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Improving the thermal stability of Proteus mirabilis lipase
based on multiple computational design strategies

ZHANG Bifei, LU Cheng, ZHANG Meng, XU Fei

The Key Laboratory of Carbohydrate Chemistry and Biotechnology, Ministry of Education, School of Biotechnology,
Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: Proteus mirabilis lipase (PML) features tolerance to organic solvents and great potential for
biodiesel synthesis. However, the thermal stability of the enzyme needs to be improved before it can be
used industrially. Various computational design strategies are emerging methods for the modification of
enzyme thermal stability. In this paper, the complementary algorithm-based ABACUS, PROSS, and
FoldX were employed for positive selection of PML mutations, and their pairwise intersections were
further subjected to negative selection by PSSM and Ggrgmun to narrow the mutation library. Thereby,
18 potential single-point mutants were screened out. According to experimental verification, 7 mutants had
melting temperature (7;,) improved, and the AT, of K208G and G206D was the highest, which was
3.75 °C and 3.21 °C, respectively. Five mutants with activity higher than the wild type (WT) were selected
for combination by greedy accumulation. Finally, the 7, of the five-point combination mutant M10
increased by 10.63 °C, and the relative activity was 140% that of the WT. K208G and G206D exhibited
certain epistasis during the combination, which made a major contribution to the improvement of the
thermal stability of M10. Molecular dynamics simulation indicated that new forces were generated at and
around the mutation sites, and the rearrangement of forces near G206D/K208G might stabilize the Ca**
binding site which played a key role in the stabilization of PML. This study provides an efficient and
user-friendly computational design scheme for the thermal stability modification of natural enzymes and

lays a foundation for the modification of PML and the expansion of its industrial applications.

Keywords: Proteus mirabilis; lipase; thermal stability; computational protein design; molecular dynamics
simulation
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Figure 1 Schematic diagram of computational design.
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Table 1  Primers used in this study

Primer Primer sequence (5'—3") Size
name (bp)
N17V-F  CTGGCGGGCTTTGTGGAAATTGTG 24
N17V-R  CACAAAGCCCGCCAGGCCATGCAC 24
E18R-F  CGGGCTTTAACCGTATTGTGGGCT 24
E18R-R  CGGTTAAAGCCCGCCAGGCCATGC 24
Q38R-F  AAGATGGCCATCGTGTGTTTACCG 24
Q38R-R  ATGGCCATCTTGGCGCAGCGCATC 24
Q66A-F  AGACCCTGCTGGCAGAAACCCAAG 24
Q66A-R  AGCAGGGTCTGCACAAACTGCCAC 24
VI132I-F TGGAAAAAATTCTGAACGCGTTTG 24
V132I-R  TCCACAATATATTCCGGAATGC 22
G148D-F CGGCCATAGAGACGATCCGCAAG 23
G148D-R CTCTATGGCCGCTAAAGGTGC 21
D152N-F CCGCAACATGCGATTGCGGCG 21
D152N-R  CGCATGTTGCGGATCGCCTC 20
A175G-F CAAATATCCGCAAGGCCTGCCG 22

Al175G-R TTGCGGATATTTGTTGTTAAATTC 24
G206N-F GGCCTGATTGCGAACGAAAAAGGC 24

G206N-R  TCGCAATCAGGCCTTGAAT 19
G206D-F GGCCTGATTGCGGACGAAAAAGGC 24
G206D-R  CCGCAATCAGGCCTTGAATAT 21
K208G-F GCGGGCGAAGGCGGCAACCTGCTG 24
K208G-R GCCCGCAATCAGGCCTTGAATA 22
G209L-F ATTGCGGGCGAAAAACTGAACC 22
G209L-R TCGCCCGCAATCAGGCCTTGA 21
A217R-F GATCCGACCCATCGTGCGATGCG 23
A217R-R  ATGGGTCGGATCCAGCAGGTTG 22
N223A-F GCGCGTGCTGGCCACCTTTTTTAC 24
N223A-R CCAGCACGCGCATCGCCGCATG 22
A251P-F AGATGATTATCCGCAAGATCATA 23
A251P-R  ATAATCATCTTTAATCAGTTTGC 23
1255L-F TCATCTTTAATCAGTTTGCCCAG 24
1255L-R  ATAATCATCTTTAATCAGTTTGC 24
Q286G-F TGGCGAGCAAAGGTCTGTAAGCG 23
Q286G-R TGCTCGCCAGATATTTCGCATG 22
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Triton X-100 & 100 pL ¥ &4 50 mmol/L %
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Table 2 Parameters for mutation designs based on the design by ABACUS and PROSS, the DDG
calculation of FoldX, PSSM scores from conservation analysis, and the co-evolution data from Grgmpin

Mutant ABACUS PROSS FoldX (kcal/mol) Intersection PSSM GREMLIN
N17V S -0.71 ABACUS+FoldX 3 /
EI18R \ -0.50 PROSS+FoldX 6 /
Q38R N -0.52 ABACUS+FoldX 4 /
Q66A N S -0.13 ABACUS+PROSS 5 /
Q69G N S -1.86 ABACUS+PROSS+FoldX 7 /
V1321 S -0.61 ABACUS+FoldX 3 /
G148D \ -1.38 ABACUS+FoldX 1 /
D152N S —0.64 PROSS+FoldX 5 /
A175G S ~1.81 PROSS+FoldX 7 /
G206N S -0.48 ABACUS+FoldX 3 /
G206D \ -0.48 PROSS+FoldX 6 /
K208G S y -0.26 ABACUS+PROSS 7 /
G209L N -1.03 PROSS+FoldX 3 /
A217R S \ -0.46 ABACUS+PROSS+FoldX 2 /
N223A S \ -1.05 ABACUS+PROSS+FoldX 2 /
A251P S \ -1.35 ABACUS+PROSS+FoldX 8 /
1255L S \ -0.68 ABACUS+PROSS+FoldX 5 /
Q286G N -2.01 ABACUS+FoldX 7 /

Note: “/” indicates that there was no co-evolution or Grgmpin Score was less than 0.7 at the site where the design was located.

H FoldX M52 4, Q66A F1K208G K F ABACUS
1 PROSS FI52 %,
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A% 15117 4okl PCR 2848, H 5878
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0.78-3.75 CASE, Hrhddm 3 CLLERYH A%
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Figure 2 Expression, purification, and circular dichromatography of wild-type PML and single-point
mutants. (A) M: premixed protein marker; 1-2: total and soluble protein of E. coli BL21(DE3) cells
harboring pET28a(+)-PML, respectively; 3: purified wild type PML. (B) M: premixed protein marker; 1:
purified wild type PML; 2—19: purified protein of mutant N17V, E18R, Q38R, Q66A, Q69G, V1321, G148D,
DI152N, A175G, G206N, G206D, K208G, G209L, A217R, N223A, A251P, 1255L, Q286G. (C) Full-wavelength
scans. res: residue number. (D) Melting curves.
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T3 BoRTKE Tos ATn Ts. 1 FAFEXTERTE

Table 3 Tw, ATy, Tso, t12 and relative activity of single-point mutants

Mutant Tm (°C) AT, (°C) Tso (°C) t, (min) Relative activity (%)
WT 49.96 0.00 56.70 59.30 100.00
N17V 47.20 -2.76 - - 66.92
E18R 44.76 -5.20 - - 80.93
Q38R 47.97 -1.99 - - 128.87
Q66A 51.74 1.78 58.63 61.36 118.08
Q69G 50.74 0.78 57.36 59.75 110.48
V1321 48.50 -1.46 - - 112.94
G148D 45.79 —4.17 - - 127.56
DI152N 45.64 —4.32 - - 71.93
A175G 48.96 -1.00 - - 133.33
G206N 50.87 0.91 57.92 59.25 135.56
G206D 53.17 3.21 59.23 63.89 137.28
K208G 53.71 3.75 60.53 65.68 130.18
G209L 48.29 -1.67 - - 112.31
A217R 46.05 -3.91 - - 83.55
N223A 48.82 -1.14 - - 117.82
A251P 49.83 -0.13 - - 76.17
12551 52.63 2.67 58.06 62.85 75.03
Q286G 52.36 2.40 57.87 60.52 124.54
Note: “~” indicates that the data has not been determined by experiment.
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Figure 3  Activity and 7T}, of mutants and mutation sites in PML crystal structure. (A) The dots of the same
color contain mutations from the same parent. The dotted arrow indicates the combined path from WT
(brown) to the optimal mutant M10 (green), which contains the best mutant in each round of stacking:
K208G (dark cyan), M3 (orange), M6 (purple), M9 (pink). The horizontal and vertical dotted lines represent
the enzyme activity and T3, of WT, respectively. (B) Mutational sites shown in wild type PML structure. The
mutants with higher 7}, and enzyme activity than WT have a darker color. The catalytic triad of the enzyme

are shown as stick.
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Figure 4 Expression, purification, and circular dichromatography of wild-type PML and its combination
mutants. (A) Wild type PML and combined mutants expression in E. coli BL21(DE3). M: premixed protein
marker; 1: purified wild type PML; 2—11: purified protein of mutant M1, M2, M3, M4, M5, M6, M7, M8, M9,
M10. (B) Full-wavelength scans. res: residue number. (C) Melting curves.

Fd4 HERTERE Tu ATwn Tso b FAEXTEGE
Table 4 Ty, ATy, Tso, t1/2, and relative activity of combination mutants

Mutant Tm (°C) AT, (°C) Tso (°C) t1 (min) Relative activity (%)
WT 49.96 0.00 56.70 59.30 100.00
M1 (K208G+Q66A) 53.39 3.43 60.35 66.59 110.96
M2 (K208G+Q69G) 56.10 6.14 59.34 79.46 115.15
M3 (K208G+G206D) 59.51 9.55 64.56 86.97 133.45
M4 (K208G+Q286G) 53.29 3.33 59.52 64.58 134.20
M5 (M3+Q66A) 59.70 9.74 63.96 90.52 116.20
M6 (M3+Q69G) 59.86 9.90 65.36 91.53 141.21
M7 (M3+Q286G) 59.20 9.24 64.58 88.65 132.50
M8 (M6+Q66A) 60.29 10.33 66.32 90.36 126.14
M9 (M6+Q286G) 60.46 10.50 66.85 95.66 128.17
M10 (M9+Q66A) 60.59 10.63 67.73 98.11 144.36

Note: bold numbers indicate the maximum value of AT}, in each round of greed accumulation, and the mutant is the parent of
next round of accumulation.
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Figure 5 Molecular dynamics simulation for wild type (brown) and mutant M10 (green). (A) The root mean
square deviation (RMSD). (B) The root mean square fluctuation (RMSF).
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Figure 6 Mechanism for improved thermal stability of MI10. (A) G206/K208 area of WT. (B)
G206D/K208G area of M10. (C) Q66/Q69 area of WT. (D) Q66A/Q69G area of M10. (E) Q286 arca of WT.
(F) Q286G area of M10. The catalytic triad is represented by a pink stick model, and Ca®" is represented by a
green ball. The amino acids before and after the mutation are represented by orange and dark green
respectively, the nearby amino acids are represented by silver, and the newly formed hydrogen bonds and salt
bridges are represented by black dotted lines.
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Table 5 Hydrogen bond and salt bridge occupancy I3RS 7 PML % A 1 R s
between residues in mutation regions - °

Atom 1 Atom 2 Occupancy (%) Bonding type 5’3{”\ G206D/K208G lXiajiﬁEFH Vi Eﬂlﬁ iRE
WT Mo SE PML {9 HCATFSE b o B0 AT 5
K/G208.N G/D206.0 0.0 23.5  Hydrogen bond S L (i vk E L e B T 5, ) B
E207.N A205.0 0.1 78.0  Hydrogen bond 3B L 3 15 RG5O RRI 2 1R PML /XMS@
A205N  E207.0E2 0.0 246  Hydrogen bond % G202E M K208N %A%, it X B4R kAT
R220.NH2 E207.0E2 7.9 99.0 Salt bridge Eﬂ.xjr&%g §|J %%/—E{ C32+é§%’fj‘—[‘}§ I}ﬁﬁ E/J *H Ia 100p
G209.N V265.0 0.0 19.1 Hydrogen bond . _ .
G209N  N268.0DI 00 179  Hydrogen bond WE S, HE207 53+ as BAYR220 WWIE AL T
Q/A66.N  L64.0 0.0 6.8 Hydrogen bond E %%ﬁﬁﬁ%éﬁ%*ﬁ@“ , PML *Hiﬁf’%ﬁéifﬁ
T68.N L65.0 0.3 5.0 Hydrogen bond T ) .
Q/G286N 12820 0.0 3.9 Hydrogen bond NG Wi (Pseudomonas aeruginosa lipase,
Q/G286.N  S284.0 0.2 4.7 Hydrogen bond PAL) £ Ca?" g5 A i EHEZ By 5 a3t
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