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Abstract: This study reports on the development of effective strain engineering strategies for the
high-level bio-based production of coproporphyrin (CP), a porphyrin pigment compound with
various applications, using Escherichia coli as a production host. Our approach involves heterologous
implementation of the Shemin/C4 pathway in an E. coli host strain with an enlarged intracellular pool
of succinyl-CoA. To regulate the expression of the key pathway genes, including hemA/B/D/E/Y, we
employed a plasmid system comprising two operons regulated by strong trc and gracmax promoters,
respectively. Using the engineered E. coli strains for bioreactor cultivation under aerobic conditions
with glycerol as the carbon source, we produced up to 353 mg/L CP with minimal byproduct
formation. The overproduced CP was secreted extracellularly, posing minimal physiological toxicity
and impact on the producing cells. To date, targeted bio-based production of CP by E. coli has
yet to be reported. In addition to the demonstration of high-level bio-based production of CP,
our study underscores the importance of identifying key enzymatic reactions limiting the overall
metabolite production for developing differential expression strategies for pathway modulation and
even optimization. This investigation paves the way for the development of effective metabolic
engineering strategies based on targeted manipulation of key enzymes to customize engineered
strains for effective large-scale bio-based production.

Keywords: batch bioreactor; coproporphyrin; Escherichia coli; metabolic engineering; Shemin/C4
pathway; synthetic biology

1. Introduction

Heme is an essential compound in various hemoproteins, such as hemoglobin, myo-
globin, and cytochromes, and plays a critical role in oxygen transportation, energy genera-
tion, and several enzymatic activities [1]. In bacteria, heme can be naturally synthesized
via two distinct pathways: i.e., protoporphyrin-dependent (PPD) and coproporphyrin-
dependent (CPD) pathways [2], with the PPD pathway being predominantly present in
Gram-negative bacteria and the CPD pathway in Gram-positive bacteria [3]. In both path-
ways, heme biosynthesis starts with the formation of 5-aminolevulinic acid (5-ALA) via
either the C4 or C5 pathway [4] (Figure 1). Subsequently, the enzyme porphobilinogen
synthase (HemB) mediates the fusion of two 5-ALA molecules, yielding porphobilino-
gen (PBG). Then, PBG deaminase (HemC) interconnects and cyclizes four PBG molecules
to form a linear tetrapyrrole, hydroxymethylbilane (HMB) [5]. At this metabolic node,
the heme biosynthetic pathway diverges to form either of the two stereoisomers, i.e.,
uroporphyrinogen I (UPG-I) via autoxidation or uroporphyrinogen III (UPG-III) via uropor-
phyrinogen III synthase (HemD). Uroporphyrinogen decarboxylase (HemE) decarboxylates
the four acetate residues of UPG-I to form coproporphyrinogen I (CPG-I), which is sponta-
neously oxidized to form coproporphyrin I (CP-I) as a metabolic end product [6]. Similarly,
HemE mediates the conversion of UPG-III to coproporphyrinogen III (CPG-III), which is
enzymatically converted to coproporphyrin III (CP-III) via coproporphyrinogen III oxidase
(HemY) or porphyrinogen peroxidase (YfeX). Note that CPG-III represents the final shared
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precursor in the PPD and CPD pathways, both of which lead to the formation of heme via
its respective precursors of protoporphyrin IX (PP-IX) and CP-IIL
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Figure 1. The Shemin/C4 pathway for porphyrin biosynthesis from succinyl-CoA and glycine.
5-ALA, 5-aminolevulinic acid; CPG-I, coproporphyrinogen I; CPG-III, coproporphyrinogen III; CP-I,
coproporphyrin I; CP-III, coproporphyrin III; Fe-CP-III, coproheme III; HemA, 5-aminolevulinate
synthase; HemB, porphobilinogen synthase; HemC, porphobilinogen deaminase; HemD, uropor-
phyrinogen III synthase; HemE, uroporphyrinogen decarboxylase; HemF, coproporphyrinogen III ox-
idase; HemG, protoporphyrinogen oxidase; HemH, protoporphyrin/coproporphyrin ferrochelatase;
HemN, oxygen-independent coproporphyrinogen III oxidase; HemQ, coproheme decarboxylase;
HemY, coproporphyrinogen III oxidase; HMB, Hydroxymethylbilane; PBG, porphobilinogen; PP-IX,
protoporphyrin IX; PPG-IX, protoporphyrinogen IX; UP-I, uroporphyrin I; UP-III, uroporphyrin III;
UPG-], uroporphyrinogen I, UPG-III, uroporphyrinogen III; YfeX, porphyrinogen peroxidase.

Porphyrin production in microbial hosts presents a sustainable and economically
feasible alternative to traditional chemical synthesis methods, particularly in light of
the growing demand for bio-based production strategies [7]. Modulating the metabolic
capabilities of microorganisms, notably the most common bacterial host, Escherichia coli,
facilitates the efficient and sustainable synthesis of porphyrins [8]. The well-characterized
genetics and versatile metabolic engineering tools enable precise regulation of biosynthetic
pathways in E. coli [9]. Given the commercial value and applicability of heme, its bio-
based production has been explored [10]. While E. coli can be extensively engineered
for enhanced heme biosynthesis, the overproduced heme is hard to secrete and tends to
accumulate intracellularly, resulting in physiological toxicity to the production host and,
therefore, limited production yield [11,12]. Such technical limitation prompted us to look
for alternative porphyrins that could be extracellularly secreted for overproduction in
E. coli.

Coproporphyrin (CP), specifically CP-III, is a critical porphyrin intermediate and
precursor for heme biosynthesis via the CPD pathway [13]. Beyond its significance in heme
biosynthesis, CP holds noteworthy applications across diverse fields. Derivatives of CP are
pivotal in clinical diagnostics such as the diagnosis of porphyria [14]. CP can also serve
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as a diagnostic biomarker [15,16]. Moreover, due to unique optical properties and low
cytotoxicity, CP has applications beyond healthcare, including use as fluorescent probes, in
photodynamic therapy, and as bioimaging agents [17-19].

In E. coli, the PPD pathway is primarily used for heme biosynthesis (Figure 1). How-
ever, the simultaneous presence of enzymes and pathways diverging from the PPD pathway
offers potential opportunities for the biosynthesis of porphyrins other than heme. Given
the above-mentioned technical limitation associated with intracellular accumulation of
heme, we herein focused on CP for its bio-based production in E. coli. While minimal
CP production was observed in our previous study [20], it is noteworthy that targeted
bio-based CP production in E. coli has yet to be reported. Note that the overproduced CP
can be further processed, either chemically or biochemically, to form heme. In this study,
we first heterologously implemented the Shemin /C4 pathway in an E. coli host strain with
an expanded intracellular pool of succinyl-CoA, a key precursor for porphyrin biosynthesis
via the Shemin/C4 pathway. Considering the complexity of the pathway and enzymes in-
volved in CP biosynthesis, differential expression strategies for modulation of the levels of
key enzymes, particularly those governing the sequential conversion of 5-ALA to CP, were
applied as a strategic metabolic approach for enhanced CP biosynthesis in E. coli. Selective
alteration of key enzyme levels enabled fine-tuning of the associated metabolic flux in
the CP biosynthetic pathway, optimal substrate channeling, and minimal accumulation of
intermediates or byproducts. Moreover, by applying differential expression strategies, we
can minimize the metabolic burden imposed by enzyme overexpression, ensuring efficient
utilization of cellular resources to increase product yield [21]. By exploring diverse com-
binations of specific pathway genes for heterologous expression, we developed a flexible
platform to engineer E. coli strains for high-level CP biosynthesis under aerobic conditions
using glycerol as the primary carbon source.

2. Materials and Methods
2.1. Bacterial Strains and Plasmids

The bacterial strains and plasmids used in this study are provided in Table 1, and the
primer sequences are listed in Table S1. Taqg DNA polymerase was obtained from New
England Biolabs (Ipswich, MA, USA). Genomic DNA of the bacterial cells was extracted
using the Qiagen Blood & Tissue DNA Isolation Kit (Hilden, Germany). Plasmids were
purified using the Qiagen Miniprep kit. All host cells in this study were derived from
CPC-Sbm through the introduction of mutation(s) in the sdhA and/or icIR genes [22]. It is
noteworthy that CPC-Sbm originated from BW25113 with the IdhA gene inactivated [23].
For molecular cloning, E. coli HI-Control 10G (Lucigen, Middleton, WI, USA) was used.
DNA sequencing was performed by Plasmidsaurus (Eugene, OR, USA). All plasmids
were constructed through Gibson assembly [24]. All oligonucleotides were synthesized by
Integrated DNA Technologies (IDT) (Coralville, IA, USA).

Plasmid pK-hemABCD was used from our previous study to serve as the template
for the remaining plasmids [20]. More information is available in the Supplementary
Materials. Plasmid pK-hemABCD-E was also constructed to serve as the template for the
other plasmids containing two operons. pK-hem ABCD-E was constructed by amplifying
hemA along with the backbone, consisting of p15A ori and trc promoter with a kanamycin
resistance marker, using primers P002/P011 and amplifying hemB, hemC, and hemD using
primers P003/P012 and pK-hemABCD as a template. The hemE gene was amplified from
the genomic DNA of E. coli MG1655 using primers P013/P014. The gracmax promoter was
amplified from a previous lab-made plasmid using primers P015/P016. Subsequently, these
four fragments were Gibson-assembled to form pK-hemABCD-E. For effective coexpression,
hemA, hemB, hemC, and hemD were aligned to form an operon hemA/B/C/D regulated by a
common strong frc promoter and hemE was included on the second operon regulated by
the gracmax promoter with an individual strong ribosomal binding site (RBS) for each gene.
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Table 1. Strains and plasmids used in this study.

Name Description or Relevant Genotype Source

Host strains
mcrA, A(mrr-hsdRMS-mcrBC), endAl, recAl,
¢80dlacZAM15, AlacX74, araD139, A(ara

HI-Control 10G lew)7697, galll, galK, rpsL (Str®), nupG, A, Lucigen
tonA, Mini-F lacI® (Gent®)

MG1655 K-12; F~, A=, rph-1 Lab stock

Bacillus Subtilis 168 Wild type Lab stock

F~, A(araD-araB)567, AlacZ4787(::rrnB-3), A—,

rph-1, A(rhaD-rhaB)568, hsdR514, AldhA,
CPC-SbmAicIlRAsdhA Pyyc::sbm (i.e., with the FRT-Py,. cassette [22]

replacing the 204-bp upstream of the Sbm

operon), AicIR, AsdhA

BA001 CPC-SbmAicIRAsdhA/pK-hem ABD [20]
BA002 CPC-SbmAicIRAsdhA /pK-hemABD-E This study
BA003 CPC-SbmAicIRAsdhA /pK-hemAB-DE This study
BA00O4 CPC-SbmAicIRAsdhA/pK-hemABD-EYg ¢ This study
BA005 CPC-SbmAicIRAsdhA /pK-hemABD-EY This study
BA006 CPC-SbmAicIRAsdhA /pK-hemAB-E This study
Plasmids
pK-hemABCD p15A ori, KmR, Pyc::hemABCD [20]

p15A ori, KmR,

pK-hemABCD-E Py ::hemABCD-Pyrgemax:hemE This study

pK-hemABD p15A ori, KmR, Pyyc::hemABD [20]

pK-hemABD-E p15A ori, KmR, Piye::shemABD-Peracmax:shemE  This study

pK-hemAB-DE p15A ori, KmR, Pyc::hemAB-Pgraemax:hemDE  This study
p15A ori, KmR,

pK-hemABD-EYg ¢ Pire:themABD-Pgraemax::hemEY -hemY This study
from B. subtilis 168-
p15A ori, KmR,

pK-hemABD-EY Pire::hemABD-Pgracmax:-hemEY -hemY This study
from MG1655-

pK-hemAB-E p15A ori, KmR, Pyc::hemAB-Pyracmax:hemE This study

pK-hemABD was used from our previous study [20]. pK-hemABD-E was constructed
by amplifying hemA and hemB using primers P001/P004 and amplifying hemD and hemE
along with the backbone using primers P017/P018, using pK-hem ABCD-E as a template.
These two fragments were Gibson-assembled to form pK-hemABD-E. For effective coex-
pression, hemA, hemB, and hemD were aligned to form an operon hemA/B/D regulated by a
common strong trc promoter and hemD was included on the second operon regulated by
the gracmax promoter with an individual strong RBS for each gene.

pK-hemAB-DE was constructed by amplifying hemA and hemB using primers P001/P019
and pK-hemABCD as a template. gracmax promoter and hemD were amplified from pK-
hemABD-E separately using primer sets P020/P021 and P022/P023, respectively. hemE
was amplified along with the backbone, using primers P018/P024 and pK-hemABD-E as a
template. These four fragments were Gibson-assembled to form pK-hemAB-DE. hemA and
hemB were aligned to form an operon hemA/B regulated by a common strong trc promoter
and hemD/E were included on the second operon regulated by the gracmax promoter with
an individual strong RBS for each gene.

pK-hemABD-EYg ;s was constructed by amplifying hemA, hemB, hemD, and hemE using
primers P001/P025 and pK-hemABD-E as a template. The hemY gene was amplified from
the genomic DNA of Bacillus subtilis 168 using primers P026/P027. The backbone was
amplified from pK-hemABD-E using primers P028/P029. These three fragments were
Gibson-assembled to form pK-hemABD-EYg. hemA, hemB, and hemD were aligned to
form an operon hemA/B/D regulated by a common strong trc promoter and hemE/Y were
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included on the second operon regulated by the gracmax promoter with an individual
strong RBS for each gene.

pK-hemABD-EY was constructed by amplifying hemA, hemB, hemD, and hemE using
primers P001/P025 and pK-hemABD-E as template. The hemY gene was amplified from
the genomic DNA of Escherichia coli MG1655 using primers P030/P031. The backbone
was amplified from pK-hemABD-E using primers P032/P029. These three fragments were
Gibson-assembled to form pK-hemABD-EY. hemA, hemB, and hemD were aligned to form an
operon hemA/B/D regulated by a common strong trc promoter and hemE /Y were included
on the second operon regulated by the gracmax promoter with an individual strong RBS
for each gene.

pK-hemAB-E was constructed by amplifying hemA and hemB, and amplifying gracmax
promoter and hemE along with the backbone, using primer sets P019/P033 and P020/P034
with pK-hemABCD-E as a template. These two fragments were Gibson-assembled to form
pK-hemAB-E. hemA and hemB were aligned to form an operon hemA/B regulated by a
common strong trc promoter and hemE was included on the second operon regulated by
the gracmax promoter with an individual strong RBS for each gene.

2.2. Media and Bacterial Cell Cultivation

All medium components were obtained from Sigma-Aldrich Co. (St. Louis, MO,
USA), with the exception of 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, then incubated at 37 °C for 14-16 h. Bioreactor cultivations were
conducted following the methodology outlined in our prior research [20]. Briefly, for
bioreactor cultivation, individual single colonies were picked from 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, Edison Township, NJ, USA) for
4-6 h and subsequently used as a starter culture to inoculate 220 mL of SB medium at a
2% (vol/vol) concentration in a 1 L conical flask. The seed culture was incubated at 37 °C
and 280 rpm for 14-16 h. Cells were harvested by centrifugation at 4500 x g and 20 °C for
8 min and resuspended in 40 mL of fresh SB medium. The resuspended culture was used
to inoculate a stirred tank bioreactor (BioFlo 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 g/L glycerol, 0.23 g/L KoHPOy, 0.51 g/L NHyCl,
49.8 mg/L MgCl,, 48.1 mg/L K;SO4, 1.52 mg/L FeSOy, 0.055 mg/L CaCl,, 2.93 g/L
NaCl, 0.72 g/L tricine, 10 g/L yeast extract, 10 mM NaHCOj3, and 1 mL/L trace elements
(2.86 g/LH3BO3, 1.81 g/L MnCl,-4H,0, 0.222 g /L ZnSO,-7H,0, 0.39 g/L Na;MoO4-2H, 0,
79 ug/L CuSO4-5H,0, 49.4 ug/L Co(NOs),-6H,0); (Neidhardt, Bloch, and Smith, 1974),
supplemented with 0.05 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG). To avoid
glycine limiting during the cultivation, 2 g of glycine was supplemented into the bioreactor
~30 h post inoculation. The aerobic condition was maintained by continuously purging the
air into the bulk culture at 1 volume of air per volume of liquid per min (vvm). The pH of
the bioreactor culture was maintained at 7.0 £ 0.1 using 3 M NH4OH and 3 M H3PO4,.

2.3. Analysis

To measure cell density at OD600, all culture samples were washed once and then
appropriately diluted with a 0.15 M saline solution and analyzed using a spectrophotometer
(GENESYS™ 40/50 Vis/UV-Vis, Thermo Fisher Scientific Inc., Waltham, MA, USA). To
prepare a cell-free medium, culture samples were centrifuged at 17,000x g for 1 min,
followed by filter sterilization using a 0.2 um 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, Hercules, CA, USA).
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The HPLC column temperature was maintained at 35 °C and the mobile phase was 5 mM
H,SO4 (pH 2) running at 0.6 mL/min. The RID signal was analyzed by data processing
software (Clarity Lite v. 7.4.1.88 software, DataApex, Prague, Czech Republic). The levels of
5-ALA and PBG in the cell-free medium were assessed using a modified Ehrlich’s reagent
assay [25]. Porphyrins were analyzed using an HPLC (2690 separation module, Waters™,
Milford, MA, USA) equipped with a photodiode array (2996 PDA detector, Waters™,
Milford, MA, USA) detector and a chromatographic column (Chromolith® HighResolution
RP-18 endcapped, Supelco, Darmstadt, Germany). The UV absorbance was detected at
400 nm and data were processed using Empower 3 software (Waters™, Milford, MA,
USA). A mobile-phase system previously outlined [26] was used with minor modifications.
Briefly, the mobile phase consisted of two solvent mixtures: solvent A (7.7 g/L ammonium
acetate, 125 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 CP percentage yield was determined by calculating the ratio of the produced
CP to the maximum theoretical CP production based on the consumed glycerol. This
calculation assumed a one-to-sixteen molar ratio, meaning 1 mole of CP was produced for
every 16 moles of glycerol consumed.

3. Results
3.1. Effects of the Native HemD for CP Biosynthesis

Our previous study [20] showed that heterologous coexpression of hemA from Rhodobac-
ter sphaeroides and the native hemB can increase the metabolic flux into the Shemin/C4
pathway, resulting in enhanced UP biosynthesis with significant culture pigmentation. On
the other hand, the inclusion of the native hemC for coexpression was detrimental to por-
phyrin biosynthesis and even completely blocked the culture pigmentation. To investigate
the effects of the native HemD on CP biosynthesis, we derived a plasmid pK-hemABD
by heterologous coexpression of hemA from R. sphaeroides and hemB/D from E. coli in CPC-
SbmAicIRAsdhA, resulting in BAOO1. For effective coexpression, the three genes of hemA,
hemB, and hemD were cloned to form an operon regulated by the strong trc promoter and
each gene had an individual strong RBS. The increased hemD expression could presumably
direct more carbon flux toward the classical heme-biosynthetic pathway by enhancing
the specific conversion of hydroxymethylbilane (HMB) to Uroporphyrinogen III (UPG-III)
(Figure 1), rather than Uroporphyrinogen I (UPG-I) which occurs via autoxidation. We also
supplemented all the cultures with 2 g/L glycine to ensure that porphyrin biosynthesis was
not limited by glycine availability. For an abundant supply of succinyl-CoA for porphyrin
biosynthesis, the production host with a double mutation of Aic/lRAsdhA was used and all
CP-producing strains were cultivated aerobically [27].

Cultivation of BA001 showed normal cell growth with rapid glycerol consumption
and significant acetogenesis (Figure 2A). Notably, BAOO1 produced high levels of 5-ALA
and PBG, peaking at 257.7 mg/L (19.6 mg/ODgg0/L) and 1472 mg/L (112 mg/ODggo /L) at
57 h, respectively (Figure 2B). This strain also exhibited significant pigmentation, producing
430.7 mg/L (2.55% yield) UP-I and 363 mg/L (2.2% yield) UP-III, respectively (Figure 2C,D).
The results suggest that overexpression of hemA/B/D primarily led to UP production, but
hardly any CP.
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Figure 2. Aerobic bioreactor cultivation of BA001 for porphyrin biosynthesis. Time profiles of (A) cell
density (ODgqp), glycerol consumption, and acetate/succinate formation (the red arrow shows glycine
supplementation), (B) 5-ALA and PBG biosynthesis, and (C) UP biosynthesis. (D) Image of CFM and
cell paste samples at different time points. All values are reported as means & SD (n = 2).

3.2. Effects of the Native HemD/E for CP Biosynthesis

To investigate the effects of the native hemD/E on CP biosynthesis, we derived a CP-
producing strain, BA002, by heterologous coexpression of hemA from R. sphaeroides and
hemB/D/E from E. coli. For effective coexpression, the four genes of hemA, hemB, hemD, and
hemE were cloned in a single plasmid to generate pK-hemABD-E, where the hemA/B/D
genes formed the first operon regulated by the strong trc promoter, hemE formed the
second operon regulated by the strong gracmax promoter, and each gene had an individual
strong RBS.

Cultivation of BA002 showed normal cell growth with rapid glycerol consumption
and significant acetogenesis (Figure 3A). The strain produced 5-ALA and PBG, with peak
levels of 99.7 mg/L (5.4 mg/ODgg /L) and 665.7 mg/L (35.7 mg/ODggo /L), respectively
(Figure 3B). Additionally, the BA002 culture had intensified pigmentation, producing
84.3 mg/L (0.6% yield) and 182.1 mg/L (1.4% yield) of CP-I and CP-III, respectively
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(Figure 3C,D), with 17.5 mg/L and 20.1 mg/L of UP-I and UP-III being produced as side
products, respectively (Figure 3C). The results suggest that a higher expression level of the
native HemE was critical for CP production.

—A—0D600

30 —&—5-ALA
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25 4 —&— Acetate 600 1 +—PBG

Succinate

20 4

mg/L

400 -
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(© (D)

Figure 3. Aerobic bioreactor cultivation of BAO0O2 for porphyrin biosynthesis. Time profiles of (A) cell
density (ODgqp), glycerol consumption, and acetate/succinate formation (the red arrow shows glycine
supplementation), (B) 5-ALA and PBG biosynthesis, and (C) CP biosynthesis. (D) Image of CFM and
cell paste samples at different time points. All values are reported as means + SD (n = 2).

3.3. Tuning of Expression Levels of HemD/E for CP Biosynthesis

To further evaluate the effect of hemD/E on CP biosynthesis, we constructed another
plasmid pK-hemAB-DE, in which the two genes, hemA/B, were in the first operon regulated
by the trc promoter and hemD/E were in the second operon regulated by the gracmax
promoter, resulting in CP-producing strain BA003. Such designs can potentially lead to a
higher expression level of hemD and a lower expression level of hemE, in comparison to
pK-hemABD-E. The tuning of the expression levels of the key enzymes in the Shemin/C4
pathway can potentially enable the identification of the step(s) limiting the overall CP
biosynthesis.
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Similar to BA0Q02, cultivation of BA003 displayed a significant pigmentation (Figure 4D)
but cell growth was somewhat retarded with significant acetogenesis (Figure 4A). Also,
BAQ03 exhibited a similar pattern in the production of 5-ALA and PBG in comparison to
BA002, with peak levels of 93 mg/L (10 mg/ODgny/L) and 867 mg/L (92.7 mg/ODgg /L),
respectively (Figure 4B). Nevertheless, BAOO3 produced CP-I and CP-III slightly less than
BA002, peaking at 68.2 mg/L (0.51% yield) and 119 mg/L (0.89% yield), respectively
(Figure 4C). In addition, 18.6 mg/L UP-I and 20.3 mg/L UP-III were also produced. These
observations further suggest the importance of the expression level of the native HemE for
CP biosynthesis.
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Figure 4. Aerobic bioreactor cultivation of BA003 for porphyrin biosynthesis. Time profiles of (A) cell
density (ODgg), glycerol consumption, and acetate/succinate formation (the red arrow shows glycine
supplementation), (B) 5-ALA and PBG biosynthesis, and (C) CP biosynthesis. (D) Image of CFM and
cell paste samples at different time points. All values are reported as means & SD (n = 2).

3.4. Effects of HemY on CP Biosynthesis

The enzymatic conversion of CPG-III to CP-III is mediated by HemY (Figure 1). To
investigate the effects of hemY on CP biosynthesis, we derived two plasmids, pK-hemABD-
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35

EYgs and pK-hemABD-EY, by overexpressing hemA/B/D in the first operon regulated by trc
promoter and overexpressing hemE and hemY from either B. subtilis or E. coli in the second
operon regulated by gracmax promoter, resulting in the CP-producing strains BA004 and
BAO005.

Upon cultivation of BA004, we observed a reduced pigmentation (Figure 5D) though
cells grew normally with similar acetogenesis to BA0O2 and more rapid consumption
of glycerol (Figure 5A). Also, BA004 exhibited reduced 5-ALA and PBG production in
comparison to BA002, with peak levels of 104 mg/L (8.4 mg/ODgpy/L) and 207 mg/L
(16.7 mg/ODggg /L) at 120 h, respectively (Figure 5B). As a result, BA004 produced signifi-
cantly less CP-I and CP-III than BA002, with peak concentrations reaching only 43.8 mg/L
(0.33% yield) and 62.2 mg/L (0.47% yield), respectively. In addition, 6.2 mg/L and
10.6 mg/L of UP-I and UP-III were produced as side products, respectively (Figure 5C).
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Figure 5. Aerobic bioreactor cultivation of BA004 for porphyrin biosynthesis. Time profiles of (A) cell
density (ODgqp), glycerol consumption, and acetate/succinate formation (the red arrow shows glycine
supplementation), (B) 5-ALA and PBG biosynthesis, and (C) CP biosynthesis. (D) Image of CFM and
cell paste samples at different time points. All values are reported as means & SD (n = 2).
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Similarly, a reduced pigmentation was observed in cultivation of BA005 (Figure 6D)
though cells grew normally with similar acetogenesis to BA002 (Figure 6A). Additionally,
BAOQO5 exhibited reduced 5-ALA and PBG production in comparison to BA002, with
peak levels of 52.7 mg/L (3.7 mg/ODgy /L) and 60.4 mg/L (4.2 mg/ODgy /L) at 144 h,
respectively (Figure 6B). As a result, BAOO5 yielded significantly lower amounts of CP-I
and CP-III compared to BA002, with peak concentrations of 61.1 mg/L (0.46% yield) and
47.2 mg/L (0.35% yield), respectively. In addition, 5.8 mg/L and 6.2 mg/L of UP-I and UP-
III were produced as side products, respectively. (Figure 6C). These observations suggest
adverse effects upon hemY overexpression for CP biosynthesis. Consequently, we excluded
hemY for coexpression in the subsequent experiments.
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Figure 6. Aerobic bioreactor cultivation of BA005 for porphyrin biosynthesis. Time profiles of (A) cell
density (ODgqg), glycerol consumption, and acetate/succinate formation (the red arrow shows glycine
supplementation), (B) 5-ALA and PBG biosynthesis, and (C) CP biosynthesis. (D) Image of CFM and
cell paste samples at different time points. All values are reported as means + SD (n = 2).

3.5. HemD Owerexpression Was Not Essential for CP Biosynthesis

Based on the cultivation results of BA002 and BA003, we further investigated whether
the overexpression of the native hemD was essential for CP biosynthesis. To do this, we
excluded hemD in the next derived plasmid pK-hemAB-E by overexpressing hemA/B in the
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first operon regulated by the trc promoter and hemE in the second operon regulated by the
gracmax promoter, resulting in the CP-producing strain BA0O6.

BAQ06 exhibited a glycerol consumption rate similar to BA002, accompanied by a
progressively increasing cell density and significant acetogenesis (Figure 7A). Notably,
BA006 produced high levels of 5-ALA and PBG, peaking at 408 mg/L (36.9 mg/ODggo/L)
and 1156 mg/L (104.6 mg/ODggo/L) at 48 h, respectively (Figure 7B). Most importantly,
BA006 produced even more CP than BA002 with a total titer of 353 mg/L comprising
102.4 mg/L and 250.6 mg/L of CP-I and CP-III, respectively (0.77% and 1.88% yields)
(Figure 7C,D). Also, note that the product ratio/distribution of CP-I and CP-III in BA006
was similar to BA002, suggesting that hemD overexpression did not change the metabolic
flux distribution between the classical pathway and autoxidation pathway at the node of
HMB. Finally, it is noteworthy that other porphyrins were not detected as side products in
this cultivation.
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Figure 7. Aerobic bioreactor cultivation of BA006 for porphyrin biosynthesis. Time profiles of (A) cell
density (ODgqp), glycerol consumption, and acetate/succinate formation (the red arrow shows glycine
supplementation), (B) 5-ALA and PBG biosynthesis, and (C) CP biosynthesis. (D) Image of CFM and
cell paste samples at different time points. All values are reported as means & SD (n = 2).
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4. Discussion

In this study, we enhanced CP biosynthesis in E. coli by strategically implementing
and manipulating the Shemin/C4 pathway. In the production host with a double mutation
of AicIRAsdhA [27], the carbon flux from the tricarboxylic acid (TCA) cycle was redirected
toward succinyl-CoA, a critical precursor in the CP biosynthesis pathway. Such redirection
of carbon flux not only provided an abundant supply of succinyl-CoA but also enabled CP
biosynthesis under aerobic conditions. The implementation of the Shemin/C4 pathway
into the host strain was achieved through the heterologous expression of hermA from R.
sphaeroides. Among the six genes, i.e., hemA/B/C/D/E/Y, contributing to CP biosynthesis
(Figure 1), we previously identified the importance of hemA/B overexpression for UP biosyn-
thesis, suggesting that the overall porphyrin biosynthesis via the Shemin/C4 pathway
could be potentially limited by the two steps converting succinyl-CoA and glycine to
PBG. In addition, we previously observed that the genomic expression level of hemC was
sufficient for effective UP biosynthesis and hemC overexpression could potentially disrupt
the metabolic activity of the Shemin/C4 pathway, resulting in the complete disappearance
of culture pigmentation [20]. Additionally, prior studies have demonstrated that downreg-
ulation of hemC can result in extracellular accumulation of PBG [28]. Hence, in this study,
hemA/B were included whereas hemC was excluded for overexpression in all the engineered
strains for CP biosynthesis.

To evaluate the effects of the other three hem-genes, i.e., hemD/E/Y, on CP biosynthesis,
we first derived strain BA0O1 by overexpressing hemA/B/D. Cultivation of BA0O1 revealed
substantial pigmentation with extracellular production of UP (both UP-I and UP-III) only.
Note that we previously observed that hemD overexpression hardly affected UP biosyn-
thesis, suggesting that the genomic expression level of hemD was sufficient to drive the
conversion of HBM to UPG-IIL The absence of CP biosynthesis in BA0O1 also indicated a
potential limitation in the reactions downstream of CPG-III catalyzed by HemE/Y. Specifi-
cally, HemE, which is responsible for catalyzing the conversion of UPG-III to CPG-IIL, can
potentially play a critical role in the overall CP biosynthesis.

In the next attempt, we overexpressed the hemA/B/D/E genes from the plasmid pK-
hemABD-E in BA0O2. Cultivation of BA0OO2 resulted in a significant pigmentation with
extracellular production of CP (both CP-I and CP-III), suggesting the critical role of HemE
for CP biosynthesis. The produced CP can be extracellularly secreted, posing minimal
intracellular toxicity on cell physiology. The production of UP-I in BA0O1 and CP-I in
BAO002 indicates the involvement of autooxidation as a side reaction converting HMB to
UPG-1in E. coli. The relatively high titer ratio of UP-I/UP-III at 1.19 in BAOO1 suggests
that conversion of HMB was more favorable to UPG-I via autooxidation than UPG-III via
HemD (even though hemD was overexpressed). The observation was unsurprising since
bacterial cultivation for porphyrin production was conducted aerobically. However, such
carbon flux distribution appears to be reversed, i.e., conversion of HMB was more favorable
to UPG-III/CPG-III than UPG-1/CPG-I1 when hemE was also included for overexpression
in BA0O2, even though bacterial cultivation was still conducted aerobically. Note that the
total porphyrin titer in BA002 was significantly reduced compared to BA001 for unknown
reasons. Nevertheless, the results suggest that the overexpressed HemE could play a critical
role by directing more carbon flux toward the classical Shemin/C4 pathway for CP-III
biosynthesis in E. coli. Also, it appears that more UPG-I was converted to CPG-I, resulting
in increased CP-I titer in BA002. The results suggest that HemE can potentially mediate
the conversion of UPG-I to CPG-I in a similar mechanism to its native activity converting
UPG-III to CPG-IIL

For overexpressing hemA/B/D/E, we also made another plasmid pK-hemAB-DE in
which hemD/E genes were fused to form the second operon whose expression was regulated
by the gracmax promoter, resulting in another engineered strain BA003. Compared to
the plasmid pK-hemABD-E (in BA002), in which hemE was the only gene in the second
operon regulated by the gracmax promoter, hemE expression for pK-hemAB-DE would
presumably be lower whereas hemD expression for pK-hemAB-DE would be higher. The
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upregulated hemD expression and downregulated hemE expression for pK-hemAB-DE can
be attributed to the transcription process for a gene operon, resulting in the formation of
multiple immature cistronic nRNAs with the first mRNA being more stable than the latter
mRNA(s) [29,30]. Compared to BA002, we observed a slight reduction in CP biosynthesis
with a similar titer ratio of CP-III/CP-I upon cultivation of BA003. The reduced CP
biosynthesis may be associated with the reduced expression level of hemE in BA003.

Next, we investigated the effects of the final step on CP biosynthesis, i.e., the con-
version of coproporphyrinogen III (CPG-III) into CP-III, which is catalyzed by HemY. To
do this, we included B. subtilis hemY and native E. coli hemY for heterologous expression
in BA004 and BAOOS5, respectively. Unexpectedly, we noted significantly reduced culture
pigmentation and CP titers for both engineered strains. Our observations align with a prior
report [26], in which adverse effects of B. subtilis hemY overexpression on porphyrin titers
were observed in multiple instances. The results suggest a possible inhibitory effect of
HemY on the earlier enzymatic conversions for CP biosynthesis. In the CPD pathway of
actinobacteria or firmicutes, coproporphyrinogen III oxidase (HemY) primarily catalyzes
the oxidation of CPG-III to CP-III, which is a heme precursor unique to the CPD path-
way [31]. However, HemY in E. coli is often annotated as a protoporphyrinogen oxidase
gene, whose biological activity is different from the protoporphyrinogen oxidase found
in actinobacteria and firmicutes, and its role in heme biosynthesis is yet to be demon-
strated [32]. Although E. coli possesses porphyrinogen peroxidase (YfeX), which can also
convert CPG-III to CP-III [33], HemY from actinobacteria or firmicutes was identified to be
highly efficient for such conversion [4].

Based on the cultivation results of BA001, BA002, and BAQO3, it appears that increasing
hemD expression did not contribute to CP biosynthesis. Hence, we decided to exclude
hemD from the next plasmid construct pK-hemAB-E in BA006. Compared to BA002 and
BA003, cultivation of BA006 resulted in a substantial increase in the overall CP production
with a more favorable CP-III/CP-I distribution. Interestingly, the conversion of HMB to
UPG-III was significantly enhanced by hemE overexpression, even in the absence of hemD
coexpression. The results corroborate the critical role that the overexpressed HemE played
in directing more carbon flux toward the classical Shemin/C4 pathway for enhanced CP-
III (with minimal UP) biosynthesis. This was particularly important for our developed
engineered strains (which were cultivated aerobically) in terms of directing dissimilated
carbon flux away from several autooxidations which lead to various side products (such as
UP-I, CP-1, and UP-III). Note that cultivation of BA006 only produced CP without detectable
UP formation and with considerably reduced acetogenesis compared to the other strains.
The results also support our previous observation [20] that the genomic expression level of
hemD was sufficient enough to maintain the overall metabolic activity of the Shemin/C4
pathway, even under various genetic backgrounds and cultivation conditions for enhanced
production of UP and CP. Based on the results of this study, it appears that HemE is the
sole enzyme (after the HMB node) critically limiting the overall CP biosynthesis in E. coli.

It is notable that we observed significant acetogenesis, reaching up to 10.8 g/L, along-
side CP production. Interestingly, in strains like BA002, BA004, and BAQO5, acetate was
eventually metabolized by the cells as a secondary carbon source, particularly once the
initial carbon source (i.e., glycerol) was depleted. Achieving complete elimination of aceto-
genesis during aerobic cultivation of E. coli can be particularly challenging due to metabolic
constraints linked to carbon overflow metabolism. In conclusion, this study presents a
significant advancement in the bio-based production of CP using E. coli as a production
host, achieving high-level CP production with minimal byproduct formation. Future re-
search could focus on the underlying reason behind the adverse effects of HemY on CP
biosynthesis, providing valuable insights into the possible interactions of the pathway
enzymes. Additionally, exploring the metabolic pathways and regulatory mechanisms of
acetogenesis under aerobic conditions may uncover strategies to mitigate acetate overflow
and enhance CP production efficiency.
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