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1 Introduction

Carotenoids are polyene pigments generally present red or yellow and coloration. Among these, B-carotene and
astaxanthin (3,3'-dihydroxy-8,8-carotene-4,4'-dione) are well-studied and have various physiological activities including
improvement of lipid metabolism?, antitumor?, and anti-inflammatory activities®. Due to such beneficial properties,
these carotenoids are highly demanded in the fields of pharmaceuticals, cosmetics, and health foods. While the major
carotenoids have been commercialized, useful properties have also been reported for their biosynthetic intermediates
such as phytoene (15-¢is-7,7',8,8,11,11',12,12"-octahydro-y,y-carotene) and lycopene (y,y-carotene)? but their indus-
trial applications remain limited.

Phytoene is a colorless carotenoid that has been reported to exhibit physiological activities such as lipoprotein pro-
tection®. Phytoene offers advantages including light stability and extended shelf life compared to other colored carote-
noids®. On the other hand, lycopene is a reddish carotenoid found in some plants?. Notably, Mascio et al measured the
singlet oxygen scavenging activity of 16 carotenoids including B-carotene and astaxanthin, and concluded that lycopene
exhibited the highest activity®. Therefore, healthcare products containing phytoene and lycopene can be expected to
demonstrate new and higher functionality than existing carotenoid products.

Although some plants are reported to produce phytoene and lycopene’ 9, their yield is typically low since these com-
pounds serve as biosynthetic intermediates. Metabolic modification using genetic engineering techniques is an effective
strategy to produce these carotenoids in plants and microorganisms. However, the introduction of multiple genes in-
volved in carotenoid synthesis and precise control of each gene’s expression remain significant challenge.

The authors previously identified the trifunctional B-carotene synthase, CrtIBY, which catalyzes condensation of
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geranylgeranyl diphosphate (GGPP), desaturation of phytoene, and cyclization of lycopenel?, in a carotenoid-producing
microorganism, Aurantiochytrium sp. KH105. Since CrtIBY efficiently converts GGPP to B-carotene and accumulates
little amount of the intermediates, this enzyme is considered more advantageous than three independent enzymes in
terms of reaction rate and reaction efficiency. In this study, we investigated the domain functions of CrtIBY and the
production of intermediates, phytoene and lycopene, using mutant enzymes generated by removal of functional motif
and site-directed mutagenesis.

2 Material and Methods
2.1 Microorganisms, culture media, and regents

Transformants of Escherichia coli DH5a were cultured in LB medium (10 g/L Bacto tryptone, 5 g/L yeast extract, 10
g/L sodium chloride, 20 g/L agar for plates) containing 50 mg/L ampicillin. Saccharomyces cerevisiae INVSc1 (Invitrogen,
Carlsbad, CA, USA) were cultured in YPD medium (20 g/L glucose, 20 g/L hipolypepton, 10 g/L yeast extract, and 20 g/L
agar for plates), and transformants of S. cerevisiae were selected on SD medium (20 g/L glucose, 6.7 g/L yeast nitrogen
base, 1.9 g/L yeast synthetic dropout medium w/o uracil, 18 g/L agar for plates) and cultured in SCT medium (6.7 g/L
yeast nitrogen base, 1.9 g/L yeast synthetic dropout medium w/o uracil, 20 g/L raffinose). Reference standards of B-
carotene, (£ 2)-phytoene (mixture of isomers), and lycopene were purchased from Merck (Darmstadt, Germany).

2.2 Amino acid sequence comparison of CrtIBY and related enzymes

Alignment was performed by CLUSTAL W computer program'?. Reference sequences including phytoene desaturase
(P21685.1, P54979.1, and P54978.2), phytoene synthase (P21683.2, P37294.1, and P54975.2), and lycopene cyclase
(Q9P854.1, BOR753.1, and E6ZZ11.1) were obtained from Swiss-Prot database!®.

2.3 Structure prediction and molecular docking

Three-dimensional structure of the CrtIBY was predicted using AlphaFold3!¥, and the top-ranked model was used for
docking analysis. Ligands (geranylgeranyl pyrophosphate (GGPP), phytoene, and lycopene) were prepared using
RDKit!® and converted to PDBQT format using Meeko!®. The protein structure was also prepared using Meeko and
ChimeraX (v1. 11. 1)!7. Docking simulations were performed using AutoDock Vina (v1. 2. 7)1® with domain-specific grid
boxes centered on each catalytic domain. Docking results were visualized using ChimeraX.

2.4 Construction of plasmid carrying the genes of CrtIBY and its mutants

The CrtIBY gene was amplified from genomic DNA of Aurantiochytrium sp. KH105 using KOD Neo DNA polymerase
(Toyobo, Osaka, Japan) and the oligonucleotide primers shown in Table 1. The PCR conditions were 30 cycles of 98 °C
for 10 seconds and 68 °C for 4 minutes. The obtained fragment was digested by BamHI and EcoRI and ligated into pYES2
vector (Invitrogen) digested by same restriction enzymes, and the constructed plasmid was transformed into Z. coli DH5a.

Table 1 Oligonucleotide primers used in this study

Primer Nucleotide sequence (5’ to 3°) Purpose

CrtIBY-F TACGGATCCATGCATCACCATCATCAC- Amplification of the CrtIBY gene
GCGCGCAGGGCG

CrtIBY-R CTTGAATTCTCAGGCATTCTT- Amplification of the CrtIBY gene
GTACAGCG

CrtY-Mut GGGCAAATATGCACTTGGTCTCGCGG- Site-specific mutation in the lyco-
CAGCTCTCTTCTTCTTGG pene cyclase domain

CrtI-A35 TACGGATCCATGGGCGCGA- Removal of 35 amino acids from
GAGGCCCGGGGCGC the N-terminal end of CrtIBY

CrtI-A40 TACGGATCCATGGGGCGCGA- Removal of 40 amino acids from
GAGCGACGGCGACCG the N-terminal end of CrtIBY

CrtI-A50 TACGGATCCATGAAGCG- Removal of 50 amino acids from
CATCGCCGTGCTCGGGGCC the N-terminal end of CrtIBY

CrtI-A75 TACGGATCCATGGTCGTGGTTCTTGA- Removal of 75 amino acids from
GAAGAACG the N-terminal end of CrtIBY
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The oligonucleotide primers shown in Table 1 were designed to introduce nucleotide mutations for substitution of
amino acids of the lycopene cyclase motif (1222~1227 amino acids) in CrtIBY. The plasmid carrying the CrtIBY gene was
used as a template, and the site-directed mutagenesis was performed using the QuikChange Multi Site-Directed Muta-
genesis Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. Mutant CrtIBY
genes with deletions of 35, 40, 50, and 75 amino acids from the N-terminus of the enzyme were created by PCR.

The nucleotide sequence of the plasmid was determined using BigDye Terminator v3.1 cycle sequencing kit and ABI
3130xl1 genetic analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

2.5 Expression of CrtIBY genes in yeast

pYES2 plasmids carrying wild type and mutant CrtIBY genes were introduced into S. cerevisiae INVSc1 using the
lithium acetate method!?. Transformants were selected on SD plate medium and cultured in SCT medium for at 28 °C
for 6 hours with rotary shaking at 180 rpm. Galactose was added to a final concentration of 20 g/L, and transformants
were cultured for an additional 17 hours to induce expression of the CrtIBY gene.

2.6 Carotenoid extraction

Carotenoid extraction was performed following the method of Watanabe et a/20 with some modifications. Briefly, yeast
cells collected from 50 mL of culture broth were washed with distilled water and lyophilized. An equivalent volume of
glass beads (0.5 mm in diameter) and 1 mL of tert-butyl methyl ether/methanol (2:1, v/v) were added to lyophilized cells,
and vigorously mixed using beads crusher pT-12 (Taitec, Aichi, Japan). The supernatant was recovered by centrifugation
at 3,500 rpm for 10 min, and 1 mL of distilled water was added and mixed vigorously using a vortex mixer. The tert
butyl methyl ether layer was recovered by centrifugation and transferred to a new test tube. After evaporation under N2
stream, carotenoids were dissolved in acetone/methanol (7:3, v/v).

2.7 Carotenoid analysis by high-performance liquid chromatography

Analysis of carotenoids was performed using high-performance liquid chromatography (HPLC) equipped with a diode
array detector (DAD). Carotenoids were separated by the COSMOSIL 5C1s-MS-II column (4.6 mm % 150 mm, Nacalai
Tesque) using acetonitrile/dichloromethane/methanol (7:2:1, v/v) as the mobile phase. Identification of carotenoids was
performed by comparison of retention times and absorption spectra with those of authentic standards, and quantification
of carotenoids was performed using DAD mainly at 470 nm.

3 Results
3.1 Prediction of functional regions and membrane topology of CrtIBY

Amino acid sequence comparison with homologous enzymes from other organisms revealed that CrtIBY from Auranti-
ochytrium sp. KH105 contains conserved motifs including the FAD binding motif (57-GAGYAGLSAACELSRLGH-74) in
the phytoene desaturase (CrtI) domain, two aspartate-rich motifs in the phytoene synthase (CrtB) domain, and two
lycopene cyclase motifs (989-PVEEYMF-995 and 1123-PLEEALF-1129) in the lycopene cyclase (CrtY) domain (Fig. 1A).
These motifs have been reported as important for the activities of related enzymes from bacteria, fungi, and plants21-29.
The AlphaFold3-predicted structure of CrtIBY revealed a multi-domain architecture composed of Crtl, CrtB, and CrtY
domains connected by linker regions (Fig. 1B). Docking simulations suggested that phytoene, GGPP, and lycopene may
associate with the Crtl, CrtB, and CrtY domains, respectively. The docked phytoene was located near the FAD-binding
motif near the Crtl domain (Fig. 1C). In the CrtY domain, lycopene was positioned in the vicinity of the two conserved
cyclase motifs (residues 989-995 and 1123-1129), suggesting a possible role of these regions in substrate interaction (Fig.
1D).

3.2 Removal of FAD binding motif in CrtIBY caused phytoene accumulation

The wild type CrtIBY and a series of mutants from which the N-terminus 35, 40, 50, and 75 amino acids were removed
(CrtIBY-A35, -A40, -A50, and -A75) were expressed in S. cerevisiae that has no capacity to convert GGPP to B-carotene.
Consequently, B-carotene was accumulated at 3.1-4.0 mg/L-culture in the yeast strains expressing wild-type CrtIBY,
CrtIBY-A35, -A40, and -A50, but not in the strain expressing CrtIBY-A75 whose FAD binding motif was eliminated (Fig.
2A). HPLC analysis on the strain expressing CrtIBY-A75 using a diode array detector revealed the accumulation of the
substance whose retention time is similar to that of phytoene with absorbance at 280 nm (Fig. 2B). The absorption
spectrum of this peak exhibits a maximum absorption near 280 nm, showing good agreement with that of the authentic
phytoene standard (Fig. 2C). The accumulated phytoene was quantified at 0.5 mg/L-culture. Taken together, although
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FAD binding motif

A CHIBY (Crtl domain) - = - - - - - - kR 1 ANILIGRE Y Al s ARcElNsrRL@HIEVV YV LBlkND Y VBBRIAHQFEVEADNGQTF 102
PhyDes_Myxococcus -MSASTQGRRIVVV:GAG\-’GGLAAAARLAHOGF:DVQVFEKTQGF’GGRCNRLC]V ----- DGF 54
PhyDes_Pantoea - - - - - - - MKPTTM IIGAGFcGLlALIAlI RElaAAG IIPVL L LIEQRDKPBEBRAYVYED - - - - - QGF 48
PhyDes_Paracoccus MNAHSPAAKTAIMI{GAGFGIELALIAIRLEASABIIATTLVEARDKPBGERIAYVWHD - - - - - QGH 55

CriIBY (CrtB domain) - - - - - - - STRFVSYV-ECIRLLYVHGRTYFARATLEMKPMAFLDTAAMYGL FRVAIDDYVBIN 632
PhySyn”Myxococcus MSPPVDKALVERGYV-[AKQVTRHHAKSFFFASYLI_FGIRRKAAFALYAFCRRL|DDMVD|G 59
PhySyn_Pantoea MN - = - = - - - - NPSLLNHAVETMAVGSKSFATASKEFDAKTRRSVLML¥AWCRHCIBBY 1Blp 52
PhySyn_Paracoccus @ - - - - - = - - - - MSDLVLTSTEAITQGSQSFATHMAKEMPPGIRDDTVMLEAWCRHABBY | DG 50
Aspartate rich motif
CrIBY (CrtB domain) VGDAGER)\PHARDLGLAFQ[TNMLR"DIGED1NRLGRQYIPVDACNRHGLNGKL 783
PhySyn_Myxococcus DDAVSAA J/EPIAADLGRAMAQLTN/I LRIDVREDILERGRVIYLPAEELAAFBILSEDD 229
PhySyn_Pantoea QTLGFQA( DRACDLGLAFQLTN 1 ARID | vDDIAHAGRCYLPASWLEHEGLNKEN 205
PhySyn_Paracoccus OALGSR—\\DRACDLGLAFQLTNIARl_D_\ilEP_MRIGRCYLPGDWLDQAGARVDG 201
Lycopene cyclase motif
CrIBY (CrtY domain) CV\IATLYTTPWDNFLVYRRVWGYPF‘ERILFV\GVVGVEE:YN!FFTLETMLVAJ\VWLQVF- - 1011
LycCyc_Sporisorium PIITAFVWTTIPWDNL | VKNRAWFYHRHC IWFTIGYVIP IEEIYFEFV IQSLISTLWCTLLTRW 112
LycCyc_Halobacterium LALALSYTTPWDNYLIATGVWWYGEGTV‘J’GRLWQM:PIEE:YLFV\TQTLLTG-LWVQALPL 100
LycCyc_Phycomyces CTVIAFATASRPWDNY | VYHKAWSYCPECVTAVIGYVIPLEENMEF | IMTLITVTFTSLTMRW 98
Lycopene cyclase motif

CriiBY (CrtY domain) -aptTra \\HBELEEA L BB vTs 113

LycCyc_Sporisorium ALPNLY L/JLIF IEEMLIEEL VTNL 248

LycCyc_Halobacterium RPTA- - - L|PIEEEGAFFFVTNV 223

LyeCyc_Phycomyces TLepsFF N R JEREIF LEERL L 1 DT 230

Crtl domain

Fig. 1 Partial amino acid sequences of domains within CrtIBY were compared with those of homologous enzymes, and
identical amino acids among all sequences were shade in gray (A). Overall structure of CrtIBY predicted by Al-
phaFold3, showing the CrtI (blue), CrtB (green), and CrtY (salmon) domains connected by linker regions, with
docked phytoene (cyan), GGPP (orange), and lycopene (red) (B). Close-up of the CrtI domain showing the FAD-
binding motif (yellow), residues of interest in this study (Q35, P40, K50, and E75; magenta), and docked phytoene
(cyan) (C). Close-up of the CrtY domain showing docked lycopene (red) and two conserved lycopene cyclase motifs
(989-995, magenta; 1123-1129, green) (D).

the FAD-binding motif removed in CrtIBY-A75 was essential for phytoene desaturation, the CrtB domain in CrtIBY-A75
was presumed to retain the phytoene synthase activity, leading to phytoene accumulation.

3.3 Lycopene production by site-specific mutagenesis in CrtY

There are two lycopene cyclase motifs in the CrtY domain according to a previous report2¥. Based on the docking model,
the C-terminal motif was selected for mutational analysis because it was located slightly closer to the docked lycopene
than the N-terminal motif, as indicated by a shorter distance between the center of the two glutamate residues, which
are considered to be critical for cyclization activity, and lycopene (19.51 A vs20.69 A) (Fig. 1D). Site-directed mutations
were introduced into the C-terminus one (P1123G, E1125A, E1126A) in CrtIBY, and the generated mutant (CrtIBY-mY)
was expressed in S. cerevisiae. As a result, production of B-carotene was not observed in the yeast strain expressing
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CrtIBY-mY, while a peak whose retention time was similar to that of lycopene was detected (Fig. 3A).

By extracting the absorption spectrum of this peak, the shape of spectrum showed good agreement with that of the
authentic lycopene standard (Fig. 3B). The accumulated lycopene was quantified at 2.4 mg/L-culture. Therefore, the
introduced mutation in the C-terminus lycopene cyclase motif specifically abolished the lycopene cyclase activity of
CrtIBY and induced high accumulation of lycopene.
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Fig. 2 Carotenoids extracted from S. cerevisiae were separated with a reverse phase column and detected by a diode
array detector at 470 nm (A) and 280 nm (B). The absorption spectrum of a peak exhibiting a retention time close
to that of standard phytoene was extracted and compared with that of the standard (C).
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Fig. 3 Carotenoids extracted from S. cerevisiae were separated with a reverse phase column and detected by a diode
array detector at 470 nm (A). The absorption spectrum of a peak exhibiting a retention time close to that of
standard lycopene was extracted and compared with that of the standard.
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4 Discussion

CrtIBY derived from Aurantiochytrium sp. KH105 is a multifunctional enzyme catalyzing a three-step biosynthetic
reaction from GGPP to B-carotene. Since the amino acid sequence of each domain of CrtIBY shows high similarity with
the sequences of the related bacterial Crt enzymes!?, it is speculated that these genes were acquired by horizontal gene
transfer or phagocytosis and fused into a single gene during evolution. Since KH105 produces only small amounts of
phytoene and lycopene, which are B-carotene biosynthetic intermediates, CrtIBY is considered to be an efficient biocat-
alyst for B-carotene production compared to using a group of monofunctional enzymes. Indeed, individual expression of
Crtl and CrtYB in S. cerevisiae has been reported to result in substantial accumulation of biosynthetic intermediates,
particularly phytoene??, and artificial fusion of these enzymes via peptide linkers reduces the relative levels of interme-
diates2®). This is likely because the spatial proximity of catalytic domains in a multifunctional enzyme prevents the
diffusion of intermediates and enhances the efficiency of substrate—enzyme association at each successive catalytic step.
In the present study, we aimed to expand the utility of CrtIBY as an efficient biocatalyst for the production of phytoene
and lycopene by modifying the product specificity of CrtIBY.

The phytoene desaturase (CrtI) domain of CrtIBY contains a FAD-binding motif similar to that of CrtI derived from
bacteria, fungi, and plants (Fig. 1A). FAD bound to this motif is presumed to be involved in the removal of hydrogen from
the substrate, phytoene??. The analysis of enzymatic activity of CrtIBY mutants lacking the partial N-terminal regions
revealed that the yeast strain expressing CrtIBY-A75, which lacks the FAD-binding motif, accumulated a substance
presumed to be phytoene without the B-carotene production (Fig. 2B and 2C). This result demonstrates that this motif
is essential for Crtl activity. To gain structural insight into the substrate binding of the Crtl domain, molecular docking
simulation of phytoene into the AlphaFold3-predicted CrtIBY structure was performed (Fig. 1A). The docking analysis
revealed that phytoene binds within a hydrophobic channel of the CrtI domain, in proximity to the FAD-binding motif
(residues 57—74) (Fig. 1C). This structural analysis is consistent with the established role of FAD in the oxidative dehy-
drogenation of phytoene?2 27, The peak derived from CrtIBY-A75 showed a retention time similar to that of the chemi-
cally synthesized E/Z phytoene mixture standard, but eluted slightly later (Fig. 2B). In reverse-phase chromatography,
the trans form exhibits a shorter retention time than the czs form, suggesting that CrtIBY-A75 may generate phytoene
with a different geometric isomer composition than chemically synthesized phytoene. In chemical synthesis, thermody-
namically stable transphytoene is mainly produced, whereas in biosynthesis, cis-phytoene is mainly produced due to
the stereochemical properties of enzymes. Therefore, this difference in retention time suggests that CrtIBY-A75 produces
phytoene with a high ratio of cisisomers.

The loss of desaturase activity in CrtIBY-A75 can be explained by two possible mechanisms. First, since the FAD-
binding motif in bacterial phytoene desaturase has been reported to play an important role in enzyme binding to biolog-
ical membranes??, the removal of this motif from CrtIBY may have disrupted proper membrane association, thereby
impairing enzyme function. However, since CrtB activity was retained in the CrtIBY-A75-expressing yeast, the structural
impact of removing the FAD-binding motif appears to be limited to the Crtl domain rather than affecting the overall
enzyme architecture. This localized effect supports the modular nature of the CrtIBY enzyme, where individual domains
can be selectively impaired without compromising the function of other domains. Alternatively, the removal of the FAD-
binding motif may have directly eliminated the catalytic capability by removing the essential cofactor binding site. FAD
serves as the electron acceptor in the desaturation reaction2? 29, and without proper FAD binding, the enzyme would be
unable to perform the oxidative dehydrogenation of phytoene to phytofluene and subsequent intermediates.

The AlphaFold3-predicted structure of CrtIBY revealed that the CrtY domain contains multiple transmembrane hel-
ices, which are likely to play an essential role in both the localization of CrtIBY to biological membranes and the mainte-
nance of proper enzyme structure (Fig. 1B). Indeed, in the bifunctional enzyme CarRP from Mucor circinelloides, which
contains both CrtB and CrtY domains, the proper conformation of the CrtY domain has been reported to be crucial for
CrtB activity2?.

To investigate the functional importance of the lycopene cyclase motifs present in the CrtY domain (Fig. 1A), molecular
docking of lycopene into the AlphaFold3-predicted CrtIBY structure was performed to select the primary mutagenesis
target (Fig. 1D). Previous studies have demonstrated that the proline and glutamate residues within conserved lycopene
cyclase motifs are essential for cyclase activity, with the glutamate residues serving as acid-base catalysts for B-ionone
ring closure? and proline substitutions abolishing activity24 30. The catalytic EE residues of the C-terminal motif
(E1125-E1126) were located 19.51 A from the center of mass of the docked lycopene molecule, whereas those of the N-
terminal motif (E991-E992) were located 20.69 A away. Although the difference was modest, this structural analysis
suggested that the C-terminal PLEEALF motif is positioned closer to the substrate lycopene, and therefore the C-termi-
nal motif (PLEEALF, residues 1123—-1129) was selected as the primary mutagenesis target. Accordingly, CrtIBY-mY,
which contains P1123G, E1125A, and E1126A mutations in its C-terminal lycopene cyclase motif, was generated.
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Analysis of this mutant revealed complete loss of lycopene cyclization activity, as evidenced by lycopene accumulation
and absence of B-carotene production (Fig. 8). Since the role of the N-terminal motif (PVEEYMEF, residues 989-995)
remains to be elucidated, future mutagenesis studies targeting this motif will be necessary to fully understand the indi-
vidual contributions of each motif to the overall cyclase activity of CrtIBY. Nevertheless, our results clearly demonstrate
that the C-terminal motif plays an essential for cyclase activity. These findings, together with the presence of the N-
terminal motif, suggest that the two motifs may cooperatively contribute to the overall cyclase activity of CrtIBY.

In the metabolic engineering of plants and microorganisms aimed at enhancing the productivity of various carotenoids,
intermediate accumulation at each enzymatic step often reduces the yield of the final product, representing a significant
bottleneck in efficient carotenoid production. Multifunctional enzymes such as CrtIBY offer a promising solution to this
challenge because they efficiently channel intermediates through the entire biosynthetic pathway without significant
accumulation.

From a practical standpoint, introducing a single gene encoding a multifunctional enzyme also offers several technical
advantages over introducing multiple genes for individual enzymes. These benefits include reducing the number of re-
quired selection markers, simplifying cloning procedures, and facilitating more straightforward gene expression control
through the use of a single promoter system. Additionally, the use of multifunctional enzymes can reduce metabolic
burden on the host organism by decreasing the total number of genes that need to be expressed and maintained.

Therefore, CrtIBY and its engineered mutants represent particularly valuable tools for carotenoid production. Intact
CrtIBY serves as an efficient biocatalyst for B-carotene production, while the characterized mutants offer new possibili-
ties for producing specific carotenoid intermediates. The CrtIBY-A75 mutant, which lacks phytoene desaturase activity,
enables efficient phytoene production without further conversion to downstream products. Similarly, the CrtIBY-mY
mutant, in which the lycopene cyclase activity is abolished, allows for high-level lycopene accumulation. By overexpress-
ing these CrtIBY mutants in organisms that naturally accumulate high levels of GGPP, the substrate for carotenoid
biosynthesis, or by modifying the function of endogenous CrtIBY in high carotenoid-producing Aurantiochytrium
strains2® through genome editing approaches3?, it may be possible to achieve high-level production of phytoene and
lycopene, respectively.

Acknowledgements
This study was supported in part by the Core Research of Evolutional Science and Technology program (CREST) of
the Japan Science and Technology Agency (JST).

Author Contribution Statement

K.W. designed this research, analyzed the data, and drafted the original manuscript. A.O. designed this research,
performed the experiments, and analyzed the data. A.N. designed this research, performed the experiments, and ana-
lyzed the data. R.S. designed this research, performed the experiments and analyzed the data. Y.H. provided invaluable
advice on the three-dimensional structure prediction and docking simulations for CrtIBY. T.A. designed this research
and revised the draft critically for important intellectual content. All authors reviewed and revised the manuscript draft
and approved the final version for submission.

Conflict of interest
The authors declare no conflict of interest.

References

1) Harari, A., Harats, D., Marko, D., Cohen, H., Barshack, I., et al. A 9-cis B-carotene—enriched diet inhibits atherogen-
esis and fatty liver formation in LDL receptor knockout mice. /. Nutr, 138, 1923-1930 (2008).

2) Jyonouchi, H., Sun, S., Iijima, K., Gross, M.D. Antitumor activity of astaxanthin and its mode of action. Nutr. Cancer,
36, 59-65 (2000).

3) Tanaka, T., Morishita, Y., Suzui, M., Kojima, T., Okumura, A., et al. Chemoprevention of mouse urinary bladder
carcinogenesis by the naturally occurring carotenoid astaxanthin. Carcinogenesis, 15, 15-19 (1994).

4) Sandmann, G. Carotenoid biosynthesis in microorganisms and plants. Eur. J. Biochem., 223, 7-24 (1994).

5) Shaish, A., Harari, A., Kamari, Y., Soudant, E., Harats, D., et al. A carotenoid algal preparation containing phytoene

709
J. Oleo Sci. 75, (6) 703-711 (2026)



6)

7

8)

9)

10)
11)
12)
13)
14)
15)
16)
17)
18)
19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

710

K. Watanabe, A. Oda, A. Nagano et al

and phytofluene inhibited LDL oxidation in vitro. Plant Foods Hum. Nutr., 63, 83-86 (2008).

Mapelli-Brahm, P., Stinco, C.M., Rodrigo, M.J., Zacarias, L., Meléndez-Martinez, A.J. Impact of thermal treatments
on the bioaccessibility of phytoene and phytofluene in relation to changes in the microstructure and size of orange
juice particles. J. Funct. Foods, 46, 38-47 (2018).

Arain, M.A., Mei, Z., Hassan, F., Saeed, M., Alagawany, M., et al. Lycopene: a natural antioxidant for prevention of
heat-induced oxidative stress in poultry. World's Poult. Sci. J., 74, 89-100 (2018).

Di Mascio, P., Kaiser, S., Sies, H. Lycopene as the most efficient biological carotenoid singlet oxygen quencher. Arch.
Biochem. Biophys., 274, 532-538 (1989).

Engelmann, N.J., Clinton, S.K., Erdman, J.W., Jr. Nutritional aspects of phytoene and phytofluene, carotenoid pre-
cursors to lycopene. Adv. Nutr., 2, 51-61 (2011).

Iwasaka, H., Koyanagi, R., Satoh, R., Nagano, A., Watanabe, K., et al. A possible trifunctional B-carotene synthase
gene identified in the draft genome of Aurantiochytrium sp. strain KH105. Genes, 9, 200 (2018).

Aki, T., Hachida, K., Yoshinaga, M., Katai, Y., Yamasaki, T., et al. Thraustochytrid as a potential source of carote-
noids. J. Am. Oil Chem. Soc., 80, 789-794 (2003).

Thompson, J.D., Gibson, T.J., Higgins, D.G. Multiple sequence alignment using ClustalW and ClustalX. Curr. Protoc.
Bioinf., 1, 2.3.1-2.3.22 (2003).

Bairoch, A., Apweiler, R. The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic
Acids Res., 28, 45-48 (2000).

Abramson, J., Adler, J., Dunger, J., Evans, R., Green, T., et al. Accurate structure prediction of biomolecular inter-
actions with AlphaFold 3. Nature, 630, 493-500 (2024).

Bento, A.P., Hersey, A., Félix, E., Landrum, G., Gaulton, A., et al. An open source chemical structure curation pipe-
line using RDKit. J. Cheminf, 12, 51 (2020).

Santos-Martins, D., He, Y., Eberhardt, J., Sharma, P., Bruciaferri, N., et al. Meeko: molecule parametrization and
software interoperability for docking and beyond. J. Chem. Inf. Model., 65, 13045-13050 (2025).

Pettersen, E.F., Goddard, T.D., Huang, C.C., Meng, E.C., Couch, G.S., et al. UCSF ChimeraX: structure visualization
for researchers, educators, and developers. Protein Sci., 30, 70-82 (2021).

Trott, O., Olson, A.J. AutoDock Vina: improving the speed and accuracy of docking with a new scoring function,
efficient optimization, and multithreading. J. Comput. Chem., 81, 455-461 (2010).

Ito, H., Fukuda, Y., Murata, K., Kimura, A. Transformation of intact yeast cells treated with alkali cations. /. Bac-
teriol., 153, 163-168 (1983).

Watanabe, K., Arafiles, K.H.V., Higashi, R., Okamura, Y., Tajima, T., et al. Isolation of high carotenoid-producing
Aurantiochytrium sp. mutants and improvement of astaxanthin productivity using metabolic information. . Oleo
Sei., 67, 571-578 (2018).

Alquézar, B., Zacarias, L., Rodrigo, M.J. Molecular and functional characterization of a novel chromoplast-specific
lycopene B-cyclase from Citrus and its relation to lycopene accumulation. J. Exp. Bot., 60, 1783-1797 (2009).
Schaub, P., Yu, Q., Gemmecker, S., Poussin-Courmontagne, P., Mailliot, J., et al. On the structure and function of
the phytoene desaturase CRTI from Pantoea ananatis, a membrane-peripheral and FAD-dependent oxidase/isomer-
ase. PLoS One, 7, 39550 (2012).

Guo, W., Tang, H., Zhang, L. Lycopene cyclase and phytoene synthase activities in the marine yeast Rhodosporidium
diobovatum are encoded by a single gene crtYB. J. Basic Microbiol., 54, 1053-1061 (2014).

Zhang, Y., Chen, H., Navarro, E., Lopez-Garcia, S., Chen, Y.Q., et al. Generation of lycopene-overproducing strains
of the fungus Mucor circinelloides reveals important aspects of lycopene formation and accumulation. Biotechnol.
Lett., 39, 439-446 (2017).

Verwaal, R., Wang, J., Meijnen, J.P.,, Visser, H., Sandmann, G., et al. High-level production of beta-carotene in Sac-
charomyces cerevisiae by successive transformation with carotenogenic genes from Xanthophyllomyces dendrorhous.
Appl. Environ. Microbiol., 73, 4342-4350 (2007).

Rabeharindranto, H., Castano-Cerezo, S., Lautier, T., Garcia-Alles, L.F., Treitz, C., et al. Enzyme-fusion strategies
for redirecting and improving carotenoid synthesis in S. cerevisiae. Metab. Eng. Commun., 8, 00086 (2019).
Brausemann, A., Gemmecker, S., Koschmieder, J., Ghisla, S., Beyer, P., et al. Structure of phytoene desaturase pro-
vides insights into herbicide binding and reaction mechanisms involved in carotene desaturation. Structure, 25,
1222-1232.e1223 (2017).

Gemmecker, S., Schaub, P., Koschmieder, J., Brausemann, A., Drepper, F., et al. Phytoene desaturase from Oryza
sativa: oligomeric assembly, membrane association and preliminary 3D-analysis. PLoS One, 10, e0131717 (2015).
Velayos, A., Eslava, A.P., Iturriaga, E.A. A bifunctional enzyme with lycopene cyclase and phytoene synthase

J. Oleo Sci. 75, (6) 703-711 (2026)



Functional modification of CrtIBY

activities is encoded by the carEP gene of Mucor circinelloides. Eur. J. Biochem., 267, 5509-5519 (2000).
30) Arrach, N., Fernandez-Martin, R., Cerd4-Olmedo, E., Avalos, J. A single gene for lycopene cyclase, phytoene syn-
thase, and regulation of carotene biosynthesis in Phycomyces. Proc. Natl Acad. Sci. U.S.A., 98, 1687-1692 (2001).
31) Watanabe, K., Perez, C.M.T., Kitahori, T., Hata, K., Aoi, M., et al. Improvement of fatty acid productivity of thrausto-
chytrid, Aurantiochytrium sp. by genome editing. J. Biosci. Bioeng., 131, 373-380 (2021).

CC BY 4.0 (Attribution 4.0 International). This license allows users to share and adapt an article, even commercially, as long as appro-
BY

priate credit is given. That is, this license lets others copy, distribute, remix, and build upon the Article, even commercially, provided the
original source and Authors are credited.

711
J. Oleo Sci. 75, (6) 703-711 (2026)



	1 Introduction
	2 Material and Methods
	2.1 Microorganisms, culture media, and regents
	2.2 Amino acid sequence comparison of CrtIBY and related enzymes
	2.3 Structure prediction and molecular docking
	2.4 Construction of plasmid carrying the genes of CrtIBY and its mutants
	2.5 Expression of CrtIBY genes in yeast
	2.6 Carotenoid extraction
	2.7 Carotenoid analysis by high-performance liquid chromatography
	3 Results
	3.1 Prediction of functional regions and membrane topology of CrtIBY
	3.2 Removal of FAD binding motif in CrtIBY caused phytoene accumulation
	3.3 Lycopene production by site-specific mutagenesis in CrtY
	4 Discussion
	Acknowledgements
	Author Contribution Statement
	Conflict of interest
	References

