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A B S T R A C T

Tyrosol is an important component of pharmaceuticals, nutraceuticals, and cosmetics, and their biosynthetic 
pathways are currently a hot research topic. D-Erythrose 4-phosphate is a key precursor for the biosynthesis of 
tyrosol in Saccharomyces cerevisiae. Hence, the flux of D-Erythrose 4-phosphate determined the yield of tyrosol 
synthesis. In this study, we first obtained an S. cerevisiae strain S19 with a tyrosol yield of 247.66 mg/L by 
metabolic engineering strategy. To increase the production of D-Erythrose 4-phosphate, highly active phospho
ketolase BA-C was obtained by bioinformatics combined with tyrosol yield assay. The key residue sites 183, 217, 
and 320 were obtained by molecular docking, kinetic simulation, and tyrosol yield verification. After mutation, 
the highly efficient phosphoketolase BA-CHis320Met was obtained, with a 37.32 % increase in enzyme activity. The 
tyrosol production of strain S26 with BA-CHis320Arg increased by 43.05 % than strain S25 with BA-C and increased 
by 151.19 % compared with the strain S19 without phosphoketolase in a 20 L fermenter. The mining and 
modification of phosphoketolase will provide strong support for the de novo synthesis of aromatic compounds.

1. Introduction

Tyrosol as a phenethyl alcohol derivative, possesses notable antiox
idant and anti-inflammatory properties [1]. Tyrosol is also a crucial 
pharmaceutical intermediate such as salidroside, icariside D2, and 
hydroxytyrosol, which are known for their efficacy against cardiovas
cular disease, cancer, and viruses [2–5]. Tyrosol can be extracted 
directly from plants such as olives, but its yield is low due to the limi
tation of cultivated land and climate [6]. In addition, chemical synthesis 
methods pose a great threat to the environment, and tyrosol precursors 
are often expensive [7–9]. With the development of synthetic biology, 

tyrosol can be synthesized in Escherichia coli, and S. cerevisiae [10–14]. 
The biosynthesis method is environmentally friendly, has low energy 
consumption, and its production method is efficient and easy to operate 
[15].

S. cerevisiae has been widely used as a microbial cell factory in in
dustrial biotechnology due to its safety, high fermentation efficiency, 
and robustness to harsh fermentation conditions [16]. It has been 
demonstrated that tyrosol was natively biosynthesized in S. cerevisiae via 
the Ehrlich pathway [4]. Under the action of ARO10, 4-hydroxyphenyl
pyruvate (4-HPP) was converted into 4-hydroxyphenylacetic acid 
(4-HPAA), and then tyrosol was produced under the action of alcohol 
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dehydrogenases (ADHs) [3,17]. At present, the production of tyrosol in 
S. cerevisiae has been greatly improved through various metabolic en
gineering strategies. Constructed heterologous pathway using the gene 
TYRAM53I/A354V encoding a bifunctional NAD+-dependent fused cho
rismate mutase/prephenate dehydrogenase from Escherichia coli and 
gene AAS encoding aromatic aldehyde synthase obtained from Petrose
linum crispum to enhance the synthesis of tyrosol [13,14]. Deleted the 
pyruvate decarboxylase gene PDC1 to redirect the flux distribution at 
the pyruvate node and restrained the biosynthetic pathways of 
L-phenylalanine and L-tryptophan by disrupting prephenate dehydratase 
PHA2 and bifunctional anthranilate synthase TRP3 [12,18]. Introduced 
the mutation ARO3D154N to relieve the feedback inhibition of 
L-phenylalanine resulting in the tyrosol reaching 1.3 g/L [19]. Overex
pressed chorismite (CHA) synthase and chorismate mutase to maximize 
the aromatic amino acid flux towards tyrosol synthesis [20]. However, 
D-Erythrose 4-phosphate (E4P) synthesis is a key rate-limiting step in the 
de novo synthesis of tyrosol by S. cerevisiae [18]. It has been demon
strated that the available carbon flux of E4P was at least one order of 
magnitude lower than that of phosphoenolpyruvate (PEP) even in 
strains with optimized initial productivity of aromatic amino acid (AAA) 
pathway [21,22].

To address the possible constraints on the entrance flux into the E4P 
biosynthetic pathway, previous studies focused on rewiring the pentose 
phosphate pathway (PP pathway). This includes overexpression of 
transketolase TKL1, deletion of glucose-6-phosphate dehydrogenase 
ZWF1, transaldolase TAL1, and modified ribose-5-phosphate ketol- 
isomerase RKI1 [23–25]. However, none of these strategies could 

efficiently divert carbon flux from glycolysis toward E4P, to provide 
sufficient levels for biosynthesis of aromatic chemicals. Recent studies 
show that rewiring the central carbon metabolism by constructing a 
heterologous phosphoketolase (PHK) pathway in cells was efficient in 
providing E4P and channels more flux through the AAA biosynthesis 
pathway [12,18,26,27]. The PHK pathway consists of a phosphoketolase 
and a phosphotransacetylase (PTA). Phosphoketolase catalyzes the 
conversion of fructose-6-phosphate into E4P and acetyl-phosphate (AcP) 
(Fig. 1). Guo et al. expressed phosphoketolase in S. cerevisiae, the carbon 
flux of the Xfpk-based pathway was twice as high as that of the PP 
pathway in theory, further confirming that the Xfpk-based pathway was 
a more conducive pathway for the precursor E4P supply for the shiki
mate pathway [12]. It may further facilitate the biosynthesis of aromatic 
amino acids and the production of tyrosol in S. cerevisiae. Although the 
above studies have confirmed the effectiveness of phosphoketolase in 
tyrosol production, the activity of phosphoketolase does not meet the 
application and demand of biosynthesis.

Thanks to the rapid advancements in high-throughput sequencing 
technologies, vast amounts of nucleotide and protein data from various 
samples have been sequenced and deposited in public databases. From 
these databases, a wealth of enzymes can be mined, which in turn are 
applied to biocatalysis and metabolic engineering [28]. The fast devel
opment of bioinformatics tools for the accurate prediction of protein 
structures facilitated the understanding and rational engineering of 
proteins [29]. Three-dimensional structures, key amino acid residues in 
protein obtained by molecular docking, and kinetic simulation can be 
selected for rational or semi-rational mutations to tune their 

Fig. 1. Metabolic engineering modification of the tyrosol synthesis pathway in S. cerevisiae. (A) Strategies for modifying the synthetic and metabolic pathways of 
tyrosol in S. cerevisiae. (B) Heterologous expression of PcAAS and elimination of amino acid feedback inhibition. (C) The overexpression of ARO4 and ARO10 and the 
knock-out of branching pathways. Metabolite abbreviations: G6P: Glucose 6-phosphate; Ribulose-5-P: D-Ribulose 5- phosphate; Xylulose-5-P: D-Xylulose 5-phosphate; 
Ribose-5-P: D-Ribose 5-phosphate; S7P: Sedoheptulose 7-phosphate; G3P: D-Glyceraldehyde 3-phosphate; F6P: beta-D-Fructose 6-phosphate; PEP: phosphoenolpyr
uvate; E4P: D-Erythrose 4-phosphate; PYR: pyruvic acid; DAHP: 3-deoxy-D-arabino-heptulosonate-7-phosphate; EPSP: 5-enolpyruvyl-3-shikimate; CHA: chorismate; 
ANTH: anthranilate; PPA: prephenate; PPY: phenylpyruvate; 4-HPP: 4-hydroxyphenylpyruvate; 4-HPAA: 4-hydroxyphenylacetic acid; L-tyr: L-tyrosine; L-Phe: L- 
phenylalanine; L-Trp: L-tryptophan; AcP: acetylphosphate; Ac-COA: acetyl coenzyme A; OAA: oxaloacetate; α-KG: Alpha ketoglutaric acid.
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characteristics [30–32]. Xu et al. conducted protein engineering of py
ruvate decarboxylase from Candida tropicalis (CtPDC) to improve 
decarboxylation efficiency, CtPDCMu5 caused the tyrosol yield to reach 
38 g/L with 99.6 % conversion [33]. Qu et al. performed the interaction 
fingerprinting analysis of carboxylic acid reductase (CAR) with ligand 
and identified 17 residues at the substrate binding pockets, after single 
site saturation mutagenesis the variants were successfully obtained. As a 
result, the conversion of mutant K524W was a 2-fold improvement 
compared to the wild-type [34].

In this study, through the implementation of a metabolic engineering 
strategy, we successfully engineered a strain capable of producing a 
quantifiable amount of tyrosol. Screening out a highly active phospho
ketolase BA-C from Bifidobacterium asteroides through big data mining 
and experimental verification. Through docking with substrate mole
cules and kinetic simulations, we identified critical residue sites of BA-C. 
For the screened sites, we conducted virtual mutation predictions. A 
highly active phosphoketolase mutant BA-CHis320Arg was obtained. The 
mutant phosphoketolase increased the yield of S. cerevisiae by 43.05 % 
in a 20 L fermentor. These efforts provide potential insights for the 
rational modification of enzymatic activity.

2. Materials and methods

2.1. Strains construction and cultivations

The S. cerevisiae strains constructed in this paper are listed in Sup
plementary Data 1. The plasmids used in this study were listed in Sup
plementary Data 3 and the primers were listed in Supplementary Data 4. 
The DNA sequences of heterologous genes were obtained from NCBI. 
The heterologous genes were synthesized by Sangon Biotech, China. All 
the sequences were listed in Supplementary Data 6. The information on 
insertion sites and homologous arms is shown in Supplementary Data 5, 
and the structure of homologous arms and shown in Supplementary 
Data 2. SC-Ura medium containing 20 g/L Dextrose, 6.7 g/L Yeast ni
trogen base (with Ammonium sulfate, without Amion acids), 1.29 g/L 
Do supplement-Ura was used for yeast transformation, yeast strains 
containing pYES2 plasmid were cultured in SC-Ura medium which 
replace dextrose with 2 % galactose and 1 % raffinose. The other yeast 
was cultured in YEPD medium containing 20 g/L Peptone, 10 g/L Yeast 
extract, and 20 g/L Dextrose. E. coli was cultured in an LB medium 
containing 5 g/L Yeast extract, 10 g/L Peptone, and 10 g/L NaCl, pH 7.2.

Yeast strains were picked from a strain preservation tube and 
cultured in 5 mL YPD medium at 30 ◦C, shaking at 200 rpm for 24 h. 
Portions of the pre-cultured mixture were then transferred into 50 mL 
YPD medium in 250 mL shake flasks until the OD600 value reached 
approximately 0.5. The strains were cultured at 30 ◦C, shaking at 200 
rpm for 72 h. To monitor the growth of cells, we used a spectropho
tometer to measure the samples at different times of fermentation at 600 
nm. Samples were collected and centrifuged at 12000 rpm for 3 min. The 
supernatant was stored at − 20 ◦C until analysis.

2.2. Sequence alignment and phylogenetic analysis

Using the xfpk_Bb sequence as a template, the blast was performed in 
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and then clustered 
using Cdhit with a threshold for dereplication at 73 % (https://www.bio 
informatics.org/cd-hit/). The phylogenetic tree construction using 
MEGA11 with the maximum likelihood method (https://www. 
megasoftware.net/) [35]. The obtained phylogenetic tree was opti
mized using the online software Interactive Tree of Life (https://itol. 
embl.de/). All phosphoketolase enzyme-related information can be 
seen in Supplementary Data 7.

2.3. In vitro phosphoketolase activity assay

Strains were cultivated in biological duplicates in 100 mL SC media 

for 24 h. The cells were harvested by centrifugation, washed twice with 
15 mL of TEK buffer containing 50 mM Tris-HCl, 1 mM EDTA, and 100 
mM potassium chloride (pH 7.4), and the cell pellet was resuspended in 
1 mL lysis buffer containing 50 mM NaH2PO4, 3 mM NaCl, and 1 mM 
PMSF (pH 7.4). All procedures were performed on ice with chilled so
lutions. The cell suspension was transferred to a pre-chilled tube with 
0.5 mm glass beads and homogenized using a TGrinder H24R tissue 
homogenizer (TIANGEN, TIANGEN BIOTECH (BEIJING) Co., LTD., 
Beijing, China) (4 ◦C, 3600 rpm for 30 s, 15 s resting, 10 cycles). The 
homogenized mixture was centrifuged (4 ◦C, 12000 rpm, 20 min), and 
the crude cell-free extract was stored on ice. Protein concentrations were 
determined with an RC DC™ Protein Assay (Bio-Rad Laboratories, Inc., 
California, USA) using bovine serum albumin standards.

Reactions were carried out in 96-well microtiter plates in a total 
volume of 100 μL containing 90 μL enzyme buffer and either the sub
strate R5P (50 mM) or F6P (50 mM). The enzyme buffer contains 50 mM 
Tris (pH 7.5), 5 mM MgCl2, 5 mM potassium phosphate, and 1 mM 
thiamine pyrophosphate. The crude cell-free extract (10 μL) was added 
to start the reaction. The reactions were incubated at 30 ◦C for 30 min, 
60 min, 90 min, and 120 min, after which 75 μL NH2OH–HCl (2 M, pH 
6.5) was added to stop the enzymatic reaction. 10 min later, 50 μL each 
of Cl3CCOOH (0.92 M), HCl (4 M), and FeCl3 (0.185 M in 0.1 M HCl) was 
added to each reaction to generate ferric hydroxamate, which is brown 
and was measured at 505 nm. Commercial lithium potassium AcP was 
used to relate absorbance to concentration; the standard curve showed a 
linear relationship between 0 and 15 mM in the conditions described 
[36].

2.4. Site-specific mutagenesis

The phosphoketolase genes were integrated into the pYES2 plasmid 
and expressed by induction of galactose in yeast. Site-specific mutation 
was performed using Mut Express II Fast Mutagenesis Kit V2 (Vazyme 
Biotech Co., Ltd., Nanjing, China). The method was based on ClonEx
press homologous recombination technology (Fig. S1). The original 
plasmid was first reverse-amplified by introducing mutated primers, and 
then the amplified product was digested using DpnI. Finally, the re
combinant reaction was catalyzed by the enzyme Exnase II, and then 
converted to E. coli DH5α, the positive clones were selected.

2.5. DNA manipulations

The CRISPR-Cas9 system was applied to modify the genome. Plasmid 
pML104 was used to construct gRNA expression vectors [37]. The spe
cific guide RNA sequences were designed using the CHOPCHOP web 
tool [38] (http://crispor.tefor.net). To construct homologous recombi
nation fragments, the plasmid pTEF1-CYC1 and pADH1-CYC1 were 
firstly linearized using restriction enzymes, and phosphoketolases frag
ments were ligated together through ClonExpress MultiS One Step 
Cloning Kit (Vazyme Biotech Co., Ltd., Nanjing, China) (Fig. S2). In the 
same way, the upstream and downstream homologous arms of the 
insertion site were added to the plasmid constructed in the previous 
step. The gRNA expression vectors and homologous recombination 
fragments were co-converted into yeast by the LiAc/ssDNA/PEG method 
[39]. The corrected yeast clones were selected on SC-Ura medium.

2.6. Molecular docking and dynamics simulation

Homology modeling was carried out using SWISS-MODEL 
(https://swissmodel.expasy.org/). The chemical structures of com
pounds were retrieved from the PubChem database (http://pubchem. 
ncbi.nlm.nih.gov/), and energy minimization of phosphoketolase was 
carried out using Chem3D (https://library.bath.ac.uk/chemistry-softwa 
re/chem3d). Molecular docking is done by the Glide module in 
Schrödinger Maestro software (Schrödinger, Inc., New York, USA). 
Protein processing utilizes the Protein Preparation Wizard module.
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The molecular docking simulations were carried out using AMBER18 
(https://ambermd.org/AmberTools.php). The protein and the substrate 
were parameterized with the Amber ff14SB force field and the GAFF2 
force field, respectively, while the complex was solvated in a cuboid box 
with a 12 Å buffer of TIP3P water molecules. Antechamber (https://am 
bermd.org/antechamber/ac.html) was adopted to generate the param
eters of the ligand. The system was neutralized by adding Na+. The 
steepest descent method and conjugate gradient method were used to 
minimize the energy in two steps to eliminate the bad contact of atoms 
in the system. Then the system was slowly heated from 0 K to 300 K 
within 50 ps under the weak restraint of 10 kcal/mol/Å2. The SHAKE 
algorithm was used to constrain chemical bonds involving hydrogen 
atoms. At last, a 100 ns molecular docking simulation was carried out 
under the restraint of constant temperature and pressure. Atomic tra
jectories were analyzed using Schrödinger Maestro to generate RMSF, 
RMSD, and distances between specified atoms.

2.7. Amino acid mutation prediction

The phosphoketolase BA-C was treated using the Protein Preparation 
Wizard module. Receptors are preprocessed, optimized, and minimized 
(constraint minimization using OPLS3e force fields). Schrödinger 
2019.01 Residue Scanning and Mutate Building modules were used for 
protein mutation scanning and mutate building, respectively. Firstly, 
Protein Preparation was used to pretreat the protein to remove excess 
water molecules, add missing hydrogen atoms, repair missing bond in
formation, and repair missing peptides. Then, the small molecules are 
pretreated and hydrogenated using the LigPrep module. Then we 
confirm the active site, import the processed protein, use the Binding 
Site Detection module to predict the protein site, and use it as the center 
of mass of the 12 Å × 12 Å × 12 Å box to confirm the site grid file. 
Finally, molecular docking analysis was performed by Ligand Docking.

2.8. Analytical methods

Tyrosol was determined by high-performance liquid chromatog
raphy (HPLC). Thermo-C18 column (4.6 mm × 250 mm, 5 μm) was 
used. Detection conditions: Mobile phase containing 0.05 % (v/v) for
mic acid aqueous solution (A) and acetonitrile (B), gradient elution 
(0–20 min, 20 % B; 20–25 min, 95 % B; 25–35 min, 95 % B; 35–40 min 
95 % B; 40 min–50 min 10 % B), column temperature was 30 ◦C, flow 
rate was 1 mL/min, detection wavelength was 224 nm.

2.9. Fed-batch fermentation for tyrosol production

Seed cultures of 1L were transferred into 20 L bioreactors (Shanghai 
Baoxing Bio-Engineering Equipment Co., Ltd., Shanghai, China) con
taining 14 L fed-batch medium (20 g/L peptone, 20 g/L yeast extract, 
and 20 g/L glucose) when the OD600 of seed cultures reached 5. 
Fermentation was performed at 30 ◦C; pH was maintained at 5.7 by 
automated addition of 5 M NaOH. Air flow was set at 2.5 vvm (air 
volume/working volume min− 1) and the dissolved oxygen (dO2) con
centration was controlled above 40 % saturation by agitation cascade 
(400–600 rpm). Glucose solution (600 g/L) was fed periodically into the 
fermentation system to maintain the glucose concentration under 5 g/L. 
The feeding time starts from the 12th hour of fermentation to the end of 
the 60th hour. Regular feeding, adding a certain amount of glucose so
lution at a rate of 3 g/L per hour. Batch feeding control is shown in 
Table S2. Cell density, glucose, and ethanol concentration were 
constantly monitored during the fermentation process. One milliliter 
supernatant of fermentation cultures was stored every 4 h at − 20 ◦C 
until analysis.

2.10. Data analysis

Heat maps, scatter graphs, and bar graphs were made using Prism 

software (GraphPad Prism 8.0.2, San Diego, CA, USA). Error bars 
represent standard deviation. P < 0.05 (n = 3) indicated a significant 
difference. Significance is indicated by an asterisk. The significance level 
determination was calculated by T-test and single factor analysis of 
variance (ANOVA). The curve of AcP is obtained by nonlinear fitting.

3. Results

3.1. Metabolic engineering modification of the tyrosol synthesis pathway 
in S. cerevisiae

To augment the production of tyrosol, we reengineered the Ehrlich 
pathway in S. cerevisiae CEN.PK113-5D by introducing heterologous 
PcAAS, which can transform L-tyrosine into 4-hydroxyphenylacetic acid 
(4-HPAA). 4-HPAA was synthesized concurrently through an artificial 
pathway and the yeast’s natural tyrosol biosynthetic pathway (Fig. 1A). 
The heterologous PcAAS gene was successfully integrated into the loci of 
H2 and H5 in the S. cerevisiae CEN.PK113-5D (S00), generating strain 
S01 and S02, respectively [40]. As shown in Fig. 1B, the tyrosol titer of 
strain S01 was 57.68 mg/L, which was 74.9 fold than that of S00. The 
tyrosol titer of strain S02 was 55.44 mg/L, which was 10.24 times that of 
strain S00. These results indicated that both of these loci exhibited high 
expression levels of the PcAAS gene.

To relieve the feedback inhibition of L-tyrosine on ARO4 and ARO7 
and L-phenylalanine on ARO3. The in situ ARO3D154N, ARO4K229L

, and 
ARO7G141S mutations were performed in S. cerevisiae S01 using the 
Crispr-Cas9 system (Fig. 1B). The yields of tyrosol after mutating ARO3, 
ARO4 and ARO7 were 158.29 mg/L, 178.59 mg/L, and 57.57 mg/L, 
respectively. However, both mutant ARO3 and ARO4 or ARO4 and 
ARO7 had lower tyrosol yields than mutant ARO3 and ARO4 alone. The 
yield of tyrosol both mutated ARO3 and ARO7 was 65.57 mg/L. Ac
cording to the results, we speculated that ARO3 and ARO4 played a 
major role in relieving feedback inhibition compared with ARO7 [41]. 
Interestingly, fluorescence quantitative results also showed that the 
expression of ARO4 of strain S09 compared with S08 was significantly 
increased (Fig. S3). The expression of the ARO4 gene is regulated by 
transcriptional GCN4p, and this regulation is related to the change in 
amino acid content [42,43]. The simultaneous mutation of ARO3, ARO4, 
and ARO7 generated strain S09, which exhibited a tyrosol yield of 
219.03 mg/L, marking a significant 3.79-fold increase compared to that 
of the strain S01. These results suggest that the simultaneous release of 
feedback inhibition of ARO3, ARO4, and ARO7 would be more condu
cive to tyrosol production.

To further increase tyrosol production, a copy of ARO4K229L with 
strong constitutive promoters was introduced into the delt locus of S09. 
However, the overexpression of endogenous ARO4K229L and ARO10 
could not lead to higher titers of tyrosol in strain S10 (165.54 mg/L) and 
S11 (176.39 mg/L) (Fig. 1C). The results could be attributed to two 
plausible reasons: (1) the diversion of PEP to PYR leads to the reduction 
of DHAP production; (2) the diversion of chorismic acid to the pro
duction of L-phenylalanine and L-tryptophan [44]. To validate our hy
pothesis, we would knock out the key genes involved in the three 
branches based on the aforementioned engineered strains.

PDC1 was one of the main enzymes of the three pyruvate decar
boxylases (PDC1, PDC5, and PDC6), catalyzed the process of decar
boxylating pyruvate to acetaldehyde, competing with the accumulation 
of PEP and E4P [45]. When the PDC1 gene was disrupted, it led to a 
significant reduction in overall pyruvate decarboxylase activity by 
approximately 30 % and increased the production of aromatic com
pounds in S. cerevisiae [46]. Therefore, PDC1 was disrupted in strains 
S10 and S11, generating strains S13 and S16, with a tyrosol yield of 
154.84 mg/L and 221.11 mg/L (Fig. 1C). In strain S16, the ethanol 
production decreased significantly at 60 h (Fig. S4) and the yield of 
tyrosol increased by 42.79 % compared to that of strain S11. The result 
suggested that the elimination of PDC1 based on ARO10 overexpression 
strain contributed to the increase of tyrosol (Fig. 1C). However, tyrosol 
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did not increase in the strain that overexpressed ARO4, which further 
indicated that there might be an obvious competitive pathway for 
tyrosol production.

As CHA serves as a precursor to the biosynthesis of L-tryptophan, L- 
phenylalanine, and L-tyrosine, to reduce the flux of CHA to L-tryptophan 
and L-phenylalanine, PHA2 was knocked out separately in strain S10 and 
S11 (Fig. 1C), yielding strains S14 and S17. Strain S14 accumulated 
248.03 mg/L tyrosol, which was 49.83 % greater than that of strain S10, 
and the content of phenylethanol decreased obviously (Fig. S5A). The 
yield of tyrosol reached 236.13 mg/L after the elimination of PHA2 and 
PDC1 in strain S18. This result indicated that the synthesis of phenyl
alanine was one of the main branching pathways of CHA. To further 
increase the flow of CHA to prephenate (PPA), the branch to tryptophan 
also could be knocked out. However, the deletion of the TRP2 gene cause 
significant growth deficiency [23]. The expression of the TRP2 gene was 
downregulated through the replacement of the original promoter of 
gene TRP2 with a weak promoter YEN1 yielding strains S19 and S20, 
with a yield of 247.66 mg/L and 224.54 mg/L, respectively. The tyrosol 
yield of strain S19 was increased by 19.64 % compared to strain S15. 
The content of tryptophol in strains S19 and S20 also decreased 
accordingly (Fig. S5B). In summary, these metabolic engineering oper
ations have led to a gradual increase in tyrosol production, but the 
production is far from reaching a high level. Hence, the DAHP genera
tion step is still a bottleneck, and next step we will build the PHK 
pathway and further increase DAHP generation.

3.2. Phosphoketolase protein sequence analysis

To mine phosphoketolase enzymes with high activity, we first used 

the amino acid sequence of phosphoketolase from Bifidobacterium breve 
(xfpk_BB, sequence ID: KND53308.1) and Bifidobacterium lactis (xfpk_BL, 
sequence ID: AJD88698.1) as a template for BLAST comparison with the 
Nr database (Table S1). In previous studies, xfpk_BL and xfpk_BB have 
high enzyme activity in S. cerevisiae [27]. After comparison, we obtained 
approximately 40,000 sequences. Then, 280 sequences with conserved 
sites (metal ion binding sites; residues around the substrate binding bag) 
were preserved. The phylogenetic tree was constructed by the maximum 
likelihood method using the above 280 screened phosphoketolase se
quences and 9 phosphoketolase sequences that have been reported to be 
active in S. cerevisiae. As shown in Fig. 2, these phosphoketolases in the 
phylogenetic tree are derived from 24 phyla, primarily from the Acti
nobacteria, Proteobacteria, Chlorobi, and Firmicutes. Proteobacteria, 
Firmicutes, and Actinobacteria are the most abundant natural bacterial 
phyla currently reported, indicating that phosphoketolase derived from 
these phyla has a relatively complete evolutionary history [47,48]. The 
nine active phosphoketolases initially selected are primarily from the 
Actinobacteria and Firmicutes. For further study, the EFE89336.1 from 
Bifidobacterium breve and WP_144085670.1 from Bifidobacterium aster
oides which closely related to the template from the constructed 
phylogenetic tree were selected, and they were designated BA-C and 
BB-D, respectively [27]. The xfpk_BB and xfpk_BL were also synthesized 
after codon optimization as a comparison, all of them come from Acti
nobacteria (Table S1).

3.3. Activity and substrate specificity of phosphoketolase in S. cerevisiae

To investigate the activity of these enzymes which screened from 
phylogenetic analysis in S. cerevisiae. The plasmid pYES2 was used to 

Fig. 2. Phylogenetic analysis of phosphoketolases. The MEGA 11 software were used for the sequence alignment and construction of the phylogenetic tree using the 
full-length sequences of 289 phosphoketolases.
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express these phosphoketolases in S. cerevisiae S19 generating strains 
S19-xfpk_BB, S19-xfpk_BL, S19-BA-C, and S19-BB-D (Fig. 3A). These 
strains were cultured in a SC medium containing 2 % galactose. The 
tyrosol production of S19-xfpk_BB and S19-BA-C were 348.92 mg/L and 
380.64 mg/L, which increased by 42.04 % and 55.49 % than that of 
strain S19 with pYES2 empty plasmid, respectively. Although S19-BB-D 
is also derived from the same B. breve as S19-xfpk_BB, the yield of S19- 
xfpk_BL and S19-BB-D were average. Therefore, the S19-BA-C was 
chosen to continue the study.

To reveal the functional expression and substrate specificity of BA-C, 
an in vitro enzyme assay was performed with crude cell extracts from 
S. cerevisiae S19- pYES2 and S. cerevisiae S19-BA-C based on the estab
lished ferric hydroxamate method. Phosphoketolase has bifunctional 
properties, which catalyze the conversion of F6P to E4P and AcP, and 
catalyze xylulose-5-phosphate (X5P) to glyceraldehydes-3-phosphate 
(G3P) and AcP (Fig. S6). According to previous studies, ribose-5- 
phosphate (R5P) could be used as a substitute for natural substrate 
X5P. The catalytic function of phosphoketolase enzyme to substrates 
F6P and R5P was determined by detecting the amount of AcP [49]. As 
shown in Fig. 3B and C, the total time of the enzymatic reaction was 120 
min, group C was the crude enzyme extract of S19- pYES2, and group T 
was the crude enzyme extract of S19-BA-C. When the enzymatic reaction 
was carried out for 60 min, the Acp production of group C and group T 
was 3.14 mM and 5.03 mM, respectively, when F6P was used as sub
strate. When R5P was used as the substrate, the Acp production of group 
C and group T at 60 min was 1.75 mM and 3.79 mM, respectively. The 
result showed BA-C displayed activity on F6P and R5P, converting them 
into AcP. However, the activity profile for the BA-C show a higher 
specificity towards F6P compared to X5P.

3.4. Docking of phosphoketolase with F6P and molecular dynamics 
simulations to identify catalytic key residues

The crystal structure of phosphoketolase BA-C did not exist in the 
protein data bank (RCSB PDB). Swiss-Model, the protein structure 
homology-modelling server was used to construct the protein structure 
of BA-C, the homologous template was 3AI7, and the identity was 78 %. 
After the protein structure was constructed, F6P was used as the ligand 
molecule for molecular docking, and the best conformation of the 
combination of the two was obtained according to the scoring function 
(Fig. 4A and B), and the score is 95.019, which is qualified (see Sup
plementary Data 8). To further investigate the molecular mechanism of 
protein BA-C binding to F6P, the screened receptor protein-small 
molecule complex system was then simulated with 100 ns molecular 
dynamics under npt ensemble, and the trajectory data were saved every 
10 ps. According to the RMSD curve analysis, the complex reached dy
namic equilibrium at around 20 ns (Fig. 4C and Fig. S7) and finally 
converged. This indicates that the small molecules are well-matched to 
the target proteins and can form stable complexes. In addition, RMSF 

analysis shows that a small part of amino acids in the protein complex 
changed conformation, while most of the amino acids changed little 
(Fig. 4D). The binding energy of PK protein and F6P was − 118.726 kcal/ 
mol by modeling and fitting. For identifying the key binding sites of 
phosphoketolase and F6P, all of the contacts that may influence sub
strate recognition and product release are registered, including 
hydrogen bonds, hydrophobic interactions, π-stacking, and salt bridges 
[34]. As a result, a total of 17 individual residues at the pockets were 
collected. Protein BA-C and F6P can form hydrogen bond interaction, 
and the interaction residue sites include Thr-67, His-97, Gly-183, and 
Lys-300 (Fig. 4E). The energy around the residue site was calculated and 
the energy distribution diagram was obtained (Fig. 4F).

3.5. Alanine scanning mutagenesis to identify effective mutation sites

To identify key amino acid sites to guide site-specific amino acid 
mutation, we performed alanine scanning mutations on these amino 
acid residues and replaced relevant amino acid residues with neutral 
alanine without a special side chain, respectively [50]. These key amino 
acids might affect the activity of the enzyme, and mutants with a 10 % 
change in relative enzyme activity were thought to affect catalysis [30]. 
According to the information on residue sites (Fig. 4F), we carried out 
alanine mutation at 21 sites respectively. The mutant genes were 
expressed separately in strain S19 and 21 strains were obtained. These 
strains were cultured on a 96-well plate with an economizing medium of 
2 % galactose and 2 % raffinose pentahydrate, and their biomass was 
monitored (Fig. S8). The yield of tyrosol was measured after 72 h of 
culture (Fig. 4G). The data showed that alanine mutations at Gly183Ala, 
Tyr217Ala, and His320Ala, caused the yield of tyrosol to reach 742.48 
mg/L, 703.02 mg/L and 602.21 mg/L respectively (Fig. 4G). The tyrosol 
yield of these three strains increased by 37.07 %, 29.78 %, and 11.17 %, 
respectively, compared with the control group. However, the mutations 
of His64Ala, Trp65Ala, Gly66Ala, Thr67Ala, and His97Ala reduced the 
production of tyrosol, which was lower than that before the mutation. 
The results showed that the mutation of these sites would cause the 
activity of the enzyme to be weakened or even inactivated. In the study 
of Jing Zhang and Yongjun Liu, the His64, His553, and His97 of phos
phoketolase are found to have the function to stabilize the transition 
states and intermediates, and His64 is a better candidate of B1 catalyst 
[51,52]. Therefore, His64 might not be suitable for mutation. Other side 
chains that might restrict space for proper binding and orientation of an 
acceptor substrate like His320, Asn549, and Tyr501 were found to be 
crucial for phosphoketolase activity [53,54]. According to the alanine 
mutations at Gly183Ala, Tyr217Ala, and His320Ala, we speculate that 
this site may increase the interaction between the enzyme and the 
substrate.

Fig. 3. Activity and substrate specificity of phosphoketease in S. cerevisiae. (A) Utilizing galactose as an inducer to express phosphoketolase in S. cerevisiae. (B) and 
(C) In vitro enzymatic activity assay to determine the substrate specificity and enzymatic activity of phosphoketolase towards R5P and F6P, respectively. The blue 
fitted curve (Group C) stands for the crude enzyme extract of S19-pYES2, red fitted curve (Group T) stands for the crude enzyme extract of S19-BA-C.
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3.6. Molecular dynamics simulation predicts mutation sites

To further explore the possibility of increasing enzyme activity by 
mutating these sites, we predicted the effect of saturation mutation 
scanning at these sites on protein stability by calculation. According to 
the experimental results, three amino acid sites Gly-183, Tyr-217, and 
His-320 were selected for mutation prediction, each amino acid was 
scanned for saturation mutation (20 amino acids), and the affinity for 
the compound after mutation and the influence of this site on protein 
stability were calculated. 60 mutation data were obtained from 3 amino 
acid sites saturated mutation scanning (Fig. 5A and B). We classified the 
60 mutation data according to the influence of the mutated amino acids 

on protein stability and removed the delta stability and delta affinity 
values greater than 0.5, obtained His320Arg, His320Gln, and His320
Met. Three phosphoketolase mutants BA-CHis320Arg, BA-CHis320Gln, and 
BA-CHis320Met were obtained by site-directed mutagenesis. The wild-type 
BA-C and mutants were molecular-docked with F6P. The interaction 
between BA-C and F6P is mainly hydrogen bonds and carbon-hydrogen 
bonds (Fig. 5C). Hydrogen bonds include Thr-67, His-97, Gly-183, and 
Lys-300. The carbon-hydrogen bonds mainly consist of Gly-183, Lys- 
218, Pro-95, His-97, and Gly-66. The interaction of BA-CHis320Arg with 
F6P increased the hydrogen bond at Pro-95. The interaction of BA- 
CHis320Gln with F6P increased the hydrogen bond at His-97 and Ca++

. The 
interaction of BA-CHis320Gln with F6P increased the hydrogen bond at 

Fig. 4. Results of molecular docking and dynamics simulation. (A) Molecular docking conformation. (B) Interaction between the enzyme and the substrate molecule. 
(C) RMSD plot, the PPA in the figure represents the abbreviation of phosphoketolase. (D) RMSF plot, PPA (A) and PPA (B) represent the two subunits of the enzyme, 
respectively. (E) Form of the interaction between phosphoketolase and F6P. (F) Energy profile of amino acid residues. (G) Production of tyrosol after free expression 
in S. cerevisiae S19 following alanine mutation at phosphoketolase residue site.
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Gly-66. In addition, we simulated the size of the active pocket of the 
mutants and the changes in the surrounding hydrogen bond energy. It 
was found that the entrance channels of the substrate pockets of BA- 
CHis320Arg, BA-CHis320Gln, and BA-CHis320Met were larger than those before 
the mutation, and the increase of the entrance channel was often 
conducive to the entry of the substrate into the active center (Fig. S9). 
Based on the results of molecular docking, we hypothesize that an 

increase in hydrogen bonding enhances the interaction between phos
phoketolase and P6P, which together with the increase in substrate 
channeling leads to an increase in enzyme activity [55].

3.7. Mutation validation and in vitro enzyme activity assay

According to the predicted mutation sites, we carried out 

Fig. 5. Mutation prediction and molecular docking after mutation. (A) Stability prediction at sites 183, 217, and 320 mutated into other 20 amino acids. (B) Affinity 
prediction at sites 183, 217, and 320 mutated to 20 amino acids (Blanks represent missing data.). (C) Molecular docking after mutation of locus 320 into Arg, Gln, and 
Met (Yellow dotted lines represent hydrogen bonds, green dotted lines represent carbon-hydrogen bonds.).
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experimental verification. Subsequently, the mutated amino acids were 
constructed into the pYES2 plasmid expression cassette and expressed in 
strain S19 to obtain strains S19-320Arg, S19-320Gln, and S19-320Met, 
and the tyrosol titer reached 772.19 mg/L, 750.98 mg/L, and 826.43 
mg/L, respectively. They were separately increased by 42.55 %, 38.64 
%, and 52.57 % compared to S19-BA-C (Fig. 6A). In addition, we 
completed the mutation of the remaining 57 amino acids, and the mu
tation results were roughly similar to the predicted results, further 
indicating that site 320 was a key site that played a decisive role in 
enzyme activity (Fig. S10–12). To be stably expressed in yeast, it was not 
affected by passage and did not need to be induced by galactose, we 
added constitutive promoter TEF1 to the wild and mutated phospho
ketolase sequence and integrated them into the locus Chr IV of strain S19 
yield S21, S22, S23, and S24. Studies have shown that AcP could be 
converted to acetic acid, which causes metabolic burden and toxicity to 
cells. To reduce the production of acetic acid, we knocked out gene GPP1 
encoding a glycerol-3-phosphate dehydrogenase and heterologously 
expressed the gene SePTA from Salmonella enterica in strains S21, S22, 
S23, and S24, and obtained strains S25, S26, S27, and S28 (Figs. 1 and 
6B) [27,56]. The operations could not only introduce AcP into the TCA 
cycle but also eliminate excess acetic acid as a by-product (Fig. S13). The 
tyrosol titer of S25, S26, S27 and S28 reached 368.63 mg/L, 538.41 
mg/L, 524.89 mg/L and 455.57 mg/L, respectively. The mutant strains 
separately increased by 46.05 %, 42.38 %, and 23.58 % compared to 
S25. Subsequently, to further explore the changes in its enzyme activity, 
we measured the amino acid enzyme activity after these mutations. The 
mutation at locus 320 increased the enzyme activity to different degrees. 
Mutating 320 His into Met more significantly impacted the phospho
ketolase activities toward F6P, and the catalytic efficiency for F6P 
increased by 37.32 % (kcat/Km), after mutating 320 His into Arg, the 
catalytic efficiency for F6P increased by 20.71 % (Table 1). We observed 
that the phosphoketolase activities of BA-C and its mutants had the 
following order: 320-Met >320-Arg >320-Gln. However, the mutation 
did not significantly improve the enzyme activity of R5P.

3.8. Glucose fed-batch fermentation for higher tyrosol production

Fed-batch fermentation was applied to further improve the titer of 
tyrosol biosynthesized in S. cerevisiae. Strain S19, S25, S26, and S27 
were selected for the fed-batch fermentation, which was performed in a 
20 L bioreactor containing 14 L of the YPD medium. After the depletion 

of the initial glucose feed (approximately after 9 h), glucose was fed 
periodically into the bioreactor to control the glucose concentration in 
the fermentation medium under 5 g/L. As shown in Fig. 7A and 
Fig. S14A, glucose and ethanol were gradually consumed after 60 h. The 
cell density (OD600) of strain S19 reached about 23.79, and the tyrosol 
titer continued to accumulate, eventually reaching 2.09 g/L. The OD600 
of strain S25 achieved an OD600 value of 23.16 after 60 h cultivation and 
the production of tyrosol reached up to 3.67 g/L (Fig. 7B). In addition, 
5.25 g/L and 4.75 g/L tyrosol were produced during the fermentation of 
strain S26 and S27 after 60 h (Fig. 7C and D). The tyrosol yield of stain 
S25, S26, and S27 in the fermenter increased by 75.59 %, 151.19 %, and 
127.27 %, respectively, compared with stain S19. The tyrosol yield of 
stain S26 and S27 increased by 43.05 % and 29.43 %, respectively, 
compared with stain S25.

4. Discussion

In our work, we utilized a metabolic engineering strategy to obtain 
strain S19 producing 247.66 mg/L of tyrosol, which contained expres
sion of the heterologous PcAAS gene, mutations in the feedback 
repressor genes ARO3, ARO4, ARO7, gene overexpression of ARO4K229L 

and the endogenous gene ARO10, as well as knockdown of the gene 
PDC1, PHA2, and TRP2 which participate in competitive pathways. The 
tyrosol production of this strain was still at a low level compared to the 
tyrosol production of S. cerevisiae constructed by Liu et al. [20]. Tyrosol 
was de novo synthesized using glucose and was limited by the produc
tion of the precursor substance E4P. We construct a strategy based on the 
phosphoketolase pathway to further increase tyrosol production. 
Compared to the approach of modifying the endogenous gene TKL, RKL1 
in S. cerevisiae to increase the carbon flux to E4P, the modification of 
phosphoketolase alone was more efficient. In this paper, a phosphoke
tolase with high enzyme activity was screened by mining big data and 
constructing a phylogenetic tree combined with tyrosol detection. We 
modified the phosphoketolase BA-C by semi-rational design and ob
tained the phosphoketolase mutant, which showed high catalytic effi
ciency for F6P. The molecular docking results further revealed the 
mechanism of the improvement of BA-C enzyme activity. The increase in 
the number of hydrogen bonds improves the binding force between the 
phosphoketolase BA-C and the substrate F6P. In addition, the increased 
in the entrance channel of the substrate active pocket facilitated F6P to 
reach the active center. In the end, the strain we constructed increased 

Fig. 6. Production of tyrosol in S. cerevisiae S19 after phosphoketolase BA-C mutation. (A) Tyrosol production of S. cerevisiae S19 which contained phosphoketolase 
mutated 320Arg, 320Gln, and 320Met. (B) The 320Arg, 320Gln, and 320Met mutated phosphoketolase genes were inserted into the genome to determine the yield of 
tyrosol and the production of tyrosol after completing the PHK pathway.
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by 151.19 % compared with the control strain. Although the final yield 
of tyrosol was still lower than that of the predecessors, the phosphoke
tolase screened in this paper was more efficient in increasing E4P flux 
(Table 2).

In the previous strategy of metabolic engineering, feedback inhibi
tion contributed the most to the improvement of tyrosol production, 
followed by the knockout of competitive pathways. ARO3 had a high 
binding affinity to L-phenylalanine before mutation, and the interaction 
with L-phenylalanine was weak after becoming mutant ARO3D154N. It 
greatly alleviated the feedback inhibition caused by L-phenylalanine 
accumulation. The ARO4K222L mutation located L-tyrosine in the vicinity 
of the helix α3 and α3/β3 rings, and abolished the inhibitory effect of L- 
tyrosine on itself [19]. The permutation and combination of ARO3, 
ARO4, and ARO7 mutations have different effects on the production of 
tyrosol. This highlights the importance of the ARO4K222L mutation, but it 
is not completely ruled out that it is caused by differences between 
strains. The throttling of the branching pathway is important, but it is 
impossible to completely knock out the production of tryptophan or 
phenylalanine for S. cerevisiae. This also explains why the production of 
tyrosol did not increase after a series of knockdown operations, and 
there was still a certain amount of production of 2-phenylethanol and 

tryptophol [41]. Therefore, on this basis, overexpression of 
phenylalanine-4-hydroxylase (P4H) can be considered to increase the 
production of tyrosol by converting phenylalanine into tyrosine. How
ever, this strategy has not been studied in S. cerevisiae.

Phosphoketolases are members of the thiamine pyrophosphate 
(TPP)-dependent enzyme family and play a vital role in carbohydrate 
metabolism in various microorganisms [57]. In our study, BC-A is 
derived from Bifidobacterium. Unlike other organisms, bifidobacteria use 
a unique carbohydrate metabolic pathway called “bifid shunt”, which 
can use phosphoketolase to phosphorylate F6P and X5P [47,58]. This 
function allows bifidobacteria to produce more ATP from carbohydrates 
than other conventional pathways. However, phosphoketolases found in 
other organisms (called XPK) are mainly able to metabolize X5P and 
have very low activity towards F6P [59–62]. In contrast, phosphoketo
lase derived from Bifidobacterium origin has a high activity towards F6P, 
which is similar to our experimental results. Therefore, through the 
above research on BC-A, we speculate that the enzyme belongs to the 
XFPK enzyme.

Phosphoketolase has been gradually applied in cell factories in 
recent years for the efficient production of p-coumaric acid, resveratrol, 
salidroside, and 2-phenylethanol in yeast by means of carbon flux 

Table 1 
Kinetic parameters for phosphoketolases and its mutants using F6P and R5P as substrates.

Enzyme variants F6P R5P

Km (μM) kcat (min− 1) kcat/Km(M− 1⋅min− 1) Km (μM) kcat (min− 1) kcat/Km (M− 1⋅min− 1)

WT 15.24 0.003188 209.1863517 16.79 0.003311 197.2007147
320-Arg 21.25 0.005366 252.5176471 16.93 0.003655 215.8889545
320-Gln 21.69 0.004892 225.5417243 23.33 0.004718 202.2288898
320-Met 16.02 0.004599 287.0786517 27.38 0.005355 195.5807159

Fig. 7. Tyrosol production of engineered S. cerevisiae in a 20 L fermenter. A, B, C, and D correspond to the tyrosol production of strain S19, strain S25, strain S26, and 
strain S27 respectively, and the methods of fermentation control were consistent.
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redistribution [12,63,64]. In addition, the enzyme has been applied to 
increase cellular fatness and product yields in Pseudomonas putida 
through an engineered phosphoketolase shunt [49]. Generalist phos
phoketolase Xfspk is used to convert glucose into stoichiometric 
amounts of AcP for improving the carbon yield of E. coli. These studies 
indicate that the excavation of phosphoketolase will be beneficial to the 
biosynthesis of compounds.

To obtain higher-activity phosphoketolase, Dele-Osibanjo et al. 
screened live high-activity phosphoketolase PKTT2A/I6T/H260Y by 
directed evolution [47]. The results showed that compared with a single 
amino acid mutation, the mutation of the three amino acid sites resulted 
in a greater increase in enzyme activity. This result inspires us need to 
combine multiple amino acid mutations and then determine the effect 
on enzyme activity and tyrosol. Different from directed evolution, we 
obtained the 320 key amino acid residues and mutant amino His320Arg 
by semi-rational design. The mutation increased the activity of the 
enzyme to F6P (37.32 %) and R5P. The mutation sites obtained by 
directed evolution are far away from the active center. However, the 
activity of the enzyme was also improved. This leads us to believe that 
there may be great potential regarding amino acid mutations. Further 
molecular docking of the phosphoketolase to R5P could be done to 
explain the effect of the mutation on the binding of R5P and the dif
ferential binding with F6P. According to our experimental results, the 
His320Arg amino acid mutation increases the number of hydrogen 
bonds and increases the space size of the substrate channel. Hydrogen 
bond is the main interaction force maintaining the stability of the 
α-helical structure. Mutated His320Arg formed an additional hydrogen 
bond with Pro-95, making BA-C a tighter structure for improved cata
lytic activity. In addition, the size of the substrate channel determines 
the efficiency of the substrate entering the enzyme activity region, 
which may lead to an increase in enzyme activity.

Algorithm-based calculation of virtual mutation provides the direc
tion of mutation, but its accuracy is not as high, so further validation 
using traditional wet experiments is needed. In addition, there is 
currently less crystal structure information related to phosphoketolase 
[65]. With the development of technology, the publication of more 
structural information will play an important role in the mining of 
phosphoketolase. However, within the scope of the prior art, 
structure-guided protein rational design and directed enzyme evolution 
are still successful proven approaches in engineering and improving 
enzyme properties.

5. Conclusion

We excavated and identified the XFPK enzyme BA-C, analyzed its 
structural characteristics, and the difference in substrate activity of the 
enzyme. After the enzyme was applied to the final fermentation, the 
yield of tyrosol was increased by 151.19 %. This further illustrates that 
the development of phosphoketolase will provide strong support for the 
improvement of aromatic and other de novo synthetic compounds.
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Table 2 
Summary of recent reports regarding the production of tyrosol from glucose.

Products Host Metabolic engineering strategies Culture conditions Titer References

Tyrosol/ 
salidroside

S. cerevisiae 
BY4742

Integrating with URA3 selectable marker and PPGK1-ARO7G141S-TADH1- 
PTDH3-ARO4K229L-TTEF1- PTEF1-AroL-TCYC1 cassettes into 
YPRCΔ15DNA site. Integrating with LEU2 selectable marker and 
PPGK1-AtUGT85A1syn-TADH1-PTDH3-PcAASsyn 

-TTEF1 cassettes into YJR056C DNA site

5 L bioreactor fed- 
batch fermentation

732.5 mg/L salidroside and 
1394.6 mg/L tyrosol

[14]

Tyrosol S. cerevisiae 
BY4741

pJFE3 carrying PTDH3-PcAASsyn-TCYC1 PTEF1-EcADHsyn-TPGK1 cassette, 
Δpdc1 and EcTyrAM53I/A354V expressed

Shake flask 
fermentation

126.74 ± 6.70 mg/g DCW 
(SC-Ura medium with 2 % 
glucose)

[13]

Tyrosol/ 
salidroside

S. cerevisiae 
HLF-Dα

PHA2:PTPI1-BbXFPK-TGPM1-loxp- kanMX4-loxp, TRP3::PTEF1- 
UGT85a1-TCYC1-hphMX4

3 L bioreactor Tyrosol 8.48 g/L and 1.82 g/ 
L salidroside (after 192 h 
cultivation)

[12]

Tyrosol S. cerevisiae 
CEN.PK2–1C

ZWF1::PHXT7-TKL1-TADH1-PTEF1-RKI1-TPGK1 

TRP1,URA3::PPGK1-ARO2-TGPD-PTEF1-ARO10-TPGK1 

,Δpdc1 Δpha2 308a:PARO4-ARO4K229L-TARO4-PARO7-ARO7G141S-TARO7- 
PARO3-ARO3K222L-TARO3

Shake flask 
fermentation

702.30 mg/L [20]

Tyrosol/ 
salidroside

S. cerevisiae 
CEN.PK2–1C

ZWF1::PHXT7-TKL1-TADH1-PTEF1-RKI1-TPGK1 

TRP1,URA3::PPGK1-ARO2-TGPD-PTEF1-ARO10-TPGK1 

,Δpdc1 Δpha2 308a:PARO4-ARO4K229L-TARO4-PARO7-ARO7G141S-TARO7- 
PARO3-ARO3K222L-TARO3,LEU2::PTEF1-RrU8GT33opt-TPGK1

5 L bioreactor 9.90 g/L of tyrosol and 26.55 
g/L of salidroside

[20]

Tyrosol S. cerevisiae 
CEN.PK2–1C

308a:PTDH3-ARO4K229L-TFBA1-PTEF2-ARO7G141S-TADH2,Δpdc1Δpha2, 
URA3::PPGK1-ARO2-TGPD-PCCW12-ARO10-TADH1, TRP1::PHXT7-TKL1- 
TADH1-PTEF1-RKI1-TPGK1, LEU2::PTEF1-ARO3D154N-TPGK1t

Shake flask 
fermentation

1.3 g/L of tyrosol [19]

N. Song et al.                                                                                                                                                                                                                                    Synthetic and Systems Biotechnology 10 (2025) 294–306 

304 



Appendix. A Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.synbio.2024.11.007.
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