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Metabolic Engineering of the S-Aminolevulinate Biosynthetic Pathway
in E. coli Improves Efficiency of Hemoprotein-Based Biocatalysis

Shunsuke Kato,* Miteki Abe, Nobuyuki Okahashi, Shinya Ariyasu, Fumio Matsuda,

Osami Shoji, and Takashi Hayashi*

-

Abstract: Biocatalysis using heme-dependent enzymes provides a powerful synthetic platform to facilitate a variety of
chemical transformations required for organic synthesis. Despite recent advances in biocatalysis, recombinant expression
systems for hemoproteins leave much room for improvement due to the strict regulation of heme biosynthesis in the host
organism. To develop an efficient cofactor supplementation system for the expression of active holohemoproteins, we
describe metabolic engineering of the heme biosynthetic pathway in E. coli. Through incorporation of a heterogeneous
C4 pathway involving 5-aminolevulinic acid synthase of Paracoccus denitrificans, it was found that the concentrations of
5-aminolevulinic acid and heme in the engineered cells are increased during cultivation, and the expression level of the
holohemoproteins is significantly improved. Notably, the heme content in the engineered cells is even higher than that
produced by conventional cultivation methods, which add 5-aminolevulinic acid into the culture medium. Furthermore, we
also demonstrate the application of this engineered E. coli cells in whole-cell and lysate-based biocatalysis using various
types of heme-dependent enzymes. Considering the recent demand for biocatalysis, the system developed in this study will
serve as a new practical and versatile platform for hemoprotein-based biocatalysis.

J

With recent significant advances in biotechnology, biocatal-
ysis has emerged as a powerful synthetic platform which
provides straightforward access to a wide variety of chemical
feedstocks.['] In particular, the area of chemical transforma-
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tion using hemoproteins is one of the most representative
and well-studied models of biocatalysis. As exemplified
by pioneering studies on the engineering of cytochrome
P450s for carbene!>*! and nitrenel>3! transfer reactions,
hemoproteins have demonstrated versatile catalytic activities
not only for naturally occurring reactions found in nature
but also for a variety of abiotic chemical transformations
required for modern synthetic chemistry.”?'l In spite of
these significant advances, recombinant expression systems
for hemoproteins still require improvements to encourage
their use in practical applications. Because biosynthesis of
the heme cofactor is tightly regulated in host organisms,??!
overexpression of recombinant hemoproteins often leads to
the undesired accumulation of inactive apoenzymes. The
exogenous addition of 5-aminolevulinic acid (5-ALA) into
culture media is known to partially increase the production
of holoenzymes. However, the cost of 5-ALA accounts
for approximately 60% of the total cost of E. coli cell
culture,’”! which would be a drawback for the practical
applications of hemoprotein-based biocatalysis. To overcome
this problem, we investigate metabolic engineering of the
heme biosynthetic pathway in E. coli to enable recombinant
expression of active holohemoproteins.

Heme biosynthesis begins with the production of 5-
ALA.” In most bacteria including E. coli, 5-ALA is
synthesized via the C5 pathway, which involves two key
enzymes, glutamyl-tRNA reductase (GIuTR) and glutamate-
1-semialdehyde aminomutase (GSAM) (Figure 1a, pathway
in blue).[*] GluTR promotes the reduction of glutamyl-tRNA
to produce glutamate-1-semialdehyde, and GSA-AT converts
glutamate-1-semialdehyde into 5-ALA via the pyridoxal 5'-
phosphate (PLP)-mediated transamination reaction. Because
the activity of GIuTR is strictly regulated by feedback

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. a) C5 and C4 pathways for the biosynthesis of 5-ALA. The
activity of GIuTR is strictly regulated by feedback inhibition of the
end-product heme in E. coli. b) Self-supplementation strategy of 5-ALA
via heterogeneous C4 pathway for the recombinant expression of
holohemoproteins in E. coli host cells.

inhibition of the end-product heme,!”?] the synthesis of 5-
ALA generally serves as a bottleneck in the production of
the heme cofactor. Previous studies have shown that engi-
neering of the intrinsic C5 pathway can partially enhance the
expression level of holohemoproteins in E. coli cells.[?32627]
However, the engineered C5 pathway remains under the
regulatory control of feedback inhibition, and overexpression
of GIuTR leads to growth inhibition, vide infra. To address
this issue, we focused on a heterogeneous biosynthetic
pathway of 5-ALA, which is known as the C4 pathway.
This pathway is conserved in «-proteobacteria, fungi, and
yeast (Figure la, pathway in red). The C4 pathway involves
only one enzyme, 5-aminolevulinic acid synthase (ALAS),
which produces 5-ALA by condensation of succinyl-CoA with
glycine.[? 3] Since the activity of heterogeneous ALAS is not
likely to be affected by the intrinsic regulation system of E.
coli, the co-expression of ALAS is expected to increase the
intracellular concentration of 5-ALA via the heterogeneous
C4 pathway, thereby improving the efficiency of heme
cofactor incorporation into the recombinant hemoproteins
(Figure 1b). Based on this concept, we constructed an ALAS-
based synthetic C4 pathway for “self-supplementation” of
5-ALA in E. coli host cells and applied the engineered strain
to whole-cell and lysate-based biocatalysis using various types
of heme-dependent enzymes.

We first screened a panel of ALASs for the recombi-
nant expression of holohemoproteins. The genes of ALASs
from eight different microorganisms were selected from the
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UniProt database (Table S1) and cloned into a pAR3b
vector*?] to construct a helper plasmid, pAR3b-ALAS, for
self-supplementation of 5-ALA via the C4-pathway (Figure
S1). pAR3b-ALAS is designed to encode the ALAS gene
under the control of arabinose-inducible promoter Pgap,
thus allowing controllable and orthogonal ALAS expression
independent of the pET expression system for hemoprotein.
We also prepared helper plasmids, pAR3b-GluTR, which
express 15 different types of GIuTRs to enhance the flux of
the intrinsic C5 pathway as a comparison (Figure S2 and Table
S$2).[232627] These two types of helper plasmids were then
transformed into the E. coli BL21-Gold(DE3) strain, and the
resulting cells harboring pAR3b-ALAS or pAR3b-GIuTR
were used for recombinant expression of hemoproteins based
on the pET system. In the initial screening, protoglobin
from Aeropyrum pernix (ApPGb, UniProt ID: Q9YFF4) was
selected as a model hemoprotein for the following three
reasons: i) ApPGb has been widely utilized as a biocatalyst
for abiotic chemical transformations,**%1 i) ApPGb can be
expressed at high levels in E. coli, and iii) recombinant expres-
sion of ApPGb is known to require the addition of 5-ALA in
the culture medium. Accordingly, the E. coli cells harboring
PAR3b-ALAS/GIuTR were transformed with the expression
plasmid for ApPGb (pET21b-ApPGb) and cultivated in a
normal LB medium using a 96-well microplate. During the log
growth phase, the expression of ApPGb and ALAS/GIuTR
was induced by adding IPTG and arabinose, respectively, to
investigate the effect of 5-ALA self-supplementation. The
results showed that E. coli cell pellets expressing several
ALASs and GluTRs exhibit the characteristic orange color
corresponding to holo-ApPGb compared to negative con-
trol cells without the helper pAR3b plasmids (Figure 2a).
In particular, ALAS from Bradyrhizobium diazoefficiens
(BAALAS, UniProt ID: P08262), ALAS from Paracoccus
denitrificans (PAALAS, UniProt ID: P43089), and ALAS
from Caulobacter segnis (CsALAS, UniProt ID: D5VJ52),
produce relatively high concentrations of holo-hemoproteins
as estimated by UV-vis absorbance in the supernatant of E.
coli cell lysates (Figure S3). Co-expression of these three
ALASs did not interfere with the final concentration of E. coli
cells nor the expression of ApPGb (Figures S4 and S5), while
co-expression of GIuTRs mostly results in lower cell densities
and decreased expression levels. The excessive consumption
of glutamyl-tRNA by GIuTR may have disturbed protein
synthesis and E. coli cell growth. These initial screening
results led us to select BAALAS, PAALAS, and CsALAS for
further investigations.

Next, we investigated the influence of ALAS co-
expression in detail on a preparative scale using a 500 mL
baffled flask. In addition to the pAR3b helper plasmid
for BAALAS, PdALAS, and CsALAS, the helper plasmid
for E. coli GIluTR (EcGIuTR) was also utilized as a neg-
ative control of the intrinsic C5 pathway similar to the
previous studies.[>?0?7] The E. coli cells harboring pET21b-
ApPGb and pAR3b-BAdALAS/PAALAS/CsALAS/EcGIuTR
were cultivated in a normal LB medium in 100 mL volumes,
and the expression of ApPGb and ALASs or EcGIuTR was
induced by adding IPTG and arabinose after ODyg values
reached approximately 0.7-0.9 (Figure S6). As observed in the
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Figure 2. a) Photographs of the harvested E. coli cells harboring pET21b-ApPGb and pAR3b-ALAS/GIuTR. The list of ALAS and GIuTR enzymes is
shown in Tables S1and S2. control: E. coli cells harboring only pET21b-ApPGb were cultivated in the absence of 5-ALA. b) Growth curves of E. coli cells
harboring pET21b-ApPGb and pAR3b-ALAS/GIuTR indicated by ODgg values. w/o 5-ALA: E. coli cells harboring only pET21b-ApPGb were cultivated
in the absence of 5-ALA. w/ 5-ALA: E. coli cells harboring only pET21b-ApPGb were cultivated in the presence of 0.50 mM 5-ALA. After the ODggo
values reached approximately 0.7-0.9, IPTG (final conc. 0.20 mM) and arabinose (final conc. 2.0 pg mL™") were added to induce the expression of
ApPGb and ALAS/GIuTR. Mean =+ SD (n = 2, biological replicates). c) Heme concentrations in the supernatant of E. coli cell lysates expressing
ApPGb. The concentrations of heme were calculated based on the pyridine hemochromagen assay. Mean & SD (n = 2, biological replicates). d) The
heme concentrations in the supernatant of E. coli cell lysates expressing various hemoproteins. Mean £ SD (n = 2, biological replicates).

initial screening described above, the expression of EcGIuTR
largely inhibits the E. coli cell growth (Figure 2b). After 16 h
of cultivation time, the mass of the cell pellets expressing
EcGIuTR was less than half of the mass of the positive control
cells with only pET21b-ApPGb (Figure S7). On the other
hand, the E. coli cells expressing ALASs exhibit an acceptable
growth curve which is similar to that of the positive control
cells (Figure 2b). The co-expression of these three ALASs did
not affect the mass of obtained cell pellets (Figure S7) nor
the expression level of target hemoprotein (Figure S8). These
results highlight the feasibility and robustness of the ALAS-
based heterogeneous C4 pathway when compared with the
results of GIuTR coexpression system utilized in previous
studies.[?>?0?7] Furthermore, the pyridine hemochromagen
assayl®] revealed that the content of heme in ApPGb
was significantly increased through the incorporation of the
ALAS-based C4 pathway (Figures 2c and S9). In particular,
the co-expression of PAALAS provides the highest concen-
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tration of heme cofactor. Although the exogenous addition
of 0.5 mM 5-ALA into the LB medium partially increases
the production of holohemoproteins, PAALAS still provides
better performance than the conventional expression meth-
ods. This is also true for the ApPGb solution after the protein
purification (Figure S10). After purification, a total of 2.33 mg
of ApPGDb was obtained from 130 mL of culture. The produc-
tion of 5-ALA in the cell was confirmed by LC-MS analysis
(Figure S11). As expected, the incorporation of the PAALAS-
based C4 pathway significantly increases the intracellular
concentration of 5-ALA, whereas exogenous addition of 5-
ALA into the medium does not contribute significantly to the
intracellular 5-ALA content. This might be due to the rapid
consumption of 5-ALA during the cell cultivation and/or the
poor activity of the 5-ALA transport system in E. coli.[*"]
The concentration of 5-ALA in the PAALAS-expressing E.
coli culture was calculated to be 26 & 1 mg L~'. This value
is much lower than the concentration (exceeding 1.0 g L~!)

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Time course plots of hemoprotein-catalyzed chemical transformations. E. coli cells with and without the C4 pathway were used for the

expression of the corresponding hemoproteins. Mean + SD (n = 2, biological replicates).

a) Amination of aryl boronic acid 1 catalyzed by engineered

ApPGb HYA-5294. b) Cyclopropanation of 3 with 4 catalyzed by bacterial hemoglobin A8IPS1. c) Hydroxylation of benzene catalyzed by cytochrome
P450BM3 with a decoy system. d) Dehydration of aldoxime 8 catalyzed by aldoxime dehydratase. e) Degradation of natural rubber latex 10 catalyzed

by latex clearing protein. f) Peroxidation of ABTS catalyzed by dye-decolorizing peroxidase. For more details of the reaction conditions, see the

Supplementary Information.

reported in previously engineered E. coli strains designed for
5-ALA overproduction.[?3!] Excessive 5-ALA production
may deplete cellular energy resources, such as nitrogen
sources, required for hemoprotein biosynthesis. Therefore,
continuous and appropriately balanced intracellular supply
of 5-ALA is considered crucial for enhancing hemoprotein
expression. LC-MS analysis also revealed increased levels of
heme cofactor production within the cells, consistent with the
results of the pyridine hemochromagen assay (Figure S12a).
On the other hand, the concentration of protoporphyrin IX,
an intermediate in heme biosynthesis, was not affected by the
co-expression of PAALAS (Figure S12b). Since the biosyn-
thetic intermediates of the heme cofactor exhibit cytotoxicity,
this feature could provide benefits for cell growth.

Motivated by these promising results of the PAALAS-
based C4 pathway, we next examined the generality of
the engineered E. coli cell for recombinant expression
of diverse hemoproteins. In addition to ApPGb, the E.
coli cells with pAR3b-PdALAS were found to signifi-
cantly increase the content of the heme cofactor in var-
ious classes of hemoproteins (Figure 2d, Table S3). In
particular, it was found that the engineered cell could
be widely applied for expression of myoglobin (UniProt
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ID: P02185), bacterial hemoglobin (UniProt ID: AS8IPS1),
flavohemoglobin (UniProt ID: P49852), cytochrome bss,
(UniProt ID: POABE7), peroxynitrite peroxidase (UniProt
ID: 064527), dye-decolorizing peroxidase (UniProt ID:
P76536), catalase (UniProt ID: P14412), catalase-related
peroxidase (UniProt ID: B7X4G2), cytochrome P450BM3
(UniProt ID: P14779), NO synthase (UniProt ID: 034453),
tryptophan 2,3-dioxygenase (UniProt ID: AOA1IM6U789),
aldoxime dehydratase (UniProt ID: UPI000400A70A), latex
clearing protein (UniProt ID: D1ADK3), and oxidative N-
demethylase (UniProt ID: A4XXY9) as confirmed by the
pyridine hemochromagen assay and SDS-PAGE (Figures
S13—S19). In all cases, the E. coli cells harboring pAR3b-
PdALAS produce higher heme content relative to the
control cells cultivated by conventional methods (Figures 2d).
When PAALAS was co-expressed with high-molecular-weight
proteins, such as catalase (84.5 kDa) and cytochrome
P450BM3 (117 kDa), the expression levels of these hemo-
proteins decreased due to competition for intracellular
energy resources. To mitigate this expression interference, we
adopted sequential induction of the two genes. Specially, the
pET expression system was first induced with IPTG, and then
PdALAS expression was induced with arabinose after 3 h of

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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incubation (Figure S20). The orthogonal expression system
enabled by pAR3b-PdALAS provides the practical advan-
tages in balancing the trade-off between 5-ALA synthesis and
hemoprotein expression.

Finally, as a demonstration, biocatalysis using a series of
heme-dependent enzymes was performed to take advantage
of the engineered E. coli cells with the PdALAS-based
C4 pathway (Figure 3). We first tested biocatalytic nitrene
transfer reactions using an ApPGb variant designated HYA-
5294, which was reported by F. H. Arnold and E. Alfonzo
et al. (Figure 3a).’1 E. coli cells with and without pAR3b-
PdALAS were cultivated for the expression of ApPGb
HYA-5294, and the lysates obtained from the same amount
of cell culture were subjected to the heme-nitrene-mediated
amination reaction of 4-fluorophenylboronic acid (1). Con-
sequently, the cells with the C4 pathway were found to
efficiently catalyze the target amination reaction and afforded
4-fluoroaniline (2) in 61% yield, while the cells without the
C4 pathway show little activity (Figures 3a and S21). The
introduction of the PAALAS-based C4 pathway significantly
promotes the “holo” expression of ApPGb HYA-5294 (Figure
S22), thereby improving the performance of the lysate-based
biocatalyst. It was found that the engineered cell could be
applied to abiotic carbene transfer reactions using bacterial
hemoglobins from Azorhizobium caulinodans (Uniprot ID:
AS8IPS1) (Figure 3b).[*l The initial rate of the cyclopropa-
nation reaction of styrene (3) with ethyl diazoacetate (4) is
significantly improved by the cell lysate with the PAALAS-
based C4 pathway (Figure 3b). The desired product, ethyl
2-phenylcyclopropanecarboxylate (S,5)-5, was obtained in
66% yield with very high diastereo- and enantio-selectivities
(>99% de, >99% ee). In contrast, the yield of (S,5)-5 is
decreased to less than half the level provided in the absence
of the C4 pathway (Figures 3b, S23, and S24). Further-
more, the E. coli cells with pAR3b-PdALAS were found
to accelerate a wide range of biocatalytic transformations,
including hydroxylation of benzene (6) using cytochrome
P450BM3 with a decoy system!*] (Figures 3c and S25),
dehydration reaction of octanal oxime (8) using aldoxime
dehydratase[“**] (Figures 3d and S26), degradation of natural
rubber latex 10 using latex clearing protein!* (Figures 3e
and S27), peroxidation of ABTS using dye-decolorizing
peroxidasel*! (Figure 3f), and degradation of H,O, using
catalase®®] (Figure S28). In all cases, incorporation of the C4
pathway significantly improves the catalytic performance of
the whole-cell and lysate-based biocatalysts compared to the
cells without the C4 pathway. Furthermore, the biocatalytic
system using pAR3b-PdALAS is applicable to preparative
scale synthesis. E. coli cells expressing aldoxime dehydratase
with the C4 pathway efficiently converted 573 mg of octanal
oxime (8) into octanenitrile (9) in 97% isolated yield (Figure
S29), while E. coli cells lacking the C4 pathway provided 9
as a mixture with unreacted starting material 8 in 49% yield
(Figure S30). These results clearly demonstrate the versatility
of our PAALAS-based C4 pathway for the preparation of
hemoprotein-based biocatalysts.

In summary, we have engineered the heme biosynthetic
pathway in E. coli to develop an efficient cofactor sup-
plementation system for the recombinant expression of
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hemoproteins. Through a series of enzyme screenings, ALAS
from Paracoccus denitrificans (PAALAS), which efficiently
increases the intracellular concentration of 5-ALA, was
identified for the metabolic engineering. The incorporation of
the PAALAS-based heterogeneous C4 pathway significantly
increases the expression level of holohemoproteins. Notably,
the heme content of the engineered cells is even higher than
the heme content provided by the conventional cultivation
method in which 5-ALA is externally added into culture
media. Thus, the engineered E. coli cells were shown to
be versatile for the expression of various hemoproteins
(including 15 examples). Compared to previous studies
utilizing the C5 pathway,[?>?%%"] the use of the heterogeneous
C4 pathway and the orthogonal expression plasmid pAR3b-
ALAS offers clear advantages in terms of both hemoprotein
expression and E. coli growth. Furthermore, we applied the
engineered E. coli cells for whole-cell and lysate-based bio-
catalysis using a series of heme-dependent enzymes, including
protoglobin, cytochrome P450, aldoxime dehydratase, and
several others. In all cases, the engineered E. coli cells with the
heterogeneous C4 pathway exhibit improved catalytic activity
relative to E. coli cells without the C4 pathway. Given the
increasing demand for biocatalysis in recent years, we are
convinced that the system developed in this study will provide
a powerful and practical platform for the implementation of
the hemoprotein-based biocatalysis.

Supporting Information

Supplementary methods for sample preparation, experimen-
tal details, analytical data, amino acid and DNA sequence,
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