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Chlorogenic acid (CGA) is a valuable phenolic acid with various pharmaceutical functions. In our previous study,
de novo synthesis of CGA in Saccharomyces cerevisiae was achieved. However, its yield required improvement
before large scale production. In this study, systematic metabolic engineering strategy was used to reconstruct
chassis cell S. cerevisiae YC0707 to enhance its CGA yield from glucose. To balance the supply of phospho-
enolpyruvate (PEP) and erythrose 4-phosphate (E4P), ZWF1 (encoding glucose-6-phosphate dehydrogenase) and
GND1 (encoding 6-phosphogluconate dehydrogenase) were overexpressed by strong promoter Prgp; swapping,
thereby strengthening the pentose phosphate pathway. The mutant of phosphofructokinase (PFK2%'8P) was
further introduced to weaken the glycolytic pathway. Then, the p-coumaric acid synthesis capacity was enhanced
by employing tyrosine ammonia lyase from Rhodotorula glutinis (RgTAL), AHAM1, and AYJLO28W. Fusion
expression of AtC4H (cinnamate-4-hydroxylase) and At4CL1 (4-coumarate CoA ligase 1), together with CsHQT
(hydroxycinnamoyl CoA quinate transferase) and AtC3'H (p-coumaroyl shikimate 3-hydroxylase), improved
biosynthetic flux to CGA. Subsequently, the microenvironment of P450 enzymes was improved by overexpressing
INOZ2 (a transcription factor for lipid biosynthesis) and removal of heme oxygenase gene HMX1. Furthermore,
screening potential transporters to facilitate CGA accumulation. Finally, we optimized the fermentation condi-
tions. Using these strategies, CGA titers increased from 234.8 mg/L to 837.2 mg/L in shake flasks and reached
1.62 g/L in a 5-L bioreactor, representing the highest report in S. cerevisiae and providing new insights for CGA
production.

1. Introduction

Chlorogenic acid (CGA, 3-O-caffeoylquinic acid) is a phenylacrylate
polyphenol compound produced via the shikimic acid pathway in plants
[1]. CGA has been increasingly utilized in the cosmetics, nutrition, and
pharmaceutical industries due to its broad range of activities, including
anti-inflammatory [2], anti-tumor [3], antibacterial [4], and immuno-
modulatory effects [5]. Moreover, CGA plays an important role in skin
whitening and rejuvenation due to its antioxidant properties [6].
Traditionally, commercial production of CGA has relied on extraction
from natural plants, which faces challenges with low extraction effi-
ciency, lengthy growth cycles, and adverse environmental impacts [1].
Therefore, it’s prospective to develop high-efficiency and sustainable
methods for synthesizing CGA using microbial cell factories.

The biosynthesis of CGA involves several direct precursors: p-cou-
maroyl-CoA or caffeoyl-CoA and quinic acid. This synthetic pathway

requires heterogeneous enzymes, including hydroxycinnamoyl-CoA
quinate transferase (HQT) and p-coumaroyl shikimate 3-hydroxylase
(C3'H) [7,8]. p-Coumaroyl-CoA and caffeoyl-CoA are generated from
p-coumaric acid and caffeic acid by 4-coumarate CoA ligase (4CL) [9].
Therefore, the availability of p-coumaric acid or caffeic acid, along with
quinic acid, is crucial for CGA biosynthesis. However, 4CL preferentially
catalyzes p-coumaric acid to p-coumaroyl-CoA when both p-coumaric
acid and caffeic acid are all present in Saccharomyces cerevisiae [10].
Several reports have achieved the biosynthesis of CGA in microor-
ganisms, with its biosynthetic pathway successfully reconstituted in
Escherichia coli and S. cerevisiae. In E. coli, the CGA titer reached 450 mg/
L by deleting the 3-dehydroquinate dehydratase (AroD) and over-
expressing the quinate dehydrogenase (YdiB), combined with the sup-
plementation of caffeic acid [11]. A cell-free biosynthetic system
increased the CGA titer to 711.26 mg/L through chassis-cell extractions
and purified Spy cyclase mixtures [12]. An authentic polyculture system
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for de novo CGA biosynthesis was designed, consisting of three Escher-
ichia coli strain modules: one producing CA, another producing QA, and
a third converting these precursors to QA, resulting in a CGA titer of 78
mg/L [13]. In addition, CGA titers of 638.2 mg/L in shake-flask cultures
and 2789.2 mg/L in a 5-L fermenter were achieved by modular pathway
optimization, cofactor engineering, and rational design of YdiB in E. coli
[14]. In S. cerevisiae, the CGA biosynthetic pathway was reconstituted,
realizing a CGA yield of 806.8 mg/L in a 1-L bioreactor and 234.8 mg/L
in shake-flask cultures via unlocking the shikimate pathway and opti-
mizing carbon distribution, optimizing the L-Phe branch, and adjusting
the copy number of CGA pathway genes [15]. Overall, S. cerevisiae is
widely utilized for the biosynthesis of phenolic acids due to its versatile
genetic engineering tools [16], efficient expression of cytochrome P450
enzymes [17], and stabilization of scale-up fermentation [18]. There-
fore, S. cerevisiae is considered a suitable chassis for the de novo
biosynthesis of CGA.

Although progress has been made in de novo biosynthesis of CGA, the
production of CGA still faces several challenges in S. cerevisiae. Since
phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) directly
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connect central carbon metabolism to aromatic compounds biosynthetic
pathway [19]. Optimizing the supply of PEP and E4P to the shikimate
through modifications in central carbon metabolism produced 13 mM of
2-phenylethanol [20]. Heterologous expression of P450 enzymes from
plants or other species may result in insufficient cofactor supply and
rate-limiting steps for plant natural product synthesis in yeast [21].
Therefore, a suitable microenvironment for P450 expression is essential
for microbial cell factories producing phenolic acids [22,23]. For
instance, engineering cofactor supply and recycling achieved the caffeic
acid titer to 5.5 g/L in S. cerevisiae [24]. The yield of diterpenoids
reached 67.69 mg/L through engineering the microenvironment of
P450s in S. cerevisiae [25]. Furthermore, the supply of synthetic pre-
cursors, such as p-coumaric acid and quinic acid, is essential for
increasing CGA production [26]. Although strategies to enhance the
production of aromatic compounds in S. cerevisiae are well-established,
the studies on the conversion of these precursors to CGA are limited.
In this study, a systematic metabolic engineering strategy was uti-
lized to address the aforementioned challenges for high production of
CGA from glucose in S. cerevisiae (Fig. 1). In phase I, the PPP pathway
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Fig. 1. Systematic metabolic engineering for the de novo biosynthesis of chlorogenic acid in S. cerevisiae. Phase I: Balancing the supply of E4P and PEP; Phase II:
Enhancing carbon flux from DAHP to CGA; Phase III: Improving the microenvironment of P450s; Phase IV: Transport protein engineering. G6P, glucose-6-phosphate;
F6P, fructose-6-phosphate; 6 PG, 6-phosphogluconic acid; Ru5P, ribulose-5-phosphate; F-1,6-P, fructose-1,6-bisphosphate; PEP, phosphoenolpyruvate; E4P, erythose-
4-phosphate; PYR, pyruvate; DAHP, 3-deoxy-arabino-heptulosonate-7-phosphate; L-Phe, r-phenylalanine; L-Tyr, r-tyrosine; ST, styrene; 4-VP: 4-vinylphenol.
Endogenous pathway gene: PGI1, phosphoglucose isomerase; ZWF1, glucose-6-phosphate dehydrogenase; GND1, 6-phosphogluconate dehydrogenase; TAL, trans-
aldolase; PFK25718D, phosphofructokinase mutant; IME4, mRNA N6-adenosine methyltransferase; ARO3P154N, L-phenylalanine feedback-insensitive chorismate
mutase; HAM1, nucleoside triphosphate pyrophosphohydrolase; YJLO28W, protein of unknown function; FDC1: ferulic acid decarboxylase; PAD1: phenylacrylic acid
decarboxylase; HMX1, heme oxygenase; ROX1, heme-dependent repressor of hypoxic genes; INO2, a transcription factor for lipid biosynthesis; CPRs, P450 re-
ductases; TAT1, tyrosine and tryptophan amino acid transporter; GAL2, galactose permease; PDR12 and ESBP6, transporters of increasing tolerance to aromatic
acids. Heterologous genes: LmXFPK, phosphoketolase; AtPAL2, phenylalanine ammonia lyase 2; RgTAL, tyrosine ammonia lyase; AtC4H, cinnamate-4-hydroxylase;
At4CL1, 4-coumarate CoA ligase 1; EcYdiB, quinate dehydrogenase; CsHQT, hydroxycinnamoyl-CoA quinate transferase; AtC3'H, p-coumaroyl shikimate 3-
hydroxylase.
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strengthening coupled with the EMP pathway weakening was designed
to balance the supply of E4P and PEP. In phase II, optimizing the p-
coumaric acid pathway and fusion expression of AtC4H and At4CL1,
together with CsHQT and AtC3'H for enhancing carbon flux from DAHP
to CGA. In phase III, improving the microenvironment of P450s by
overexpressing INO2 and deleting HMX1. In phase IV, screening po-
tential transporters led to deletion of TAT1 for improving CGA pro-
duction. Finally, shake-flask fermentation conditions were optimized.
The CGA titer significantly increased to 837.2 mg/L in shake-flask cul-
tures and 1.62 g/L in a 5-L bioreactor, respectively.

2. Materials and methods
2.1. Chemicals

The Clon Express II One-Step Kit, Phanta Max Master Mix, and Green
Taq Mix DNA polymerase obtained from Vazyme Biotech Co., Ltd.
(Nanjing, China). Restriction enzymes, DNA ligase, and DNA gel puri-
fication kits were purchased from TaKaRa Bio Inc. (Nanjing, China). The
plasmid mini-prep kit and other chemical reagents were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). All codon-optimized het-
erologous genes (RgTAL, LmXFPK, and CkPTA) and primers were syn-
thesized by Tsingke Biotechnology Co., Ltd. (Beijing, China).

2.2. Strains, Media, and culture conditions

The engineered S. cerevisiae strain YC0707 from our previous report
was utilized as the host strain in this study [15]. E. coli DH5a was used to
amplify and construct plasmids. DH5a was cultured at 37 °C and 180
rpm in Luria-Bertain (LB) broth (5 g/L yeast extract, 10 g/L peptone, and
5 g/L NaCl), with 100 pg/mL of kanamycin or ampicillin as needed. The
S. cerevisiae strains were cultivated at 30 °C and 220 rpm in YPD medium
(20 g/L of peptone, 10 g/L of yeast extract, and 20 g/L of glucose).

2.3. Construction of plasmids and strains

All endogenous genes were amplified from S. cerevisiae CEN.PK2-1C
genomic DNA or from available plasmids. Heterologous genes were
amplified using polymerase chain reaction (PCR) with synthesized
codon-optimized fragments. The plasmids, codon-optimized genes, and
primers used in this study are listed in Tables S1, S2, and S3. For plasmid
construction, helper template plasmids were linearized using the re-
striction enzymes of BamH]I, Xhol, or HindIIl. The amplified target genes
were then assembled into the template plasmids by restricted ligation or
Gibson assembly methods to produce gene expression cassettes [27].
The mutants of PFK257'8P and ARO3P1>*N were constructed by a
site-directed mutagenesis system [28]. To construct fusion proteins of
adjacent enzymes, a flexible linker, GGGS (GGTGGCGGATCT) [29], was
used in this study. Colony polymerase chain reaction was employed to
screen for positive clones. The constitutive promoters of TEF1p, PGK1p,
HXTIp, and YENIp were amplified from CEN.PK2-1C genomic DNA,
including 40bp of upstream and downstream target gene promoter site.

The CRISPR-Cas9 system was employed for gene knockouts and in-
sertions in the genome of S. cerevisiae [30]. Guide RNA (gRNA) plasmids
targeting genomic spacers were designed by the CHOPCHOP tool (https
://chopchop.cbu.uib.no/) [31]. Using plasmid pKanl0-ADE2.1 as a
template, guide RNA (gRNA) plasmids were constructed by Gibson as-
sembly [32]. All guide target spacers utilized in this study are listed in
Table S4. The donor DNA fragments of integration cassettes were
amplified from corresponding plasmids, including 40bp of upstream and
downstream genomic targets. For gene knockouts, 400 bp upstream and
downstream fragments of target genes were amplified and fused by
overlap extension PCR [33]. The LiAc/ssDNA/PEG [34] method was
employed to co-transform linearized donor fragments (50-100 ng/kb)
with corresponding gRNA plasmids (300-500 ng) into S. cerevisiae.
Transformers were then selected on YPD agar plates containing 200
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pg/mL G418. Positive clones were confirmed by colony PCR or Sanger
sequencing. All engineering strains used and constructed are listed in
Table 1.

2.4. Analysis of RT-qPCR

Transcription levels of ZWF1, GND1, PGI1, and PFK2 in the engi-
neered strains were quantified by HiScript II® RT SuperMix for qPCR kit
from Vazyme Biotech Co., Ltd. (Nanjing, China). Each S. cerevisiae strain
was cultured in 50 mL of the YPD medium at 30 °C in a shaking incu-
bator (220 rpm) for 36 h. After incubator, 1 mL of the medium was
collected and immediately extracted with RNA Plus Reagent. Subse-
quently, 1 pg of total RNA was reverse-transcribed into cDNA using the
HiScript II® RT SuperMix for qPCR kit (Vazyme Biotech, China). The
cDNA was then used for further analysis. Quantitative PCR (qPCR) re-
actions were performed using ChamQTM SYBR® qPCR Master Mix kit
(Vazyme Biotech, China) and Bio-Rad CFX Connect Optics Module
System (BioRad Laboratories, USA).

2.5. Fermentation conditions

For shake-flask production of CGA, the single colony of engineered
S. cerevisiae was inoculated into 5 mL of YPD or minimal medium and
incubated at 30 °C and 220 rpm for 18-24 h. Subsequently, 2 % of the
seed culture was transferred into 250 mL flask containing 50 mL of YPD
or minimal medium (25 g/L glucose, 7.5 g/L (NH4)3SO4, 8 g/L KHaPOy,
3 g/L MgS0y4, 10 mL/L trace metals solution, and 12 mL/L vitamin so-
lution) [35], maintaining an initial ODggp of 0.05. The culture was
incubated at 30 °C and 220 rpm for 72 h. Samples were collected every
24 h during shake-flask fermentation.

Fed-batch fermentation was performed in a 5-L bioreactor. The
engineered strain YS38 was selected in 5 mL minimal medium at 30 °C
and 220 rpm. Next, 2 % of the seed solution was transferred to 250 mL
flasks containing 50 mL of minimal medium for 24 h of cultivation. A
seed culture of 250 mL was then transferred into the 5-L bioreactor
cultivation, with an initial ODggg of 0.4. The bioreactor contained 2.0 L
of minimal medium (25 g/L glucose, 7.5 g/L (NH4)2SO4, 8 g/L KHoPOy,
3 g/L MgS0Oy4, 10 mL/L trace metals solution, and 12 mL/L vitamin so-
lution). The bioreactor fermentation was performed at 30 °C and
400-800 rpm, with dissolved oxygen levels maintained above 30 %. The
pH was controlled at 4.5 by the automatic addition of NH3H»0, and the
airflow rate was automatically regulated at 2 L/min. When glucose was
depleted, the feeding solution (400 g/L glucose, 18 g/L KHyPOy, 5 g/L
MgSOy, 7 g/L K2SO4, 0.56 g/L NayS0O4, 10 mL/L trace metals solution,
and 12 mL/L vitamin solution) was added to the bioreactor to maintain
the glucose concentration below 1.0 g/L. The titers of CGA and ODggo
were measured through regular sampling during fermentation.

2.6. Analysis method of cell density and the metabolites

Cell density (ODggp) was
spectrophotometer.

To determine the concentration of CGA, 500 pL methanol was added
to 500 pL of fermentation broth. The mixture was vortexed for 5 min and
centrifuged at 12,000 rpm for 10 min. The samples were then filtered
through a 0.22 pm organic filter membrane for HPLC analysis. The
concentration of CGA was analyzed using an Agilent 1260 HPLC system
(Agilent, USA) equipped with a C18 column (250 x 4.6 mm, 5 pm,
Agilent, USA) as described previously [15].

A biosensor analyzer SBA-40C (Shandong, China) was utilized to
analyze the concentrations of glucose and ethanol.

To analyze the concentration of r-tyrosine, 500 pL of 4 M HCL was
added to 500 pL of broth. The mixture was vortexed for 20 min and
centrifuged at 12,000 rpm for 10 min. The samples were then filtered
through a 0.22 pm organic filter membrane for HPLC assay. The con-
centration of r-tyrosine was analyzed using an Agilent 1260 HPLC

measured using an ultraviolet
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Table 1
Strains used or constructed in this study.
Strain Genotype/description Source
CEN.PK2- MATa; ura3-52; trp1-289; leu2-3112; his3A1; MAL2-85; Euroscarf
1C sucz
YC0707 CEN.PK2-1C, X3::(GPDp-AtATR1-CYC1t)-(ENO2p- Lab stock
CsHQT2-PGK1t)-(TPI1p-AtC3'H-TPI1t)-(TEF1p-EcYdiB-
TEF1t)-(PGK1p-At4CL1-HXT7t)-HIS3
YS01 YC0707, ZWF1p::PGK1p This
study
YS02 YCO0707, ZWF1p::TEF1p This
study
YS03 YS02, GND1p::TEF1p This
study
YS04 YS03, TAL1p::TEF1p This
study
YS05 YS04, /AAPHO13 This
study
YS06 YS03, PGI1p::YENIp This
study
YS07 YS03, PGI1p::HXTI1p This
study
YS08 YS07, TDH3p::HXT1p This
study
YS09 YS07, PFK2::PFK257'8P This
study
YS10 YS07, ENO1p::HXT1p This
study
YS11 YS09, XIII9::TEF1p-LmxFPK-CYCI1t This
study
YS12 YS09, XII19::(TEF1p-LmxFPK-CYC1t)-(PGK 1p-CkPTA- This
HXT7t) study
YS13 YS12, /AAGPP1 This
study
YS14 YS09, X4::GPDp-HaTAL-CYCIt This
study
YS15 YS09, X4::PGK1p-RgTAL-HXT7t This
study
YS16 YS15, GAL80::PGK1p-ARO3P>*N_HXT7t This
study
YS17 YS15, IME4p::PGK1p This
study
YS18 YS15, ARICI This
study
YS19 YS15, AYJLO28W This
study
YS20 YS19, AHAM1 This
study
YS21 YS20, AAPAD1 This
study
YS22 YS20, /AFDC1 This
study
YS23 YS20, XIM9::PGK 1p-RgTAL-(GGGS)-At4CL1-HXT7t This
study
YS24 YS20, XII19::GDPp-AtC4H-(GGGS)-At4CL1-HXT7t This
study
YS25 YS20, XII19::PGK1p-At4CL1-(GGGS)-CsHQT-PGK1t This
study
YS26 YS20, XII19::TEF1p- EcYdiB-(GGGS)-CsHQT-PGK1t This
study
YS27 YS20, XII19::ENO2p- CsHQT-(GGGS)-AtC3H-TPI1t This
study
YS28 YS24, X1::ENO2p- CsHQT-(GGGS)-AtC3H-TPI1t This
study
YS29 YS28, /\OPI1 This
study
YS30 YS28, INO2p::TEF1p This
study
YS31 YS28, YJLO28W::PGK1p-INO2-HXT7t This
study
YS32 YS31, /AAROX1 This
study
YS33 YS31, AHMX1 This
study
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Table 1 (continued)

Strain Genotype/description Source
YS34 YS33, /A\AESBP6 This
study
YS35 YS33, /AAPDRI12 This
study
YS36 YS33, AAROSO This
study
YS37 YS33, AGAL2 This
study
YS38 YS33, ATATI This
study
YS39 YS33, HMXINOZ2::PGK1p-ESBP6-HXT7t This
study
YS40 YS33, HMXINOZ2::TEF1p-PDR12-TEF1t This
study

system equipped with a C18 column (250 x 4.6 mm, 5 pm, Agilent). The
mobile phases consisted of 0.1 M sodium acetate solution (solvent A, pH
= 4.0) and 100 % methanol (solvent B). The samples were analyzed for
10 min using the following gradient program: 90 % solvent A for 10 min.
The flow rate was 1 mL/min, the injection volume was 10 pL, and the
column temperature was maintained at 30 °C. The absorbance of -
tyrosine was detected at 280 nm.

For PEP and E4P analysis, 1 mL of the fermentation broth was
sampled at 48 h and immediately quenched with 1 mL of —40 °C
methanol. The mixture was centrifuged at 4 °C, 12,000 rpm for 10 min,
and the cell pellets were washed by 500 pL of PBS buffer solution. The
pellets were then repeatedly frozen in liquid nitrogen and thawed in
37 °C water bath for three times. Following this, the samples were
sonicated for 10 min at a power of 300 W, with a cycle of 5s on and 25 s
off. After centrifugation at 4 °C, 12,000 rpm for 5 min, 10 pL of the
supernatant was analyzed using PEP and E4P ELISA Kits from Enzyme-
linked Biotechnology Co., Ltd. (Shanghai, China).

2.7. Confocal fluorescence microscopy

Yeast cells were cultured in MM medium to maintain strains
expressing the HQT-GGGS-C3'H-GFP fusion protein. After cultivating for
48 h at 30 °C with 220 rpm of shaking, cells were washed with HBSS and
stained by 1 uM ER-Tracker Blue (Yeasen Biotech, China) at 37 °C for 30
min. Blue fluorescence intensity was monitored with a 374 nm excita-
tion filter and a 474 nm emission filter. Green fluorescence intensity was
monitored with a 480 nm excitation filter and a 520 nm emission filter.
Then, blue and green fluorescence was observed by fluorescence mi-
croscopy (Leica Microsystems CMS GmbH).

3. Results
3.1. Balancing and rewiring carbon distribution of PEP and E4P

PEP and E4P are directly connected the central carbon metabolism to
the CGA synthetic pathway [36]. Given that the concentration of PEP is
at least one order of magnitude higher than that of E4P in S. cerevisiae
[37], we sought to balance the carbon distribution between PEP and E4P
by enhancing the PPP pathway and attenuating the EMP pathway
(Fig. 2A). ZWF1 (glucose-6-phosphate 1-dehydrogenase) and GND1
(6-phosphogluconate dehydrogenase) within the PPP pathway are
crucial for supplying E4P and regenerating NADPH in S. cerevisiae [38].
The constitutive strong promoters of Ppgk; and Prgp; are extensively
studied and applied in S. cerevisiae [39]. Therefore, we enhanced the
expression of ZWF1 by replacing its original promoter with two reported
strong promoters Ppgg; and Prgp; in YC0707. The relative transcription
level of ZWF1 was significantly increased by promoter Prgr; and Ppgki,
while Pygp; is better than Ppgg;. The relative transcription level of ZWF1
in strain YS02 was 74.2 % higher in strain YS02 than that in YSO1 strain
(Fig. S2). This increased CGA production, reaching 272.8 mg/L and
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replicates (*P < 0.05, **P < 0.01).

285.2 mg/L of CGA in YSO1 and YSO2 (Fig. 2B). These CGA titers rep-
resented significant improvements of 16.2 % and 21.5 % compared to
YC0707. The GND1 promoter was then replaced by Prgr; in YSO2,
resulting in strain YS03, which further increased CGA production to
298.8 mg/L (Fig. 2B). As expected, the relative transcription levels of
ZWF1 and GND1 increased by 8.8-fold and 4.2-fold compared to the
parent strain YC0707 (Fig. 2D). Given that transaldolase (TAL) catalyzes
the conversion of sedoheptulose-7-phosphate (S7P) and glyceraldehyde
3-phosphate (GAP) to erythrose 4-phosphate (E4P) and fructose 6-phos-
phate (F6P) [40], we replaced its original promoter with the strong
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promoter Prgr; in YS03. However, the CGA titer decreased to 225.4
mg/L in resultant strain YS04 (Fig. 2B). PHO13 exhibits specific
dephosphorylating activity on 4-phosphoerythronate, and deletion of
PHO13 upregulates the transcription of genes involved in the PPP
pathway [41]. Nevertheless, there was a 48.9 % decrease in CGA titer to
152.6 mg/L when PHO13 was deleted in YS03 (Fig. 2B).

To weaken the carbon flux through the EMP pathway in S. cerevisiae,
several key enzyme genes were selected to downregulate their expres-
sions [42]. PGI1 encodes phosphoglucose isomerase, and we replaced its
original promoter with the weak promoters Pygy; and Pyxr; in strain
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YS03. However, the resultant strain YS06 and YSO7 exhibited CGA titers
of 272.1 mg/L and 305.2 mg/L (Fig. 2C). PFK2 (encoding phospho-
fructokinase) is the rate-limiting enzyme of the EMP pathway, the
mutant gene of PFK257180 has been demonstrated to decrease the con-
version from fructose-6-phosphate (F6P) to fructose-1,6-diphosphate
(F-1,6-P) [43]. PFK25718D wyas then introduced into the strain YSO07,
CGA titers increased to 314.4 mg/L in resultant strain YS09 (Fig. 2C).
The original promoters of TDH3 (encoding glyceraldehyde-3-phosphate
dehydrogenase) and ENO1 (encoding phosphopyruvate hydratase) were
then replaced with the weak promoter Pyx7; in strain YSO7, the resultant
strain YSO8 and YS10 decreased CGA titers of 285.8 mg/L and 277.8
mg/L, respectively. Overall, the titer of CGA increased from 298.8 mg/L
to 314.4 mg/L by replacing Ppg;; with Pyxr; and introducing PFK25718D
The relative transcription levels of PGI1 and PFK2 in YS09 decreased by
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60 % and 80 % compared to the parent strain YC0707 (Fig. 2D). In strain
YS09, the concentration of PEP decreased by 1.3-fold, while the con-
centration of E4P increased by 3.2-fold compared to YC0707 (Fig. 2E).
Additionally, the ratio of PEP and E4P decreased from 10.58 to 1.35,
efficiently balancing the supply of PEP and E4P in YS09 (Fig. 2F).

The heterogeneous phosphoketolase (PHK) pathway, consisting of
phosphoketolase (FPK) and phosphotransacetylase (PTA), could cata-
lyze the conversion of F6P to E4P [44]. PHK pathway was introduced by
integrating XFPK from Leuconostoc mesenteroides and PTA from Clos-
tridium kluyveri into the genomic locus of GPP1 to enhance E4P supply on
the base strain YS09. Unexpectedly, the titer of CGA decreased to 270.8
mg/L in resultant strain YS13 (Fig. 2C).
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3.2. Optimization of p-coumaric acid pathway and substrate trafficking
engineering enhance CGA biosynthesis

The supply of p-coumaric acid is a key precursor for CGA synthesis. It
has been reported that synergizing both the i-tyrosine branch and 1-
phenylalanine branches is more effective than relying solely on the 1-
phenylalanine branch [37]. Tyrosine ammonia lyase from Herpetosiphon
aurantiacus (HaTAL) showed higher titer in resveratrol synthesis than
other resource TAL such as FjTAL from Flavobacterium johnsoniaeu [45].
RgTAL from Rhodotorula glutinis also showed better tyrosine specificity
than other TALs [46]. Thus, HaTAL and RgTAL was selected to enhance
the conversion from 1-tyrosine to p-coumaric acid. The resulting strain
YS14, which integrated HaTAL, produced 322.8 mg/L of CGA, with the
L-tyrosine titer decreasing from 252.8 mg/L to 165.4 mg/L. The resul-
tant strain YS15, which integrated RgTAL, produced 334.2 mg/L of CGA
(Fig. 3B), with the r-tyrosine titer decreasing to 135.2 mg/L (Fig. S1).
These results indicate that RgTAL is more efficient in converting
L-tyrosine to p-coumaric acid for CGA synthesis. Additionally, it has been
reported that the DAHP synthase mutant of ARO3P5*N could relieve the
feedback inhibition by phenylalanine [47]. The resultant strain YS16
reached a CGA titer of 330.8 mg/L by introducing ARO3P*>*V into strain
YS15. The transcript levels of ARO1 (pentafunctional aromatic protein)
and ARO2 (chorismate synthase) can be upregulated by overexpressing
IME4 (an mRNA N6-adenosine methyltransferase) [48]. Here, the pro-
moter of IME4 was replaced by strong promoter Ppgg; in strain YS16,
resulting in a CGA titer of 331.2 mg/L (YS17) without improvement
(Fig. 3B). Previous studies have discovered that the deletion of RICI,
YJL028W, and HAM1 significantly improves the synthesis efficiency of
aromatic acids [10,49]. Consequently, we deleted these genes in strain
YS16, resulting in strains YS18, YS19, and YS20, which produced 278.8
mg/L, 341.1 mg/L, and 352.8 mg/L of CGA, respectively (Fig. 3B).
Endogenous enzymes PAD1 (phenylacrylic acid decarboxylase) and
FDC1 (ferulic acid decarboxylase) are involved in the decarboxylation of
phenylacrylic acids [50]. To eliminate the decarboxylation pathways of
coumaric acids, PAD1 and FDC1 were deleted in strain YS20, resulting in
strains YS21 and YS22, which reached CGA titers of 345.6 mg/L and
362.7 mg/L, respectively (Fig. 3B). This result showed that removal of
FDC1 facilitated the production of CGA. Overall, the titer of CGA rep-
resented a 17.9 % improvement by optimization of aromatic compounds
pathway.

The substrate diffusion effect may reduce the reaction efficiency
from 3-dehydroquinate and p-coumaric acid to CGA [51]. To address
this, fusion expression between enzymes using peptide linkers can
speeding up the turnover of intermediates and improving reaction flux
[52]. The flexible linker GGGS was more suitable for the fusion
expression and synthesis of p-coumaric acid derivatives, such as iso-
flavonoids and naringenin [53,54]. Therefore, the flexible linker GGGS
was used to fuse adjacent enzyme sequences. Specifically, we fused
RgTAL-linker-At4CL1 (E1-E3), AtC4H-linker-At4CL1 (E2-E3),
At4CL1-linker-CsHQT (E3-E5), EcYdiB-linker-CsHQT (E4-E5), and
CsHQT-linker-AtC3'H (E5-E6), which were introduced into strain YS22
(Fig. 3A). As shown in Fig. 3C, the CGA titers of the resultant strains
YS23-YS27 were 341.4 mg/L (E1-E3), 390.2 mg/L (E2-E3), 268.2 mg/L
(E3-E5), 289.5 mg/L (E4-E5), and 379.9 mg/L (E5-E6), respectively. The
fusion expressions of AtC4H-linker-At4CL1 and CsHQT-linker-AtC3'H
led to the creation of strain YS28, which produced 405.2 mg/L of CGA,
representing an 12.2 % increase compared with the parent strain YS22.
A confocal microscopy analysis of yeast cells (Fig. S4) showed that the
HQT-(GGGS)-C3'H fusion protein mainly localized in the yeast cyto-
plasm, and a small amount localized to the ER.

3.3. Improving the microenvironment of P450s for CGA production
Cytochrome P450 enzymes involved in the biosynthesis of plant-

specialized products are considered as rate-limiting steps in
S. cerevisiae [55]. Therefore, we focused on improving the
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microenvironment of P450s for CGA production. Most cytochrome P450
reductases are membrane-bound proteins localized to the endoplasmic
reticulum (ER) [56]. The key ER regulatory factors, OPI1 and INO2, are
responsible for regulating phospholipid synthesis [57]. Firstly, we
deleted OPI1 in strain YS28 to create strain YS29, which decreased CGA
titer to 372.8 mg/L (Fig. 4B). Subsequently, we overexpressed INO2 by
replacing its original promoter with strong promoter Prgp; and by
introducing an additional PGK1p-INO2-HXT7t cassette into strain YS28.
The resultant strains YS30 and YS31 increased CGA titers to 414.2 mg/L
and 425.1 mg/L, respectively (Fig. 4B). In addition to ER expansion, the
formation of active P450s requires more supply of cofactor heme [58].
The heme-dependent transcriptional repressor ROX1 inhibits the heme
biosynthetic gene HEM13, and HMX1 involved in heme oxygenase [59,
60]. Accordingly, we deleted ROX1 and HMX1 to promote heme meta-
bolism in strain YS31. The resulting strains YS32 and YS33 reached CGA
titers of 392.5 mg/L and 440.9 mg/L, respectively (Fig. 4B). These re-
sults showed that overexpressing INO2 and deleting HMX1 led to a 10.1
% improvement in CGA titers compared to strain YS28.

3.4. Screening potential transporters for CGA production

Transporter engineering is essential for accumulating extracellular
products. Transporters (ESBP6 and PDR12) can increase tolerance to
aromatic acids at low pH, and ARO80 activates transcription of aromatic
acids synthetic genes in the presence of aromatic amino acids [61].
Therefore, deletions of ESBP6, PDR12, and ARO80 were performed in
the base strain YS33, causing resulted strains of YS34, YS35, and YS36,
which produced CGA titers of 408.8 mg/L, 425.2 mg/L, and 390.2 mg/L,
respectively (Fig. 5B). Meanwhile, we enhanced the expression of ESBP6
and PDR12 by introducing additional PGK1p-ESBP6-HXT7t cassette and
TEF1p-PDR12-TEF1t cassette in strain YS33. The titer of CGA in resulting
strains YS39 and YS40 decreased to 345.6 mg/L and 368.7 mg/L
(Fig. 5B). Furthermore, two transporters (TAT1 and GAL2) involved in
the transport of 1-tyrosine and galactose [62]. Consequently, we deleted
GAL2 and TAT1 in strain YS33, and the resultant strains YS37 and YS38
produced 339.1 mg/L and 459.8 mg/L of CGA, respectively (Fig. 5B).
Overall, we achieved a slight increase in CGA titers by knocking out the
transporter of TAT1.

3.5. Fermentation optimization for CGA production

Stable and optimal culture conditions are critical for the synthesis of
target products [63]. To optimize shake-flask culture conditions for CGA
production, the best-performing strain YS38 was selected for fermen-
tation optimization, as it produced 459.8 mg/L of CGA in the minimal
medium and 309.6 mg/L in the YPD medium (Fig. 6A). Firstly, we
investigated the effects of different carbon and nitrogen sources on CGA
production. Different carbon sources, such as glucose, sucrose, fructose,
and starch were tested for fermentation, resulting in CGA titers of 456.8
mg/L, 320.8 mg/L, 275.4 mg/L, and 95.9 mg/L in shake-flask cultures
(Fig. 6B). These results showed glucose was the best carbon source for
CGA production. Subsequently, different nitrogen sources of ammonium
sulfate, ammonium chloride, ammonium ferric citrate, beef extract,
yeast extract, and peptone were evaluated in shake-flask culture. The
yield of CGA was higher than that of other nitrogen sources when uti-
lizing ammonium sulfate as a nitrogen source (Fig. 6C). Then, strain
YS38 was cultured at different initial pH levels (4.0, 4.5, 5.0, 5.5, and
6.0), with the highest CGA titer of 458.2 mg/L at pH 4.5 (Fig. 6D). There
are little bioproducts of p-coumaric acid and caffeic acid in shaking-flask
fermentation process, all less than 15 mg/L (Fig. S3). We further
investigated different glucose concentrations of 25 g/L, 50 g/L, 75 g/L,
and 100 g/L in shake-flask cultures, yielding CGA titers of 458.4 mg/L,
669.1 mg/L, 837.2 mg/L, and 897.6 mg/L, respectively (Fig. 6E). The
optimized shake-flask culture conditions, including minimal medium
with 75 g/L glucose and an initial pH level of 4.5, resulted in an 82.1 %
improvement of CGA titers, from 459.8 mg/L to 837.2 mg/L (Fig. 6F).
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The engineered strain YS38 was selected for fed-batch fermentation
in a 5-L bioreactor with an initial volume of 2 L of the minimal medium
same to the optimized shake-flask culture medium. However, when the
initial glucose concentration was 75 g/L, the accumulation of ethanol in
5-L bioreactor was serious, and the glucose was completely consumed
until 48 h. As shown in Fig. S6A, the growth of yeast was inhibited by
high concentration of ethanol (30 g/L) during the fed-batch fermenta-
tion process. CGA titers reached 0.92 g/L, 1.29 g/L, and 1.62 g/L with
initial glucose concentrations of 75 g/L, 50 g/L, and 25 g/L, respec-
tively. The synthetic efficiency of CGA was the highest in 5-L bioreactor
when initial glucose concentration was 25 g/L. As illustrated in Fig. 7,
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the ODggg reached a maximum of 41.2 after 60 h of fermentation, and
the CGA titer reached 1.62 g/L after 60 h. To the best of our knowledge,
this titer represents the highest yield of CGA in S. cerevisiae.

4. Discussion

Chlorogenic acid (CGA), a phenolic acid compound, exhibits diverse
pharmaceutical properties [64]. In this study, we employed a systematic
metabolic engineering strategy through chromosomal modification to
construct high-performing strain for CGA production. The titer of CGA
increased from 234.8 mg/L to 837.2 mg/L in shake flasks through
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balancing carbon distribution of PEP and E4P, optimizing p-coumaric
acid pathway, fusion expression of key enzymes, improving the micro-
environment of P450s, screening potential transporters, and optimizing
fermentation conditions.

In previous studies, different strategies have been used to improve
CGA production in engineered E. coli and S. cerevisiae [14,15], however,
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fewer studies focused on balancing the carbon distribution of PEP and
E4P for aromatic compounds production. In this study, the expression of
PPP pathway genes was upregulated by replacing the original promoters
of ZWF1 and GND1 with strong promoter Prgp;. Since Prgp; exhibited
more stable and higher activity compared with Ppgkj, this result is
consistent with the previous literature [65]. The expression of EMP
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Fig. 7. The CGA production of YS38 in a 5-L bioreactor by fed-batch strategy.

pathway genes was downregulated by replacing the native promoter of
PGI1 with weak promoter Pyxy; and introducing the mutant of
PFK25718P_This strategy adjusted the ratio of PEP and E4P from 10.58 to
1.35 in engineered strain YS09 (Fig. 2F), which indicated that the bal-
ance of PEP and E4P was beneficial for CGA production. However, the
decreased supply of PEP resulted in the worse cell growth in shake
flasks, the ODggg of engineered strain reduced from 8.5 (YC0707) to 6.7
(YS09). In order to balance CGA production and cell growth in engi-
neered strain, the optimal ratio of PEP and E4P for CGA synthesis re-
mains to be investigated in the future. Meanwhile, the heterogeneous
PHK pathway significantly decreased CGA titers (Fig. 2C), probably due
to LmXFPK not only catalyzed F6P to E4P but also exhibited high ac-
tivity in converting X5P to GAP [66]. The decrease in CGA titers may be
associated with a low intracellular concentration of F6P.

The p-coumaric acid biosynthetic pathway is the bottleneck for CGA
biosynthesis [37]. In this study, the conversion from L-tyrosine to
p-coumaric acid was firstly increased by introducing RgTAL. Then, the
metabolic flux from DAHP to p-coumaric acid was increased by knock-
ing out YJLO28W, HAMI, and FDCI. Fusion expression of
neighbor-reaction-step enzymes, including the P450 enzymes AtC4H
and AtC3'H, may enhance CGA production. Among all the fusion stra-
tegies in this study, the combination of C4H-GGGS-4CL1 and
HQT-GGGS-C3'H improved the synthesis of CGA, suggesting that the
suitable combination of neighbor-reaction-step enzymes is crucial for
enhanced CGA production. Confocal microscopy analysis showed
HQT-(GGGS)-C3'H mainly localized in the cytoplasm, and a small
amount localized to the ER (Fig. S4). However, ER localization of P450s
may not be the optimal strategy for CGA production, too many P450s
localized to the ER may result in ER crowding and potentially affecting
other necessary proteins synthesis on ribosomes. Moreover, only partial
enzymes in the pathway of CGA synthesis were fused [37,51]. Therefore,
more enzymes and ER-localization of P450s, still require to be evaluated
for their effect on CGA production.

Expanding the endoplasmic reticulum (ER) and improving cofactor
heme biosynthesis can improve the catalytic microenvironment of
P450s [25,67]. In this study, the expression of the key ER regulatory
factor INO2 was enhanced to improve the ER homeostasis, which
resulted in a significant improvement in CGA titer (Fig. 4B). The
enhanced CGA titers may cause by the abundance increasing of
ER-related P450s. However, it is not clear how ER expansion promotes
P450s synthesis [57]. Furthermore, heme oxygenase gene HMX1 and
heme-dependent repressor of hypoxic gene ROX1 was deleted to
enhance heme biosynthetic metabolism. The result showed that only the
deletion of HMX1 facilitated CGA accumulation, while the removal of
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ROX1 decreased CGA production and final cell growth (Fig. 4B), likely
due to the loss of its regulatory role in S. cerevisiae stress resistance [25].
Overall, we only improved the microenvironment of P450s through
existing reports, it is not certain that these P450s have been fully
expressed and localized to the ER. In the future, the effect of combining
the P450s, such as C3'H and C4H, with ER on CGA production require to
be evaluated.

Transporter engineering can alleviate metabolic pressure on cells
and enhance production of target products [68]. Transporters of ESBP6
and PDR12 found to be related to the tolerance of aromatic acids at low
pH [61], we respectively knocked out and overexpressed them to
examine their effects on CGA production. However, neither of these
transporters contributed to an increase in CGA yield, indicating these
transporters are not directly involved in CGA efflux, or that they may
have potential isoenzymes with similar functions. This is consistent with
the main distribution of CGA in extracellular (Fig. S5). Moreover,
knockout of tyrosine transporter gene TATI led to the improvement of
CGA titer (Fig. 5B), this potentially being caused by the decreased
leakage of intracellular tyrosine [62]. More efforts should focus on
reducing the loss of precursors and maintaining the appropriate con-
centration of precursors in the cell by transport engineering.

In summary, a system metabolic engineering strategy resulted in
CGA titers to 837.2 mg/L in shake flasks, and 1.62 g/L in a 5-L biore-
actor, respectively. We found high initial glucose concentration was not
suitable for CGA production in fed-batch fermentation, which is not
consistent with the result of initial glucose concentration of 75 g/L in
shake flasks. Because the accumulation of ethanol was more serious and
the initial glucose was completely consumed until 48 h in 5-L bioreactor
(Fig. S6). The synthetic efficiency of CGA was highest during fed-batch
fermentation when initial glucose concentration was 25 g/L. This study
significantly improves CGA productivity and provides valuable insights
into the biosynthesis of CGA derivatives. Compared to the previous
publications on engineered E. coli and yeast for CGA production [14,15],
the CGA titer in shake flasks in this study is higher than that in other
studies. However, the CGA titers and final cell density in 5-L bioreactor
were limited (Fig. 7). It may result from the decrease of the EMP
pathway carbon flux to the TCA cycle, which resulted in the decrease of
cell growth. Future studies should focus on optimizing the balance be-
tween cell growth and CGA production.
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