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We report the cloning and characterization of the biosynthetic gene cluster (crtE, crtB, crtl, crtE2, crtYg, crtYh,
and crtX) of the y-cyclic Cy, carotenoid sarcinaxanthin in Micrococcus luteus NCTC2665. Expression of the
complete and partial gene cluster in Escherichia coli hosts revealed that sarcinaxanthin biosynthesis from the
precursor molecule farnesyl pyrophosphate (FPP) proceeds via C,, lycopene, C,s; nonaflavuxanthin, C;,
flavuxanthin, and C,, sarcinaxanthin. Glucosylation of sarcinaxanthin was accomplished by the crtX gene
product. This is the first report describing the biosynthetic pathway of a y-cyclic Cs, carotenoid. Expression
of the corresponding genes from the marine M. luteus isolate Otnes7 in a lycopene-producing E. coli host
resulted in the production of up to 2.5 mg/g cell dry weight sarcinaxanthin in shake flasks. In an attempt to
experimentally understand the specific difference between the biosynthetic pathways of sarcinaxanthin and the
structurally related e-cyclic decaprenoxanthin, we constructed a hybrid gene cluster with the y-cyclic Cs,
carotenoid cyclase genes crtYg and crtYh from M. luteus replaced with the analogous e-cyclic Cs, carotenoid
cyclase genes crtYe and crtYf from the natural decaprenoxanthin producer Corynebacterium glutamicum. Sur-
prisingly, expression of this hybrid gene cluster in an E. coli host resulted in accumulation of not only
decaprenoxanthin, but also sarcinaxanthin and the asymmetric €- and y-cyclic Cs, carotenoid sarprenoxan-
thin, described for the first time in this work. Together, these data contributed to new insight into the diverse
and multiple functions of bacterial C;, carotenoid cyclases as key catalysts for the synthesis of structurally

different carotenoids.

Carotenoids are natural pigments synthesized by bacteria,
fungi, algae, and plants, and more than 750 different carot-
enoids have been isolated from natural sources (17). They
possess important biological functions as protectants against
light and oxygen excess in photosynthetic processes (32, 38),
and they have been proposed to reduce the risk of certain
cancers, cardiovascular disease, and Alzheimer disease due to
their antioxidative properties (20, 46). The global market for
carotenoids used as food colorants and nutritional supple-
ments was estimated at approximately $935 million in 2005
(11). More than 95% of all natural carotenoids are based on a
symmetric C,, phytoene backbone, and only a small number of
C, and even fewer Cs,, carotenoids have been discovered (42).

Cs, carotenoids have multiple conjugated double bonds, and
they contain at least one hydroxyl group; both these features
contribute to strong antioxidative properties (17, 30, 32, 38). In
nature, Cs, carotenoids are synthesized by bacteria of the or-
der Actinomycetales, and to date, only two different Cs, carot-
enoid biosynthetic pathways have been described in the liter-
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ature. The biosynthetic pathways of the e-cyclic Cs,, carotenoid
decaprenoxanthin [2,2'-bis-(4-hydroxy-3-methybut-2-enyl)-¢,e-
carotene] and the B-cyclic Cs, carotenoid C.p.450 [2,2’-bis-(4-
hydroxy-3-methybut-2-enyl)-B,B-carotene] have been -eluci-
dated in Corynebacterium glutamicum (22, 23) and in Dietzia sp.
CQ4 (41), respectively. For both pathways, the common pre-
cursor, C4y lycopene, is synthesized from C,5 farnesyl pyro-
phosphate (FPP) via the methylerythritol 4-phosphate (MEP)
pathway, which is present in most eubacteria (33). Effective
lycopene production has been achieved in genetically engi-
neered noncarotenogenic hosts, such as Escherichia coli and
Saccharomyces cerevisiae (9). Accordingly, the potential of us-
ing such biotechnologically relevant hosts for heterologous
production of any lycopene-derived carotenoids has generated
high interest.

The biosynthesis of cyclic Cy, carotenoids from lycopene is
catalyzed by lycopene elongase and carotenoid cyclases. Even
though most carotenoids in plants and microorganisms exhibit
cyclic structures, cyclization reactions were predominantly
known for C,,, pathways (45) catalyzed by monomeric enzymes
that have been isolated from plants and bacteria (5, 16, 27, 29,
31, 36). In C. glutamicum, the genes crtYe, crtYf, and crtEb were
identified as being involved in the conversion of lycopene to
the e-cyclic Cs, carotenoid decaprenoxanthin (22, 44). Sequen-
tial elongation of lycopene into the acyclic Cs, carotenoid
flavuxanthin was catalyzed by the crtEb gene product lycopene
elongase. Subsequent cyclization to decaprenoxanthin was cat-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics® Source
Strains
E. coli DH5« General cloning host Gibco-BRL
E. coli XL1-Blue Used as host for heterologous carotenoid production Stratagene
M. luteus NCTC2665 Wild-type strain NCTC
M. luteus Otnes7 Marine wild-type isolate This work
C. glutamicum MJ-233C-MV10 Tn31831 mutant of C. glutamicum MJ-233C; contains a wild-type crt gene cluster 44
Plasmids
pGEM-T Amp"; standard cloning vector Promega
pJBphOx Amp"; pJB658 derivative with inducible Pm-xylS promoter/regulator system 37
pAC-LYC Cm’; lycopene-producing plasmid containing crtEIB from P. ananatis; p15A ori 8
pCRT-EBIE2YgYh-2665 pIBphOx with scFv-phOx gene replaced with the crtEBIE2YgYh region from This work
strain Otnes7
pCRT-EBI-2665 pIBphOx with scFv-phOx gene replaced with crtEBI from strain NCTC 2665 This work
pCRT-E2YgYh-O7 pIBphOx with scFv-phOx gene replaced with crtE2YgYh from strain Otnes7 This work
pCRT-E2YgYh-2665 pIBphOx with scFv-phOx gene replaced with crtE2YgYh from strain NCTC 2665 This work
pCRT-E2Yg-O7 pIBphOx with scFv-phOx gene replaced with crtE2Yg from strain Otnes7 This work
pCRT-E2Yg-2665 pIBphOx with scFv-phOx gene replaced with crtE2Yg from strain NCTC2665 This work
pCRT-E2-O7 pIBphOx with scFv-phOx gene replaced with crtE2 from strain Otnes7 This work
pCRT-E2-2665 pIBphOx with scFv-phOx gene replaced with crtE2 from strain NCTC2665 This work
pCRT-YgYh-O7 pIBphOx with scFv-phOx gene replaced with crtYgYh from strain Otnes7 This work
pCRT-YgYh-2665 pIBphOx with scFv-phOx gene replaced with crtYgYh from strain NCTC2665 This work
pCRT-E2YgYhX-O7 pIBphOx with scFv-phOx gene replaced with crtE2YgYhX from strain Otnes7 This work
pCRT-E2-O7-YeY{-MJ pIBphOx with scFv-phOx gene replaced with crtE2 from strain Otnes7 and YeYf This work
from C. glutamicum
pCRT-YeYfEb-MJ pIBphOx with scFv-phOx gene replaced with crtYeYfED from C. glutamicum This work
pCRT-E2Yg-2665-Y{-MJ pIBphOx with scFv-phOx gene substituted with crtE2Yg from strain Otnes7 and This work

crtYf from C. glutamicum

“ Amp', ampicillin resistance; Cm", chloramphenicol resistance.

alyzed by a heterodimeric Cs, carotenoid, e-cyclase, encoded
by crtYe and crtYf (22). C. glutamicum can synthesize both
mono- and diglucosylated decaprenoxanthin; however, the ge-
netic and enzymatic bases for glucosylation of decaprenoxan-
thin are unknown. Analogous to decaprenoxanthin, biosynthe-
sis of the B-cyclic Cs, carotenoid C.p.450 in Dietzia sp. CQ4
from lycopene involves lycopene elongase and Cs, carotenoid
B-cyclase activities (41).

While most cyclic carotenoids exhibit B-rings, €-ring-con-
taining pigments are common in higher plants (7), and carot-
enoids substituted only with y-rings are rarely observed in
plants and algae (14). To date, no biosynthetic pathway for
v-cyclic Csy, carotenoids has been reported in the literature.

Micrococcus luteus NCTC2665 (the “Fleming strain”) is a
Gram-positive bacterium belonging to the family Micrococ-
caceae within the order Actinomycetales. The carotenoids, in-
cluding the y-cyclic Cs, sarcinaxanthin [(2R,6R,2'R,6'R)-(2,2'-
bis(4-hydroxy-3-methyl-2-butenyl)-vy,y-carotene)], synthesized
by this bacterium have been identified and structurally eluci-
dated (26). We recently isolated and characterized several
wild-type M. luteus strains from the sea surface microlayer of
the middle part of the Norwegian coast (39). Here, we report
one additional such marine M. luteus isolate, designated
Otnes7, forming color-intensive colonies indicating high sarci-
naxanthin production levels. Both Otnes7 and NCTC2665
were used as M. luteus model strains, and the sarcinaxanthin
biosynthetic gene clusters were cloned from both strains. The
complete sarcinaxanthin biosynthetic pathway from lycopene
was elucidated, including glucosylation, and we also explored
the potential of using Otnes7-derived genes to achieve effective

heterologous production of sarcinaxanthin in E. coli. The re-
sults add important new knowledge of the biosynthesis of Cs,,
carotenoids, and in particular, they highlight the diverse func-
tions of Cs, carotenoid cyclases leading to synthesis of struc-
turally different carotenoids.

MATERIALS AND METHODS

Bacteria, plasmids, standard DNA manipulations, and growth media. The
bacterial strains and plasmids used in this work are listed in Table 1. Bacteria
were cultivated in Luria-Bertani (LB) broth (35), and recombinant E. coli cul-
tures were supplemented with ampicillin (100 pg/ml) and chloramphenicol (30
pg/ml) as appropriate. M. luteus and C. glutamicum strains were grown at 30°C
and 225-rpm agitation for 24 h, and E. coli strains for cloning purposes were
grown at 37°C and 225-rpm agitation overnight. For heterologous production of
carotenoids, overnight cultures (100 ml) of recombinant E. coli cells grown at
30°C with 180-rpm agitation in shake flasks (500 ml) were diluted 1% in pre-
warmed medium with 0.5 mM of the Pm promoter inducer m-toluic acid (37)
added unless otherwise indicated. In order to elucidate maximal sarcinaxanthin
production yields, samples were initially taken after 16 h, 24 h, and 48 h and
analyzed quantitatively as described below. The highest carotenoid abundance
was typically observed after 48 h of cultivation, but it was only marginally higher
than after 24 h of cultivation (data not shown). This is in agreement with
analogous reports for heterologous production of zeaxanthin in E. coli (34), and
therefore, production analyses were routinely performed by analyzing samples
collected after 48 h. Standard DNA manipulations were performed according to
the method of Sambrook et al. (35), and isolation of total DNA from M. luteus
strains was performed as described previously (43).

Vector construction. (i) pCRT-EBIE2YgYh-2665 and pCRT-EBI-2665. The
complete crtEBIE2YgYh gene cluster of M. luteus NCTC2665 was PCR amplified
from genomic DNA by using the primer pair crtE-F (5'-TTTTTCATATGGGT
GAAGCGAGGACGGG-3') and crtYh-R (5'-TTTTTGCGGCCGCTCAGCGA
TCGTCCGGGTGGGG-3'). The crtEBI region of M. [uteus NCTC2665 was
PCR amplified from genomic DNA by using the primer pair crtE-F (see above)
and crtl-R (5'-TTTTTGCGGCCGCTCATGTGCCGCTCCCCCCGQG). The re-
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sulting PCR products (5,283 bp and 3,693 bp, respectively) were end digested
with Ndel and NotI (the recognition sites are indicated in boldface in the primer
sequences) and ligated into the corresponding sites of pJBphOx (37), yielding
plasmids pCRT-EBIE2YgYh-2665 and pCRT-EBI-2665, respectively.

(ii) pCRT-E2YgYh-2665 and pCRT-E2YgYh-O7. The crtE2YgYh regions of M.
luteus strains NCTC2665 and Otnes7 were PCR amplified from genomic DNA
using primers crtE2-F (5'-TTTTTCATATGATCCGCACCCTCTTCTG-3') and
crtYh-R (see above). The PCR products obtained (1,615 bp and 1,618 bp,
respectively) were blunt-end ligated into the pGEM-T vector system (Promega,
Madison, WI). The resulting plasmids were digested with NdeI and NotI (the
recognition site is indicated in boldface in the primer), and the inserts were
ligated into the corresponding sites of pJBphOx, yielding plasmids pCRT-
E2YgYh-2665 and pCRT-E2YgYh-O7, respectively.

(iii) pCRT-E2YgYhX-O7. The crtE2YgYhX region of M. luteus strain Otnes7
was PCR amplified from genomic DNA using primers crtE2-F (see above) and
crtYX-R (5'-TTTTTCCTAGGAGATGGCCGCGAACATCCTG). In the result-
ing PCR product, crtYh and crtX were separated by or1008, encoding a putative
protein with no assigned function. The PCR product was end digested with Ndel
and Blnl (the recognition site is indicated in boldface in the primer), and the
3,085-bp fragment was ligated into the corresponding sites of pJBphOx, resulting
in plasmid pCRT-E2YgYhX-O7.

(iv) pCRT-E2Yg-0O7 and pCRT-E2Yg-2665. The crtE2Yg coding regions of M.
luteus strains NCTC2665 and Otnes7 were PCR amplified from chromosomal
DNA using primers crtE2-F (see above) and crtYg-R (5'-TTTTTGCGGCCGC
TCACCGGCTCCCCCGGTCGGTC-3"). The PCR products obtained were end
digested with Ndel and Notl (the recognition site is indicated in boldface in the
primer sequence), and the resulting 1,247-bp fragments were ligated into the
corresponding sites of pJBphOx, resulting in plasmids pCRT-E2Yg-2665 and
pCRT-E2Yg-O7, respectively.

(v) pCRT-E2-O7 and pCRT-E2-2665. The crtE2 genes of M. luteus strains
NCTC2665 and Otnes7 were PCR amplified from chromosomal DNA using
primers crtE2-F (see above) and crtE2-R (5'-TTTTTGCGGCCGCTCATGCC
GCCGCCCCCCGGG-3"). The resulting PCR products were end digested with
Ndel and Notl (the recognition site is indicated in boldface in the primer
sequence), and the 890-bp fragments were ligated into the corresponding sites of
pIBphOx, resulting in plasmids pCRT-E2-2665 and pCRT-E2-O7, respectively.

(vi) pCRT-YgYh-O7 and pCRT-YgYh-2665. The crtYgYh regions of M. luteus
strains NCTC2665 and Otnes7 were PCR amplified from genomic DNA by
using primers crtYg-F (5'-TTTTTCATATGATCTACCTGCTGGCCCT-3") and
crtYh-R (see above). The resulting 734-bp PCR products were end digested with
Ndel (the restriction site is indicated in boldface in the primer sequence) and
Notl and ligated into the corresponding sites of pJBphOx, resulting in plasmids
pCRT-YgYh-2665 and pCRT-YgYh-O7, respectively.

(vii) pCRT-E2-O7-YeYf-MJ. According to the gene sequences of crtE2 in M.
luteus Otnes7 and crtYeYf in C. glutamicum MJ233-MV10, four primers, crtE2-F
(5'-TGACCAACGACCGGTAGCGGAG-3") and crtE2-i-R (5'-CCCATCCACT
AAACTTAAACATCATGCCGCCGCCCCCCGG-3'), and crtYe-i-F (5'-TGTT
TAAGTTTAGTGGATGGGTTGATCCCTATCATCGATATTTCAC-3') and
crtYf-R (5'-TTTTGCGGCCGCTTTTCCATCATGACTACGGCTTTTC), were
used. Primers crtE2-i-R and crtYe-i-F contained homologous extensions of 21 bp
(italics) at the 5" ends as linker sequences in order to allow crossover PCR. The
primer pair crtE2-F and crtE2-i-R was used to amplify a 1,227-bp fragment
containing the crtE2 gene from genomic M. luteus DNA, and the primer pair
crtYe-i-F and crtYf-R was used to amplify an 885-bp crfYeYf-containing frag-
ment from genomic DNA of C. glutamicum MJ-233C-MV10. The resulting PCR
fragments were used as templates for PCR with the primer pair crtE2-F and
crtYe-R to amplify a hybrid DNA fragment (2,090 bp) containing crtE2 from M.
luteus and crtYeYf from C. glutamicum connected by the 21-bp linker sequence.
The resulting hybrid fragment was end digested with Agel and Notl (the restric-
tion site is indicated in boldface in the primer sequence), and the 2,070-bp
fragment obtained was ligated into the corresponding sites of pJB658phOx,
resulting in plasmid pCRT-E2-O7-YeYf-MJ.

(viii) pCRT-YeYfEb-MJ. The crtYeYfEb genes from C. glutamicum strain MJ-
233C-MV10 (Table 1) were PCR amplified from genomic DNA using primers
crtYe-F1  (5'-TGGCTATCTCTAGAAAGGCCTACCCCTTAGGCTTTATGC
AACAGAAACAATAATAATGGAGTCATGAACATATGATCCCTATCAT
CGATATTTCAC-3") and crtYf-R (5'-TTTTGCGGCCGCCTGATCGGATAA
AAGCAGAGTTATATC-3"). The resulting PCR product was digested with
Xbal and Notl (the restriction site is indicated in boldface in the primer se-
quence), and the 1,789-bp fragment was ligated into the corresponding sites of
pIBphOx, resulting in plasmid pCRT-YeYfEb-MJ.

All the constructed vectors were verified by DNA sequencing and transformed
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by electroporation (10) into the production host strains E. coli XL1-Blue and the
lycopene-producing E. coli XL1-Blue(pAC-LYC) (8).

Extraction of carotenoids from bacterial-cell cultures. To extract carotenoids
from M. luteus strains, cells were harvested, washed with deionized H,O, and
treated with lysozyme (20 mg/ml) and lipase (Fluka Chemicals, Germany) ac-
cording to the method of Kaiser et al. (18), and the pigments were extracted with
a mixture (7:3) of methanol and acetone. For recombinant E. coli strains, 50-ml
aliquots of the cell cultures were centrifuged at 10,000 X g for 3 min, and the
pellets were washed with deionized H,O; the cells were then frozen and thawed
to facilitate extraction. Finally the pigments were extracted with 4 ml methanol-
acetone (7:3) at 55°C for 15 min with thorough vortexing every 5 min. When
necessary, up to three extraction cycles were performed to remove all visible
colors from the cell pellet. When selective extraction for xanthophylls was de-
sired, pure methanol was used. Butyhydroxytoluene (BHT) (0.05%) was added
to the organic solvent to contribute to the stabilization of carotenoids (18).
Samples for preparative high-performance liquid chromatography (HPLC) were
in addition partitioned into 50% diethyl ether in petroleum ether. The collected
upper phase was evaporated to dryness and dissolved in methanol.

Quantitative and qualitative LC-MS analyses of carotenoids in cell extracts.
Liquid chromatography-mass spectrometry (LC-MS) analyses of carotenoid-con-
taining extracts were performed on an Agilent Ion Trap SL mass spectrometer
equipped in front with an Agilent 1100 series HPLC system, including a diode
array detector (DAD) for UV/visible (Vis) spectrum recording. Quantification of
carotenoids was performed using the extracted wavelength chromatogram at
peak A\, 450 = 16 nm for sarcinaxanthin and carotenoids with corresponding
UV/Vis profiles and 470 = 16 nm for lycopene and corresponding carotenoids,
while MS detection was used to confirm the identities of known peaks for
quantification and to determine the molecular masses of unknown carote-
noids in the various cell extracts. Trans-beta-apo-8'-carotenal (Sigma) and
lycopene (Fluka) were used as standards. They were dissolved in chloroform
according to their solubilities and diluted in methanol. The correct concen-
trations of the prepared standard solutions were calculated from absorbance
measurements of the solutions and by using the specific extinction coefficients
E'%, . i.e., the absorption of 1% solution in a 1-cm cuvette at the maximum
absorption wavelength, of 3,450 for lycopene and 2,590 for apocarotenal (15,
18). The standards were filtered through a syringe 0.2-wm polypropylene filter
(Pall Gelman) and stored in amber glass vessels at —80°C under an N,
atmosphere if not used immediately.

Two HPLC protocols were used, a fast, high-throughput method for quanti-
fication of known carotenoids and a slow method with higher resolution for
qualitative detection of all carotenoids in an extract permitting determination of
the UV/Vis spectra and molecular masses of unknown carotenoids. A 2.1- by
30-mm Zorbax RR SB RP C,g column was used for the fast, high-throughput
method. The carotenoids were eluted isocratically in methanol for 5 min. The
column flow was kept at 0.4 ml/min, and 10 pl extract was injected for each run.
The slow run method was run isocratically for 25 min with a mobile phase
composition of MeOH/acetonitrile (7:3) with a 2.1- by 150-mm Zorbax SB RP
C,g column using a flow rate of 250 wl/min. Ten or 20 pl extract was injected
depending on the concentrations of carotenoids in the various extracts. The mass
spectrometer was operated in positive scan mode using chemical ionization. The
settings of the atmospheric pressure chemical ionization (APCI) source were
325°C dry temperature, 350°C vaporizer temperature, 50 Ib/in? nebulizer pres-
sure, and 5.0 liter/min dry gas.

Purification of carotenoids. For purification of carotenoids, preparative HPLC
was performed on an Agilent preparative HPLC 1100 series system equipped
with two preparative HPLC pumps, a preparative autosampler, and a preparative
fraction collector. The mobile phases were methanol in channel 1 and acetoni-
trile in channel 2. Samples (2 ml) were injected at a flow rate of 20 ml/min into
a Zorbax RP C g 21- by 250-mm preparative LC column. Online MS analysis was
performed by splitting the flow 1:200 after the column using an Agilent LC flow
splitter, and a makeup flow of 1 ml methanol/min was used to carry the analytes
to the mass spectrometer with less than a 15-s delay. The diode array detector
was used to trigger fraction collection.

Carotenoid structure determination by NMR. When appropriate, nuclear
magnetic resonance (NMR) was used for carotenoid structure determination. All
NMR spectra were recorded on a Bruker Avance 600-MHz instrument fitted
with an inverse triple resonance cryoprobe (TCI) using CDCl; as a solvent with
trimethylsilyl (TMS) as an internal reference. 'H and '*C signals were unambig-
uously assigned with the aid of in-phase correlation spectroscopy (ip-SCOPY),
heteronuclear single-quantum coherence (HSQC), heteronuclear multiple-bond
correlation (HMBC), nuclear Overhauser effect spectroscopy (NOESY), and
HSQC-total-correlation spectroscopy (TOCSY) experiments.
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RESULTS

Analysis of carotenoids produced by M. luteus NCTC2665
and a new marine M. luteus isolate designated Otnes7. As a
basis for the current studies, we characterized the major
carotenoids synthesized by the M. luteus wild-type strain
NCTC2665. In addition, we report here one new selected
marine isolate, designated Otnes7, classified as an M. luteus
strain by 16S rRNA sequence analysis (performed by
NCIMB Ltd., Scotland) and forming colonies on LB agar
plates with higher color intensity than other wild-type M.
luteus strains (data not shown). We chose to include Otnes7
as an alternative model strain in this study, in particular to
investigate whether its genes might also be favorable for
efficient heterologous sarcinaxanthin production in E. coli
strains (see below).

Cell extracts from shake flask cultures of strain NCTC2665
were analyzed by LC-MS, and one major peak (peak 3) (Fig.
1A) was identical to that of sarcinaxanthin purified and struc-
turally identified by NMR earlier from wild-type M. luteus
strains (39). In addition, two minor peaks, peak 1 and peak 2,
were identified, with the same absorption spectra as sarcina-
xanthin (Fig. 1A). The retention time of peak 2 was equal to
that of sarcinaxanthin monoglucoside identified by NMR ear-
lier (39), while peak 1 was more polar and therefore was
predicted to represent sarcinaxanthin diglucoside (Table 2).
An analogous analysis of strain Otnes7 revealed that it pro-
duced the same type of carotenoids; however, the total carot-
enoid level was higher (190 pg/g cell dry weight [CDW]) than
that of NCTC2665 cells (145 pg/g CDW) under the conditions
tested, which was in agreement with the different colony color
intensities of the two strains.

Genetic characterization and heterologous expression of the
M. luteus sarcinaxanthin biosynthetic gene cluster. The ge-
nome sequence of M. luteus strain NCTC2665 (accession num-
ber NC_012803) has been deposited in the databases, and just
before the submission of this paper, an accompanying publi-
cation appeared in the scientific literature (47). In silico screen-
ing of the sequence data resulted in the identification of a
putative carotenoid biosynthesis gene cluster consisting of a
total of nine open reading frames, orl007 to orl015. The
genetic organization of the carotenoid (crt) genes in M. luteus
displayed certain similarities to the previously published bio-
synthetic gene clusters for the Cs, carotenoids C.p.450 and
decaprenoxanthin in Dietzia sp. (41) and C. glutamicum (22),
respectively (Fig. 2). The deduced M. luteus gene products
displayed between 27% and 55% primary sequence identity to
enzymes of the decaprenoxanthin and C.p.450 biosynthetic
pathways. Based on these sequence analyses, the M. luteus
genes crtE (encoding geranyl geranyl pyrophosphate [GGPP]
synthase), crtB (encoding phytoene synthase), crtl (encoding
phytoene desaturase), crtE2 (encoding lycopene elongase),
crtYg (encoding the Cs, cyclase subunit), crtYh (encoding the
Cs cyclase subunit), and crtX (encoding glycosyl transferase)
were assigned (Table 3). In addition, or1008 and orl1015 en-
coded putative proteins with no assigned functions. In an at-
tempt to identify relevant transcription initiation elements, the
“neural network promoter prediction” method (http:/www
fruitfly.org/seq_tools/promoter.html) was applied to the entire
crt gene cluster, including orl015 and the upstream region
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(Fig. 2). By far the highest score was observed for a nucleotide
sequence located 112 to 62 bp upstream of the crtE start codon,
suggesting that the gene cluster is transcribed as a polycistronic
operon from this promoter.

To experimentally verify that the identified M. luteus gene
cluster encoded an active sarcinaxanthin biosynthetic pathway,
the entire crtEBIE2YgYh region from NCTC2665 was cloned in
frame and under the transcriptional control of the positively
regulated Pm-xylS promoter/regulator system in plasmid
pJBphOx (37). This expression vector has many favorable
properties useful for regulated expression of genes and path-
ways at relevant levels in Gram-negative bacteria (1). The
resulting plasmid, pCRT-EBIE2YgYh-2665 (Table 1), was
transformed into the noncarotenogenic E. coli host strain XL1-
Blue, and the recombinant strain was analyzed for carotenoid
production under Pm-induced conditions (0.5 mM m-toluic
acid) over 48 h (see Materials and Methods). LC-MS analysis
of cell extracts revealed a small peak at a retention time,
absorption spectrum, and molecular mass identical to those of
sarcinaxanthin identified in the M. luteus strains (see above).
The recombinant E. coli strain produced small amounts of
sarcinaxanthin (10 to 15 pg/g CDW). No sarcinaxanthin was
detected in plasmid-free cells, thus confirming that the iden-
tified gene cluster encodes a sarcinaxanthin biosynthetic
pathway from farnesyl pyrophosphate. The biological role of
the crtX gene was experimentally confirmed (see below).

Sarcinaxanthin production levels in E. coli can be increased
150-fold (2.5 mg/g CDW) by expressing Otnes7-derived
crtE2YgYh genes in a lycopene-producing host. To investigate
the reason for the poor sarcinaxanthin production levels ob-
tained in E. coli, we established a recombinant strain, E.
coli(pCRT-EBI-2665), expressing the crtE, crtB, and crtl genes
from NCTC2665, encoding enzymes assumed to catalyze the
conversion of FPP into lycopene (Fig. 2 and Table 3). Analysis
of this recombinant strain under Pm-induced conditions (0.5
mM toluic acid) confirmed that it produced lycopene as the
sole carotenoid. However, the lycopene production yield was
low (8 to 12 pg/g CDW) and in the same range as the sarci-
naxanthin production yield obtained when the complete
crtEBIE2YgYh gene cluster was expressed (see above). These
data suggested that lycopene synthesis might be a bottleneck
for efficient sarcinaxanthin production in this E. coli host.
Therefore, E. coli XL1-Blue was transformed with plasmid
pAC-LYC (6, 8) harboring the Pantoea ananatis crtEIB genes
encoding three enzymes for biosynthesis of lycopene from iso-
prenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP). LC-MS analysis confirmed that the resulting strain,
E. coli(pAC-LYC), accumulated lycopene (1.8 mg/g CDW) as
the sole carotenoid, and therefore, further carotenoid produc-
tion experiments were performed using XL1-Blue(pAC-LYC)
as a host.

We then established E. coli(pAC-LYC)(pCRT-E2YgYh-
2665) expressing the crtE2, crtYg, and crtYh genes from
NCTC2665 (Table 1). LC-MS analysis of cell extracts revealed
a total maximum carotenoid accumulation of 2.3 mg/g CDW,
and about 98% of the total carotenoid produced was identified
as sarcinaxanthin (Fig. 3, 0.5 mM inducer). These data dem-
onstrated that the M. luteus NCTC2665 crtE2YgYh gene prod-
ucts could effectively convert lycopene into sarcinaxanthin.
This result also confirmed that M. luteus genes were not effi-
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FIG. 1. (A to D) HPLC elution profiles of carotenoids extracted from M. luteus strains Otnes7 (A), E. coli(pAC-LYC)(pCRT-E2YgYh-O7)
(B), E. coli(pAC-LYC)(pCRT-E2YgYhX-O7) (C), and E. coli(pAC-LYC)(pCRT-E2-O7) (D). Peak 1, sarcinaxanthin diglucoside; peak 2,
sarcinaxanthin monoglucoside; peak 3, sarcinaxanthin; peak 4, lycopene; peak 5, flavuxanthin; peak 6, nonaflavuxanthin; Peaks 4', 5, and 6’ are
the cis isomers of 4, 5, and 6, respectively. (E) Absorption spectra of carotenoids from peaks 1, 2, and 3 (solid line) and peaks 4, 5, and 6 (dashed

line). AU, arbitrary units.

cient for lycopene production under the conditions tested. The
reason for this is unknown, and it was not further investigated
in the present study.

It was of interest to test if Otnes7 genes could contribute to
more efficient sarcinaxanthin production levels in this host.
Therefore, the alternative strain E. coli(pAC-LYC)(pCRT-
E2YgYh-O7) expressing the crtE2, crtYg, and crtYh genes from
Otnes7 was established. The total carotenoid production level

(2.5 mg/g CDW) of the resulting recombinant strain was
slightly higher than that of the analogous strain E. coli(pAC-
LYC)(pCRT-E2YgYh-2665) (2.3 mg/g CDW). Interestingly,
we noticed that all (100%) of the total carotenoid produced by
E. coli(pAC-LYC)(pCRT-E2YgYh-O7) was sarcinaxanthin
and no lycopene was present in these cells (Fig. 3). This dem-
onstrated very efficient lycopene conversion by using Otnes7-
derived genes, indicating that lycopene synthesis is a bottle-
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TABLE 2. Characteristics of carotenoids extracted from M. luteus
strain Otnes7 and from recombinant E. coli strains”

Aoy (nm)
Carotenoid in the Molecular Retention
(trivial name) HPLC mass (Da) time (min)
eluent
Sarcinaxanthin diglucoside 414 438 467 1,028 3.0
Sarcinaxanthin 414 438 467 886 4.5
monoglucoside

Sarcinaxanthin 414 438 467 704 7.7
Flavuxanthin 445 470 501 704 8.2
Nonaflavuxanthin 445 470 501 620 13.2
Lycopene 445 470 501 536 21.3
Decaprenoxanthin 414 438 467 704 10.1
Sarprenoxanthin 414 438 467 704 8.9

“ The carotenoids were dissolved in methanol and separated by HPLC using
the Zorbax C g 150- by 30-mm column (see Materials and Methods). All these
extracted carotenoids have a characteristic three-peak absorption profile (Fig.
1E), and all A\, values are given.

neck for further improved sarcinaxanthin production under the
conditions tested. Therefore, to further compare the efficiency
of using Otnes7- versus NCTC2665-derived biosynthetic genes,
production analyses were performed with different Pm inducer
concentrations (Fig. 3). The results demonstrated that the
strain E. coli(pAC-LYC)(pCRT-E2YgYh-O7) produced sarci-
naxanthin at higher levels than E. coli(pAC-LYC)(pCRT-
E2YgYh-2665) under all induction conditions tested, thus con-
firming that Otnes7 genes may be preferable for efficient
sarcinaxanthin production in the E. coli host. DNA sequence
analysis of the cloned Otnes7 crtE2YgYh fragment revealed a
total of 24 nucleotide substitutions compared to the corre-
sponding NTCT2665 DNA sequence, corresponding to four
amino acid substitutions in CrtE2, five in CrtYg, and two
substitutions plus one insertion in CrtYh. Whether these se-
quence variations positively affect the expression levels or the
catalytic properties of the respective proteins remains un-
known, and it was not further investigated here.

The M. luteus crtE2 gene product catalyzes in vivo conversion
of lycopene to C,; nonaflavuxanthin and C;, flavuxanthin. To
elucidate the individual biosynthetic steps in the conversion of
lycopene to sarcinaxanthin, we established strain E. coli(pAC-
LYC)(pCRT-E2-2665) expressing the crtE2 genes from
NCTC2665 (Table 1) and analyzed it for carotenoid produc-
tion. Two different carotenoids were accumulated in the cells
in addition to lycopene (Fig. 1D); all three compounds shared

2000
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identical UV/Vis profiles. No sarcinaxanthin was detected. The
minor carotenoid had a molecular mass of 620 Da, indicating
a C,s xanthophyll compared with reported values (620 to 624
Da) (3), and the major carotenoid had a molecular mass of 704
Da, indicating a Cs, xanthophyll (704 to 738 Da) (3). The
major carotenoid was purified by preparative HPLC and ana-
lyzed by NMR (see Table S1 in the supplemental material).
Inspection of 'H, '*C, and HSQC spectra revealed chemical
shifts in agreement with reported data for the acyclic Cs,
carotenoid flavuxanthin (24). The minor carotenoid was iden-
tified as nonaflavuxanthin on the basis of the UV/Vis profile
and the mass (Table 2). These results verified that the M. luteus
crtE2 gene encodes a lycopene elongase catalyzing the sequen-
tial elongation of the C,, carotenoid lycopene via the C,s
carotenoid nonaflavuxanthin to the Cs, carotenoid flavuxan-
thin. A similar analysis using the analogous strain E. coli(pAC-
LYC)(pCRT-E2-Otnes7) gave the same conclusion (data not
shown). We noticed that the relative conversion of lycopene
was substantially higher in the latter strain (79% versus 23%),
which was in agreement with the generally effective sarcina-
xanthin production obtained when Otnes7 genes were ex-
pressed (Fig. 3).

The M. luteus crtYg and crtYh genes together encode an active
Cs, carotenoid cyclase catalyzing cyclization of C, flavuxan-
thin to C, sarcinaxanthin ir vive. To investigate if crtYg en-
coded any cyclase activity, we constructed and analyzed the
recombinant strains E. coli(pAC-LYC)(pCRT-E2Yg-O7) and
E. coli(pAC-LYC)(pCRT-E2Yg-2665) expressing the crtE and
crtYg genes from NCTC2665 and Otnes7, respectively (Table
1). The carotenoids produced by both strains were flavuxan-
thin, nonaflavuxanthin, and lycopene, and their relative abun-
dances were similar to those in strains E. coli(pAC-LY-
C)(pCRT-E2-O7) and E. coli(pAC-LYC)(pCRT-E2-2665),
respectively. No sarcinaxanthin was detected in either of the
strains. These data thus implied that the CrtYg and CrtYh
polypeptides must function together as an active carotenoid
cyclase catalyzing cyclization of flavuxanthin to sarcinaxanthin
in vivo. To analyze the specificity of this carotenoid cyclase, we
established the recombinant strains E. coli(pAC-LYC)(pCRT-
YgYh-O7) and E. coli(pAC-LYC)(pCRT-YgYh-2665) express-
ing the crfYg and crtYh genes from NCTC2665 and Otnes7, re-
spectively (Table 1). The aim was to analyze whether the
CrtYgYh cyclases could catalyze cyclization of lycopene in vivo.
HPLC analysis showed that both strains accumulated lycopene as
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FIG. 2. Chromosomal organization of the M. luteus sarcinaxanthin biosynthetic gene cluster presented in this study. The analogous C.
glutamicum and Dietzia sp. biosynthetic gene clusters for the Cs, carotenoids decaprenoxanthin and C.p.450, respectively, are included for
comparison. Genes indicated by white arrows are suggested not to be involved in carotenoid biosynthesis.
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TABLE 3. M. luteus sarcinaxanthin biosynthetic genes and primary sequence comparison with respective homologues from biosynthesis of
decaprenoxanthin and C.p.450 in C. glutamicum and Dietzia sp. CQ4, respectively

C. glutamicum Dietzia sp. CQ4

ORF* Gene name Predicted gene product Primary s];g:;lge
Homologue _sequence Homologue identity (%
identity (%) identity (%)
or1007 crtX Glycosyl transferase (CrtX) None CrtX 43
or1008 Unknown
or1009 crtYh Csq y-cyclase subunit (CrtYh) CrtYf 31 LbtBC? 38
or1010 crtYg Cs y-cyclase subunit (CrtYg) CrtYe 32 LbtA 36
orl1011 crtE2 Lycopene elongase (CrtE2) CrtEb 50 LbtBC® 52
or1012 crtl Phytoene desaturase (Crtl) Crtl 43 Crtl 53
orl1013 crtB Phytoene synthase (CrtB) CrtB 41 CrtB 48
orl014 crtE GGPP synthase (CrtE) CrtE 31 CrtE 33

“ ORF, open reading frame.

> The N-terminal region of LbtBC (amino acids 1 to 134) is homologous to those of M. luteus CrtYh and C. glutamicum CrtYf, respectively.
¢ The C-terminal region of LbtBC (amino acids 135 to 432) is homologous to those of M. luteus CrtE2 and C. glutamicum CrtEDb, respectively.

the only carotenoid (data not shown), confirming that the crtYgYh
gene products cannot use lycopene as a substrate. These data
confirmed that the CrtYg and CrtYh polypeptides together con-
stitute an active y-type Cs, carotenoid cyclase catalyzing cycliza-
tion of flavuxanthin to sarcinaxanthin in vivo.

The M. luteus crtX gene encodes an active glycosyl trans-
ferase that can be used to produce monoglucosylated sarci-
naxanthin in E. coli. Downstream of crtYh is or1008, encod-
ing a putative protein with no significant homology to any
known proteins, followed by or1007, which encodes a
polypeptide sharing 46% primary sequence identity with the

100 % -

putative glucosyl transferase protein CrtX from Dietzia sp.
CQ4 (41). To our knowledge, no analogous gene has been
found in the C. glutamicum genome sequence, and yet this
bacterium can synthesize glucosylated decaprenoxanthin
(24). The or1007 gene is depicted here as crtX (Table 3), and
to unravel its biological function, we constructed and ana-
lyzed the recombinant strain E. coli(pAC-LYC)(pCRT-
E2YgYhX-O7), which expresses the crtE2, crtYg, crtYh, and
crtX genes from Otnes7 (Table 1). The resulting HPLC
profile (Fig. 1C) revealed sarcinaxanthin as the major carot-
enoid (peak 3), but an additional, more polar carotenoid
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FIG. 3. Relative carotenoid abundances in extracts from E. coli(pAC-LYC)(pCRT-E2YgYh-O7) and E. coli(pAC-LYC)(pCRT-E2YgYh-
2665) overexpressing crtE2, crtYg, and crtYh genes from M. luteus strains Otnes7 and NCTC2665 (Table 1) cultivated in the presence of various
Pm inducer concentrations (0, 0.002, 0.01, and 0.5 mM m-toluic acid). The fractions of sarcinaxanthin, lycopene, and intermediates are indicated.
Samples (three replicates) were analyzed after 48 h of cultivation to ensure maximum sarcinaxanthin production levels (see Materials and

Methods).
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FIG. 4. Elucidated biosynthetic pathway for the individual steps in
the formation of sarcinaxanthin and its glucosides from lycopene.
CrtEBI, GGPP synthase, phytoene synthase, and phytoene desaturase;
CrtE2, lycopene elongase; CrtYg plus CrtYf, Cs, carotenoid y-cyclase;
CrtX, Cs, carotenoid glycosyl transferase.

was eluted earlier (peak 2) and had a retention time and
absorption spectrum identical to those of sarcinaxanthin
monoglucoside from M. luteus Otnes 7 (Fig. 1C and E).
Another minor peak was observed with the same retention
time as sarcinaxanthin diglucoside produced by M. luteus
strains (39); however, the amount detected was too small for
a confident analysis of the mass and absorption spectrum.
About 10% of the total sarcinaxanthin produced was glu-
cosylated both in M. luteus wild-type strains and when het-
erologously produced in E. coli under the conditions tested.
These results confirmed that crtX encodes an active glycosyl
transferase that is necessary for the glucosylation of sarci-
naxanthin. Based on all the accumulated data, we could
deduce the complete biosynthetic pathway of sarcinaxanthin
and its glucosides from FPP and via lycopene in M. luteus, as
presented in Fig. 4.

SARCINAXANTHIN BIOSYNTHETIC PATHWAY 5695

Expression of a hybrid operon containing the decapreno-
xanthin cyclase genes crtYe and crtYf leads to production of
three different C;, carotenoids in E. coli. The biosynthetic
pathway for decaprenoxanthin in C. glutamicum is reported to
involve cyclization of flavuxanthin by an e-cyclic Cs,, cyclase
encoded by crtYe and crtYf. At this point, the biochemical
functions of the Cs, cyclase proteins in M. luteus and C. glu-
tamicum seemed to represent the major difference between the
biosynthetic pathways of sarcinaxanthin and decaprenoxan-
thin. To experimentally verify this, we established and analyzed
E. coli(pAC-LYC)(pCRT-E2-O7-YeYf-MJ) expressing a hy-
brid operon containing crtE2 from Otnes7 and crtYe and crtYf
from C. glutamicum MJ233-MV10. We expected this recombi-
nant strain to produce decaprenoxanthin. Surprisingly, LC-MS
analysis revealed that three different cyclic Cs, carotenoids were
accumulated (Fig. 5), exhibiting the same UV/Vis absorbance
spectrum and mass (Fig. 1E). The retention time for peak 1 was
identical to that of sarcinaxanthin. Peaks 1, 2, and 3 represented
35%, 46%, and 19%, respectively, of the total carotenoid content
of the recombinant cells. No lycopene was detected.

All three fractions were then purified by preparative HPLC
and analyzed by NMR. The NMR data confirmed the identity
of peak 1 as sarcinaxanthin (25), while peak 3 was identified as
decaprenoxanthin (12, 13) (see Table S1 in the supplemental
material). The NMR data for the purified peak 2 (Table 4),
representing the major product, indicated a molecule that
could not be clearly distinguished from a 1:1 mixture of sarci-
naxanthin and decaprenoxanthin, so its existence had to be
confirmed by chromatographic methods. The purified fractions
were reanalyzed by LC using the slow run method (see Mate-
rials and Methods) to control its purity, and the corresponding
chromatogram clearly shows that fraction 2 is a distinct carot-
enoid different from fractions 1 and 3 (Fig. 5B and C). Peak 2
was identified as a new bicyclic asymmetric Cs, carotenoid with
the systematic name 2,2'-bis(4-hydroxy-3-methyl-2-butenyl)-
v,e-carotene. The compound exhibits one e-cyclic and one
y-cyclic structure and thus appears to be a structural combi-
nation of sarcinaxanthin and decaprenoxanthin. This is in total
agreement with the polarities of the three carotenoids (Fig. 5),
and the compound was named sarprenoxanthin (Fig. 5 and 6).
To our knowledge, this carotenoid has not been previously
reported in the literature.

To rule out the possibility that these results were due to any
unforeseen functions of the hybrid operon as such, we estab-
lished the analogous strain E. coli(pAC-LYC)(pCRT-YeYfEb-
M]J) expressing the decaprenoxanthin genes crtYe, crtYf, and
crtEb from C. glutamicum (Fig. 2). The resulting chromato-
graphic profile and absorbance spectrum were the same as
in the hybrid construct, with relative abundance, mass, UV/
Vis profile, and retention time identical to those of the
carotenoids (data not shown). Moreover, DNA sequencing
confirmed that the expressed crt genes were wild-type C.
glutamicum sequences. Together, these results revealed that
the crtYe and crtYf genes encoded a multifunctional Cs,
carotenoid cyclase that could catalyze the synthesis of three
different bicyclic carotenoids. To our knowledge, this is the
first report that C. glutamicum genes can be used to synthe-
size sarcinaxanthin and sarprenoxanthin.
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FIG. 5. HPLC elution profiles of the carotenoids extracted from
E. coli(pAC-LYC)(pCRT-E2 ml-YeYfcg) (A); purified peak 1, sar-
cinaxanthin (B); peak 2, sarprenoxanthin (C); and peak 3, deca-
prenoxanthin (D).

DISCUSSION

In this paper, we report the cloning, characterization, and
functional expression of the sarcinaxanthin biosynthetic gene
cluster from M. luteus NCTC2665, consisting of six genes (crtE,
crtB, crtl, crtE2, crtYg, and crtYh) encoding enzymes involved in
the conversion of FPP into sarcinaxanthin. By expressing single
genes and combinations of genes under the control of the
positively regulated Pm-xylS promoter/regulator system in E.
coli hosts, we discovered that sarcinaxanthin biosynthesis from
the precursor FPP proceeds via lycopene, nonaflavuxanthin,
and flavuxanthin to sarcinaxanthin (Fig. 4). M. luteus strains
synthesized both mono- and diglucosylated derivatives of sar-

J. BACTERIOL.

cinaxanthin, and we demonstrated that the crtX gene located
proximal to the sarcinaxanthin genes encoded glycosyl trans-
ferase activity for the glucosylation of sarcinaxanthin (Fig. 2
and Table 3). No analogous glycosyl transferase-encoding gene
has been identified in the natural decaprenoxanthin producer

TABLE 4. 'H and '*C NMR assignments of sarprenoxanthin®

Position 'H Multiplicity” 3¢
C-1 36.0
CH-2 1.36 m 44.2
CH,-3 1.66 m 28.7

2.07 m
CH-4 5.45 m 121.4
C-5 134.4
CH-6 2.44 d (10.4) 56.6
CH-7 533 dd (15.4, 10.4) 130.3
CH-8 6.15 d (15.4) 138.1
C-9 135.3
CH-10 6.14 m 1304
CH-11 6.62 m 124.9
CH-12 6.36 d (14.9) 137.4
C-13 136.4
CH-14 6.25 m 1324
CH-15 6.63 m 130.0
Me-16 0.93 s; trans to C-7 26.8
Me-17 0.74 s; cis to C-7 16.3
Me-18 1.53 S 23.1
Me-19 1.93 s 13.16
Me-20 1.97 S 12.8
CH,-1" 1.81 m 28.0
2.27 m
CH-2" 541 m 126.1
C-3” 135.2
CH,-4" 4.01 s 69.2
Me-C-3" 1.67 S 13.8
C-1 39.3
CH-2' 1.28 m 48.5
CH,-3’ 1.19 m 28.9
1.73 m
CH,-4' 2.04 m 36.3
2.35 ddd (13.4, 4.2, 2.6)
C-5' 150.4
CH-6' 2.48 d (9.9) 58.5
CH-7' 5.83 dd (15.5, 9.9) 128.4
CH-8' 6.12 d (15.5) 137.6
C-9' 135.4
CH-10" 6.12 m 130.7
CH-11" 6.62 m 124.9
CH-12' 6.34 d (14.9) 137.4
C-13' 136.4
CH-14' 6.25 m 1324
CH-15' 6.63 m 130.0
Me-16’ 0.95 s; trans to C-7' 27.7
Me-17' 0.73 s; cis to C-7' 153
CH,-18' 453 s; cis to C-6' 108.1
4.76 s; trans to C-6’
Me-19' 1.98 s 13.21
Me-20' 1.97 s 12.8
CH,-1" 1.73 m 28.4
2.26 m
CH-2"" 5.43 m 126.2
C-3" 135.3
CH,-4"" 4.03 s 69.1
Me-C-3" 1.66 s 13.8

“ Recorded in CDCl;. Chemical shift values are expressed as 8 values (ppm)
from TMS.

b, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of doublet of
doublets; m, multiplet. J coupling values (Hz) are shown in parentheses.
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FIG. 6. Diverse biochemical functions of the M. luteus and the C. glutamicum Cs, carotenoid cyclases. Biosynthesis of both sarcinaxanthin and
decaprenoxanthin involves conversion of lycopene to flavuxanthin catalyzed by the lycopene elongases CrtEb and CrtE2 in M. luteus and C.
glutamicum, respectively. The M. luteus CrtYgYh polypeptides constitute a y-cyclase specifically converting flavuxanthin into sarcinaxanthin. In
contrast, the C. glutamicum CrtYgYh polypeptides constitute both y-cyclase and e-cyclase activities and can convert flavuxanthin into three
different Cy, carotenoids; decaprenoxanthin, sarcinaxanthin, and sarprenoxanthin.

C. glutamicum. The reported presence of decaprenoxanthin
glucosides in lycopene-producing E. coli cells expressing the C.
glutamicum crtEb, crtYe, and crtYf genes led to the concomitant
suggestion that host-encoded enzymes might be responsible for
the glucosylation of decaprenoxanthin in C. glutamicum and E.
coli (22). Based on their proximal localization and similar ori-
entations, together with promoter prediction analyses, we pro-
pose that the sarcinaxanthin biosynthetic genes, including crtX,
are cotranscribed from a common promoter located upstream
of crtE in M. luteus (Fig. 2). The translational stop codons of
crtB, crtl, crtE2, and crtYg overlap the translational start codons
of their respective downstream genes, which may allow trans-
lational coupling to ensure equimolar expression and/or
proper folding of the products. Secondary-structure analysis of
the deduced gene products revealed six transmembrane helices
for the M. luteus lycopene elongase CrtE2, and both CrtYg and
CrtYh exhibited three transmembrane helices, indicating that
they are transmembrane proteins (data not shown). This is in
accordance with previous findings for carotenoid genes in
other bacteria (4).

A new marine M. luteus isolate designated Otnes7 was in-
cluded, together with the well-known M. luteus model strain
NCTC2665. By expressing Otnes7 genes in a lycopene-produc-
ing E. coli host, we achieved complete conversion of the lyco-
pene into production of 2.5 mg/g CDW sarcinaxanthin in shake
flask cultures. Our data presented here indicate that Otnes7
genes may be favorable compared to M. luteus NCTC2665
genes when high-level heterologous production of sarcinaxan-
thin is desirable. Whether these differences are due to varia-
tions in the biochemical properties of the enzymes or, alterna-
tively, different expression levels of the corresponding genes
remains unknown. Our production experiments were done in
small-scale shake flasks and without any optimization of
growth conditions. We believe that conducting controlled high-
cell-density cultivations of the recombinant E. coli strains un-
der controlled conditions should further increase sarcinaxan-

thin production yields. However, this was not within the scope
of the present study. In any case, our results implied that
engineering E. coli host strains for higher lycopene production
is presumably the immediate bottleneck for achieving in-
creased sarcinaxanthin production.

The M. luteus CrtYg and CrtYh polypeptides were shown
here to catalyze the in vivo y-cyclization of the linear Cs,
carotenoid flavuxanthin to bicyclic sarcinaxanthin, and this cy-
clization reaction is independent of the prior stepwise lycopene
elongation. In C. glutamicum, the Cs, e-cyclization reaction
was reported by Krubasik et al. (22) to also be catalyzed by a
heterodimeric protein encoded by crtYe and crtYf. However, in
a separate report by these authors (24), different carotenoid
intermediates were identified in C. glutamicum strains, and
thus, an aberrant decaprenoxanthin pathway with a variant
reaction sequence was proposed. Here, lycopene is trans-
formed via monocyclic C,5 nonaprene to bicyclic Cs,, sarcinene
by two separate elongation/cyclization steps before deca-
prenoxanthin is formed by two sequential hydroxylation reac-
tions. To our knowledge, the genetic basis for this alternative
pathway is unknown. It should be noted that sarcinene has also
been detected in M. luteus cell extracts (28), but whether this is
relevant to sarcinaxanthin biosynthesis remains unclear. No
sarcinene or nonaprene intermediates were detected in the
present study. In Dietzia sp. CQ4, the conversion of the linear
Cs, carotenoid intermediate C.p.496 to the bicyclic C.p.450 has
been reported to be catalyzed by a B-cyclase encoded by /btA
and the [btB region in the [btBC genes. The IbtB-encoded
B-cyclase subunit appeared to be fused with a lycopene
elongase (encoded by the /btC region in the [btBC genes)
(41). The authors proposed a two-step sequential reaction
consisting of the stepwise elongation of lycopene by the
addition of two Cs units and subsequent Cs, B-cyclization,
analogous to the reaction cascade in M. luteus proposed
here. The M. luteus CrtYgYh enzyme represents the first



5698 NETZER ET AL.

specific Cs, carotenoid +y-cyclase that has been reported in
the scientific literature.

Three different types of carotenoid cyclases are currently
known, and based on sequence homology, the Cs, carote-
noid cyclases from Dietzia sp. and C. glutamicum have been
proposed to be members of the CrtYcd-type cyclases (21).
In contrast to other crtYcd-type cyclases, the Cs, carotenoid
cyclases are not involved in lycopene cyclization (41). Tak-
ing this together with our data presented here, we suggest
that the Cs, cyclases constitute a novel subtype of carote-
noid cyclases conferring B-, e-, and +y-cyclization of Cs,
carotenoids.

Carotenoid cyclases usually produce only one kind of ring
structure (2), but lycopene cyclase from the cyanobacterium
Prochlorococcus marinus has both B- and e-cyclase activities
(40). Surprisingly, construction and expression of a hybrid
operon carrying the M. luteus crtE2 gene and the Cs, carot-
enoid e-cyclase genes crtYeYf from C. glutamicum resulted in
accumulation of three different Cs, carotenoids in E. coli:
e-cyclic decaprenoxanthin, y-cyclic sarcinaxanthin, and a new
molecule containing both €- and +y-rings, here designated sar-
prenoxanthin (Fig. 6). This result proved that the C. glutami-
cum cyclase encoded by crtYeYf can function both as an &- and
a y-cyclase when expressed heterologously in E. coli, and thus,
it has not one but multiple catalytic functions under the con-
ditions tested. It was plausible to assume that the formation of
sarprenoxanthin might be an artifact of overexpression; how-
ever, the same carotenoid products were detected in extracts of
cells grown under noninduced conditions (data not shown).
These results are contradictory to previous reports (22, 24), as
neither sarcinaxanthin nor sarprenoxanthin has been identified
in cell extracts of C. glutamicum strains or in cell extracts of
recombinant E. coli strains expressing decaprenoxanthin bio-
synthetic genes.

In summary, we have unraveled the biosynthetic pathway of
the vy-bicyclic Cs, carotenoid sarcinaxanthin in M. luteus, in-
cluding the function of the crtX gene product as sarcinaxanthin
glycosyl transferase. In particular, our studies have generated
new and important insight into the diverse catalytic functions
of natural carotenoid cyclases as a novel class of enzymes
directing biosynthesis of structurally different C, carotenoids.
Recently, the C,, carotenoid biosynthetic pathway of Brevibac-
terium linens was redesigned and extended by recruitment of
heterologous genes leading to production of unexpected carot-
enoids in E. coli hosts (19). As we see it, Cs, cyclases should
represent interesting targets for future synthetic biology ap-
proaches aiming at generating structurally diverse carote-
noids with interesting properties that might not be present
in nature.
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