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Abstract

Background Heme proteins, such as hemoglobin, horseradish peroxidase and cytochrome P450 (CYP) enzyme, are
highly versatile and have widespread applications in the fields of food, healthcare, medical and biological analysis. As
a cofactor, heme availability plays a pivotal role in proper folding and function of heme proteins. However, the func-

tional production of heme proteins is usually challenging mainly due to the insufficient supply of intracellular heme.

Results Here, a versatile high-heme-producing Escherichia coli chassis was constructed for the efficient production of
various high-value heme proteins. Initially, a heme-producing Komagataella phaffii strain was developed by reinforc-
ing the C4 pathway-based heme synthetic route. Nevertheless, the analytical results revealed that most of the red
compounds generated by the engineered K. phaffii strain were intermediates of heme synthesis which were unable
to activate heme proteins. Subsequently, E. coli strain was selected as the host to develop heme-producing chassis.

To fine-tune the C5 pathway-based heme synthetic route in E. coli, fifty-two recombinant strains harboring different
combinations of heme synthesis genes were constructed. A high-heme-producing mutant £c-M13 was obtained with
negligible accumulation of intermediates. Then, the functional expression of three types of heme proteins including
one dye-decolorizing peroxidase (Dyp), six oxygen-transport proteins (hemoglobin, myoglobin and leghemoglobin)
and three CYP153A subfamily CYP enzymes was evaluated in Ec-M13. As expected, the assembly efficiencies of heme-
bound Dyp and oxygen-transport proteins expressed in Ec-M13 were increased by 42.3-107.0% compared to those
expressed in wild-type strain. The activities of Dyp and CYP enzymes were also significantly improved when expressed
in Ec-M13. Finally, the whole-cell biocatalysts harboring three CYP enzymes were employed for nonanedioic acid
production. High supply of intracellular heme could enhance the nonanedioic acid production by 1.8- to 6.5-fold.

Conclusion High intracellular heme production was achieved in engineered E. coli without significant accumulation
of heme synthesis intermediates. Functional expression of Dyp, hemoglobin, myoglobin, leghemoglobin and CYP
enzymes was confirmed. Enhanced assembly efficiencies and activities of these heme proteins were observed. This
work provides valuable guidance for constructing high-heme-producing cell factories. The developed mutant Ec-M13
could be employed as a versatile platform for the functional production of difficult-to-express heme proteins.
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bioconversion
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Background

Heme is composed of four porphyrin ligands chelated
with a ferrous ion [1]. As a cofactor for various functional
proteins, heme is essential for nearly all physiological
processes of cellular life, such as blood cell differentiation
[2], lipid metabolism [3], iron metabolism [4] and energy
generation [5]. Heme synthesis pathway exists in most
organisms except for a few species that rely on the acqui-
sition and utilization of exogenous heme, such as lactic
acid bacteria [6], ticks [7], or Caenorhabditis elegans [8].
Heme is mostly known as the oxygen binding prosthetic
group in hemoglobin for delivering oxygen. It has been
reported that the application of acellular hemoglobin in
artificial blood can effectively alleviate blood deficiency
and eliminate infectious diseases caused by the delivery
of natural blood [9]. In addition, Vitreoscilla hemoglobin
can be used in microbial high-cell-density fermenta-
tion because of its high oxygen delivery capacity [10]. In
recent years, heme proteins have shown great potential
to solve diverse problems associated with food crisis and
safety. Currently, the soybean hemoglobin, which could
provide high quality protein with less carbon footprint
and make artificial meat more authentic in color and
flavor, has been approved by the FDA as a food additive
[11]. Mycotoxins secreted by filamentous fungi in cereals
have been reported to cause serious harm to human and
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animal health [12]. Several heme proteins, such as man-
ganese peroxidases and dye-decolorization peroxidases,
could metabolize a wide range of substrates and provide
good solutions for degrading mycotoxins in grain in a
green manner [13, 14].

The heme synthesis pathway is complex and var-
ies in different organisms [15]. Using the synthesis
routes of heme in Komagataella phaffii and Escherichia
coli as an example, briefly, 5-aminolevulinate (5-ALA)
derived from intermediates of tricarboxylic acid (TCA)
cycle via C4 or C5 pathway is used as the substrate
to form uroporphyrinogen III under the catalysis of
delta-aminolevulinic acid dehydratase (HEM2/HemB),
porphobilinogen deaminase (HEM3/HemC) and uropor-
phyrinogen-III synthase (HEM4/HemD) (Fig. 1). This
process is highly conserved and is known as the tetrapy-
rrole synthesis pathway. However, the synthesis pathway
of uroporphyrinogen III to heme is significantly different
among species. According to the signature intermedi-
ates, the pathways from urinary uroporphyrinogen III to
heme can be classified into three types, including siro-
heme-, coproporphyrin- and protoporphyrin-dependent
pathways. Among them, the protoporphyrin-dependent
branch which was long believed to be the sole biosyn-
thetic pathway for heme is considered as the classic path-
way. In this pathway, uroporphyrinogen III is converted
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Fig. 1 Heme biosynthetic pathways in K. phaffii and E. coli. The pathways emphasized in gray, blue, yellow and orange indicate the modules of
tricarboxylic acid (TCA) cycle, 5-aminolevulinate (Module 1), tetrapyrrole (Module 2) and downstream heme biosynthesis pathway (Module 3),
respectively. The corresponding metabolic genes indicated in blue and red were overexpressed in K. phaffii and E. coli recombinants, respectively, for
promoting heme synthesis. g/tX, glutamyl-tRNA synthetase gene; hemA, glutamyl-tRNA reductase gene; hemL, glutamate-1-semialdehyde-2,1-amin

omutase gene; hem1, 5-aminolevulinate synthase gene; hemB (hem2), delta-

aminolevulinic acid dehydratase gene; hemC (hem3), porphobilinogen

deaminase gene; hemD (hem4), uroporphyrinogen-lil synthase gene; hemE (hem12), uroporphyrinogen decarboxylase gene; hemf (hem13),
coproporphyrinogen-lil oxidase gene; hemG (hem14), protoporphyrinogen IX dehydrogenase gene; hemH (hem15), ferrochelatase gene
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into protoporphyrin IX through decarboxylation and
oxidation catalyzed by uroporphyrinogen decarboxy-
lase (HEM12/HemE), coproporphyrinogen-III oxidase
(HEM13/HemF), and protoporphyrinogen IX dehydro-
genase (HEM14/HemG). Finally, protoporphyrin IX
chelates a ferrous ion to form ferrous heme under the
catalysis of ferrochelatase (HEM15/HemH). In addition,
uroporphyrinogen III can also be used to generate coen-
zyme F430, cobalamin and chlorophyll after chelating
with nickel, cobalt and magnesium atom, respectively.
Efficient synthesis of heme is one of the major chal-
lenges for the production of heme proteins. Tremendous
efforts have been made to construct the efficient micro-
bial cell factory for heme and heme proteins production.
Overexpression of 5-ALA synthase from Rhodobacter
sphaeroides which is the key enzyme in C4 pathway could
enhance the heme production in E. coli [16, 17]. By opti-
mizing the expression level of heme synthesis related
genes, knocking down a heme degradation enzyme and
overexpressing heme export proteins, the heme produc-
tion in E. coli reached 239.2 mg/L [18]. Recently, up to 84
genes in Saccharomyces cerevisiae which were involved
in heme synthesis, glycolysis pathway and metabolism of
pyruvate, Fe-S clusters, glycine, and succinyl-CoA were
highlighted by in silico simulation using a genome-scale
metabolic model [19]. Among them, 40 genes were found
to have positive effects on heme biosynthesis and the
heme production of the optimized strain increased by
about 70-fold. For heme proteins production, the most
extensively studied heme protein is hemoglobin [20]. To
meet the increasing demand for hemoglobin, microbial
synthesis platforms have recently become more attrac-
tive due to higher titers, yields, and productivities. The
microbial species used to express hemoglobin mainly
include E. coli, S. cerevisiae and K. phaffii [20]. However,
the insufficient supply of heme, production of inclusion
bodies and easy degradation pose huge challenges to
heme proteins production. In the case of hemoglobin,
more than 100,000 nucleotide sequences have been dis-
covered, however very few of them have been success-
fully expressed and characterized, including those from
human and soybean [20]. To address these challenges,
various strategies have been applied, including exogenous
supply of heme, co-expression of molecular chaperones,
optimization of codons and fermentation conditions [21].
In this study, we aimed to construct a robust heme-
producing microbial chassis for various heme proteins
production. Initially, the heme synthesis pathway was
enhanced in K. phaffii. However, a large amount of heme
synthesis intermediates, instead of heme itself, were
found to be accumulated in the engineered K. phaf-
fii mutant and these intermediates could not activate
heme proteins. A similar phenomenon was also observed
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in E. coli. In order to reduce the accumulation of heme
synthesis intermediates, the effects of overexpression
of different combinations of heme synthesis genes on
intermediates and heme productions were investigated.
Finally, the functional expression of different types of
heme proteins including Bacillus subtilis dye-decoloriz-
ing peroxidase (BsDyp), oxygen-transport proteins and
cytochrome P450 (CYP) enzymes were evaluated in the
obtained high-heme-producing E. coli strain.

Results and discussion

Attempts of construction of heme- and heme
protein-producing K. phdaffii strains

K. phaffii has been widely employed as a powerful plat-
form for the expression of thousands of recombinant
proteins, including various heme proteins [22]. In order
to achieve high production of heme proteins, the heme
supply should be sufficient. K. phaffii harbors a native
synthetic pathway for heme production. However, the
biosynthesis of heme in K. phaffii is tightly regulated,
resulting in extremely low level of intracellular heme
which would be difficult to meet the requirement for
high production of heme proteins [22]. Therefore, firstly
we sought to construct a high heme-producing K. phaf-
fii strain. The C4 pathway-based heme synthetic route
in K. phaffii GS115 was reinforced by overexpressing 8
endogenous genes including hemli-hem4 and heml2-
heml15 (Fig. 1), generating mutants PpH4 (harboring
hemli-hem4) and PpHS8 (harboring hemlI-hem4 and
hem12-heml5).

The obtained strains were then characterized in BMMY
medium. Results showed that the fermentation cultures
of PpH4 and PpHS8 exhibited red color (Fig. 2A), indicat-
ing the formation of heme-like products. It is reported
that heme-like product has a characteristic Soret peak
at 400 nm [18]. Therefore, the fermentation product of
PpHS8 was further analyzed using UV-visible spectros-
copy. Similar as the heme standard, an obvious absorb-
ance peak at 400 nm was observed for the product of
PpH8 (Additional file 1: Fig. S1). In order to further
increase the heme production in PpH8 strain, the effects
of supplementation of different precursors (5-ALA, gly-
cine and iron ions, 0.5-2.0 mM) and carbon sources (glu-
cose, glycerol and methanol, 2-4%) on heme synthesis
were investigated. Compared with the control, adding
1.0 mM 5-ALA, 1.0-2.0 mM Fe?", 0.5-2.0 mM glycine,
2-4% glucose, 3% glycerol or 2-4% methanol in the
medium slightly increased the 400 nm absorbance of fer-
mentation products of PyH8 (Additional file 1: Figs. S2
and S3). These results suggested that precursors supple-
mentation and carbon sources optimization could have
positive effects on the synthesis of heme-like products.
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Fig. 2 Characterization of fermentation products of heme-producing K. phaffii strains. A The fermentation cultures of GS115, pPH4 and pPH8
strains. B HPLC analysis of fermentation extract of pPH8 strain and heme standard (heme std) at 400 nm. C ESI-MS/MS chromatogram analysis of
heme produced by pPH8 (indicated by the arrow in B and heme std. D ESI (4) EIC analysis of fermentation products of pPH8 strain. E ESI-MS/MS
chromatogram analysis of chemical standards including porphobilinogen (C;,H,,N,0,), hydroxymethylbilane (C,,H,N,O;5), coproporphyrinogen
I11(C36H44N,Og), protoporphyrinogen IX (C5,H,N,0,) and protoporphyrin IX (C3,H3,N,0,). F ESI-MS/MS chromatogram analysis of fermentation

product of pPH8 strain indicated by the corresponding arrows in D

Horseradish peroxidase (HRP) is one of the most
important heme-containing enzymes that can utilize
H,0, to oxidize various organic and inorganic com-
pounds and has been widely used in the fields of immu-
noassays and biosensors [23]. Therefore, HRP was
selected as the target protein to be overexpressed in

PpHS to verify whether heme-producing strain is ben-
eficial for the production of heme proteins. The hrp
gene was expressed under the control of strong metha-
nol inducible promoter (AOX1) and integrated into the
genomes of GS115 and PpHS8 strains, yielding GS115-
HRP and PpH8-HRP mutants, respectively. Shake-flask
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fermentations with GS115-HRP and PpH8-HRP were
then carried out in BMMY medium containing differ-
ent combinations of methanol, glucose and heme (Fig. 3).
The results showed that the HRP activities of both
GS115-HRP and PpH8-HRP were extremely low when
no exogenous heme was supplemented in the medium.
In contrast, with the addition of exogenous heme, the
HRP activities of GS115-HRP and PpH8-HRP were sig-
nificantly increased, suggesting that the heme production
in PpHS8 strain was not satisfied with the requirement for
functional production of HRP enzyme. In addition, the
presence of glucose in the fermentation medium severely
inhibited the expression of /rp gene driven by the metha-
nol inducible AOX1 promoter (Fig. 3). When methanol
was used as the sole carbon source and the exogenous
heme was added in the medium, the HRP activities of
GS115-HRP and PpH8-HRP reached their maximum
values of 53.1 and 40.2 U/L, respectively, indicating that
PpH8 was not a suitable host for heme protein produc-
tion compared with the wild-type strain.

It is known that heme contains four porphyrin ligands
and some of the heme-like intermediates also exhibit
red color and have characteristic peak at 400 nm. There-
fore, the fermentation products of PpH8 were further

60

GS115-HRP

Page 5 of 14

analyzed by HPLC-MS to verify the structures of the sub-
stances which displayed an absorption peak at 400 nm.
The results showed that the heme absorption peak area
only accounted for about 1% of total peak area at 400 nm
(Fig. 2B, C). Interestingly, a large amount of intermedi-
ate metabolites in the heme biosynthesis, including pro-
toporphyrin IX and protoporphyrinogen IX, were found
(Fig. 2D, E, F). Collectively, overexpression of the genes
involved in heme synthesis pathway in K. phaffii could
enhance the formation of heme-like products (showed
red color and had absorption peak at 400 nm), but heme
synthesis intermediates, instead of heme itself, were
prone to be accumulated mainly due to the cumbersome-
ness of the pathway. Therefore, the expression of heme
synthesis genes should be optimized to minimize the
accumulation of intermediate products and the possible
metabolic burden to the host.

Construction of heme-producing E. coli strains

As an efficient microbial cell factory and the most char-
acterized gram-negative bacterium, E. coli has also been
extensively used for the production of various heme
proteins [20]. Compared to K. phaffii strain, E. coli has
much simpler cell structure and more mature genetic
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manipulation methods. Therefore, E. coli was selected as
another host to construct high heme-producing recombi-
nant. Different from K. phaffii, the 5-ALA synthetic route
in E. coli is depended on C5 pathway and thus 10 genes
are involved in the heme synthetic pathway of E. coli
(Fig. 1), including gltX (X), hemA (A), hemL (L), hemB
(B), hemC (C), hemD (D), hemE (E), hemF (F), hemG (Q)
and semH (H). Initially, the 10 genes were overexpressed
individually to investigate their role in heme biosynthe-
sis. However, overexpression of any one of these genes
alone could not significantly increase the heme produc-
tion (Additional file 1: Fig. S4). To evaluate the effects of
overexpression of different combinations of the 10 genes
on heme biosynthesis, the heme synthesis pathway was
divided into three modules based on the important inter-
mediates (Fig. 1) [15]. Module 1 contained X, A and L
genes; Module 2 contained B, C and D genes; Module 3
contained E, F, G and H genes. The genes in each mod-
ule were also overexpressed in different combinations.
Therefore, total 29 overexpression plasmids were con-
structed and tested in E. coli BL21(DE3), generating 52
recombinant strains (Additional file 1: Tables S1 and S2).

Fermentation results demonstrated that overexpres-
sion of genes involved in any single module had negligi-
ble effect on heme production (Additional file 1: Fig. S4).
Therefore, fermentations with recombinant strain Ec-
M123 harboring three expression plasmids and contain-
ing all 10 genes were carried out in the LBFG medium
supplemented with different concentrations of three anti-
biotics to regulate the overexpression levels of the genes
in the three modules (Fig. 1 and Additional file 1: Fig. S6).
The results showed that the expression level of module 1
genes was positively correlated with the heme produc-
tion. The highest heme titer reached 0.55 mg/L-ODg,
which was increased by 1.75-fold compared to that
obtained at low antibiotic condition. Overexpression of
module 1 genes could enhance the synthesis of 5-ALA
(Fig. 4A), the precursor of heme, suggesting that increas-
ing 5-ALA production was essential for promoting
heme synthesis [24]. However, similar with the results
obtained by K. phaffii strain, small amount of intermedi-
ate metabolites were generated during the fermentation
of Ec-M123 (Additional file 1: Fig. S6), indicating that the
expression of the 10 genes occurred in an uncoordinated
fashion.

To reduce the production of intermediate metabolites
and the metabolic burden to the host strain, the genes in
module 1 were co-expressed with the genes in module 2
or module 3 to confirm the necessity of overexpressing
the 7 genes involved in module 2 and module 3. Fermen-
tation results showed that the heme production of Ec-
M1-EFGH (Ec-M13) strain was 2.27-fold higher than that
of Ec-M1-BCD (Ec-M12) strain (Fig. 4A). In addition,

Page 6 of 14

the heme accumulation was more significantly upregu-
lated by module 3 genes than module 2 genes (Fig. 4A,
B), indicating that there might be rate-limiting steps for
heme synthesis in module 3. The heme titers of Ec-M1-E,
Ec-M1-EFG, Ec-M1-EFH and Ec-M1-EFGH reached
0.60, 0.70, 0.70 and 1.04 mg/L-ODy, respectively, which
were enhanced by 9.1%, 27.3%, 27.3% and 89.1%, respec-
tively, compared to that of Ec-M123 strain harboring all
10 genes involved in module 1, module 2 and module 3.
It is worthwhile to point out that co-expression of mod-
ule 1 genes with only hemE gene (strain Ec-M1-E) could
achieve a better performance on heme production than
overexpression of all 10 genes (strain Ec-M123), and no
significant accumulation of intermediates was detected
in the fermentation of Ec-M1-E (Fig. 4B), indicating that
hemE gene in module 3 played a key role in the regula-
tion of heme synthesis. Among the four high-heme-
producing strains, Ec-M1-EFGH (Ec-M13) produced the
highest amount of heme and the lowest amount of inter-
mediates (Fig. 4A and B). Therefore, this strain could be
employed as a suitable and robust host for efficient pro-
duction of heme proteins. It is reported that expression
of heme exporter could enhance heme efflux and further
improve heme production [18]. However, the aim of this
study was to construct a platform for intracellular heme
protein production, thus such kind of strategy was not
applied in our study.

Evaluation of high-heme-producing E. coli strain

for expression of BsDyp

Dyp is another heme-containing peroxidase that can
degrade various dyes, lignin-related compounds, and
multiple mycotoxins and has drawn tremendous inter-
est for biotechnological applications [25]. Therefore, the
BsDyp was chosen as the first target protein to evaluate
the potential of Ec-M13 strain, the high-heme-produc-
ing E. coli recombinant, for heme protein synthesis. The
BsDyp overexpression plasmid was transformed into
Ec-M13 and E. coli BL21(DE3) wild-type strains, creat-
ing EcH_BsDyp and Ec_BsDyp mutants, respectively.
The results showed that the Rz values (approximat-
ing the ratio of correctly assembled heme-bound pro-
tein to total protein) of BsDyp produced by Ec_BsDyp
were increased as the concentration of exogenous heme
increased (Fig. 5A), suggesting that the heme biosynthe-
sis in E. coli wild-type strain is not sufficient for efficient
production of heme proteins. With the addition of exog-
enous heme, the BsDyp activities of Ec_BsDyp were also
significantly enhanced (Fig. 5B). When the concentration
of exogenous heme was 10 pM, the Rz value and activ-
ity of BsDyp of Ec_BsDyp increased by 52.2% and 221.9%,
respectively, compared to the controls. The intracellu-
lar heme production of Ec-M13 strain was about 2 uM/



Ge et al. Microbial Cell Factories (2023) 22:59 Page 7 of 14

A
— 10.0+
o
8 L ]
59 -
<F Q 501 ‘ — -
w2 - o o ° - Y — :
? - - —_— —_ - - - = -~ T e
~ 0.0
— 1.6+
o
o [ ]
085
_—
g O 0.8 . . —_— ¢
I % - 3 D . + —— . ® .
B le s v — TTETLT LE
LWL L g,O 9,0 L S ,\50 X ,\,0 ,\:?‘ Qj< {(,0 5(,‘3‘ 5(0 QZ‘ OQ* & QZ‘ 0‘2\ 0‘2‘ Q‘?‘
NN NN NN RN NN N W RN NN LE K KK
Q/ol Qfd Q/U Q/GQ Q/GQ (,'\y §\ Q/G' Q/G Q/G, @0’ Q/(’l@ @0’ @G’ Q/O' Q/Gl V4 ,Q\ §\ ,@N N$\ Q\'
<& s 2 & & & & 3
B
x10* Ec-M1-E  x10* Ec-M1-F  x10* Ec-M1-G  x10% Ec-M1-H
] 12 35 25
15
6 15
5
2 1 5 i l
x10* Ec-M1-EF  x10* Ec-M1-EG  x10* Ec-M1-EH  x10* Ec-M1-FG
9 121 12 12 12
é 6 6 6 6
=
2
2 ik 2] Jl N 2 1
9
£ "10"’ Ec-M1-FH x10* Ec-M1-GH  x10* Ec-M1-EFG  x10* Ec-M1-EFH
o 12 12 12 12
E 6 6
&) 6
2 2 2
x10* Ec-M1-EGH  x10* Ec-M1-FGH  x10* Ec-M1-EFGH  x10° Heme std
12 25 25
1 30 ]
] 15 15]
61 15 ]
] 5 5.
2 ke ll L S J\—__—'»—
o 10 20 30 0 10 20 30 0o 10 20 30 o 10 20 30
A A L) A A A A A
Time (min)

Fig. 4 Heme and intermediates productions of E. coli recombinants overexpressing different combinations of heme synthesis genes. A 5-ALA
and heme productions. B HPLC analysis of fermentation extracts at 400 nm. The heme and intermediates were marked with red and blue arrows,
respectively. Five independent HPLC profiles were provided for each recombinant. M1 contains gltX, hemA and hemL genes; B, hemB; C, hemC; D,
hemD; E, hemE; F, hemF; G, hemG; H, hemH; Ec-M1-BCD, Ec-M12; Ec-M1-EFGH, Ec-M13; 5-ALA, 5-aminolevulinate
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Fig. 5 Characterization of B. subtilis dye-decolorizing peroxidase (BsDyp) purified from E. coli BL21(DE3) and Ec-M13 strains. A The Rz (A407/A280)
ratio of purified BsDyp protein. B The enzyme activity of purified BsDyp protein. Exo-heme, exogenously supplemented with 0, 1, 5, 10 or 20 uM
heme; Chaperones, co-expression of molecular chaperones including GroES, GroEL and Tig; M1 & M3 modules, overexpression of the 7 genes

involved in module 1 and module 3 (Ec-M13 strain)

ODy, (the final ODg, of the fermentation culture was
about 2). When BsDyp was overexpressed in Ec-M13,
the Rz value of BsDyp of EcH_BsDyp was comparable
to that of Ec_BsDyp fermented with addition of 10 uM
exogenous heme and the activity of BsDyp of EcH_BsDyp
was increased by 57.0%, compared to that of Ec_BsDyp
fermented with addition of 10 uM exogenous heme, indi-
cating that the intracellular heme production of Ec-M13
(approximately 4 uM) was sufficient for efficient BsDyp
production.

It has been reported that molecular chaperone proteins
could assist the correct folding of BsDyp [26]. Thus, the
effect of co-expression of three molecular chaperones
(GroES, GroEL and Tig) on BsDyp production was also
investigated. The molecular chaperone overexpression
plasmid pG-Tf2 was transformed into Ec_BsDyp and
EcH_BsDyp, generating EcC_BsDyp and EcCH_BsDyp
strains, respectively. Compared to Ec_BsDyp, the Rz
values of BsDyp of EcC_BsDyp were slightly increased
when high exogenous heme (10 and 20 uM) was used
(Fig. 5A). Meanwhile, overexpression of molecular chap-
erones could also slightly increase the Rz value of BsDyp
of EcCH_BsDyp compared to that of EcH_BsDyp. When
molecular chaperones were overexpressed and 5 pM
exogenous heme was supplemented, the BsDyp activ-
ity of EcC_BsDyp reached 28.7 U/mL-ODy,, which was
enhanced by about fourfold compared to the control and

comparable to that of EcH_BsDyp (28.8 U/mL-ODg,)
without exogenous heme addition and molecular chaper-
one overexpression. Collectively, the high-heme-produc-
ing Ec-M13 strain could serve as a powerful chassis for
the production of heme-containing peroxidases.

Application of Ec-M13 strain for the production

of hemoglobin, myoglobin and leghemoglobin

Hemoglobin, myoglobin and leghemoglobin are well-
known oxygen-binding proteins that are able to deliver
oxygen in vertebrates and plants and could be used in
clinical treatment and food industry. Therefore, the
expressions of these three kinds of oxygen-transport
proteins, including reconstructed ancestral vertebrate
hemoglobin (AnMH, Anaf, Ana and Anp) [27], myo-
globin (PmMb) from Physeter macrocephalus, and
leghemoglobin (GmLegH) from Glycine max, were also
tested in Ec-M13 strain without or with co-expression
of molecular chaperones (namely EcH or EcCH strain,
respectively). The wild-type strain E. coli BL21(DE3)
was used as the control strain. As a monomer, AnMH
is the common ancestor of hemoglobin and myoglo-
bin. The Rz value of AnMH expressed in Ec-M13 was
increased by 107.0%, compared to that expressed in
wild-type strain (Fig. 6). Co-expression of molecular
chaperones didn’t increase the Rz value of monomeric
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Fig. 6 Characterization of hemoglobin (AnMH, Ana, Ana and Anf3), myoglobin (PmMb) and leghemoglobin (GmlLegH) purified from E. coli
BL21(DE3) and £c-M13 strains. AnMH, the common ancestor of myoglobin and hemoglobin; Ana, the common ancestor of globin a and 3; Ang,
the ancestor of globin a; An3, the ancestor of globin 3; PmMb, myoglobin derived from P macrocephalus; GmLegH, leghemoglobin derived from G.

max

AnMH. The Anaf, Ana and Anp evolved from AnMH
and formed homodimers or homotetramers. Compared
with the controls, the Rz values (A407/A280 ratio) of
these hemoglobins were also significantly improved
when expressed in Ec-M13 stain. It is noteworthy that
co-expression of molecular chaperones in Ec-M13
could further increase the Rz values of these homodi-
mers and homotetramers, indicating that molecular
chaperones would facilitate the assembly of heme and
globin proteins with complex structure. The Rz val-
ues of AnaP, Ana and Anf expressed in EcCH were
increased by 204.9%, 108.3% and 98.2%, respectively,
compared to that expressed in wild-type strain (Fig. 6).
The PmMb and GmLegH are representative oxygen
carriers in whales and legumes. Results showed that
expression of PmMb in Ec-M13 didn’t enhance its Rz
value compared to that expressed in wild-type strain,
whereas the synergistic action of molecular chaperone
expression and high intracellular heme (EcCH strain)
enhanced the Rz value of PmMb by 35.2% (Fig. 6). Sim-
ilar to the results obtained with Anaf, Ana and Anp,
using Ec-M13 as the expression host and further co-
expression of molecular chaperones had positive effects
on the assembly of heme and GmLegH protein. The
Rz value of GmLegH of EcCH_GmLegH reached 2.3,
which was enhanced by 2.2-fold compared to the con-
trol (Fig. 6). Together, these results demonstrate that
Ec-M13 strain is a suitable host for efficient synthesis of
hemoglobin, myoglobin and leghemoglobin.

Application of Ec-M13 strain for cytochrome P450
expression and whole-cell bioconversion

Cytochrome P450 enzymes (CYP) are a large family of
heme-containing monooxygenases, capable of catalyz-
ing a wide range of oxidative reactions. Due to their
high degree of site-, regio- and stereo-selectivities,
CYPs have been developed as versatile biocatalysts for
the production of high-value biochemicals and drugs
[28]. However, the poor stability and the inherent dif-
ficulty of heterologous expression limit their applica-
tion. Here, the expressions of three CYP enzymes from
Mycobacterium marinum (MmCYP), Polaromonas sp.
JS666 (PsCYP), and Marinobacter aquaeolei (MaqCYP),
which belong to CYP153A subfamily and could cata-
lyze the hydroxylation of alkanes and fatty acid termi-
nals for fine and bulk chemicals synthesis [29], were
tested in Ec-M13 strain for whole-cell bioconversion of
nonanoic acid to nonanedioic acid (Fig. 7A). For recon-
stituting the activity of CYP enzymes, NADH-depend-
ent electron transport proteins Pseudomonas putida
putidaredoxin reductase (PpCamA) and putidaredoxin
(PpCamB) were co-expressed along with molecular
chaperones. Compared with the controls, expression
of CYP enzymes in Ec-M13 strain could significantly
increase the nonanedioic acid production (Fig. 7B).
When PsCYP was used, the nonanedioic acid pro-
duction of EcH_PsCYP_PpCamAB was enhanced by
6.5-fold compared to that of Ec_PsCYP_PpCamAB,
indicating that the high-heme-producing strain could
significantly promote the functional expression of
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Fig. 7 Application of £c-M13 strain for whole-cell P450 bioconversion for nonanedioic acid production. A The synthetic pathway of nonanedioic
acid from nonanoic acid. B Nonanedioic acid production. Three CYP153A subfamily cytochrome P450 (CYP) enzymes derived from M. marinum
(MmCYP), Polaromonas sp. JS666 (PsCYP), and M. aquaeolei (MaqCYP) were tested. P. putida putidaredoxin reductase and putidaredoxin (PpCamAB)
and P megaterium NADPH-cytochrome P450 oxidoreductase (PmNCP) are NADH- and NADPH-dependent electron transport proteins, respectively,

for reconstituting the activity of CYP enzymes

CYP enzymes. In addition, co-expression of molecu-
lar chaperones showed positive effect on nonanedi-
oic acid productions of EcCH_MmCYP_PpCamAB
and  EcCH_MaqCYP_PpCamAB, which  were
increased by 8.3- and 8.8-fold, respectively, com-
pared to those of EcH_MmCYP_PpCamAB and
EcH_MaqCYP_PpCamAB, respectively (Fig. 7B). Fur-
thermore, another NADPH-cytochrome P450 oxi-
doreductase from Priestia megaterium (PmNCP) was
used to replace PpCamAB and tested in MaqCYP
overexpression hosts. Results showed that co-expres-
sion of MagqCYP and PmNCP in Ec-M13 strain
could greatly improve the nonanedioic acid produc-
tion (Fig. 7B). The final titer of nonanedioic acid of
EcH_MaqCYP_PmNCP reached 38.6 mg/L, which
was increased by 33.8-fold compared to that of
EcH_MaqCYP_PpCamAB, indicating that NADPH-
dependent electron transport protein was more suit-
able for reconstitution of the activity of MagqCYP
enzyme. To sum up, the high-heme-producing Ec-M13
strain could be useful for the development of whole-cell
biocatalysts involving CYP enzymes for high-value bio-
chemicals and drugs production.

Conclusions

In this study, K. phaffii and E. coli, two widely used
recombinant protein expression platforms, were
selected as the hosts to construct heme-producing
microbial chassis for high-value heme proteins produc-
tion. Functional expression of heme protein was failed
in engineered K. phaffii strain due to the accumulation
of intermediates of heme synthesis. High intracellular
heme production (as high as 1.04 mg/L-ODy,) was suc-
cessfully achieved in engineered E. coli strain Ec-M13
after systematic optimization of the native C5 pathway-
based heme synthetic route. Finally, functional expres-
sion of Dyp, hemoglobin, myoglobin, leghemoglobin
and CYP enzymes in Ec-M13 was confirmed. Enhanced
assembly efficiencies and activities of these heme pro-
teins were achieved. In summary, results from this
work provide valuable references for constructing high-
efficient cell factories for the production of heme and
difficult-to-express heme proteins. The engineered Ec-
M13 strain with sufficient supply of intracellular heme
could serve as a valuable host for efficient synthesis of
heme proteins with high yields and activities.
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Materials and methods

Strains, media and chemicals

K. phaffii GS115 was initially used as the parental strain
for engineering and heme production. YPD medium,
BMGY medium and BMMY medium were employed
for cultivation and selection of K. phaffii strains [30]. E.
coli strains DH5a and BL21(DE3) were used as the hosts
for plasmid amplification and target genes expression,
respectively. LB medium (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl; 20 g/L agar for plates) was used for
routine cloning works for E. coli strains. For promoting
heme synthesis and heterologous heme proteins expres-
sion in shake-flask fermentation, recombinant E. coli
strains were cultured in LBFG medium (10 g/L tryptone,
5 g/L yeast extract, 10 g/L NaCl, 30 mg/L FeSO,-7H,0,
20 g/L monosodium glutamate, 100 mM potassium
phosphate, pH 6.0). 2,2-azino-bis (3-ethylbenzothiazo-
line-6sulfonic acid) (ABTS), 1,9-nonanedioic acid, 5-ALA
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Heme was purchased from TCI (Tokyo, Japan).
Nonanoic acid sodium salt was purchased from Yuanye
(Shanghai, China).

Construction of plasmids and strains

To construct the heme-producing K. phaffii strain, the
8 genes involved in heme synthesis in K. phaffii were
amplified, fused with strong constitutive promoter and
further integrated into the genome of K. phaffii GS115 by
homologous recombination using two plasmids (Addi-
tional file 1: Fig. S7). All primers used in this study are
listed in Additional file 1: Table S3. In brief, the genes
heml, hem2, hem3 and hem4 were cloned into vector
pPICZaA derivative, generating plasmid pPICZH1-4
(Additional file 1: Fig. S7). This plasmid was linearized
by AvrlIl and transformed into K. phaffii GS115 via elec-
troporation. The positive clones were screened by YPD
plates containing 100 pg/mL zeocin. In order to isolate
multiplex genome integration strains, the obtained clones
were further screened by YPD plates containing gradu-
ally increased zeocin concentrations (200, 500, 1,000
and 2,000 pg/mL). Five colonies resistant to 2000 pg/
mL zeocin were obtained and one of them was desig-
nated as PpH4. Subsequently, plasmid pPICNH12-15 was
constructed by inserting the hem12, heml13, hemi4 and
hem15 genes into pPICZaA derivative (Additional file 1:
Fig. S7). Then, pPICNH12-15 was digested by Avrll and
transformed into K. phaffii PpH4 strain. Using the similar
screening method, the positive clones were screened on
YPD plates containing 100, 200, 500, 1,000 and 2,000 pg/
mL nourseothricin. Finally, one strain which could be
resistant to 2,000 pg/mL nourseothricin was designated
as PpHS.

Page 11 of 14

To construct the heme-producing E. coli strain, the
genes encoding glutamyl-tRNA synthetase (GItX), glu-
tamyl-tRNA reductase (HemA), glutamate-1-semialde-
hyde-2,1-aminomutase (HemL), HemB, HemC, HemD,
HemE, HemF, HemG and HemH were amplified from the
genomic DNA of E. coli BL21(DE3). The amplicons were
digested with appropriate restriction enzymes and ligated
with pCDFDuet-1, pETDuet-1 or pRSFDuet-1 vectors
[18]. The plasmids harboring different combinations of
heme synthesis related genes were listed in Additional
file 1: Table S1. Plasmids were introduced into E. coli
BL21(DE3) for heme production. Transformants were
selected on LB plates containing streptomycin (100 pg/
mL), ampicillin (100 pg/mL) or kanamycin (100 pg/mL).
All strains were listed in Additional file 1: Table S2. The
genes encoding heme proteins including horseradish per-
oxidase (HRP), B. subtilis dye-decolorizing peroxidase
(BsDyp), reconstructed ancestral vertebrate hemoglobin
(AnMH, Anaf, Ana and Anp) [27], P macrocephalus
myoglobin (PmMb), G. max leghemoglobin (GmLegH)
and three CYP enzymes from M. marinum (MmCYP), P
sp. JS666 (PsCYP) and M. aquaeolei (MaqCYP) [31] were
codon-optimized and synthesized by GenScript (Nanjing,
China). P, putida putidaredoxin reductase (PpCamA) and
putidaredoxin (PpCamB) [29], P megaterium NADPH-
cytochrome P450 oxidoreductase (PmNCP) [32], Acine-
tobacter sp. strain SE19 alcohol dehydrogenase (AsChnD)
and aldehyde dehydrogenase (AsChnE) [33] were synthe-
sized. The heme protein genes were ligated with pPIC9k,
pColdI or pETDuet-1 vector. Plasmid pG-Tf2 harboring
three molecular chaperones (GroES, GroEL and Tig)
was used to study globin folding [26]. The expression of
groES, groEL and tig genes were induced by tetracycline
(5 ng/mL). All plasmids and strains used for heme pro-
teins expression are listed in Additional file 1: Table S1
and Table S2, respectively.

Cultivation of recombinant strains

For testing the heme and heme proteins productions in
K. phaffii recombinants, the single colonies were inocu-
lated into YPD medium and grown at 30 °C in a shak-
ing incubator (200 rpm) for 48 h. The obtained cultures
were transferred to BMGY medium at 1% inoculum and
continued to be cultured for 48 h. Then, the cells were
harvested by centrifugation at 4500 rpm for 5 min and
resuspended in BMMY medium. After another 48 h of
fermentation, the supernatant and cell lysis were used to
investigate the heme and heme proteins productions. In
order to explore the influence of precursors and carbon
sources on heme and heme proteins productions, differ-
ent concentrations of 5-ALA, glycine, iron ions, glucose,
glycerol or methanol were added.
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For testing the heme and heme proteins productions
in E. coli recombinants, transformants harboring target
genes were grown in LB medium containing appropriate
antibiotics. Overnight cultures were then transferred to
fresh LBFG medium (2% inoculum) containing appro-
priate antibiotics and cultured at 30 °C, 200 rpm. When
the ODg, reached about 0.4-0.5, 0.5 mM IPTG and/or
5 ng/mL tetracycline was supplemented as needed and
the cultures were fermented for another 48 h at 30 °C,
200 rpm (for heme production) or another 20 h at 16 °C,
200 rpm (for heme proteins production).

Purification and characterization of heme proteins

The induced cells were harvested by centrifugation and
further resuspended in binding buffer (pH 7.4, 20 mM
Tris/HCl, 500 mM NaCl). The heme proteins were
released by sonication at 130 W for 30 min and then
purified using immobilized metal affinity chromatog-
raphy with washing buffer (pH 7.4 20 mM Tris/HCI,
500 mM NacCl, 40 mM imidazole) and elution buffer (pH
7.4 20 mM Tris/HCI, 500 mM NaCl, 200 mM imidazole).
The purified heme proteins were analyzed by SDS-PAGE.
The protein concentration was determined by a Protein
Assay kit (TIANGEN, Beijing, China). The UV-visible
spectroscopy analysis of heme protein was performed in
the range of 230 to 800 nm in the 20 mM pH 5.0 malonate
buffer by a microplate detector (BioTek Synergy H1, VT,
USA). Typical heme-binding enzymes have a Soret band
at 403—-408 nm [34]. Heme proteins investigated in this
study including hemoglobin, myoglobin, peroxidase also
exhibited characteristic spectra, indicating that heme
was successfully incorporated into the target proteins
forming the mature heme proteins. The Rz (A407/A280)
ratio of purified target proteins was used to characterize
the purity of the heme-bound protein [35]. The activities
of HRP and BsDyp were determined using the method
described by Qin et al. [26].

Whole-cell bioconversion of nonanoic acid to nonanedioic
acid

The induced cells were harvested by centrifugation,
washed with sterile ddH,O, and finally resuspended in
15 mL reaction solution (100 mM potassium phosphate
buffer, pH 6.5, 2 g/L sodium nonanoate, 20 g/L glu-
cose and 10 ml/L trace metal solution) at ODgy, & 5.0.
Ingredients of trace metal solution were: 10 g/L FeSO,,
2.25 g/L ZnSO,, 1.0 g/L CuSO,, 0.5 g/L MnSO,, 0.23 g/L
Na,B,0,, 2.0 g/L CaCl,, and 0.1 g/L (NH,)¢Mo0,0,,. The
bioconversion was performed in a shaking incubator
(250 rpm) at 30 °C. The products generated in the reac-
tion system were extracted by an equal volume of ethyl
acetate and then the organic phase was collected by cen-
trifugation. The products were redissolved in acetone
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after drying by a rotary vacuum dryer and derivatized
using an equal volume of BSTFA (N,O-bis(trimethylsilyl)
trifluoroacetamide) for 10 min. The alkylated products
were analyzed after diluting with hexane.

Analytical methods

Detection of 5-ALA was carried out following the pro-
tocol as described previously [36]. The reaction system,
containing a mixture of 300 pL fermentation broth and
400 pL sodium acetate buffer (82.0 g anhydrous sodium
acetate and 57.0 mL glacial acetic acid dissolved in 1 L
H,0), was heated in a boiling water bath for 15 min
after adding 35 pL acetylacetone. Upon cooling, 700 pL
of modified Ehrlich’s agent was supplemented. The final
reaction system was measured at a wavelength of 556 nm.
The amount of heme was measured using reversed-phase
HPLC (Shimadzu, Kyoto, Japan) with a UV-Vis detector
(SPD-20A). Samples were injected and separated in the
ZORBAX Eclipse Plus C18 column (Agilent, CA, USA)
using methanol (buffer A) and 0.1% trifluoroacetic water
(buffer B) as mobile phase. During this process, 30%
methanol was used for 1 min with a flow rate of 1 mL/
min and then the methanol concentration was gradu-
ally increased to 70% within 14 min and maintained
for 15 min. The heme concentration was determined
at 400 nm. To analyze the heme synthesis intermedi-
ates, LC-MS (Agilent 1100 series liquid chromatograph
coupled to an Agilent LC/MSD VL mass spectrometer)
equipped with Eclipse XDB-C18 column was used. The
mobile phase was methanol (buffer A) and 0.1% formic
acid water (buffer B). Samples were scanned in positive
ion mode (ESI+) in the range of m/z=200 to 900. The
capillary voltage was set at 2.5 kV. Nitrogen was used as
the drying gas at a flow rate of 12 L/min at 350 °C. The
nebulizer pressure was set at 30 psig.

Samples from nonanoic acid bioconversion experi-
ments were analyzed by Agilent 7890A gas chromatogra-
phy equipped with an Agilent HP-5 ms capillary column
and nitrogen was used as the carrier gas (flow rate, 1 mL/
min). The injection volume was 1 pL and the sample
was injected in a split-free mode. The column oven was
set at 80 °C for 1 min, raised to 280 °C at a rate of 15 °C/
min, held isotherm for 2 min. The samples were further
analyzed by a GC-MS system (Q-Exactive GC Orbitrap,
Thermo Scientific, MA, USA) equipped with a Thermo
Scientific TraceGOLD TG-5SiIMS column and helium
was used as the carrier gas (flow rate, 1.2 mL/min). Mass
spectra were collected using electrospray ionization. The
injection volume was 1 pL and the sample was injected
in a split ratio of 20:1. The column oven was set at 80 °C
for 2 min, raised to 300 °C at a rate of 20 °C/min, held
isotherm for 6 min. The samples were scanned in positive
ion mode (ESI+) in the range of m/z =30 to 550.
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Additional file 1: Table S1. Plasmids used in this study. Table S2. Strains
used in this study. Table S3. Primers used in this study. Figure S1.The
UV-visible spectroscopy analysis of heme standard (heme std) and
fermentation products of GS115 and PpH8 from 320 to 600 nm. Figure
S2. UV-visible spectroscopy analysis (at 400 nm) of fermentation product
of PpH8 cultured in the medium with addition of different precursors. A
5-ALA. B Fe’*. C Glycine. The fermentation without addition of precursors

addition of different carbon sources. A Glucose. B Glycerol. C Methanol.
The fermentation carried out in BMMY medium was used as control (ck).
Figure S4. HPLC analysis of fermentation extracts of £. coli recombinants
overexpressing different heme synthesis pathway genes. X, gltX; A, hemA;
L, hemL; B, hemB; C, hemC; D, hemD; E, hemE; F, hemF; G, hemG; H, hemH.
The heme and intermediates were marked with red and blue arrows,
respectively. Three independent HPLC profiles were provided for each
recombinant. Figure S5. HPLC analysis of fermentation extracts of E. coli
recombinants co-expressing M1 and different genes in M2. M1 contains
gltX, hemA and hemL genes; B, hemB; C, hemC; D, hemD; The heme and
intermediates were marked with red and blue arrows, respectively. Five
independent HPLC profiles were provided for each recombinant. Figure
S6. Heme and intermediates productions and growth curves of strain

in the LBFG medium supplemented with different concentrations of
streptomycin (Str), kanamycin (Kan) and ampicillin (Amp). A HPLC profiles.
B Growth curves. C heme productions. The concentrations of three
antibiotics are indicated in pg/mL. Figure S7. The maps of recombinant

genes of K. phaffii. A Plasmid pPICZH1-4 containing hem1, hem2, hem3

hem13, hem14 and hem15 genes from K. phaffii.

was carried out as control (ck). Figure S3. UV-visible spectroscopy analysis
(at 400 nm) of fermentation product of PpH8 cultured in the medium with

Ec-M123 harboring plasmids pCDF-XAL, pET-BCD and pRSF-EFGH cultured

plasmids pPICZH1-4 and pPICZH12-15 harboring heme synthesis pathway

and hem4 genes from K. phaffii. B Plasmid pPICZH12-15 containing hem12,
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