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Abstract
As an important dietary supplement, S-adenosylmethionine (SAM) is currently synthe-
sized by methionine adenosyltransferase (MAT) using ATP and methionine as substrates. 
However, the activity of MAT is severely inhibited by product inhibition, which limits the 
industrial production of SAM. Here, MAT from Bacteroides fragilis (BfMAT), exhibiting 
relatively low product inhibition and moderate specific activity, was identified by gene min-
ing. Based on molecular docking, residues within 5 Å of ATP in BfMAT were subjected 
to mutagenesis for enhanced catalytic activity. Triple variants M3-1 (E42M/E55L/K290I), 
M3-2 (E42R/E55L/K290I), and M3-3 (E42C/E55L/K290I) with specific activities of 1.83, 
1.81, and 1.94 U/mg were obtained, which were 110.5–125.6% higher than that of the 
wild type (WT). Furthermore, compared with WT, the Km values of M3-1 and M3-3 were 
decreased by 31.4% and 60.6%, leading to significant improvement in catalytic efficiency 
(kcat/Km) by 322.5% and 681.1%. All triple variants showed shifted optimal pH from 8.0 to 
7.5. Moreover, interaction analysis suggests that the enhanced catalytic efficiency may be 
attributed to the decreased electrostatic interactions between ATP and the mutation sites 
(E42, E55, and K290). Based on MD simulation, coulomb energy and binding free energy 
analysis further reveal the importance of electrostatic interactions for catalytic activity of 
BfMAT, which could be an efficient strategy for improving catalytic performance of MATs.
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Introduction

S-adenosylmethionine (SAM) is an important physiologically active substance, existing 
in animals, plants, and microorganisms, and participating in a variety of biochemical 
reactions [1, 2]. As a precursor of three metabolic pathways (e.g., methyl, thio, and ami-
nopropyl transfer reactions), SAM is generally recognized as a key intracellular methyl 
donor to various acceptors [3]. It can also be used for the treatment of liver health and 
injury [4], depression [5], arthritis [6], and so on. Besides, it is a potential candidate 
for morphine tolerance due to its documented safety in chronic use [7]. Microbial fer-
mentation is commonly performed for SAM production from methionine, and extensive 
studies have been carried out to improve SAM production by metabolic engineering [8]. 
Saccharomyces cerevisiae and Pichia pastor are usually employed as model strains to 
produce SAM [9]. For instance, SAM yield was increased to 1.2 g/L (20 times of the 
parental strain) after overexpression mat in P. pastoris [10]. By adding aristeromycin 
and ethanol to suppress SAM consumption, SAM levels of 11.83 g/L were accumulated 
by  PAOX-Pichia after 65 h [11]. To reduce fermentation cost, D‐amino acid oxidase from 
Trigonopsis variabilis and L‐phenylalanine dehydrogenase from Rhodococcus jostii 
were introduced into S. cerevisiae to synthesize L‐methionine from D‐methionine, and a 
high SAM yield of 10.3 g/L was accumulated at 80 h by feeding 16 g/L DL-methionine 
[12]. In the above reports, enhanced SAM production has been achieved by fermenta-
tion; however, some major deficiencies still exist, such as long fermentation time and 
difficult product recovery [13].

Biocatalytic production of SAM using methionine adenosyltransferase (MAT, EC 
2.5.1.6) is an alternative approach due to its simple and efficient process, as well as easy 
product purification. However, MATs from most microorganisms exhibit severe prod-
uct inhibition, which is undesirable for the industrial production of SAM [13]. Several 
protein engineering approaches have also been reported to reduce the product inhibition 
of MAT. For instance, product inhibition of MAT from Escherichia coli was reduced 
through decreasing the hydrogen bond interactions between SAM and residues Q99 and 
I103 [14]. MAT from Campylobacter jejuni was found with good tolerance toward a 
range of ester derivatives, especially for N, N-dimethyl-L-methionine methyl ester and 
SAM [2]. To reduce the product inhibition of MAT from Bacillus subtilis, the substitu-
tion of isoleucine by valine at site 317 was performed to shorten the distance between 
the methyl group of SAM and residue 317 [15]. However, product inhibition is still a 
major issue for SAM production by MATs from most microorganisms. In addition, the 
low activity of MATs is also a serious problem for enzymatic production of SAM. Mul-
tiple sequence alignment and structural analysis have also been employed to enhance 
the MAT activity. For example, variant I303V/I65V/L186V/N104K from E. coli was 
constructed with 3-time enhanced activity compared with WT [14].

Electrostatic interaction is often considered as a main impact factor for the regulation 
of substrate binding, catalytic conformation, and activity of enzymes. For instance, the 
positively charged surface with suitable surface charge density has been reported to be 
beneficial for haloalkane decomposition reaction catalyzed by haloalkane dehalogenase 
[16]. Changes in charge distribution could greatly affect the substrate binding. In this 
study, MAT from Bacteroides fragilis (BfMAT) was employed for SAM production due 
to its relatively lower product inhibition than other MATs. However, SAM yield was 
limited by its low specific activity. Herein, saturation and combinatorial mutagenesis 
of residues lining the substrate-binding pocket were performed to enhance the catalytic 
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performance of BfMAT. Furthermore, based on molecular dynamic simulation, mecha-
nisms of enhanced activity and catalytic efficiency were elucidated.

Material and Methods

Bacterial Strain, Plasmid, and Reagents

Strains E. coli BL21(DE3), E. coli DH5α, and plasmid pET28a( +) were preserved in 
our laboratory. The genomic DNA was extracted from E. coli BL21(DE3) using bacte-
rial genomic DNA extraction kit. E. coli DH5α was used to preserve plasmids. E. coli 
BL21(DE3) was used to express recombinant MATs. All the reagents of biochemical grade 
were obtained from domestic companies.

Construction of Recombinant Strain

MAT encoding gene from E. coli was amplified by 2 × Phanta Max Master Mix with the fol-
lowing primers: 5′- cagcaaatgggtcgcggatccATG GCA AAA CAC CTT TTT ACGTC-3′ (for-
ward primer) and 5′- tgcggccgcaagcttgtcgacTTA CTT CAG ACC GGC AGC ATC-3′ (reverse 
primer), which contain restriction endonuclease sites of Bam HI and Xho I (underlined) 
and homologous fragments to vector pET28a( +). MAT encoding genes from Campylobac-
ter jejuni (VTX77142.1), Cryptosporidium parvum (XP_628436.1), Thermococcus koda-
karensis (WP_011249500.1), and Bacteroides fragilis (WP_005783643.1) were cloned 
in the pET28a( +) by the Tianlin Biotechnology (Wuxi, China). Vector pET28a( +) was 
double digested by restriction endonucleases BamH I and Xho I, and the consequent seg-
ments were purified by Gel Purification Kits. After cloned with Seamless Cloning Kits, 
the recombinant plasmid pET28a-MAT was transformed into E. coli to obtain recombinant 
strain E. coli BL21(DE3)/pET28a-MAT.

Expression and Purification of MATs

The recombinant strain E. coli BL21(DE3)/pET28a-MAT was cultivated in LB medium 
containing 50  µg/mL kanamycin at 37 ℃, with 180  rpm shaking overnight, then inocu-
lated into 40  mL fresh LB medium containing 50  µg/mL kanamycin. When the  OD600 
reached 0.6–0.8, the recombinant strain was induced with 0.2  mM isopropyl-β-D-
thiogalactopyranoside (IPTG) and cultivated at 25 ℃, with shaking at 180 rpm for 12 h. 
Cells were harvested by centrifugation at 8000 × g for 5 min at 4 °C. After washing with 
100 mM Tris–HCl buffer (pH 8.0), the cell pellets were re-suspended in the same buffer, 
then ultrasonicated at 300 W for 10 min to obtain crude enzyme solution. After centrifuga-
tion, the crude enzyme solution was purified by Ni–NTA affinity column. Purified MAT 
was verified by SDS-PAGE and stored at − 80 ℃.

High‑Throughput Screening Method of MATs

The high-throughput screening method was established according to the literature [17]. 
Phosphate produced by the MAT can form a blue substance with ammonium molybdate in 
an acidic environment and has a characteristic absorption peak at 655 nm. The assay was 
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performed in 96-well plates. Three MATs and the variants were cultivated in 96-well plate 
containing 300 µL LB medium with 50 mg/L kanamycin in each well at 37 ℃ 180 rpm for 
8 h. Culture (50 µL) mentioned above was withdrawn into another 96-well plate contain-
ing 600 µL LB medium with 50 mg/L kanamycin, then cultivated at 37 ℃ 180 rpm for 2 h. 
After cultivation, IPTG was added to each well to a final concentration of 1.4 mM, then the 
plate was cultivated at 25 ℃ 180 rpm for 12 h. The plate was centrifuged at 8000 × g for 
5 min at 4 °C, the cells were re-suspended with 400 µL 750 mg/L lysozyme dissolved in 
100 mM Tris–HCl buffer (pH 8.0), then incubated at 37 ℃ 180 rpm for 1 h to obtain cell 
lysates.

For activity assay, 19 µL cell lysate was mixed with 6 µL substrate solution (100 mM 
KCl, 20  mM  MgCl2, 2  mM ATP, and 10  mM methionine in 100  mM Tris–HCl buffer, 
pH 8.0). After incubation at 37  °C for 10  min, 25 µL ammonium moly bate (1% w/v 
 (NH4)6Mo7O24·4H2O in  ddH2O) and 50 µL L-ascorbic acid (12% w/v L-ascorbic acid in 
1 M HCl) were added. Following incubation at room temperature for 5 min, a solution con-
taining 2% w/v acetic acid and 2% sodium citrate tribasic dihydrate in  ddH2O was added. 
The reaction was incubated at room temperature for 15 min. The concentration of phos-
phate was determined at 655 nm in a microplate reader (BioTek PowerWave XS2). Variants 
that showed a deeper blue than their wild type were isolated for another round of screening. 
The product inhibition of MAT was determined by the method mentioned above with addi-
tional SAM of different concentrations.

Saturation Mutagenesis of BfMAT

Primers were designed by CE designer (Table S1). PCR mixture contained 0.5 µL template 
(50 ng/µL), 1 µL forward primer, 1 µL reverse primer, 12.5 µL 2 × Phanta Max Master Mix, 
and 10 µL  ddH2O. The PCR amplification procedure included pre-denaturation at 95 ℃ for 
30 s, 95 °C for 15 s, 55 °C for 15 s, 72 °C for 360 s (25 cycles), and complete extension at 
72 °C for 5 min. The PCR template was digested with Dpn I. The digested products were 
transformed into 100 µL competent cells. Cells were cultivated in 800 µL LB medium at 
37 °C for 1 h, then 100 µL cells were spread on LB solid plate and cultured overnight to 
obtain recombinant variants.

Biosynthesis of SAM Catalyzed by BfMAT and Its Variants

The reaction was performed based on the previous report [14] with slight modification. 
The reaction mixture (500 µL) contained 100  mU/mL BfMAT solution, 20  mM  MgCl2, 
100 mM KCl, 10 mM ATP, 10 mM Met, and 100 mM Tris–HCl Buffer pH 8.0. The reac-
tion was conducted at 30 ℃ and was terminated by 200 µL 20% perchloric acid. One unit 
of BfMAT activity is defined as the amount of enzyme required to catalyze the production 
of 1 µmol of SAM per min. The reaction mixtures were subjected to HPLC analysis.

Kinetic Parameter Assays

The kinetic parameters of MAT were determined in 100 mM Tris–HCl (pH 8.0), 20 mM 
 MgCl2, 100 mM KCl, 2 mM L-methionine, and varying amounts of ATP (0.001 − 2 mM). 
The reaction was performed with 10 µL 100 mU/mL MAT in 500 µL reaction mixture at 
37 ℃ for 10 min, and 100 µL 20% (v/v) perchloric acid was added to stop the reaction. 
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After centrifugation at 12,000 rpm for 10 min, the product SAM was determined by HPLC 
(Agilent Technologies 1260 infinity).

For HPLC analysis, a Diamonsil C18 column (250 mm × 4.6 mm, 5 µm) as the station-
ary phase was used. The mobile phase consisted of a mixture of V (50 mM  KH2PO4, 5 mM 
sodium pentanesulfonate) and V (methanol) in a ratio of 85:15. The pH of the mobile phase 
was adjusted to 3.5 to ensure optimal separation. The flow rate was set at 1 mL·min−1 to 
maintain efficient elution of compounds. For each sample, 10 µL was injected into the sys-
tem, and detection was performed at a wavelength of 210 nm. The column temperature was 
maintained at 25 °C throughout the analysis to ensure reproducibility and accurate quan-
tification of the target compounds. The mobile phase was 50 mM potassium dihydrogen 
phosphate (pH was adjusted to 2.5 with phosphoric acid). The peak retention time for SAM 
was observed at 2.289 min in the chromatographic analysis (Fig. S5). Kinetic parameters 
were calculated by nonlinear regression using GraphPad Prism.

Structure Modeling and Molecular Docking

Structure model of MAT was constructed by AlphaFold (https:// alpha fold. ebi. ac. uk/) [18, 
19]. AlphaFold produced a per-residue confidence score (pLDDT) between 0 and 100. 
pLDDT greater than 90 indicates a high degree of structural confidence. Regions below 
50 pLDDT could be unstructured in isolation. pLDDT between 50 and 90 indicates that 
credibility needs to be considered [18, 19]. Molecular docking calculations with ATP as 
the ligand were accomplished using the CDOCKER module under a default setting within 
the active site defined by the Binding-Site module. Briefly, receptor proteins were prepared 
by eliminating all bound water molecules. Hydrogen atoms were added to the protein opti-
mized by a CHARMm force field. Amino acid residues enclosed within a 5 Å radius sphere 
centered on the active pocket were selected to create protein conformations and refine side 
chains. The most stable docking pose with the highest score in CDockScore was chosen as 
the docking model. Pymol was used for protein structure visualization, and Discovery Stu-
dio was used for molecular docking.

Molecular Dynamic Simulation

The obtained protein–ligand complex structure of wild-type BfMAT (WT) and variants 
were subjected to molecular dynamic (MD) simulation using GROMACS 2019.5, with 
GROMOS96 43A1 combined atomic force field. Parameters and topology of ATP used 
in this study were generated using PRODRG2 web server [20]. The unit box is defined 
as a cube. The edge of the box is 1 nm away from the molecular edge. In addition, differ-
ent numbers of sodium and chloride ions if needed are added according to the system. In 
the next step, the energy was minimized and then followed by the equilibration with posi-
tion restraint on the protein molecules for 0.1 ns using NVT and NPT ensembles. Finally, 
molecular dynamics simulation was performed at a time scale of 50  ns. The molecular 
dynamics simulation results were plotted and analyzed by Qtgrace and Dulvy tools.

Interaction and Energy Calculation

The intermolecular interactions are divided into van der Waals interaction and Coulomb 
interaction in GROMACS. van der Waals interactions include short-range Lenard Jones 

https://alphafold.ebi.ac.uk/
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potential (LJ) and long-range dispersion interaction. Coulomb interactions include short-
range Coulomb interaction and long-range Coulomb interaction. In this study, the van der 
Waals force between proteins and ligands mainly focused on LJ potential energy. Coulomb 
interaction is generally considered as long-range interaction, and Particle-mesh Ewald 
(PME) method is used to deal with the Coulomb interaction in the main body simulation. 
Short-range and long-range Coulomb interactions are added in the reciprocal space to be 
the final Coulomb interaction [21]. The energy mentioned above was calculated using the 
GMX energy module in GROMACS.

Results and Discussion

Gene Mining of MAT Encoding Genes

MAT from E. coli (EcMAT) is mostly studied due to its high expression level, easy puri-
fication, and resolved crystal structure [14, 22]. However, severe product inhibition of 
EcMAT limits its applications. To explore more MAT candidates, gene mining was per-
formed with EcMAT as a probe in NCBI (https:// www. ncbi. nlm. nih. gov/). According to 
the sequence alignment (Fig. S1), four MATs sharing 40.0–51.6% sequence identity with 
EcMAT were selected and expressed in E. coli BL21(DE3), including Campylobacter 
jejuni MAT (CjMAT), Cryptosporidium parvum MAT (CpMAT), Thermococcus kodaka-
rensis MAT (TkMAT), and Bacteroides fragilis MAT (BfMAT).

The product inhibition of the above MATs was determined in the presence of 0.1–1 mM 
SAM. As illustrated in Fig. 1a, the residual activities of all MATs gradually decreased as 
the increasing SAM concentration. Among them, CjMAT and BfMAT showed better prod-
uct tolerance. At 1 mM SAM, residual activities of CjMAT and BfMAT were 95.3% and 
82.3%, while those of EcMAT and TkMAT were merely 47.8% and 43.6%, respectively. 
The specific activities of these MATs were also investigated. As shown in Fig. 1b, EcMAT 
exhibited the highest specific activity (1.89 U/mg) and CjMAT had the lowest activity 

Fig. 1  Product inhibition (a) and specific activity (b) of MATs from various microorganisms. Reactions 
were performed using the same amount of WT and variants (100 mU/ mL) at 5 mM MET and 5 mM ATP. 
For production inhibition experiments, 0–1 mM SAM was added. The activity of reaction without SAM 
was defined as 100% for the relative activity

https://www.ncbi.nlm.nih.gov/
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(0.23 U/mg). BfMAT and TkMAT showed around half activity of EcMAT. Notably, the 
specific activity of BfMAT was nearly 4 times higher than that of CjMAT. Therefore, con-
sidering its lower product inhibition and moderate specific activity, BfMAT was chosen for 
further investigations.

Structure Modeling and Semi‑rational Engineering of BfMAT

Three-dimensional structures of proteins can provide molecular insights into their catalytic 
mechanism [23]. Herein, AlphaFold was employed to construct the structure model and 
guide the modification of BfMAT. The reliability of the predicted structure was evaluated 
by pLDDT score. As shown in Fig. S2, only one residue Gly105 gave a score of 66.66, 
and 94.1% of residues received high scores (pLDDT > 90), indicating the high confidence 
of the structural model of BfMAT constructed by AlphaFold [24], which was used for 
molecular docking. Considering that ATP is significantly larger than Met and negatively 
charged, engineering of ATP binding pocket could be critical for the enzymatic activity 
of BfMAT. As shown in Fig. 2, 16 residues (Val39, Ala40, Glu42, Glu55, Gln98, Ile102, 
Asp118, Thr267, Gly268, Ile271, Gly284, Gly285, Ala286, Lys290, Lys294, Asp296) 
within 5 Å around ATP were selected, among which 3 residues (Glu42, Glu55, Lys290) 
displayed electrostatic interactions with ATP and 2 residues (Ala40 and Ile102) showed Pi-
alkyl interactions with ATP.

Saturation mutagenesis of the above-mentioned sites was performed, and the libraries 
were screened by the high-throughput screening (HTS) method. Five variants showed sig-
nificantly improved specific activities. As shown in Fig. 3, the specific activities of single 
variants E42M, E42R, E42C, E55L, and K290I were increased by 37.2%, 25.6%, 34.9%, 
18.6%, and 19.8% compared with that of WT (0.86 U/mg). Based on the docking results 
(Fig.  2), electrostatic interactions between residues E42, E55, and K290 and ATP were 
observed in WT. When residues E42, E55, and K290 were substituted with uncharged 
amino acids (e.g., Met, Cys, Leu, and Ile) and positively charged amino acid Arg, their 
catalytic activities were significantly increased, indicating that modification of electrostatic 
interactions in ATP binding pocket may contribute to the enhanced activity.

Combinatorial mutagenesis of the above single mutations was performed. All double 
variants harboring E55L, including E42M/E55L, E42R/E55L, E42C/E55L, and E55L/

Fig. 2  Molecular docking of BfMAT with ATP. a Three-dimensional views of the interactions between key 
residues and ATP. b Two-dimensional views of the interactions between key residues and ATP. Hydrogen 
bonds: green dashed lines; attractive electrostatic interactions: orange dashed lines; Pi-alkyl interactions: 
purple dashed lines
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K290I showed 63.9–86.0% increased activities, suggesting E55L might have synergis-
tic effects with E42M, E42R, E42C, and K290I, whereas variants E42M/K290I, E42R/
K290I, and E42C/K290I showed no detectable activity. Subsequently, triple variants M3-1 
(E42M/E55L/K290I), M3-2 (E42R/E55L/K290I), and M3-3 (E42C/E55L/K290I) were 
constructed, and their specific activities were 110.5–125.6% higher than that of that of WT, 
respectively (Fig. 3). These three triple variants were subjected to further characterization 
and computational study to understand the mechanism of improved activity.

Enzymatic Characterization of BfMAT and Its Variants

Kinetic Parameters

Kinetic parameters of BfMAT and its variants were determined at varying ATP concen-
trations (0.001–2  mM) and 2  mM Met. Kinetic parameters of single, double, and triple 
mutants were listed in Table 1. Compared with WT, E42M and E42C displayed the similar 
Km value, but their kcat/Km values were increased by 62.6% and 58.4%, indicating simi-
lar substrate binding capacity and enhanced catalytic efficiency. The Km values of E55L, 
E42R, and K290I were 55.6%, 71.6%, and 67.2% higher than that of WT, suggesting 
reduced substrate affinity. Their kcat/Km values are similar to that of WT. The Km value of 
double variant E42R/E55L was 17.5% lower than that of WT, and its kcat/Km value was 
127.1% higher than that of WT, suggesting the synergistic effect of E42R and E55L on 
enhanced substrate affinity and catalytic efficiency. There is no significant change in Km 
values of E42C/E55L and E55L/K290I, while E42M/E55L displayed a 54.8% increase in 
Km value.

The kcat/Km values of triple mutants M3-1, M3-2, and M3-3 were 4.22, 1.88, and 
7.81 times that of WT, respectively. Overall, the lowest Km value of 11.11  µM was 
determined with M3-3, which is 60.6% lower than that of WT (28.21  µM), indicating 
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Fig. 3  Specific activities of BfMAT WT and variants of reaction mixture. The mixture (0.5 mL) containing 
100 U/mL of purified enzymes, 10 mM ATP, and Met in Tris–HCl buffer (pH 7.5 or 8.0) was incubated at 
37 ℃ for 10 min at 120 rpm. The reaction was terminated by adding 200 µL 20% perchloric acid
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its stronger binding capacity with ATP. M3-3 has the highest kcat/Km value of mutants 
(218.72  s−1·mM−1), which is 7.81-fold of WT (28.00  s−1·mM−1). Compared with WT, the 
kcat/Km value of M3-2 was increased by 1.88-fold due to its enhanced kcat value, although 
its Km value was 52.5% higher than that of WT. The Km and kcat/Km values of M3-1 were 
19.36 µM and 118.29  s−1·mM−1, which was 31.4% lower and 3.22-fold higher than those 
of WT, respectively.

Optimal pH and Temperature

Influences of pH on BfMAT and its triple variants (M3-1, M3-2, and M3-3) were further 
investigated. As shown in Fig. 4a, the optimal pH of WT was 8.0, and the activity remained 
stable (> 90% relative activity) over the range of pH 7.5–8.0. However, its activity dra-
matically decreased when pH was below 7.5 or above 8.0. Compared with WT, the optimal 
pH of the triple variants shifted from 8.0 to 7.5. Within the range of pH 8.0–9.0, variants 

Table 1  Kinetic parameters of 
BfMAT WT and variants

E42M/K290I, E42R/K290I, and E42C/K290I are not included since 
no activity was detected. The Michaelis–Menten equation curve for 
the WT is depicted in Fig. S6

Km (µM) kcat  (s−1) kcat/Km  (s−1·mM−1)

WT 28.21 0.79 28.00
E42M 31.70 1.38 43.53
E42R 48.41 1.47 30.37
E42C 29.98 1.33 44.36
E55L 43.90 1.22 27.79
K290I 47.17 1.51 32.01
E42M/E55L 43.68 1.45 33.20
E42R/E55L 23.27 1.48 63.60
E42C/E55L 27.44 1.52 55.39
E55L/K290I 27.29 1.60 58.63
E42M/E55L/K290I 19.36 2.29 118.29
E42R/E55L/K290I 43.03 2.26 52.52
E42C/E55L/K290I 11.11 2.43 218.72

Fig. 4  Optimal reaction pH (a) and temperature (b) of BfMAT WT and variants. Tris–HCl buffers (0.1 M) 
of pH 7.0, 7.5, 8.0, 8.5, and 9.0 were used. The highest activity was defined as 100% for the relative activity
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displayed relative activities of 40–50%. The change of the optimal pH of variants may be 
attribute to the decreased electrostatic interactions between ATP and residues (E42, E55, 
and K290), which may affect the polarity of BfMAT.

Effects of reaction temperature on activities of BfMAT and its triple variants were also 
investigated. As shown in Fig. 4b, both WT and the variants displayed the same optimal 
temperature of 60 ℃, as well as similar relative activity profile over 20–80 ℃. With the 
increase of temperature, the activities of BfMAT and variants gradually increased to the 
maximum at 60 ℃ and then began to decline. It indicates that mutations have little effect 
on the optimum reaction temperature of BfMAT.

Product Inhibition

Apart from catalytic activity, product inhibition of MAT is also an important limitation 
factor for SAM production. The product tolerance of three triple variants was investigated 
in the presence of varying SAM concentrations (0–1  mM). As showed in Fig.  5, M3-1 
exhibited better product tolerance than WT, while variants M3-2 and M3-3 showed slightly 
higher product inhibition than WT. At 1  mM SAM, M3-1 and WT retained over 80% 
residual activities, and M3-2 and M3-3 only remained less than 70%. Consequently, variant 
M3-1 has both enhanced activity and lower product inhibition than WT.

Mechanism of Enhanced Catalytic Performance of BfMAT Variants

Interaction Analysis

MAT-catalyzed reaction is initiated by the sulfur atom of Met, which attacks the carban-
ion of the adenosine group in ATP (Fig. S3). However, electrostatic interactions near the 
substrate pocket can potentially hinder the attack of sulfur-positive ion, suggesting that 

Fig. 5  Product inhibition of 
BfMAT WT and variants. SAM 
(0–1 mM) was added to investi-
gate the product tolerance. The 
activity of WT was defined as 
100% for the relative activity
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electrostatic interactions may not be conducive to the reaction. To further investigate the 
mechanism for enhanced catalytic performance, molecular dockings of the triple vari-
ants (M3-1, M3-2, and M3-3) with ATP were performed, and the interactions were ana-
lyzed. Five electrostatic interactions between ATP and residues E42, E55, and K290 were 
observed for WT (Fig. 6a). However, these electrostatic interactions disappeared in vari-
ants M3-1 (Fig. 6b) and M3-3 (Fig. 6d). Only one electrostatic interaction was retained in 
M3-2 due to the introduction of a positively charged amino acid Arg at 42 (Fig. 6c). The 
attenuated electrostatic interactions between ATP and the variants could be favorable for 
ATP binding, and thus lead to enhanced catalytic efficiency. Consistent with the electro-
static interaction analysis, variant M3-2 exhibited a higher Km value compared with WT 
(Table 1).

MD Simulation and Energy Analysis

MD simulations of WT and triple variants (Fig.  S4) were conducted to quantify the 
energy change of BfMAT-ATP complex. Coulombic interaction is calculated based on the 
Schrödinger equation that the forces operating within molecules and molecular complexes, 
which necessarily entails electrostatics [25]. As shown in Table 2, the coulomb interac-
tion energy of M3-1, M3-2, and M3-3 with ATP were − 5.16, − 17.67, and 25.76 kJ/mol, 

Fig. 6  Interactions between ATP and residues around binding pocket of BfMAT WT and variants. a Interac-
tions of WT with ATP. b Interactions of E42M/E55L/K290I with ATP. c Interactions of E42R/E55L/K290I 
with ATP. d Interactions of E42C/E55L/K290I with ATP. Residues are shown as stick models. Hydrogen 
bonds: green dashed lines; attractive electrostatic interactions: orange dashed lines; Pi-alkyl interactions: 
purple dashed lines

Table 2  Energy analysis of BfMAT WT and variants toward ATP

Lennard–Jones interaction 
energy(kJ/mol)

Coulomb interaction 
energy(kJ/mol)

Binding free 
energy(kJ/mol)

WT  − 157.94  − 17.75  − 83.66
E42M/E55L/K290I  − 185.26  − 5.16  − 94.98
E42R/E55L/K290I  − 192.31  − 17.67  − 87.59
E42C/E55L/K290I  − 187.47 25.76  − 92.73
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which were higher than that of WT (− 17.75 kJ/mol), indicating the electrostatic interac-
tion between ATP and substrate pocket is gradually weakening in the variants. In WT, the 
electronegativity of glutamate at sites 42 and 55 may hinder the contact between Met and 
ATP in the substrate binding pocket, and thus is unfavorable for the nucleophilic attacks 
between Met and ATP. Moreover, substitutions of Glu with Met, Arg, Cys, and Lue could 
decrease the effect of electrostatic interaction, leading to significantly enhanced activity.

Besides, the Lennard–Jones interaction energy of M3-1 (− 185.26  kJ/mol), M3-2 
(− 192.31  kJ/mol), and M3-3 (− 187.47  kJ/mol) with ATP are lower than that of WT 
(− 157.94 kJ/mol), indicating that intermolecular van der Waals is beneficial for substrate 
binding, while electrostatic interaction is not. In addition, binding free energy is an impor-
tant parameter in computational biophysics [26]. The binding free energy of WT with ATP 
(− 83.66 kJ/mol) is higher than that of M3-1 (− 94.98 kJ/mol), M3-2 (− 87.59 kJ/mol), and 
M3-3 (− 92.73  kJ/mol), revealing that complexes of variants with ATP are more stable 
than WT (Table 2). Above results show that modification of electrostatic interactions of 
substrate binding pocket can effectively improve the substrate affinity and catalytic perfor-
mance of BfMAT.

Conclusion

Semi-rationally engineering was performed to enhance the catalytic activity of BfMAT. 
The triple variants (M3-1, M3-2, and M3-3) with over 2 times increased specific activity 
were obtained. Variants M3-1 and M3-3 showed 3.22 and 6.81 folds higher kcat/Km values 
than WT, indicating enhanced catalytic efficiency. Based on structural analysis, enhanced 
catalytic efficiency may be attributed to the attenuated electrostatic interactions between 
ATP and three key residues (E42, E55, and K290) in variants. MD simulation analysis 
reveals that the variants exhibit increased coulomb energy and decreased binding free 
energy compared with WT, providing further evidence for the critical role of electrostatic 
interactions in catalytic activity of BfMAT. This study demonstrates the significant effect 
of electrostatic interactions on catalytic performance of BfMAT and provides a potential 
protein engineering strategy for MATs and related enzymes.
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