8.5-10.5) in the ab-
sence of NaCl for 1 h. The residual activity was determined as de-
scribed above.

In order to determine the substrate specificity of the wild type
GDH and its mutants, p-xylose, cellobiose, p-fructose, p-sucrose,
p-maltose, p-mannose, p-galactose, p-ribose, r-arabinose (each

Table 1
PCR primers used in this study.

Primer Sequence (5’ — 3)

Q252L For GACGGCATGACACTATATCCTTCATTCCAG
Q252L Rev CTGGAATGAAGGATATAGTGTCATGCCGTC
E170R For ATAAAGCTGATGACAAGAACATTGGCGTTGGA
E170R Rev TCCAACGCCAATGTICTTGTCATCAGCTTTAT
V149K For TCCAGTGTGCACGAAAAGATTCCTTGGCCGTTA
V149K Rev TAACGGCCAAGGAATCTTTTCGTGCACACTGGA
G259A For CCTTCATTCCAGGCAGCCCGCGGTTAA

G259A Rev TTAACCGCGGGCTGCCTGGAATGAAGG
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100 mM) or p-glucose (5 mM) was added to the cell reaction buffer,
respectively, and UV absorption values at 340 nm were measured.

2.5. The scale-up production of GDH-INP mutant protein by E. coli

The scale-up production and whole cell enzyme activity deter-
mination were performed in 3-L fermentor (BioFlo/CellGen115
Fermentor/Bioreactor, New Brunswick Company, USA). E. coli
BL21 (DE3) harboring GDH mutant Q252L/E170R/V149K/G259A
was used as the seed solution. Cells were cultured in M9 minimum
medium at 37 °C and pH 7.0 with dissolved oxygen (DO) of 20%.
When the cells growth reached the log phase, 0.5 mM IPTG as in-
ducer were added into the fermentor and the temperature was re-
duced to 25 °C for induction of fusion protein. The culture was
harvested after 24 h of fermentation. The dry weight and GDH
activity of whole cell were determined.

2.6. Preparation of Nafion/GDH-mutant/MWNTs composite film
modified electrode

The glassy carbon electrode (GCE) was polished to a mirror suc-
cessively using 1.0, 0.3, 0.05 pm alumina slurry, followed by thor-
oughly washed by sonication in anhydrous ethanol and ultrapure
water. The electrode was rinsed with ultrapure water and allowed
to dry at room temperature. Multi-walled carbon nanotubes
(MWNTs) suspension (2 mg/ml, 10 puL) was dropped on the surface
of GCE and dried in air. Next, 10 pL of GDH mutant Q252L/E170R/
V149K/G259A (GDH-mutant-bacteria) aqueous dispersion was
dropped on the inverted GCE and dried over night at room temper-
ature. Before use, 10 pL of Nafion solution (0.05 wt%) was syringed
to the electrode surface. The modified GCE (Nafion/GDH-mutant-
bacteria/ MWNTs/GCE) was immersed in PBS to remove the loosely
adsorbed bacteria and was stored at room temperature when not
in use. Electrochemical measurements were performed using a
CHI660D potentiostat (CH Instruments, Chenhua, Shanghai, China).
The electrochemical response was measured in a conventional
three-electrode system using a chemically modified GCE as work-
ing electrode, a saturated calomel electrode (SCE) as reference elec-
trode and Pt wire electrode as auxiliary electrode.

3. Results and discussion
3.1. Site-directed mutagenesis of GDH genes

Several amino acid residues that affect the stability of wild type
GlcDH from B. megaterium IMG3 have been investigated in previ-
ous studies (Baik et al., 2005; Vazquez-Figueroa et al., 2007).
Among them, two mutations could greatly influence pH and ther-
mostability of GIcDH. On one hand, Glu-170 of wild type GlcDH
interacts with Lys-149 between subunits, and the anion-anion
repulsion effect would reduce the connection between subunits
at pH > 9. Therefore, the stabilization of the quaternary structure
could be realized by the E170R substitution (Baik et al., 2005;
Vazquez-Figueroa et al., 2007). On other hand, the Q252L mutation
would strengthen the interaction between subunits via the forma-
tion of hydrophobic interaction. A comparison of the amino acid
sequences between the GDH from B. subtilis in this study and
GlcDH from B. megaterium IMG3 revealed an identity of 81.6%. As
shown in Fig. 1, amino acid at position 170 is Glu in both GDH
and GlcDH. However, amino acid at position 149 is valine in GDH
rather than lysine in GIcDH, which would probably bring about
some changes to the stability of GDH. In the aspect of substrate
specificity, C-terminal region residues of BmGIcDH-IV from B.
megaterium IAM 1030 were mutated, of which the G259A variant
showed the narrowest substrate specificity without damaging its

catalytic activity and thermostability (Nishioka et al., 2012). There-
fore, in view of the high homology of amino acid sequences and po-
sitive results of improving stability and specificity of GDH from
Bacillus sp., four residues were selected for site-directed mutagen-
esis in the present study, including GIn-252, Glu-170, Val-149 and
Gly-259.

In order to obtain the mutant enzyme avoiding laborious puri-
fication steps and improving the stability of its structure, INP-
based bacteria surface display system, which showed considerable
enzyme activity in our previous study (Liang et al., 2012), was used
in this study. The N-terminal of InaPb protein from P. borealis DL7
was used as the surface-anchoring motif. The plasmid pTInaPbN-
Gdh (Liang et al., 2013) harboring the wild type GDH gene was
used as the template for site-directed mutagenesis. Four mutants
were obtained via QuikChange technique. The resulting vectors
were transformed into E. coli BL21 (DE3), and enzymes were ex-
pressed in LB medium with kanamycin and IPTG at 25 °C.

3.2. Enzyme activity of displayed surface displayed mutated GDH

The whole cell was harvested and washed with 75 mM Tris-HCl
buffer (pH 8.0). Firstly, enzymatic activity of wild type and mutant
GDH were examined in order to investigate whether the mutant
sites would have harmful influence on the catalytic activity. The re-
sults indicated that four variants showed activity toward p-glucose
comparable to wild type at the same conditions (Table 2). How-
ever, the other three mutants showed slightly decreased GDH
activity compared with Q252L/E170R variant, of which whole
cell-GDH activity of Q252L/E170R/V149K/G259A variant was 39%
lower than that of wild type, indicating that Gly-259 mutated
probably led to the transformation of activity-site structure. These
data are consistent with results reported by other directed evolu-
tion enzyme studies (Baik et al., 2005; Nishioka et al., 2012). It
was confirmed that the catalytic efficiency of GIcDH had not been
affected by the mutation of E170K/Q252L, because these two
mutations were far from the activity site according to the three-
dimensional structure (Baik et al., 2005). However, the specific
activity of the G259A mutant was slightly lower, resulting from
the change of C-terminal region of BmGIcDH-IV. The sugar-binding
selectivity and catalytic activity could be altered by introducing
mutation at this region (Nishioka et al., 2012). In addition, whole
cell-GDH activity of Q252L/E170R/V149K variant was 13% lower
than that of wild type, demonstrating that Val-149 may also bring
some unfavorable changes to the structure of activity domain,
which will be studied by structural analysis in the following work.

3.3. Stability of displayed forms of mutant GDH

The thermal stability was assessed by using E. coli BL21 (DE3)
whole cells expressing wild-type GDH and its mutants after incu-
bation at 50-70 °C for 1 h. As shown in Fig. 2A, mutants Q252L/
E170R/V149K, Q252L/E170R/G259A, and Q252L/E170R/V149K/
G259A retained its original enzyme activity even after being trea-
ted at 70 °C for 1 h. However, the wild type GDH lost almost all
activity at 50 °C. The half-life of the Q252L/E170R/V149K/G259A
mutant was ~21 days at 60°C and ~3.8 days at 70°C (Fig. 2B
and C), which was slightly higher than that of K170/L252 mutation
from B. subtilis (~3.5 days at 65 °C) in previous study (Vazquez-Fig-
ueroa et al., 2007). The results supported our hypothesis that was
obtained through combining the amino acid sequence of GDH in
this study and the thermostability of glucose dehydrogenase from
Bacillus sp. reported previously (Baik et al., 2003, 2005; Makino
et al., 1989; Vazquez-Figueroa et al., 2007). Besides the substitu-
tions of Q252L/E170R, the excellent thermostability was also
attributed to the other two replacements of amino acids (V149K
and G259A) as well as the INP-based cell surface display system.
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GDH ADPRQRADVESMIPMGYIGEPEEIRAVAAWLASKEASYVIGITLFADGGMTQYPSFQAGRG

Fig. 1. Amino acid sequence alignment of GDH from B. subtilis in this study and GlcDH from B. megaterium IMG3.

Table 2

Catalytic activity of whole cells displayed wild type and mutant GDH.
Strain GDH activity (U/mg dry cell)
Wild type 1.84+0.06
Q252L/E170R 1.75 £0.05
Q252L/E170R/V149K 1.6 £0.05
Q252L/E170R/G259A 1.56 £ 0.05
Q252L/E170R/V149K/G259A 1.12+£0.03

The pH stability of wild-type GDH and its mutants was exam-
ined by incubating them in buffers of various pH values without
NaCl. As shown in Fig. 3, except Q252L/E170R mutant and wild
type, other variants did not show reduced enzyme activity in the
absence of NaCl at alkaline pH, even increased activity was appar-
ent at pH > 10. These results proved the assumption that E170R
and V149K mutations would enhance the stability of the quater-
nary structure by reducing the electrostatic repulsion effect be-
tween subunits at pH values above 9.

3.4. Substrate specificity of cell displayed mutants GDH

The wild type BmGIcDH-IV from B. megaterium IAM 1030 exhib-
ited broad substrate specificity (Nishioka et al., 2012). The G259A
variant greatly altered this character and its activity to p-xylose,
p-mannose and p-galactose was not detected at pH 8.0 (Nishioka
et al., 2012). In our previous study, the cell-displaying wild type
GDH could catalyze p-maltose, p-mannose and b-xylose. Here,
G259A mutation was introduced into GDH to investigate the vari-
ation of substrate specificity. The whole cells were incubated with
several different saccharides, including b-xylose, cellobiose,
p-fructose, p-sucrose, p-maltose, p-mannose, b-galactose, p-ribose,
L-arabinose (each 100 mM) or p-glucose (5 mM). As shown in
Table 3, in contrast to the wild type, no absorbance peak at
340 nm was detected when whole cell of Q252L/E170R/V149K/
G259A mutant was mixed with p-maltose, p-xylose, p-sucrose
and p-mannose, separately. Although each of the four substitutions
has influence on substrate specificity of GDH, G259A substitution
greatly improved this character especially when p-maltose was
used as substrate. In summary, Q252L/E170R/V149K/G259A mu-
tant exhibited the narrowest substrate specificity with excellent
stability whilst retaining comparable activity.

3.5. The scale-up of Q252L/E170R/V149K/G259A variant by E. coli

The preliminary study on the scale-up of whole cell was carried
out in 3-L fermentor and M9 minimum medium using IPTG as an
inducer. During the whole process, pH was maintained at 7.0 and
DO at 20%. The whole cell was weighed and enzyme activity was
assayed. The results showed that the dry weight of whole cells
from fermentor was 4.87 £0.11 g/L, increasing about four times
more than that of cells cultured in shaking flasks. Besides, the
GDH activity of whole cell from fermentor was nearly 1.2 times
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Fig. 2. The thermal stability of displayed forms of mutant GDH.
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Fig. 3. pH stability of displayed forms of mutant GDH.

higher than that of from shaking flasks. All of the results indicated
that the whole cell displayed GDH mutants could be cultured in a
large scale with excellent activity and productivity.

3.6. Electrochemical glucose biosensor prepared using the GDH-
mutant bacteria modified electrode

3.6.1. Electrochemical characterization of the Nafion/GDH-mutant-
bacteria/ MWNTs/GCE

The electrochemical oxidation of glucose at Nafion/GDH-
mutant-bacteria/ MWNTs/GCE was investigated by cyclic voltam-
metry (Fig. 4). An anodic peak at 0.45 V (vs. SCE) which indicated
the electrocatalytic oxidation process of NADH to NAD* was ob-
served in the 4 mM and 6 mM glucose solution containing 2 mM
NAD". No anodic peak was found in the 0.1 M PBS solution without
glucose. The anodic peak current increased with the rise of glucose
concentration, which demonstrated that the GDH-mutant had a
well catalytic performance to glucose. Such results were compara-
ble with the wild-type GDH modified GCE (Liang et al., 2013). It
should be noted here that the proposed Nafion/GDH-mutant-
bacteria/MWNTs/GCE was dried at room temperature, while the
wild-type GDH modified GCE needed to dry at 4 °C at refrigerator
(Liang et al., 2013), suggesting the thermostability of the enzyme
for real application.

3.6.2. Amperometric determination of glucose using the glucose
biosensor

The current-time curve was measured in varying glucose
concentration with Nafion/GDH-mutant-bacteria/MWNTSs/GCE

Table 3
Substrate specificity of cell displayed mutants GDH.

304

20- ¢

10

Current/pA

-104

0.0 02 0.4 0.6 0.8
E/V

Fig. 4. Cyclic voltammograms of Nafion/GDH-mutant-bacteria/MWNTs/GCE in
0.1 M PBS (curve a); in 4mM glucose +2 mM NAD® (curve b) and in 6 mM
glucose + 2 mM NAD" (curve c).

by amperometry at an applied potential of +0.43V (Fig. 5). The
current increased rapidly after addition of glucose solution and
reached 95% steady-state value within 3 s (Fig. 5). The current
response was linear with the glucose concentration between
10 uM and 4 mM (Fig. 5, inset plot), which was much wider than
the wild-type bacteria modified GCE (50-800 uM) (Liang et al.,
2013). The linear regression equation is y=0.2847 +2.7662x
with the coefficient R=0.996. The limit of detection (LOD) was
estimated to be 3 uM glucose (S/N =3), which was lower than
the wild-type one. The Nafion/GDH-mutant-bacteria/ MWNTs/
GCE presented a much boarder linear range than those obtained
with GDH/chitosan/CNTs/ionic-liquid-modified electrode (0.02-
1mM) (Bai et al, 2012), GDH/PPS/carbon-nanotube-modified
electrode (50-700 pM) (Saleh et al., 2012) and GDH/CNTs/chito-
san-glutaricdialdehyde film-modified electrode (5-300 uM)
(Zhang et al., 2004). Again, the GDH-mutant whole cell can be
used to improve the analytical performance of the prepared glu-
cose biosensor.

3.6.3. Operational stability of the biosensor

A continuous measurement of glucose by amperometry at an
applied potential of 0.43 V was performed over a period of 1 h to
investigate the operational stability of the Nafion/GDH-mutant-
bacteria/MWNTSs/GCE (Fig. 6). The amperometric response drifted
less than 7% (Fig. 6), demonstrated the good stability of proposed
biosensor. Compared with the wild-type one (~10% signal drift
during 25 min recording) (Liang et al., 2013), the displayed forms
of mutant GDH based biosensor showed better operational
stability.

Substrate Specificity of cell surface displayed GDH (%)
Wwild type Q252L/E170R Q252L/E170R/V149K Q252L/E170R/G259A Q252L/E170R/V149K/G259A

p-Glucose 100 100 100 100 100
p-Maltose 15.6+0.2 13.2+02 9.1+0.1 1.6 £ 0.06 ND
p-Sucrose 59+0.1 4.1+0.1 ND ND ND
p-Xylose 9.6 +0.15 7.5+0.1 ND ND ND
p-Mannose 3.6+0.1 1.4+0.05 ND ND ND
p-Fructose ND ND ND ND ND
p-Galactose ND ND ND ND ND
p-Ribose ND ND ND ND ND
1-Arabinose ND ND ND ND ND

ND, not detectable.
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Fig. 5. Current-time curve obtained at the biosensor on the successive addition of
glucose in 0.1 M phosphate buffer (pH 7.4) containing 2 mM NAD", on which the
glucose concentration denoted the glucose concentration in the buffer solution.
Applied potential, +0.43 V vs. SCE. Inset: typical calibration graph of the biosensor.
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Fig. 6. Current-time response of the biosensor in 0.4 mM glucose solution. Inset:
magnified view of current step upon spiking of 0.4 mM glucose.

4. Conclusions

In summary, the present study reported the improved stability
and substrate specificity of mutants of cell surface displayed GDH
from B. subtilis. The Q252L/E170R/V149K/G259A mutant showed
the narrowest substrate specificity with significantly enhanced
pH and thermal stability, while retaining a considerable activity to-
ward p-glucose. The study of whole cell fermentation confirmed
that the mutant is promising to realize massive production. More-
over, a stable and sensitive glucose biosensor using the GDH-mutant
bacteria was developed. Therefore, the whole cell displayed GDH
mutants could be used as industrial biocatalysts for wide range
of applications, such as glucose sensor, biofuel cell, NAD(P)H
regeneration system and biomass production.
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