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Fig. 1 Sensitive site localization: (a) CAVER3 analyzes protein channels; (b) Tensile kinetics explores substrate channels, which are divided

into active pocket areas, binding energy mutation areas and solvent contact areas in turn; (c) and (d) Conformational analysis of two

areas with radical changes in binding free energy
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Fig.2 Determination of catalytic performance of key mutants: (a) Screening results of "small and smart" mutant library; (b) Comparison of

catalytic performances before and after catalytic inhibition
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Fig. 3 Catalytic performance of iterative combination mutants
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Table 1 Kinetic parameters characterization of channel mutants and parents of PaBVMO
Mutation keat/s™! Kyp/(umol'L™)  Kj/(umol-L™")  keyy/K/(umol-L"-s™)  Specific activity/(U'mg™")  Fold of TON
PaBVMOyp 1.94+0.32 4244327 200.3 +92.7 0.46 = 0.07 1.33£0.17 1.0°
PaBVMOpp; possi 3.77+0.07 6.05+0.55 325.4+7.7 0.62+0.01 2.77+0.14 4.9%,2.8°
PaBVMOwp_G398A 3.06+0.23 1031+ 1.5 260.0+4.2 0.30 +0.02 2.22+0.06 5.5% 6.3
PaBVMOy Gasor 6.72+3.82 5.60 +2.92 105.7 7.1 1.20+0.89 4.38 +£0.06 L5
PaBVMOy; passiiGaosa  1.69 £0.07 7.17+1.68 690.9 +225.0 0.24+0.10 1.47 +0.03 16"
PaBVMOyp, Gosorrass. 10.87+1.56  26.91+3.91 176.1+£7.1 0.40 + 0.06 4.91+0.12 2.5%,2.9°

a—Yield increase ratio after 60 min reaction at 25 °C; b—Yield increase ratio after 1440 min reaction at 25 C
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Fig. 4 Parameter fitting curves: (a) Key mutant half-life fitting; (b) Kinetic parameter fitting

A T WY R, YIS FADq, 1Y 5[]
FE B RGN, R — R LS 4 C2, [RIR R AR Y
EEWE CIH B, Kb Q2L bRy H
FAD ® i HZ5G 0 55, FRUEY K, ¥4 K, IR £
J1 B, AR R Bt BB A AL R T BVMO E A {52
(Rotated FA%R) B8 it 4k A= = 25 A A 21 5 i

R FE— 20 AT R R AR B, A SCHR O 2 A
BEICHATEEZ N, WK 6(a) Frn . 45 R FEH,
bR T IR 45 B4 A8k 2 4h, FAD 25438 b A4~
XK X I, (Loop, Fl Helix,) RIS St & 4= T B & &
Heo dE—2 0 OB 15 FAD 19456 A Hifk
( AGy ), 25 7R PaBVMOgsosn ¥ FAD HA B 5 3%

26t
=
=
=
\tm
54

16 |

0 5 10 15 20
Dist FADc4y KTCc-0 of PaBYMOM2/10 10 m
(a) PaBVMOm2

(& 2), Hop 44~ Gl BR 3L (G21. S23. E43,
K44) 1 fg it 228 fk 57wk % o & (K 6(b), K
AAX(Mut-WT) b 58 7% Hij J5 19 BE & 2 1k, X b EEL,
EGB. ESURF. G. VDWAALS), H H & 5 9% A
H AR (AEEL) FIAk M7 5155 (AEGB) 128460 R
B#E. K 6() 45 RN, 15 C2MAE T, AL
B EL A o3 A S B R AR T R, L E R TR A
i F ) 4 FHER Loopl Al Helix1 X 1, iZ## 5
AEEL Fil AEGB 1722 {55 BE W &, 22 B L far i 4R
AL T R R R S| . L, B — S BRI
AR R BIL < JEC 438 18 N R EEFR Loopse;ge 1% 38
i TR L fr A3 A, B4 UR Sl FAD fif [ 7 2 (0] A9 il

Free energy/(kJ-mol 1)

0 5

10 15

Dist FADc4a KTCc=0 of PaBVMOg395a/1 0 0m

(b) PaBVMOg398a

€5 PaBVMO,;, 5 PaBVMOg;ss M5 /375
Fig. 5 Conformationnal distribution of PaBVMO,, and PaBVMO ;3054



A, A5 B TR T 2 B BT S PaB VMO HE AL A IR - Fe i e = F P[] 321

—AAVDWAALS (Mut-WT)

- 10 pe=—AAEEL (Mut-WT)
8 —AAEGB (Mut-WT)
5 5t —AAESURF (Mut-WT)
2 == AAG (Mut-WT)
L O —q T
> =}
B E -5

) o —10F

S £
RN f\,%{ A g 15t
i 1- l \ M L L L L
S23 E43 G21 K44
(b)

K6 (a)Cl '?C2 F G Hr A LA A3 A B A (L, CLs B, €2); (b) FR 3L RE 1k i TR AE L

Fig. 6 (a) Changes in charge distribution in conformations C1 and C2 (white, C1; Blue, C2); (b) Changes in energy contribution of residue

decomposition
#2 A HMBNITTREERLE
Table 2 Summary of calculation results of binding free energy
ATOTAL/ AVDWAALS/ AEEL/ AEGB/ AESURF/ AGGAS/ AGSOLV/
Mutation Group

(kJ-mol™) (kJ-mol™) (kJ-mol™) (kJ-mol™) (kJ-mol™) (kJ-mol™) (kJ-mol™)

FAD —316.8 +31.8 —317.7+3.8 —3477.84+29.3 3523.7+8.4 —422+04 —3795+£293 34819+ 8.4
PaBVMOM2
KTC -121.6 +£20.1 -168.0+2.1 —-15382+16.7 -15382+125 —28.0+0.8 -1705+16.7 15842+12.5
FAD  —370.8+29.7 —336.9+7.1 —3757.8+29.3 3766.2 + 8.4 -439+1.7 —4096.4+29.3 37244+84
PaBVMOg39ga

KTC -58.5+59 -168.0+3.8 —1463.0+4.2 1600.9 +4.2 —26.8+0.8 —16344+42 1575.9+4.2

AVDWAALS Van der Waals interaction energy; AESURF——Nonpolar solvation energy; AGGAS Gas-phase molecular mechanical free energy;

AGSOLV——Total solvation free energy; ATOTAL——Sum of all components
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Semi-Rational Design of Substrate Channels for PaBVMO to
Achieve Triple Synergy of Catalytic Efficiency-Substrate
Inhibition-Stability

FENG Kejia'?, ZHAO Youxue'?, MENG Luobing'?, LI Chunxiu'?, XU Jianhe'-
(1. State Key Laboratory of Bioreactor Engineering, School of Biotechnology, East China University of Science and
Technology, Shanghai 200237, China; 2. Shanghai Bioforany Biotechnology Corporation Limited,
Shanghai 200233, China)

Abstract: Baeyer-Villiger monooxygenase from Pseudomonas aeruginosa (PaBVMO) selectively inserts an
oxygen atom into the unconventional side of the carbonyl group of 10-carbonyl stearic acid to produce octyl sebacate,
which can be used for synthesizing material monomers sebacic acid and 8-hydroxyoctanoic acid. To break through the
dual bottlenecks of low catalytic efficiency and significant substrate inhibition of PaBVMO under high substrate
concentrations in sebacic acid biosynthesis, this study proposed a semi-rational remodeling strategy for the enzyme's
substrate channel. By analyzing enzyme-substrate binding free energy and substrate force, the key gating loop structure
of the substrate channel was resolved. Based on this strategy, the optimal mutant PaBVMOg;054 Was obtained. It
exhibited a catalytic turnover number (TON) of 3.45x10*, which was 5.3 times higher than that of the parent, and about
0.7 times higher in specific activity. Meanwhile, the inactivation half-life was prolonged from 1.87 h to 6.14 h, and the
stability is significantly enhanced. Gaussian-accelerated molecular dynamics (GaMD) simulations further revealed the
synergistic mechanism of G398A mutation inducing the rearrangement of the active pocket of PaBVMO3955. This
rearrangement effectively alleviated substrate inhibition by 10-carbonyl stearic acid, enhanced affinity for FAD and
improved stability.

Key words: octyl sebacate; biocatalysis; PaBVMO; substrate channel remodeling; GaMD
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