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Abstract

Vanillin (CsHsgOs3, 4-hydroxy-3-methoxybenzaldehyde) is a valuable plant derived aromatic compound,
which is the main component of natural vanilla and widely used in food, medicine, cosmetics and other fields.
Due to the heavy reliance on land resources and climate conditions, naturally sourced vanillin is far from
meeting market demand. Chemically synthesized vanillin mostly is derived from guaiacol and lignin by
condensing, oxidizing, and decarboxylating. Thus, the vanillin through chemical synthesized not conform
the concepts of sustainable development and green chemistry due to use the toxic chemical reagents. At
present, the biosynthesis of vanillin has become a research hotspot. However, vanillin biosynthesis is still
limited by insufficient supply of precursor L-tyrosine and cofactors, low activity of key enzyme and poor
substrate specificity, and toxicity to the host, which resulting in low titer of vanillin. To address the
aforementioned issues, this thesis employed strategies such as restructuring the vanillin synthesis pathway in
E. coli, balancing metabolic flux, and enhancing the tolerance of E. coli. These strategies can guide carbon
flow towards vanillin more quickly and efficiently, and further increase the yield of vanillin. The main
research content and results are summarized as follows:

(1) Construction of vanillin E. coli cell factory. The metabolic pathway was designed of vanillin using
L-tyrosine as substrate and intermediate products such as coumaric acid, caffeic acid, and ferulic acid. To
promote the conversion of ferulic acid to vanillin, the ech (encode enoyl-CoA hydratase/aldolase) and fcs
(encode feruloyl-CoA synthetase) were screened from different sources. It was demonstrated that the ech2
and fcs2 genes from Pseudomonas syringae were more suitable for de novo vanillin biosynthesis (13.48
mg/L). Due to the involvement of coenzyme A in the catalytic conversion of ferulic acid by feruloyl CoA
synthase, the citrate synthase glt4 was mutated to g/t4“?07S/F208A to release the allosteric inhibition of NADH,
and the isocitrate dehydrogenase icd4 was knocked out to promote the transfer of isocitrate into the
glyoxylate branch. The AI2M strain increased vanillin by 52.7% when the 2 g/L ferulic acid as substrate. At
the same time, combing the expression of carboxylic acid reductase (CAR) and phosphopantetheinyl
transferase (PPTase) were screened to weaken the accumulation of vanillic acid. Then, knocked out the
alcohol dehydrogenases (yahK, yjgB, yghD) to block the accumulation of the byproduct vanillyl alcohol. The
titer of vanillin reached to 143.52 mg/L (Q7 strain).

(2) Strengthening the supply of precursor L-tyrosine and cofactors promotes vanillin synthesis. Three
methods were designed to synergistically promote L-tyrosine synthesis: knocking out the global regulatory
factor (tyrR) and branching acid mutase (phed) to block the L-phenylalanine competition pathway,
overexpressing negative feedback resistance genes (aroG™ and tyrdA™) to relieve L-tyrosine feedback

inhibition, and knocking out phosphotransferases (ptsG, pykA, pykF) to increase phosphoenolpyruvate (PEP)



availability. As a result, vanillin production was increased to 209.48 mg/L, which is 45.96% higher than the
Q7 strain. In order to compensate for the deficiency of the cofactor NADPH in the conversion process of
coumaric acid to caffeic acid catalyzed by 4-hydroxyphenylacetic acid-3-hydroxylase, different sources of
NADPH synthesis genes were screened. It was found that overexpression of posS5 from Saccharomyces
cerevisiae could increase the accumulation of ferulic acid. At the same time, in order to improve the
methylation efficiency of caffeic acid-O-methyltransferase, 5'-methylglucosine/S-adenosylhomocysteine
nucleosidase (mtn) and S-ribosyl-homocysteine lyase (/uxS) were introduced to activate SAM regeneration.
The accumulation of ferulic acid increased by 46.4% compared to the wild-type, indicated that promoting
SAM regeneration was more effective than de novo synthesis. Finally, cofactor NADPH and SAM
regeneration strategy were combied and the production of vanillin was increased to 279.17 mg/L (strain Q9),
demonstrating that enhancing the supply of precursor L-tyrosine and cofactor can further improve the
efficiency of vanillin synthesis.

(3) Releasing the restriction on caffeic acid O-methyltransferase (4#(COMT). The methylation of
caffeic acid is a key step in the de novo synthesis of vanillin, however, the low activity and substrate
promiscuity of AfCOMT remain challenges for efficient biosynthesis. Homologous modeling and molecular
dock were utilized to elucidate the catalytic mechanism of AfCOMT and the heterologous expression
conditions of Af{COMT enzyme was optimized. It was showed that optimal induction temperature was 16 °C,
IPTG concentration was 0.6 mM. In addition, the enzymatic characteristics of 4##COMT were explored which
the optimal temperature and pH for wild-type A#«COMT were 42 °C and 7.8, respectively. Through reshaping
the substrate binding pocket and increasing the hydrogen bond network, L125R/I317E mutant with highly
catalytic efficiency and substrate specificity was obtained. Compared with the wild-type 4tCOMT, the kca/ K
increased by 5.79-fold. Molecular dynamics simulation verified that the increased activity and specificity of
AtCOMT were derived from the tighter substrate binding pocket and stronger enzyme-substrate interactions
produced by the designed hydrogen bonds and salt bridges. Eventually, 1.273 g/L ferulic acid was obtained
by fed-batch fermentation, which was 21.3-fold compared with the WT. And, the titer of vanillin reached to
554.93 mg/L indicated that the key enzyme modification can alleviate the bottleneck in vanillin synthesis.

(4) Improving the tolerance of E. coli to vanillin and reducing metabolic burden of cell. Based on
transcriptomic and metabolomic data, ygel and aaeR showed defense potential under vanillin stress. After
overexpression of ygel and aaeR, both were able to grow normally under 1 g/L of vanillin stress. Meanwhile,
utilizing the E. coli co-culture system, the accumulation of intermediate products can be flexibly adjusted by
changing the ratio of upstream and downstream strains. By optimizing the initial inoculation ratio (2:3) and

IPTG induction time (6 h), the titer of vanillin biosynthesis reached 883.12 mg/L.

Key words: Vanillin; Precursor optimization; Caffeic acid-O-methyltransferase; Cofactor supply; Co-culture
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