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Abstract Bacillus subtilis natto is widely used in industry
to produce natto, a traditional and popular Japanese soybean
food. However, during its secondary fermentation, high
amounts of ammonia are released to give a negative influ-
ence on the flavor of natto. Glutamate dehydrogenase
(GDH) is a key enzyme for the ammonia produced and
released, because it catalyzes the oxidative deamination of
glutamate to alpha-ketoglutarate using NAD+ or NADP+ as
co-factor during carbon and nitrogen metabolism processes.
To solve this problem, we employed multiple computational
methods model and re-design GDH from Bacillus subtilis
natto. Firstly, a structure model of GDH with cofactor
NADP+ was constructed by threading and ab initio model-
ing. Then the substrate glutamate were flexibly docked into
the structure model to form the substrate-binding mode.
According to the structural analysis of the substrate-
binding mode, Lys80, Lys116, Arg196, Thr200, and
Ser351 in the active site were found could form a significant
hydrogen bonding network with the substrate, which was

thought to play a crucial role in the substrate recognition and
position. Thus, these residues were then mutated into other
amino acids, and the substrate binding affinities for each
mutant were calculated. Finally, three single mutants
(K80A, K116Q, and S351A) were found to have significant
decrease in the substrate binding affinities, which was fur-
ther supported by our biochemical experiments.
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Introduction

Glutamate dehydrogenase (GDH) can be found in most
microbes and the mitochondrial of eukaryotes, acting as
the NAD(P)+-linked oxidative deamination of L-glutamate
to α-oxoglutarate. Mammalian GDH is able to utilize both
NAD+ and NADP+, while those in plants or microbes can be
specific for only one cofactor [1]. GDH links glutamate with
the Krebs cycle and provides a major pathway for inter-
conversion of amino acids and keto acids. In non-neural
tissues, oxidation of glutamate by GDH is considered to
be linked to the synthesis of ATP as an energy source. For
their crucial functions, GDH and other members in the
amino acid dehydrogenase enzyme family have commercial
potentials in the production of novel non-proteogenic amino
acids for the pharmaceutical industry [2–5].

Natto is a traditional and popular Japanese soybean prod-
uct obtained by fermentation using B. subtilis natto, which
has various bioactive properties such as prophylactic activ-
ity against venous thrombosis and osteoporosis [6–9]. How-
ever, during the secondary fermentation, high amounts of
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ammonia are produced, which has a negative influence on
the flavor of natto. The major metabolic pathways of am-
monia production in bacteria are decarboxylation, trans-
deamination, and transamination. GDH is significant in both
trans-deamination and trans-amination.

B. subtilis strain r22 has two active glutamate dehydro-
genase genes, rocG and gudB, and inactivating both genes
reduced ammonia production by half [10]. However, the
mutant strain grows much more slowly in nutrient broth
medium or in a medium with glucose as the sole carbon
source and glutamate as the sole nitrogen source [11]. Get-
ting a strain with site-directed mutagenesis gudB gene and
without rocG gene to retain partial GDH activity may be an
alter strategy to reduce ammonia-releasing and maintain the
growing ability.

To achieve this aim, molecular modeling was firstly
employed to predict the three-dimensional structure of
GDH from B. subtilis natto in situation of lacking X-ray or
NMR structures in the related protein structure databases.
Such approach has been widely used recently to solve
biological problems, providing useful information for both
basic research and drug development in the relevant areas
[12–17]. Subsequently, the possible glutamate binding
modes was predicted based on the structural model men-
tioned above. With these binding modes, the interactions of
GDH with glutamate were analyzed, and the changes of
binding free energy were calculated when key residues in
the glutamate binding pocket were mutated to other amino
acids. Finally, biological experiments were performed to
verify enzyme reaction kinetics feature of these mutants.

Materials and methods

Strains, plasmids, and medium

The B. subtilis natto strain was isolated from commercial
natto and identified by API 50 (BioMerieux, Inc., Marcy
1’Etoile, France). E. coli JM109 and DH5α were obtained
from Takara (Dalan, China) and used as host strains for
cloning and sequencing, respectively. E. coli BL21 (DE3)
(Invitrogen, Shanghai, China) was used as a host strain for
expression. The plasmid pMD19-T Simple Vector (Takara,
Dalan, China) was used for cloning and sequencing, and the
vector pET28a (Novagen) was used for expression. E. coli
strains were grown in Luria-Bertani (LB) medium supple-
mented with kanamycin.

DNA manipulations

The gudB gene was amplified by polymerase chain reaction
(PCR) with the genomic DNA of B. subtilis natto as tem-
plate. To identify the gudB region, the relevant forward and

reverse primers (5′-GCCTGCAAGAGTATGGTAAG-3′,
and 5′-GATAGTCCACAAGGTCCTCC-3′) were designed
based on the published sequence of the gudB gene of B.
subtilis strain 168. Methods for plasmid isolation, agarose
and polyacrylamide gel electrophoresis (PAGE), uses of
restriction enzymes, ligase, and DNA modification
enzymes, PCR, and electroporation of E. coli JM109 cells
were performed as described by Sambrook et al. [18]. The
cloning gene was sequenced by Sunny Bio. (Shanghai,
China).

Molecular modeling

To construct the three-dimensional structure of GDH from
B. subtilis natto, eight threading programs (SAM [19],
SPARKS [20], FUGUE [21], COMA [22], HHSEARCH
[23], PROSPECT [24], SP3 [25] and MUSTER [26]) were
employed to search for structural templates having high
sequence or structural similarities with the target protein.
Finally, five structures (1gtm.pdb, 1bgv.pdb, 1b26.pdb,
2bma.pdb and 1euz.pdb) were identified from the RCSB
Protein Data Bank (PDB) [27] as structural templates to
construct the computational model of GDH from B. subtilis
natto. Segment matching or coordinate reconstruction
[28–32] was used as the computational approach to predict
the aligned region structures, and ab initio modeling was
employed for constructing the unaligned region structures of
the target proteins [32, 34]. The coordinate reconstruction
processes were done by the homology module in MOE 2008
[34]. After a series of molecular dynamics simulations, the
computational three-dimensional structure of GDH from B.
subtilis natto was obtained, which was further assessed by
PROCHECK [35] and QMEAN [36].

Molecular docking procedure

Based on the computational model obtained from the mo-
lecular modeling approach, molecular docking operations
were carried out with Monte Carlo simulated annealing
[37] to get the favorable binding modes for GDH with the
substrate glutamate. As ligand binding in the active site may
induce some conformational changes, a flexible docking
procedure was adopted to construct the binding modes.
Before the docking procedure, 10,000 configurations of
GDH were extracted from short-time molecular dynamics
simulations (∼1 ns). The ligand was then docked into all
these configurations to search for the favorable binding
modes. The docking program (docking module in MOE
2008 [34]) used in the current study would automatically
generate a diversified set of configurations by randomly
altering the atomic coordinates of the ligand. Then, the
search for the favorable binding mode for each configura-
tion was performed within a specified three-dimensional
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box by simulated annealing to optimize the purely spatial
contacts as well as electrostatic interactions. Finally, the
favorable binding mode thus obtained was further optimized
by a series of short molecular dynamics simulations. During
the docking procedure, the Merck force field parameters
were adopted, and the binding modes were assessed by a
scoring function London dG which was successfully used in
other theoretical studies [38].

Molecular dynamics simulations

The molecular dynamics simulations mentioned above were
performed by GROMACS 4.0 [39] with GROMACS force
field parameters, periodic boundary condition and NPT
ensemble. The initial models were solvated in a specific
simulation box with SPC water molecules and a space of
10 Å around the solute. To neutralize the redundant changes,
some sodiums or chloridions were added to the simulation
systems, which were then subjected to a 2000-step energy
minimization with the steepest descents approach. Finally,
10 ns molecular dynamics simulations were performed at
298 K. During all the simulations, all the chemical bonds
were constrained by the LINCS algorithm, and the atom
velocities for start-up runs were obtained according to a
Maxwell distribution at 298 K. To maintain the simulation
systems at a constant temperature and pressure, the Berend-
sen thermostat was applied with a coupling time of 0.1 and
1.0 ps. The particle mesh Ewald (PME) algorithm was
employed to treat electrostatic interactions with interpola-
tion order of 4.0 and a grid spacing of 0.12. The van der
Waals interactions were treated by using a cutoff of 12 Å.
The integration step was set to be 2.0 fs, and the coordinates
were saved every 1 ps.

Site-directed mutagenesis

Mutagenesis was performed using the quick-change light-
ning site-directed mutagenesis kit (Stratagene), and gudB
was used as a template for PCR amplification. Synthetic
oligonucleotide primer pairs (Sangon Biotech, Shanghai) for
the mutants of K80A, K116Q, and S351A were listed in
Table 1, and the mutated codons were underlined. Following
temperature cycling, the product was treated with Dpn I
(Fermentas). The presence of mutations was confirmed by

DNA sequencing (Sunny Biotech, Shanghai). The DNAs
containing the desired mutations cloned with plasmid vec-
tors were transformed into E. coli XL10-Gold ultracompe-
tent cells. This site-directed mutagenesis procedure was
similar to the method described by Rigoni et al. [40, 41].
The gudB gene mutants K80A, K116Q, and S351A were
used as templates for further PCR amplification to get the
double-site and multiple-site mutants, K80A/K116Q,
K80A/S351A, K116Q/S351A, and K80A/K116Q/S351A.

Protein overexpression and purification

The sequences of the forward and reverse primers were
5′-CGTACGGCTAGCATGGCGGCCGATCGAAAC-3′
and 5′-CGCTAGGAATTCCGATTGGCATTTCACTTT-
3′, respectively. The forward primer contained a NheI
recognition site (GCTAGC) and the reverse primer
contained an EcoRI recognition site (GAATTC) for con-
venient subcloning into the pET28a vector. PCR ampli-
fication was performed in a 50 μl reaction mixture with
1U of Pyrobest DNA polymerase (Takara). The PCR
product was purified (PCR clean-up kit, Generay),
digested with NheI and EcoRI, and ligated into the
pET28a vector using T4 DNA ligase (Fermentas). The
obtained plasmid constructs were transformed into the
expression strain E. coli BL21 (DE3). All constructs
were verified by sequencing of the plasmid DNA.

The purification of the His-tagged protein from isopropyl
β-D-thiogalactoside (IPTG)-induced E. coli BL21 (DE3)
cells containing pET28a/GDH (either wild-type or muta-
tions) was performed according to the standard procedure
of the manufacturer (Qiagen). Refolding was initiated by
dilution of the eluted protein into a buffer containing 4 %
PEG 4000, 20 mM oxidized glutathione, and 40 mM re-
duced glutathione. After refolding, the solution was dia-
lyzed with TE buffer (pH7.2).

Enzyme kinetics assay and protein determination

The enzyme activity and Km assay for GDH involving
deamination reaction was performed in 3 ml of 25 mM
Tris-HCl buffer (pH8.5) containing various concentrations
(50, 40, 30, 20, and 10 mM) of L-glutamate, and 0.5 mM
NADP+ at 25 °C. When NAD+ was used as coenzyme, the

Table 1 Detailed information
for the synthetic mutagenic
primers

K80A Forward 5′-GTGAAAACGTATCCCGCCTGCCGTTACCGACAGAG-3′

Reverse 5′-CTCTGTCGGTAACGGCAGGAGGGATACGTTTCAC-3′

K116Q Forward 5′-GGATCACAAACAATTCCGCCTTGACCACCGCCATAT-3′

Reverse 5′-ATAGGCGGTGGTCAAGGCGGAATTGTTTGTGATCC-3′

S351A Forward 5′-AACTGTTACGCCACCGGCAGCTGCCAGCAGC-3′

Reverse 5′-GCTGCTGGCAGCTGCCGGTGGCGTAACAGTT-3′

J Mol Model (2013) 19:1919–1927 1921



reaction was performed in 3 ml of 160 mM glycine buffer
(160 mM glycine, 1.8 M NaCl, 4.2 mM EDTA, pH9.0) [42]
with various concentrations of L-glutamate as described
above and 6 mM NAD+ at 25 °C. The increase in NADPH
or NADH was measured kinetically at 340 nm using a
Beckman Coulter DU800 spectrophotometer. One unit of
enzyme activity was defined as the amount of enzyme
catalyzing the reaction of 1 μmol of NADP+ or NAD+ per
minute at 25 °C. All experiments were performed indepen-
dently at least three times. Km value was determined from
Lineweaver-Burk plots with the initial reaction rate. The
protein concentration was calculated by measuring the ab-
sorbance of the protein solution at 280 nm and 260 nm.

Results and discussion

Computational models

The most popular approaches for prediction protein three-
dimensional structure are homology modeling and thread-
ing. However the most important procedure for both meth-
ods is how to identify the structural template which has
highly similarity on sequences or structures with the target
proteins. To this end, eight popular methods (SAM [19],

SPARKS [20], FUGUE [21], COMA [22], HHSEARCH
[23], PROSPECT [24], SP3 [25] and MUSTER [26]) were
employed to search the PDB for finding template structures
for GDH. Five structures (1gtm.pdb, 1bgv.pdb, 1b26.pdb,
2bma.pdb, and 1euz.pdb) were thus identified, and multiple
sequence alignments were performed on the template and
target proteins. As shown in Fig. 1, the sequence similarity
scores of the target protein with its template structures were
54 %, 30 %, 50 %, 28 %, and 50 %, respectively. Based on
the sequence alignment results and the template structures,
the aligned regions of GDH were constructed by the thread-
ing approach. For the unaligned regions, the ab initio ap-
proach was employed to build the corresponding structures.
Thus, the entire three-dimensional structure of GDH from B.
subtilis natto was obtained (Fig. 2a).

To validate our computational model, multiple methods
were employed to estimate the local and global model
quality, stereochemistry, as well as structural features for
our computational structure of GDH. The local model qual-
ity, which was estimated by ANOLEA [43] in Swiss Model
Workspace, indicated that most residues in our model were
located in the favorable areas. QMEAN is a scoring function
of a linear combination of six structural descriptors: Cβ
interaction energy, all-atom pairwise energy, salvation ener-
gy, torsion angle energy, secondary structure, and solvent

Fig. 1 The multiple sequence
alignment of the target protein
with its template structures. The
target protein is GDH from B.
subtilis natto; the structural
templates are 1gtm.pdb,
1bgv.pdb, 1b26.pdb, 2bma.pdb
as well as 1euz.pdb. The
sequence similarity scores of
the target protein with these
templates are 54 %, 30 %,
50 %, 28 %, and 50 %,
respectively
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accessibility [36]. The QMEAN score ranges between 0 and
1, the higher value, reflect the better quality of the model.
The score of the local model quality was 0.74, its density
plot was shown in Fig. 3. To evaluate the absolute model
quality, a Z score of the computational model was further
calculated in comparison with the scores of the reference X-
ray structures of similar size from the PDB (Fig. 4).

The global model quality was assessed by DFIRE [44],
an all-atom statistical potential based on a distance-scaled
finite ideal-gas reference state. This approach was used to
assess non-bonded atomic interactions in the protein model,
and pseudo energies for the computational model. The
DFIRE result for our computational model is −588.20, in-
dicating that the model was close to the native conforma-
tion. The stereochemistry features were checked by
PROCHECK package [35], and the results showed that
92.1 % residues of the computational model were located
in the core region, 6.0 % in the allowed region, 1.1 % in the
general region, and only 0.8 % in the disallowed region
(Fig. 5). Additionally, for the main-chain residues, 99.8 %
of the bond lengths and 93.6 % of the bond angles were

within the allowed limits. For a good quality model, the
residues located in the core regions should be expected to be
more than 90 %. All these findings indicated that our

Fig. 2 The three-dimensional computational structure for GDH from
B. subtilis natto. a The overall structure of the computational model
with cofactor NADP+ and substrate glutamate. Only backbone struc-
ture of the computational model is shown, and the cofactor and sub-
strate are colored in green and blue, respectively. b 2D hydrogen
bonding interactions between the residues in the active and substrate
glutamate. The key residues Lys80, Arg196, Thr200, and Ser351 are
colored in red, pink, blue, and green, respectively

Fig. 3 The density plot of the QMEAN score for the computational
model of GDH from B. subtilis natto. QMEAN score is a scoring
function of a linear combination of Cβ interaction energy, all-atom
pairwise energy, salvation energy, torsion angle energy, secondary
structure, and solvent accessibility. This score ranges between 0 and
1, the higher value to reflect the better quality of the model. In the
current case, QMEAN score for our computational model was 0.74

Fig. 4 Estimated absolute model quality by the comparison of the
QMEAN scores with the reference X-ray structures in the Protein Data
Bank. A Z-score is used to estimate the absolute model quality of the
computational model, which gives a direct indication that the compu-
tational model is quite reliable
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computational three-dimensional structure of GDH from B.
subtilis natto was quite reliable.

Substrate binding analysis

The overall structure of the computational model was quite
similar to the crystal structures of the bacterial and animal
forms of GDH, which showed two-trimer architectures with
subunits stacked directly on top of each other [45–49]. The
computational structure, as well as the subunit in the crystal
structures, was considered to be composed of at least three
domains. According to the crystal report, the bottom domain
of the subunit made extensive contacts with another one
from the other trimer. Resting on top of this domain is the
cofactor binding domain that employed the conserved nu-
cleotide binding motif. Some GDH also had a long protru-
sion called antenna, rising above the cofactor binding
domain. However antenna is unique for animals, and not
detected in bacteria, plants, fungi, and the vast majority of
protists. In animal GDH, the antenna domain located imme-
diately behind the adjacent, counterclockwise neighbor
within the trimer. This part of GDH usually appeared in
the enzymes that were reported to be allosterically regulated
by a series of ligands. Thus, it is reasonable to speculate that
antenna domain played an important role in regulation.

Based on the aforementioned computational structure of
GDH and multiple sequence alignment, the potential binding
sites of the cofactor and substrate (glutamate) were identified
based on the crystal studies. The identified binding site for the

cofactor NADP+ was composed of residues 200, 227–232,
251–253, 302–304 and 324–326, which was similar with the
crystal structure 1v9i.pdb [50] and 3mw9.pdb [46]. The bind-
ing position of the substrate was identified to be located on the
residues 80–82, 101, 104, 116, 154–156, 196–203, 326, 354,
355 and 358, which was supported by the crystal studies in
other GDH enzymes (3ete.pdb) [51]. Upon the aforementioned
information, the substrate was docked into the identified bind-
ing site using comparatively flexible docking procedure, and
the most favorable binding mode for both cofactor and sub-
strate was selected and shown in Fig. 2a. The result showed
that the substrate (glutamate) was fixed in the active site of the
enzyme by a significant hydrogen bonding network formed by
Lys80, Lys116, Arg196, Thr200, and Ser351. To estimate the
hydrogen bonding interactions, the hydrogen bond lifetime for
all the configurations in our docking procedure was calculated
(Table 2), and the detailed information for the ones that
employed comparatively high life-time were shown in
Fig. 2b. The hydrogen bond with a life-time more than 10 %
was believed to be stable during the entire simulations and to
have strong interactions with the substrate. Interestingly, these
results were also found to be located in highly conserved
regions of GDH.

Thus, in order to reduce the activity of GDH, it was
reasonable to mutate the residues having important hydro-
gen bonding interactions with the substrate. Thus, the resi-
dues in the active site, which can form hydrogen bond
having a life-time of more than 10 % with the substrate,
were selected and mutated into another 19 amino acids.
London dG, a scoring function implemented in molecular
operating environment (MOE), was successfully used to
calculate the binding affinities of proteins and ligands in
the previous theoretical studies [40]. It was applied to assess
the substrate binding affinities for all the mutants. Finally,
three single mutants (S80A, K116Q, and S351A) were
screened to employ significant decrease in the substrate
binding affinities.

Experimental validation

To further confirm the computational results, biological experi-
ments were performed. Single mutants (K80A, K116Q, and

Fig. 5 The PROCHEKC report for the computational model of GDH
from B. subtilis natto. For a good quality model, the residues located in
the core regions should be expected to be more than 90 %. In the
current case, 92.1 % residues of the computational model were located
in the core region, 6.0 % in the allowed region, 1.1 % in the general
region, and only 0.8 % in the disallowed region

Table 2 The hydrogen bond (life-time>10 %) information between
GDH and its substrate glutamate

Residues Life-time (%) Residues Life-time (%)

Lys80 62 Asn326 16

Arg196 50 Asp156 15

Thr200 41 Pro155 14

Ser351 29 Lys104 11

Lys116 26 Ser358 10

1924 J Mol Model (2013) 19:1919–1927



Ser351A) as well as their double mutants (K80A/K116Q,
K80A/S351A, and K116Q/S351A) and multiple mutants
(K80A/K116Q/S351A) were constructed for the further
PCR-based mutagenesis. The resulting circular plasmids con-
taining the point mutations were verified by gene sequencing.
Occasionally, a frame-shift mutant with an extra T inserted
between cDNA position 363 and 364 was obtained by PCR-
based mutagenesis. This plasmid was used as negative control
in experiments of expressing the enzymes in E. coli and
assaying for the enzyme activities.

The recombinant plasmids pET28a/GDH (wild-type and
all the mutants) were used for transformation into E.coliBL21
(DE3). Genes cloned into these expression vectors were tran-
scribed from the T7 promoter by T7 polymerase. The gene
expressing T7 polymerase is presented in the chromosomes of
E.coli BL21 (DE3), and the enzyme expression via the lac
promoter can be induced by IPTG. Sodium dodecyl sulfate
(SDS) gel electrophoresis of the induced cultures revealed a
very strong band corresponding to an approximate relative
molecular mass of 47 kDa in the insoluble factions. These
results showed a good agreement with the values calculated
from the deduced amino acid sequences (45.6 kDa). This band
was absent in the samples from the control cells, which
contained the pET28a plasmid without the inserted gene.
After elution from a nickel-nitrilotriacetic acid (Ni-NTA) col-
umn, SDS gel electrophoresis of all eluted fractions contained
only one band with a size of approximately 47 kDa (Fig. 6).

Expression in E. coli allows large-scale production of
proteins. However, the requirement of proteins with normal
activity and stability is a major difficulty in developing
protein-overexpressing systems in E. coli. In the current
case, the overexpressed protein formed inclusion bodies.
After purification by Ni-NTA column, the enzymes were
refolded by dilution to obtain proteins with normal
activities.

The purified and refolded enzymes obtained in the pres-
ent study showed oxidative deamination activity with either
NADP+ or NAD+ as cofactor. When NADP+ was used as a
cofactor, the Km values of the single mutants K80A, K116Q,
and S351A increased to 44 mM, 41 mM, and 40 mM,
respectively, while the Km value for the wild-type enzyme
was 23 mM (Table 3). However, the Vmax values, which for
the wild-type enzyme was 0.029 U min-1, for these single
mutants decreased to 0.020 U min-1, 0.019 U min-1, and
0.016 U min-1, respectively. For the double mutants
K80A/K116Q, K80A/S351A, and K116Q/S351A and mul-
tiple mutants K80A/K116Q/S351A, the corresponding Km

values were detected to be 115 mM, 77 mM, 81 mM, and
104 mM, respectively (Table 3). The Vmax for these mutants
were detected to be 0.020 U min-1, 0.015 U min-1, 0.016 U
min-1, and 0.013 U min-1, respectively. The enzyme activi-
ties were significantly different between WT and mutants.
When NAD+ was selected as a cofactor, the Km values of
the single mutants increased to 80 mM, 95 mM, and 88 mM,

Fig. 6 SDS-PAGE analysis of
the purified protein

Table 3 Kinetic parameters for native and recombinant GDH determined for the deamination reaction with either NADP or NAD as cofactor

Enzymes NADP NAD

Vmax (U min-1) Kmax (mM) V/K Vmax (U min-1) Kmax (mM) V/K

WT 0.029±0.002 22.6±1.3 1.29±0.07 0.065±0.001 77.2±3.1 0.85±0.03

K80A 0.020±0.001 44.4±1.8 0.46±0.03 0.030±0.001 80.0±2.5 0.37±0.01

K116Q 0.019±0.001 40.8±2.5 0.45±0.01 0.026±0.001 95.4±1.9 0.27±0.01

S351A 0.016±0.001 39.7±0.9 0.40±0.01 0.021±0.001 88.5±2.3 0.23±0.00

K80A/K116Q 0.020±0.001 115±8.2 0.17±0.01 0.018±0.001 108±3.6 0.17±0.01

K80A/S351A 0.015±0.001 77.0±3.1 0.19±0.01 0.015±0.002 92.0±2.7 0.16±0.01

K116Q/S351A 0.016±0.001 80.9±3.8 0.20±0.01 0.013±0.001 94.8±1.4 0.14±0.01

K80A/K116Q/S351A 0.013±0.001 104±5.7 0.13±0.01 0.014±0.001 105±9.3 0.13±0.01

J Mol Model (2013) 19:1919–1927 1925



respectively. For the double mutants and multiple mutants,
the Km values were detected to be 108 mM, 92 mM, 95 mM,
105 mM, respectively (Table 3).

Conclusions

Glutamate dehydrogenase is the branch-point enzyme of
most importance during carbon and nitrogen metabolism
for most microbes and the mitochondrial of eukaryotes.
GDH from Bacillus subtilis natto is found to have signifi-
cant influence on ammonia produce during the natto fer-
mentation. In the current study, multiple computational
methods were employed to redesign GDH from B. subtilis
natto, with an aim to find a novel enzyme to improve the
natto taste. Using threading and ab initio modeling ap-
proach, a three-dimensional structural model of GDH with
cofactor NADP+ and substrate glutamate docked into the
active site was constructed. By further structural analysis,
the residues in the active site were detected to form a
significant hydrogen bonding network with the substrate
glutamate, which was considered to play a crucial role for
the substrate binding. Then, the residues which can form
hydrogen bond having a life-time of more than 10 % with
the substrate, were selected and mutated, and the substrate
binding affinities were re-calculated. Finally, three single
mutants (K80A, K116Q, and S351A) were screened to
employ significant decrease in the substrate binding affini-
ties. These computational results were further confirmed by
mutagenesis experiments, which showed that the single
mutants, as well as their double and multiple mutants could
effectively reduce the activities of GDH.
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