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Abstract
γ-Aminobutyrate (GABA) is an important bioactive compound synthesized through
decarboxylation of L-glutamate by the glutamate decarboxylase (GAD). In this study,
stabilized variants of the GAD from Lactobacillus brevis were constructed by consensus
mutagenesis. Using Consensus Finder (http://cbs-kazlab.oit.umn.edu/), eight positions
with the most prevalent amino acid (over 60% threshold) among the homologous
family members were identified. Subsequently, these eight residues were individually
mutated to match the consensus sequence using site-directed mutagenesis. Compared to
the wild-type, T383K variant displayed the largest shift in thermostability among the
single variants, with a 3.0 °C increase in semi-inactivation temperature (T5015), a 1.7-fold
improvement of half-life (t1/2) at 55 °C, and a 1.2-fold improvement of t1/2 at 37 °C,
respectively, while its catalytic efficiency (kcat/Km) was reduced. To obtain the mutant
with improvement in both thermostability and catalytic activity, we performed a site-
saturation mutation at T383. Notably, mutants T383V and T383G exhibited an
increasement in thermostability and kcat/Km than that of wild-type. This study not only
emphasizes the value of consensus mutagenesis for improving the thermostability of
GAD but also sheds a powerful guidance to study the thermal stability of other enzymes.
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Introduction

γ-Aminobutyric acid (GABA) is a four-carbon non-protein amino acid, which is widely
distributed in plants, animals, algae, fungi, and bacteria [1]. GABA has several important
physiological functions, such as induction of hypotensive effects, regulating neurological
disorders, and resisting cardiovascular diseases and convulsions [2–5]. In addition, GABA is
an important intermediate for the synthesis of nylon-4 [6] and 2-pyrrolidone [7, 8]. As a
consequence, GABA has the potential to be utilized extensively in the food, pharmaceutical
and chemical industries [9]. The development of efficient approaches for production of GABA
becomes an important issue to meet its increasing commercial demand.

The current methods for GABA production include chemical synthesis and biosynthesis. In
contrast to the energy-intensity and environmental unfriendship of chemical synthesis method,
biosynthesis has been considered as a more promising approach in pharmaceutical and food
industry due to the simple reaction procedure, high catalytic efficiency, mild reaction condi-
tion, and environmental compatibility. Glutamate decarboxylase (GAD, EC 4.1.1.15) is a key
enzyme in GABA biosynthesis. In the presence of co-enzyme pyridoxal-5′-phosphate (PLP),
GAD can specifically catalyze the irreversible α-decarboxylation of L-glutamate to GABA.
During the last few years, a large number of GADs from various organisms have been cloned
and characterized [10, 11]. In addition, the thermostabilities of Bacillus megaterium GadB,
Escherichia coliGadB, Lactobacillus fermentumGadB, and Lactobacillus brevisisGadAwere
also determined by incubating the enzymes at various temperatures and measuring their
residual activities at different time intervals [8, 12–16]. Remarkably, in some cases, a common
problem of these reported GADs is the limited stability [17]. For example, the half-life (t1/2) of
the purified GAD from L. brevis was 50 min at 45 °C, while the GadB form E. coli displayed
lower thermostability, with only 24.2 min at 45 °C and 1.8 min at 50 °C in t1/2, respectively [8,
14, 15]. Therefore, there is of great interest to improve the thermostability of GAD.

Effective methods for improving intrinsic enzyme stability include directed evolution and
rational design. Rationally predicted stabilizing mutations can be found with less experimental
screening effort and have thus been developed to address specific advantages. Recently,
consensus mutagenesis based on sequence information to mutate specific amino acid in
homologous genes has been applied to enhance the thermostability of proteins [18, 19]. It
has been proposed that one-third variants of the β-lactamase from Enterobacter cloacae
presented an increasement in thermostability, and the variant NA04.17 that contained eight
consensus mutations increased the temperature transition midpoint (Tm) by 9.1 °C [20]. The
mutant αW25Y of penicillin G acylase from E. coli and variant G283P of endoglucanase
Cel8A from Clostridium thermocellum demonstrated a higher thermostability, with almost 3-
fold increase in t1/2 at 50 °C and 14-fold increase in t1/2 at 85 °C, respectively [21, 22]. In
addition, the double mutant H210N/I77L of the R-type selective amine transferase of Asper-
gillus terreus increased by 6.1-fold and 6.6 °C in the t1/2 at 40 °C and T5010, respectively [23].
The above examples show that the consensus mutagenesis is a feasible strategy to improve
protein stability. Remarkably, the amino acid with higher frequency at the special position in
homologous proteins is more valuable in improving protein stability [24].

In previous work of our research group, a high-yield GABA strain Lactobacillus brevis
CGMCC No.1306 has been isolated from unpasteurized milk sample [25]. With the contin-
uous efforts, the GAD1407 gene from the strain No.1306 has been cloned and expressed in
E. coli BL21(DE3) [26]. Moreover, the crystal structure GAD (PDB ID: 5GP4) has been
determined by X-ray crystallography, which provided a theoretical basis for unraveling the
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elusive structure-function relationship of this functional protein [27]. In the current study, the
Consensus Finder (http://cbs-kazlab.oit.umn.edu) was adopted to predict stabilizing
substitutions in GAD, and the most common residue in homologs was introduced to match
the consensus by site-directed mutagenesis. Subsequently, the stabilizing effects of these
mutations on catalytic activity and thermostability were experimentally identified. In addition,
the thermostability mechanism of these variants was assessed by molecular dynamics (MD)
simulation.

Materials and Methods

Materials and Reagents

Wild-type GAD gene incorporated in the pET28a (+) expression vector was used as the
template for site-directed mutagenesis. Primers synthesis and DNA sequencing were per-
formed by General Biosystems Co., Ltd. (Anhui, China). The PrimeSTAR® Max DNA
polymerase, used for the polymerase chain reaction (PCR), was purchased from Takara
Biotechnology (Dalian, China). Modified Bradford protein assay kit and Ni-NTA Sefinose™
Resin were obtained from Sangon Biotech Co., Ltd. (Shanghai, China). The SYPRO orange
dye used for differential scanning fluorescence was purchased from Invitrogen (Carlsbad, CA,
USA).

Design of Stable Variants

The GAD sequence with FASTA form was harvested in the NCBI gene database via
searching GAD gene number (GenBank: ADG02973). Subsequently, the sequence of
GAD in FASTA form was input to the Consensus Finder (http://cbs-kazlab.oit.umn.edu)
to find similar sequences. All sequences were aligned (E-value maximum of 10−3) by
ClustalX, and the overexpressed sequences were deleted using CD-Hit Suite (CD-Hit
redundancy outstripped 0.9) [28]. The consensus generated sequences were obtained by
aligning homologous sequences (Table S1). The putative mutation sites (D45, Q156,
I159, A163, D179, H181, T383, and T408) were selected for site-directed mutation, at
which the conservation threshold was above 60%. WebLogo online sever
(http://weblogo.berkeley.edu/logo.cgi) was used to visualize the amino acid distributed
as a “logo”.

Site-Directed Mutagenesis of GAD

Generally, the fifty-microliter (50-μL) reaction mixtures contained 22 μL of sterile water, 1 μL
forward and reverse primers (Table S2), 1 μL (50–100 ng) of template DNA (pET28a (+)-
GAD plasmid), and 25 μL of the 2× PrimeSTAR® Max DNA polymerase were subjected to
PCR thermocycling program: a cycle at 98 °C for 5 min; 35 cycles of 98 °C for 20 s, 55 °C for
15 s, and 72 °C for 2 min; and a cycle at 72 °C for 10 min. After amplification, the PCR
products were digested with DpnI at 37 °C for 2 h, and then transferred into E. coli DH5α by
heat shock transformation. The transformants were selected on a solid Luria-Bertani (LB) plate
containing 50 μg/mL kanamycin at 37 °C for 12 h. Subsequently, the recombinant plasmids,
confirmed by DNA sequencing, were transformed into E. coli BL21 (DE3) cells.
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Site-Saturation Mutation

The primers utilized to produce the site-saturation mutations at position 383 were
designed by DNAMAN (Table S3), and the plasmid of wild-type was used as the
template. The PCR reaction and cycling program of site-saturation mutagenesis were
then performed as described previously. The PCR products were digested with DpnI
at 37 °C for 2 h, and then transferred to E. coli BL21 (DE3) by heat shock
transformation.

High-Throughput Colorimetric Screening Assay of GAD Residual Activity

Individual colonies were picked into 96-deep-well plates and cultured containing
1 mL of LB medium supplemented with 50 μg/mL kanamycin in each well, and
then incubated for 8 h at 37 °C with shaking at 180 rpm. An aliquot of 100 μL of
the culture was moved into a new 96-deep-well plate containing 900 μL of LB
medium supplemented with 50 μg/mL kanamycin and grown at 37 °C. When OD600

reached 0.6–0.8, the culture was induced by IPTG (final concentration 0.8 mM) in
each well. Subsequently, plates were incubated for 10 h at 25 °C with shaking at
180 rpm. The plates were centrifuged at 6000 rpm for 15 min at 4 °C and the
supernatants were abandoned. The pellets were resuspended with 200 μL of 50 mM
PBS buffer (pH 7.8) and kept at − 80 °C. After repeated freezing and thawing for
three times, the pellets were resuspended in 200 μL of PBS buffer containing 1 mg/
mL of lysozyme, and incubated at 37 °C for 30 min. After centrifugation at 6000 rpm
for 15 min, the supernatants were collected and used for the GAD activity assay.

The colorimetric method for determination of GAD residual activity was performed
in 96-deep-well plate as previously referenced [29]: 20 μL cell lysate and 400 μL
acetate buffer (20 mM, pH 4.8) containing 100 mM glutamate, 0.01 mM PLP, and
50 μM bromocresol purple were incubated in 96-well plate at 48 °C with shaking at
400 rpm. The assay is based on the color change of the pH indicator bromocresol
purple as protons are consumed during the decarboxylation of glutamate catalyzed by
GAD [5].

Protein Expression and Purification

Recombinant E. coli BL21 (DE3) cells harboring pET28a (+)-GAD plasmids were
incubated in 5 mL of the LB medium containing 50 μg/mL kanamycin at 37 °C
overnight. The overnight culture was transferred to 200 mL of LB medium containing
50 μg/mL kanamycin and incubated at 37 °C. When OD600 reached 0.6–0.8, the
culture was induced for 8 h at 25 °C by adding 0.8 mM IPTG. The cells were
harvested by centrifugation at 6000 rpm for 10 min at 4 °C, and resuspended in
50 mM PBS buffer (pH 7.8). Subsequently, the cells were broken by sonication at
4 °C and the enzymes were released. The cell debris was removed by centrifugation
at 8000 rpm for 40 min at 4 °C. The recombinant protein was purified by Ni-NTA
affinity chromatography.

Protein concentration was measured using the modified Bradford protein assay kit,
with bovine serum albumin (BSA) as the standard protein. The purity of the protein
was identified by SDS-PAGE (12% separation gel and 5% stacking gels).
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Enzyme Activity Assay

The enzymatic activities of wild-type and mutants at different substrate concentrations at 37 °C
and 55 °C were determined as previously described [15]. Briefly, the 400 μL reaction mixtures
(pH 4.8) containing 20 mM sodium acetate buffer, 100 mM L-MSG, 0.01 mM PLP, and 20 μL
purified enzyme were incubated for 15 min at 37 °C and 55 °C, respectively. Then, 100 μL
reaction product was mixed with 900 μL sodium bicarbonate solution (0.2 M) to terminate the
reaction. Subsequently, the derivatization was carried out by addition of 500 μL of above
mixture into 500 μL of 4 g/L dansyl chloride (DNS-Cl) solution, followed by incubation at
40 °C for 1 h. After derivatization, the products of the reactions catalyzed by wild-type and the
mutants were subjected to ultra-performance liquid chromatography coupled with mass
spectrometry (UPLC-MS) analysis using the method of Stragierowicz et al. [30] with minor
modifications to confirm the production of GABA. In addition, HPLC assay was used to
determine the concentration of GABA using a gradient elution procedure as described
previously [15]. One unit of GAD activity (U) was defined as the amount of enzyme that
produced 1 μmol of GABA per second.

Kinetic and Thermodynamic Stability

The purified enzymes of the wild-type and mutants were incubated for 15 min at 55 °C, and
rapidly kept on ice for 5 min. Subsequently, 20 μL purified enzyme was mixed with 400 μL
buffer B (20 mM sodium acetate buffer, 100 mM L-MSG, 0.01 mM PLP, and pH 4.8) and
reacted for 15 min at 37 °C. The enzymatic activity at 4 °C after 15 min was taken as 100%.

The T5015 is defined as the temperature at which the enzyme activity is reduced to 50% of its
original enzyme activity after a 15-min heat treatment. The purified enzymes of the wild-type
and variants were incubated for 15 min at 30–70 °C, and cooled on ice for 5 min. The relative
activity of each sample was detected as described above. The T5015 was calculated by fitting
the data of relative enzyme activity at certain temperatures to a four-parameter Boltzmann
equation using Origin 8.0.

The time required for the residual activity to be reduced to half (t1/2) were determined by
incubating the purified enzymes of the wild-type and mutants for different times at 37 °C or
55 °C and then keeping them on ice for 5 min. The relative activities of the wild-type and
mutants were detected as described above.

The differential scanning fluorimetry (DSF) method was modified based on the previously
methods [31, 32]. Briefly, the mixture consisted of 1 × SYPRO orange dye, 0.15 mg/mL
purified enzyme, and buffer A (150 mMNaCl, 50 mM sodium phosphate, and pH 7.5), with a
total volume of 50 μL. The fluorescence intensity change of the sample was determined by
StepOne Real-Time PCR System (version 2.2.2) at 28–56 °C (0.7 °C increments), with each
temperature keeping for 30 s. The excitation wavelength is 490 nm, and the emission
wavelength is 605 nm. The PBS buffer was served as a negative control to correct background
fluorescence.

Molecular Dynamics Simulation

The three-dimensional (3D) structures of wild-type and mutants were subjected to FoldX
algorithm, and MD simulation was performed at constant temperature (313 K) for 10 ns using
the Amber 14 force field of YASARA (version 16.4.6) software (http://www.yasara.org) [33,
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34]. The 3D structures were filled with water with a density of 0.998 mg/L and inserted into a
cube with edge lengths of 10 Å. The sodium ion and chloride ion were acted as counter ions to
make an electrically neutral system, and the ionizable groups were protonated according to
their pKa values at pH 4.8 in the medium. The van der Waals interactions were handled with a
cutoff of 7.86 Å. The long-range electrostatic interactions were calculated by the particle mesh
Ewald (PME) method [35]. The magnitude of a time step was 2.5 fs, and the trajectory was
collected every 25 ps. Analyses of protein structures including root mean square deviation
(RMSD) of backbone atom positions and root mean square fluctuation (RMSF) for individual
residues were performed using YASARA. The simulation trajectories were visualized by the
Visual Molecular Dynamics (VMD) software.

Results and Discussion

Selection of Sites for Consensus Mutagenesis

The potentially stable amino acid substitutions were predicted using the Consensus Finder, and
the potential mutations were visualized using WebLogo. After aligning the sequences of 500
wild-type GAD homologs, eight mutants (D45Y, I159L, Q156K, A163S, D179E, H181R,
T383K, and T408A) with more than 60% consistent residues were obtained and individually
mutated to match the consensus. The PyMOL (http://pymol.org) was used to display the three-
dimensional structure of wild-type GAD and eight single substituents (Fig. 1). According to
the secondary structure of GAD, D45Y was located at the α-helix, Q156K, A163S, D179E,

Fig. 1 The positions of eight mutants in the GAD sequence. Substituted residues are represented by spheres.
Substituted residue pairs are represented as WebLogo markers (the abscissa indicates, amino acid position; the
symbol height, relative frequency of the corresponding amino acid at that position)

Applied Biochemistry and Biotechnology (2020) 191:1456–1469 1461

http://pymol.org


T383K, and T408Awere located at the loop regions, and I159L and H181R were located at the
β-sheet.

Screening of Mutants and Site-Directed Saturation Mutagenesis of T383

To evaluate the thermostability of consensus mutagenesis mutants, the relative activities of
eight variants were determined after incubation at 55 °C for 15 min. As shown in Fig. 2,
T383K was the most stable mutant, with a 1.5-fold improvement of residual activity than that
of wild-type.

To obtain the mutant with enhanced thermostability as well as improved catalytic perfor-
mance at position 383, a saturated library was established by site-saturation mutation at this
site with wild-type plasmid as template. The colorimetric method for determination of GAD
residual activity was performed in 96-deep-well plate as previously referenced, and based on
the color change of the pH indicator bromocresol purple as protons are consumed during the
decarboxylation of glutamate catalyzed by GAD (Fig. S1). Twenty mutants from saturation
libraries with larger color change than wild-type were screened and sequenced. Subsequently,
eight potential mutants (T383S, T383L, T383G, T383N, T383V, T383A, T383D, and T383H)
were obtained, and their relative activities were determined. Finally, T383V and T383G
exhibited the larger shift in thermostability than that of wild-type, with a 1.33-fold and a
1.28-fold improvement of relative activity after incubation at 55 °C for 15 min, respectively
(Fig. 3).

SDS-PAGE and UPLC-MS Analysis

As shown in Fig. S2, the variants (T383K, T383V, T383G) had a single band and the same
molecular weight with wild-type. The samples were derivatized with DNS-Cl and identified by
UPLC-MS with positive electron spray ionization mode. The retention time and mass-to-
charge (m/z) of hydrogenation adduct [(GABA-DNS) + H]+ were 7.9 min and 371 according to
extracted ion chromatogram (EIC) by UPLC-MS. After DNS-Cl derivation, the products

Fig. 2 The relative activities of all consensus mutagenesis mutants. The relative activity of wild-type was taken
as 100%, and the standard deviations from three independent experiments were showed by error bars
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catalyzed by wild-type and three mutants (T383K, T383V, and T383G) have the same
retention time and m/z value (Fig. 4).

Fig. 3 The relative activities of wild-type and eight variants at position 383. The relative activity of wild-type
was taken as 100%, and the standard deviations were calculated from at least three independent experiments and
showed by error bars

Fig. 4 UPLC-MS spectrum of GABA, L-MSG, and the reaction product catalyzed by wild-type and its mutants
in positive electron ionization mode. a The Base Peak Intensity (BPI) chromatograms from the derivative of
GABA, L-MSG, and the reaction product catalyzed by wild-type and its mutants. The reaction mixtures were
derivatized by adding DNS-Cl for 1 h at 40 °C. Absorption of the derivative was determined at 254 nm. b The
ion mass spectra of the [(GABA-DNS) + H]+ ions (m/z 371) of standard GABA. c The ion mass spectra of the
[(GABA-DNS) + H]+ ions (m/z 371) of the reaction product catalyzed by wild-type
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Kinetic and Thermodynamic Stability of Wild-Type and Its Mutants

To evaluate the thermal inactivation profiles of the enzymes, the purified enzymes were
incubated at different temperatures for different times. As shown in Table 1 and Fig. S3, the
T5015 and t1/2 values of wild-type were 56.2 °C and 24.1 min (55 °C), respectively. Compared
with wild-type, the T5015 values of mutants T383K, T383V, and T383G increased to 59.2 °C,
58.8 °C, and 58.1 °C, respectively. In addition, the t1/2 values of mutants T383K, T383V, and
T383G at 55 °C increased by 1.73-fold, 1.67-fold, and 1.66-fold, respectively. The results
show that mutants T383K, T383V, and T383G have higher thermostability than wild-type.
Moreover, the t1/2 values of mutants T383K, T383V, and T383G were 137.6 h, 134.0 h, and
129.4 h at 37 °C, which correspond to increases of 23.5 h, 19.9 h, and 15.3 h over that of the
wild-type (114.1 h), respectively (Table 1 and Fig. S4).

DSF is a rapid and simple method for studying protein thermostability. At unfolded states of
a protein, hydrophobic portion of the protein will be exposed and specifically bound to the
SYPRO orange dye [36]. The melting temperature (Tm) is regard as the temperature transition
midpoint value between the initial point and the maximum point. In order to estimate the
thermodynamic stability of wild-type and thermostable mutants, the Tm of proteins were
determined by DSF. As shown in Table 1 and Fig. S3, the Tm values of mutants T383K,
T383V, and T383G were 41.9 °C, 41.8 °C, and 41.0 °C, which increased by 1.3 °C, 1.2 °C,
and 0.4 °C than that of the wild-type (40.6 °C). The data indicates the consistence of the
thermodynamic stability and kinetic stability.

Enzyme Activity Assay

To compare the catalytic performance of wild-type and its variants, the kinetic constants at
37 °C and 55 °C were investigated by determining the initial reaction rates at different
substrate concentrations. As shown in Tables 2 and 3, T383K showed lower catalytic
efficiency (kcat/Km) than that of the wild-type at 37 °C and 55 °C, indicating a decrease in
catalytic efficiency. In contrast, T383Vand T383G presented higher kcat/Km values than that of
wild-type, with 1.5-fold and 1.3-fold increase at 37 °C, and 1.8-fold and 1.5-fold increase at

Table 1 The stability of wild-type and stabilized mutants

Mutation name T5015 (°C) t1/2 (min) at 55 °C t1/2 (h) at 37 °C Tm (°C)

Wild-type 56.2 ± 0.1 24.1 ± 0.5 114.1 ± 1.3 40.6 ± 0.3
T383K 59.2 ± 0.3 41.8 ± 0.7 137.6 ± 2.6 41.9 ± 0.1
T383V 58.8 ± 0.3 40.2 ± 0.2 134.0 ± 1.0 41.8 ± 0.5
T383G 58.1 ± 0.2 40.0 ± 0.5 129.4 ± 1.7 41.0 ± 0.2

Table 2 Kinetic analysis of wild-type and mutants at 37 °C

Mutation name Vmax (U/mg) Km (mmol/L) kcat (s−1) kcat/Km (L/(mmol s))

Wild-type 0.6 ± 0.1 41.0 ± 9.5 32.6 ± 3.4 0.8
T383K 0.6 ± 0.0 76.4 ± 6.4 31.1 ± 1.5 0.4
T383V 0.5 ± 0.0 19.9 ± 1.9 24.1 ± 0.5 1.2
T383G 0.5 ± 0.0 25.3 ± 2.2 25.7 ± 0.5 1.0
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55 °C, respectively. It is indicated that the catalytic performance and the thermostability of
T383V and T383G were simultaneously increased.

The GABA-producing capacity of wild-type and its variants at 37 °C and 55 °C was
determined to estimate the enzymatic activity. As shown in Fig. S5, it was observed that
mutants T383V and T383G displayed higher GABA produced than that of wild-type, while
mutant T383K possessed lower GABA produced, indicating that variants T383V and T383G
exhibited relatively stronger enzymatic activity than wild-type. In addition, the GABA pro-
duced of wild-type and its variants at 55 °C was obviously lower than those at 37 °C; this
behavior probably resulted from enzyme inactivation at high temperature.

MD Simulation Analysis

MD simulation is an effective method to understand the molecular mechanism of protein
stability [37]. The RMSD, as a function of time, was used to represent the flexibility of the
overall structure of the protein, and high RMSD values show there are significant structural
changes during the simulation. After a rapid increase during the initial 1 ns, the wild-type
structure reached stability at about 8.5 ns (Fig. 5a), while the most stable mutant T383K
structure reached stability at about 2.5 ns. In addition, the average RMSD value of the wild-
type GAD over the whole MD simulation was higher than the variant T383K, indicating that
the wild-type was more flexible than variant. The RMSF is commonly used to reflect the
flexibilities of individual residues, and a high RMSF value corresponds to higher flexibility of
a given residue [38]. As can be seen in Fig. 5b, the RMSF value for the residue T383 in the
wild-type protein was higher than that of T383K at 313 K.

Table 3 Kinetic analysis of wild-type and mutants at 55 °C

Mutation name Vmax (U/mg) Km (mmol/L) kcat (s−1) kcat/Km (L/(mmol s))

Wild-type 0.2 ± 0.0 29.3 ± 4.6 11.2 ± 0.5 0.4
T383K 0.2 ± 0.0 45.2 ± 6.3 11.2 ± 0.5 0.3
T383V 0.2 ± 0.0 15.6 ± 2.2 10.2 ± 0.0 0.7
T383G 0.2 ± 0.0 20.7 ± 4.7 12.3 ± 1.0 0.6

Fig. 5 MD simulation analysis of wild-type and T383K for 10 ns at 313 K using YASARA. a The RMSD values
at 313 K during a 10 ns simulation for the wild-type and mutant T383K. b The RMSF values at 313 K during a
10 ns simulation for the wild-type and mutant T383K
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Intramolecular interactions, such as hydrogen bonds, hydrophobic interactions, and disul-
fide bond played decisive roles in improving the thermostability of proteins [14, 23]. In order
to further probe the molecular mechanism of stability, the 3D structures of wild-type and
T383K were compared. It is clear that residues Thr383/Lys383 and Arg388 constitute the
hydrogen bonds (Fig. 6). The O atom of Thr383 forms two hydrogen bonds with the NH1
atom of Arg388 (1.8 Å and 3.0 Å) in the wild-type. Particularly, the O atom of Lys383 not only
forms two hydrogen bonds with the NH1 atom of Arg388 (1.8 Å and 3.5 Å) but also results in
one additional hydrogen bonds with the NH2 atom of Arg388 (2.3 Å) in the mutant T383K.
This indicated that the improvement in thermostability of the mutant T383K might be
attributed to the additional hydrogen bonds.

Conclusion

Three mutants of GAD with higher thermostability were obtained by consensus mutagenesis
and site-saturation mutation. Compared to the T5015 and the t1/2 values of the wild-type GAD,
the T5015 values of T383K, T383V, and T383G increased by 3.0 °C, 2.6 °C, and 1.9 °C,
respectively; the t1/2 values at 55 °C of T383K, T383V, and T383G all improved 1.7-fold; the

Fig. 6 Modeling analysis of hydrogen bonds at position 383 in wild-type GAD and variant T383K. a wild-type
GAD, b variant T383K. The hydrogen bonds formed between the O atom of Thr383/Lys383 and the NH1 atom
of Arg388 are displayed by yellow, and the hydrogen bond formed between the O atom of Lys383 and the NH2
atom of Arg388 is displayed by red

Table 4 The thermostability of GADs from different origins

Source GADs t1/2 Reference

L. brevis T383K 137.6 h (37 °C); This study
41.8 min (55 °C)

L. brevis Wild-type GAD 50 min (45 °C) [15]
Bacillus megaterium Wild-type GAD 6 h (35 °C) [12]
E. coli Wild-type GadB 1.8 min (50 °C); [8, 14]

24.2 min (45 °C)
E. coli Wild-type GadB, GadB produced in medium

supplemented with 0.05 mM pyridoxine
hydrochloride

108 h (37 °C) [13]
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t1/2 values at 37 °C of T383K, T383V, and T383G improved 1.2-fold, 1.2-fold, and 1.1-fold,
respectively. As measured by DSF, the Tm values of T383K, T383V, and T383G were greater
than that of the wild-type GAD by 1.3 °C, 1.2 °C, and 0.4 °C respectively. In addition, the kcat/
Km values of T383V and T383G at 37 °C and 55 °C are higher than that of wild-type GAD,
indicating that variants T383V and T383G exhibited superior performance in the thermosta-
bility and catalytic efficiency. Furthermore, the thermostability of variant T383K and other
reported GADs derived from different origins were compared. As shown in Table 4, the t1/2
values of T383K were 137.6 h at 37 °C and 41.8 min at 55 °C, respectively, which are higher
than that of the GADs from Bacillus megaterium, E. coli, and Lactobacillus fermentum. In
summary, the study demonstrates that consensus mutagenesis can not only be regarded as an
effective strategy to enhance the thermostability of GAD, but may also be applied to other
enzymes for improvement in the stability.
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