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We report on the development of a method based on recombinant yeast Saccharomyces cerevisiae to produce nonivamide, a capsaicinoid and potent agonist of the pain receptor TRPV1. Nonivamide was produced in a two-step batch process where yeast was i) grown aerobically on glucose and ii) used to produce nonivamide from vanillin and non-anoic acid by bioconversion. The yeast was engineered to express multiple copies of an amine transaminase from Chromobacterium violaceum (CvTA), along with an NADH-dependent alanine dehydrogenase from Bacillus subtilis (BsAlaDH) to enable efficient reductive amination of vanillin. Oxygen-limited conditions and the use of ethanol as a co-substrate to regenerate NADH were identified to favour amination over the formation of the by-products vanillic alcohol and vanillic acid. The native alcohol dehydrogenase ADH6 was deleted to further reduce the formation of vanillic alcohol. A two-enzyme system consisting of an N-acyltransferase from Capsicum annuum (CaAT), and a CoA ligase from Sphingomonas sp. Ibu-2 (IpfF) was co-expressed to produce the amide. This study provides proof of concept for yeast-based production of non-ivamide by combined transamination and amidation of vanillin.
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1 INTRODUCTION
Capsaicinoids are plant alkaloids with strong agonist activity on TRPV1 (Transient Receptor Potential Cation Channel Subfamily V Member 1). They have several applications in the food industry, e.g. for colouring, seasoning and flavour enhancement, and in the pharmaceutical industry, especially for their anti-inflammatory and analgesic properties (Baenas et al., 2019; Koivisto et al., 2021). Production in chili pepper is impacted by pre- and post-harvest factors, such as environmental, genotypical and storage conditions, which affect the amount and composition of the capsaicinoids (Uarrota et al., 2021). The development of a fermentation process with metabolically engineered yeast may enable more efficient production compared to the plant (Muratovska et al., 2022b). Baker’s yeast, Saccharomyces cerevisiae, is a well-known production host within industrial microbiology and several methods have been developed recently for its use to biosynthesize natural products such as terpenoids (cannabinoids), flavonoids and betalains (Romero-Suarez et al., 2022).
In the plant, capsaicinoid biosynthesis involves the phenylpropanoid pathway to vanillylamine (derived from vanillin), and the fatty acid synthesis pathway to CoA-activated fatty acid, which are condensed by an amide-forming N-acyltransferase (capsaicin synthase) (Ogawa et al., 2015). De novo biosynthesis of capsaicinoids in yeast has to date not been developed and would require functional expression of several heterologous genes and re-routing of endogenous biochemical pathways. Previously, yeast has been engineered to produce vanillin and vanillin glycoside from sugar via the shikimic acid pathway (Hansen et al., 2009; Strucko et al., 2015). There are also examples of engineered yeast for production of medium-chain fatty acids (Gajewski et al., 2017; Zhu et al., 2020). Yeast expression of N-acyltransferase and CoA-ligase from Capsicum annuum (CaAT) (Kang et al., 2005) and Sphingomonas sp. Ibu-2 (IpfF) (Murdoch and Hay, 2013), respectively, was recently shown to enable production of nonivamide (a model capsaicinoid) from supplemented vanillylamine and non-anoic acid (Muratovska et al., 2022a), as the last step in capsaicinoid synthesis.
A key step in the pathway is the reductive amination of vanillin to form vanillylamine, which has not been shown previously in yeast. The reaction is hampered by an unfavourable thermodynamic equilibrium that lies in the direction of the aldehyde when using endogenous amine donors (such as L-alanine); however, this can be influenced by several strategies. Vanillin aminotransaminase from Capsicum sp. (Weber et al., 2014b), as well as Chromobacterium violaceum amine transaminase (CvTA), have been shown to be functional in yeast. However, these have only been applied for whole-cell production of chiral amines by kinetic resolution of racemic amines (amine to ketone), since the reverse direction (ketone to amine) has been proven to be exceptionally difficult to achieve in vivo (Weber et al., 2014a; Weber et al., 2014b; Knudsen et al., 2016; Weber et al., 2017). This was though recently achieved for vanillylamine production in engineered Escherichia coli (Fu et al., 2021) and Pseudomonas putida (Manfrao-Netto et al., 2021), both expressing CvTA and alanine dehydrogenase from Bacillus subtilis (BsAlaDH) (Koszelewski et al., 2008). Key to success was the co-expression of CvTA and BsAlaDH in combination with appropriate reaction conditions in favour of amine formation. The transaminase reaction competes with endogenous activity of alcohol dehydrogenases and reductases resulting in conversion of vanillin to the by-products vanillic acid, and vanillic alcohol (Wang et al., 2018). Therefore, a strategy to suppress formation of these is necessary. In yeast, the deletion of alcohol dehydrogenase 6 (ADH6) was previously shown to decrease (but not totally remove) formation of vanillic alcohol in strains engineered to produce vanillin-glucoside (Hansen et al., 2009). Another strategy to suppress the activity of NADPH-dependent vanillin reductases and not affect reductive amination, which are typically dependent on regeneration of NADH, may be to selectively reduce NADPH regeneration. This strategy has previously been applied in yeast to selectively favour NADH-dependent reductases over competing NADPH-dependent enzymes, thereby improving stereoselectivity of whole-cell bioreduction of ketones to chiral alcohols (Kratzer et al., 2008).
Here, yeast strains co-expressing CvTA, BsAlaDH, CaAT and IpF, and with deleted ADH6 were constructed and evaluated for reductive amination and amidation of vanillin (Figure 1). The use of glucose and ethanol as co-substrate were compared under both aerobic and anaerobic conditions to determine environmental conditions favouring the formation of vanillylamine over the alcohol and acid by-products. Using a combination of genetic and process engineering we demonstrate the use of yeast for production of nonivamide from supplemented vanillin and non-anoic acid in well controlled bioreactors.
[image: Figure 1]FIGURE 1 | Production of nonivamide from non-anoic acid and vanillin in recombinant yeast overexpressing IpfF (Spingomonas sp. Ibu-2 CoA-ligase), CaAT (Capsicum annuum N-acyltransferase), CvTA (Chromobacterium violaceum amine transaminase) and BsAlaDH (Bacillus subtilis alanine dehydrogenase), and with deleted ADH6 (alcohol dehydrogenase 6). The by-products vanillyl acid and vanillic alcohol formed by endogenous enzymes VDH (vanillin dehydrogenase), and ADH6 (and other oxidoreductases), respectively, are suppressed under oxygen-limited conditions and with ethanol as co-substrate to regenerate NADH.
2 MATERIAL AND METHODS
2.1 Strains and media
Saccharomyces cerevisiae strains were maintained on Yeast Peptone Dextrose (YPD) medium (20 g L−1 peptone, 10 g L−1 yeast extract, 20 g L−1 glucose; 20 g L−1 agar for plates). Geneticin (200 mg L−1) and nourseothricin (100 mg L−1) were supplemented in the media when needed for selection of Cas9 (KanMX) and gRNA (natMX) plasmids, respectively. Sub-cloning was done in electro-competent Escherichia coli DH5α. Lysogeny Broth (LB) medium (10 g L−1 tryptone, 5 g L−1 yeast extract, 10 g L−1 NaCl; 15 g L−1 agar for plates) with 100 mg L−1 ampicillin was used for E. coli liquid cultivation and selection on solid plates. All strains were stored in 25% (v/v) glycerol at −80°C. Defined mineral medium (Verduyn et al., 1992) was used as basis for the bioconversions, buffered at pH 6.5.
2.2 Plasmid and strain constructions
Strains and plasmids used in this work are listed in Table 1. Standard molecular biology methods were used (Sambrook and Russell, 2001). Preparative and diagnostic PCR for genome engineering was performed using Physion and DreamTaq polymerase (Thermo Scientific, US), respectively. All modifications were verified by colony PCR using primers listed in Supplementary Table S1. Primers were designed using SnapGene® (GSL Biotech LLC. Version 3.03, US) and purchased from Eurofins (Eurofins Genomics, Germany). Agarose (0.8%) gel electrophoresis was used for estimating size of the DNA fragments. All plasmids (Table 1) were purified using GeneJet plasmid MiniPrep Kit (Thermo Scientific, US) after propagation in E. coli. Alanine dehydrogenase gene (Genbank ID 936557) from Bacillus subtilis (BsAlaDH) was codon optimized for expression in S. cerevisiae and obtained in a pUC57 vector (Genescript, US). BsAlaDH gene was amplified with primers flanked with restriction sites SfaAI/XhoI and subsequently cloned into pRP005 between TEF1p promotor and ADH1t terminator flanked by homologous regions for chromosomal integration, generating pNM011. pNM012 was constructed by cloning TEF1p into the backbone plasmid pCfB3034. Correct DNA sequence of constructed plasmids were verified by Sanger sequencing (Eurofins Genomics, Germany). S. cerevisiae strains were engineered by the previously described CRISPR-Cas9 toolkit (Jessop-Fabre et al., 2016). The lithium acetate-based protocol (Gietz and Schiestl, 2007) with the addition of DMSO for improving cell permeability, was used for generating competent yeast cells. TMB4375 strain carrying six copies of Chromobacterium violaceum amine transaminase gene (CvTA) (Weber et al., 2017) was transformed with the pCfB2312 plasmid, carrying Streptococcus pyogenes gene, SpCas9, and used as background strain for the strain engineering. Transformation with a linearized pNM011 (using NotI restriction enzyme) and pCfB3045 (gRNA) plasmid generated strain TMBNM032. Deletion of ADH6 was achieved by transforming TMBNM032 with a PCR product carrying AUR gene cassette for aureobasidin A (AurA) resistance and ∼50bp homologous flanks to the target locus, generating strain TMBNM033. Transformants resistant to AurA were selected in solid medium and correct gene knockout was analysed with diagnostic PCR. Codon optimized genes coding for CaAT (Tyramine N-(hydroxycinnamoyl) transferase from Capsicum annum, and IpfF (Ibuprofen CoA ligase from Sphingomonas sp. Ibu-2)) were integrated using a method developed previously (Muratovska et al., 2022a), generating strain TMBNM034 (Table 1).
TABLE 1 | Strains and plasmids used in the study.
[image: Table 1]2.3 Whole-cell bioconversion in shake flasks and serum vials
Pre-cultures were prepared from a single colony in 5 ml YPD grown overnight. Shake flask with 25 mL defined mineral medium (Verduyn et al., 1992) and glucose (20 g L−1) was inoculated to initial optical density (OD620nm) ∼0.5 and incubated at 30°C in 180 rpm shaking incubator for 24–26 h to generate biomass. Subsequently, yeast cells were harvested by centrifugation at 3220 g for 10 min (Eppendorf Centrifuge 5810 R, Germany) and re-suspended at OD620nm ∼5 in 50 mL of reaction medium. The reaction medium was based on defined mineral medium buffered at 6.5 pH, and supplemented with vanillin (5 mM), glucose (10 g L−1) or ethanol (0.5 or 10 g L−1) as co-substrate, and with or without L-alanine (50 mM) and ammonium chloride (200 mM) as nitrogen source. Whole-cell bioconversions were performed under aerobic or anaerobic conditions. For the aerobic conditions, bioconversions were carried out in 500 mL shake flasks containing 50 mL medium and incubated at 30°C in 180 rpm shaking incubator as described above. Anaerobic bioconversions were performed in sealed serum vials containing 50 mL medium and sparged with nitrogen gas for 1 h before the start of the reaction and incubated at 30°C in 180 rpm shaking incubator.
2.4 Batch bioreactor cultivations
Pre-cultures were prepared from a single colony inoculated in a shake flask with 50 mL defined mineral medium incubated under shaking (180 rpm) at 30°C for around 24 h. The pre-culture was used to inoculate 3 L bench-top bioreactor (Minifors 2. Infors HT, Bottmingen, Switzerland) at OD620nm = 0.1 in 1 L of defined mineral medium with 50 g L−1 glucose. The pH was kept at 6.5 by automated addition of 3 M KOH, the stirring was constant at 300 rpm, and the temperature was set at 30°C. Yeast cells were first grown under aerobic conditions with air sparging set to 500 ml/min (0.5 vvm) for approximately 20 h, and the whole-cell bioconversions were subsequently started by adding the substrates (vanillin and non-anoic acid) to the media. For the non-sparged condition, aeration was stopped to achieve oxygen-limited conditions after the initial growth phase, and directly prior to the supplementation of substrates.
2.5 Analytical methods
Samples were collected with a syringe regularly from cell cultures for analysis of yeast cell concentration, yeast cell viability, and extracellular metabolite analysis. Yeast cell concentration was estimated by measuring optical density at 620 nm (OD620nm) with a spectrophotometer (Ultrospec 2,100 pro UV/Visible spectrophotometer, Amersham Biosciences, Buckinghamshire, United Kingdom). Yeast cell viability was monitored by flow cytometry (Accuri C+, BD, US) using the fluorescent dyes SYBR Green I and propidium iodide, as described previously (Rao et al., 2021). Instrument settings were adjusted to the following: medium flow rate, FSC-H threshold at 80,000, and acquisition of 10,000 events. FCM data analysis was made with FlowJo® (United States). Gating of yeast cells was based on FSC-H and SSC-H signals to distinguish cells from background noise, and gating of damaged and intact cells were based on SYBR Green I detected with FL1-H (530/30 nm), and PI detected with FL3-H (≥670 nm) signals. Yeast cells treated with 70% ethanol for 30 min were used as control to identify damaged cells and to adjust the gates. For the analysis of glucose, ethanol, glycerol and acetate, a Waters HPLC system equipped with an Aminex HPX-87 H ion-exchange column (7.8 × 300 mm, Bio-Rad, Hercules, United States), and a refractive index detector (Waters 2,414, Milford, United States) were used, as described previously (Weber et al., 2014b). The mobile phase was 5 mM H2SO4 with a flow rate of 0.6 mL/min, and the column was kept at 60°C. For reverse-phase HPLC analysis of vanillin, vanillylamine, vanillic alcohol and vanillic acid, a Select C18 column (4.6 × 150 mm) with mobile phase consisting of ultrapure water and 0.1% trifluoroacetic acid (TFA) (A) and acetonitrile (B). The method was isocratic with 65% A and 35% B for 10 min with a flow of 1 ml min−1, at room temperature and the monitored wavelength was at 281 nm, as described previously (Manfrao-Netto et al., 2021). Prior to HPLC analysis of nonivamide, product extraction was performed from 20 ml samples from the bioreactors. Supernatant was collected after centrifugation at 3220 g for 10 min, transferred to an extraction funnel and extracted with one volume of ethyl acetate. The organic phase was collected and evaporated using a rotary vacuum evaporator. The resulting viscous oil was dissolved in 1 mL of methanol and HPLC analysis were performed using the same Select C18 column (4.6 × 150 mm) as previously described (Muratovska et al., 2022a).
2.6 Calculations
The rate ratio is defined as the vanillylamine formation rate (mmol h-1) divided by the by-product (vanillic alcohol and vanillic acid) formation rate (mmol h-1) for the initial 6 h. Molar yield is defined as moles of product (vanillylamine) or by-product (vanillic alcohol or vanillic acid) per moles of consumed substrate (vanillin) after 48 h. The specific vanillylamine productivity (µmol OD−1 h−1) is calculated for the initial 6 h.
3 RESULTS AND DISCUSSION
3.1 Comparison of reaction conditions for reductive amination with yeast over-expressing CvTA
Yeast carrying six copies of the CvTA gene expressed under control of the strong constitutive TDH3 promoter was evaluated under different reaction conditions for whole-cell conversion of vanillin to vanillylamine (Supplementary Figure S1). Most vanillin reductases are NADPH-dependent, and vanillin dehydrogenase is NAD + -dependent; therefore, the redox balance significantly influence by-product formation. In Crabtree positive yeast, such as Saccharomyces cerevisiae, glucose is readily fermented to ethanol in both aerobic and anaerobic conditions, while ethanol is slowly respired in aerobic condition and stays practically inert in anaerobic condition (De Deken, 1966). The availability of NADPH is limited with the use of ethanol as co-substrate, especially under anaerobic condition resulting in suppression of the activity of NADPH-dependent reductases (but not NADH-dependent reductases) (Kratzer et al., 2008). In contrast, NADPH is efficiently regenerated in the pentose phosphate pathway during glucose assimilation (Parachin et al., 2009). Another important factor is the abundance of pyruvate formed both as central carbon metabolite and from the amine donor L-alanine in yeast (Weber et al., 2014b; Weber et al., 2017). Pyruvate is a strong inhibitor of CvTA and its removal shifts the equilibrium to the amine (Sánchez-Moreno et al., 2012; Weber et al., 2017). Here, four conditions were evaluated: (i) aerobic with glucose as carbon source, (ii) aerobic with ethanol as carbon source, (iii) anaerobic with glucose as carbon source, and (iv) anaerobic with ethanol as carbon source. Pre-cultures were made in the same way and whole-cell bioconversions were performed at relatively high cell density (OD620nm = 5); therefore, the expression level of endogenous genes was the same at start of the reaction, and any differences in product spectra would be due to the specific applied reaction environment. Significant differences were observed for the different conditions, with the highest vanillin consumption rate (0.11 ± 0.00 mmol OD−1 h−1) under aerobic conditions and with ethanol used as a co-substrate (Supplementary Figure S1). This condition resulted in more production of vanillylamine (3.21 ± 0.56 mM) compared to the rest, but also of the by-products vanillic alcohol (4.11 ± 1.48 mM) and vanillic acid (1.72 ± 0.40 mM) (Supplementary Figure S1). To compare the activity of CvTA and endogenous enzymes acting on vanillin, the rate ratio, defined as vanillylamine formation rate per by-product formation rate, was calculated (Table 2). A higher rate ratio (5-7- fold) was observed with ethanol as co-substrate, both under aerobic and anaerobic condition. The difference in rate ratio under aerobic conditions was mostly due to an increased formation of vanillylamine with the use of ethanol as the co-substrate. A significant amount of vanillic alcohol and vanillic acid was formed for both glucose and ethanol as co-substrate under aerobic conditions, which was expected due to balanced levels of NAD(P)H/NAD(P)+ ratios under respiration (Murray et al., 2011). Under anaerobic conditions, the transamination was less efficient, however, alcohol and acid formation were also significantly lower. Worth noting is the almost complete suppression of vanillic acid formation under anaerobic conditions, possibly due to low availability of NAD+, or NADP+ (Supplementary Figure S1C, D). In aerobic conditions, the vanillin consumption rate was generally faster, regardless on the choice of co-substrate; however, which end products were formed from vanillin depend on the choice of co-substrate and oxygen availability.
TABLE 2 | Process parameters calculated for the different reaction conditions and strains during whole-cell conversion of vanillin to vanillylamine (VA).
[image: Table 2]The highest molar yield of vanillylamine was reached under the anaerobic condition with ethanol as co-substrate (0.71 ± 0.44 mol/mol), while the lowest molar yield of vanillylamine per consumed vanillin after 48 h was on glucose in the aerobic condition (0.15 ± 0.05 mol/mol) (Table 2). However, a problem during the anaerobic condition was incomplete conversion of vanillin. A reason for this could be inhibition of the transaminase by pyruvate accumulation, or low limitation in amine donor availability. Alanine was supplied in excess and gets converted to pyruvate by both CvTA, as well as by endogenous transaminases, for example by alanine transaminase (encoded by ALT1) (García-Campusano et al., 2009). Pyruvate could be removed from the reaction system through conversion to ethanol by pyruvate decarboxylase and alcohol dehydrogenase. During respiration, pyruvate is converted to acetyl-CoA by pyruvate dehydrogenase, and further oxidised in the tricarboxylic acid (TCA) cycle to CO2 and generating NADH (Flikweert et al., 1996). When glucose is present during the bioconversion, there would be higher intracellular pyruvate levels (Weber et al., 2014b; Weber et al., 2017), which could explain why conditions with ethanol gave better transamination yields.
3.2 Co-expression of BsAlaDH with the CvTA improves vanillylamine production
To relieve potential pyruvate inhibition and improve the amine donor supply, an NADH-dependant alanine dehydrogenase from Bacillus subtilis, BsAlaDH, was expressed in strain TMBNM032 under control of the TEF1 promoter. Co-expression of CvTA and BsAlaDH resulted in almost complete conversion of vanillin within 48 h (Supplementary Figure S2), which could indicate that pyruvate accumulation and/or alanine limitation was the issue in the parent strain TMB4375. Vanillin consumption rate for this strain as well as the vanillylamine titres after 48 h was almost double when compared to strain TMB4375 in the anaerobic conditions (Table 2; Supplementary Figures S1C, D vs. Supplementary Figures S2A, B). The rate ratios (vanillylamine formed per by-products formed) were not noticeably different compared to TMB4375 (Table 2), except under anaerobic conditions with ethanol as co-substrate (4.86 rate ratio) Here, only low amounts of vanillic alcohol were detected after 48 h (0.9 mM; Supplementary Figure S2B). Compared to TMB4375 in the same condition, the formation of vanillic alcohol decreased with the expression of AlaDH by around a third, and the vanillylamine yields were increased from 0.71 to 0.83 mol/mol (Table 2).
3.2.1 Deleted ADH6 reduce formation of vanillic alcohol
Adh6 is an alcohol dehydrogenase with activity to both NADH and NADPH, shown previously to be largely responsible for the reduction of vanillin in yeast (Hansen et al., 2009; Wang et al., 2016). To further decrease the levels of vanillic alcohol, deletion of ADH6 was made in strain TMBNM033. In our hands, and in agreement with previous studies, the ADH6 deletion strain produced less vanillic alcohol with both glucose (3-fold less) or ethanol as co-substrate (4-fold less) than the control strain (Table 2; Figures 2A,B). The yield of vanillylamine per consumed vanillin was higher in all cases, with the highest molar yield (0.94 ± 0.25) reached in anaerobic condition with ethanol as co-substrate. The largest difference in rate ratio was observed under anaerobic condition with ethanol as co-substrate (12.3 compared to 4.9). However, under these conditions the amination of vanillin arrested around 20 h, resulting in incomplete conversion. This indicates that NADH regeneration is limiting under these conditions, which on one hand may reduce NADH-dependent reduction of vanillin from endogenous reductases, and on the other also reduce the desired conversion of pyruvate to alanine by BsAlaDH.
[image: Figure 2]FIGURE 2 | Anaerobic whole-cell bioconversions of vanillin to vanillylamine with yeast strain TMBNM033, co-expressing CvTA and BsAlaDH, and with deleted ADH6. Reactions were made in serum vials sparged with nitrogen using defined mineral medium supplemented with (A) glucose and alanine; (B) 10 g L−1 ethanol and alanine, (C) 10 g L−1 ethanol, and without alanine, or (D) 0.5 g L−1 ethanol and without alanine. Co-substrates glucose (black diamond) or ethanol (dotted line with grey circle) are shown on the left axis, and the metabolites vanillin (green circle), vanillylamine (red square) and vanillic alcohol (black triangle) are shown on the right axis.
3.2.2 Omitting alanine in the reaction broth improves vanillylamine production
Alanine is typically added in excess in biocatalytic transamination but may instead be produced de novo. In recombinant P. putida expressing CvTA and BsAlaDH, the omission of alanine resulted in improved reductive amination of vanillin, possibly due to reduced amount of intracellular pyruvate originating from the activity of endogenous alanine transaminases (Manfrao-Netto et al., 2021). To see if the same hold for recombinant yeast expressing the same CvTA and BsAlaDH, whole-cell bioconversions were performed with and without alanine with strain TMBNM033 (Figures 2C, D). The reaction was performed under anaerobic condition with ethanol as co-substrate since these conditions were found to suppress formation of vanillic alcohol and vanillic acid. The omission of alanine indeed had a noticeable positive effect on the titre and yield of vanillylamine (Figures 2C, D), in agreement with the results for P. putida (Manfrao-Netto et al., 2021). In fact, under these conditions the highest vanillylamine titre (3.65 mM) and yield from consumed vanillin (0.96 mol/mol) were obtained (Table 2). This further demonstrates that the alanine dehydrogenase efficiently converts pyruvate to alanine and drives the transamination reaction without external supplementation of amine donor.
3.2.3 Assimilation of ethanol as co-substrate correlates to the amination reaction
As mentioned before, amination of vanillin was favoured over alcohol formation the most with ethanol supplemented as a co-substrate and having anaerobic condition during the bioconversion, although the reaction arrested completely halfway through. S. cerevisiae generally cannot metabolise ethanol anaerobically because it requires the TCA and glyoxylate cycles and the electron transport chain. However, some ethanol could be converted to acetate via acetaldehyde by alcohol dehydrogenase EC 1.1.1.1 (ex. Adh1) and acetaldehyde dehydrogenase EC 1.2.1.3 (ex Ald6) (Meaden et al., 1997; de Smidt et al., 2008). This route enabled regeneration of NADH for AlaDH for ca 20 h, after which the formation of vanillylamine stopped (Figure 2C). To better see to which degree ethanol was converted during the progression of the reaction, 0.5 g L−1 ethanol instead of 10 g L−1 was used, thereby enabling the detection of an even minute decrease through HPLC analysis (Figure 2D). The ethanol titre indeed decreased under the first 25 h from 0.40 to 0.27 g L−1, or with 32%, and then it remained constant. Ethanol consumption thus coincided with the conversion of vanillin to vanillylamine, proving its importance as co-substrate for supplying reducing equivalents to the reduction reaction. Vanillic alcohol was however not detected in this condition and the vanillylamine yield was high (0.92 mol/mol), demonstrating the transamination being the dominant activity (Table 2). The arrest in ethanol assimilation, and thereby of the amination reaction, may be due to accumulation of intracellular acetaldehyde, which is inhibitory to yeast cells. Further studies could be directed to fine-tune the co-substrate for improved NADH availability for the BsAlaDH to produce higher amount of alanine (and less of pyruvate), and still avoid vanillic alcohol formation.
3.3 Combined reductive amination and amidation for nonivamide production
Strain TMBNM033 was further engineered by expressing CaAT and IpfF, previously shown to be effective in the biosynthesis of nonivamide from non-anoic acid and vanillylamine (Muratovska et al., 2022a). The constructed yeast strain TMBNM034, containing CvTA, BsAlaDH, ΔADH6 and CaAT/IpfF, was characterised in bench scale bioreactors for production of nonivamide from vanillin and non-anoic acid (Figure 3). The yeast cells were first grown under aerobic conditions with glucose as carbon and energy source; subsequently, the substrates vanillin and non-anoic acid were added. At this point, the cell density was high (OD620nm = 15–17) enabling higher conversion rates. Aeration was found to affect the whole-cell transamination reaction negatively, both in terms of vanillylamine formation, and by-product formation (Table 2). On the other hand, lack of oxygen may result in limited supply of ATP and CoA-SH required for the coenzyme A ligase to generate the acyl-coa for the amide-forming step. To shed light into this possible dilemma, two reaction configurations were compared: (1) air-sparged conditions (Figures 3A, B) and (2) non-sparged oxygen-limited conditions (Figures 3C, D). The supplied vanillin and non-anoic acid were converted to nonivamide in both cases, but slightly more in the presence of oxygen (0.19 vs. 0.12 μmol L−1 OD−1) (Figure 3; Table 3). The results demonstrate that amidation indeed can be combined with reductive amination in one-pot in yeast. However, nonivamide titers were low and a significant accumulation of vanillylamine (3–5 mM) was observed, showing that the amide-forming step is the bottleneck for production from vanillin. It may be speculated that increasing the amount of air in the bioreactor may improve the situation by increasing the supply of ATP and CoA-SH; however, other problems may also be at hand, e.g. CaAT, and IpfF expression levels or the specific activity of the enzymes may be low. Also, the availability of non-anoic acid may be limiting since it is supplemented in low concentration due to toxicity and low solubility (Muratovska et al., 2022a). The experiments indicate that the in vivo transamination reaction is hampered by increased aeration of the reaction broth. The rate ratio of vanillylamine formation per by-product formation was higher under non-sparged conditions (3.5 vs. 2.4). Formation of vanillic alcohol and even more so, of vanillic acid, were lower, resulting in molar yields from consumed vanillin of 0.28 ± 0.03 and 0.03 ± 0.01 at 48 h respectively. This shows that the ADH6 deletion is not sufficient to completely prevent vanillic alcohol formation under the applied conditions. Nevertheless, while ethanol assimilation was not detected under anaerobic condition, it was consumed throughout the bioconversion sparged with air, indicating functional regeneration of cofactors. Cell viability, measured by flow cytometry, remained high throughout the bioconversions with >98% intact cells for both conditions (Supplementary Figure S3 in supplementary), and could not explain the observed differences in activity.
[image: Figure 3]FIGURE 3 | Bioreactor controlled whole-cell bioconversion of vanillin and non-anoic acid to nonivamide by yeast strain TMBNM034, co-expressing CvTA, BsAlaDH, CaAT/IpfF and with deleted ADH6. During the first 20 h both bioreactor set-ups were treated in the same way, after which (marked with vertical line) vanillin and non-anoic acid were added and aeration was kept at 0.5 vvm (A, B) or stopped (C, D). Left axis presents measured fermentation metabolites glucose (black diamond), ethanol (dotted line with grey circle), acetate (empty blue triangle), glycerol (empty yellow circle) shown in g L−1 (A, C); and bioconversion metabolites vanillin (green circle), vanillylamine (red square), vanillic alcohol (black triangle), vanillic acid (black empty square) shown in mM (B, D). Right axes present OD620nm [dotted line with black cross; (A, C)] or nonivamide in µM [orange dotted line with circle; (B, D)].
TABLE 3 | Yield, rates and titers calculated for the combined amination and amidation for nonivamide production in bioreactor set-up.
[image: Table 3]4 CONCLUSION
S. cerevisiae was engineered for production of nonivamide from vanillin and non-anoic acid. The constructed yeast strain contains a multienzyme cascade for carrying out coupled amine and amide forming steps in vivo. Over-expression of CvTA and the NADH-dependent BsAlaDH together with ADH6 knockout, and the use of ethanol as co-substrate and oxygen-limitation to regenerate mainly NADH favoured formal reductive amination and led to an almost complete suppression of endogenous enzymes converting vanillin to vanillic acid and vanillic alcohol. The amide forming step using the CaAT/IpfF-cascade was two to three orders of magnitude less efficient than the amination, still, functionality was clear. The developed method opens the possibility for yeast-based production of capsaicinoids from vanillin, although more efforts are needed to improve efficiency.
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Aerobicity Co-substrate VA productivity (umol OD™" h™")* VA titre (mM) VA yield (mol/mol)®  Rate ratio®

Strain TMB4375

Aerobic (02) Glucose (10 g/L) 1420 + 049 212+134 0.15 +0.05 027 £0.05
Ethanol (10 g/L) 63.86 +7.82 321 £056 042 +0.06 1.57 £0.10
Anaerobic (N2) Glucose (10 g/L) 779 £3.55 1.83 £ 0.04 0.44 £ 001 0.23 £0.16
Ethanol (10 g/L) 849 +0.97 1.54 £ 035 071 + 044 1.78 £ 0.97
Strain TMBNMO032
Aerobic (02) Glucose (10 g/L) 1672 + 0.37 197 + 1.10 0.15 + 0.05 0.31 £0.05
Ethanol (10 g/L) 6077 + 1.86 299 £ 053 0.37 +0.04 1.48 £ 0.00
Anaerobic (N2) | Glucose (10 g/L) 1081 +2.84 323+ 004 0.46 + 0.02 0.28 £0.13
Ethanol (10 g/L) 2021 £ 617 429 +0.16 0.83 +0.10 4.86 + 0.00
Strain TMBNM032
Aerobic (02) Glucose (10 g/L) 1233 + 4.18 224 £ 0.4 037 + 007 | 0.55 £ 0.20
Ethanol (10 g/L) 51.81 £7.49 441+ 134 0.57 +0.07 352 240
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Ethanol (10 g/L) *no alanine 30.59 £ 1.97 3.65 +0.12 0.96 + 0.02 no by-products
Ethanol (0.5 g/L) *no alanine | 26.88 + 1.00 320 £ 051 I 0.92 +0.03 no by-products

*Productivity (umol OD"' h) calculated for the initial 6 h.
"Yield (mol vanillylamine/mol consumed vanillin) after 48 h.
“Vanillylamine formation rate per by-product formation rate.
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amine alcohol acid

Oxygen limited | 074 £ 0.02 ) X 0.03 +0.01 242035 | 345076 ‘ 019 £ 0.05
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S. cerevisiae strains Description References
TMB4375 CEN.PK2-1C MAT a ura3-52 MAL2-8 C SUC2, TRP1, LEU2, HIS3; pNW12 (6x), TDH3p-CVTA-ADHIt  Weber et al. (2017)
TMBNM032 ‘TMB4375; TEFIp-AlaDH-ADHIt “This study
TMBNM033 TMBNMO032; AADHG:AurR ‘This study
TMBNMo34 TMBNMO033; TEFIp-IpfF-PGKI; GDPp-CaAT-ADHI This study
Plasmids Description EEENE
PCfB2312 TEFIp-Cas9-CYCIt_kanMX, Episomal plasmid for Cas9 expression Jessop-Fabre et al. (2016)
PUCS7-AlaDH | pUC57:ald, AmpR Manfrao-Netto et al. (2021)
PCIB2904 XI-3 MarkerFree backbone Jessop-Fabre et al. (2016)
PCIB3034 | X3 MarkerFree backbone Jessop-Fabre et al. (2016)
pCB3045 gRNA sequence for targeting XI-3, natMX Jessop-Fabre et al. (2016)
pNWI2 [ YIpOB7::TDH3p-CVTA-ADHIt, URA3, AmpR Weber et al. (2017)
PRPOOS | PCIB2904; TEFIp-yEGFP3-ADHIt Perruca-Foncillas et al. (2022)
PNMOO1 pUCS7; AmpR; TEFIp-ACS-PGKIt; GDPp-AT3-ADHIt Muratovska et al. (2022a)
PNMO06 PUCS7minizCaAT, AmpR Muratovska et al. (2022)

- pNMO0S pUCS7mini::IpfF, AmpR Muratovska et al. (2022a)
pNMO11 PRPO0S; TEFIp-ald-ADHIp “This study

pNMoI2 PCIB3034:TEFIp This study
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