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ABSTRACT: Cytochromes P450, forming a superfamily of monooxygenases containing heme as a cofactor, show great versatility in
substrate specificity. Metabolic engineering can take advantage of this feature to unlock novel metabolic pathways. However, the
cytochromes P450 often show difficulty being expressed in a heterologous chassis. As a case study in the prokaryotic host Escherichia
coli, the heterologous synthesis of β-cryptoxanthin was addressed. This carotenoid intermediate is difficult to produce, as its synthesis
requires a monoterminal hydroxylation of β-carotene whereas most of the classic carotene hydroxylases are dihydroxylases. This
study was focused on the optimization of the in vivo activity of CYP97H1, an original P450 β-carotene monohydroxylase.
Engineering the N-terminal part of CYP97H1, identifying the matching redox partners, defining the optimal cellular background and
adjusting the culture and induction conditions improved the production by 400 times compared to that of the initial strain,
representing 2.7 mg/L β-cryptoxanthin and 20% of the total carotenoids produced.
KEYWORDS: cytochromes P450, carotenoids, β-cryptoxanthin, metabolic engineering workflow, P450s redox toolbox

1. INTRODUCTION
Within the vast terpenes’ family, the conjugated double bonds
of carotenoids are responsible for their biological properties. In
plant photosynthetic organs, carotenoids harvest and transfer
energy from light to the chlorophylls through singlet excitation
transfer. At saturating light intensities, carotenoids protect the
photosynthetic antenna complex by absorbing excess energy
through inverse transfer and releasing it by polyene vibration.1

In nonphotosynthetic organs, carotenoids act as photo-
protectors, color attractants, antioxidants, and precursors of
plant hormones.2 Even if they are not generally produced de
novo in animals, carotenoids have essential roles such as in the
composition of the rhodopsin in the retina, as antioxidants and
photo protectants, or in intra- and interspecies communication
(e.g., social signaling, species identification, camouflage,
aposematic coloration).2 Nonphotosynthetic microorganisms
such as red yeasts or fungi also produce carotenoids involved in
different nonessential functions, such as light and oxidative
stress tolerances, intraspecies communication, or other
ecological functions.3 For example, the carotenoid content in
Neurospora isolates is correlated with the latitude of their
biotopes: the strains isolated from lower latitudes that receive
higher UV irradiation accumulate more carotenoids.4 More
than 1100 naturally occurring carotenoids have been reported.5

They have specific antioxidative and coloring properties,
feeding useful libraries for dedicated industrial applications.
For example, β-cryptoxanthin, a monohydroxylated β-carotene,
is one of only six carotenoids present in human blood serum
and one of the major xanthophylls that accumulate in

erythrocytes.6 Along with α-, β-, and γ- carotenes, β-
cryptoxanthin is a precursor of retinoid (pro-vitamin A). In
addition to its antioxidant activities, β-cryptoxanthin is
associated with decreased risks of degenerative diseases and
some cancers. Foods rich in β-cryptoxanthin may delay
osteoporosis due to an anabolic effect on bone.7

Carotenoids can be produced in three ways: chemical
synthesis, extraction from plants (biosourcing), or biotechno-
logical processes. Industrial production of carotenoids has been
predominantly achieved via chemical synthesis or extraction
from plants. However, chemical synthesis results in racemic
mixtures of low carotenoid bioactivity, in addition to the
growing will to combine only natural compounds in food.8

Harvesting carotenoids from plant requires large agricultural
lands and is subject to geographical variations and seasonality.
Moreover, the harvesting and extraction process can damage
the metabolites, making the process expensive.9 Microbial
pathways can produce carotenoids fast, regardless of the
seasons, at low environmental cost and with optional
functionalizations, such as esterifications.10,11 This modularity
in the biotechnological approach is valuable for adding new
branches to existing bioprocesses, capitalizing on existing
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designs. As an example, esterifications modify the stability and
the assimilation of the carotenes: natural carotenoids mainly
exist as the esterified form in plants, which increases their
stability, but humans can only digest the free carotenoid form.
When required, biological processes allow for the addition of
an esterase to produce the esterified form of the carotenoids.12

Synthetic biology approaches have been used with success for
the production of carotenoids, such as β-carotene (39.5 g/L in
Yarrowia lypolitica). This recent breakthrough highlights the
importance of protein engineering coupled with metabolic
engineering in achieving industrial production.13,14

In addition to the end-pathway carotenoids, the molecular
biodiversity libraries can be expanded with pathway
intermediates, but isolating these intermediates is challenging.
Chemical approaches cannot be made easily regioselective for
synthesizing a dedicated intermediate metabolite. In natural
sourcing, the desired intermediates accumulate at a lower level
than the final carotenoids. They are also part of complex,
branched metabolic pathways producing other similar
intermediates, all of which complicate the product’s recovery
and purity. In the case of β-cryptoxantin, only one of the two
identical terminal β-cycles of the precursor β-carotene is
hydroxylated. Regioselective chemical syntheses for a molecule
that has two identical modifiable sites are difficult to design,
especially the balance of the protecting-group strategies.
Although β-carotene is abundantly present in many fruits
and vegetables, β-cryptoxanthin can only be found in a few
species of plants, such as Citrus unshiu, Citrus reticulate,
Cucurbita maxima, Diospyros oleifera Cheng, Capsicum annuum,
and Carica papaya. As extraction from these species generates
low yields due to the naturally low concentrations present,15

this greatly limits the biosourcing approach. Production by

biotechnology is equally challenging, as most β-carotene
hydroxylases used in biotechnological processes are biterminal
and produce the double hydroxylated β-carotene zeaxanthin.
As such, β-cryptoxanthin is regularly cosynthesized as a minor
product due to its position in the biosynthetic pathway as an
intermediate product, and there have been no studies to
increase production of unique oxygenated β-carotene prod-
ucts.16 The β-carotene hydroxylases belong to either the
nonheme hydroxylases or to the cytochromes P450 families,
mainly from the CYP97 family17 (Figure 1).
The nonheme hydroxylases are described as dihydroxylases

on β-carotene and produce mainly zeaxanthin.18 The
cytochrome P450 carotene hydroxylases are mainly involved
in the sequential double hydroxylation of α-carotene (a β-
carotene isomer) comprising a ε-cycle and a β-cycle that leads
to the synthesis of lutein. In Arabidopsis thaliana, a sequence
has been proposed for the hydroxylation of α-carotene:
CYP97A3 is first involved to hydroxylate the β-ring of α-
carotene to produce zeinoxanthin, followed by the ε-ring
hydroxylation of zeinoxanthin by CYP97C1 to produce
lutein.19 In addition to their activity on α-carotene, several
cytochromes from the CYP97 family are known to have a
minor β-carotene dihydroxylase activity, such as CYP97A3
from A. thaliana or CYP97A4 for Oriza sativa.19,20 Among the
cytochrome CYP97 family, one interesting case is CYP97H1
from the freshwater mixotrophic protist Euglena gracilis as it
has been shown to act as a β-carotene monohydroxylase to
produce β-cryptoxanthin.21
To accumulate β-cryptoxanthin, the substrate proximity

between α-carotene and β-carotene and the sequentiality of the
hydroxylations made cytochromes P450 good candidates for
the heterologous monohydroxylation of β-carotene. Hetero-

Figure 1. Sequential hydroxylations in the γ- and β-carotene pathways with characterized mono and dihydroxylases, belonging either to nonheme
hydroxylases (CrtZ and BCH1) or to the CYP97 family (CYP97A3, CYP97A4, CYP97H1).
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logously expressing P450s is not simple, and the current
challenge is to build an efficient workflow for functional plant
cytochromes P450 expression in microorganisms.22 In this
work, a generic sequential approach was used for cytochrome
P450 expression in E. coli, from choosing the cytochrome P450
of interest toward its optimal cellular localization and its redox
environment and to determining optimal host cellular
conditions. With an improvement by 400 times compared to
that of the starting strain, this initial feasibility study produced
2.7 mg/L β-cryptoxanthin, which is the first quantified
metabolic engineering approach targeting this metabolite. In
this strain, β-cryptoxanthin represents 20% of the total
carotenoids and 50% remains the precursor β-carotene,
indicating that the monohydroxylase activity could still be
improved.

2. MATERIALS AND METHODS
Strain and Plasmid Construction. Strains are based for the

upper part of the carotene pathway on our designed astaxanthin
strain23 as a basis. The mevalonate pathway genes were cloned into
p15A-spec-hmgS-atoB-hmgR (L2-8) (atoB, hmgS and truncated hmgR)
and into p15A-cam-mevK-pmk-pmd-idi (L2-5) (mevk, pmk, pmd, and
idi). The lycopene pathway genes were cloned into p15A-kan-crtEBI-
isp (crtEBI and ispA). This last module controls lycopene cyclization
into β-carotene (crtY) and its hydroxylation (various hydroxylases
with their redox partners; Table 1 and Table S1). The enzymatic
fusions were designed by removing the stop codon of the enzyme
located in N-terminal of the fusion, adding the coding sequence for a
flexible linker composed of four repetitions of the pattern GGGGS,

followed by the methionine of the second enzyme of the fusion. When
required, to favor the expression of genes initially in operon, their
open reading frames were switched under an independent transcrip-
tional unit, using T7 promoter variants from.23 Codon usage for the
heterologous genes was optimized for E. coli. Under T7 variants,
expression of genes was induced by isopropyl β-D-1-thiogalactopyr-
anoside (IPTG). These platform strains have led to the production of
various carotenoids and derived products with yields above 500 mg/L,
exceeding 25g/L for some terpenoids.9,23

P450 Phylogeny and Modeling. Focusing on the CYP97 family,
known to be primarily responsible for hydroxylation of β-carotene,
102 CYP97 sequences were isolated from the Uniprot database by
combining the search terms “carotene & P450”, a BLAST search using
CYP97H1 sequence,21 the published sequences from the CYP97
family,20 and by a dedicated blast to identify CYP97 isoforms in the
proteomes of natural producer organisms.15 The sequences were
filtered in from 400−900 residues length, representative of a P450
classic length, and were aligned for functional phylogenetic analysis.
Alignment was conducted with ClustalW, and a phylogenetic tree was
generated with iTOL.24,25 The primary amino acid sequence of
CYP97H1 from E. gracilis was modeled using Swiss-MODEL,
YASARA, and AlphaFold2,26 with PyMOL as the model viewer.
Tube Culture of the E. coli Strains. The strains were cultivated

in 2 mL of 2XPY (20 g/L peptone, 10 g/L yeast extract, and 10 g/L
NaCl) supplemented with 10 g/L glycerol, 75 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and Tween
80 0.5%, as previously described.23 The initial culture condition was
37 °C/250 rpm until OD600 nm reached ∼0.6−0.8; then, the induction
was triggered by adding 0.05, 0.1, 0.2, or 0.4 mM IPTG, and a
production phase was conducted at 25 °C for 48 h. In the case of auto
induction, 0.1, 1, 10, or 20 mM lactose were added at the start of the

Table 1. Strains and Plasmids Used in This Study

strain strain background specific plasmids source

AB09 BL21 (DE3) p15A-spec-aroC-hmgS-atoB-hmgR + p15A-cam-aroB-mevK-pmk-pmd-idi + p15A-kan-aroA-IspA-CrtE-CrtB-
CrtI + p15A-amp-CrtY-CrtZ2 from P. ananatis (strain LMG 20103)

Zhang et
al., 20185

ETL66 MG1655 ΔaroABC p15A-spec-aroC-hmgS-atoB-hmgR + p15A-cam-aroB-mevK-pmk-pmd-idi + p15A-kan-aroA-IspA-CrtE-CrtB-
CrtI

Zhang et
al., 20185

ETL84 BL21 (DE3) p15A-spec-aroC-hmgS-atoB-hmgR + p15A-cam-aroB-mevK-pmk-pmd-idi + p15A-kan-aroA-IspA-CrtE-CrtB-
CrtI + pTL45: p15A-amp-CrtY - T7 ferredoxin/ferredoxin reductase S. oleracea- T7 bov-CYP97H1

this work

ETL85 ETL66 pTL45: p15A-amp-CrtY - T7 ferredoxin/ferredoxin reductase S. oleracea- T7 bov-CYP97H1 this work
GroESL BL21 (DE3) BL21(DE3) co expressing the chaperones GroESL under T7 promoter integrated at the adh locus Shukal et

al.,
202240

ETL90 BL21 adh::T7-GroESL p15A-spec-aroC-hmgS-atoB-hmgR + p15A-cam-aroB-mevK-pmk-pmd-idi + p15A-kan-aroA-IspA-CrtE-CrtB-
CrtI

this work

ETL99 ETL90 pTL45: p15A-amp-CrtY - T7 ferredoxin/ferredoxin reductase S. oleracea- T7 bov-CYP97H1 this work
ETL100 ETL90 pTL43: p15A-amp-CrtY(GS)CYP97H1 - T7 ferredoxin/ferredoxin reductase S. oleracea this work
ETL105 ETL90 pTL57: p15A-amp-CrtY - T7 CitCYP97 C. unshiu-rbs-CPR C. tropicalis this work
ETL106 ETL90 pTL58: p15A-amp-CrtY - T7 CYP97 K15747 C. maxima-rbs-CPR C. tropicalis this work
ETL119 ETL90 pTL63: p15A-amp-CrtY - T7 bov-CYP97H1 - T7 CPR C. tropicalis this work
ETL125 ETL90 pTL104: p15A-amp-CrtY - T7 bov-CYP97H1(GS)CPR C. tropicalis this work
ETL126 ETL90 pTL103: p15A-amp-CrtY- T7 bov-CYP97H1 - T7 FldA/ferredoxin reductase E. coli this work
ETL131 ETL90 pTL105: p15A-amp-CrtY - T7 ferredoxin/ferredoxin reductase S. oleracea - T7 fl-BCH1 this work
ETL135 ETL90 pTL62: p15A-amp-CrtY - T7 bov-CYP97H1(GS)ferredoxin -rbs-ferredoxin reductase S. oleracea this work
ETL136 ETL90 pTL41: p15A-amp-CrtY - T7 bov-CYP97H1 - no redox partner this work
ETL137 ETL90 pTL49: p15A-amp-CrtY - T7 bov-CYP97H1 - T7 ferredoxin/ferredoxin reductase E. coli this work
ETL140 ETL90 pTL72: p15A-amp-CrtY - T7 ferredoxin/ferredoxin reductase S. oleracea - T7 tCYP97H1 this work
ETL144 ETL90 pTL76: p15A-amp-CrtY - T7 CYP97 K15747 C. maxima - T7 ctCPR this work
ETL150 ETL90 p15A-amp-CrtY Zhang et

al., 20185

ETL152 ETL90 pTL87: p15A-amp-CrtY - T7 tCitCYP97 C. unshiu-rbs-CPR C. tropicalis This work
ETL153 ETL90 pTL89: p15A-amp-CrtY- T7 ferredoxin/ferredoxin reductase S. oleracea - T7 8RP-CYP97H1 this work
ETL157 ETL90 pTL90: p15A-amp-CrtY - T7 tCYP97 K15747 C. maxima - T7 ctCPR this work
ETL166 ETL90 pTL101: p15A-amp-CrtY - T7 CYP97A4 O. sativa - T7 ctCPR this work
ETL167 ETL90 pTL102: p15A-amp-CrtY -T7 ferredoxin/ferredoxin reductase S. oleracea - T7 tCYP97A4 O. sativa this work
ETL168 ETL90 pTL100: p15A-amp-CrtY -T7-petF/ferredoxin reductase S. oleracea -T7 tCYP97H1 this work
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culture, and the production phase was conducted at 25 °C for 48 h.
To maintain the four plasmids, the antibiotics were supplemented in
the culture (34 μg/mL chloramphenicol, 50 μg/mL kanamycin, 50
μg/mL spectinomycin, and 100 μg/mL ampicillin).
Carbon Monoxide Difference Spectrum. The method for

measurement of P450 difference spectra was adapted from Johnston
and Gillam, 2013.27 After 48 h of induction, 1 mL of cells was
harvested and resuspended in 500 μL of 100 mM HEPES pH 7.4, 6
mM Mg acetate, and 10 mM glucose. Two hundred microliters of cell
suspension was transferred in duplicate to a microtiter plate. As in the
case of an E. coli expression, the cytochrome P450 is already in a
reduced intracellular environment; a reduction step by adding sodium
dithionite was not required. CO gas was generated after chemical
reaction between sulfuric acid and formic acid and neutralized by
bubbling through a 0.1 M NaOH solution. Spectra were measured
before and after 30 min of CO incubation, using a Biotek Synergy HT
microplate reader.
Extraction and Quantification of Carotenoids. Briefly, 20−40

μL of microbial culture (depending on the expected content of
cellular carotenoids) was collected and centrifuged. After washing the
cellular pellet with water, the cells were resuspended in 20 μL of water
and carotenoids were extracted by the addition of 180 μL of acetone
and homogenization for 50 min at 50 °C. After centrifugation at
14 000g during 10 min, the supernatant was directly injected in
HPLC.
Quantification of Carotenoids. Carotenoids were separated

using an Agilent 1290 Infinity II UHPLC System and detected with a
diode array detector (DAD). The analytical method was adapted from
a previous protocol.23 Briefly, 5 μL of extracted carotenoids in acetone
was injected into the column Agilent ZORBAX RRHD Eclipse Plus
C18 2.1 mm × 50 mm, 1.8 μm using a flow rate of 1 mL/min. The
eluent gradient started with 60% methanol/water 4:1 and 40%
acetonitrile for 1 min, followed by increasing acetonitrile from 40% to

80% in the following 3 min. This condition was continued for 11 min.
The entire analysis finished at 15 min.

Lycopene, β-carotene, β-cryptoxanthin, rubixanthin, and zeaxanthin
were purchased from CaroteNature, Münsingen, Switzerland. As the
carotenoids pathway is a highly branched pathway, with several close
oxygenated intermediates or isomers, lycopene, β-carotene, β-
cryptoxanthin, rubixanthin, and zeaxanthin HPLC peaks were
identified using a coelution standard retention time coupled to
carotenoid-specific visible spectra (using the ratio between the three
peaks showing the maximum of absorbance, specific for each
carotene). As zeaxanthin, β-cryptoxanthin, and rubixanthin share
molecular similarities, mass spectrometry fragmentation profiles were
also used to confirm each peak detected by absorbance. Lycopene and
zeaxanthin stock solution concentrations were quantified by dissolving
a known mass in hexane. Due to standard quantity limitation, β-
carotene and β-cryptoxanthin standards were dissolved in hexane, and
these stock solution concentrations were calculated using the
absorption coefficient A1%

450 nm 2500 and 2356, respectively (Sigma
Chemical and reference 28). HPLC standard curves were established
for the five standards using peak areas at 450 nm of serial dilution.
The peak areas of each extracted compound were used to calculate
the carotenoids concentrations.

Liquid chromatography−tandem mass spectrometry (LC−MS/
MS) analysis was performed using an Agilent UPLC1290 coupled
with a quadrupole time-of-flight (Q-TOF) system. Separation of
extracts was carried out on an Agilent ZORBAX RRHD Eclipse Plus
C18 (2.1 mm × 50 mm, 1.8 μm) at a flow rate of 0.5 mL/min. Both
mobile phases A (water) and B (methanol) contain 0.1% formic acid.
The run started initially at 90% mobile phase B for 2 min and then
linearly increased to 100% B in 1.5 min and at 100% B for 8 min. The
total run time is 10.5 min, followed by a postrun of 1 min.

The typical QTOF operating parameters were as follows: positive
ionization mode; sheath gas nitrogen flow, 12 L/min at 295 °C;

Figure 2. Phylogenetic tree of selected CYP97 family. The 102 CYP97 sequences from the Uniprot database, between 400 and 900 residues, are
clustering in seven families: CYP97A, B, C, E, F, G, H. The CYP97 from O. sativa and E. gracilis, which are known to catalyze β-cryptoxanthin
production, and C. unshiu and C. maxima, which are natural β-cryptoxanthin producers, are highlighted. The tree branches are indicating a
phylogeny clustering.
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drying gas nitrogen flow, 8 L/min at 275 °C; nebulizer pressure, 30
psi; nozzle voltage, 1.5 kV; capillary voltage, 4 kV. Lock masses in
positive ion mode: purine ion at m/z 121.0509 and HP-921 ion at m/
z 922.0098.

3. RESULTS
3.1. Cytochromes P450 Functional Phylogenetic

Analysis and Production Assay. The CYP97 family
includes key enzymes in the biosynthesis of carotenoid
pigments.29 To identify potential cytochromes P450 for β-
cryptoxanthin production, members of the CYP97 family
known to be active on the β-cycle of α-, β-, or γ-carotene such
as CYP97A4 from O. sativa, CYP97A3 from A. thaliana,
CYP97H1 from E. gracilis were chosen to construct a
functional phylogenetic tree for the CYP97 family. In parallel,
we explored the Uniprot database to identify CYP97 family
members among organisms known to be natural high
producers of β-cryptoxanthin15 such as C. unshiu, C. reticulate,
C. maxima, Diospyros oleifera Cheng, Capsicum annuum, and
Carica papaya. Families appeared in clans A, B, C, E, F, G, and
H with an over representation of the families A, B, and C and
tenuous subdivisions between the clans E, F, G, and H (Figure
2).
CYP97C family members were excluded as they have been

shown to be inactive on the β-cycle of carotene.30 CYP97H1,
thought to be a β-carotene monohydroxylase, did not group
with other CYP members. CYP97A4, which can accumulate β-
cryptoxanthin at certain temperatures,20 clustered with two

sequences from natural β-cryptoxanthin producers, the CitCY-
P97A from C. unshiu, known inactive on β-carotene,31 and a
new P450 candidate from C. maxima, which was worthy of
assay.
Using the candidates identified in the literature and through

the functional phylogenetic tree, a set of hydroxylases was
expressed in a β-carotene producer E. coli strain (Figure 3).23

In the ETL150 strain, both lycopene and β-carotene
accumulate. At this step of the engineering, accumulation of
lycopene is not problematic as the next intermediate, β-
carotene, is available to be a substrate of the hydroxylases. Two
nonheme hydroxylases, CrtZ from P. ananatis and BCH1 from
A. thaliana, are both known to be zeaxanthin producers.18,32

CitCYP97 from C. unshiu and CYP97 K15747 from C. maxima
were selected as being the most similar to CYP97A4 from O.
sativa and expressed in organisms known to be β-cryptoxanthin
producers, while CYP97H1 from E. gracilis has been shown to
be a monohydroxylase.21 The control strain ETL150, which
did not express a heterologous hydroxylase, produced around
30 mg/L carotene, with a β-carotene/lycopene ratio of 60:40.
No β-cryptoxanthin or zeaxanthin were detected. In the other
strains, hydroxylases and redox-partner genes were expressed
on the plasmid harboring the CrtY gene (coding for β-carotene
cyclase). Once additional genes were present, the balance for
β-carotene production was lost and the β-carotene/lycopene
ratio was affected, indicating that the coexpression of
hydroxylases and redox partners perturbs the balance of the

Figure 3. Production of carotenoids in E. coli expressing selected nonheme hydroxylases or cytochromes P450s. On the abscissa axis, the strains
name is completed with a schematic representation of the hydroxylases and the redox partners coexpressed with the β-carotene cyclase CrtY from
Uncultured marine bacterium HF10_19P19. CrtZ refers to CrtZ from Pantoea ananatis (strain LMG 20103), flBCH1 to the full length of BCH1
carotene hydroxylase from A. thaliana, “Ferredoxin Spinash” symbolizes the coexpression of the ferredoxin FER1 and the ferredoxin reductase from
S. oleracea, CitCYP97A refers to the full length CYP97 of C. unshiu, and CYP97 K15747 describes the full length of CYP97 K15747 from C. maxima.
ctCPR represents the cytochrome P450 reductase from C. tropicalis, single ctCPR symbol refers to the CPR expression in an operon, the cluster of
three ctCPR symbolizes the expression of the CPR under a dedicated promoter. CYP97A4 and tCYP97A4 symbolize the full length and the
truncated variant of CYP97A4 from O. sativa; bovCYP97H1 refers to CYP97H1 from E. gracilis fused to the chimeric transmembrane fragment
BOV from CYP17a B. taurus. Strain details are available in Table 1, and protein sequences are in Table S1. On the left ordinate axis, the production
is expressed in milligrams of carotenoids by liter of bacterial culture, obtained after 48 h of induction. Zeaxanthin, β-cryptoxanthin, lycopene, and β-
carotene concentrations are represented, respectively, by blue, green, red, and orange bars. Green asterisks indicates a detected amount of β-
cryptoxanthin. The right ordinate axis concerns the optical density at a wavelength of 600 nm, which is represented for each strain by a red dot.
Experiments were done in triplicate, and the error bars quantify variability among triplicates.
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initial synthetic metabolism. Although, the total amount of
carotene remained similar in each strain, indicating that the
upper part of the pathway was not affected. When the
nonheme hydroxylases CrtZ and BCH1 were overexpressed
(AB09 and ETL131 strains), β-cryptoxanthin was detected.
The highest β-cryptoxanthin yield (1.4 mg/L) was achieved
with CrtZ, a bacterial hydroxylase. Nevertheless, the CrtZ
strain also accumulated zeaxanthin at 3.9 mg/L as the main
hydroxylated form of β-carotene, meaning that CrtZ functions
mainly as a dihydroxylase. BCH1 strain produced only β-
cryptoxanthin but in a smaller amount. The metabolite profile
obtained with the full length expression of BCH1 confirmed
the results of the patent WO 2008/045405,33 indicating that
the full length expression of BCH1 accumulates β-cryptox-
anthin, contradicting a previous study reporting BCH1
expression to produce zeaxanthin.18 As nonheme hydroxylases
are largely considered β-carotene dihydroxylases, we focus our
study on the cytochrome P450 family instead.
Enzyme candidates in the cytochrome CYP97 family were

expressed with the cytochrome P450 reductase from Candida
tropicalis, ctCPR, known to supply electrons in plant P450s
heterologously expressed in E. coli.34 CYP97A4 from O. sativa
expressed in a β-carotene engineered E. coli strain was reported
to have a weak β-carotene dihydroxylase activity and to
produce a mixture of β-carotene/β-cryptoxanthin/zeaxan-
thin.20 Under our conditions, expressing CYP97A4 (strain
ETL166) produced β-cryptoxanthin only at a low proportion,
with zeaxanthin being undetectable, probably due to a low
hydroxylase activity. For the heterologous expression of
eukaryotic cytochrome P450 in E. coli, a classic approach is
to delete part of the N-terminal domain that contains a peptide
signal or the membrane anchor. A truncated version of
CYP97A4 from O. sativa (strain ETL167) favored β-
cryptoxanthin production. As the full length CitCYP97A from
C. unshiu was inactive on β-carotene (strain ETL105),
confirming previous study,31 we assayed an N-terminal
truncated version (strain ETL152) to favor the activity of
the P450, but this did not produce β-cryptoxanthin. A new
member of the CYP97 family from C. maxima was expressed
for both the full-length and the truncated versions (strain
ETL106 and ETL157, respectively), but both were found to
not produce β-cryptoxanthin. In order to favor the expression
of the P450 and the redox partner supply, the P450 and ctCPR
genes were shifted from operon expression toward individual
T7 promoters. Even under such conditions, neither β-
cryptoxanthin nor zeaxanthin were detected (strain ETL144).
These results indicated that CYP97 K15747 from C. maxima is
not active on β-carotene when expressed in E. coli. The 3-D
model of this P450 is found to be ∼82% identical with the
CYP97A3 structure (which is mainly active on α-carotene)
(Figure S1). The common P450 globular domain is then
conserved in CYP97 K15747 from C. maxima with no
additional part in the enzymatic core, which indicated the
absence of introns that would need to have been cured. At the
same time, the CYP97A from the green alga Dunaliella
bardawil and CitCYP97A and CitCYP97B from C. unshiu are
inactive on β-carotene.31,35 Besides the usual reasons such as
poor expression, poor solubility or incompatible redox
enzymes, the inactivity of CYP97 K15747 from C. maxima
on β-carotene could also be due to α-carotene being its only
substrate or unknown roles of some members among the
CYP97 family. The last cytochrome P450 we assayed is not
from the 97A family but is the unique member of the 97H

family.21 CYP97H1 was expressed in full length, truncated in
its N-terminal domain or fused with a chimeric transmembrane
domain known to favor P450 expression in E. coli.34 All
constructs resulted in β-cryptoxanthin production (6.1 ± 0.7
μg/L in the strain ETL119). Even at an initial low production
output, we decided to optimize the metabolic and protein
engineering of this enzyme for two reasons: (i) CYP97H1 does
not belong to the CYP97A family, for which several members
are known as potential dihydroxylases under certain physio-
logical conditions such as temperature,20 and (ii) CYP97H1 is
a unique cytochrome P450 monohydroxylase. Describing and
understanding its underlying enzymatic features can result in
new tools for metabolic engineering of P450s families.
3.2. Optimization for P450 activity in vivo. To optimize

CYP97H1 activity in vivo, working hypotheses were split in
two axes: the P450 heterologous host integration and its
catalytic mechanism requirements. In their natural host,
cytochromes P450 are involved in secondary metabolism
pathways, which are spread among subcellular compartments.
To be addressed into the ad hoc compartment, the N-terminal
of cytochromes P450 often harbors a peptide signal, which is
naturally cleaved to form a mature enzyme. Moreover, the
involved metabolites can be hydrophobic, as the β-carotene,
and are embedded in the cellular membranes. To access to
their substrates, cytochrome P450 are often membrane-
anchored via an N-terminal transmembrane helix, which is
adapted to the thickness and composition of the natural host
membranes. Expressed in the heterologous chassis whose
membranes can be different from the natural host ones, this N-
terminal extension can be deleterious and a classic strategy to
improve the in vivo P450 productivity in E. coli is to modify the
N-terminal membrane anchor by truncation or replacement by
one favorably expressed in the host.36 Our first working
hypothesis was that tuning the N-terminal part of CYP97H1
could improve its activity in E. coli. Additionally to the N-
terminal engineering, the expression of a eukaryotic P450 in a
bacterial host requires a heterologous folding with dedicated
steps, such as the heme synthesis and its insertion into the
P450 catalytic site. A second approach was then to assay if the
E. coli type of strain and the expression of chaperones could
favor the CYP97H1 in vivo activity. Last hypothesis for an
optimized cellular integration, the temperature of the culture
was assayed as known to influence CYP97 behavior. Indeed
with CYP97A4 from O. sativa, an equilibrium between mono-
and dihydroxylation has been shown to be a function of
temperature, with monohydroxylation increasing at a low
temperature.37 The temperature could then have an impact on
CYP97H1 activity and was analyzed.
Besides optimizing the P450 expression in a heterologous

cell, the requirements of its catalysis were analyzed. The P450
catalytic cycle requires two electrons given one after the
other.38 To achieve this timed electronic flux, an electron
donor, such as a ferredoxin, is required. This transporter
receives the electrons from a reductase, which obtains them
from the NADPH cellular pool. Each cellular compartment
harbors a dedicated redox partner, such as the adrenodoxin/
adrenodoxin reductase in the mitochondria. A P450 targeted to
a dedicated compartment is then expected to couple with the
redox partner of this compartment. CYP97H1 was described to
be targeted into the chloroplast of E. gracilis. The best redox
partner for CYP97H1 could be then the ferredoxin from the
chloroplast of E. gracilis. Its identification and expression in E.
coli were interesting to assay. However, this matching rule is
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not always true, especially in an heterologous context and
counterexamples exist.39 It appears then complementary to
analyze the activity of CYP97H1 with a set of redox partners
representative of each subcellular compartment.
The first hypothesis to test was the impact of an N-terminal

engineering. CYP97H1 harbors two N-terminal transmem-
brane domains (TM1 residues, 15- 34, inner loop 35−93;
TM2 residues, 94−116, TMHMM - 2.0 Prediction software)
corresponding to a peptide signal for plastid-targeted proteins.
Expressing the full length CYP97H1 in E. coli with the full N-
terminal sequence was deleterious for the β-cryptoxanthin
synthesis.21 Moreover, as β-carotene is a hydrophobic
substrate, anchoring the globular domain of CYP97H1 to the
membrane could enhance its activity. In light of this,
CYP97H1 was truncated of its first 116 residues and was
fused to two different transmembrane domains known to
increase expression of P450 in E. coli: the A13 fragment from
CYP52A13 C. tropicalis and the BOV fragment from CYP17a
Bos taurus.36 Using pDUET plasmid expression, two chimeras
were tested: the bovCYP97H1 was coexpressed with C.
tropicalis CPR and the A13CYP97H1 was coexpressed with an
A. thaliana CPR variant, in which the N-terminal domain has
been replaced by the one from CPR of C. tropicalis for a better
expression in E. coli. In both cases, the membraned anchored
CYP97H1 produced β-cryptoxanthin, with a slightly better

production obtained with the bovCYP97H1 variant (data not
shown). To favor accumulation of the β-carotene precursor,
the bovCYP97H1 chimera was coexpressed with CrtY
(lycopene cyclase) on a high-copy-number plasmid with
strong rbs and T7 promoter variant.23 In this context (strain
ETL85), the β-carotene production reached 1.5 mg/L/
OD600 nm, allowing for the β-cryptoxanthin optimization assay
with no limitation of the precursor.
The second hypothesis focused on the strain background,

the effect of chaperones, and the cultivation temperature.
Using the ferredoxin-ferredoxin reductase from Spinacia
oleracea as the redox partner, the membrane anchored
bovCYP97H1 was expressed in the host MG1655 strain at a
temperature range of 16−37 °C (strain ETL85). β-Carotene
accumulation reached a peak at 25 °C even when lycopene
content remained high. β-Cryptoxanthin yield was forming a
bell-shaped curve from 16 to 37 °C with a maximum at 25−28
°C (Figure 4).
To optimize the cell chassis, the cell host was changed to

BL21(DE3) (strain ETL84), which lead to a slightly better
production of β-cryptoxanthin compared to the one obtained
in the MG1655 strain (1.15-fold times). The production in a
BL21(DE3)-GroESL context (strain ETL99) was then tested
as the coexpression of the chaperones GroESL is known to
facilitate the heterologous enzymes folding.40 In this chassis

Figure 4. Production of carotenoids in vivo at different temperatures and in different strains. Bottom plot, presenting the β-cryptoxanthin
production, is a blow-up of the top plot. The strain ETL85 expresses at 16, 20, 25, 28, and 37 °C bovCYP97H1 (CYP97H1 from E. gracilis fused to
the transmembrane fragment BOV from CYP17a B. taurus) with the ferredoxin FER1 and the ferredoxin reductase from S. oleracea, with the β-
carotene cyclase in the MG1655 strain (ETL66). The strain ETL84 and ETL99 express at 25 °C the same synthetic pathways but, respectively, in
BL21(DE3) and BL21(DE3) adh::GroESL backgrounds. Strain details are available in Table 1, and protein sequences in Table S1. On the left
ordinate axis, the production is expressed in milligrams of carotenoids by liter of bacterial culture and by OD600 nm, obtained after 48 h of induction.
Zeaxanthin, β-cryptoxanthin, lycopene, and β-carotene concentrations are represented, respectively, by blue, green, red, and orange bars. The right
ordinate axis concerns the optical density at a wavelength of 600 nm, which is represented for each strain by a red dot. Experiments were done in
triplicate, and the error bars quantify variability among triplicates.
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(strain ETL99), at 25 °C after induction, the membrane-
targeting bovCYP97H1 enabled the production of 0.23 mg of
β-cryptoxanthin/L/OD600 nm, which is, respectively, 1.8- and
2.1-fold times higher compared to the ETL84 BL21(DE3) and
to the ETL85 MG1655 strains. Subsequent experiments were
carried out at 25 °C in the BL21-GroESL chassis. The β-
cryptoxanthin yield was then similar to the best yield achieved
with the nonheme hydroxylase CrtZ (AB09 strain: 0.22 mg β-
cryptoxanthin/L/OD600 nm) but without the coproduction of
zeaxanthin.
The last working hypothesis to improve the activity of

heterologous expressed P450s was to identify a compatible
redox partner. Representative P450 redox partners belonging
to each type of subcellular compartment were expressed in the

BL21(DE3)-GroESL strain: (i) for endoplasmic reticulum
membrane anchored P450s, microsomal cytochrome P450
reductases (from C. tropicalis and A. thaliana); (ii) for
mitochondrial P450s, adrenodoxin and adrenodoxin reductase
(from human); (iii) for plastid or bacterial P450s, ferredoxins
and ferredoxin reductases (plant plastid from S. oleracea,
bacterial from E. coli) and bacterial flavodoxin (from E. coli). In
a tailor-made approach, the putative plastid ferredoxin PetF
fragment from E. gracilis, the natural producer of CYP97H1,
was identified in the Uniprot database but was missing the
2Fe-2S binding residues. The full sequence was identified
through a genome database analysis, sharing 81% similarity
with the published PetF from Euglena viridis. The full length

Figure 5. Production of carotenoids in vivo in strains expressing redox partners and CYP97H1 fusions with lycopene cyclase or redox partners.
Bottom plot, presenting the β-cryptoxanthin production, is a blow-up of the top plot. On the abscissa axis, the strains name is completed with a
schematic representation of the hydroxylases and the redox partners. bovCYP97H1 refers to CYP97H1 from E. gracilis fused to the transmembrane
fragment BOV from CYP17a B. taurus and tCYP97H1 refers to the truncated form of CYP97H1. ctCPR represents the cytochrome P450 reductase
from C. tropicalis, “Flavodoxin E. coli” and “Ferredoxin E. coli” refer, respectively, to the coexpression of the flavodoxin FldA or the ferredoxin both
with the ferredoxin reductase, all from E. coli, and “Ferredoxin Spinash” and “Ferredoxin E. gracilis” refer to the coexpression of the ferredoxins
FER1 from S. oleracea or PetF from E. gracilis with the ferredoxin reductase from S. oleracea. “CrtY-tCYP97H1” refers to the C-terminal fused CrtY
by a linker, composed of four repetitions of the pattern GGGGS, followed by the N-terminal of the truncated form tCYP97H1. “bovCYP97H1-
ctCPR” and “bovCYP97H1-Ferredoxin Spinash” refer to the C-terminal fused bovCYP97H1 by a linker, composed of four repetitions of the
pattern GGGGS, followed by the N-terminal of, respectively, ctCPR or the FER1. Strain details are available in the Table 1 and protein sequences
in the Table S1. On the left ordinate axis, the production is expressed in mg of carotenoids by liter of bacterial culture and by OD600 nm, obtained
after 48 h of induction. Zeaxanthin, β-cryptoxanthin, lycopene, and β-carotene concentrations are represented, respectively, by blue, green, red, and
orange bars. The right ordinate axis concerns the optical density at a wavelength of 600 nm, which is represented for each strain by a red dot.
Experiments were done in triplicate, and the error bars quantify variability among triplicates.
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PetF was coexpressed with the ferredoxin reductase from S.
oleracea.
Complementary to the rational choice of the ferredoxin from

E. gracilis, the untargeted approach using the set of redox
partners was conducted using the membrane anchored
bovCYP97H1 in order to favor potential interaction with
membrane bound redox partners such as the CPRs. The
control strain, expressing bovCYP97H1 without a heterologous
redox partner, produced some β-cryptoxanthin (strain
ETL136). In this strain, the endogenous E. coli redox partners,
such as ferredoxin or flavodoxin, should then provide electrons
to the bovCYP97H1. In most of the combinations, a low
background level of β-cryptoxanthin was detected, with no
improvement in the conversion compared to the control.
Overexpressing the ferredoxin or the flavodoxin from E. coli did
not increase the β-cryptoxanthin production (Figure 5). This
was surprising as ferredoxin/flavodoxin is supposed to be the
endogenous redox partner whose presence explains the low
background production of β-cryptoxanthin in the control strain

that otherwise does not express a heterologous redox partner.
Using a ferredoxin from plant plastids (from S. oleracea) caused
a 6-fold improvement in the quantity of β-cryptoxanthin
(strain ETL99). In E. gracilis, CYP97H1 is localized in the
chloroplast, in which the redox partner is a ferredoxin. The
improvement obtained by coupling CYP97H1 with a
chloroplast ferredoxin highlights that the natural subcellular
location of the P450 is an indication to identify a matching
redox partner. Ferredoxins are not membrane-bound, and the
CYP97 family members are known to be associated with the
internal plastid membrane without a dedicated transmembrane
domain. That is why the version of CYP97H1 with its first 116
residues truncated21 was assayed in the β-carotene and redox
partner overproducing strain and produced slightly more β-
cryptoxanthin (strain ETL140: 0.32 mg of β-cryptoxanthin/L/
OD600 nm) than the membrane-anchored variant (strain
ETL99: 0.23 mg of β-cryptoxanthin/L/OD600 nm). This
indicated that the P450/redox partner matching prevailed
over the membrane anchoring in the CYP97H1 case and that a

Figure 6. (A) Production of carotenoids in vivo induced by 0.05−0.4 mM IPTG or 0.1−20 mM lactose at 24 and 48 h in the strain−strain ETL140,
expressing tCYP97H1 with the ferredoxin FER1 and the ferredoxin reductase from S. oleracea in the BL21(DE3) adh::GroESL β-carotene
producing strain background. On the left ordinate axis, the production is expressed in milligrams of carotenoids by liter of bacterial culture. The
right ordinate axis concerns the optical density at a wavelength of 600 nm, which is represented for each conditions by a red dot. (B) Carotenoids
ratio at 24 and 48 h with 0.1 mM IPTG and 10 mM lactose as an inducer. Zeaxanthin, β-cryptoxanthin, lycopene, and β-carotene concentrations
are represented, respectively, by blue, green, red, and orange bars. Experiments were done in triplicate, and the error bars quantify variability among
triplicates.
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soluble form of CYP97H1 is slightly more productive when
coexpressed with the ferredoxin from S. oleracea, potentially
due to better catalytic activity, redox coupling, and/or
expression efficiency. In the same view, the ferredoxin PetF
from E. gracilis coupled with tCYP97H1 and produced β-
cryptoxanthin (strain ETL168) but less efficiently than with
the ferredoxin from S. oleracea. This suggests either a lower
expression of PetF or a lower affinity between PetF and a
heterologous ferredoxin reductase from S. oleracea, highlighting
the importance of a homogeneity among the redox actors.
Several examples of fused cytochrome P450 with their redox

partners, named self-sufficient P450, have been reported to
increase their overall activity.41 In this view, fusion approaches
were assayed with CYP97H1. The fusions built in the present
work used flexible linkers that either fuse the lycopene cyclase
with a truncated version of the hydroxylase or fuse the
hydroxylase with a redox partner to favor the activity of the
P450 itself. Both strategies impaired β-cryptoxanthin produc-
tion. In the fusion CrtY-CYP97H1 (strain ETL100), the
lycopene cyclase CrtY and the CYP97H1 remained active,
indicating tolerance for the fusion, but the β-cryptoxanthin
yield decreased. In the case of the fusions between CYP97H1
and a redox partner (CPR from C. tropicalis in ETL125 or
ferredoxin from S. oleracea in ETL135), β-cryptoxanthin was
detected either with the CPR or the ferredoxin fused, with the
last one being more favorable probably due to its smaller size.
However, in the overall redox-fused systems, the β-
cryptoxanthin production collapsed. Fusing enzymes requires
extensive combinations, which was not the scope of this
work.42 In subsequent experiments, we used the set of
conditions that yielded optimal β-cryptoxanthin production,
i.e., the BL21 (DE3) strain coexpressing the chaperones
GroESL, the truncated version of CYP97H1, and the
ferredoxin/ferredoxin reductase from S. oleracea (strain
ETL140).
3.3. Accumulation and Ratio of Carotenes. The

synthetic pathway involved 18 heterologous genes under
inducible conditions that require fine induction tuning to avoid
a metabolic burden. To induce the synthetic pathway in the
strain ETL140, two methods were assayed: (1) a triggered
induction in mid exponential growth by adding different
concentrations of IPTG and (2) auto induction using lactose.
Comparing these two methods showed the total carotenoid
content to be higher with lactose induction, with a better
conversion of lycopene into β-carotene (Figure 6A). The β-
cryptoxanthin yield was slightly better in lactose induction,
with the best production achieved with 10 mM lactose (2.6
mg/L β-cryptoxanthin). Traces of zeaxanthin (confirmed by
mass spectrometry) were detected, suggesting a side
dihydroxylase activity of CYP97H1 at an order of magnitude
lower (Figure S2).
Even if the final overall production was similar at 48 h

between both methods of induction, the carotenoid ratio
changed from 24 to 48 h (Figure 6B). In both IPTG and
lactose induction, β-cryptoxanthin represented 40% of the total
carotene at 24 h. This ratio decreased to around 20% at 48 h
with an accumulation of β-carotene, suggesting that the
hydroxylase’s bottleneck effect increased through the cellular
growth. The degradation of β-cryptoxanthin in the cell, the
stability of CYP97H1, or the reduction of the redox flux during
growth are all hypotheses to explore. To check if the
cytochrome P450 was expressed under an active form, whole
cell CO spectra experiments were conducted with the strain

ETL140.27 The heme in the active pocket of a cytochrome
P450 is able to bind carbon monoxide when the iron atom is in
the ferrous state, its reduced form. The CO-Fe(II) versus
Fe(II) differential spectra at a wavelength of 450 nm provides a
sensitive means to quantify cytochrome P450 in crude
mixtures. At 24 or 48 h, a P450 spectral signature was not
detected even in a strain expressing only three heterologous
genes with the CYP97H1 gene to favor CYP97H1 expression
compared to the full system with 18 heterologous genes. Even
if CYP97H1 was clearly expressed in an active form as β-
cryptoxanthin was produced, these CO spectra experiments
suggested that the amount of CYP97H1 was quite low. One
option could be to control the expression of CYP97H1 under a
specific induction system (e.g., arabinose inducible promoter)
independently from the rest of the synthetic pathway, in order
to over represent the mRNA of CYP97H1. In parallel, efforts
to enhance proper folding can be explored, such as the
addition of an N-terminal domain known to favor the
expression of soluble proteins, such as a Maltose Binding
Protein (MBP) tag or the 8 RP tag.22

4. DISCUSSION
In this study, an in vivo optimization targeting the
monohydroxylase CYP97H1 from E. gracilis expression in E.
coli led to a 400-fold improvement of the β-cryptoxanthin
production in the strain ETL140 compared to the ETL119
starting strain. The final strain produced 2.7 mg of β-
cryptoxanthin/L of microbial culture, which can be expressed
as 407 mg of β-cryptoxanthin/kg of wet E. coli cell, considering
that one unit of OD600 nm corresponds to 1.7 g of cell wet
weight/L of culture.43 In plants, β-cryptoxanthin natural
production can reach 34 mg/kg of butternut squash or 14
mg/kg of persimmons.15 The higher production in the
microbial approach, exempted of other oxygenated carote-
noids, underlines the interest of the microbial approaches. This
optimization was based on three working hypotheses generally
used for P450s heterologous expression.22

The first angle was to test if tuning the N-terminal part of
CYP97H1 could improve its activity in E. coli. While removing
the N-terminal peptide signal has a positive effect (strain
ETL140), anchoring CYP97H1 to the bacterial membrane
through an N-terminal helix did not enhance the β-
cryptoxanthin production (strain ETL99). The CYP97 family
members are associated with plastid membranes only
peripherally by a hydrophobic region.30 As the membrane
immersion depth of the P450s plays a role in catalysis, a full
transmembrane domain could introduce a too rigid contact,
deleterious for the activity of CYP97H1.44 Anchoring a P450
to E. coli membrane is then not a guarantee of improvement
and can depend on its subfamily. In a heterologous P450
expression study, both cytosolic and anchored variants should
be assayed.
The second focus was to assay if the chassis strain and the

culture condition affect CYP97H1 in vivo activity. The best
chassis appeared to be BL21 strain coexpressing the
chaperones GroESL, which can help to fold CYP97H1 (strain
ETL99). Compared to CYP97A4 from O. sativa, in which the
β-carotene/β-cryptoxanthin/zeaxanthin ratio shifted in favor of
β-cryptoxanthin at low temperature,37 CYP97H1 maintained
the same ratio of carotenoid production independent of
temperature. This focus highlights the interest of expressing
cytochromes P450 with chaperones. A complementary method
to favor the microbial expression of plant P450s might be to
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coexpress heterologous plant chaperones in the microbial
chassis.45

The last point was identifying an efficient redox partner,
essential to feed the cytochrome P450 with the required
electron flux for the catalyzed oxidoreduction reaction. The
redox partners of the CYP97 family members are generally
thought to be plastid ferredoxins. The best redox partner for
CYP97H1 could then be PetF, the ferredoxin found in the
chloroplast of the same natural host E. gracilis. Coexpressing
CYP97H1 with PetF and the ferredoxin reductase from S.
oleracea improved β-cryptoxanthin production (strain
ETL168). This was the first experimental validation that
PetF is a ferredoxin. However, the highest β-cryptoxanthin
yield was obtained by expressing CYP97H1 with the ferredoxin
from S. oleracea coupled with its own ferredoxin reductase
(strain ETL140). This highlights that (i) the natural redox
partner is not automatically the optimal one in a heterologous
context and (ii) a homogeneous relay between the electron
transporter (ferredoxin), and its reducer (ferredoxin reductase)
is important. In a larger view, the P450 redox partner versatility
justifies then to test set of redox partners originating from each
type of cellular compartment.
Taken together, these optimizations have demonstrated a

pathway feasibility; however, titer is not industrially realistic for
now. The evolution of the β-cryptoxanthin ratio through the
time (40% of total carotene at 24 h but only 22% at 48 h in the
strain ETL140) and the remaining lycopene (12% of total
carotenes at 48h) indicated a pathway that currently has two
controlling reactions, the lycopene cyclase and the carotene
hydroxylase, which are back-to-back in the overall pathway.
While flux into the pathway continues over time, the efficiency
of the conversion to β-cryptoxanthin decreases. Multiple
factors could explain it: β-cryptoxanthin instability, increasingly
difficult thermodynamics as β-cryptoxanthin accumulates and
hence slows down CYP97H1 activity, loss of activity over time
due to CYP97H1 denaturation, cofactors becoming less
available as growth slows and maintenance energy increases,
etc.
P450s enzymes are complex with intrinsically low activity.

Overexpress them to levels in which the native enzyme can
perform is not realistically achievable without totally
perturbing the bacterial background metabolism. Additional
efforts have to be spent to redesign the P450s integration in an
E. coli background and/or shift to a more suitable chassis in
which better expression can be attained.45−48 Heterologous
metabolic circuits in classical hosts such as E. coli,
Saccharomyces cerevisiae, or Komagataella phaf f ii are constantly
more complex and intertwined, using system biology knowl-
edge and technical tools gathered in the biofoundries. These
evolutions are now opening roads to nonclassical chassis, such
as red yeasts or filamentous fungi, potentially more favorable to
express specific P450s. By applying a classical sequential
strategy such as in this work and incorporating complementary
approaches, such as redox partner scaffolding or synthetic
tethering strategies for redox partners,14,49 incorporating P450
enzymes into theses hosts could efficiently unlock original
metabolic pathways.
Besides the choice of the cellular host, protein engineering

targeting the P450s is also required to improve enzyme specific
activity that will avoid crippling cells by the extent of metabolic
burden. To meet the demands of P450 activity, the entire
reduction chain must be adapted to a high demand for reduced
cofactors, especially under growth conditions where cells can

expect an increased energy demand. The redox partner then
needs to be chosen including the whole redox cellular balance
to build an homogeneous redox chain.50 In addition to the
redox partner engineering, the P450 heterologous workflow
can be enriched targeting P450s idiosyncratic properties. For
example, building a collection of N-terminal modifications will
be valuable and gathering existing ones is a start. Such an N-
terminal toolbox can provide the following: hydrophilic
peptides (e.g.: 8RP tag); peptides to favor solubility or
expression level (e.g.: MBP tag); transmembrane peptides
from membrane proteins of the cellular host (e.g.: SohB1−48 or
OmpA in E. coli); and transmembrane peptides from CYPs
belonging to the same subfamily or from different ones (e.g.:
BOV, A13, EcCFS1−32 tags).22,36

The use of cytochrome P450 in biotechnology cannot
achieve its economic goal by using raw natural enzymatic
biodiversity, which is only a starting point for such conversions,
because the relevant metabolites are only produced in very
small quantities in natural hosts, without strong evolutionary
pressure to make these pathways efficient. Therefore, to
combine the versatility of P450 substrates with efficient
catalysis, iterative generic tools, such as a toolbox of redox
partners tailored to the host chassis, need to be assembled and
developed using metabolic and protein engineering.
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