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Abstract

Two genes which encode the enzymes lycopene cyclase and phytoene desaturase in the aerobic photosynthetic bacterium
Erythrobacter longus sp. strain Ochl101 have been cloned and sequenced. The gene for lycopene cyclase, designated crtY, was
expressed in a strain of Escherichia coli which contained the crtE, B, I and Z genes encoding geranylgeranyl pyrophosphate
synthase, phytoene synthase, phytoene desaturase, and B-carotene hydroxylase, respectively. As a result, zeaxanthin production
was observed in E. coli transformants. In addition, expression of the E. longus gene crtl for phytoene desaturase in E. coli
containing crtE and B resulted in the accumulation of lycopene in transformants. Zeaxanthin and lycopene were also determined
by mass spectrum. Nucleotide sequence similarities between E. longus crtY gene and other microbial lycopene cyclase genes are
40.2% (Erwinia herbicola), 37.4% (Erwinia uredovora) and 22.9% (Synechococcus sp.), and those between phytoene desaturase genes
are 50.3% (E. herbicola), 54.7% (E. uredovora) and 39.6% (Rhodobacter capsulatus). © 1997 Elsevier Science B.V.
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1. Introduction

Carotenoids are an important group of natural pig-
ments which are widely distributed in living organisms.
They can function as protective compounds against
photooxidative damage, as light harvesting pigments
and as pigments which impact color to the living tissues.
Certain cyclic carotenoids, such as B-carotene, are pre-
cursors of vitamin A in animals and are of current
interest as nutritional factors important for cancer pre-
vention (Lambert et al., 1990).

Genes which encode the biosynthetic enzymes for
carotenoids have been cloned and sequenced from
the photosynthetic bacterium Rhodobacter capsulatus
(Armstrong et al., 1989), and the phytopathogenic
bacteria Erwinia herbicola and Erwinia uredovora
(Hundle et al., 1993; Misawa et al., 1990). However,
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Fig. 1. Scheme of the carotenoid biosynthesis pathway.
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Fig. 2. Cloning and subcloning of DNA fragments containing the c¢r¢Y and crtl regions from E. longus. Partial restriction map is indicated above
the bar. Horizontal arrows below the bar indicate the determined sequences.

GATATCGCCATGCCACAGCTTCACATATCCGCATTCACAGATCGGCGGGCGGTTCATGCC
AAGCAGGATACCAACGGTCGCCAGTGCGATAATGATGGAGACGATAATCGTCATCCGGGT
CGGTTTGAGTAATGCCATGCGCAAAATCCTGAATCAAAAGCGGTAAACGCGCAAGAGTAT
TCGAGGAATACCCACTGTAGCGTTGCCCCCACACTGCGTGTGTCCTAGGGCCTTTACGCA

GATGAGCGACTCAGAAATCGATAGCGTCCCCAATGACGATAGTTGCGACTGCGCAATCGT
M SDSETIDSVPNDDSTCDC CATIUV
crtY

TGGCGGCGGACTTGCTGGCGGGTTGATTGCGCTTGCGCTCCAACGTGCGCGGCCCGAATT
6 GGLAGGLTIALALGQRARTPESTF

TCGCATCCGCGTGATCGAGGCAGGGCGCACCATCGGCGGCAATCACCGGTGGAGCTGGTT
R 1 RV IEAGRTI GGNHRWSWEF

TGACAGCGACCTCTCCGACGCCGGCCGTGCGCTACTTGCCGACTTTCGCCAGACCGATTG
DSDLSDAGRALLADTFR R QTDW

GGAGGGCGGATACGAGGTGCGCTTTCCCAAATATCGCCGCAAGCTGAAGACCGCCTATCG
EGGYEVRFPIKYRRKLIEKTAYR

CTCGATGGCATCGACCGATTTCCACGAAGGGCTTTTGCGCGCTCTGCCCGAAGGATCGGT
S MASTDFHES GLLRALPESGS SV

AATCCTGGGGCGCAAAGCGGTGGGTTTGGACGCGCGCGGCGTGGATTTGGCGCCGTCGCA
I'LGRKAVGLDARGVDLAPSNA®Q

ATATGGCCCCGCAACCCGCATCAACGCGCGCAGTGTCATCGACTGCCGCAGCTTCAAACC
YGPATRINARSVIDG GRSTFIKSF?P

AAGCGCGCATCTCAAGGGCGGCTGGCAGGTGTTTCTTGGCCGACATATGCGGCTGCAAGA
S AHLKGS®GW QVFLGRHMRLA QE

ACCGCACGGGGTGGAAAATCCGGTCATCATGGACGCAACCGTCGACCAGCTTGCGCCGCA
P HGVENPVIMDATVDAQLATPH

CGGTAATGGCGGTTCATACCGGTTCGTCTATGTTCTTCCCTTGGGAAGCCACGATGTCTT
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GATAGACCAATATGCCCGCGCAAACGGTTGGGAGAACGGCACGCCCGTTCATCACGAAGC
I DQYARANGWENGTTPVHHEA

AGGCGTCTTGCCGGTCCTGACGGGCGGCGATTTTTCCGCCTATCAGGACGAAGTGCGCAT
G VLPVLTG®GGDFSAYQQDEVR RII

TCCCGGCGTTGCCATTGCGGGCGCGCGCGGCGGGTTTACCCATCCGCTGACCAGCTACAC
P 6V AI AGARGGFTHPLTSYT

CATGTGCGTCGCGGTCGAAAACGCGCTTGCCATGGCCGAGCAACCTGACCTCTCGGGCGA
M CVAVENALAMAERQPDTLSGE

GCAATTGGCGGCCTTTTTTGACAGCCGCGCACGCCGCCATTGGTCAAAGACGGGATACTA
QLAAFFDSRARRHWSKTGYY

CCGGCTGCTTGCGCGTTTCTTGTTCTTCGCGGCCAAGCCGGAGAAGCGCGTCAAGGTGTT
RLLARFLTFFAAKPETZ KR RVIKVEF

CCAACGCTTTTACGGACTTCGCGAAGGGTTGATCGAGCGGTTCTATGCCGCGCGCTCAAA
QRFYGLREGLIERTFYAARSN

CACCTTCGATAAGGTGCGCGTCCTATGGGGGGAGCCCCCCGTAGCTATACACTCGGCCAT
TFDKVRVLWGEPPVAIHSAI/I
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Fig. 3. Nucleotide and amino-acid sequence of E. longus sp. Ochl01 carotenoid synthetic genes. The ORF for ¢rtY is from nt 242 to 1546. The
OREF for crtl is from nt 1553 to 3123. Start codons are underlined. Conserved domains at the N- and C-terminals of c¢r¢I from other organisms
are indicated by asterisks. The nucleotide sequences has been submitted to the GenBank@)/EMBL Data Bank with accession numbers for c¢rtY:

D83513, and for crtI: D83514.

genes which encode lycopene cyclase (Fig. 1), a key

enzyme which converts the acyclic carotenoid lycopene



H. Matsumura et al. | Gene 189 (1997) 169-174 171
GCGCTAGCACTGCGGCTGCAATCGCATGGCATTCAAACGACCATCGTCGAAGCGCGCGAC 1740 AAGTCATTGGCTCGCAAAAGCTATTCGCCTTCGCTATTCGTCGTACACTTTGGGCTTGAG 2580
ALALRLGQ@SHGI! QTTIVEARTD KSLARKZ SYSPSLFVVHFGLE
X ok k K ok Kk k Kk Kk k k Kk Kk k k ¥ X

GGGTCGTGGCCCGGTATTGCCCACCACATGATCCTGTTTGGCCCACGTTACAAGGAACTG 2640
AAGCCCGGTGGCCGCGCCTATTTCTGGGAAAAAGACGGCTTTACCTTCGATGCTGGCCCC 1800 G SWPGI AHHMILFGPRYZKTEH]L
K P GGRAYFWEZKTDGFTTFTDATGTP
GTCGACGACATCTACAAGCACGGCGTTCTGCCGCAGGATTTTTCGATCTATCTTCACCAC 2700
ACGGTCATCACCGACCCGCCGTGTTTGAAAGAACTGTGGGAGCTGACCGGCCACGACATT 1860 VDDIYKHGVLPQDFSIYLHH
TVITDPPCLIKETLWETLTTGHTD.I
CCGACCGTCACCGACCCATCGATGGCGCCCAAGGGCATGAGCACATTCTACGCGCTTGTC 2760
TCCGAAGATGTCGAGCTGATGAAGGTTCACCCTTTCTACCGCCTCAACTGGCCCGATGGC 1920 P TVTDPSMAPKGMSTTFYALYV
S EDVELMEKVYVHPFYRLNWPDG
CCCGTCGCCCACCTTGGCAAGATGCCGATTGATTGGGACGTCGAAGGACCCAAGTTTGAA 2820
ACAAACTTCGATTATTCGAACGTTGATGAGGAATTGAACGCCGAAATCGCGAAGCTCAAT 1980 P VAHLGKMPIDWDVESGTPTIKTFE
TNFDYSNVDETETLNAETIAKTLN
AAGGCGATTTTGGACGAGATCGGTCGCCGCCTGATCCCCGACATCCACGACCGGATCGTC 2880
CCTGACGATGTGATCGGCTATCAAAAATTCCTCGAATATTCGGCGCGCGTGCACGAGGAA 2040 KA1 LDETIGRRLTIPDIHDRIUV
P DDV I GYQKFLEYSARVHESTE
ACCAAATTCAGCTACGCACCAAAGGACTTTCAGGCAGACCTCAACGCCCATATGGGCAGC 2940
GGCTATGTGAAGCTTGGCACGGTGCCGTTCCTCGATTTCAAGTCGATGCTGAAAGCCGCC 2100 TKFSYAPKDTFQADLNAUHMGS
GYVKLGTVPFLDTFIKT SMLIEKAA
GCGTTCAGCCTTGAGACGGTCCTGTGGCAAAGCGCCTACATGCGCGGCCACAACCGCGAC 3000
CCTGCCCTTGTTAAAGAGCGCGCATGGCGCAGCGTTTACGATATGGTCTCAAGCTACATC 2160 AFSLETVLWQSAYMRGHNR RTD
P ALVKERAWRSVYDMVSSY. * %k ok k x ¥k k x ¥
AAGGATGAGCGCCTGCGCGAAGCGTTCAGCTTCCACACGCTGCTTGTCGGCGGCTCGCCG 2220 GATGTGATCGACAATTTCTACCTCGTGGGCGCAGGGACACACCCGGGCGCTGGTATCCCC 3060
KDERLREAFSFHTLLVGEGSTP DVIDNFYLVGAGTHTPGAGITP
® ok ko Kk k k Kk k Kk Kk k Xx k Kk ¥ k x ¥ k *
ATGAAGACCAGCGCCATTTATGCGTTGATCCACAAGCTTGAAAAAGACGGCGGTGTCTGG 2280
M KTSAIYALIHKLEZKTDGE GV W GGAGTGGTCGGTAGCGCGAAGGCAACGGCGGGGCTGATGCTTGAAGATCTGTCGGTCAAA 3120
G VVGSAKATAGLMLEDLSVEK
TGGGCGCGCGGCGGGACCAACCGGTTGATCGCCGGAATGGTGCGCCATTTTGAACGCCTC 2340 * ok ok ok ok ok ok ok k%
WARGGTNRLIAGMYVRHFETRTL
TAATCGGGTATGATGTCCCTTTTACTCGCCGCCCAGCTCGCTGCGACAGTCGCAAATCTG 3180
GGCGGCACGATGCGCATCGGCGATCCGGTGGTTCAGGTCCACACCCAAGGGACCAAAGCG 2400
G GTMRI 6GDPVVQRVHTA QGTHKA
TCGCACACGGTGGCGACACCGGAAAATCAGAGCGAAAGTTCGCAAGCGTTGGAAGAGCCG 3240
ACCGAGGTTGAAACGAAGAGCGGTTGGAAAGAGCGCTTTGACGCGGTGTGTTCAAACGCC 2460 GCGAACGGCAGCGCT 3255
TEVETIKSG GWEKERTFDAVCSNA Ecod7111
GACATCATGCACTCTTACAAGGAACTTCTGGGCGAATCCGACCGTGGCAGAAAATACGCT 2520
DI MHSY KETLTLGESDRG GRIEKYA
Fig. 3. (Continued)
A
Eh-crtl 3 KTVIVIGAGFGGLALA|IIRLQA|A PTVLL
Eu-crtl 3 PTTIVIGAGFGGLALA|I|[RLQA|A PVLLL
Rc-crtl 10 RAVVIGAGGGLAAAMRL AKIGIY KV TVVD
Elortl 35 TACVIG[sleFeerLaLalt[RLalsnlsi]aTTiv[e]
B
Eh-crtl 448 HNRDISD|I/A(INLYLVGAGTHPGAGIPGVV|AISAKATA
Eu-crtl 447 HNRDIKT[I|TINLYLVGAGTHPGAGIPGVVAISAKATA
Rc-crtl 457 HNASEEVDGLYLVGAGTHPGAGPVIGSGELVA
El-crtl 478 HNRDDVmD FIYLVGAGTHPGAGIPGVVIGISAKATA

Fig. 4. Sequence of the conserved N-terminal (A) and C-terminal (B) regions in phytoene desaturases from E. herbicola (Eh-crtl, Armstrong et al.,
1990), E. uredovora (Eu-crtl, Misawa et al., 1990), Rhodobacter capsulatus (Rc-crtl, Bartley and Scolnik, 1989) and E. longus (El-crtl, this work).

Conserved aas are boxed.

into the cyclic carotenoid B-carotene, have not been
isolated from photosynthetic bacteria. In the oxygenic
cyanobacteria, where B-carotene is an essential compo-

nent of the photosystem, a lycopene cyclase gene has
recently been characterized (Cunningham et al., 1993,
1994).
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Here we describe the cloning and sequencing of genes
encoding phytoene desaturase and lycopene cyclase from
the aerobic photosynthetic bacterium Erythrobacter
longus in an effort to understand the organization and
expression of the carotenoid biosynthesis genes in this
organism. E. longus has an interesting carotenoid com-
position and has been found to produce about 20
different kinds of carotenoids such as B-carotene and
monocyclic carotenoids such as rubixanthan (Takaichi
et al., 1990).

2. Results and discussion

2.1. Cloning of the lycopene cyclase and phytoene
desaturase genes

A gene library was constructed from chromosomal
Erythrobacter longus DNA which was partially digested
with Sau3Al and size fractionated to give fragments
which were 6-20 kb in size. The DNA was ligated into
the BamHI site of the vector AEMBL3. The resulting
gene library contained about 1.5 x 10° (95%) individual
clones. To clone the phytoene desaturase genes from E.
longus, a 1 kb Bglll-Pstl fragment containing the phy-
toene desaturase gene from Erwinia herbicola was used
as a probe for heterologous hybridization experiments.
This fragment encodes the C-terminal region of the E.
herbicola crtl gene which is highly conserved in other
bacterial crtl genes. This fragment also encodes part of
the N-terminal region of the phytoene synthase gene
from E. herbicola.

Table 1
Comparison of codon usage among the carotenoid synthesis genes
from E. longus, R. capsulatus and E. herbicola

Amino acid Codon Codon usage
E. longus R. capsulatus  E. herbicola
Ile ATT 1.0 0.3 1.6
ATC 34 3.7 1.9
ATA 0.2 - 0.3
Leu TTA - - 0.2
TTG 1.9 0.8 0.4
CTT 23 1.9 1.2
CTC 1.5 1.2 2.0
CTA 0.4 0.0 0.5
CTG 2.6 6.1 6.5
Val GTT 1.1 0.7 0.6
GTC 3.1 32 1.4
GTA 0.3 <0.1 0.9
ATA 22 3.8 2.8

—, not observed.

2ertY and crtl (this work; total 962 codons=100%).

bertA, crtB, crtC, crtD, crtE, crtF, crtl and crtK (Armstrong et al.,
1989; toal 3038 codons =100%).

ccrtB, crtE, crtl, crtZ, crtY and crtX (Hundle et al., 1993).
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Fig. 5. HPLC analysis of carotenoids in the transformed E. coli having
(A) pAYL and (B) pAYP. (C) gives traces of standard carotenoids,
zeaxanthin and lycopene. (D) shows the spectra of the elution peaks.

Hybridization was carried out in 5x SSC/30% for-
mamide at 37°C for 16 h. The filters were washed twice
in 2 x SSC at room temperature, twice in 0.1 x SSC at
42°C. Then positive clones were obtained after screening
about 1.1 x 10® plaques. Restriction mapping of purified
DNA from the positive clones showed that a common
4 kb Sall fragment was present (Fig. 2). One clone was
selected for further analysis and subcloned into M13 for
sequencing.

2.2. Nucleotide sequence of the
Erythrobacter longus crtY and crtl gene

The complete nucleotide sequence (3255 bp) of the
EcoRV-Eco47 111 fragment was determined and found
to contain two open reading frames 1305 and 1581 bp
in length (Fig. 3). The smaller ORF, which begins at nt
242 and ends at nt 1546, appears to encode a 435 aa
polypeptide, and nucleotide sequence similarities
between this smaller ORF and the lycopene cyclase
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Fig. 6. Mass spectrum of the pigment extracted from E. coli pAYP.

genes from Erwinia herbicola, Erwinia uredovora and
Synechococcus sp. are 40.2%, 37.4% and 22.9%,
respectively.

The larger ORF starts from nt 1543 and ends at nt
3123 and encodes a 527 aa polypeptide with nucleotide
sequence similarities to the phytoene desaturase genes
of E. herbicola, E. uredovora and Rhodobacter capsulatus
of 50.3%, 54.7% and 39.6%, respectively. Although the
overall similarity is moderate, there are two highly
conserved regions at the N- and C-terminal regions
(Fig. 4).

A strong bias against codons having an A and T in
the third position in the R. capsulatus genes was observed
(Youvan et al., 1984). Among the 3979 codons from R.
capsulatus crt genes, the triplets ATA, CTA, GTA and
TTA are never used (Armstrong et al., 1989). A similar
bias was observed in the Erythrobacter crtl and crtY
genes. Especially no triplet TTA was observed in E.
longus whereas in E. herbicola crt genes TTA was used
5 times in 2413 codons (Table 1).

2.3. Expression of the Erythrobacter longus crtY and
crtl genes in Escherichia coli

In order to confirm that the ORFs did encode the
enzymes lycopene cyclase and phytoene desaturase, the
genes were cloned and expressed in E. coli. A 2.0 kb
EcoRV-HindIIl fragment containing the lycopene
cyclase gene and a 2.6 kb Ncol-Eco47 111 fragment
containing the phytoene desaturase gene were cloned
into the vector pACYCI184 and designated pAYL and
pAYP respectively. The plasmid pAYL that contained
Erythrobacter lycopene cyclase gene was transformed
into E. coli HB101 which contained the E. herbicola

crtE, crtB, crtl and crtZ genes and produced lycopene.
This E. coli might produce zeaxanthin through lycopene
when the pAYL plasmid was introduced into the cell.

Pigments were extracted from transformants with
methanol, partitioned into n-hexane. The n-hexane phase
was evaporated to dryness. After resolution into n-
hexane, carotenoids were analyzed by HPLC using a
25 cm Vydac 218TP column with acetonitrile/methanol
(90/10; v/v), and a flow rate of 0.7 ml/min. Zeaxanthin
was observed at Rf =5 min as expected demonstrating
the expression of the lycopene cyclase activity (Fig. 5).
But the transformant colony was yellow pigmented very
slightly. On the other hand, transformant which
contained both E. herbicola crtY gene in plasmid
pACYCI184 and crtE, crtB and crtZ was pigmented
strongly.

Similarly, pAYP that contained Erythrobacter phy-
toene desaturase gene was transformed into E. coli
HB101 which contained the E. herbicola crtE and crtB
genes and produced phytoene. Lycopene was observed
in the transformed E. coli as expected at Rt=12 min
(Fig.5). The amount of produced Iycopene in
Erythrobacter phytoene desaturase gene contained in the
transformant was half of that in the E. herbicola phy-
toene desaturase gene contained in the transformant
(2 mg/g dry cell weight).

Further confirmation of products, lycopene and zeax-
anthin, positive-ion FAB mass spectra of products were
obtained on a JEOL JMS-SX102 double focusing mass
spectrometer with m-nitrobenzylalcohol as a matrix.
Xenon fast atoms at 6 kV were used for FAB ionization.
The accelerating voltage was 10 keV, and the instrument
resolution was 1500 for all measurements. The mass
spectrum of isolated pigment from E. coli pAYP gave
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the corresponding molecular ion (M + at 536) of lyco-
pene (Fig. 6). Similarly, molecular ion (M + at 569) of
zeaxanthin was observed in mass spectrum of the
extracted pigment from E. coli pAYL.

Transformant which contained both Erythrobacter
crtY gene and E. herbicola crtB, crtE, crtl and crtZ
genes produce less pigment than transformant which
contained E. herbicola crtY gene in pACYC and E.
herbicola crtB, crtE, crtl and crtZ genes. These results
show that E. longus crt genes expresses weakly in E.
coli. Photosynthetic pigments (Bchl and Crt) do not
accumulate in E. coli strains harboring the R. capsulatus
photosynthetic gene cluster carried on pRS404 (Marrs,
1981). Although codon usage of E. longus crt genes was
also biased against codons having an A or T in the third
position, the degree seems to be intermediate between
R. capsulatus and E. herbicola (Table 1). E. longus was
classified in photosynthetic purple bacteria but sepa-
rately categorized from R. capsulatus (Woese, 1987).
This phylogenetic relationship may be proportional with
the bias level of codon usage among taxa. The weak
expression of E. longus crt genes in E. coli may be
related to the biased codon usage.

3. Conclusions

(1) Two carotenoid biosynthetic genes, crtY and crtl,
encoding lycopene cyclase and phytoene desaturase
respectively have been cloned from the aerobic
photosynthetic bacterium Erythrobacter longus.

(2) The nucleotide sequence similarities of E. longus
crtY gene are 40.2%, 37.4% and 22.9% to the
corresponding genes in E. herbicola, E. uredovora
and Synechococcus sp., respectively.

(3) The nucleotide sequence similarities of E. longus
crtl gene is 50.3%, 54.7% and 39.6% to the corre-
sponding genes in E. herbicola, E. uredovora and R.
capsulatus, respectively.

(4) Two highly conserved regions at the N- and
C-terminal ends of the crtl gene have been identified.

(5) The E. longus crtY and crtl genes were successfully

expressed in E. coli in which the corresponding
carotenoid pigment had accumulated.
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