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ARTICLE INFO ABSTRACT

Keywords: Heme, an iron-containing porphyrin derivative, holds great promise in fields like medicine, food production and
Corynebacterium glutamicum chemicals. Here, we developed an engineered Corynebacterium glutamicum strain for efficient heme production by
Heme

combining modular engineering and RBS engineering. The whole heme biosynthetic pathway was methodically
divided into 5-ALA synthetic module, uroporphyrinogen III (UPG III) synthetic module and heme synthetic
module for further construction and optimization. Three heme synthetic modules were compared and the
siroheme-dependent (SHD) pathway was identified to be optimal in C. glutamicum for the first time. To further
improve heme production, the expression of genes in UPG III synthetic module and heme synthetic module was
coordinated optimized through RBS engineering, respectively. Subsequently, heme oxygenase was knocked out
to reduce heme degradation. The engineered strain HS12 showed a maximum iron-containing porphyrin de-
rivatives titer of 1592 mg/L with the extracellular secretion rate of 45.5% in fed-batch fermentation. Our study
constructed a C. glutamicum chassis strain for efficient heme accumulation, which was beneficial for the
advancement of efficient heme and other porphyrins production.

Biosynthetic pathways
Metabolic engineering

1. Introduction

Heme is an iron-containing porphyrin derivative that consists of a
porphyrin macrocycle and a ferrous ion, which serves as a cofactor for
enzymes involved in a wide range of physiological reactions in organ-
isms [1]. Heme has found extensive application in the field of medicine
as an effective iron supplement and as a treatment for triple-negative
breast cancer when combined with metformin [2]. Hemin containing
chloride ions has demonstrated potential in the management of acute
intermittent porphyria [3]. In addition, heme plays a role as a food
additive in the synthesis of artificial meat [4], and it serves as raw
material for semi-synthetic hematoporphyrin and sodium protopor-
phyrin in fine chemicals process [5]. Recent studies have uncovered
promising applications of heme in biochemical analysis and biocatalysts
[6]. Along with the wide range of applications and high value of heme,
efficient production of heme has become an urgent requirement.
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Currently, heme is conventionally derived through chemical syn-
thesis or extraction from plant tissues and animal blood [7,8]. Due to the
complexity and pollution of these methods, the microbial synthesis of
heme has attracted much attention from researchers. In microbial
pathway, heme can be synthesized from the precursor substrate 5-ami-
nolevulinic acid (5-ALA), with uroporphyrinogen III (UPG III) as the
key intermediate metabolite [9]. 5-ALA can be obtained from glycine or
glutamine via the C4 or C5 pathway [10]. The eight 5-ALA molecules
then undergo a strictly conserved three-enzyme pathway to form the
first cyclic molecule, UPG III [5]. The porphyrin ring or side chain of
UPG III was modified using the protoporphyrin-dependent (PPD)
pathway, coproporphyrin-dependent (CPD) pathway or
siroheme-dependent (SHD) pathway to ultimately produce heme. The
PPD pathway was found in eukaryotes and many Gram-negative bac-
teria, while the CPD pathway primarily observed in Gram-positive
bacteria, and they are both known as the classical heme synthetic
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pathways [11]. The SHD pathway was considered to be an evolution-
arily conserved pathway in sulfate-reducing bacteria and Archaea [12],
which has not been used for the synthesis of heme in bacteria.

In 2003, Kwon et al. [13] made the first attempt to reconstruct the
heme biosynthetic pathway in E. coli by employing three compatible
plasmids containing genes from the C4 and PPD pathways. This
construct allowed heme production to 3.3 pmol/L, confirming the pos-
sibility of microbial heme synthesis. Zhao et al. [14] constructed an
E. coli strain HAEM7 using the C5 pathway and the optimized PPD
pathway for heme biosynthesis. Following further optimization of the
fermentation process, a heme titer of 1.03 g/L was obtained with the
productivity of 21.5 mg/L/h [15]. Corynebacterium glutamicum, as a
famous amino acids industrial producer with GRAS (generally regarded
as safe) status [16], has been extensively engineered for the production
of variety of commercially interesting compounds [17,18]. Recent
studies have expanded its capabilities to include the production of heme
[19], hemoglobin [20] and the major precursors of heme, such as 5-ALA
[21,22] and biliverdin [23]. A growth-coupled, high-throughput selec-
tion platform was developed for improving heme biosynthesis [24]. Ko
et al. [19] combined the C4 and C5 pathways for precursor 5-ALA pro-
duction, and co-overexpressed dtxR and genes of CPD pathway. The
engineered strain exhibited a maximum heme titer of 309.18 mg/L.
Although the global transcriptional regulator DtxR showed a positive
effect on heme accumulation in C. glutamicum [25,26], the intricate
regulatory mechanism of heme biosynthetic pathway in C. glutamicum
remained unclear [22]. This resulted in an inherently low activity of the
key enzymes, which limited the overproduction of heme. As previously
mentioned, the heme synthetic SHD pathway has not been utilized for
heme synthesis in prokaryotic cells. Among all the CPD pathway, PPD
pathway and SHD pathway, which was more suitable for heme synthesis
in C. glutamicum remained unclear. In addition, the precise modulation
of the relative expression intensity of genes was also imperative for
efficient heme synthesis.

In this study, a rapidly carbon-utilizing chassis CGS15 was used for
heme production [27]. The overall heme synthetic pathway was divided
into three modules, the 5-ALA synthetic module, the UPG III synthetic
module and the heme synthetic module. Firstly, various sources of AlaS
and their mutants were screened to ensure an ample supply of 5-ALA
precursors. Secondly, CPD pathway, PPD pathway and SHD pathway
were constructed in C. glutamicum to identify the most efficient heme
synthetic pathway. Then, RBS engineering was used to fine-tune the
relative expression levels of genes in the UPG III synthetic module and
the heme synthetic module, respectively. Subsequently, heme accumu-
lation was further promoted by blocking the competitive pathways and
overexpressing genes of the heme transporter. Finally, fed-batch fer-
mentations were performed for scalable production of heme. The
C. glutamicum platform strains HS12 produced 1592 mg/L of total
iron-containing porphyrin derivatives (ICPDs) with 725 mg/L secreted
ICPDs, which indicated that C. glutamicum holds promise to be a po-
tential microbial cell factory to produce heme effectively.

2. Materials and methods
2.1. Media and culture conditions

LB medium consisting of 5 g/L yeast extract, 10 g/L tryptone, and 10
g/L NaCl was used for cloning all target genes in E. coli DH5a. BHI
medium consisting of 74 g/L brain heart infusion was used for cloning of
all engineered vectors in C. glutamicum and the preculture of all engi-
neered strains. Modified CGIII complex medium (pH 7.4) containing of
10 g/L tryptone, 10 g/L yeast extract, 21 g/L 3-morpholinopropanesul-
fonic acid (MOPS) and 2.5 g/L NaCl was used for flask cultivations. The
initial glucose concentration was 30 g/L. Isopropyl p-p-1-thio-
galactopyranoside (IPTG) (1 mM), glycine (7.5 g/L) and FeSO4-7H20
(20 mg/L) were added at 6, 8 and 12 h of flask cultivation respectively.
Kanamycin (40 mg/L for E. coli and 25 mg/L for C. glutamicum) and

286

Synthetic and Systems Biotechnology 9 (2024) 285-293

chloramphenicol (10 mg/L for E. coli and 5 mg/L for C. glutamicum) were
added to the medium when appropriate.

Flask cultivations for 5-ALA and heme production were performed as
follows. All wild-type and engineered strains, stored at a cryogenic
temperature, were streaked on BHI agar plates and cultured for 36 h at
30 °C. The cultured cells were inoculated in 5 mL BHI liquid medium and
incubated at 30 °C and 200 rpm for 12 h. Then, 1 mL of the seeds were
inoculated into 250 mL baffled flask containing 50 mL of CGIII medium
and incubated at 30 °C, 220 rpm for 12 h. Finally, the cultures with an
initial optical density ODggg of 0.5 were inoculated into 250 mL shake
flasks containing 50 mL CGIII medium at 30 °C, 200 rpm for 48 h.

Fed-batch fermentations for heme production were performed in a 5
L fermenter with 2 L fresh fermentation medium. Modified CGXII
(CGXIIY) medium (pH 7.0) containing (per liter): yeast extract 15 g,
(NH4)-S04 20 g, urea 5 g, KHyPO4 1 g, KxHPO, 1 g, MgSO4-7H0 0.25 g,
CaCly 10 mg, FeSO4-7H20 10 mg, MnSO4-H20 0.1 mg, ZnSO4-7H20 1
mg, CuSO4-5H20 0.2 mg, NiCly-6H20 20 pg, biotin 0.2 mg and MOPS 21
g was used for fed-batch fermentations. The 200 mL seed culture was
inoculated into the fermenter containing 1.7 L CGXIIY medium sup-
plemented with 30 g/L of glucose. 1 mM IPTG was added at 6 h, 7.5 mg/
L glycine was added at 8 h, 200 mg/L FeSO4-7H,0 was added at 12 h.
Fermentation was carried out at 30 °C. Ammonium hydroxide and HCIL
were used to maintain pH at 7.0. The minimum dissolved oxygen was
maintained at 40% air saturation for the first 8 h, and then that was
maintained at 20% air saturation. The feed solution containing 800 g/L
glucose was added automatically to maintain the glucose concentration
below 5 g/L.

2.2. Construction of plasmids and strains

The recombinant plasmids and strains used in this study are listed in
Supplementary Table 1. The RBS sequences used for plasmid library
construction were listed in Supplementary Table 2. The genomic DNA of
C. glutamicum was used to amplify the hemE, hemF, hemY, hemH, hemQ,
hrtB, hrtA, hrrS, hmuT and htaA genes. To construct the complete SHD
pathway, genes SYNTR-0459, SYNTR-0456, SYNTR-1652, SYNTR-0463
and SYNTR-0460 from Candidatus syntrophocurvum alkaliphilum were
synthesized and codon-optimized by Azenta (Suzhou, China). pEC-
XK99E and pXMJ19 vectors were used as shuttle vectors for E. coli
and C. glutamicum for the overexpression of target genes. The genetic
modification of C. glutamicum was achieved via a two-step homologous
recombination procedure using the suicide vector pD-sacB.

The target fragments were amplified by polymerase chain reaction
(PCR) and inserted into the plasmid by T4 DNA ligase (Thermo Fisher
Fermentas) or seamless cloning kit (US EVERBRIGHT). Plasmid libraries
are constructed using the Golden Gate Assembly Kit (Bsal-HF®v2). To
achieve efficient assembly between fragments, primers used in this study
were designed by https://goldengate.neb.com/#!/(Supplementary
Table 3). All experiments for recombinant vector construction were
performed according to the manufacturer’s instructions. Then, each
ligation mixture was transformed into competent E. coli DH5a cells. The
transformation of the recombinant vectors into C. glutamicum was per-
formed as previously described [27].

2.3. Analytical methods

Growth was monitored by measuring the optical density at 600 nm
(ODgp) using a conventional spectrophotometer (TU-1901, PUXI, Bei-
jing, China). The concentration of glucose in the fermentation broth was
determined using HPLC. The chromatographic column was HPX-87H
(Bio-rad), and the mobile phase was 5 mM HySO4 at a flow rate of
0.5 mL/min. The sample injection volume was set at 10 pL, and the
temperature of the column oven was set at 60 °C. ALA was measured
using the colorimetric assay called Ehrlich’s reagent [26]. To extract
heme, 1 mL of fermentation broth was centrifuged at 12,000 rpm for 5
min at 4 °C, and the extracellular supernatant was separated. After
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separating supernatant, 1 mL acidic acetone buffer (95:5 ratio of 99%
acetone:1.6 M HCI) was added to the extract the cell pellet. After ver-
texing for approximately 30 s, the sample was centrifuged at 12,000
rpm, 4 °C for 5 min to obtain intracellular supernatants. ICPDs was
measured by fluorescence assay as described previously [22]. The heme
content was measured by HPLC analysis as described previously [15].

2.4. High-throughput screening for efficient heme-producing strains

The fermentation broth of the constructed strain was used as a
sample to detect the intracellular heme concentration and the fluores-
cence intensity of sirohydrochlorin. The fluorescence intensity of siro-
hydrochlorin was measured at the excitation wavelength of 375 nm and
the emission wavelength of 670 nm by a Varioskan LUX fluorescence
microplate reader (Thermo Fisher Scientific, CA, USA). In order to
screen the high fluorescence intensity strains, the Golden Gate multi-
fragment plasmid library was electrically transferred into SHO strain.
Then, the mixed bacterial system was screened in PerCP-Cy5-5-5-A (488
nm, 695/40 nm) channel by Flow Cytometer (BD Aria III, USA), and
single cell with high fluorescence intensity were obtained for plate
culture.

2.5. Real-time quantitative PCR (RT-qPCR)

The total RNA extraction and reverse transcription to synthesize
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cDNA were performed as described. Briefly, total RNA was extracted
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and cDNA syn-
thesis was carried out using the TransScript® First-Strand cDNA Syn-
thesis SuperMix (Transgen Corp. Beijing, China). the TransStart® Top
Green qPCR SuperMix (TransGen, Beijing, China) on a LightCycler® 480
device (Roche, Basel, Switzerland) was used to amplify and quantify the
PCR of the products. Primers for RT-PCR used in this study were listed in
Supplementary Table 4. The transcriptional level of the 16S ribosomal
RNA served as the internal reference. Both the targeted genes and test
strains were subjected to triplicate replicates.

3. Results and discussion
3.1. Modular design of the heme synthetic pathway

Heme can be synthesized from the precursor substrate 5-ALA, with
UPG III as the key intermediate metabolite in C. glutamicum. Here, the
complex heme biosynthetic pathway was divided into three modules for
separate construction and optimization (Fig. 1). In the first module,
named the 5-ALA synthetic module, the C4 pathway was employed to
synthesize 5-ALA from succinyl-CoA in a single step, by utilizing the
pyridoxal-5-phosphate (PLP)-dependent ALA synthase (AlaS) [10]. In
the second module, named the UPG III synthetic module, the interme-
diate metabolite UPG III was synthesized by a conserved core pathway
[5]. Two 5-ALA molecules were catalyzed by porphobilinogen synthase
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Fig. 1. Schematic overview describing the target pathway and overall metabolic strategies for heme production. The entire pathway is divided into three parts: 5-
aminolevulinic acid (5-ALA) biosynthetic pathway (orange), uroporphyrinogen III (UPG III) biosynthetic pathway (green) and heme biosynthetic pathway (blue).
There are three different pathways of heme biosynthesis in organisms. Abbreviations: OAA, oxaloacetate; MAL, malate; FUM, fumarate; SUC, succinate; SUC-COA,
succinyl-CoA; o-KG, a-oxoglutarate; GLY, glycine; GLU, glutamate; GLU-tRNA, glutamyl-tRNA; GSA, glutamate-1-semialdehyde; 5-ALA, 5-aminolevulinic acid; PBG,
porphobilinogen; HMB, hydroxymethylbilane; UPG I, uroporphyrinogen I; CPG I, coproporphyrinogen I; UPG III, uroporphyrinogen III; CPG III, coproporphyrinogen
III; PPG IX, protoporphyrinogen IX; PP IX, protoporphyrin IX; CP III, coproporphyrin III.

287



Q. Yang et al.

(HemB), hydroxymethylbilane synthase (HemC) and uroporphyrinogen
synthase (HemD) to form UPG III [28-30]. In the final module, named
the heme synthetic module, three distinct pathways were explored for
heme synthesis. The PPD pathway with four consecutive enzymatic re-
actions, the CPD pathway with three consecutive enzymatic reactions
and the SHD pathway with a six-step reaction were compared for heme
synthesis.

3.2. Construction and optimization of the 5-ALA synthetic module

Ensuring a sufficient 5-ALA supply is crucial for effective heme
synthesis. AlaS is a key enzyme of 5-ALA synthetic pathway, which is
inhibited by tight feedback inhibition from heme at multiple levels of
protein hydrolysis [31]. Heme could bind to AlaS through the cysteine of
AlaS to form a heme-ALAS complex which may represse the activity of
AlaS [32,33]. Site-directed mutation of cysteines in AlaS has been
proved to be a powerful strategy to interrupt the interaction of ALAS
with heme to release heme inhibition of AlaS in our previous study [34].
The AlaS from Rhodopseudomonas palustris and Rhodobacter capsulatus
and their cysteine mutants were compared in C. glutamicum for 5-ALA
synthesis, and AlaSlculanA and AlaSﬁ%lOA were proved to be able to
significantly alleviate the inhibitory effect of high concentrations of
heme on AlaS.

To assess the capacity of heme synthesis of these AlaS mutants, the
PEC-XK99E (medium copy number) plasmid was utilized to overexpress
alaSgp, alaS§E*?, alaSge and alaS§Z'%4 in CGS15, yielding the engi-
neered strains A1, A2, A3 and A4, respectively. As shown in Fig. 2a, the
introduction of AlaS significantly increased the production of 5-ALA.
The mutant strain A2 with alaS§$°?* exhibited the highest 5-ALA con-
centration of 3.57 + 0.36 g/L, which was 1.4-fold higher than that of
strain Al (2.60 + 0.26 g/L). Mutant strain A4 with alas%wA also
showed a 1.7-fold increase in 5-ALA production compared with strain
A3 (2.60 + 0.31 g/L versus 1.54 + 0.22 g/L). The total ICPDs concen-
tration of the engineered strains Al (17.1 + 1.6 mg/L), A2 (17.1 + 1.2
mg/L), A3 (14.6 + 1.9 mg/L) and A4 (19.1 + 1.6 mg/L) increased
compared with strain CGS15 (11.9 + 1.97 mg/L). However, the ICPDs
concentration of A2 and A4 did not show a sharp increase compared
with Al and A3 as expected, respectively (Fig. 2b). This may be due to
the current 5-ALA concentration was excessive, and the activities of key
enzymes of UPG III synthetic module and heme synthetic module are not
sufficient to convert 5-ALA to other intermediate metabolites. Therefore,
the UPG III synthetic module and heme synthetic module were further
engineered to improve heme production. Given the highest 5-ALA pro-
duction achieved by overexpressing the alaS$>?* gene, the mutant
strain A2 was selected for the following metabolic engineering.

5-ALA titer (g/L)

CGS15 A1 A2 A3 A4

Strains
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3.3. Construction of UPG III synthetic module and heme synthetic module

UPG III is an important nodal metabolite for the conversion of 5-ALA
to heme, and most prokaryotes have the ability to synthesize UPG III
from scratch [11]. Therefore, the native hemB, hemC and hemD were
overexpressed using the trc promoter to construct strain BCDA2
(Fig. 3a). The ICPDs concentration of BCDA2 reached 252.0 + 9.4 mg/L
including 128.1 + 6.25 mg/L of secreted ICPDs, which was 17.7-fold
higher than that of the A2 (Fig. 3b). The maximum accumulation of
5-ALA of BCDA2 correspondingly decreased to 1.74 + 0.09 g/L (Fig. 3c).
Notably, the maximum biomass of BCDA2 and A2 was significantly
decreased compared with CGS15 (Supplementary Fig. 1, 19.7 versus
20.4 versus 23.3). It has been reported that when heme accumulation
was increased, the expression of genes of glucose transport, glycolysis,
respiratory chain and ATP synthesis were down-regulated, and the
transcription of genes involved in oxidative stress and protein repair
were up-regulated [22]. These facts offered a plausible explanation for
the reduced growth capacity of BCDA2 and A2.

There are three heme synthetic pathways exist in organisms, of
which the PPD pathway was frequently utilized for construction and
optimization in E. coli [11,13], the CPD pathway was mostly applied in
C. glutamicum [22,23] and the SHD pathway was commonly found in
sulfate-reducing bacteria and Archaea [35]. To determine the most
efficient pathway for the heme synthetic module, these three pathways
were overexpressed and compared in BCDA2. Genes of PPD pathway
and CPD pathway were obtained from C. glutamicum ATCC 13032, genes
of SHD pathway, pcdH, shfC, ahbAB and ahbC were sourced from Can-
didatus syntrophocurvum alkaliphilum [36]. To minimize the additional
metabolic burden of exogenous genes on the host, the gene of the first
step of SHD pathway was replaced by cgl1998 and the gene of the final
step of SHD pathway was replaced by hemQ from C. glutamicum. To
avoid additional metabolic burden, strain HP, HC and HS were con-
structed based on BCDA2 strain by overexpressing PPD, CPD and SHD
pathways, respectively, with medium copy number plasmid pXMJ19.
(Fig. 3a).

HS with the heterologous SHD pathway totally produced 288 + 9.2
mg/L ICPDs with a secretion rate of 57.3%, which was 14.3% higher
than BCDA2 (Fig. 3b). The 5-ALA content of HS was further decreased to
0.38 + 0.03 g/L (Fig. 3c), suggesting that more 5-ALA was converted to
heme. Unexpectedly, HP and HC strains showed reduced ICPDs pro-
duction capacity (Fig. 3b) and virtually no 5-ALA accumulation
(Fig. 3c). This may be due to that the native CPD pathway and PPD
pathway were subject to strict feedback inhibition. As reported, over-
expression of hemY, hemH and hemQ led to a decrease in heme pro-
duction and specific growth rate in C. glutamicum ATCC 14067 [19]. The
HemY protein catalyzed the generation of HyO5, which triggering the
regulation of genes associated with oxidative stress and protein repair to
adapt to the increased Hy0, [22,37]. Additionally, the HemH protein
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Fig. 2. Construction and optimization of the 5-ALA synthetic module in C. glutamicum. (a) 5-ALA and (b) ICPDs production of strains with different AlaS.
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used iron to synthesize copro-heme and the iron metabolism is tightly
regulated to maintain iron-heme homeostasis [19,25]. The transcription
of other genes related to heme metabolism in the hemH overexpressing
strain was decreased. Collectively, these facts suggested that perturba-
tion of the CPD pathway in C. glutamicum caused global regulatory
changes [19]. Thus, the exogenous SHD pathway was identified as the
optimal heme synthetic pathway in C. glutamicum. Therefore, we
determined the expression of genes in 5-ALA synthetic module, UPG III
synthetic module and heme synthetic module of the BCDA2, HP, HC and
HS strain. Although hemE, hemY and hemH genes were overexpressed in
HP and HC, the expression of these genes was not significantly higher in
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HP and HC than that in BCDA2 (Fig. 3d). While, the expression of the
hemQ was increased more than 30-fold in HC and HS (Fig. 3d). This
suggests that hemQ, unlike genes such as hemE, hemY and hemH, was not
very tightly regulated. Interestingly, alaS of HC was significantly
down-regulated and genes involved in UPG III synthetic module of HP
and HC (Fig. 3e). This may explain the absence of 5-ALA accumulation
in HP and HC. Conversely, the expression of genes in 5-ALA synthetic
module and UPG III synthetic module of HS were increased compared to
BCDAZ2 strain (Fig. 3e). Overexpression of the exogenous SHD pathway
simultaneously inhibits the expression of the endogenous heme syn-
thesis pathway. This could lead to an increased carbon flux toward the
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SHD pathway. Thus, the exogenous SHD pathway was identified as the
optimal heme synthetic pathway in C. glutamicum.

3.4. Optimization of gene expression in the UPG III synthetic module by
RBS engineering

Overexpression of target product synthetic pathways often disrupts
the internal microbial self-balance, resulting in significant imbalances in
pathway fluxes [21]. Fine-tuning at the translational level through
ribosome binding site (RBS) engineering particularly effective for the
optimization of multigene combinatorial expression. To further enhance
the heme production capacity of engineered strains, the expression of
genes in the UPG III synthetic module was co-optimized by RBS engi-
neering. A total of 16 RBS sequences in C. glutamicum were collected
from the available literature and their translation rate values were
calculated using the RBS Calculator (Supplementary Table 2). Among
the RBSs with similar translation rate, one RBS was selected for the
subsequent screening. 8 RBSs with varying translation intensities were
selected and characterized with green fluorescent protein (Fig. 4a). To
ensure differential expression intensity, RBS5, RBS1, RBS2 and RBS11
with different intensity gradients were selected to construct the RBS li-
brary. As shown in Fig. 4b, each plasmid contained hemB, hemC and
hemD genes that were independently regulated by RBS of different
strengths. The theoretical library size was 4°.

To establish a high-throughput screening method for efficient heme-
producing strains, we sought to indirectly assess the intracellular ICPDs
concentration by measuring the fluorescence intensity of sirohydro-
chlorin [38]. The relative fluorescence intensity of sirohydrochlorin
exhibited a consistent trend with the intracellular ICPDs content (Sup-
plementary Fig. 2). Consequently, cells with strong fluorescence signals
were sorted by flow cytometry, enabling high-throughput screening for
heme high-producing strains.

The plasmid library and the pX-SHD plasmid were introduced into
A2, simultaneously. Cells were screened by flow cytometry, resulting in
the selection of 152 single colonies with notably high fluorescence in-
tensity. These colonies underwent further fermentation to validate their
heme production capabilities. The highest total ICPDs concentration
reached to 337.0 + 11.6 mg/L, which was 17% higher than that of strain
HS, and the secretion rate was 53.2% (Fig. 4c). The strain exhibiting the
highest total ICPDs concentration, named HS2, was then sequenced. The
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optimal RBS combination of the hemB, hemC and hemD genes was proved
to be RBS11-RBS2-RBS11.

3.5. Optimization of gene expression in the heme synthetic module by RBS
engineering

The SHD pathway of the heme synthetic module involves six genes:
sumT, pcdH, shfC, ahbAB, ahbC and hemQ. To identify the key targets for
efficient heme production, the RBS of the six genes were replaced with
strong RBS, respectively, constructed strain HS3-HS8 (Fig. 5a). As shown
in Fig. 5b, HS8 with overexpression of hemQ showed the highest ICPDs
concentration of 343.2 + 10.6 mg/L, which was only 6 mg/L higher
than that of HS2 (337.0 + 11.6 mg/L). Notably, the extracellular
secretion rate of strain HS8 overexpressing hemQ gene increased to 67%,
which was 1.26-fold compared to that of strain HS2 (53.2%). The hemQ
gene has been previously demonstrated to be a key target gene for heme
synthesis in C. glutamicum and B. subtilis when using the CPD pathway
[19,39]. Our findings suggested that the hemQ gene also plays an
important role in the production of heme by SHD pathway. Unexpect-
edly, the ICPDs production of HS3 (284.3 + 10.2 mg/L), HS4 (294.4 +
11.3 mg/L) and HS5 (287.9 + 9.5 mg/L) was slightly decreased and that
of HS6 (193.3 + 10.3 mg/L) and HS7 (186.4 + 8.3 mg/L) was signifi-
cantly decreased (Fig. 5b). This may be due to the toxic effect of the
overaccumulation of intermediate metabolites during the enhanced
expression of the single gene, which inhibited the production of the
target product. Therefore, it was hypothesized that ahbAB and ahbC
need to be weakly expressed.

To further engineer the SHD pathway, RBS with relatively high (H,
RBS11), medium (M, RBS2), or low (L, RBS1) strength was selected for
the six genes. According to the previous description, a relatively low
level of the expression of ahbAB and ahbC was found to be advantageous
for the efficient production of heme. Therefore, based on the high
expression of hemeQ, three RBS combinations were designed to
construct the strain HS9, HS10 and HS11 (Fig. 5c¢). Strain HS10, with the
combination of sumT", pcdHM, sthM ahbAB", ahbC" and hemeQ, dis-
played the highest ICPDs concentration of 391 mg/L with an extracel-
lular secretion rate of 59.6%. Compared to HS2, the ICPDs production of
HS10 was increased by 16% and the secretion rate of ICPDs was
increased by 12% (Fig. 5c¢). Unexpectedly, the ICPDs production of
strains with sumT", pcdH'! and shfC!! was not enhanced (HS9 and HS11,

3
- hemB - - hemC - - hemD —
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RBS1
RBS2
RBS11 =8 - -
W W Qo RIS M AR

Strain number

Fig. 4. Optimization of gene expression in the UPG III synthetic module. (a) Fluorescence characterization of RBS with different intensities. (b) Structure diagram of

plasmid library. (c) ICPDs production of screened strains.
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1.

353.1 + 10.4 mg/L and 330.8 + 7.6 mg/L). This implied that increasing
the supply of the intermediate metabolite siroheme had a negative
impact on heme production. It could be speculated that heme

metabolism might be regulated by the intermediate metabolites of SHD
pathway, which needs to be further investigated.
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3.6. Engineering of heme downstream pathways and secretion

As reported, C. glutamicum can utilize heme as an alternative source
of iron, with heme oxygenase (HmuO, encoded by the cgl2227 gene) as
the primary enzyme [25]. Heme oxygenase catalyzes the degradation of
heme to biliverdin, carbon monoxide and free iron. Therefore, it is
necessary to knockout hmuO to reduce heme degradation (Fig. 6a). The
ICPDs production of HS12, knocking out hmuO, reached 421.3 + 12.4
mg/L, increased by 7.6% compared to HS10. The ICPDs secretion rate of
HS12 was 57.5%, which was similar to that of HS10 (Fig. 6b). Moreover,
the maximum biomass of HS12 was slightly increased compared with
HS10 (Figs. 6¢ and 16.5 versus 14.95).

To mitigate the potential toxicity associated with an excessive
intracellular heme concentration, it was imperative to focus on meta-
bolic engineering modifications related to heme transport. Heme
transporter protein A (HrtA, encoded by the cgl1784 gene) and heme
transporter protein B (HrtB, encoded by the cgl1782 gene) have been
identified to be involved in heme secretion [19]. Meanwhile, HrrS
(encoded by the cgl2937 gene), HtaA (encoded by the cgl0388 gene) and
HmuT (encoded by the cgl0389 gene) proteins are typical heme-binding
membrane proteins in C. glutamicum which are responsible for the up-
take of exogenous heme as an iron source [25,40,41]. To reduce extra-
cellular heme uptake and enhance the secretion of intracellular heme,
the htaA and hmuT were replaced with hrtA and hrtB and the hrrS gene
was knockout in HS12, resulting the strain HS13 (Fig. 6a). The ICPDs
extracellular secretion rate of HS13 reached to 73.9%, which was the
highest secretion rate of all constructed strains. Unfortunately, the total
ICPDs concentration of HS13 was 382.5 + 9.8 mg/L, which was lower
than that of HS12 (Fig. 6b). The maximum biomass of HS13 was
significantly increased compared with HS10 and HS12 (Fig. 6¢). HrrS
was the component of HrrSA two-component system which plays a
crucial role in maintaining the homeostasis of heme, integrating the
response to oxidative stress and cell envelope remodeling [42-44]. It
was hypothesized that the knockout of hrrS may impact the function of
HrrSA system and cause complex effects on heme production and cell
growth. Considering the decreased heme production capacity of HS13,
HS12 with knocking out hmuO, which showed the highest heme titer in a
shake flask, was employed for scale fermentations.

3.7. Fed-batch fermentation for heme in 5 L fermenter

For scale production of heme, a fed-batch fermentation of HS12 was
performed in a 5 L fermenter with 2 L fresh fermentation medium and
35 g/L glucose (Fig. 7a). An increased iron concentration has been re-
ported to be favorable for improving heme production [15], 200 mg/L of
FeSO4-7H,0 was used in fed-batch fermentation. A total ICPDs titer of
was reached 1592 + 52 mg/L with an extracellular ICPDs secretion rate
of 45.5% at 28 h of fed-batch fermentation (Fig. 7b). The ICPDs pro-
ductivity was 56.86 mg/L/h. Given the limitation of the heme fluores-
cence assay [45], HPLC analysis was used to determine the heme
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production. The heme production of HS12 was 98.9 + 2.4 mg/L with an
extracellular heme secretion rate of 46.4% at 28 h of fed-batch
fermentation (Fig. 7c). These results suggested that the engineered
strain HS12 should be a promising microbial cell factory for industrial
heme production.

In recent years, many reports have been published on the production
of porphyrin derivatives in C. glutamicum by metabolic engineering. A
recurring challenge in these studies was the intricate regulation of the
porphyrin derivatives biosynthetic pathway in C. glutamicum. In previ-
ous studies, attempts had been made to improve heme production by
altering the arrangement of key genes on the plasmid [23], over-
expressing iron metabolism-related transcriptional regulators [19], and
replacing the key genes with exogenous genes [22]. In this study, a novel
pathway which had not been previously attempted in prokaryotic cells
was chosen for efficient heme production. In order to enhance heme
biosynthesis, further strategies should be performed in C. glutamicum,
such as in-depth revelation of the regulatory mechanisms of endogenous
pathway, clarification of the rate-limiting steps of the heme production
process, and fine tuning of the expression of key genes.

4. Conclusions

In this study, a highly efficient C. glutamicum chassis for heme pro-
duction was constructed by modularizing of complex heme synthetic
pathways and finely regulating the expression of each module. Our
study showed that the SHD pathway was the optimal heme synthetic
pathway for heme production in C. glutamicum for the first time. Coor-
dinated expression of key genes in UPG III synthetic module and heme
synthetic module was proved to be essential for heme accumulation. The
best-performing strain, HS12, produced 421 mg/L ICPDs in a shake flask
and 1592 mg/L in a 5 L fed-batch fermenter, underscoring its promise as
a heme and other porphyrins production strain.
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