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Abstract

Heme is an iron-containing porphyrin compound widely used in the fields of healthcare, food, and medicine. Compared to
animal blood extraction, it is more advantageous to develop a microbial cell factory to produce heme. However, heme bio-
synthesis in microorganisms is tightly regulated, and its accumulation is highly cytotoxic. The current review describes the
biosynthetic pathway of free heme, its fermentation production using different engineered bacteria constructed by metabolic
engineering, and strategies for further improving heme synthesis. Heme synthetic pathway in Bacillus subtilis was modified
utilizing genome-editing technology, resulting in significantly improved heme synthesis and secretion abilities. This technique
avoided the use of multiple antibiotics and enhanced the genetic stability of strain. Hence, engineered B. subtilis could be an
attractive cell factory for heme production. Further studies should be performed to enhance the expression of heme synthetic

module and optimize the expression of heme exporter and fermentation processes, such as iron supply.

Key points

o Strengthening the heme biosynthetic pathway can significantly increase heme production.
e Heme exporter overexpression helps to promote heme secretion, thereby further promoting excessive heme synthesis.
e Engineered B. subtilis is an attractive alternative for heme production.

Keywords Heme - Biosynthetic pathway - Fermentation production - Bacillus subtilis - Secretion

Introduction

Heme is an iron-containing porphyrin compound that is
essential for the survival of virtually all living systems (Gal-
lio et al. 2021). It serves as a prosthetic group in proteins
involved in multiple biological processes, such as oxygen
transport and storage, electron transfer, and oxidative stress
detoxification (Beas et al. 2022). Heme has extensive appli-
cation value. In the field of healthcare, since heme iron is
a better bioavailable and tolerable form of iron, it can be
suitable for supplementation in pregnancy for the treat-
ment of anemia (Abbas et al. 2020). In the field of food
coloring, heme is a safe and natural pigment that is used to
replace carcinogenic chromogen nitrite and synthetic pig-
ments. Moreover, with the development of plant-based meat
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alternatives, heme-containing proteins can be used to gener-
ate meat flavors and/or aromas in a variety of food products
during the cooking process (Ahmada et al. 2022). In the field
of pharmaceuticals, heme is a raw material used for semi-
synthesis of hematoporphyrin and its derivatives, as well as
for protoporphyrin sodium, which is used for treatment of
diseases (Cannon 1993; Yarra et al. 2019).

The global heme market size is expected to reach $530
million by 2026. The traditional heme production method
extracts hemoglobin from the blood of pigs or other animals
and then prepares free heme through enzymatic hydrolysis.
However, collection, transportation, and storage of animal
blood are relatively troublesome, and obtaining hemoglobin
from blood by a solid-phase extraction method is expensive,
low-yielding, and time-consuming (Jia et al. 2017). There-
fore, developing microbial cell factories to produce heme is
more advantageous. For example, Impossible Foods Incor-
poration (Redwood City, CA) has developed a Pichia pasto-
ris expression system to realize the industrial-scale produc-
tion of soy leghemoglobin (Fraser et al. 2018). Shao et al.
have achieved a leghemoglobin titer of 3.5 g/L by enhancing
globin expression and heme biosynthesis (Shao et al. 2022).
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Zhao et al. summarized the current strategies for microbial
synthesis of hemoglobin, such as promoting heme synthesis,
discovering superior hemoglobins, balancing heme synthesis
and globins expression (Zhao et al. 2021). However, hemo-
globin is mainly used for producing artificial meat products
and needs to be hydrolyzed to obtain free heme. In recent
years, more and more researchers have focused on devel-
oping bacterial cell factories through synthetic biology to
directly produce free heme (Fig. 1). The free heme produc-
tion of engineered Escherichia coli was 1,034 mg/L (Choi
et al. 2022), the highest yield of heme produced by microbial
fermentation reported so far.

The current review provides a concise and comprehensive
summary of the progress of microbial synthesis of heme,
including the biosynthetic pathway of free heme and its fer-
mentation production with different engineered bacteria, i.e.,
E. coli, Corynebacterium glutamicum, and Bacillus subtilis.
In microorganisms, heme biosynthesis is tightly regulated,
showing highly cytotoxic effect at accumulation>1 uM
(Nishinaga et al. 2021; Sassa 2004). Heme is mainly accu-
mulated inside the cell during flask fermentation and outside
the cell during fed-batch fermentation in the fermenter (Ko
et al. 2021; Yang et al. 2023; Zhao et al. 2018). The secretion
ability of heme can be improved by increasing the expression
of heme exporter. Based on the comparative investigations
of the characteristics of these three engineered bacteria, it
is proposed that B. subtilis is expected to be an efficient
cell factory for heme production. In addition, strategies for

Fig.1 The main free heme
production methods
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further improving microbial synthesis of heme are proposed,
such as enhancing the expression of heme synthetic module,
finding the endogenous heme exporter or dynamically regu-
lating the expression of the heterologous heme exporter, and
optimizing the fermentation processes such as iron supply.

Biosynthetic pathway of free heme

The biosynthetic pathway of heme is divided into three mod-
ules in microorganisms, including 5-aminolevulinic acid
(ALA), uroporphyrinogen (urogen) III, and heme synthetic
modules (Fig. 2).

ALA synthetic module

ALA is an important precursor for heme synthesis with two
biosynthetic pathways of C4 and C5 (Fig. 2). The C4 path-
way exists in humans, animals, fungi, and purple non-sulfur
phototrophic bacteria (Stojanovski et al. 2019; Zhao et al.
2021), such as Rhodobacter capsulatus and Rhodobacter
sphaeroides. ALA synthase (AlaS) is the only enzyme in
this pathway that catalyzes the condensation of glycine and
succinyl-CoA to form ALA. The C5 pathway is present in
archaea, plants, and other bacteria (Layer 2021; Zhao et al.
2021), such as Salmonella arizona, E. coli, and B. subtilis.
It involves glutamyl-tRNA synthase (GluRS), glutamyl-
tRNA reductase (GtrR), and glutamate-1-semialdehyde
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2,1-aminomutase (GsaM), catalyzing L-glutamate to gen-
erate ALA. In S. arizona and E. coli, HemA is sensitive to
hydrolase and is regulated by heme. GtrRM is obtained by
inserting two lysine residues (KK) between the Thr2 and
Leu3 residues of native GtrR, relieving feedback inhibi-
tion (Yu et al. 2015; Zhao et al. 2018). In B. subtilis, GtrR
is negatively regulated by the negative regulatory protein
HemX, decreasing the steady-state cellular concentration
of GtrR protein by controlling its synthesis rate (Johansson
and Hederstedt 1999; Schroder et al. 1994). This regulation
is released by knocking out hemX (Yang et al. 2023). In
addition, there are a few microorganisms with both of the
C4 and C5 pathways, such as Euglena gracilis (Weinstein
and Beale 1983).

Urogen Il synthetic module

The synthesis of ALA to urogen III includes three enzymatic
reactions and is a common pathway among all microorgan-
isms. First, two ALA molecules are condensed and cyclized
to generate one porphobilinogen molecule catalyzed by por-
phobilinogen synthase (PbgS) (Hansson et al. 1991; Lu et al.
2010). Then, four porphobilinogen molecules react with one
water molecule to form one hydroxymethylbilane molecule
and release four ammonia molecules catalyzed by hydrox-
ymethylbilane synthase (HmbS) (Hansson et al. 1991).
Finally, urogen III synthase (UroS) catalyzes the dehydra-
tion of hydroxymethylbilane to generate urogen III (Hans-
son et al. 1991; Stamford et al. 1995). That is, eight ALA

Fig. 2 Biosynthetic pathway
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molecules synthesize one urogen III molecule. In E. coli and
B. subtilis, PbgS, HmbS, and UroS are encoded by hemB,
hemC, and hemD, respectively. Zhao et al. have constructed
the expression plasmid pRSF-hemB-hemC-hemD to promote
the conversion of ALA to urogen III, thereby promoting the
synthesis of heme in E. coli (Zhao et al. 2018). Yang et al.
have promoted heme synthesis by integrating hemC-hemD-
hemB into the genome of B. subtilis (Yang et al. 2023).

Heme synthetic module

Depending on the species, there are three synthetic path-
ways from urogen III to heme, including protoporphyrin-
dependent (PPD), coproporphyrin-dependent (CPD), and
siroheme-dependent (SHD) pathways (Fig. 2) (Dailey et al.
2017; Layer 2021). The PPD pathway exists in both Gram-
negative and Gram-positive bacteria, while the CPD path-
way only exists in some Gram-positive bacteria, such as C.
glutamicum and B. subtilis. The SHD pathway is considered
the most ancient route for heme synthesis as it is present in
archaea, sulfate-reducing bacteria. At present, there are no
research reports on the heme synthesis through modifying
the SHD pathway.

Urogen III decarboxylase (UroD) is a common enzyme
in the PPD and CPD pathways, catalyzing the removal of
four CO, molecules from urogen III to generate copropor-
phyrinogen (coprogen) III. In the PPD pathway, coprogen III
is oxidized to protoporphyrinogen IX by oxygen-dependent
coprogen III decarboxylase (CgdC) or oxygen-independent
coprogen III dehydrogenase (CgdH). Then, protoporphyrin-
ogen IX is oxidized to form protoporphyrin IX, catalyzed by
protoporphyrinogen oxidase (PgoX) or protoporphyrinogen
dehydrogenase (PgdH1/PgdH?2). Ultimately, protoporphyrin
ferrochelatase (PpfC) catalyzes the insertion of Fe*" into
protoporphyrin IX to produce heme. In E. coli, genes hemE,
hemF, hemG, and hemH encode UroD, CgdC, PgdH1, and
PpfC, respectively. Zhao et al. (2018) constructed the plas-
mid pET-hemE-hemF-hemG-hemH to increase the expres-
sion levels of four endogenous enzymes, i.e., UroD, CgdC,
PgdH]1, and PpfC, thereby promoting the conversion of uro-
gen III to heme in E. coli. In the CPD pathway, coprogen
III reacts with three O, molecules to form coproporphyrin
III catalyzed by coprogen III oxidase (CgoX). In B. subtilis,
CgoX can also oxidize protoporphyrinogen IX to generate
protoporphyrin IX, with lower oxidization rate than that
of oxidization of coprogen III to form coproporphyrin III
(Corrigall et al. 1998; Hansson and Hederstedt 1994). Then,
coproporphyrin ferrochelatase (CpfC) catalyzes the inser-
tion of Fe?* into coproporphyrin III to produce Fe-copro-
heme III. Finally, coproheme is decarboxylated to heme
by coproheme decarboxylase (ChdC). In C. glutamicum,
UroD, CgoX, CpfC, and ChdC are encoded by hemE, hem?Y,
hemH, and hemQ, respectively. Ko et al. have reinforced the

@ Springer

endogenous CPD pathway by overexpressing hemE, hemY,
hemH, and hemQ (pX2-hemAM-hemL-alaS-dtxR-hemE and
pMTC-hemY-hemH-hemQ-hrtBA) to promote the synthesis
of urogen III to heme in C. glutamicum (Ko et al. 2021).

In microorganisms, excessive accumulation of heme
(> 1 uM) (Sassa 2004) is highly cytotoxic due to its Lewis
acidity, redox activity, and hydrophobicity (Nishinaga et al.
2021), causing deleterious effects, such as membrane dis-
order, oxidative stress damage, lipid oxidation, and DNA
damage (Choby and Skaar 2016). To maintain the intracel-
lular homeostasis of heme, heme oxygenase catalyzes the
degradation of heme to produce bilirubin (Park et al. 2014;
Shibahara 1988).

Fermentation production of free heme
with engineered bacteria

To increase the production of heme, many researchers have
engineered a synthetic heme pathway. Table 1 shows an
overview of previous reports on heme production by engi-
neered microbial strains.

Fermentation by engineered E. coli

Among numerous microbial cell factories, E. coli is the
most popular and user-friendly workhorse primarily due
to its genetic amenability and well-developed bioprocess-
ing strategies. The native biosynthetic pathway of heme
in E. coli includes the CS5, urogen III, and PPD pathways.
Kwon et al. were the first to have used E. coli as the chassis
and constructed three expression plasmids to overexpress
AlaS from R. capsulatus, endogenous PbgS, HmbS, UroS
(pACmod-hemA-hemB-hemC-hemD), and UroD from Syn-
echocystis sp., and endogenous CgdC (pBBR-hemE-hemF),
and CpfC from B. subtilis (pUCmod-hemH). By introduc-
ing the heterogeneous C4 pathway and strengthening the
urogen III and PPD pathways, the heme yield of the final
engineered strain was 3.3 +0.3 pmol/L after 48 h of fer-
mentation (Kwon et al. 2003). Pranawidjaja et al. have con-
structed plasmid pTrc-hemA-coaA to co-express AlaS from
R. sphaeroides and endogenous pantothenate kinase CoaA in
E. coli W3110, where heme production reached 9.1 pmol/g
dry cell weight (DCW) (Pranawidjaja et al. 2015). Ge et al.
have constructed three plasmids to overexpress ferredoxin-
dependent hemeoxygenase gene hoxl, phycocyanobilin:
ferredoxinoxidoreductase gene pcyA from Synechocystis
sp., endogenous hemB, hemG, and hemH (pETDuet-hox1I-
pcyA, pET-28a-hemB, and pCDFDuet-hemG-hemH). The
constructed E. coli S5 strain produced 10.30+0.39 pmol/L
heme (Ge et al. 2018).

Zhao et al. have constructed four expression plas-
mids (pCDF-hemA-hemL, pRSF-hemB-hemC-hemD,



68

Page 5 of 11

Applied Microbiology and Biotechnology (2024) 108:68

Pa10219p 10N AN

(€20T "Te 10 Suex)

(120T "Te 32 03

(8102 T8 10 03))
(L10T "[e 3 10YD)

(S10T TR 10 NX)

(TToz e R 10yD)
(810 'Te 30 ovyz)

(810T '[8 12 9D)

(£00T '[e 19 uomyy)

%68
%88
%6

%8S8L
%10°EL
%ST16

aN

aN

aN

%S’ Sy
%HEEY

aN

aN

aN

13w L6'9F9T']YT
VBWCEOFLLLS
13w 650 F L OST

1/3W 491 FI'60€

BwW 101 F 18°6C1
T/BW gy 9F LY TTT

VBW 9y TF LS6T

MOd 310w TOF Y

1BWTY0FITY

/3w €01
1BWTLFT6ET

/10w 6¢°0F0£°01

MO /10w 16

yowr g 0F g

UONBIUAULIDY Y2Ieq-P2] T 0T

UOTILIUAULIOY Y2IBQ-Pa] T T

UOTRIUSULIDY YOIBQ-PA T T

UOTIEIUSWLIDY S]]

UOTRIUAULIDY YSB]

UONBIUSULIDJ SB[

UONBIUAWLIDY YOIBG-PI] T 9'9

UONRIUSULIDY SB[

UONBIUSULIDY SB[

UOTIEIUSULIDY S]]

siugns g woiy (D3dD) fuay <ds
iy 102 "7 woly (QPSD) {2y pue (S010) quidy ‘(SQUH)
Dway ((S3qd) guiay smvpnsdpd 12100qopoiy woly (Sely) yuay

102 "7 woly (12110dxa dwAY) HGyuId

swndodpl wniqo21y.ppag woly (Se[y) §pIv S1uqns g wolj
(S8qd) guioy pue (S0I) quiay (SQUH) Dy (YND) yuidy

wmonuping8 <5 woiy (11odsuen

dwy) Yy pue ‘(OpyDd) Oway “(Q3dD) Huay (X08D)

Away {(qoin) Fuay ‘(10ssardar urxo) eroyiydip lojensar

[euonduosuen) yxip snippnsdpd "y Woly §oIv 1702 “F WOy
(INesD) w2y ‘wntmuiydqy pjjauowpg woiy (WIDD) [ VY

wmonupngs - woly (1ossadar

urxo) eyydip Joje[n3al feuondLIosuen) yxip {1703 77 Wolj
(NESD) T2y ‘wmtmunydsy vjjpuouyvg woy (L, 4ND) | Viay

saprodavyds -y woij (Sey) yuay
wnonupngs <) woly (SYN[D) x4 1702

"q WOl (JNBSD) Twidy DU ]jauowng woly (;, gND) VY

1702 *57 wo1j (19)10dXa dwWAY) DG yud pue ‘(Dydg) Huay
‘(THPSd) Hway (QPSD) Awdy (A0IN) Hway “(SOIN) quiYy
(SQuH) Doy (S8qd) uiay ‘(INesD) Tuay ([, dND) vy

1105 "7 woxy (33dd) Hway pue ‘(THPSA) Dway ‘(S3qd) guiay

<+ds sys£00y2aufg WoIj (9sL)dNPIIOPIXOUL

-xopa11a) :urfiqouefo0oLyd) y4od pue (aseuslLixooway) 7xoy

1102 *7 w01y (Iseury

areuayioued) yroo (saproavyds 121opqopoyy woly (Sery) Yy

5£001122uf§ WoIJ (qOIN)

gouwyy ‘youyy ‘4souy ‘Dgyud
Sy lndy quioy-quiay-Duoy-STlg: g 1408y
‘SID-E1 420004y yuoy- g kY xwayy

LNy Youyy SLyy YLy-Ouiay-fuay
~Kway-D LN ‘Fuiay-yxap-go-uidy-, yuay-gxd

XUty yuy-gXIAd
vuay-09¢1sd

X8 Tudy- Vuay-g66X0ad

XHAV ‘2dy YypIv Dgyuod
.U%U/ﬂ.& ,N.\:%E.b§m~\..n~§miumgmxn,Hm—m
‘quiy-guidy-guiay-1§¥d “quay- yuay-3add

Hwioy-0uidy
A1enadd ‘guay-egg-14d ‘yAod-xoy-sonqrad

ypoo-yuiay-o11d

ms.ﬁml—uOEUDQ .kSw&
-quipy-gg4qd ‘quay-Huay-guiay-yuay-pow)yd

siuqns g

wnonupIngs ")

Hoo>q

SAIUAIJNY

onjer uon
-2109s QWY

1911} QWIdy [RI0],

UONIPUOd AIMND

2IN0S Audn)

UONEIYTIPOU dTAUID)

WSTURSIOOIDIA!

surens [erqoloru pardoursus Jursn uononpoid swdy uo syr0dar snoradxd Jo MIIAIAQ | 3]qeL

pringer

As



68 Page6of11

Applied Microbiology and Biotechnology (2024) 108:68

pET-hemE-hemF-hemG-hemH, and pACYC-ccmABC) to
strengthen the endogenous C5, urogen III, and PPD path-
ways and overexpress heme exporter CcmABC. Further-
more, phosphate acetyl transferase gene pta, lactate dehy-
drogenase gene IdhA, and putative heme-degrading enzyme
gene yfeX were also knocked out. The cells were harvested
by centrifugation with the supernatant colected to detect
the production of extracellular free heme. The cell pellet
was resuspended into 1 M NaOH, and the cell suspension
was ultrasonicated for 10 min in an ice bath and centrifuged
again; the supernatant of the cell lysate was collected to
examine the production of intracellular free heme. The
amount of heme was quantified using high performance lig-
uid chromatography (HPLC) equipped with a reverse-phase
C18 column and a UV-detector set at 400 nm. The mobile
phase was 30% methanol with 0.1% trifluoroacetic acid and
a gradient elution was performed at 0.4 mL/min (Zhao et al.
2018). The engineered E. coli produced 239.2 +7.2 mg/L
of total heme with 151.4 +5.6 mg/L of extracellular heme
during fed-batch fermentation in a 6.6-L fermenter (Zhao
et al. 2018). Furthermore, its heme production reached up
to 1,034 mg/L by increasing cell density, regular iron sup-
plementation, and supply of excess feeding solution (Choi
et al. 2022). However, the release of endotoxin from the cell
walls of E. coli precipitates an acute inflammatory response
that often leads to shock and death (Epstein et al. 1999; Kil-
bourn et al. 1993). Thus, heme produced by the engineered
E. coli needs to be purified to remove endotoxin prior to its
use in the healthcare, food, and pharmaceutical industries.

Fermentation by engineered C. glutamicum

Corynebacterium glutamicum is a Gram-positive actinobac-
terium with the advantages of stable fermentation perfor-
mance and no endotoxins. It is generally recognized as a safe
(GRAS) microorganism, which has become a model organ-
ism in industrial biotechnology due to its use in large-scale
amino acid production (Lei et al. 2021; Ogata and Hirasawa
2021). The native biosynthetic heme pathways in C. glutami-
cum include the C5, urogen III, PPD and CPD pathways.
Yu et al. were the first to have used C. glutamicum as the
chassis, with the heme yield of the constructed recombi-
nant strain of 4.22 +0.62 mg/L via co-expression of hemAM
(GtrRM) from S. arizona, hemL (GsaM) from E. coli, and
endogenous gltX (GluRS) (Yu et al. 2015). Choi et al. have
expressed hemA (AlaS) from R. sphaeroides alone (pSL360-
hemA) in C. glutamicum, with the heme yield of 1.2+0.2
pmoL/g DCW (Choi et al. 2017). Ko et al. have constructed
C. glutamicum CGPBO7 strain by co-overexpressing hemAM
(GtrRM) from S. typhimurium, hemL (GsaM) from E. coli,
and endogenous dtxR encoding the transcriptional regulator
diphtheria toxin repressor. As a result, heme concentration
reached 29.57 +2.46 mg/L (Ko et al. 2018).

@ Springer

Subsequently, Ko et al. have used a two-plasmid expres-
sion system to overexpress the C5 pathway (hemAM derived
from Salmonella typhimurium, and hemL derived from E.
coli), the heterologous C4 pathway (alaS derived from R.
capsulatus), the diphtheria toxin repressor protein DtxR, the
endogenous CPD pathway (hemE, hemY, hemH, and hemQ)
and the heme transporter HrtBA, and knocked out heme-
binding protein genes (hrrS, htaA, and hmuT). The C. glu-
tamicum recombinant strain (pX2-hemAM-hemL-alaS-dtxR-
hemE, pMTC-hemY-hemH-hemQ-hrtBA, AhrrS, AhtaA, and
AhmuT) resulted in 309.18 +16.43 mg/L of total heme with
242.95 +11.45 mg/L of extracellular heme in 2-L fed-batch
fermentation using modified CGXII medium supplemented
with ethambutol for changing the lipid component (Ko et al.
2021). Ethambutol is a first-line drug for treating tubercu-
losis (Blumberg et al. 2003) that has been reported to cause
Leber's hereditary optic neuropathy in patients carrying
mitochondrial DNA mutations (Kim et al. 2010). Hence,
the purification process of heme produced by engineered C.
glutamicum should be performed prior to its application in
the food industry (Ko et al. 2021).

Fermentation by engineered B. subtilis

Bacillus subtilis is an attractive alternative due to its status
as a GRAS strain commonly used for efficiently synthesizing
various high-value added compounds, such as pyrimidine
nucleosides (Fan et al. 2018; Zhu et al. 2015) and vitamins
(Liao et al. 2021; Yang et al. 2019). It is widely used in food,
feed, medicine, agriculture, and industry (Su et al. 2020;
Xiang et al. 2020). In B. subtilis, the native biosynthetic
pathway of heme also includes the C5, urogen III, PPD, and
CPD pathways, where the CPD pathway is the main pathway
for synthesizing heme (Dailey et al. 2017).

Yang et al. were the first to have used B. subtilis as the
chassis and engineered its heme synthetic pathway through
genome modification (Fig. 3). Strengthening the endogenous
C5 pathway by sequentially knocking out the negative regu-
latory protein gene hemX, overexpressing the endogenous
glutamyl-tRNA reductase gene hemA, and knocking out the
glutamate dehydrogenase gene rocG, increased the heme
production by 427%. However, introducing the heterologous
C4 pathway by expressing four different heterologous AlaSs
had no significant effect on the heme synthesis. It is possible
that ALA synthesized by increasing the metabolic flux of the
endogenous C5 pathway was sufficient for heme synthesis,
and the metabolic flux of urogen III pathway was low, which
limited the positive effect of the C4 pathway on heme syn-
thesis. Strengthening the urogen III pathway was reinforced
by overexpressing endogenous hemC (encoding HmbS)-
hemD (encoding UroS)-hemB (encoding PbgS), while the
heme yield was increased by 39%. In addition, methyltrans-
ferase gene nasF was knocked out to block the competitive
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consumption of urogen III, while monooxygenase hemes
hmoA and hmoB were knocked out to block the intracellular
degradation of heme, where heme production was increased
by 11%, 26%, and 11%, respectively. The final recombinant
strain BSH11 secreted 221.83 +4.71 mg/L of heme, which
was 89% of total heme (248.26 +6.97 mg/L) produced dur-
ing fed-batch fermentation in a 10-L fermenter (Yang et al.
2023). Notably, although the CPD pathway in strain BSH11
was not further modified, its extracellular heme production
was comparable to that of C. glutamicum, which secreted
the highest level of free heme (242.95 +11.45 mg/L) (Ko
et al. 2021). In addition, B. subtilis strains constructed via
genome editing (Liu et al. 2008) instead of using multi-plas-
mid expression systems (Ko et al. 2021; Zhao et al. 2018)
avoided the addition of multiple antibiotics, simplifying the
heme purification process and improving the genetic stabil-
ity of engineered strains (Bu et al. 2021), demonstrating the
advantages of B. subtilis in efficient heme production on a
commercial scale. Although its yield was not high enough,
using B. subtilis to produce heme from a food safety per-
spective is still worthwhile to explore.

Strategies for further improving microbial
synthesis of free heme

Heme synthetic module is crucial for the heme synthesis,
usually by strengthening overexpression of the PPD or CPD
pathway to promote its biosynthesis. However, the efficient
synthesis of heme might lead to excessive accumulation of
heme in the cell, which would produce cytotoxicity, thus
inhibiting the strain growth, which is counterproductive for
heme synthesis. Therefore, heme secretion is a major draw-
back limiting its production by microbial fermentation. In
addition, amplifying and optimizing the fermentation pro-
cess can also improve microbial synthesis of heme.

Enhancement of heme synthetic module

In E. coli, the heme synthetic module only includes the
PPD pathway, consisting of reactions catalyzed by UroD
(hemE), CgdC (hemF), PgdH1 (hemG), and PpfC (hemH).
Zhao et al. have investigated the impact of individual
expression and co-expression of these four genes with
different combination sequences on heme synthesis, and
demonstrated that the expression of pET-hemE-hemF-
hemG-hemH promoted heme synthesis (Zhao et al. 2018).
In C. glutamicum, the heme synthetic module includes the
PPD and CPD pathways, the latter consisting of reactions
catalyzed by UroD (hemE), CgoX (hemY), CpfC (hemH),
and ChdC (hemQ). Ko et al. overexpressed hemY, hemH,
hemQ, hemH-hemQ, and hemY-hemH-hemQ, respectively,
and found that both heme production and specific growth

rate were decreased (Ko et al. 2021). However, engineered
C. glutamicum they constructed still overexpressed four
enzymes of the CPD pathway to promote heme synthesis.
In B. subtilis, the CPD pathway consisting of reactions
catalyzed by UroD, CgoX, CpfC, and ChdC is the main
pathway for heme synthesis, which has not been modified
in the engineered B. subtilis (Yang et al. 2023). They have
only made engineering modifications to the ALA synthetic
module and urogen III synthetic module. Therefore, if the
metabolic flux of CPD pathway is further increased, it
may significantly improve the heme synthesis ability of
B. subtilis.

Overexpression of heme exporter

In E. coli, CcmABCDEFGH is responsible for the synthesis
of cytochrome c, in which CcmABC has the function of
heme transfer (Kranz et al. 2009; Sutherland et al. 2021).
Zhao et al. have constructed plasmid pACYC-ccmABC to
induce the expression of CcmABC and transferred it into
recombinant E. coli HAEM6 to obtain strain HAEM7.
Intracellular and extracellular heme titers of HAEM7 were
6.8+0.2 mg/L and 1.4+0.1 mg/L after 48 h of flask fermen-
tation, respectively, which were slightly higher than those
of HAEM6 (6.6 +0.2 mg/L and 1.3 +0.2 mg/L). However,
its total heme titer reached 239.2 +7.2 mg/L, comprising
87.7+ 1.7 mg/L of intracellular heme and 151.4+5.6 mg/L
(63.3%) of extracellular heme during the fed-batch fermenta-
tion (Zhao et al. 2018).

In C. glutamicum, the HrtBA protein is responsible for
transporting heme from the inside to the outside. Ko et al.
have constructed plasmid pMTC-hemY-hemH-hemQ-hrtBA
to induce the expression of native HrtBA and transferred it
into the recombinant C. glutamicum ALSdt-YHQ to obtain
strain ALSdt-YHQBA. It produced 2.96 +0.22 mg/L of
extracellular heme and 32.00+0.37 mg/L of total heme,
2.78- and 1.12-fold increases compared to those of ALSdt-
YHQ. The final recombinant strain ASAT:ALSdtE-YHQBA
produced 111.87 +6.48 mg/L of total heme in ethambutol-
treated fed-batch fermentation, including 102.08 +6.28
mg/L (91.25%) of extracellular heme (Ko et al. 2021).

In B. subtilis, the gene encoding heme exporter remains
unknown. We integrated the ccmABC genes from E. coli
under the control of constitutive promoter P, ¢ into the
genome of B. subtilis BSH7, resulting in a 27% decrease
in heme production. However, total heme titer of strain
BSHI11, which we constructed on the basis of BSHS,
reached 248.26 +6.97 mg/L during fed-batch fermentation
with 221.83 +4.71 mg/L (89%) of extracellular heme (Yang
et al. 2023). Perhaps finding an endogenous heme exporter
or dynamically regulating the expression of a heterologous
heme exporter will be more effective in promoting the syn-
thesis and secretion of heme in B. subtilis.

@ Springer
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Fig.3 Schematic diagram of
heme biosynthetic pathway and
overall engineering strategy in
B. subtilis (Yang et al. 2023).
rocG, encoding glutamate dehy-
drogenase; gltAB, encoding glu-
tamate synthase; gltX, encoding
glutamyl-tRNA synthase; hemA,
encoding glutamyl-tRNA reduc-
tase; hemL, encoding glutamate-
1-semialdehyde-2,1-amino-
mutase; gcvTP, encoding
aminomethyltransferase (glycine
cleavage system protein T) and
glycine decarboxylase; alasS,
5-aminolevulinic acid synthase;
hemB, encoding porphobilino-
gen synthase; hemC, encoding
hydroxymethylbilane synthase;
hemD, encoding urogen III syn-
thase; hemE, encoding urogen
IIT decarboxylase; hemY, encod-
ing coprogen/protoporphyrino-
gen oxidase; hemH, encoding
coproporphyrin/protoporphyrin
ferrochelatase; hemQ, encod-
ing coproheme decarboxylase;
hemN and hemZ, encoding
oxygen-independent coprogen
III dehydrogenase; nasF, encod-
ing uroporphyrinogen methyl-
transferase; hmoA and hmoB,
encoding heme monooxyge-
nase; ccmABC, encoding heme
exporter from E. coli

Optimization of fermentation processes

In the final step of the PPD pathway, PpfC catalyzes the
binding of protoporphyrin IX with iron ions to form heme
(Dailey et al. 2017). In the third step of the CPD pathway,
CpfC catalyzes the binding of coproporphyrin III with iron
ions to generate Fe-coproheme III (Dailey et al. 2017).
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Therefore, it indicates that iron is an important component
of heme. Pranawidjaja et al. (2015) performed the batch
culture of E. coli W3110 harboring pTrc-hemA-coaA with
or without the addition of ferrous ion, and found that the
addition of ferrous ion enabled the strain to produce 5.8%
more heme than that of control. In addition, iron is also
the cofactor of many enzymes involved in the respiration,
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tricarboxylic acid (TCA) cycle, and DNA biosynthesis
(Andrews et al. 2003). However, excessive ferrous ions
not only causes metabolic disorders, but also catalyzes the
decomposition of hydrogen peroxide to generate the highly
reactive hydroxyl radical, resulting in oxidative damage
and ultimate cell death (Grass 2006). Choi et al. (2022)
conducted fed-batch fermentation using strain E. coli
HAEM?7 with FeSO,+7H,0 of 0.5 g/L, 1 g/L, 2 g/L, 4 g/L,
and 8 g/L in the feed solution, respectively, to achieve the
total heme production of 201.8 mg/L, 362.6 mg/L, 330.9
mg/L, 353.9 mg/L, and 317.4 mg/L, respectively. There-
fore, optimizing the supplementation concentration of fer-
rous ions is crucial for improving heme synthesis. Further-
more, in both E. coli and B. subtilis, the iron acquisition
and storage is controlled by the ferric uptake regulator
(Fur) for maintaining iron homeostasis (Baez et al. 2022;
Steingard et al. 2023). Alternatively, the improved expres-
sion of Fur could further enhance the heme synthesis.

In addition, the production and secretion ratio of heme
change when the composition of fermentation medium is
optimized. For example, heme titer of engineered E. coli
HAEMY7 up to 1,034 mg/L, with a secretion ratio of 45.5%,
by replacing carbon source glucose with glycerol, optimi-
zation of iron concentration in culture medium and feed
solution, and optimization of the pH control, etc. (Choi
et al. 2022). The engineered C. glutamicum ASAT:ALSdAtE-
YHQBA was used to conduct fed-batch fermentation in
the modified CGXII (mCGXII) medium, heme titer was
177.79 £ 14.20 mg/L, including 129.81 +10.18 mg/L of
secreted heme (73.01%) (Ko et al. 2021). However, its
heme titer was 111.87 +6.48 mg/L and secretion ratio was
91.25% in mCGXII medium supplemented with 10 mg/L
ethambutol, with a maximum titer of 309.18 + 16.43 mg/L,
including 242.95 +11.45 mg/L of secreted heme (78.58%) in
mCGXII-Tr (mCGXII+ 10 g/L tryptone) medium (Ko et al.
2021). When the engineered B. subtilis strain BSH11 was
used to conduct fed-batch fermentation in a 2-L fermenter,
the heme yield was 150.78 +0.59 mg/L and the secretion
ratio was 92% (Yang et al. 2023). However, when sucrose
was replaced with glucose of the same concentration, the
heme yield was 87.77 +0.32 mg/L, with the secretion ratio
of 88% (Yang et al. 2023). When the fed-batch fermentation
was carried out in a 10-L fermenter, glucose served as the
carbon source in the early and middle stages of fermenta-
tion, and was replaced with sucrose in the later stage. The
maximum heme yield reached 248.26 +6.97 mg/L, and its
secretion ratio was 89% (Yang et al. 2023). Since only the
fermentation carbon source was optimized so far, optimizing
fermentation parameters, such as iron supply and composi-
tion of feeding medium, will further improve heme synthesis
in B. subtilis.

Conclusions and perspectives

Heme has important physiological functions and many appli-
cation values. The production of free heme by microbial fer-
mentation is more advantageous and attractive than animal
blood extraction. Currently, engineered E. coli constructed
using four expression plasmids result in the highest produc-
tion of free heme, accompanied by endotoxin secretion.
Heme production by engineered C. glutamicum constructed
using two expression plasmids is the second best method,
where ethambutol needs to be added during fermentation.
Hence, the produced heme is not suitable for use in the food
industry. Instead of using multi-plasmid expression systems,
engineered B. subtilis constructed via genome editing avoids
the addition of antibiotics and inducers during fermentation
and enhances the genetic stability of the strain. The pro-
duced heme can thus be used in the food industry, although
its yield is relatively low.

Generally, excessive heme synthesis is achieved by
strengthening its biosynthetic pathway, and heme synthetic
module of engineered B. subtilis has not been further modi-
fied. In the microbial synthesis of heme, improving the
secretion of heme and optimizing fermentation processes
for scale-up fermentation are the key to further increasing
heme production. Inducing the expression of endogenous
heme exporter in E. coli and C. glutamicum can promote
heme secretion and synthesis. Although the constitutive
expression of E. coli's heme exporter in B. subtilis can also
promote heme secretion, finding endogenous heme exporter
or dynamically regulating the expression of heterologous
heme exporter will further improve heme secretion and
synthesis. In addition, optimizing the carbon nitrogen ratio
of fed medium, DO, and other fermentation parameters to
achieve high-density fermentation will greatly improve heme
synthesis. In summary, engineered B. subtilis is expected to
become an attractive cell factory for the production of free
heme on a commercial scale.
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