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Coproporphyrin III (CP III), a natural porphyrin derivative, has extensive applications in the biomedical and
material industries. S. cerevisiae has previously been engineered to highly accumulate the CP III precursor 5-ami-
nolevulinic acid (ALA) through the C4 pathway. In this study, a combination of cytoplasmic metabolic engi-
neering and mitochondrial compartmentalization was used to enhance CP III production in S. cerevisiae. By
integrating pathway genes into the chromosome, the CP III titer gradually increased to 32.5 + 0.5 mg/L in shake
flask cultivation. Nevertheless, increasing the copy number of pathway genes did not consistently enhance CP III
synthesis. Hence, the partial synthesis pathway was compartmentalized in mitochondria to evaluate its effec-
tiveness in increasing CP III production. Subsequently, by superimposing the mitochondrial compartmentaliza-
tion strategy on cytoplasmic metabolic engineered strains, the CP III titer was increased to 64.3 + 1.9 mg/L.
Furthermore, augmenting antioxidant pathway genes to reduce reactive oxygen species (ROS) levels effectively
improved the growth of engineered strains, resulting in a further increase in the CP III titer to 82.9 + 1.4 mg/L.
Fed-batch fermentations in a 5 L bioreactor achieved a titer of 402.8 + 9.3 mg/L for CP III. This study provides a
new perspective on engineered yeast for the microbial production of porphyrins.

1. Introduction

Porphyrins exhibit diverse functional properties and have been used
in various biomedical fields, including tumor inhibition, drug targeting
and photodynamic therapy [1-3]. In addition, their distinctive molec-
ular structure endows them with exceptional optical properties, making
them one of the most promising photochemical materials for use in solar
cells, solid-liquid interfaces and chemical sensors [4-9]. For instance,
heme is a porphyrin molecule present in blood that acts as a soluble
redox catalyst to facilitate battery charging by accepting and releasing
free oxygen species [7]. Cu(Il) and Zn(II) coproporphyrins can serve as
sensitizers in fuel-sensitized solar cells [10], while Zn(II) cop-
roporphyrins also demonstrate excellent supramolecular

photosensitizers and possess potent antibacterial activity [11].

The synthesis of porphyrins in industrial production commonly in-
volves the use of chemical methods [12,13]. However, the complex
synthesis steps contribute to increased production costs and render
porphyrins highly expensive. Moreover, chemically synthesized por-
phyrins lack the desired stereoselectivity and regioselectivity. Conse-
quently, a more economical, sustainable, eco-friendly, and effective
method to produce porphyrins is required. In recent years, microbial cell
factories have emerged as effective alternatives for producing natural
products and high-value chemicals by feeding low-cost precursors such
as glucose. S. cerevisiae is a well-established cell factory that can be used
to produce fuels [14], chemicals [15,16] and heterologous proteins
[17].

Abbreviations: ALA, 5-aminolevulinic acid; CP III, coproporphyrin III; PP IX, protoporphyrin IX; MLS, mitochondrial localization signal; ROS, reactive oxygen

species; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase.
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Unlike prokaryotes, S. cerevisiae possesses multiple organelles that
can provide distinct environments and compartments for biosynthesis
processes, and exhibits remarkable tolerance to harsh industrial condi-
tions [18,19]. In S. cerevisiae, porphyrin biosynthesis primarily occurs
through the heme biosynthesis pathway which spans both mitochondria
and cytoplasmic [20]. The synthesis of ALA is the first step in heme
biosynthesis, which is followed by four or five steps of enzymatic re-
actions to yield coproporphyrin III (CP III) or protoporphyrin IX (PP IX).
These two porphyrins can serve as precursors for various derivatives;
however, only limited studies have been conducted on enhancing their
accumulation in engineered S. cerevisiae strains [20,21]. Although
porphyrin production has been observed in engineered S. cerevisiae
strains, the yield remains relatively low and few reports have focused on
coproporphyrin III production.

As multifunctional suborganelles in eukaryotic cells, mitochondria
can serve as sites for various metabolic processes, including the tricar-
boxylic acid cycle, oxidative phosphorylation, amino acid and lipid
metabolism, and the synthesis of iron-sulfur clusters and heme [22].
Organelle engineering has been widely recognized as an effective
method for improving the yield of target products in S. cerevisiae owing
to the distinct advantages of highly specialized suborganelles, such as a
plentiful supply of precursors and cofactors, compartmentalization of
metabolic pathways and suitable biochemical environments for enzyme
and product storage [23-25]. The feasibility of utilizing mitochondria
for efficient synthesis of high value-added products has been extensively
studied. Yee et al. demonstrated that targeting the geraniol biosynthesis
pathway to yeast mitochondria resulted in a 6-fold increase in yield,
suggesting that mitochondria can serve as an effective suborganelle for
monoterpene production [26]. By systematic metabolic engineering of
the sabinene biosynthetic pathway in the cytoplasm and mitochondria, a
60-fold increase of the sabinene titer was achieved compared to the
original strain [27]. Recently, we demonstrated that mitochondria can
be employed as a highly efficient suborganelle for the synthesis of
squalene, resulting in a remarkable increase in the squalene titer to 21.1
g/L through cytoplasmic and mitochondrial engineering via two-stage
fed-batch fermentation [28]. These studies substantiated that mito-
chondria were a potential organelle for the compartmentalization
pathways in yeasts.

In this study, we investigated the synergistic improvement effect of
mitochondrial compartmentalization combined with cytoplasmic
metabolic engineering on CP III production in S. cerevisiae. First, addi-
tional a copy of pathway genes was implanted into chromosomes to
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enhance CP III synthesis. After determining that increasing the copy
number of pathway genes has limited effect on improving CP III syn-
thesis, we tested the effect of mitochondrial compartmentalization on CP
III synthesis. Subsequently, the synergistic effect of cytoplasmic engi-
neering combined with mitochondrial engineering on enhancing CP III
accumulation was examined. In addition, genes implicated in reducing
cellular reactive oxygen species (ROS) levels were overexpressed to
improve cell growth and physiology, thus achieving better CP III
accumulation.

2. Materials and methods
2.1. Strains, media and reagents

S. cerevisiae CEN. PK2-1C (MATa; ura3-52; trp1-289; leu2-3, 112;
his3A1; MAL2-8%; SUC2) was used as the host for engineering. All yeast
strains used in this study are listed in Table 1. Escherichia coli DH5x
(NCM Biotech, Suzhou, Jiangsu, China) was used for gene cloning.
Luria-Bertani (LB) broth supplemented with antibiotics (100 pg/mL
ampicillin) was used for the cultivation of recombinant E. coli. YPD
medium (10.0 g/L yeast extract, 20.0 g/L peptone and 20.0 g/L glucose,
pH 7.0) was used for cultivation of the yeast strains. The selection of
yeast strains with pTCL, a Cas9 protein expression plasmid, was per-
formed using SD-Leu (synthetic complete drop-out medium containing
2 % p-glucose and lacking leucine). SD-Leu-Ura (synthetic complete
drop-out medium with 2 % p-glucose and without leucine and uracil)
was used for the selection of yeast strains with both the Cas9 protein
expression plasmid and guide RNA (gRNA) plasmids (Table S1). SD-Leu-
FoA (SD-Leu medium with 1 mg/mL 5-fluoroorotic acid) was used for
the removal of the gRNA expression plasmids from engineered yeasts.
Leu and Leu-Ura drop-out media were purchased from FunGenome
(Beijing, China).

2.2. Plasmid construction

To construct the gene expression cassettes, two empty vectors
(pUC20 and pZT110) were first prepared, and traditional restriction
enzyme-based cloning was used for the construction of the gene
expression cassettes. gRNA plasmids targeting different genomic sites
were designed on CRISPRdirect (http://crispr.dbcls.jp/) and con-
structed using PCR and in-fusion cloning. The plasmids used in this
study are listed in Supplementary Table 1.

Table 1
S. cerevisiae strains used in this study.

Strains Host strains Descriptions Resources
CEN.PK2-1C MATa; his3D1; leu2-3 112; ura3-52; trp1-289 EUROSCARF
ALAO07 CEN.PK2-1C gal80A; Our lab

gall-7A::Tapu1-Pears-GAL4-Teycer,

dpp1A::Tapr; -Peario-Peari-hem 1-Teyes;

Ipp1A: Tapri-hemL-Pgar10-PGari-hemA-Teycr,

ARS308:Tapn1-Pcar10-Pcar-ACO2-Teycr;
Cl ALAO7 adh3A::Tapu1-hem3-Pgar10-Peari-hem2-Teyei-Teeki-Peario-Peari-Tresi; This study
Cc2 ALAO07 adh3A::Tapui-hem3-Pgar10-Peari-hem2-Teyei-Tegri-Peario-Peari-hem 12-Typgy, This study
C3 ALAO07 adh3A::Tapu1-hem3-Pgar10-Poari-hem2-Teycr-Tpori-hem4-Pgar10-Pgari-hem 12-Trpg;, This study
Cc4 Cc3 YPRCdeltal5A::Tapyi-hem3-Pgar10-Pcari-hem2-Teyci-Trori-hem4-Par10-Pgari-hem 12-Typgy, This study
M1 ALAO7 ARS208A::Tapni-Pcari0-Pcari-MLS-hem2-Teyci, This study
M2 ALAO7 ARS208A::T pppy1-hem3-MLS-Pgar10-Pgars-MLS-hem2-Teyer, This study
M3 ALAO7 ARS208A::Tapr1-hem3-MLS-Pgar10-Pcar1-MLS-hem2-Teyci-Trai1-hem4-MLS-Pgar10-Peari-Tresi; This study
M4 ALAO7 ARS208A::Tapri-hem3-MLS-Pgar10-Pcar1-MLS-hem2-Teyci-Trpgri-hem4-MLS-Pgar10-Pear1-MLS-hem 12-Trpg;, This study
CM1 C4 ARS208A::Tapr1-PGar10-Pcari-MLS-hem2-Teycy; This study
CcM2 c4 ARS208A::T s ppr1-hem3-MLS-Pgar 10-Par 1-MLS-hem2-Teycy, This study
CM3 Cc4 ARS208A::Tapr1-hem3-MLS-Pgar10-Pgari-MLS-hem2-Teyci-Trpai1-hem4-MLS-Pgar10-Peari-Tresi; This study
CM4 Cc4 ARS208A::Tapri-hem3-MLS-Pgar10-Pgar1-MLS-hem2-Teyci-Tpgri-hem4-MLS-Pgar10-Pgar1-MLS-hem 12-Trpg;, This study
CM5 cM4 ARS1622A::Taps1-GSH2-Pga110-Peari-GSHI-Teycr, This study
CM6 CM4 ARS1622A::Tapn1-Pcari0-Pcar1-SOD2-Teycy; This study
cM7 cM4 ARS1622A::Tap1-Peario-Peari-CTAI-Teyer, This study
CM8 CM4 ARS1622A::Tppp1-CTAI1-Pgar10-PGar1-SOD2-Teycr, This study
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2.3. Yeast strain construction

For the construction of each strain, the amplified upstream homol-
ogous arm, the downstream homologous arm, cassettes with no less than
500 bp overlap with the homologous arms and the gRNA plasmid were
cotransformed into S. cerevisiae using the Frozen-EZ Yeast Trans-
formation II ™ Kit (ZYMO RESEARCH, USA) and plated on SD-Leu-Ura
solid media. Transformants were directly verified with colony PCR using
KOD-ONE (TOYOBO, Japan). To achieve continuous gene editing, the
engineered strains were cross-streaked on an SD-Leu-5-FoA plate to
remove gRNA plasmids.

2.4. Coproporphyrin III extraction and quantification

The cells in 1 mL of culture were harvested by centrifugation
(12,000 rpm for 10 min at 4 °C). The supernatant was used to detect the
production of ALA and coproporphyrin III. The amount of ALA was
quantified using a previously described method with modified Ehrlich’s
agent [29]. The amount of coproporphyrin III was quantified using
high-performance liquid chromatography (HPLC; 1260 Infinity II, Agi-
lent) instrument equipped with a diode array detector. An Eclipse
XDB-C18 reverse-phase column (1.8 pm, 4.6 mm x 150 mm, Agilent)
was used and absorbance at 400 nm was monitored. A linear gradient
method of 20-95 % solvent A in B at 40 °C was used. Solvent A was a
10:90 (v/v) HPLC grade methanol: acetonitrile mixture, and solvent B
was a 0.5 % (v/v) trifluoroacetic acid (TFA) in HPLC grade water. The
flow rate was 1 mL/min for 40 min [30].

2.5. Assay of reactive oxygen species (ROS) levels

ROS were assessed using the nonfluorescent DCFH-DA probe, which
can penetrate cells and is eventually oxidized by ROS to fluorescent DCF
[31]. The yeast strains were incubated in 10 pM DCFH-DA at 30 °C for
30 min in darkness, and the fluorescence intensity was monitored with a
fluorescence spectrophotometer (excitation = 488 nm, emission = 525
nm).

2.6. Fed-batch fermentation

The media used for fed-batch fermentation were composed of YPD, 8
g/L KHyPOy, 3 g/L MgS0y4, 0.72 g/L ZnS04-7H50, 10 mL/L trace metal
solution, and 12 mL/L vitamin solution. First, a single colony was
inoculated into 5 mL YPD in a tube and precultured for 18 h of shaking
incubation (220 rpm) at 30 °C. Then, the first precultured cells were
inoculated into a 250 mL flask containing 15 mL YPD medium and
cultured for 14 h with shaking (220 rpm) at 30 °C. The second precul-
tured cells were inoculated in 500 mL flasks containing 100 mL YPD and
cultured in a rotary shaker (220 rpm) at 30 °C. These cultures were
grown for approximately 24 h, after which 10 % (vol/vol) of the seed
cultures were inoculated into a 5 L bioreactor (Bai Lun, China) with 3 L
of medium. Fermentation was performed at 30 °C, and the pH of the
fermentation system was maintained at 5.0 with automatic feeding of 5
M ammonia hydroxide. The air flow ranged from 1 vvm to 2 vvm (air
volume/working volume/min) and the dissolved oxygen concentration
(dO2) was controlled above 40 % saturation using an agitation cascade
(200-850 rpm).

A two-stage fed-batch fermentation strategy was used in this study.
In the first stage, a feeding solution containing 500 g/L p-glucose, 9 g/L
KH3POy4, 2.5 g/L MgS0y4, 3.5 g/L K3S04, 0.28 g/L NaySO4, 10 ml/L trace
metal solution and 12 ml/L vitamin solution, along with 10 g/L yeast
extract and 20 g/L peptone as a nitrogen source was used to achieve
rapid cell growth. When the p-glucose concentration in the batch culture
decreased to 1 g/L, the feeding solution was supplied to adjust the re-
sidual glucose concentration between 1 g/L and 2 g/L. When the cell
mass began to slowly increase (to the stationary phase), the first stage
ended and the inducer galactose was added. In the second stage, in
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addition to the same mineral salts and trace elements contained in the
feeding solution, 800 g/L glucose was added. This concentrated medium
was used to induce the accumulation of heme. The ethanol concentra-
tion was constantly monitored by an ethanol electrode (Bai Lun, China)
and was maintained at 5 g/L by adjusting the feeding rate.

3. Results and discussion

3.1. Enhancing CP III accumulation through cytoplasmic metabolic
engineering

5-Aminolevulinate (ALA) can serve as a precursor for the synthesis of
CP 111, making it a crucial intermediate in the heme synthesis pathway.
Through the sequential catalysis of porphobilinogen synthase (encoded
by HEM?2), hydroxymethylbilane synthase (encoded by HEM3),
uroporphyrinogen-IIl synthase (encoded by HEM4), and uroporphyri-
nogen decarboxylase (encoded by HEM12), CP III can be efficiently
synthesized (Fig. 1). To ensure an adequate supply of precursors for CP
III biosynthesis, we utilized a previously constructed S. cerevisiae strain
(ALAOQ7?) as the initial strain for constructing the CP III-producing strain
(Table 1). This strain has demonstrated an effective capacity for
metabolizing glucose to produce ALA at a level of 160.0 mg/L in a shake
flask assessment (Fig. 2A).

The porphobilinogen synthase (encoded by HEMZ2), hydrox-
ymethylbilane synthase (encoded by HEM3), are considered to be rate-
limiting enzymes for heme synthesis in S. cerevisiae and the uropor-
phyrinogen decarboxylase (encoded by HEM12) might be the next rate-
limiting step [20]. Thus, augmenting these genes can potentially have a
positive impact on the accumulation of CP III. Consequently, one copy
each of HEM2, HEM3 was first integrated into the genome of the starting
strain ALAQ7, generating strain C1. To test the effect of overexpression
of HEM12 on CP III synthesis, one copy each of HEM2, HEM3, and
HEM12 was integrated into the genome of the strain ALAQ7, generating
strain C2. Fermentation showed that strain C1 and strain C2 accumu-
lated CP II1 6.5 + 0.3 and 23.6 + 0.8 mg/L, respectively (Fig. 2B). It was
observed that the two strains significantly consumed the precursor ALA,
resulting in titers dropping to 150.1 + 3.7 and 119.0 + 4.4 mg/L,
respectively (Fig. 2A). Based on these results, an additional copy of the
HEM4 gene was integrated into the genome of strain C2 to evaluate the
effect on the CP III product. Strain C3 also exhibited an increased CP III
titer of 32.5 + 0.5 mg/L, representing a significant improvement of
approximately 37.7 % compared to that of the C2 strain (Fig. 2B).

To further increase the accumulation of CP III, the second copy of the
expression cassettes for genes HEM2, HEM3, HEM4 and HEM12 was
integrated into the genome of strain C3. However, the resulting strain C4
displayed a slight increase in the CP III titer compared to that of its
parental strain C3, reaching 34.9 + 0.2 mg/L (Fig. 2B). Moreover, the
ALA titer of strain C4 was 96.6 + 1.9 mg/L, which was slightly lower to
that of strain C3 (100.1 + 1.1 mg/L) (Fig. 2A). Increasing the copy
number of pathway genes showed a limited increase in CP III produc-
tion, indicating that the single cytoplasmic engineering could not effi-
ciently utilize the full range of precursor ALA.

3.2. Increasing CP III accumulation through mitochondrial
compartmentalization metabolic engineering

Mitochondria, which are the site of the TCA cycle, oxidative phos-
phorylation and energy metabolism, can provide an isolated environ-
ment with abundant precursors and increased redox potential [32]. ALA
is primarily synthesized in mitochondria and then transported to the
cytoplasm for the four-step enzymatic synthesis of CPG III, followed by
spontaneous oxidation to form CP III. If a four-step CP III biosynthesis
pathway was constructed in mitochondria, it should theoretically be
possible to further increase its production due to direct conversion from
ALA. To verify this hypothesis, the HEM2, HEM3, HEM4 and HEM12
genes were fused with the N-terminal mitochondrial localization signal
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Fig. 2. Cytoplasmic metabolic engineering to enhance the CP III production. (A) ALA titers of the engineered strains. (B) The determination of CP III titers and
maximum biomasses of the engineered strains. All data indicate the mean of three independent biological experiments. Error bars show standard deviation from three
independent experiments.

(MLS) derived from subunit IV of cytochrome C oxidase (encoded by Cox strains M1, M2, M3 and M4 reduced ALA accumulation by 2.4 %, 9.8 %,
4) [24]. The precise localization performance of MLS for target proteins 16.4 % and 17.9 %, respectively (Fig. 3B), indicating that mitochondrial

in mitochondria was examined using confocal scanning laser micro- engineering alone may not be sufficient to significantly enhance the
scopy (CSLM) (Fig. 3A). Then, these genes were subsequently individ- transformation of ALA precursors into the target product CP IIL
ually integrated into the genome of strain ALAO7 to generate the Nevertheless, these findings provided evidence that mitochondrial en-
recombinant strains M1, M2, M3 and M4 (Table 1). gineering can enhance the bioconversion of ALA to the target product CP

As expected, strain M4 exhibited 10.7 + 0.4 mg/L CP III after the IIL
introduction of all four fusion genes, indicating that synthesis by mito-
chondrial compartmentalization could indeed increase CP III production
(Fig. 3B). However, the maximum biomass of strain M4 decreased by
13.8 % compared to that of the control strain ALAQ7. Furthermore,
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3.3. Combining cytoplasmic and mitochondrial metabolic engineering to
enhance the accumulation of CP III

The previous experiment significantly increased the accumulation of
the CP III by integrating an additional copy of the pathway genes into
the genome. However, further increases in copy numbers did not yield
significant improvements in product production. Based on these results,
we attempted to further enhance CP III accumulation by combining
cytoplasmic engineering with mitochondrial engineering. Consequently,
we overexpressed the HEM2 gene fused with the N-terminal MLS in
strain C4, resulting in the engineered strain CM1.

According to the assessment results, CM1 strains that overexpressed
MLS-HEM2 produced a CP III titer of 50.2 + 2.7 mg/L. Furthermore,
when MLS-HEM?2 and MLS-HEM3 were overexpressed, the constructed
CM2 strain achieved a CP III titer of 59.0 + 3.2 mg/L, representing a
significant increase of 72.8 % compared to that of the C4 strain (Fig. 4B).
The sequential introduction of the MLS-HEM4 and MLS-HEM12 genes
into genome of strain CM2 resulted in strains CM3 and CM4, respec-
tively, exhibiting CP III titers of 63.4 + 1.0 mg/L and 64.3 + 1.9 mg/L
(Fig. 4B). In summary, strain CM4 demonstrated a CP III titer that was
found to be 1.8 times greater than strain C4 after compartmentalizing an
additional copy of the four pathway genes into the mitochondria.
Notably, the biomass of the CM4 strain decreased by 11.2 % compared
to that of the C4 strain, which exclusively underwent cytoplasmic
metabolic engineering.

Mitochondrial compartmentalization and cytoplasmic metabolic
engineering effectively promoted the accumulation of CP III, but also
resulted in a significant reduction in biomass. This could be attributed to
the increasing concentration of CP III, which leads to the buildup of
certain substances such like heme that are unfavorable for cell growth.
Excessive heme accumulation can increase ROS levels in mitochondria,
triggering stress responses in cells and consequently affecting the growth

A

SOD
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of engineered strains [33,34]. In addition, the mitochondrial compart-
mentalization of the CP III synthesis pathway also increased the meta-
bolic burden on mitochondria. To validate these hypothesizes, the ROS
levels in the aforementioned engineered strains were analyzed. As
shown in Fig. 4C, the ROS levels of strains CM1, CM2, CM3 and CM4
increased by 42.5 %, 64.4 %, 73.2 % and 90.0 %, respectively, compared
to strain ALAO7. Notably, strain CM4 demonstrated the highest ROS
level among these strains, suggesting that the introduction of additional
CP III pathway indeed led to an increase in ROS production.

3.4. Improving the growth and CP III accumulation of the engineered
strain by reducing the intracellular ROS level

There are natural antioxidant pathways in microorganisms that serve
as effective ways to counteract cell damage induced by ROS [35]. For
instance, glutathione (GSH) is a widely employed antioxidant in medical
and food applications [36,37]. GSH can be synthesized through two
consecutive reactions catalyzed by y-glutamylcysteine synthase (enco-
ded by GSH1) and glutathione synthase (encoded by GSH2) (Fig. 5A). By
augmenting the synthesis of glutathione, it becomes feasible to reduce
cellular ROS levels, thereby improving cellular performance. Conse-
quently, GSH1 and GSH2 were co-overexpressed in strain CM4 to
generate strain CM5. The CP III titer of strain CM5 reached 64.7 + 1.4
mg/L, which was a slight increase of 4.5 % compared to strain CM4
(Fig. 5C). The ROS level of strain CM5 decreased by 18.3 % and the
biomass ODgqg increased by 17.7 % (Fig. 5B).

ROS primarily consist of various components, including superoxide
anion radicals, hydroxyl radicals and hydrogen peroxide. Among them,
superoxide anion radicals are converted to hydrogen peroxide catalyzed
by superoxide dismutase (SOD) and subsequently converted to water
and oxygen catalyzed by catalase (CAT) [38,39]. To achieve effective
quenching of ROS, we introduced the genes SOD2 encoding superoxide
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dismutase and CTA1I encoding catalase A (Fig. 5A) into strain CM4 to
generate strains CM6 and CM7, respectively. Compared to strain CM4,
the ROS levels of strains CM6 and CM7 were reduced by 29.1 % and
40.5 %, respectively (Fig. 5B). The two novel strains produced 75.2 +
6.1 mg/L and 79.5 + 0.9 mg/L CP III, representing increases of 17.3 %
and 28.2 %, respectively, compared to their parental strain CM4
(Fig. 5C). Furthermore, the coaugmentation of SOD2 and CTA1 in the
CM4 strain resulted in a synergistic increase in CP III accumulation,
leading to an observed titer of 82.9 + 1.4 mg/L in the obtained CM8
strain. Moreover, the growth of strains CM6, CM7, and CM8 was
significantly improved, as evidenced by an increase in biomass ODggg of
18.2 %, 18.8 % and 19.6 %, respectively, compared to that of strain CM4
(Fig. 5C). These results suggested that enhancing the antioxidant system
can effectively mitigate the level of ROS, thereby promoting cell growth
as well as CP III accumulation.

3.5. Fed-batch fermentation for CP III production

The fed-batch fermentation performance of the constructed CM8
strain was assessed in a 5 L bioreactor. Two-stage fermentation was
performed by using an optimized GAL regulatory system by GAL8S8O
complementation, which effectively separated the stages of cell growth
and product synthesis. In the first stage, glucose was mainly used as a
carbon source for cell growth, and the expression of pathway genes was
repressed. In the second stage, after adding the galactose inducer, the
cells began to accumulate CP III. During the feeding process, the con-
centration of glucose was controlled at a level below 2 g/L so that the
amount of ethanol generated did not exceed 5 g/L. The highest CP III
titer reached 402.8 + 9.3 mg/L (Fig. 6), and the maximum ODggy was
149.7 after 132 h of fermentation. In other words, the time-space pro-
ductivity of CP III in the CM8 strain reached 4.8 mg/L/h. These results
demonstrated that the combination of cytoplasmic metabolic engineer-
ing and mitochondrial compartmentalization has a significant syner-
gistic effect on enhancing the accumulation of the target product.

In S. cerevisiae, the precursor ALA of porphyrins is synthesized in the
mitochondria and then transported to the cytoplasm for subsequent
conversions [40]. Since mitochondrial compartmentalization can pro-
vide sufficient precursor, energy and cofactors for target product syn-
thesis [28,41], it has been used for efficient production of squalene [28],
geraniol [26], isoprene [42], and amorpha-4,11-diene [25]. After
introducing an additional CP III synthetic pathway into the mitochon-
dria, the engineered strain M4 displayed the expected increase in
product accumulation. However, the mitochondrial engineered strain
M4 exhibited a comparatively lower product enhancement effect than
the cytoplasmic metabolic engineered strain, with a titer amounting to
only 30 % of that observed for strain C4 (Fig. 3C). This result indicated
that mitochondria may rapidly transport ALA precursors to the cyto-
plasm after synthesis, thus resulting in a very limited increase in the CP
III titer by mitochondrial compartmentalization.

To optimize the utilization of ALA and enhance CP III accumulation,
we combined cytoplasmic engineering and mitochondrial engineering to
obtain a high-yield CP III yeast strain. However, the introduction of CP
III synthesis pathway had a significant impact on cell growth, leading to
a decrease in biomass (Fig. 3B). For example, compared to strain ALAQ7,
strain CM4 exhibited a 30 % reduction in maximum biomass (Fig. 4B),
which could be attributed to the accumulation of the downstream por-
phyrins of CP III, such as heme, and increased real-time metabolic flux
within the mitochondria. Similar results have been observed in other
studies of mitochondrial engineering [25,28,43]. Due to the accumula-
tion of porphyrins in mitochondria, the level of cellular ROS increases,
thereby impacting the growth of engineered strains [44,45]. To effec-
tively mitigate the growth pressure resulting from the excessive accu-
mulation of ROS in cells, the levels of key endogenous antioxidant
enzymes were enhanced in engineered strains, leading to a substantial
improvement in growth. This finding confirmed that reducing ROS
accumulation by strengthening the antioxidant pathway genes is an
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Fig. 6. Fed-batch fermentation of the CM8 strain for CP III production in a 5-L
tank fermenter. The black arrow represents the feeding time of glucose into the
medium. The red arrow represents the feeding time of galactose into
the medium.

effective strategy for alleviating the metabolic burden of mitochondrial
engineering.

4. Conclusions

This study aimed to construct a cell factory capable of producing CP
III by manipulating engineered strain of S. cerevisiae with an enhanced
ALA synthesis pathway. By integrating an additional copy of genes
involved in the CP III biosynthesis into the genome of the starting strain,
we significantly increased the accumulation of the CP III to 32.5 + 0.5
mg/L. However, increasing the copy number of pathway genes did not
result in a sustained increase in CP III accumulation, while the syner-
gistic enhancement of CP III production was achieved through the
combined utilization of mitochondrial compartmentalization. The
aforementioned strategy led to an elevation in intracellular ROS levels
and impeded the growth of engineered strains. However, by augmenting
antioxidant pathway genes such as GSH1, GSH2, SOD2 and CTA1 can
significantly reduce ROS levels, thereby improving the synthesis of CP
III. Ultimately, we successfully constructed an engineered strain that
produced 82.9 + 1.4 mg/L CP III in flask-shake cultivations and 402.8
+ 9.3 mg/L CP III in a 5.0-L bioreactor, using cytoplasmic engineering
and mitochondrial compartmentalization. In conclusion, our study
suggested that the use of mitochondria for porphyrin synthesis in
S. cerevisiae is an effective strategy.
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