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17 Supporting methods

18 Molecular dynamics simulation

19 Molecular dynamics simulations were performed using GROMACS-2022 

20 software1 and GPU acceleration was used. The initial all-atom coordinates were derived 

21 from the crystal structure (PDB ID: 6a50)2. The amber99sb-ildn3 all-atom force field 

22 was used to model GALS-M3 and WT. After ThDP binds to the enzyme backbone, 

23 there will be proton transfer and conformational changes (Figure S1b), so the charge 

24 distribution is significantly different from that of ThDP in the AP state. When Mg2+ 

25 ions cooperate with the coenzyme ThDP, the charge distribution of each atom of ThDP 

26 will be affected. Gaussian 16 combined with Ambertools 23 was used to fit the 

27 electrostatic potential charge of the Mg2+-ThDP complex and the single ThDP. The 

28 functional used b3lyp and the basis set used 6-311+g(d,p). In the modeling process of 

29 Mg2+-ThDP complex and single ThDP, ThDP adopts the enamine-carbon anion 

30 conformation (Figure S12). The ThDP conformation in this form is the near reaction 

31 conformation of the aldehyde condensation reaction4.

32 Periodic boundary conditions were applied and the explicit water model TIP3P5 

33 was used to solvate the entire system. TIP3P water filled the entire dodecahedral water 

34 box (the protein was located in the center of the box and the minimum distance from 

35 the boundary was 10Å). Na+ and Cl- were used to balance the system charge to make 

36 the net charge of the system 0. The cutoff distance for short-range non-bonded 

37 interactions (short-range van der Waals forces and short-range Coulomb forces) was 

38 set to 14Å, and the long-range electrostatic interactions were treated using the PME 

39 method6. The grid spacing of the FFT was set to 1.6Å.

40 The steepest descent algorithm and the conjugate gradient method were used in 

41 combination to fully relax the entire system, with a maximum force of 1 kJ/mol/nm. 

42 The temperature was increased and the pressure was equilibrated by canonical 

43 ensemble (NVT) simulations and isothermal isobaric ensemble (NPT) simulations. 

44 During the NVT, the system temperature was uniformly increased to 310 K by 

45 simulated annealing, and the temperature was controlled using a V-rescale thermostat7. 

46 During the NPT, the temperature was controlled at 310 K and the system pressure was 



47 equilibrated at 1 bar using a Berendsen barostat8 . The equilibrium simulation time was 

48 100 ps. After the NVT and NPT, a formal MD simulation was performed for 20 ns, at 

49 which the system temperature was controlled at 310 K using a Nose-Hoover thermostat9 

50 and the pressure was controlled at 1 bar using a Parrinello-Rahman barostat10 . The 

51 formal MD simulation was performed three times in parallel, each with a different 

52 random initial velocity. The Newtonian equations of motion were integrated using the 

53 leap-frog algorithm with an integration step of 2 fs, and the bonds were constrained 

54 using the LINCS algorithm11. During the simulation, both the protein and the ligand 

55 were restrained by a force constant of 1000 kJ/mol·nm2.

56 After the simulation, the rms and rmsf modules of GROMACS were used to 

57 extract the RMSD of the protein skeleton and ThDP and the RMSF of each amino acid 

58 of the protein; the cluster module was used to perform protein conformation clustering 

59 analysis and extract the stable state protein conformation. The clustering method was 

60 gromos12 , and the RMSD cut-off was set to 0.1nm. Caver2.013 was used to analyze the 

61 tunneling situation during the simulation, and the stable protein conformation (15ns-

62 20ns) was taken for tunneling scanning calculation. Starting from the 15ns (including 

63 the 15ns), the trajectory file was sampled every 10ps, and finally a protein conformation 

64 sample containing 501 frames of continuous frames was obtained for tunneling 

65 analysis.

66
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68 Supporting Tables

69

70 Table S1. Primers used in this study.

Primers Sequence

W463X-F ctgcgtnnkttcgctggtgttctggaagc

W463X-R cagcgaamnnacgcagcataccgtaggtacc

T87X-F gctcgtnnktctcactctccgctgatcgt

T87X-R gagtgagamnnacgagcgttagacagagcaccc

G401X-F ctgctnnkggtctgggtttcgctctgcc

G401X-R ccagaccmnnagcagcgcagaagtagtaagaacc

C398X-F ctacttcnnkgctgctggtggtctgggt

C398X-R caccagcagcmnngaagtagtaagaacccgg

F397X-F ctacnnktgcgctgctggtggtctgggtttc

F397X-R cagcgcamnngtagtaagaacccgggttacgc
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72 3. Supporting Figures

73

74

75 Figure S1. Structure of thiamine pyrophosphate (ThDP) and thiamine (VB1). a. 

76 ThDP. b. Structural changes of ThDP during the reaction. ThDP is mostly in the form 

77 of AP when not bound to the enzyme. It is activated to IP by proton transfer when bound 

78 to the enzyme, and then forms a ylide in the near-reaction state and an enamine-

79 carbanion form by proton transfer.

80



81

82 Figure S2. Coefficient of variation (CV) determination of TTC method. WT were 

83 cultured in 96-well plates and the response of all WT at 510 nm was measured when 

84 derivatized with TTC.

85



86

87 Figure S3. Catalytic activity screening of active clones in the saturation mutant 

88 library. The Y-axis corresponds to the relative activity of the variants compared to the 

89 WT. The X-axis corresponds to the number of clones in descending order. The clones 

90 with an activity 1.18 times higher than that of the WT were selected for sequencing 

91 analysis. a. W463X library; b. T87X library; c. G401X library; d. C398X library; e. 

92 F397X library.
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94

95 Figure S4. Michaelis-Menten plots of variants catalyzing FALD condensation to 

96 form GALD. a. Variant A416T; b. Variant T87A/A416T; c. Variant A416T/W463I; d. 

97 Variant T87A/A416T/W463I. The enzyme addition amount was 0.1 mg/mL and the 

98 reaction temperature was 37°C. The reactions were performed independently at pH 8. 

99 The data in a-d represent means ± s.d., as determined from n = 3 independent 

100 experiments.
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102

103 Figure S5. Changes of RMSD of WT and M3 protein backbone over time during 

104 three parallel 20 ns MD simulations. a. Changes of RMSD of WT protein backbone 

105 over time during three parallel 20 ns MD simulations. b. Changes of RMSD of M3 

106 protein backbone over time during three parallel 20 ns MD simulations.

107



108

109 Figure S6. The change of gyration radius of WT and M3 proteins over time during 

110 three parallel 20 ns MD simulations. a. The change of gyration radius of WT protein 

111 over time during three parallel 20 ns MD simulations. b. The change of gyration radius 

112 of M3 protein over time during three parallel 20 ns MD simulations.
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114

115 Figure S7. Changes and distributions of Curvature, Length, Min_radius, and 

116 Radius (Average_Radius) of Tunnel A in 15 ns-20 ns WT and M3 proteins during 

117 the simulation. a. Changes and distributions of Min_radius of Tunnel A in 15 ns-20 ns 

118 WT and M3 proteins during the simulation. b. Changes and distributions of Radius 

119 (Average_Radius) of Tunnel A in 15 ns-20 ns WT and M3 proteins during the 

120 simulation. c. Changes and distributions of Curvature of Tunnel A in 15 ns-20 ns WT 

121 and M3 proteins during the simulation. d. Changes and distributions of Length of 

122 Tunnel A in 15 ns-20 ns WT and M3 proteins during the simulation.
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124

125 Figure S8. Relative positions and bonding diagrams of residues 416 and L403 in 

126 WT and M3. Residues 416, L403, and ThDP are represented as stick models. Gray 

127 represents WT; orange represents M3; and green lines represent hydrogen bonds.
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129

130 Figure S9. RMSF of all amino acids for WT and M3 during three parallel 20 ns 

131 MD simulations.
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133

134 Figure S10. Probability of hydrogen bonding between residue L403 and ThDP in 

135 WT and M3.
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137
138 Figure S11. Optimization of whole-cell catalytic reaction conditions. a. Optimizing 

139 reaction pH. b. Optimizing reaction temperature.

140
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142

143 Figure S12. Initial ThDP modeling conformation and its atomic nomenclature. The 

144 molecule is shown as a stick model, with C atoms in gray, S atoms in yellow, N atoms 

145 in dark blue, P atoms in orange, and O atoms in red.



147

148 Figure S13. SDS-PAGE of WT and activity-enhanced variants. All sample volumes 

149 were kept the same to facilitate observation of the effect of mutations on enzyme 

150 expression.
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