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Reduction Mechanism of Trimethylquinone Propionic Acid Catalyzed by Quinone Oxidoreductase 1: A DFT
Investigation FAN Wen-cheng, REN Ting, SUN Guo-hui, ZHANG Na, ZHAO Li-jiao", ZHONG Ru-gang (Beijing Key Laboratory

of Environmental & Viral Oncology, Faculty of Chemistry & Life Sciences, Beijing University of Technology, Beijing 100124, China)

Abstract: Hypoxia-activated prodrugs (HAPs) represent an important therapeutic strategy targeting the hypoxic tumor
microenvironment. Trimethyl lock quinone propionic acid (Q3PA), a quinone-based HAP, can be reduced by quinone oxidoreductase-
1 (NQO1) under tumor hypoxia, triggering intramolecular cyclization and the release of active pharmacophores. It has been widely
employed in the design of antitumor prodrugs and fluorescent probes. However, the specific enzymatic reduction mechanism of Q;PA
remains unclear, limiting its further rational optimization. In this study, density functional theory (DFT) and molecular docking methods
were employed to systematically investigate the two-electron reduction mechanism of Q3PA mediated by the coenzyme reduced flavin
adenine dinucleotide (FADH>) and its interaction mode within the NQO1 active center. By constructing four possible reaction pathways
and calculating the structures and energies of each stationary point, the dominant reaction pathway was elucidated: Initially, FADH>
delivers 2e7/1H" to the carbonyl oxygen atom of QsPA, generating a semiquinone anion intermediate. Subsequently, a histidine residue
provides a second proton to form the hydroquinone structure. Finally, intramolecular cyclization yields a lactone, releasing the
pharmacophore. Molecular docking results revealed that the benzoquinone moiety of Q3PA stacks parallelly above the isoalloxazine
ring of FADH>, forming stable n-r interactions. Its carbonyl groups form hydrogen bonds with Tyr126 and Tyr128, while hydrophobic
interactions with residues including Pro68, Trp105, Phe106, His161, and Phel78 further ensure precise substrate positioning within
the active center. This study elucidates the reduction pathway and key structural features of QsPA catalyzed by NQOI1 at the atomic
level, identifies the dominant pathway and rate-determining step, and clarifies the substrate-enzyme recognition mechanism, providing
a theoretical basis for the design of novel hypoxia-targeted antitumor drugs.

Keywords: trimethylquinone propionic acid; reduction mechanism; quinone oxidoreductase 1; hypoxia activation; density

functional theory; molecular docking
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Tab.1 Relative energies (E), enthalpies (H) and Gibbs free energies (G) for the reduction of Q3;PA mediated by FADH™ ( kcal/mol)

4)
Summary of energetics Eo" EnosiV Haos? Gaosi® ¢
Chlorobenzene Acetonitrile

RC 0 0 0 0 0 0
TSa-1 9.52 8.78 8.78 10.57 14.76 15.93
I1Ca-1 5.32 5.05 5.05 5.1 5.5 5.18
TSa2 20.1 19.73 19.73 20.58 16.24 14.28
ICa2 2.72 3.02 3.02 1.75 091 1.49
TSg- 35.6 3491 3491 36.6 36.7 36
1Cp 27.45 27.27 27.27 26.6 24.41 2298
TSg- 70.81 71 71 69.64 63.39 60.51
1Cp2 20.1 20.5 20.5 18.7 7.96 3.56
TSc 23.51 22.51 22.51 26.24 4091 42.02
1Cca 14.9 14.29 14.29 16.66 19.57 19.73
TSc2 18.13 17.65 17.65 19.48 25.68 26.97
1Cca 7.98 8.16 8.16 8.86 15.65 17.09
TScs 36.3 35.44 35.44 38.4 44.66 45.57
1Ccs -1.8 -1.48 -1.48 -0.91 4.79 5.57
TSpa 39.96 38.45 38.45 42.81 48.1 48.7
1Cp22 5.25 4.88 4.88 6.74 10.67 10.61
TSk 60.09 60.14 60.14 61.42 67.7 69.17
ICg; -3.85 -3.79 -3.79 -2.26 3.45 4.38
TSas 32.73 32.54 32.54 32.71 27.42 25.72

PC -10.25 -9.18 -9.18 -12.28 -14.03 -13.79
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