npj | science of food

Article

Published in partnership with Beijing Technology and Business University & International Union of Food Science and Technology

https://doi.org/10.1038/s41538-025-00453-4

Compartmentalization of heme
biosynthetic pathways into yeast
mitochondria enhances heme production
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Saccharomyces cerevisiae is a generally recognized as safe (GRAS) workhorse strain widely used in
the food industry for the cost-effective production of food ingredients. However, the heme production
yield in yeast is significantly lower than in bacteria for two main reasons: (1) the heme biosynthetic
pathway is bifurcated into the cytosol and mitochondria, and (2) yeast’s heme biosynthetic
protoporphyrin-dependent (PPD) pathway is thermodynamically unfavorable compared with
bacteria’s coproporphyrin-dependent (CPD) pathway. To overcome these limitations, the PPD and
CPD pathways were compartmentalized into the mitochondria by attaching mitochondria-targeting
sequences (MTSs) to the N-terminus of the enzymes. All the enzyme activities required for the CPD
pathway are present in S. cerevisiae, except for copro-heme decarboxylase (HemQ); therefore,
bacterial HemQ with the N-terminal MTS was introduced to complete the CPD pathway. The resulting
S. cerevisiae H4+\rsgHemQ® strain with mitochondrial PPD and CPD pathways showed 65% higher
heme concentration than the engineered strain with only the mitochondrial PPD pathway.
Furthermore, the functional expression level of HemQ from Corynebacterium glutamicum was
significantly enhanced in vitro and in vivo by the co-expression of Group-I HSP60 chaperonins (GroEL
and GroES) derived from Escherichia coli. The engineered S. cerevisiae H4+\rsoHemQ%+GroELS
strain containing the mitochondrial PPD and CPD pathways and the Group-l HSP60 chaperonins
produced the highest heme concentration (4.6 mg/L), which was 17% higher than that produced by

the H4-+rsoHemQ®? strain.

Heme is a porphyrin/iron complex cofactor, ubiquitous in microorganisms,
plants, and animals', which is important to aerobic life. Heme has several
biological functions, including oxygen transport, electron transfer, energy
production, and protection from oxidative damage™’. Furthermore, heme is
of interest in a variety of applications, including as a medical treatment for
iron deficiency and acute intermittent porphyria*, a natural pigment in food
coloring to replace carcinogenic synthetic pigments’, a precursor to por-
phyrin derivatives used in disease diagnosis and treatment®, and a charge
enhancer for lithium batteries’. Recently, heme has received attention in the
artificial meat industry as a key ingredient to mimic the flavor of meat®.
Heme is primarily obtained by extraction from animal blood, which
has resulted in significant concerns, such as animal welfare and environ-
mental pollution from organic solvents used in the extraction process’.
Therefore, developing microbial cell factories to produce heme using

biotechnology is crucial for its sustainable and economical production. To
date, Escherichia coli, Corynebacterium glutamicum, Bacillus subtilis, Pichia
pastoris, and Saccharomyces cerevisiae have been engineered to produce
heme. Choi et al."’ reported that engineered E. coli produced the highest
concentration of heme (1.03 g/L) with a yield of 4.14 mg of heme/g of
glycerol in a fed-batch fermentation; however, the endotoxin secreted by E.
coli is a safety concern, especially if this system were used in the food
industry'. In contrast, the highest titer of heme produced in fed-batch
fermentation with S. cerevisiae, a generally recognized as safe (GRAS) host
often used to produce food ingredients, was found to be 380.5 mg/L". In
particular, yeast extracts with a high heme content are often used as color
and flavor enhancers in plant-based meat alternatives'. Therefore, this
study aimed to develop a novel strategy to improve heme production in S.
cerevisiqe.
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The mitochondria of S. cerevisiae produce 5-aminolevulinic acid
(ALA), a common porphyrin precursor, from glycine and succinyl-
coenzyme A via the C4 pathway'. After ALA is transported into the
cytoplasm, it is converted to coproporphyrinogen III or protoporphyrino-
gen IX in a cascading reaction catalyzed by four or five enzymes (Fig. 1A).
Whether ALA is converted to coproporphyrinogen III or proto-
porphyrinogen IX in the cytoplasm is determined by the location of
coproporphyrinogen III oxidase (HEM13). Some authors have reported
that HEM13 is present in yeast cytoplasm'>'®, while others have reported
that it is present in the mitochondria, forming a complex with proto-
porphyrinogen/coproporphyrinogen III oxidase (HEMI4) and proto-
porphyrin/coproporphyrin ferrochelatase (HEM15)'”'*. In S. cerevisiae the
bifurcation of the heme biosynthetic pathway reduces the efficiency of heme
production because the intermediates must be transported across the
mitochondrial membranes'”. To overcome this limitation, we aimed to
compartmentalize the entire heme biosynthesis pathway into the mito-
chondria (Fig. 1B).

Heme is synthesized from uroporphyrinogen III via three distinct
pathways depending on the species: the protoporphyrin-dependent (PPD),
coproporphyrin-dependent (CPD), and siroheme-dependent pathways'**.
Although the PPD pathway exists for heme synthesis in S. cerevisiae, it is
thermodynamically unfavorable compared to the CPD pathway, a recently
discovered non-canonical pathway present in Firmicutes and Actino-
bacteria. Indeed, the AG” value for the entire reaction in the CPD pathway is
447.22 KJ/mol lower than the corresponding value in the PPD pathway’'.
Therefore, we decided to utilize the PPD and CPD pathways for efficient
production of heme in S. cerevisiae. The PPD and CPD pathways are
identical up to the synthesis of coproporphyrinogen III but differ in the
subsequent heme production steps (Fig. 1B). In the CPD pathway, heme is
produced from coproporphyrinogen III through three consecutive reactions
catalyzed by HEM14, HEM15, and copro-heme decarboxylase (HemQ).
However, HemQ is not present in S. cerevisiae; therefore, we introduced
HemQ from Gram-positive bacteria to complete the CPD pathway. The

Fig. 1 | Target pathways and overall engineering
strategies for efficient heme synthesis. A In wild-
type Saccharomyces cerevisiae, the heme biosyn-
thetic pathway is bifurcated between the cytoplasm
and mitochondria. Blue arrows depict transport
across mitochondrial membranes. B In engineered

A

S. cerevisiae, heme was synthesized via the
protoporphyrin-dependent and coproporphyrin-
dependent pathways. The coproporphyrin-
dependent pathway, which is not present in the wild
type, was completed by introducing HemQ from
Gram-positive bacteria. In addition, the complete
pathways were targeted to mitochondria by attach-
ing mitochondria targeting sequences (MTSs) at the
N-terminus of HEM2, HEM3, HEM4, HEM12,
and HemQ.
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CPD pathway was also compartmentalized into mitochondria by attaching
a mitochondria-targeting sequence (MTS) to HemQ (Fig. 1B).

Results and discussion

Effects of mitochondrial compartmentalization of the
protoporphyrin-dependent pathway on S. cerevisiae’s heme
production

The translocation of mitochondrial proteins into the mitochondria is
mediated by the MTSs present at the N-terminus of the mitochondrial
proteins. Accordingly, MTSs were attached to the N-termini of HEM2,
porphobilinogen deaminase (HEM3), uroporphyrinogen III synthase
(HEM4), and HEMI12 to translocate them into the mitochondria. Since
using the same type of MTS could result in the removal of the recombinant
genes by homologous recombination, different types of MTSs were attached
to the N-termini of HEM2, HEM3, HEM4, and HEM12 as follows:
mrsitHEM2, HEM2 with N-terminal MTS1 derived from MMF1 (mito-
chondrial matrix protein); yrssHEM3, HEM3 with N-terminal MTS4
derived from yeast mitochondrial chaperonin 60 (HSP60); nrrs17HEMA4,
HEM4 with N-terminal MTS17 derived from zinc binding subunit of
cytochrome c oxidase (COX4); yrsi2HEMI12, HEM12 with N-terminal
MTS12 derived from lipoamide dehydrogenase (LPD1). A previous study
found that the preceding set of MTSs could be utilized to compartmentalize
multigene biosynthetic pathways into S. cerevisiae mitochondria®. The
genes encoding prsiHEM2, vrssHEMS3, vrsi;HEMA4, and s ,HEM12
were expressed under the transcriptional control of a strong constitutive
glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter to construct
the Mito-H4 strain. The Cyto-H4 strain expressing HEM2, HEM3, HEM4,
and HEM12 without MTSs under the transcriptional control of the GPD
promoter was constructed as a control.

To ensure the mitochondrial compartmentalization of the enzyme via
MTS attachment, the mitochondria were fractionated from the control S.
cerevisiae D452-2 and recombinant strains expressing prsiHEM2 and
HEM2 with a C-terminal Myc-tag. Western blot analysis of the mito-
chondrial fractions using anti-Myc antibody showed that the HEM2 protein
was only present in the Mito-H4 strain’s mitochondria (Supplementary
Fig. 1). This result suggested that HEM2 was successfully relocalized to the
mitochondria by attaching MTS to its N-terminus. In the batch fermenta-
tions, the S. cerevisiae wild-type D452-2, Cyto-H4 (amplified cytoplasmic
heme pathway), and Mito-H4 (amplified mitochondrial heme pathway)
strains’ heme concentrations were highest after 72 h of cultivation (Fig. 2).
The background heme production of the parental D452-2 strain cultivated
in YP50D medium was 1.5 + 0.2 mg/L. The S. cerevisiae Cyto-H4 and Mito-
H4 strains produced higher levels of heme than the control D452-2 strain;
however, the magnitude of the increase in heme concentration by the Mito-
H4 strain was greater than that by the Cyto-H4 strain. Moreover, the S.
cerevisiae Mito-H4 strain showed a 3.0-fold increase in heme concentration
compared with the D452-2 strain. This result indicated that the S. cerevisiae
Mito-H4 strain produced heme efficiently because of the high expression
levels of the four genes involved in heme biosynthesis and the mitochondrial
compartmentalization of the four enzymes.

Effects of introducing the coproporphyrin-dependent pathway
on S. cerevisiae’s heme production

In addition to optimizing the endogenous PPD pathway in S. cerevisiae, the
non-canonical but thermodynamically favorable CPD pathway was intro-
duced to enhance the production yield of heme. To this end, HemQs from C.
glutamicum (HemQ®®) and B. subtilis (HemQ™), both Gram-positive bac-
teria with GRAS status, were introduced into the S. cerevisiae Mito-H4 strain
that contained the mitochondrial PPD pathway. The substrate for HemQ,
copro-heme, was synthesized in the mitochondrial fraction of the S. cere-
visiae Mito-H4 strain; therefore, HemQ was also relocalized to the mito-
chondria by attaching MTS9 to its N-terminus (Fig. 1B). As controls,
HemQ® and HemQ®™ without MTS were introduced into the S. cerevisiae
Mito-H4 strain. As a result, a set of the following four S. cerevisiae strains
with the CPD pathway was constructed: H4+HemQ®, the Mito-H4 strain

expressing HemQ® without MTS; H4+HemQ™, the Mito-H4 strain
expressing HemQ® without MTS; Hd+yrrseHemQ®, the Mito-H4 strain
expressing HemQ®® with N-terminal MTS9; H4+y;rseHemQ", the Mito-
H4 strain expressing HemQ™ with N-terminal MTS9 (Table S1).

Before comparing the heme concentrations of the resulting S.
cerevisiqe strains, crude enzyme extract assays of HEM15 and HemQ
were performed to confirm the functional expression of heterologous
HemQ. The crude HEM15 enzymes present in cell lysates of the wild-
type D452-2 strain and recombinant strains expressing HemQ in the
cytoplasm (HemQ®® and HemQ™) and mitochondria (y;rsoHemQ®®
and prsoHemQ™) were assayed with protoporphyrin IX (the sub-
strate for HEM15), and showed that the amount of heme produced by
each strain was not significantly different (Fig. 3A). In the CPD
pathway, coproporphyrin IIT is converted to heme in two consecutive
reactions catalyzed by HEM15 and HemQ (Fig. 1B). The in vitro
HEMI5 activity in the S. cerevisiae D452-2, HemQ®, HemQ¥,
MmrsoHemQ®, and yrrsoHemQ™ strains were similar (Fig. 3A), sug-
gesting the efficiency of heme synthesis from coproporphyrin III is
dependent on HemQ activity. Although no enzymes predicted to have
HemQ activity in S. cerevisiae have previously been identified,
1.3 £ 0.1 uM of heme was synthesized when a crude enzyme extract of
the wild-type D452-2 was assayed with coproporphyrin III (Fig. 3B).
This result indicates that an enzyme capable of converting copro-
heme to heme is present in S. cerevisiae, possibly an unknown
enzyme. Therefore, future research should focus on isolating and
identifying this enzyme by performing affinity purification using
copro-heme immobilized on a solid support and incubating it with
the cell extract to separate it based on differences in its binding
interaction. Notably, the introduction of cytoplasmic and mito-
chondrial HemQ increased in vitro HemQ activity, resulting in
2.6-3.9-fold higher heme synthesis efficiencies than the parental
D452-2 strain (Fig. 3B). Among the four recombinant S. cerevisiae
strains, the prsoHemQ® strain expressing the mitochondrial
HemQ®® showed the highest in vitro HemQ activity. The HemQ®®
activity was higher in the mitochondria than in the cytoplasm, pre-
sumably because the environment for the folding of HemQ® is more
favorable in mitochondria compared with the cytoplasm. Previous
studies have reported that mitochondria have lower oxygen con-
centration, higher pH, and a more reducing redox potential®*.
Currently, research is in progress to identify the key factors affecting
HemQ® activity in mitochondria.

Although cytoplasmic expression of HemQ increased HemQ activity
in the S. cerevisiee HemQ® and HemQ®™ strains (Fig. 3B), cytoplasmic
expression of HemQ was not expected to have a significant effect on heme
production because the precursor of HemQ (i.e., copro-heme) is present in
the mitochondria. In agreement with this reasoning, the maximum heme
concentrations of the H4+HemQ% and H4+HemQ® strains were similar
to that of the parental Mito-H4 strain (Fig. 4). However, the maximum
heme concentrations of the H4-+prsoHemQ® and H4+yrsoHemQ™
strains, which contained the mitochondrial HemQ, were 65% and 46%
higher than the corresponding value for the Mito-H4 strain (Fig. 4). Because
HemQ expression cassettes were introduced into S. cerevisiae using an
episomal plasmid containing aureobasidin A as a selection marker, aur-
eobasidin A was added to the culture medium in the fermentation experi-
ments, including for the engineered strains expressing HemQ. The presence
of aureobasidin A slightly extended the strains’ lag phase, and the cultivation
time required to achieve maximum heme concentration increased from 72
to 96 h; therefore, the heme concentrations were compared at the cultivation
time of 96 h for further heme production experiments. Notably, the S.
cerevisiae H4+yrrsoHemQ®® strain exhibited the highest in vitro HemQ
activity (Fig. 3B) and maximum heme concentration (Fig. 4); consequently,
the efficient production of heme in the H4+yrsoHemQ® strain was
attributed to the functional expression of HemQ. These results suggest that
the subcellular localization of HemQ in S. cerevisiae plays an important role
in heme production via the CPD pathway.
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Fig. 2 | Heme concentrations in the wild-type Saccharomyces cerevisiae D452-2
and the engineered (Cyto-H4 and Mito-H4) strains after cultivation for 48, 72,
and 96 h. The relative fold change was calculated based on the heme concentrations
of the sample strains compared with those of the D452-2 strain after cultivation for
48 h. Results are the mean of three experiments, and error bars indicate standard
deviations. Different letters represent significantly different means (Tukey honestly
significant difference tests, p < 0.05). Cyto-H4, D452-2 HIS3::Pgpp-HEM2-Tcyc,
LEU2:Pgpry-HEM3-Teyep, URA3:Pepn-HEMI12-Teyey, and CS6::Pgpry-HEM4-
Teyer Mito-H4, D452-2 HIS3::Pepp-yrs HEM2-Teyer, LEU2::Pepp-yrse HEM3-
Teyer URA3:Pgpp-mrsizHEMI2-Teycy, and CS6:Pgpp-arsiZHEM4-Teyc.

Enhanced heme production via the introduction of E. coli Group-I
HSP60 chaperonins (GroEL and GroES)

The functional expression levels of several bacterial enzymes expressed in S.
cerevisiae have previously been shown to be significantly enhanced by co-
expressing E. coli Group-1 HSP60 chaperonins (GroEL and GroEL)**; this
is likely because the cytoplasmic HSP60 chaperonins present in S. cerevisiae
are structurally and functionally different from the GroEL/ES
chaperonins™?’. To this end, the groLS genes coding for GroEL and GroES
were co-expressed with yroHemQ® in  the S, cerevisiae
MmrsoHemQ™+GroELS strain to enhance the functional expression level of
HemQ®. In addition, the S. cerevisiae D452-2 strain (GroELS) containing
GroEL and GroES without HemQ was constructed as a control. Proto-
porphyrin IX is converted to heme in the one-step reaction catalyzed by
HEM15, whereas coproporphyrin III is converted to heme in two con-
secutive reactions catalyzed by HEM15 and HemQ (Fig. 1B). Unexpectedly,
the expression of the GroEL/ES chaperonins, even in the absence of HemQ,
improved the in vitro conversion efficiency of protoporphyrin IX and
coproporphyrin III (Fig. 5). This result indicated that the additional HSP60
chaperonins, distinct from the native HSP60 chaperonins, supported proper
folding of various endogenous enzymes present in S. cerevisiae, including
HEM15 and unknown enzymes possessing HemQ activity. Accordingly, the
GroEL/ES chaperonin co-expression strategy may increase the production
of a variety of target compounds, not just heme. In line with this expectation,
the magnitude of the increased activity of crude HemQ (heterologous
enzyme) in the yrsoHemQ +GroELS strain via the introduction of the
GroEL/ES chaperonins was found to be greater than the activity of crude
HEMI15 (endogenous enzyme). As a result, the S. cerevisiae
mrsoHemQ¥+GroELS strain showed a 1.2- and 2.6-fold increase in heme
synthesis from protoporphyrin IX and coproporphyrin III, respectively,
compared with the background prsoHemQ™ strain lacking GroEL/ES
chaperonins.

To investigate if the increased activity of HEM15 and HemQ via the
introduction of GroEL/ES chaperonins enhanced heme production,
batch fermentation was performed using S. cerevisiae wild-type D452-2,
GroELS (D452-2 strain expressing GroEL and GroES), Mito-H4
(D452-2  strain  containing the mitochondrial PPD pathway),
H4+prrsoHemQ 8 (Mito-H4 strain expressing mitochondrial HemQ®),
and  H4+yrsoHemQ®+GroELS  (Mito-H4  strain  expressing
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Fig. 3 | Effect of subcellular localization of HemQ on enzyme activity toward
protoporphyrin IX and coproporphyrin III. Relative enzymatic activity of the
crude enzyme extracts of the wild-type Saccharomyces cerevisiae D452-2 and the
engineered strains with the cytoplasmic (HemQ® and HemQ®) or mitochondrial
(MmrsoHemQ®® and yrsoHemQ™) HemQ on protoporphyrin IX (A) and copropor-
phyrin IIT (B). Results are the mean of three experiments, and error bars indicate
standard deviations. Different letters represent significantly different means (Tukey
honestly significant difference tests, p < 0.05). HemQ®, D452-2 harboring
pHemQ% HemQ™, D452-2 harboring pHemQ"; yirs0HemQ®, D452-2 harboring
PursoHemQ%; ypsoHemQ™, D452-2 harboring pyrrsoHemQ™.

mitochondrial HemQ®, GroEL, and GroES) strains, and their heme pro-
duction was compared after 96 h of cultivation. Surprisingly, the intro-
duction of GroEL and GroES into the wild-type S. cerevisiae D452-2 strain
resulted in a 2.2-fold increase in heme production (Fig. 6). This result is
likely due to the increase in overall functional expression levels of enzymes
involved in heme biosynthesis, including HEM15 (Fig. 5A). Consistent with
the in vitro enzyme activity results (Fig. 5), the introduction of GroEL and
GroES into the S. cerevisiae H4+yprsoHemQ®® strain increased the heme
concentration by 17%, resulting in the production of 4.6 mg/L of heme with
a yield of 0.1 mg of heme/g of glucose in the H4+prs0HemQ%+GroELS
strain.

It is presently unclear if HEM13 resides in the cytosolic or mitochondrial
fraction; therefore, HEM13 with and without the N-terminal MTS (for
mitochondrial and cytoplasmic expression, respectively) was further over-
expressed in the S. cerevisiae Mito-H4 strain. However, all S. cerevisiae strains
exhibited similar heme production concentrations (Supplementary Fig. 2),
indicating that HEM13 activity in the mitochondrial fraction of the Mito-H4
strain is not a rate-limiting factor for heme biosynthesis.

A recent study by Guo et al."” showed that the fed-batch fermentation
of an engineered S. cerevisiae with an optimized heme biosynthetic pathway
and increased tolerance to heme toxicity produced 380.5 mg/L of heme, the
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Fig. 4 | Heme concentrations in the Saccharomyces cerevisiae Mito-H4 and Mito-
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H4-+mrsoHemQ™, Mito-H4 harboring pyrsoHemQ™.
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H4-+yrsoHemQ, Mito-H4 harboring pyrsoHemQ%; yrsoHemQ 8 +GroELS,
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highest concentration of yeast-based heme production reported to date. In
the previous study, an adaptive evolution strategy combined with a CRISPR-
assisted genome-scale random mutagenesis was used to enhance resistance
to heme toxicity. After five rounds of evolutionary screening, a mutant with
a7.3-fold increase in heme production was isolated based on its red color"”.
Since an engineered S. cerevisiae strain with only the heme biosynthetic
pathway optimized (without increased heme tolerance) produced 5.9 mg/L
of heme with a yield of 0.3 mg of heme/g of glucose in batch fermentation',
future studies using a similar laboratory evolution for improving cellular
tolerance to heme are required to maximize the heme production efficiency
of the Hd+yrsoHemQ“+GroELS strain constructed in this study. Fur-
thermore, the extracellular secretion of heme-binding proteins, such as
leghemoglobin, is expected to improve the strain’s heme production yield
and concentration by reducing its intracellular heme concentration, thereby
alleviating heme toxicity.

In this study, we demonstrated that compartmentalization of the PPD
pathway into the mitochondria increased heme production in S. cerevisiae
3.0-fold, whereas overexpression of the same pathway in the cytoplasm only
improved yields 2.2-fold. Adding the heterologous CPD pathway to the
mitochondrial fraction of the S. cerevisiae Mito-H4 strain, which contained
the mitochondrial PPD pathway, resulted in a 65% increase in heme pro-
duction compared with the background strain. Furthermore, enhancing the
functional expression level of the key enzyme (i.e., HemQ®) in the CPD
pathway through the co-expression of E. coli Group-I HSP60 chaperonins
led to a significant increase in S. cerevisiae’s heme synthesis activity in vitro
and in vivo. As a result, the S. cerevisiae H4+pyrsoHemQ®+GroELS strain,
which contained the mitochondrial PPD and CPD pathways and the
Group-I HSP60 chaperonins, produced 4.6 mg/L of heme, which was 17%
higher than the H4+yrrsoHemQ® strain without Group-I HSP60
chaperonins.

Methods

Strains and plasmids

The E. coli TOP10 (Invitrogen, Carlsbad, CA, USA) and S. cerevisiae D452-2*
strains were used for gene cloning and heme production, respectively. The S.
cerevisige strains and plasmids used in this study are listed in Table S1.

Genetic manipulation

The codon-optimized genes coding for HemQ from C. glutamicum and B.
subtilis were synthesized by Bionics Co., Ltd. (Seoul, Republic of Korea).
Table S2 lists the primer sets used for the amplification of the genes coding
the heme biosynthesis enzymes, and the iron-coproporphyrin (copro-
heme) decarboxylases (HemQs) and construction of their expression cas-
settes. The resulting polymerase chain reaction products were combined
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using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs,
Ipswich, MA, USA) as specified by the manufacturer.

Integrative plasmids containing the genes coding for enzymes involved
in heme biosynthesis and episomal plasmids containing the genes coding for
the HemQs were transformed into S. cerevisiae D452-2 using a yeast EZ-
transformation kit (BIO101, Vista, CA, USA). Transformants were isolated
on solid yeast synthetic complete medium (6.7 g/L yeast nitrogen base and
20 g/L glucose) containing 40 g/L of agar with the appropriate amino acids
and nucleotides. In addition, 200 pg/mL of geneticin (G418) and 0.15 pg/mL
of aureobasidin A were added as selection pressure as required.

The  GroEL  (GPDp-GroEL-CYCIt) and  \rs1oHEMI2
(GPDp-nmts1,HEM12-CYCI1t) expression cassettes were introduced into
the CS8*’ and CS11 loci, respectively, using the genome editing system based
on clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) as previously described™. In S. cerevisiae, the CS8
locus is an intergenic region located on chromosome XVI between
YPROI5C and YPROI4C, and the CS11 locus is the intergenic region
between AAPI and YHKS. Briefly, guide ribonucleic acid (gRNA) plasmids
and repaired deoxyribonucleic acid (DNA) fragments, amplified with pri-
mers listed in Table S2, were co-transformed into S. cerevisiae strains con-
taining pCas9_AUR to construct the H4+prsoHemQ8+GroELS strain
(Table S1).

Media and culture conditions

The E. coli was grown in Luria-Bertani medium (10 g/L tryptone, 5 g/L yeast
extract, and 10 g/L NaCl) containing 50 pug/mL of ampicillin for gene cloning.
The S. cerevisiae strains without the HemQ expression cassette were pre-
cultured at 25 °C and 250 rpm for 48 h in yeast synthetic complete medium
(6.8 g/L yeast nitrogen base, 1.66 g/L synthetic complete supplement without
histidine, leucine, and uracil, and 20 g/L glucose) containing 200 pug/mL of
G418. Yeast synthetic complete medium containing 200 ug/mL of G418 and
0.15 ug/mL of aureobasidin A was used for pre-cultivation of the S. cerevisiae
strains harboring the episomal plasmid with the HemQ expression cassette.
The pre-cultured cells were harvested and inoculated into the main cultures
with an initial optical density of 1.0 at 600 nm. The main fermentation
experiments were carried out for 96 h in a baffled flask containing 100 mL of
YP50D medium (10 g/L yeast extract, 20 g/L Bacto™ Peptone, and 50 g/L
glucose). The S. cerevisiae strains with and without the HemQ expression
cassette were cultivated in YP50D medium with and without 0.15 ug/mL of
aureobasidin A, respectively. The temperature and agitation speed were
maintained at 25 °C and 250 rpm throughout the fermentation.

Mitochondrial protein preparation and analysis of HEM2 gene
expression

The yeast mitochondrial protein fraction was isolated using a Minute™
yeast mitochondria enrichment kit (Invent Biotechnologies, Inc., Plymouth,
MN, USA) according to the manufacturer’s instructions. To visualize the
aminolevulinate dehydratase (HEM2) protein, the mitochondrial protein
samples fractionated by 12% (w/v) sodium dodecyl sulfate-polyacrylamide
gel electrophoresis were transferred to polyvinylidene difluoride mem-
branes (Millipore®, Merck KGaA, Darmstadt, Germany). For the immu-
noblot assays, HEM2 with a C-terminal Myc proto-oncogene protein tag
was detected using an anti-Myc antibody (sc-42, 1:1000 dilution), as spe-
cified by the manufacturer (Santa Cruz Biotechnology, Inc., Dal-
las, TX, USA).

Analytical methods

A spectrophotometer (OPTIZEN POP, Mecasys Co., Ltd., Yuseong-gu,
Daejeon, Republic of Korea) was used to measure cell growth at an optical
density measured at 600 nm (ODgq,). Concentrations of glucose, glycerol,
acetic acid, and ethanol were determined using a high-performance liquid
chromatography (HPLC) system (Ultimate 3000; Thermo Fisher Scientific
Inc.,, Waltham, MA, USA) equipped with a Rezex ROA-organic acid H"
column (Phenomenex, Torrance, CA, USA). Metabolites were separated at

an isocratic temperature of 60 °C at a flow rate of 0.6 mL/min in 0.01 N
sulfuric acid (H,SO,y and then passed through a reflective index detector.

To determine intracellular heme concentration, the culture broth was
centrifuged at 15,000rpm for 10 min. The cells were harvested at
ODggo X mL of culture = 60 (i.e., if the OD value was 30, 2.0 mL of culture
was harvested). The harvested cells were resuspended in 0.4 mL of Y-PER™
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and lysed according to
the manufacturer’s instructions. After adding 1.2 mL of acetonitrile to the
cell lysate, the mixture was incubated for 5 min at room temperature with
occasional shaking. The precipitates were collected by centrifugation at
4000 rpm for 5 min and then reacted with 1.6 mL of a mixture containing
acetonitrile and 1.7 M hydrochloric acid (HCI) at a volume ratio of 8:2 at
25°C and 250 rpm for 20 min. For neutralization, 0.4 mL of saturated
magnesium sulfate (MgSO,) solution containing 100 ug/L of sodium
chloride (NaCl) was added to 1.6 mL of the reaction mixture. The reaction
mixture was incubated at 25°C and 250 rpm for 20 min and then cen-
trifuged at 4000 rpm for 5min, and an acetonitrile layer was filtered
(0.2 um) before conducting the HPLC analysis. The heme concentration
was measured using a Thermo Fisher Ultimate 3000 HPLC equipped with a
YMC-Pack ODS-A column (YMC Co.,, Ltd., Kyoto, Japan). The heme was
separated at a constant temperature of 50 °C with mobile phase A and
mobile phase B in a gradient mode (0 min, A:B=280:20; 10-11.1 min,
A:B =0:100; 12-25 min, A:B = 80:20 [% v/v]) at a flow rate of 0.4 mL/min
and then passed through an ultraviolet detector (400 nm). Mobile phase A
was a mixture of acetonitrile and water (5:95 [% v/v]) containing 1.2 g/L of
formic acid, whereas mobile phase B was a mixture of acetonitrile and water
(95:5 [% v/v]) containing 1.2 g/L of formic acid.

Enzyme activity assays

To prepare crude enzyme extract, S. cerevisiae cells grown at 30 °C and
250 rpm for 72h in YP50D medium containing 0.15 pug/mL of aur-
eobasidin A were lysed using glass beads (I.D. 0.5 mm, BioSpec Products,
Bartlesville, OK, USA), as specified by the manufacturer. Protein con-
centrations were determined using a protein assay kit (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA) using bovine serum albumin as the
standard. The reaction mixture for the HEM15 and/or HemQ activities
was composed of 66 mM Tris-HCl (pH 8.0) containing 3.3% of Tween 20,
5mM of glutathione, 100 uM of ferrous ammonium sulfate, 100 uM of
B-mercaptoethanol, and 0.6 mg/mL of crude enzyme extract; 25 uM of
protoporphyrin IX or coproporphyrin III was added to the reaction
mixture and incubated at 30 °C for 16 or 8h, respectively. The heme
concentration in the reaction mixture was measured using the HPLC
system as described previously.

Statistical analysis

Statistical analyses were performed using SPSS Statistics software (v.28.0,
IBM Corp., Armonk, NY, USA). All data are presented as the mean +
standard deviation. One-way analysis of variance was performed, and sta-
tistical significance was assessed using Tukey’s Honestly Significant Dif-
ference (HSD) tests, with the significance level set at p < 0.05.

Data availability

Data available upon request to the corresponding author.
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