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Abstract: Uroporphyrin (UP) is a porphyrin compound with medical applications and a key precursor for heme biosynthesis.
However, there is no biosynthetic strategy for UP production. In this study, we present a novel bioprocess for enhanced production
of UP in engineered Escherichia coli. We first implemented the Shemin/C4 pathway heterologously in an E. coli strain with an
enlarged intracellular pool of succinyl-CoA. Using a plasmid with the trc promoter regulating the expression of a synthesized gene
operon, the effects of key pathway genes, including hemA, hemB, hemC, and hemD, on UP biosynthesis were characterized. By
cultivating the resulting engineered E. coli strains in a batch bioreactor with 30 g/L glycerol under aerobic conditions, up to 901.9
mg/L UP was produced. Most of the synthesized UP was extracellularly secreted with a high purity more than 80 wt%, facilitating
its downstream purification. The study paves the way for large-scale bio-based production of UP using synthetic biology and
metabolic engineering strategies.
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1. Introduction

Porphyrins are a group of colorful chemical compounds with an interconnected tetrapyrrole structure [1]. Among
them, heme and chlorophyll are the two most well-known members which respectively give red color to blood and
green color to plants, algae, and cyanobacteria. Due to versatile and novel applications in various sectors, including
therapeutics, molecular electronics, and polymers, porphyrins have gained significant interest [2,3]. Currently, most
porphyrins are produced through chemical synthesis [4-6]. Extraction from natural sources such as animal tissues and
plants are also reported [7,8]. However, the chemical methods might not be technologically effective and
environmentally friendly, and often result in low yields with no selective production of specific porphyrin isomers
[9,10]. Extraction from biological sources is also limited by low vyield, seasonal variations, and complexities in
purification [11]. The complex downstream processing for porphyrin purification further impacts the efficiency and
economic feasibility of these methods. Bio-based production, which has been recognized as a more sustainable approach
for the production of many value-added chemicals and fuels [12], can offer a potential solution to overcome these
limitations. Bio-based systems have potentials for continuous production, thereby reducing time and resource
consumption. Their scalability, higher yields, and reduced environmental impact make them a promising alternative to
traditional methods.

Heme biosynthesis is highly conserved across biological kingdoms and the associated biosynthetic pathways,
mechanisms, and enzymes are well documented [13]. Basically, the common precursor for biosynthesis of tetrapyrroles
is 5-aminolevulinic acid (5-ALA), which can be derived via either the C5 or C4/Shemin pathway with different
upstream conversion steps for 5-ALA generation [14]. For post-5-ALA conversion steps, bacteria develop two distinct,
i.e., classical (protoporphyrin-dependent; PPD) and non-classical (coproporphyrin-dependent; CPD), branches toward
heme biosynthesis [13]. Portions of the PPD and CPD branches might coexist in an organism, leading to different
mechanisms/pathways for heme biosynthesis under different environmental conditions and challenges. While bacterium
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Escherichia coli (E. coli) primarily utilizes the PPD branch for heme biosynthesis (Figure 1), the simultaneous presence
of several enzymes and pathways diverging from the PPD branch offers potential opportunities for biosynthesis of
specific porphyrins other than heme, such as uroporphyrin (UP) and coproporphyrin (CP). Herein, we focused on UP
for its bio-based production in E. coli. Note that UP has potential applications in novel therapeutics and diagnostics,
such as photodynamic therapy (PDT) for cancer treatment and antimicrobial therapy [15]. Traditional chemical
synthesis of UP requires specific catalysts and involves complicated oxidation steps, making the process intricate and
environmentally unfriendly [6]. To date, there has been no report on bio-based production of UP.

In E. coli, UP can be an end product in the metabolic branch divergent from the heme biosynthetic pathway at
either hydroxymethylbilane (HMB; leading to uroporphyrin | (UP-I)) or uroporphyrinogen Ill (UPG-III; leading to
uroporphyrin 1 (UP-111)) (Figure 1). Although E. coli has the native C5 pathway, it can be metabolically and
energetically constrained for 5-ALA generation since this route requires the expression of multiple tightly regulated
enzymes, the utilization of ATP and NADPH as limiting cofactors, and the formation of unstable glutamate-1-
semialdehyde (GSA) intermediates [16]. To address these limitations in this study, we exploited the Shemin/C4 pathway
by heterologous expression of hemA from Rhodobacter sphaeroides as we have previously developed an effective
metabolic strategy [16] to redirect dissimilated carbon flux within the citric acid cycle toward succinyl-CoA, which is
a key precursor/moiety to form 5-ALA. Such metabolic strategies were applied to enhance several value-added
chemicals derived from succinyl-CoA, including propionate [17], 3-hydroxyvalerate [18], porphobilinogen (PBG) [19],
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [20].

After 5-ALA formation, two 5-ALA molecules are fused to form PBG by PBG synthase (HemB). Four PBG
molecules are subsequently interconnected and cyclized by PBG deaminase (HemC) to form a linear tetrapyrrole HMB.
At this point, the pathway can diverge to form either of the two stereocisomers, i.e., UPG-I via autoxidation or UPG-III
via uroporphyrinogen Il synthase (HemD). Both UPG-I and UPG-I1I can be spontaneously oxidized to form UP-I and
UP-I11, respectively, as metabolic end products. Alternatively, UPG-I/lIl can be enzymatically converted to
coproporphyrinogen I/111 (CPG-I/111) for subsequent formation of coproporphyrin I/111 (CP-I/111) as metabolic end
products [21,22].

Modern biotechnologies, such as synthetic biology, metabolic engineering, and genome engineering, have been
extensively applied for genetic construction of microbial cell factories [23,24]. However, such bio-based production
approaches remain challenging often due to the complex molecular and regulatory mechanisms associated with the
engineered genetic and metabolic elements. For effective production of target metabolites, it is critical to implement
not only proper metabolic pathways but also optimal tuning of the expression of various pathway genes, particularly
those associated with the key conversion step(s) limiting the overall metabolite productivity. In this study, we
heterologously implemented the Shemin/C4 pathway in an E. coli strain with an enlarged intracellular pool of succinyl-
CoA to enhance UP biosynthesis. By exploring different combinations of selective pathway genes for heterologous
expression, we were able to characterize individual gene effects and identify key step(s) limiting UP biosynthesis. To
further increase the economic feasibility of the developed bioprocess, we used glycerol, which has emerged as a
promising carbon source for bio-based production due to its low cost, abundance, and highly reduced nature [25], for
cultivation of engineered E. coli strains with enhanced UP biosynthesis.
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Figure 1. The Shemin/C4 pathway for porphyrin biosynthesis from succinyl-CoA and glycine. Shemin pathway (in violet); Porphyrin
biosynthesis (in grey). Pigments (in red); 5-ALA, 5-aminolevulinic acid; CPG-I, coproporphyrinogen I; CPG-I111, coproporphyrinogen I11;
CP-1, coproporphyrin 1; CP-1lI, coproporphyrin Ill; HMB, Hydroxymethylbilane; HemA, 5-aminolevulinate synthase; HemB,
porphobilinogen synthase; HemC, porphobilinogen deaminase; HemD, uroporphyrinogen Il synthase; HemE, uroporphyrinogen
decarboxylase; HemF, coproporphyrinogen 1l oxidase; HemG, protoporphyrinogen oxidase; HemH, protoporphyrin ferrochelatase;
HemN, oxygen-independent coproporphyrinogen 111 oxidase; HemY, coproporphyrinogen Ill oxidase; PBG, porphobilinogen; PCP-I,
pentacarboxyl porphyrin I; PCPG-I, pentacarboxyl porphyrinogen I; PP-1X, protoporphyrin 1X; PPG-IX, protoporphyrinogen 1X; UP-I,
uroporphyrin 1; UP-II1, uroporphyrin 111; UPG-I, uroporphyrinogen I; UPG-II1, uroporphyrinogen I11; YfeX, porphyrinogen peroxidase.

2. Materials and Methods
2.1. Bacterial Strains and Plasmids

The bacterial strains and plasmids utilized in this research are described in Table 1, whereas the primer sequences
are provided in Table S1. Genomic DNA from bacterial cells was extracted with the Qiagen Blood & Tissue DNA
Isolation Kit (Hilden, Germany). Tag DNA polymerase was obtained from New England Biolabs (Ipswich, MA, USA).
All host cells in this study were derived from CPC-Sbm by introducing mutation(s) in the sdhA and/or icIR genes to
direct the carbon flux in the tricarboxylic acid (TCA) cycle toward succinyl-CoA formation ensuring abundant supply
of precursors [17]. Note that CPC-Sbm was derived from BW25113 by inactivating the IdhA gene [26]. E. coli HI-
Control 10G (Lucigen, Middleton, WI, USA) was used for molecular cloning. Plasmids were purified using the Qiagen
Miniprep kit. DNA sequencing was performed by The Centre for Applied Genomics (TCAG) (Toronto, ON, Canada).
Gibson assembly [27] was employed for plasmid construction. All oligonucleotides were synthesized by Integrated
DNA Technologies (IDT) (Coralville, 1A, USA).
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Plasmid pK-hemABCD was first constructed to serve as the template for the other plasmids in this study. The
hemA gene was amplified by polymerase chain reaction (PCR) from the genomic DNA of R. sphaeroides DSM 158
using primers P0O01/P002. Similarly, hemB, hemC, and hemD genes were amplified from the genomic DNA of E. coli
MG1655 using primer sets P003/P004, PO05/P006, and PO07/P008, respectively. The backbone, consisting of p15A ori
and Pyc with a kanamycin resistance marker, was amplified from a lab-made plasmid using primers P009/P010.
Subsequently, these five fragments were Gibson-assembled to form pK-hemABCD. To construct pK-hemA, primers
P011/P012 were first phosphorylated and then used to amplify a single fragment from pK-hemABCD as template. The
resulting fragment was self-ligated to form pK-hemA. Similarly, a single fragment was amplified from pK-hemABCD
with phosphorylated primers P011/P013. This fragment was self-ligated to form pK-hemAB. pK-hemABC was
constructed using primer sets P014/P002 and P003/P015 to amplify the backbone and hemA in the first fragment and
hemB and hemC in the second fragment. These two fragments were Gibson-assembled to form pK-hemABC. pK-
hemABCE was constructed by first amplifying hemA and hemB as a single fragment from pK-hemABCD using primers
P001/P004. Primers P016/P017 were used to amplify hemC from the genomic DNA of Bacillus subtilis 168. The
backbone was amplified using primers P018/P019 from pK-hemABCD. These three fragments were Gibson assembled
to form pK-hemABCE. Finally, pK-hemABD was constructed by amplifying hemA and hemB using primers P001/P004
and amplifying hemD along with the backbone using primers P020/P021 and pK-hemABCD as template. These two
fragments were Gibson-assembled to form pK-hemABD.

Table 1. Strains and plasmids used in this study.

Name Description or Relevant Genotype Source
Host strains
HI-Control 10G mcrA, A(mrr-hsdRMS-mcrBC), endAl, recAl, 480dlacZAM15, AlacX74, araD139, A(ara leu)7697, Lucigen
galU, galK, rpsL (StrR), nupG, A~ tonA, Mini-F lacl® (GentR) g
MG1655 K-12; F, A7, rph-1 Lab stock
Bacillus Subtilis 168 ~ Wild type Lab stock
CPC- F~, A(araD-araB)567, Alacz4787(::rrnB-3), -, rph-1, A(rhaD-rhaB)568, hsdR514, AldhA, Pyc::sbm [17]
SbmAiclRAsdhA (i.e., with the FRT-Pur cassette replacing the 204-bp upstream of the Sbm operon),AicIR, AsdhA

CPC-SbmAsdhA F~, A(araD-araB)567, Alacz4787(::rmB-3), 17, rph-1, A(rhaD-rhaB)568, hsdR514, AldhA, Pir::sbm

(i.e., with the FRT-Py cassette replacing the 204-bp upstream of the Sbm operon), AsdhA [17]
DMA CPC-SbmAiclRAsdhA/pK-hemA This study
DMB CPC-SbmAiclRAsdhA/pK-hemAB This study
DMC CPC-SbmAiclRAsdhA/pK-hemABC This study
DMCB CPC-SbmAiclRAsdhA/pK-hemABCB This study
DMD CPC-SbmAiclRAsdhA/pK-hemABD This study
SMD CPC-SbmAsdhA/pK-hemABD This study
Plasmids
pK-hemABCD p15A ori, KmR, Pirc::hemABCD This study
pK-hemA p15A ori, KmR, Pirc::hemA This study
pK-hemAB p15A ori, KmR, Pirc::hemAB This study
pK-hemABC p15A ori, KmR, Pyc::hemABC This study
pK-hemABCB p15A ori, KmR, Pyc::hemABC -hemC from B. subtilis 168- This study
pK-hemABD p15A ori, KmR, Pyc::hemABD This study

2.2. Media and Bacterial Cell Cultivation

All medium components were obtained from Sigma-Aldrich Co. (St. Louis), except for yeast extract and tryptone,
which were obtained from BD Diagnostic Systems (Franklin Lakes). E. coli strains were preserved as glycerol stocks
at —80 <C and streaked on lysogeny broth (LB; 10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) agar plates,
followed by incubation at 37 <C for 14-16 h.

For bioreactor cultivation, individual single colonies were picked from Luria-Bertani (LB) plates to inoculate 12
mL of super broth (SB) medium (32 g/L tryptone, 20 g/L yeast extract, and 5 g/L NaCl) in a 125 mL conical flask. The
culture was incubated at 37 <C and 280 revolutions per min (rpm) using a rotary shaker (New Brunswick Scientific) for
4-6 h and subsequently used as a seed culture to inoculate 220 mL of SB medium at a 2% (v/v) concentration ina 1 L
conical flask. This second seed culture was incubated at 37 <C and 280 rpm for 14-16 h. Cells were harvested by
centrifugation at 4500>g and 20 <C for 8 min and resuspended in 30 mL of fresh SB medium. The resuspended culture
was used to inoculate a stirred-tank bioreactor (CelliGen 115, Eppendorf AG, Hamburg, Germany) with a working
volume of 0.8 L at 37 <C and 430 rpm. The semi-defined production medium in the batch bioreactor contained 30.0 g/L
glycerol, 0.23 g/L K;HPQ4, 0.51 g/L NH4ClI, 49.8 mg/L MgCl,, 48.1 mg/L K;SO4, 1.52 mg/L FeSQOa,, 0.055 mg/L CaCls,,
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2.93 g/L NaCl, 0.72 g/L tricine, 10.0 g/L yeast extract, 10.0 mM NaHCOs, and 1.0 mL/L trace elements (2.86 g/L
H3BOs3, 1.81 g/L MnCl;, 4H,0, 0.222 g/L ZnSO4 -7H,0, 0.39 g/L NazMoO4 2H,0, 79.0 ug/L CuSO,4 5H0, 49.4 pg/L
Co(NOs3), 6H,0) [28], supplemented with 0.05 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). To avoid glycine
limitation during the cultivation, 2.0 g of glycine was supplemented into the bioreactor ~30 h after the inoculation.

Aeration Level | (AL-1) with an aerobic condition was maintained by continuously purging the air into the bulk
culture at 1 volume of air per volume of liquid per min (vwm). Aeration Level Il (AL-1l) was maintained by initially
purging the air into the bulk culture at 1 vvm for the first 30 h, followed by switching to a microaerobic condition by
purging the air into the headspace at 0.1 vvm. Aeration Level Il (AL-I11) was similar to AL-1I during the initial aerobic
phase; but followed by switching to an anaerobic condition by purging nitrogen (N.) into the headspace. The pH of the
bioreactor culture was maintained at 7.0 £0.1 using 3.0 M NH4OH and 3.0 M H3PO..

2.3. Analysis

Culture samples were appropriately diluted using a 0.15 M saline solution to measure cell density in ODggo With a
spectrophotometer (DU520, Beckman Coulter, Fullerton, CA, USA). All culture samples were washed one time with
0.15 M saline solution prior to ODeoo absorbance measurement. To prepare cell-free medium, culture samples were
centrifuged at 17,000 g for 1 min and then filter sterilized using a 0.2 pm syringe filter. Extracellular metabolites and
glycerol were analyzed by high-performance liquid chromatography (HPLC; LC-10AT; Shimadzu, Kyoto, Japan) with
a refractive index detector (RID; RID-10A; Shimadzu) and a chromatographic column (Aminex HPX-87H; Bio-Rad
Laboratories, CA, USA). The HPLC column temperature was maintained at 35 <C and the mobile phase was 5.0 mM
H2SO4 (pH 2) running at 0.6 ml/min. The RID signal was analyzed by a data processing software (Clarity Lite,
DataApex, Prague, Czech Republic). The concentrations of 5-ALA and PBG in the cell-free medium were determined
using an assay with a modified Ehrlich’s reagent [29]. Porphyrins were analyzed using an HPLC (2690 separation
module, Waters™) with a photodiode array (PDA; 2996 PDA detector, Waters™) detector and a chromatographic
column (Chromolith® HighResolution RP-18 endcapped, Supelco, Darmstadt, Germany). The UV absorbance was
measured at 400 nm and the signal was analyzed using a data processing software (Empower 3, Waters™, Milford,
USA). A previously described mobile-phase system was employed [10] with minor modifications. Briefly, the mobile
phase consisted of two solvent mixtures: solvent A (7.7 g/L ammonium acetate, 125.0 mL/L acetonitrile, adjusted to
pH 5.17 with glacial acetic acid) and solvent B (a methanol-glacial acetic acid mixture with a volume ratio at 10:1). The
flow rate of the mobile phase was 1 mL/min. An isocratic elution step was used with 100% solvent A for 5 min, followed
by a linear gradient from 0 to 100% solvent B over 30 min, and further followed by 100% solvent B for 5 min. The
column temperature was maintained at 45 <C. The percentage yield of UP was calculated as the mole ratio of the
produced UP to the theoretical maximum UP production based on the consumed glycerol, assuming a one-to-sixteen
molar ratio (i.e., one mole UP produced per sixteen moles of glycerol consumed). Note that eight moles of succinyl-
CoA (derived from 16 moles of glycerol) and eight moles of glycine are needed to generate one mole UP.

3. Results
3.1. Implementation of the Shemin/C4 Pathway for UP Biosynthesis

We implemented the Shemin/C4 pathway by heterologous expression of hemA from R. sphaeroides in CPC-
SbmAiclRAsdhA, resulting in DMA strain. For abundant supply of precursors, the dissimilated carbon flux in the TCA
cycle was directed toward succinyl-CoA under aerobic conditions based on the double mutation AiclRAsdhA [16]. We
also supplemented all the cultures with 2.0 g/L glycine to ensure that the culture performance was not limited by glycine
supply. Both DMA and the control strain (CPC-SbmAiclRAsdhA) were cultivated in a batch bioreactor under aerobic
conditions. Unless otherwise noted, all titers reported here are associated with the last cultivation samples, and we
calculated the percentage yield as the ratio of the actual yield of the produced metabolite to the theoretical yield based
on consumed glycerol. Compared to the control strain with relatively fast cell growth and glycerol consumption, DMA
had a much lower biomass yield with substantial growth inhibition and acetogenesis (Figures 2A and 3A). Note that
DMA generated much higher levels of 5-ALA, which peaked at 215.0 mg/L (22.6 mg/ODego/L) at 71 h, and PBG, which
peaked at 150.0 mg/L (15.9 mg/ODsoo/L) (Figures 2B and 3B) with significant pigmentation (Figure 3D), producing
55.3 mg/L (0.32% yield) and 41.9 mg/L (0.25% yield) of UP-I and UP-III, respectively (Figure 3C). The results suggest
that the implemented Shemin/C4 pathway was functional with an enhanced carbon flux redirected from the TCA cycle
for UP biosynthesis in DMA.
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Figure 2. Bioreactor cultivation of the control strain CPC-SbmAiclRAsdhA. Time profiles of (A) cell density (ODsoo), glycerol
consumption, and acetate/succinate production, (B) 5-ALA and PBG biosynthesis, and (C) Image of CFM and cell paste samples
at different time points. The red arrow shows glycine supplementation. All values are reported as means £SD (n = 2).
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Figure 3. Bioreactor cultivation of DMA for porphyrin biosynthesis. Time profiles of (A) cell density (ODeoo), glycerol consumption,
and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D) Image of CFM and cell paste samples
at different time points. The red arrow shows glycine supplementation. All values are reported as means £SD (n = 2).
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3.2. Effects of the Native HemB on UP Biosynthesis

Next, to investigate the effects of native HemB on UP biosynthesis, we derived another UP-producing strain DMB
by coexpression of hemB from E. coli and hemA from R. sphaeroides. Effective coexpression of hemA and hemB was
achieved from a single operon, which was expressed from the strong trc promoter and included strong ribosomal binding
sites (RBS) for each gene in plasmid pK-hemAB. Compared to DMA, aerobic cultivation of DMB strain showed a
slightly better biomass yield with a slower glycerol consumption and a similar level of acetogenesis (Figure 4A).
However, DMB produced much higher 5-ALA and PBG, with peak levels of 304.3 mg/L (20.9 mg/ODsggo/L) and 1995.0
mg/L (193.0 mg/ODeoo/L), respectively (Figure 4B). Additionally, the DMB cultivation had more intensified
pigmentation, producing 555.3 mg/L (3.7% yield) and 346.6 mg/L (2.3% yield) of UP-1 and UP-I11l, respectively (Figure
4C,D). The results suggest that, in addition to 5-ALA, the formation of PBG could be another key step limiting the
overall UP biosynthesis in E. coli.
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Figure 4. Bioreactor cultivation of DMB for porphyrin biosynthesis. Time profiles of (A) cell density (ODeoo), glycerol consumption,
and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D) Image of CFM and cell paste samples
at different time points. The red arrow shows glycine supplementation. All values are reported as meansSD (n = 2).



Synthetic Biology and Engineering 2024, 2, 10002 8 of 15

3.3. Effects of HemC from E. coli and B. Subtilis on UP Biosynthesis

Next, we investigated the effects of the native HemC on UP biosynthesis. To do this, we derived another strain,
DMC, by coexpression of the native hemB and hemC from E. coli and hemA from R. sphaeroides. Similar to pK-hemAB,
we included all three genes in an operon as hemABC regulated by the common trc promoter with an individual strong
RBS for each gene. Surprisingly, cultivation of the DMC strain exhibited no pigmentation (Figure 5C), similar to the
control strain (CPC-SbmAiclRAsdhA) though the culture grew normally with a rapid glycerol consumption rate and
minimal acetogenesis (Figure 5A). Notably, the low levels of 5-ALA and PBG for DMC, only up to 14.0 mg/L (0.84
mg/ODsgoo/L) and 11.0 mg/L (0.67 mg/ODsoo/L), respectively (Figure 5B), were also similar to those of the control strain.
These findings suggest that the overexpression of the native hemC gene potentially disrupted the metabolic activity of
the Shemin/C4 pathway.
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Figure 5. Bioreactor cultivation of DMC for porphyrin biosynthesis. Time profiles of (A) cell density (ODswg), glycerol
consumption, and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) Image of CFM and cell paste samples at
different time points. The red arrow shows glycine supplementation. All values are reported as meansSD (n = 2).
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In parallel, we examined the effects of HemC from B. subtilis on UP biosynthesis. To do this, we generated pK-
hemABCB with the same plasmid design as pK-hemABC except that the native hemC was replaced by hemC from B.
subtilis. Unlike DMC strain, cultivation of the resulting strain DMC® displayed a significant pigmentation (Figure 6D)
with partially retarded cell growth (similar to DMB) and minimal acetogenesis (Figure 6A). Furthermore, DMC®
exhibited increased production of 5-ALA and PBG in comparison to DMC, with peak levels being 81.2 mg/L (5.25
mg/ODsgoo/L) and 108.3 mg/L (7.0 mg/ODeoo/L), respectively (Figure 6B). However, the significant PBG accumulation
(observed in DMB) was not observed in DMCB, suggesting that the expressed HemC from B. subtilis effectively
converted PBG to HMB in the early cultivation stage (Figures 4B and 6B). Nevertheless, DMC® produced UP-1 and
UP-111 significantly lower than DMB, with peak levels of 200.4 mg/L (1.18% yield) and 135.0 mg/L (0.8% yield),
respectively (Figure 6C). These observations further suggest adverse effects of increasing hemC expression on UP
biosynthesis.
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Figure 6. Bioreactor cultivation of DMCE for porphyrin biosynthesis. Time profiles of (A) cell density (ODsoo), glycerol consumption,

and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D) Image of CFM and cell paste
samples at different time points. The red arrow shows glycine supplementation. All values are reported as means £SD (n = 2).
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3.4. Effects of the Native HemD on UP Biosynthesis

To investigate the effects of the native HemD on UP biosynthesis, we derived a plasmid pK-hemABD for
overexpressing the native hemB and hemD with hemA from R. sphaeroides in CPC-SbmAiclRAsdhA and CPC-
SbmAsdhA, resulting in DMD and SMD strains, respectively. We excluded hemC as its overexpression was detrimental
to the Shemin/C4 pathway for porphyrin biosynthesis. DMD had a similar growth pattern and glycerol consumption
rate to DMB during aerobic cultivation and significant acetogenesis (Figure 7A). Notably, DMD produced high levels
of 5-ALA and PBG, peaking at 196.0 mg/L (18.2 mg/ODsggo/L) and 1117.0 mg/L (83.16 mg/ODeoo/L) at 57 h,
respectively (Figure 7B). Similar to DMB with significant pigmentation, DMD produced a total UP of 826.45 mg/L
(comprising 538.9 mg/L UP-I and 287.5 mg/L UP-III, at 3.18% and 1.7% vyields, respectively) (Figure 7C,D). Note that
the distribution of UP-I and UP-I1l in DMD resembled that of DMB, suggesting that hemD overexpression did not
enhance the metabolic flux toward the classical pathway, suggesting that conversion of HMB via the autoxidation
reaction was more effective than the enzymatic reaction by HemD even upon hemD overexpression.
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Figure 7. Bioreactor cultivation of DMD for porphyrin biosynthesis. Time profiles of (A) cell density (ODsoo), glycerol consumption,
and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D) Image of CFM and cell paste
samples at different time points. The red arrow shows glycine supplementation. All values are reported as meansSD (n = 2).
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To investigate the effects of oxygenic condition on the autoxidation (converting HMB to UP-1), we conducted
hemD overexpression in SMD under lower oxygenic conditions (i.e., AM-Il/microaerobic and AM-IIl/anaerobic).
While reducing oxygenic condition for SMD did not seriously affect cell growth and glycerol dissimilation compared
to aerobic cultivation of DMD (Figures 8A and 9A), such environmental manipulation impacted metabolic activity
associated with UP biosynthesis. Compared to DMD, SMD only produced 314.9 mg/L UP-1 (1.86% vyield) and 171.7
mg/L UP-111 (1.01% yield) under AM-II, and 37.1 mg/L (0.22% yield) UP-I, 4.78 mg/L (0.02% yield) UP-I1I1, and 19.6
mg/L CP-111 (0.14% yield) under AM-I11 with much lower levels of 5-ALA and PBG (Figures 8B,C and 9B,C). These
results suggest that reducing the oxygenic condition impacted both the autoxidation and enzymatic reaction catalyzed
by HemD for UP biosynthesis.
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Figure 8. Bioreactor cultivation of SMD for porphyrin biosynthesis under AM-II condition. Time profiles of (A) cell density
(ODeoo), glycerol consumption, and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D)
Image of CFM and cell paste samples at different time points. The red arrow shows glycine supplementation. All values are reported
as means3SD (n = 2).
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Figure 9. Bioreactor cultivation of SMD for porphyrin biosynthesis under AM-111 condition. Time profiles of (A) cell density
(ODewo), glycerol consumption, and acetate/succinate formation, (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D)
Image of CFM and cell paste samples at different time points. The red arrow shows glycine supplementation. All values are reported
as meansSD (n = 2).

4. Discussion

In this study, we enhanced the biosynthesis of UP in E. coli via the Shemin/C4 pathway with a redirected carbon
flux from the TCA cycle. Note that most of the heterologously synthesized UP was secreted extracellularly with minimal
physiological impact on the producing cells, suggesting the bioprocess feasibility for large-scale production of this
porphyrin. Compared to the control strain CPC-SbmAiclRAsdhA, heterologous expression of hemA resulted in high
levels of 5-ALA and PBG in DMA with significant culture pigmentation and UP formation, suggesting that the overall
UP biosynthesis in DMA was limited by step(s) after 5-ALA formation under this genetic background. The
implementation of the Shemin/C4 pathway also resulted in significant acetogenesis, which reduced the available carbon
for UP biosynthesis and impacted cell growth/physiology, similar to previous observations [16,19]. The significant
pigmentation exhibited by the DMA culture with notable UP formation suggests that hemC was actively expressed in
this strain. Additionally, the higher production of UP-1 than UP-111 in DMA indicates a preference for the autoxidation
of HMB (under aerobic conditions) over the enzymatic conversion by HemD. In addition, the autoxidation for
conversion of UPG-I/111 to UP-I/111 appears to be effective as well such that both UP-I and UP-111 can be metabolic end
products extracellularly secreted.

Compared to DMA, heterologous expression of the native hemB along with hemA in DMB resulted in significant
PBG accumulation with enhanced pigmentation and UP biosynthesis. The synergistic catalytic effects of HemA and
HemB suggest that PBG formation was another potential step limiting UP biosynthesis, in addition to the previously
identified one of 5-ALA formation. The significant culture pigmentation in DMB (and DMA) suggests that the genomic
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hemC was actively expressed and the conversion from PBG to HMB was rather effective. Similar to DMA, the relatively
higher titer of UP-I than UP-111 in DMB suggests that the autoxidation was favored over the enzymatic conversion by
HemD, presumably due to aerobic cultivation conditions.

The HemC-mediated conversion of PBG to HMB, which is a critical step to form the initial tetrapyrrole structure,
was effective in DMA and DMB based on the level of culture pigmentation, implying that the native genomic hemC
was actively expressed. It was documented that HemC normally remains stable and abundant in E. coli [30]. In a
previous study, the expression of hemC had to be repressed (via CRISPRI) in order to overproduce PBG, also suggesting
a relatively high level of expression of native genomic hemC in E. coli [19]. Nevertheless, it was surprising to see that
heterologous expression of the native hemC completely disrupted the metabolic activity of the Shemin/C4 pathway in
DMC. Note that the lack of culture pigmentation and low levels of 5-ALA and PBG (i.e., less than 20.0 mg/L), which
were comparable to those of the control strain, suggest that HemA was somehow inactivated (presumably by
overexpression of the native hemC) in DMC. Though the Shemin/C4 pathway remained active upon heterologous
expression of B. subtilis hemC in DMCE, UP biosynthesis was negatively impacted. Further research is required to
identify the underlying cause of these hemC effects.

Our results showed that conversion of HMB to UPG-1 via autoxidation was much more effective than the enzymatic
conversion to UPG-111 by HemD. Overexpression of hemD neither increased the overall UP biosynthesis nor the selectivity
of HBM conversion to UPG-III. The results suggest that the overall UP biosynthesis was not limited by the step of HMB
conversion. Reducing the oxygenic condition, which presumably retards autoxidation, only decreased the overall UP
biosynthesis without significantly affecting the selectivity of HBM conversion to UPG-I1I. Such effective autoxidation for
HBM conversion to UPG-1 presented major challenges for biosynthesis of downstream porphyrins derived from UPG-I1I,
such as CP, PP-1X, and heme, in E. coli. Interestingly, HMB conversion to UPG-III appeared to be enhanced by
overexpression of hemk (data not shown), even without coexpression of hemD. While conversion of UPG-III to UP-I1I
via autoxidation was more effective than conversion to CPG-111 via HemE under aerobic conditions, reducing the oxygenic
conditions appeared to reverse such conversion preference, leading to formation of CP-111 more than UP-I1I.

Metabolically, structural linking of four molecules of PBG (to form the linear tetrapyrrole of HMB) and subsequent
cyclization of HMB (to form either UPG-1 or UPG-II1) are critical for porphyrin biosynthesis, which can be observable
by culture pigmentation. Apparently, both the two conversion steps were effective in E. coli based on the levels of
culture pigmentation and UP biosynthesis in DMA and DMB, suggesting that genomic expression of hemC and hemD
were abundant and active even under the conditions for enhanced UP biosynthesis. Heterologous overexpression of
hemD did not enhance the overall UP biosynthesis, whereas heterologous overexpression of hemC completely disrupted
the metabolic activity of the Shemin/C4 pathway (specifically the HemA-catalytical step for 5-ALA formation) with no
UP biosynthesis. Our results demonstrated the importance of optimal tuning of the expression of various enzymes
involved in the Shemin/C4 pathway for enhanced UP biosynthesis.

Our study presents valuable insights into UP biosynthesis via the Shemin/C4 pathway in E. coli, demonstrating the
feasibility of large-scale production. However, several areas offer potential for future research: Investigating the
unexpected effects of HemC overexpression on HemA catalysis could provide valuable understanding of the heme
pathway. Additionally, exploring strategies to avoid the autooxidation pathway might prevent the formation of
unexpected byproducts, enhancing the efficiency of the biosynthesis process. Further investigation into the specific
preferences of autoxidation versus enzymatic conversion pathways for HMB conversion would facilitate harnessing
these pathways for targeted porphyrin biosynthesis.
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