m bioengineering

Article

Manipulating Intracellular Oxidative Conditions to Enhance
Porphyrin Production in Escherichia coli

Bahareh Arab, Murray Moo-Young, Yilan Liu and C. Perry Chou *

check for
updates
Academic Editor: Maria

Teresa Garcia-Cubero

Received: 20 December 2024
Revised: 11 January 2025
Accepted: 14 January 2025
Published: 17 January 2025

Citation: Arab, B.; Moo-Young, M.;
Liu, Y.; Chou, C.P. Manipulating
Intracellular Oxidative Conditions to

Enhance Porphyrin Production in

Escherichia coli. Bioengineering 2025,12,

83. https://doi.org/10.3390/
bioengineering12010083

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Chemical Engineering, University of Waterloo, 200 University Avenue West,
Waterloo, ON N2L 3G1, Canada; barab@uwaterloo.ca (B.A.); mooyoung@uwaterloo.ca (M.M.-Y.);
yilan.liu@uwaterloo.ca (Y.L.)

* Correspondence: cpchou@uwaterloo.ca; Tel.: +1-519-888-4567 (ext. 33310)

Abstract: Being essential intermediates for the biosynthesis of heme, chlorophyll, and
several other biologically critical compounds, porphyrins have wide practical applications.
However, up till now, their bio-based production remains challenging. In this study, we
identified potential metabolic factors limiting the biosynthesis of type-III stereoisomeric
porphyrins in Escherichia coli. To alleviate this limitation, we developed bioprocessing
strategies by redirecting more dissimilated carbon flux toward the HemD-enzymatic path-
way to enhance the production of type-III uroporphyrin (UP-III), which is a key precursor
for heme biosynthesis. Our approaches included the use of antioxidant reagents and strain
engineering. Supplementation with ascorbic acid (up to 1 g/L) increased the UP-II1/UP-I
ratio from 0.62 to 2.57. On the other hand, overexpression of ROS-scavenging genes such as
sod- and kat-genes significantly enhanced UP production in E. coli. Notably, overexpression
of sodA alone led to a 72.9% increase in total porphyrin production (1.56 g/L) while improv-
ing the UP-III/UP-I ratio to 1.94. Our findings highlight the potential of both antioxidant
supplementation and strain engineering to mitigate ROS-induced oxidative stress and redi-
rect more dissimilated carbon flux toward the biosynthesis of type-III porphyrins in E. coli.
This work offers an effective platform to enhance the bio-based production of porphyrins.
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1. Introduction

Porphyrins are essential tetrapyrrolic compounds that serve as precursors for the
biosynthesis of heme, chlorophyll, and other biologically critical molecules [1-3]. In
the Shemin/C4 pathway, which is primarily found in mammals, yeast, fungi, and «-
proteobacteria [4], porphyrin biosynthesis begins with the condensation of glycine and
succinyl-CoA by 5-aminolevulinic acid synthase (HemA) [5-7] (Figure 1). Then, two
molecules of 5-aminolevulinic acid (5-ALA) are fused by porphobilinogen synthase (HemB)
to form porphobilinogen (PBG) [8]. Four PBG units are subsequently polymerized by
porphobilinogen deaminase (HemC) to generate hydroxymethylbilane (HMB), a linear
tetrapyrrole [9]. At the HMB branch point, the porphyrin biosynthetic pathway diverges
into two distinct routes, leading to the formation of two stereoisomers of uroporphyrinogen
I (UPG-I) and uroporphyrinogen III (UPG-III). UPG-I is formed via the spontaneous and
non-enzymatic cyclization of HMB [10,11], whereas UPG-III is synthesized enzymatically
via uroporphyrinogen III synthase (HemD) [12,13]. Both uroporphyrinogen stereoisomers
can undergo further oxidation to form their respective uroporphyrins, i.e., uroporphyrin I
(UP-I) and uroporphyrin III (UP-III) [14]. However, the metabolic fates of these stereoiso-
mers differ significantly. In the non-enzymatic branch, UPG-I is converted to copropor-
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phyrinogen I (CPG-I) in a reaction involving uroporphyrinogen decarboxylase (HemE) [15]
and is subsequently oxidized to coproporphyrin I (CP-I). CP-1is a metabolic dead-end and
cannot be further processed, making it the final product of type-I sterioisomers [14]. In
contrast, UPG-III enters the enzymatic branch and undergoes a series of reactions catalyzed
by HemE, HemF, HemG, and HemH, ultimately leading to the formation of heme [16,17]
(Figure 1).
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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, copro-
porphyrin I; CP-III, coproporphyrin III; HemA, 5-aminolevulinate synthase; HemB, porphobilinogen
synthase; HemC, porphobilinogen deaminase; HemD, uroporphyrinogen III synthase; HemE, uro-
porphyrinogen decarboxylase; HemF, coproporphyrinogen III oxidase; HemG, protoporphyrinogen
oxidase; HemH, protoporphyrin ferrochelatase; HemN, oxygen-independent coproporphyrinogen
III oxidase; HMB, Hydroxymethylbilane; PBG, porphobilinogen; PP-IX, protoporphyrin IX; PPG-IX,
protoporphyrinogen IX; UP-I, uroporphyrin I; UP-III, uroporphyrin III; UPG-I, uroporphyrinogen I;
UPG-III, uroporphyrinogen III; YfeX, porphyrinogen peroxidase.

We recently reported on strain engineering of bacterial Escherichia coli for porphyrin
production via the Shemin/C4 pathway [18,19]. A metabolic strategy adapted for strain
engineering in these studies was the redirection of dissimilated carbon flux toward succinyl-
CoA in the citric acid cycle by introducing two mutations of icIR and sdhA, such that
engineered strains with these two mutations can be cultivated aerobically for biosynthesis of
succinyl-CoA-derived compounds. However, bacterial cultivation under aerobic conditions
might somehow favor the auto-oxidation branch at the metabolic node of HMB, limiting
the flux into the HemD-enzymatic branch and the subsequent biosynthesis of type-III
stereoisomeric species [18,20]. In fact, cultivation of the engineered E. coli strain for UP
biosynthesis led to the production of a stereoisomeric mixture with UP-I being dominant.
Therefore, redirecting more dissimilated carbon flux toward the HemD-enzymatic branch is
highly desirable to enhance the biosynthesis of type-III porphyrins (i.e., UP-III and CP-III)
and even heme.

The auto-oxidation at the HMB node is a non-enzymatic process potentially intensified
by the presence of reactive oxygen species (ROS) such as superoxide anions, hydrogen
peroxide, and hydroxyl radicals [21] which are commonly produced by cells during cellular
metabolism under aerobic conditions [22]. Since ROS favor the oxidation of pathway
intermediates, their formation can potentially shift more dissimilated carbon flux toward
the type I branch and, therefore, the production of UPG-I over UPG-III. This imbalance
caused by ROS highlights the critical need to regulate intracellular oxidative stress and,
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therefore, ensure a more favorable porphyrin metabolism and flux channeling into the
pathway toward type-III stereoisomeric species.

ROS are an unavoidable byproduct of aerobic metabolism, particularly under the con-
ditions of high agitation and/or aerobiosis during cultivation [23]. Lowering the aeration
in microbial cultures can reduce dissolved oxygen levels and, consequently, the generation
of ROS. An alternative strategy to mitigate oxidative stress involves the use of antioxidants,
either enzymatic or non-enzymatic ones. Antioxidants are compounds that can delay or
inhibit oxidative processes by neutralizing ROS or preventing their formation [24]. Non-
enzymatic antioxidants, such as ascorbic acid (vitamin C), are particularly effective due to
their dual role as ROS scavengers and stimulators of enzymatic antioxidants [25]. Ascorbic
acid, a water-soluble and cost-effective compound, neutralizes ROS by forming ascorbyl
radicals, preventing the formation of secondary free-radical byproducts [26]. On the other
hand, enzymatic antioxidants, including superoxide dismutases (SODs) and catalases
(KATs), play a pivotal role in maintaining redox balance in E. coli [27]. SODs act as the first
line of defense by converting superoxide anions (O, ~) into hydrogen peroxide (H,O,) and
molecular oxygen (O;) (Equation (1)), reducing the potential for oxidative damage caused
by superoxide radicals [28]. In E. coli, three distinct SOD enzymes are encoded, i.e., Sod A
(Mn-SOD), SodB (Fe-SOD), and SodC (Cu, Zn-SOD) [29]. SodA and SodB function in the
cytoplasm, where they neutralize intracellular superoxide [30,31], whereas SodC operates
in the periplasm to manage oxidative stress in that compartment [32]. Among these, SodA
has been shown to be particularly effective in preventing DNA damage [33].

20, +2H" - H,0, + O, (1)

Catalases complement the action of SODs by decomposing hydrogen peroxide, a byprod-
uct of SOD activity, into water and oxygen, thereby preventing its accumulation (Equation
(2)) [34]. E. coli has two cytoplasmic catalases: KatE, a monofunctional catalase expressed
during the stationary phase, and KatG, a bifunctional catalase—peroxidase active during
exponential growth [35-38]. The coordinated activity of these enzymes ensures that ROS
levels remain tightly controlled, with superoxide anions concentrations maintained below 0.1
nM and hydrogen peroxide levels below 20 nM [39,40]. Overexpression of both SODs and
catalases has been shown to enhance oxidative stress resistance, providing a robust defense
system that protects cellular components and stabilizes key biosynthetic processes.

2H,0, - H,O0+20, (2)

In this study, we explored both antioxidant supplementation and overexpression
of ROS-scavenging enzymes to mitigate the effects of oxidative stress and enhance the
production of type III porphyrins in E. coli. By implementing these bioprocessing strategies,
we aim to develop a more efficient and sustainable platform for the bio-based production
of porphyrins and their derivatives, as well as address key challenges associated with
oxidative stress and metabolic pathway manipulation.

2. Materials and Methods
2.1. Bacterial Strains and Plasmids

Details of the bacterial strains and plasmids used in this study are provided in Table 1,
while the primer sequences are listed in Table S1. Taqg DNA polymerase was sourced
from New England Biolabs (Ipswich, MA, USA). Genomic DNA extraction from bacte-
rial cells was carried out using the Qiagen Blood & Tissue DNA Isolation Kit (Hilden,
Germany), and plasmid purification was performed using the Qiagen Miniprep kit. The
CPC-Sbm-derived host cells used in this study were developed from the CPC-Sbm strain,
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which carries targeted mutations in the sdhA and/or icIR genes [41]. This strain originates
from the E. coli BW25113 background, where the IdhA gene had been previously inacti-
vated [42]. For molecular cloning purposes, E. coli HI-Control 10G (Lucigen, Middleton,
WI, USA) was employed. Plasmid construction was carried out using the Gibson assembly
method [43], and DNA sequencing services were provided by Plasmidsaurus (Eugene, OR,
USA). Oligonucleotide synthesis was conducted by Integrated DNA Technologies (IDT)
(Coralville, IA, USA).

Table 1. Strains and plasmids used in this study.

Name

Description or Relevant Genotype Source

Host strains

HI-Control 10G

MG1655

mcrA, A(mrr-hsdRMS-mcrBC), endA1, recAl,

¢80dlacZAM15, AlacX74, araD139, A(ara leu)7697, galll, Lucigen
galK, rpsL (StrR), nupG, A~ , tonA, Mini-F lacI1 (GentR)
K-12, F~, A~, rph-1 Lab stock

F~, AlaraD-araB)567, AlacZ4787(::rrmB-3), A~ , rph-1,
A(rhaD-rhaB)568, hsdR514, AldhA, Py.::sbm (i.e., with the

CPC-SbmAiclRAsdhA FRT-Pycassette replacing the 204-bp upstream of the 411
Sbm operon), AicIR, AsdhA
DMB CPC-SbmAicIRAsdhA /pK-hemAB [18]
SOD1 CPC-SbmAicIRAsdhA /pK-hemABsod ABC This study
SOD2 CPC-SbmAicIRAsdhA /pK-hemABsod A This study
SOD3 CPC-SbmAicIRAsdhA/pK-hemABsodB This study
SOD4 CPC-SbmAicIRAsdhA /pK-hemABsodC This study
KAT1 CPC-SbmAicIRAsdhA / pK-hemABsod ABC-katEG This study
KAT2 CPC-SbmAicIRAsdhA/pK-hemAB-katE This study
KAT3 CPC-SbmAicIRAsdhA /pK-hemAB-katG This study
KAT4 CPC-SbmAicIRAsdhA/pK-hemABsod A-katE This study
KAT5 CPC-SbmAicIRAsdhA/pK-hemABsod A-katG This study
Plasmids
pK-hemA p15A ori, Km®, PycihemA [18]
pK-hemAB p15A ori, KmR, Pyc::hemAB [18]
pK-hemABC p15A ori, KmR, Py.::hemABC [18]
pK-hemAB-E p15A ori, KmR, Pyy.:: hemAB ~Peracmax:hemE [19]
pK-hemABsod ABC p15A ori, KmR, Py,.::hemABsod ABC This study
pK-hemABsod A p15A ori, KmR, Py.::hemABsod A This study
pK-hemABsodB p15A ori, KmR, Py.::hemABsodB This study
pK-hemABsodC p15A ori, KmR, Py,.::hemABsodC This study
pK-hemABsod ABC-katEG p15A ori, KmR, Py hemABsod ABC-Pgraemax::katEG This study
pK-hemAB-katE p15A ori, KmR, Py hemAB-Pgracmax::katE This study
pK-hemAB-katG p15A ori, KmR, Py hemAB-Pgracmax::katG This study
pK-hemABsodA-katE p15A ori, KmR, Py hemABsod A-Pgracmax::katE This study
pK-hemABsod A-katG p15A ori, KmR, Py hemABsod A-Pgracmax:katG This study

Plasmids pK-hemA, pK-hemAB, pK-hemABC, pK-hemABCD, and pK-hemAB-E were
used from our previous studies [18,19].

pK-hemABsod ABC was constructed by amplifying hemAB and amplifying the back-
bone using primer sets P1/P2 and P3/P4 with pK-hemABCD as the template. The sodA,
sodB, and sodC genes were amplified from the genomic DNA of E. coli MG1655 using primer
sets P5/P6, P7/P8, and P9/P10. These five fragments were Gibson assembled to form
pK-hemABsodABC. For effective coexpression, all genes were aligned to form an operon
hemABsod ABC regulated by a common strong trc promoter with an individual, strong RBS
for each gene.
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pK-hemABsodA was constructed by amplifying hemAB and amplifying the backbone
using primer sets P1/P2 and P11/P4 with pK-hemABCD as the template. The sodA gene
was amplified from the genomic DNA of E. coli MG1655 using primers P5/P12. These three
fragments were Gibson assembled to form pK-hemABsodA with all genes arranged on a
single operon regulated by a common strong trc promoter.

Similarly, pK-hemABsodB was constructed by amplifying hemAB and amplifying the
backbone using primer sets P1/P2 and P13 /P4 with pK-hemABCD as the template. The
sodB gene was amplified from the genomic DNA of E. coli MG1655 using primers P14/P15.
These three fragments were Gibson assembled to form pK-hemABsodB with all genes
arranged on a single operon regulated by a common strong trc promoter.

pK-hemABsodC was constructed by amplifying hemAB and amplifying the backbone
using primer sets P1/P2 and P3/P4 with pK-hemABCD as the template. The sodC gene
was amplified from the genomic DNA of E. coli MG1655 using primers P16/P10. These
three fragments were Gibson assembled to form pK-hemABsodB with all genes arranged
on a single operon regulated by a common strong trc promoter.

pK-hemABsod ABC-katEG was constructed by amplifying hemAB and amplifying the
backbone using primer sets P1/P2 and P17/P4 with pK-hemABCD as the template. The
sodABC genes were amplified from pK-hemABsod ABC using the primers P18/P19. The
gracmax promoter was amplified from pK-hemAB-E using the primers P20/P21. The katE
and katG genes were amplified from the genomic DNA of E. coli MG1655 using primer
sets P22 /P23 and P24/P25. These six fragments were Gibson assembled to form pK-
hemABsodABC-katEG, and for effective expression, hemABsod ABC were arranged on the
first operon regulated by a common strong trc promoter, and katEG was arranged on the
second operon regulated by the strong gracmax promoter.

pK-hemAB-katE was constructed by amplifying hemAB along with the gracmax pro-
moter and amplifying the backbone using primer sets P26 /P21 and P27/P4 and pK-hemAB-
E as the template. The katE gene was amplified from the genomic DNA of E. coli MG1655
using primers P22 /P28. These three fragments were Gibson assembled to form pK-hemAB-
katE with hemAB arranged on the first operon regulated by a common strong trc promoter
and katE on the second operon regulated by the strong gracmax promoter.

Similarly, pK-hemAB-katG was constructed by amplifying hemAB along with the gracmax
promoter and amplifying the backbone using primer sets P26/P29 and P17 /P4 with pK-
hemAB-E as the template. The katG gene was amplified from the genomic DNA of E. coli
MG1655 using primers P30/P25. These three fragments were Gibson assembled to form
pK-hemAB-katG with hemAB arranged on the first operon regulated by a common strong trc
promoter and katG on the second operon regulated by the strong gracmax promoter.

pK-hemABsodA-katE was constructed by amplifying hemABsodA and amplifying the
backbone using primer sets P26/P31 and P27 /P4 with pK-hemABsodA as the template.
The gracmax promoter along with the katE gene were amplified from pK-hemABsod ABC-
katEG using the primers P32/P28. These three fragments were Gibson assembled to
form pK-hemABsodA-katE with hemABsodA arranged on the first operon regulated by
a common strong trc promoter and katE on the second operon regulated by the strong
gracmax promoter.

Similarly, pK-hemABsodA-katG was constructed by amplifying hemABsodA and am-
plifying the backbone using primer sets P26/P31 and P17 /P4 with pK-hemABsodA as the
template. The gracmax promoter was amplified from pK-hemABsod ABC-katEG using the
primers P32/P29. The katG gene was amplified from the genomic DNA of E. coli MG1655 using
primers P30/P25. These four fragments were Gibson assembled to form pK-hemABsod A-
katG with hemABsodA arranged on the first operon regulated by a common strong trc promoter
and katG on the second operon regulated by the strong gracmax promoter.
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2.2. Media and Bacterial Cell Cultivation

All media components were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA),
except for yeast extract and tryptone, which were obtained from BD Diagnostic Systems
(Franklin Lakes, NJ, USA). E. coli strains were stored as glycerol stocks at —80 °C and
streaked onto lysogeny broth (LB) agar plates, prepared with 10 g/L tryptone, 5 g/L yeast
extract, and 5 g/L NaCl. Plates were incubated at 37 °C for 14-16 h. For bioreactor experi-
ments, single colonies were picked from LB agar plates and inoculated into 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
Erlenmeyer flask. This culture was grown at 37 °C and 280 rpm on a rotary shaker (New
Brunswick Scientific, Edison Township, NJ, USA) for 4-6 h and was then used to inoculate
220 mL of SB medium at 2% (v/v) in a 1 L conical flask. The seed culture was incubated
overnight (14-16 h) under the same conditions. Cells were harvested by centrifugation at
4500x g and 20 °C for 8 min and then resuspended in 40 mL of fresh SB medium. The resus-
pended culture was used to inoculate a stirred tank bioreactor (CelliGen 115, Eppendorf AG)
containing 0.8 L of working volume, set at 37 °C and stirred at 430 rpm. The semi-defined
medium used in the batch bioreactor consisted of 30 g/L glycerol, 0.23 g/L KyHPOy,
0.51 g/L NH4Cl, 49.8 mg/L MgCl,, 48.1 mg/L K;SOy, 1.52 mg/L FeSOy, 0.055 mg/L
CaClp, 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/L H3BO3, 1.81 g/L MnCl,-4H,0, 0.222 g/L ZnSO,-7H,0, 0.39 g/L
NayMoOy4-2H,0, 79 pg/L CuSO4-5H;0, and 49.4 png/L Co(NOs),-6H,0) [44]. To induce
protein expression, 0.05 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG) was added.
To prevent glycine limitation during cultivation, 2 g of glycine was supplemented into
the bioreactor approximately 30 h after inoculation. For certain batches, ascorbic acid was
included in the medium at concentrations between 0.5 and 2 g/L. Aerobic conditions were
maintained by purging air into the bioreactor at a rate of 1 volume of air per volume of
liquid per minute (vvm). The pH of the culture was controlled at 7.0 + 0.1 by automatic
addition of 3 M NH4OH or 3 M H3POy,.

2.3. Analysis

Cell density at ODggg was measured by washing all culture samples once with a 0.15 M
saline solution, diluting them appropriately, and analyzing them using a GENESYSTM
40/50 Vis/UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). For
the preparation of cell-free medium, culture samples were centrifuged at 17,000 x g for
1 min and then filtered through a 0.2 pm syringe filter to ensure sterility. High-performance
liquid chromatography (HPLC) was used to analyze extracellular metabolites and glycerol,
employing a Shimadzu LC-10AT system (Shimadzu, Kyoto, Japan) with a refractive index
detector (RID-10A, Shimadzu) and an Aminex HPX-87H chromatographic column (Bio-Rad
Laboratories, Hercules, CA, USA). The column temperature was maintained at 35 °C, and
the mobile phase consisted of 5 mM H;SO4 (pH 2), running at a flow rate of 0.6 mL/min.
Data from the RID were processed using Clarity Lite software (v. 7.4.1.88, DataApex,
Prague, Czech Republic).

Levels of 5-ALA and PBG in the cell-free medium were quantified using a modified
Ehrlich’s reagent assay [45]. Porphyrins were analyzed using a Waters™ 2690 separation
module equipped with a photodiode array (PDA) detector (2996 PDA detector, Waters™,
Milford, MA, USA) and a Chromolith® HighResolution RP-18 endcapped column (Supelco,
Darmstadt, Germany). UV absorbance was detected at 400 nm, and data were processed us-
ing Empower 3 software (Waters™, Milford, MA, USA). The mobile phase system used for
porphyrin analysis followed a previously published method [9] with minor modifications.

The percentage yield of UP was determined by calculating the molar ratio of the
produced UP to the theoretical maximum production, based on the amount of glycerol



Bioengineering 2025, 12, 83

7 of 15

]

Now
& &

0D600 or g/L
5 8

—{O—Succinate

—a&—0D600
—0—Glycerol

—o—Acetate

consumed. Statistical analyses were performed to compare the UP-III/UP-I ratio under
different conditions, and the detailed results are provided in the Supplementary Materials.

3. Results
3.1. Effects of Ascorbic Acid Supplementation on UP Biosynthesis
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Figure 2. Aerobic bioreactor cultivation of DMB for UP biosynthesis with ascorbic acid supplemen-
tation. Time profiles of (a—d) cell density (ODgqg), glycerol consumption, and acetate/succinate
formation, (e-h) 5-ALA and PBG biosynthesis, and (i) UP biosynthesis at 144 h. All values are
reported as means £ SD (n = 2).
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Time profiles of 5-ALA and PBG showed a similar trend with peaks occurring
at 48 h across all conditions (Figure 2e-h). However, cultivations supplemented with
ascorbic acid yielded slightly lower PBG titers of ~1600 mg/L, compared to 1995 mg/L
(193 mg/ODggo /L) for the control cultivation without ascorbic acid.

While the total UP production was slightly reduced with the addition of ascorbic acid,
the UP distribution was more favorable toward UP-III with the UP-III/UP-I ratios of 0.6, 1.4,
2.6, and 1.5 for cultivations with 0, 0.5, 1, and 2 g/L of ascorbic acid, respectively (Figure 2i).
Notably, cultivation with 1 g/L ascorbic acid had 215 mg/L (1.3% yield) UP-I and 552 mg/L
(3.3% yield) UP-III, indicating a significant shift in dissimilated carbon flux toward the
enzymatic (HemD) pathway. However, increasing the ascorbic acid concentration beyond
1 g/L did not further increase the UP-III/UP-I ratio but led to reduced cell growth.

3.2. Effects of SODs on UP Biosynthesis

To assess the effects of SODs in redirecting dissimilated carbon flux toward the enzy-
matic (HemD) pathway, we engineered a UP-producing strain, SOD1, by heterologously
co-expressing hemA from R. sphaeroides along with hemB and sod ABC from E. coli. These
genes were arranged in a single operon under the control of a strong trc promoter, with
each gene translationally regulated by a strong RBS. Unexpectedly, this strain did not
exhibit any pigmentation, suggesting that the overexpression of sodABC might somehow
interfere with porphyrin production. To identify the specific gene(s) responsible for the
interference, we constructed three additional strains, each co-expressing hemAB and an
individual sod gene, i.e., sodA (SOD2), sodB (SOD3), or sodC (SOD4). Notably, SOD4 showed
no pigmentation, indicating that the overexpression of sodC was likely responsible for
interfering with porphyrin production.

Both strains of SOD2 and SOD3 exhibited a similar and slow glycerol consumption
pattern, and glycerol was completely depleted by 120 h (Figure 3a,b). Cell density for SOD2
was 14.4 ODgqp at 120 h, while SOD3 reached 13.4 ODgq at 48 h. SOD2 produced 10.4 g/L
acetate within the first 48 h, followed by diauxic growth with the accumulated acetate
being depleted by the end of the cultivation. On the other hand, SOD3 exhibited consistent
acetate accumulation throughout the cultivation, reaching 17.7 g/L by 120 h. Both strains
showed minimal succinate production.

The time profiles of 5-ALA and PBG for SOD2 and SOD3 displayed a similar trend,
with titers peaking at 48 h (Figure 3c,d). 5-ALA titers reached 469 and 217 mg/L (33.9
and 16.1 mg/ODgg/L), while PBG titers reached 2215 mg/L and 316 mg/L (160 and
86.4 mg/ODggp /L) in SOD2 and SOD3, respectively.

The final UP production at 144 h for SOD2 was 531 mg/L (3.1% yield) UP-I and
1029 mg/L (6.1% yield) UP-III, respectively, achieving a UP-III/ UP-I ratio of 1.9 (Figure 3g).
This represented a significant shift in dissimilated carbon flux from the auto-oxidation
pathway to the enzymatic (HemD) pathway compared to the control DMB strain. Addi-
tionally, SOD2 achieved a high total UP titer of 1.56 g/L (9.2% yield), 72.9% higher than the
control DMB strain. On the other hand, SOD3 produced 219.9 mg/L (1.3% yield) UP-I and
385.3 mg/L (2.3% yield) of UP-III, with a UP-III/UP-I ratio of 1.8 (Figure 3g). While SOD3
had a high UP-IIII/UP-I ratio similar to SOD2, the total UP titer was significantly lower
than SOD2.

In another experiment, we combined the above non-enzymatic and enzymatic strate-
gies by supplementing 1 g/L ascorbic acid upon cultivating SOD2. The resulting cultivation
had a slightly reduced cell density and slower glycerol consumption (Figure 3c) compared
to the control SOD2 cultivation without ascorbic acid. Additionally, this strain exhibited
significant acetogenesis with the acetate titer reaching 14.4 g/L by the end of cultivation,
suggesting that ascorbic acid suppressed the diauxic growth observed in the control SOD2
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cultivation. Time profiles for 5-ALA and PBG had peaks of 361 mg/L (27.2 mg/ODgg /L)
and 1814 mg/L (137 mg/ODgyy /L), respectively (Figure 3d), both lower than those in
the control SOD2 cultivation. This cultivation produced 477 mg/L (2.8% yield) UP-I and
674 mg/L (4.0% yield) UP-1II, with a UP-III/UP-I ratio of 1.4 (Figure 3g). These results
suggest that there were no combined or synergistic effects for the two enzymatic or non-
enzymatic strategies, although the possibility of such interactions cannot be ruled out
without further analysis.
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Figure 3. Aerobic bioreactor cultivation of SOD2 and SOD3 for UP biosynthesis with ascorbic
acid supplementation. Time profiles of (a—c) cell density (ODgqp), glycerol consumption, and ac-
etate/succinate formation, (d—f) 5-ALA and PBG biosynthesis, and (g) UP biosynthesis at 144 h. All
values are reported as means + SD (n = 2).

3.3. Effects of Catalases on UP Biosynthesis

To investigate the effects on UP biosynthesis, we initially constructed a KAT1 strain,
which contains the first operon for co-expressing hemAB and sodABC under the control
of the trc promoter and the second operon for co-expressing katEG under the control of
the gracmax promoter. This expression strategy was designed to integrate the superoxide-
neutralizing activity of SOD-ABC with the HyO,-scavenging capacity of KAT-EG. However,
KAT1 only produced a limited amount of porphyrin with minimal pigmentation, prompting
further investigation into the effects from individual kat genes. Hence, we constructed
the strains KAT2 and KAT3, which expressed katE and katG in the plasmids pK-HemAB-
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KatE and pK-HemAB-KatG, respectively. To investigate the combined effects of kat and
sodA genes, we generated additional strains, KAT4 and KATS5, harboring the plasmids
pK-HemABSodA-KatE and pK-HemABSodA-KatG, respectively.

All KAT strains, except KAT4, had enhanced cell growth, achieving maximum cell
densities between 20 and 25 ODg, with distinct diauxic growth (Figure 4a—e). KAT4 had
a lower cell density of 17.2 ODg, with notable acetogenesis. Minimal 5-ALA and PBG
were produced across all strains except KAT4 (Figure 4f—j). Specifically, KAT4 produced
393 mg/L (22.8 mg/ODgpy/L) 5-ALA at 144 h and 1591 mg/L (121 mg/ODgg /L) PBG at
48 h (Figure 4i).
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Figure 4. Aerobic bioreactor cultivation of KAT1, KAT2, KAT3, KAT4, and KATS5 for UP biosynthesis.
Time profiles of (a—e) cell density (ODgqy), glycerol consumption, and acetate/succinate formation,
(f—j) 5-ALA and PBG biosynthesis, and (k) UP biosynthesis at 144 h. All values are reported as
means + SD (n =2).

Unexpectedly, KAT2, KAT3, and KAT5 produced negligible UP, with minimal UP-I
being detected (Figure 4k). While KAT1 had a remarkable UP-III/UP-I ratio of 6.2, its
total UP production was less than 40 mg/L. On the other hand, KAT4 had substantial
UP production comparable to SOD2, with a high total UP titer of 1.58 g/L, consisting of
693 mg/L (4.1% yield) UP-I and 890 mg/L (5.3% yield) UP-1II, and a decent UP-II1/UP-I
ratio of 1.3.

4. Discussion

In our previous study [18], we demonstrated that while HemABCD are the enzymes
involved in UP biosynthesis, overexpression of hemAB alone was sufficient for effective
UP biosynthesis. However, the majority of the produced UP was the stereoisomer UP-I
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rather than UP-III [18], primarily due to the more effective auto-oxidation pathway rather
than the HemD-enzymatic pathway at the metabolic node of HMB (Figure 1) under the
aerobic cultivation conditions for porphyrin biosynthesis [21]. In this study, we explored
redirecting the dissimilated carbon flux more toward the HemD-enzymatic pathway to
favor UP-III production while limiting the auto-oxidation pathway through a combination
of bioprocessing and genetic strategies, specifically including antioxidant supplementation
and strain engineering for ROS-scavenging enzyme overexpression.

We began by investigating the effects of antioxidant supplementation using ascor-
bic acid, which is a natural, water-soluble, and cost-effective compound known for its
ROS-scavenging properties [46]. A range of concentrations (0-2 g/L) of ascorbic acid was
supplemented upon cultivation to evaluate its influence on UP biosynthesis in E. coli. Our
results revealed that supplementing ascorbic acid up to 1 g/L significantly enhanced the
UP-III/UP-I ratio while maintaining approximately the same level of total UP biosynthesis,
indicating a successful redirection of the dissimilated carbon flux toward the HemD-
enzymatic pathway. However, increasing the concentration to 2 g/L did not yield further
improvement in flux redirection, but, in fact, led to a reduction in total UP biosynthesis
and a noticeable retardation of cell growth. This inhibitory effect at higher ascorbic acid
concentrations aligns with previous studies, which reported that ascorbic acid could exhibit
antibacterial properties in the range of 2-20 g/L [47,48]. Ascorbic acid facilitates intracellu-
lar redox homeostasis by directly scavenging ROS, thereby reducing oxidative stress and
protecting key biosynthetic enzymes from damage [49]. By lowering ROS levels, ascorbic
acid minimizes the diversion of intermediates toward the non-enzymatic auto-oxidation
pathway, allowing metabolic flux to be redirected toward the HemD-enzymatic pathway.
This redirection enhances type-III porphyrin production while reducing the accumulation
of type-I porphyrins. These observations highlight the importance of adjusting antioxidant
levels to achieve a physiological balance between ROS mitigation and maintaining cellular
viability and metabolic activity during cell cultivation.

Next, we explored the use of enzymatic antioxidants by overexpressing various sod
genes in UP-producing E. coli strains. Among these sod genes, sodA appeared to be the
most effective one in redirecting the dissimilated carbon flux toward the HemD-enzymatic
pathway. Notably, the UP-producing strain with sodA overexpression not only had a high
UP-III/UP-I ratio of 1.9 but also enhanced total UP production to 1.56 g/L, which was 72.9%
more than the control cultivation. The observed improvement in UP biosynthesis could be
attributed to the role of Sod A in mitigating oxidative stress, which protects key enzymes
in the biosynthetic pathway from damage caused by ROS. Overexpression of sodA has
been shown in multiple studies to enhance product titers such as 5-ALA [50,51]. Notably,
one study reported that the improved redox balance achieved by sod gene overexpression
enhanced the activity of key enzymes directly involved in product formation, a mechanism
that may also explain the improved yields observed in our study [52]. In addition, the ability
of SodA to balance intracellular redox conditions may indirectly shift more dissimilated
carbon flux away from auto-oxidation for UP-III biosynthesis. The function of SodA in
protecting enzymatic activities under oxidative stress has been reported, as its inactivation
led to elevated oxidation of specific enzymes and reduced ATP/NADH levels [53].

Additionally, while overexpression of sodB also resulted in a relatively high UP-III/UP-
I ratio, the total UP biosynthesis was significantly reduced compared to overexpression of
sodA. This may be due to differences in the catalytic efficiency and metal-ion-dependency
of Sod enzymes, with Mn-dependent SodA likely providing more effective oxidative
stress mitigation under the physiological conditions for UP biosynthesis. Conversely, sodC
overexpression somehow disrupted the cell’s metabolic activity for porphyrin production,
and the cultivation had no pigmentation. This effect may be associated with the periplasmic
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localization of SodC, limiting its activity to the periplasm as superoxide cannot cross cellular
membranes [54]. The confined activity of SodC could result in an imbalance in redox
homeostasis between the periplasm and cytoplasm, potentially interfering with select
intracellular processes critical for porphyrin biosynthesis. Additionally, the activity of
SodC may contribute to hydrogen peroxide accumulation in the periplasm, a phenomenon
reported in studies associating sodC overexpression with altered redox dynamics and dye
degradation [55].

Combining the two strategies of ascorbic acid supplementation and sodA overexpres-
sion did not show clear evidence of synergistic effects. Instead, the results suggest that
relying on either enzymatic (i.e., SodA) or non-enzymatic (i.e., ascorbic acid) antioxidants
alone may be more beneficial for redirecting dissimilated carbon flux upon UP biosynthesis.
This could be attributed to potential redundancy or competition in their antioxidative
mechanisms, indicating the need for a balanced approach tailored to specific oxidative con-
ditions. However, further studies are needed to fully understand the relationship between
their antioxidative mechanisms.

Overexpression of SOD genes can effectively scavenge superoxide radicals and convert
them into hydrogen peroxide, which plays a dual role in cellular metabolism. While low-
level hydrogen peroxide acts as a signaling molecule essential for various cellular processes,
including heme biosynthesis [56,57] and catalase gene (katG) induction [34,58], excessive
concentration of hydrogen peroxide might be toxic to the cells by exhibiting adverse effects
due to DNA damage [59,60]. Therefore, regulating the hydrogen peroxide level is critical
for maintaining cellular homeostasis for optimal physiological and metabolic activities.
To achieve this balance in the intracellular level of hydrogen peroxide, we explored co-
overexpression of the sod genes with various catalase genes by deriving strains KAT1-KATS5.
KAT1, expressing both sodABC and katEG along with hemAB, appears to disrupt porphyrin
biosynthesis by exhibiting minimal pigmentation, prompting us for a closer examination of
individual kat genes. Strains KAT2 and KAT3, overexpressing katE and katG, respectively,
along with hemAB, also exhibited negligible porphyrin production. This could be attributed
to excessive degradation of the minimal-level hydrogen peroxide required for triggering
porphyrin biosynthesis and other cellular processes. As catalase overexpression alone
was proved ineffective, individual katE and katG were subsequently co-expressed with
sodA, generating the strains KAT4 and KAT5. Among them, KAT4 had superior culture
performance, producing 1.58 g/L UP with a UP-IIL/UP-I ratio of 1.3. These results suggest
that the combination of sodA and katE could not only effectively eliminate superoxides
but also balance ROS detoxification, successfully directing more dissimilated carbon flux
toward the HemD-enzymatic pathway for enhanced UP-III biosynthesis. The results
highlight the importance of the intricate balance required to manage ROS and minimize
cellular stress, both contributing toward UP-III biosynthesis. Hence, identification of
alternative antioxidant systems and their interactions for genetic modification may provide
new avenues to enhance porphyrin biosynthesis.

Recent advancements in porphyrin synthesis have demonstrated the applicability of
metabolic engineering strategies and pathway regulation in enhancing biosynthetic effi-
ciency [61,62], whereas integrated optimization approaches further highlight the potential
for improving biosynthesis [63]. Aligned with these advancements, our study demonstrates
that cost-effective antioxidant supplementation, such as ascorbic acid, combined with the
overexpression of ROS-scavenging enzymes (e.g., SodA and KatE), significantly enhances
porphyrin biosynthesis and highlights its potential for industrial-scale applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/bioengineering12010083/s1: Table S1: Oligomers used in this
study. Table S2: Statistical analysis data for the UP-III/UP-I ratio for 0.5 g/L ascorbic acid sup-
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plementation vs. the control strain. Table S3: Statistical analysis data for the UP-III/UP-I ratio
for 1 g/L ascorbic acid supplementation vs. the control strain. Table S4: Statistical analysis data
for the UP-III/UP-I ratio for 2 g/L ascorbic acid supplementation vs. the 0.5 g/L ascorbic acid
supplementation. Table S5: Statistical analysis data for the UP-III/UP-I ratio for SOD2 vs. the control
strain. Table S6: Statistical analysis data for the UP-III/UP-I ratio for SOD3 vs. the control strain.
Table S7: Statistical analysis data for the UP-III/UP-I ratio for SOD2 + 1 g/L ascorbic acid supple-
mentation vs. the control strain. Table S8: Statistical analysis data for the UP-III/UP-I ratio for KAT1
vs. the control strain. Table S9: Statistical analysis data for the UP-III/UP-I ratio for KAT2 vs. the
control strain.
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