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Abstract The red heterobasidiomycetous yeast Xantho-
phyllomyces dendrorhous (perfect state of Phaffia
rhodozyma) contains a novel type of carotenoid
biosynthetic enzyme. Its structural gene, designated
crtYB, was isolated by functional complementation in a
genetically modified, carotenogenic Escherichia coli
strain. Expression studies in different carotenogenic
E. coli strains demonstrated that the ¢rt Y B gene encodes
a bifunctional protein involved both in synthesis of
phytoene from geranylgeranyl diphosphate and in
cyclisation of lycopene to f-carotene. By sequence
comparison with other phytoene synthases and com-
plementation studies in E. coli with various deletion
derivatives of the crt Y B gene, the regions responsible for
phytoene synthesis and lycopene cyclisation were local-
ised within the protein.
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Introduction

Carotenoids are important nutritional components for
humans and animals. They have antioxidative effects,
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providing protection against photooxidation and in-
activating free radicals (Krinsky 1994). Carotenoids are
pigments which are used as food colouring agents, and
are fed to salmon, trout and poultry to intensify the
colour of the flesh or the egg yolk (Johnson and
Schroeder 1995). The most valuable carotenoids com-
mercially are f-carotene and astaxanthin. Both can be
synthesised chemically but are also produced by yeast
fermentation and in algal cultures (Nonomura 1989).
One of the most promising natural sources of astaxan-
thin is the basidiomycetous yeast Xanthophyllomyces
dendrorhous (perfect state of Rhodomyces dendrorhous or
Phaffia rhodozyma; Golubev 1995). Its main carotenoid
product is astaxanthin in the 3R,3’R-configuration
(Andrews and Starr 1976). In the past, strains of
X. dendrorhous were optimised for astaxanthin produc-
tion by random mutagenesis (An et al. 1989) and im-
provement of cultivation conditions. These techniques
have apparently been exploited to the limit, yielding
strains that produce 2-3 mg of astaxanthin per g dry
weight. Strain instability and the tendency of mutants to
produce less astaxanthin as a fraction of the total
complement of carotenoids are significant problems. A
molecular genetic approach involving the cloning of the
genes encoding enzymes of astaxanthin biosynthesis and
their overexpression offers an alternative to the con-
struction of strains of X. dendrorhous with astaxanthin
levels that are commercially more attractive. Owing to
recent advances in the molecular biology of carotenoid
biosynthesis (Sandmann 1994; Armstrong 1997) and the
availability of techniques for the transformation of
X. dendrorhous (Wery et al. 1997, 1998), attempts can
now be made to manipulate genetically the carotenoid
biosynthetic pathway in this yeast.

As in other organisms (Sandmann 1994), the biogen-
esis of astaxanthin proceeds from geranylgeranyl
diphosphate (GGPP) via the colourless intermediate
phytoene and the red compound lycopene. After cycli-
sation of lycopene to f-carotene, keto groups are intro-
duced at positions 4 and 4’, and hydroxylation occurs at
carbons 3 and 3’ of both ionone end groups. Recently we
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cloned the phytoene desaturase-encoding gene of
X. dendrorhous (Verdoes et al. 1999). Analysis of carot-
enoid production in a recombinant Escherichia coli strain
showed that lycopene is the end product of the conversion
of phytoene by this enzyme from X. dendrorhous. This
is very interesting, since no lycopene-accumulating
X. dendrorhous strains have so far been isolated in mu-
tagenesis screens (Girard et al. 1994; E.A.Johnson, per-
sonal communication). In contrast to the case in
eubacteria and plants (Sandmann 1994; Armstrong
1997), no lycopene cyclase-encoding genes have yet been
isolated from fungi.

Here we describe the cloning and identification of the
lycopene cyclase-encoding gene from X. dendrorhous. We
demonstrate by genetic complementation in E. coli that
this gene encodes a novel type of carotenoid biosynthetic
enzyme, which is responsible for the catalysis of two dif-
ferent steps in the pathway leading to astaxanthin.

Materials and methods

Molecular techniques and gene cloning

Standard methods (Sambrook et al. 1989) were used, unless oth-
erwise indicated. DNA was treated with restriction enzymes and
other nucleic acid-modifying enzymes according to the manufac-
turer’s specifications. DNA fragments were analysed on agarose
gels and restriction fragments were purified using Elu-Quick
(Schleicher and Schuell). Nucleotide sequences were determined
using a Tag DYE Primer Cycle Sequencing kit (Applied Biosys-
tems). The complete sequence of the crt Y B gene has been submitted
to the EMBL data bases under Accession No. AJ133646. Nucleo-
tide and deduced amino sequences were analysed with the
PCGENE program (Intelligenetics). Amino acid sequences were
aligned using the programs CLUSTAL and PALIGN. The plas-
mids pBluescript, pUC19 and a modified pQE32 vector (Qiagen)
were used for subcloning experiments. The construction of a cDNA
library from an overproducing mutant of X. dendrorhous (CBS
6938) and a genomic library of X. dendrorhous in a cosmid vector
was described previously (Verdoes et al. 1997).

Strains and cultivation conditions

All strains and plasmids used in this study are listed in Table 1. The
carotenogenic E. coli strains used in the complementation experi-
ments were made by introducing the plasmids pACCRT-EBIg, and
pACCAR25AcrtB into XL-Blue-MRF’. The recombinant E. coli
strains, hereafter referred to as XL[pACCRT-EBIg,], and
XL[pACCAR25AcrtB], accumulate the carotenoid lycopene and an
isoprenoid precursor of carotenoids (GGPP), respectively. In ad-
dition a neurosporene-accumulating E. coli strain was constructed
by transformation with the plasmid pACCRT-EBIg,. All plasmids
can be maintained in E. coli by growing the transformants in the
presence of chloramphenicol (Cm). After introduction of the
X. dendrorhous cDNA library into the appropriate carotenogenic
host, transformed cells were plated on selective Luria-Bertani (LB)
agar plates (Sambrook et al. 1989). These plates contained ampi-
cillin (Ap; 100 pg/ml) and Cm (30 pg/ml) for the selection of both
plasmids, and isopropyl -D-thiogalactopyranoside (IPTG; 1 mM)
to induce the expression of the cloned cDNAs from the /lac pro-
moter. The plates were incubated overnight at 37° C and incubation
was continued at room temperature until pigmentation of the
transformants was observed. For carotenoid analysis, E. coli
JM101, carrying different combinations of carotenogenic plasmids,
was used and grown under appropriate selective conditions in LB
medium.

Construction of plasmids

A 4.5-kb EcoRI fragment carrying the complete sequence of the
crtYB gene was isolated from the cosmid vector pPRertYBcosl and
cloned in both orientations in the corresponding site of pUCI19,
yielding pPR10F and pPR10R. To facilitate the subcloning of the
gene in a X. dendrorhous transformation vector, a recognition site
for restriction enzyme BamHI was introduced into this fragment
upstream of the promoter region of the crtYB gene. Therefore, the
1.7-kb HindII1-BstX1 fragment containing the promoter and en-
coding the N-terminal region of CrtYB, and the 2.8-kb BstXI-
BamHI fragment coding for the C-terminal part of CrtYB and
including the terminator (T) sequences were isolated from pPR10F
and pPRI0R, respectively. These fragments were cloned into the
E. coli cloning vector pMTL22P (Chambers et al. 1988) digested
with BamHI and Hindlll, yielding pPR21. This plasmid was di-
gested with BamHI and the 4.5-kb restriction fragment was purified
and cloned in the BamHI site of the X. dendrorhous transformation
vector pPR2TN, yielding pPR22. The vector pPR2TN is a deriv-
ative of pPR2T (Wery et al. 1998). In order to create three unique
cloning sites (BamHI, HindlIl and Notl) downstream of the ter-
minator (T) sequence of the glyceraldehyde-3-phosphate dehydro-
genase encoding gene (gpd), the BamHI-Hindlll fragment carrying
this sequence was replaced by a variant Bg/Il-HindIII fragment.
This new T,,; fragment was synthesised by PCR using the primers
Tgpdl (5-CGCAGATCTCTCCAAACCCTCTCCCCTT-3") and
Tgpd2 (5 CGCAAGCTTGGATCCGCGGCCGCTTGATCAGA
TAAAGATAGAGATT-3') (restriction sites used for subcloning are
underlined, nucleotides that were altered to introduce a new re-
striction site are italicised, sequences complementary to the gpd
gene of X. dendrorhous are indicated in bold ) with pPRGDH6
(Verdoes et al. 1997) as template.

For the construction of c¢rtYB deletion plasmids the crtYB
cDNA was cloned into a modified pQE (Qiagen) vector to make use
of its stop codons in all three reading frames. The Cm resistance
gene of pQE32 (in addition to its Ap"~ marker) was inactivated by
digestion with Mscl and Pvull, treatment with Klenow enzyme, and
religation. The gene conferring Cm® had to be inactivated to allow
complementation with other Cm®-bearing plasmids. Then, plasmid
pPRcrtYB (a cDNA clone of ¢rt YB in pBluescript; see Results) was
digested with BamHI and Kpnl and the fragment carrying the crtYB
sequence was ligated into BamHI + Kpnl-digested pPQE32 to
obtain the plasmid pPQE-crtYB. The deletion in pPQE-crtYB/1878
was made by digestion of pPQE-crtYB with HindIII and religation.
The vector pPQE-crtYB/1480 was obtained by PCR with the
primer pair gsl (5-ACGGGAAAGCTTTCGGTAA-3"; position
1480 in ¢rt YB ¢cDNA) and gs2 (5-CCCTTTCGTCTTCACCTC-3’;
upstream of the multiple cloning site of pQE32) and pPQE-crtYB as
template. The resulting fragment was treated with Klenow enzyme,
digested with BamHI, and ligated into pPQE32 which had been
digested with HindIIl, treated with Klenow enzyme and subse-
quently digested with BamHI. The plasmid pPQE-crtYB/1280 was
generated from pPQE-crtYB by digestion with Spil and Hindlll,
Klenow treatment, and blunt-end religation. For construction of
pPQE-crtYB\514, pPQE-crtYB was digested with Accl, the over-
hang was partly repaired by Klenow treatment with dATP in the
reaction mixture, and digested with Kpnl. This fragment was then
ligated into pPQE-crtYB which had been digested with BamHI and
repaired by Klenow treatment with dATP, dGTP, and dTTP in the
reaction mixture, and digested with Kpnl.

Complementation studies and carotenoid analysis

To synthesise GGPP, neurosporene or lycopene, for use as sub-
strates by the crtYB gene product, the E. coli strain JM101 was
transformed with pACCAR-crtE, pACCRT-EBIg, or pACCRT-
EBIj,, respectively. The pBluescript-derived plasmid pPRcrtYB
was introduced into these carotenogenic hosts, together with the
set of modified pQE32 vectors carrying the complete or deleted
versions of the crtYB gene. After growth for 3 days at 28°C, cells
were harvested and freeze-dried. Carotenoids were extracted either
with methanol or acetone and partitioned into 50% ether in



Table 1 Strains and plasmids used in this study
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Strain/plasmid Genotype/relevant features® Source/reference
Escherichia coli
XL-Blue-MRF’ A(mcrA)183A(merCB-hsdSMR-mrr) 173 endAl supE44 thi-1 recAl gyrA96 Gibco BRL

IM101
X. dendrorhous

(Phaffia rhodozyma)

relAl lac[F’ proAB lag?ZAM15 Tnl0
supE thi A(lac-proAB) F[traD36 proAB™ lacl’lacZAM15]

CBS 6938 Wild type

PR-1-102 White carotenoid biosynthesis mutant of X. dendrorhous

Plasmids

pACCAR25AcrtB Insert carries genes encoding GGPP synthase (crtE), phytoene desaturase (crtl),
lycopene cyclase (crtY), f-carotene hydroxylase (crtX), zeaxanthin glycosylase
(crtZ) from Erwinia uredovora (Cm; GGPP)

pACCRT-E Insert carries the crtE gene of E. uredovora (Cm; GGPP)

pACCRT-EBI,
pACCRT-EBI,

Insert carries the crtE, crtB and crtl genes of E. uredovora (Cm; lycopene)
Insert carries crtE and crtB genes of E. uredovora and the crtl gene of Rhodobacter
capsulatus (Cm; neurosporene)

pMTL22P Cloning vector (Ap)

pPR2T Transformation vector for X. dendrorhous (Ap, G418)

pPR2TN Derivative of pPR2T with additional unique cloning sites (Ap, G418)

pPRI10F/R Contains the 4.5-kb EcoRI fragment, isolated from pPRcrtYBcosl, carrying
the crtYB gene in pUC19 (Ap)

pPR21 Contains the crtYB gene of X. dendrorhous as a 4.5-kb BamHI fragment
in pMTL22P (Ap)

pPR22 Contains the 4.5-kb BamHI fragment from pPR21 in the BamHI site of
pPR2TN (Ap, G418)

pPRertYBcosl Clone carrying the complete crtYB gene (Ap), isolated from the genomic library
of X. dendrorhous

pPRertl Contains a cDNA insert encoding a putative lycopene cyclase of X. dendrorhous
in pBluescript (Ap)

pPRcrt2-4 Contains a cDNA encoding a putative phytoene synthase of X. dendrorhous
in pBluescript (Ap)

pPRcrtYB Contains a cDNA encoding the phytoene synthase/lycopene cyclase of
X. dendrorhous in pBluescript (Ap)

pQE32 Cloning vector for E. coli (Ap, Cm)

pPQE Derivative of pQE32 with an inactivated Cm resistance gene (Ap)

pPQE-crtYB Contains a 2.5-kb BamHI-Kpnl fragment of pPRcrtYB in the corresponding sites

of pQE (Ap)

Messing (1983)

Girard et al. (1994)
Misawa et al. (1995)
Misawa et al. (1994)
Misawa et al. (1995)
Linden et al. (1991)
Chambers et al. (1988)
Wery et al. (1998)
This study

This study

This study

This study

This study

This study

This study

This study

Qiagen

This study
This study

4The selective antibiotics are indicated in parentheses; the intermediates of the carotenoid biosynthetic pathway that accumulate in each

case are indicated in bold

petroleum. The solvent was evaporated, the residue dissolved in
acetone or methanol and the carotenoids separated and quantified
by HPLC on a Nucleosil Cig 3 um column using acetonit-
rile:zmethanol:2-propanol (85:10:5, v/v/v) as the mobile phase. The
flow rate was 1 ml/min and the absorbance spectrum was recorded
on-line with a Waters 440 photodiode detector. Identification and
quantification of carotenoids was carried out by reference to au-
thentic standards.

Results

Isolation of a cDNA clone encoding lycopene cyclase
from X. dendrorhous

A heterologous complementation approach in a geneti-
cally modified E. coli strain was applied to clone the
lycopene cyclase-encoding gene of X. dendrorhous. A
cDNA library was constructed using RNA from an as-
taxanthin-overproducing X. dendrorhous strain (Verdoes
et al. 1997), and introduced into the lycopene-accumu-
lating E. coli strain XL[pACCRT-EBIg,]. It was

expected that introduction of a lycopene cyclase-en-
coding cDNA in XL[pACCRT-EBI,] would result in a
yellow colony, as the red coloured lycopene in the host
strain would be converted into fS-carotene by the en-
zZyme.

The entire cDNA library of X. dendrorhous was in-
troduced into XL[pACCRT-EBIg,] and cells were
spread on selective LB agar plates. One out of the ap-
proximately 15,000 colonies was found to have a yellow
phenotype. The corresponding plasmid, named pPRertl,
carrying the X. dendrorhous cDNA encoding the puta-
tive lycopene cylase, was isolated and introduced into
IM101[pACCRT-EBIg,]: all transformants had a yellow
phenotype. Carotenoids were extracted from one of
these IM101[pACCRT-EBIg, /pPRcrtl] transformants
and analysed by HPLC (Fig. 1). Cyclisation of lycopene
to y-carotene with one ionone end group and also to
p-carotene with two rings was observed (Fig. 1A).
The HPLC profile shows, in addition to the substrate
lycopene, the accumulation of y-carotene, with absor-
bance maxima and shoulders at 437, 460 and 495 nm,
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Fig. 1A-D HPLC profile of carotenoid products formed on expres-
sion of X. dendrorhous cDNAs encoding a putative lycopene cyclase
(pPRertl) or a putative phytoene synthase (pPRcrt2) in different
carotenogenic strains of E. coli JIM101. pPRertl was co-expressed
together with pACCRT-EBIg, (A) or pACCRT-EBIg. (B), and
pPRert2 was expressed together with pACCAR25AcrtB (C) and
pACCRT-E (D). Similar results were obtained when pPRcrtl or
pPRert2 was replaced by pPRert2 or pPRertl, respectively. Co-
chromatography was used to identify peak 1 with lycopene, peak 2
with y-carotene, peak 3 with f-carotene, peak 4 with neurosporene,
peak 5 with -zeacarotene, peak 6 with 7,8-dihydro-f-carotene, peak 7
with zeaxanthin diglucoside and peak 8 with phytoene

and f-carotene with maxima at 425, 450, and 475 nm,
resulting from lycopene cyclase activity. In another
complementation experiment using pACCRT-EBIg,, a
neurosporene-accumulating background was established
(Linden et al. 1993). Under these conditions introduc-
tion of the putative lycopene cyclase on the plasmid
pPRcrtl resulted in conversion of neurosporene to
f-zeacarotene (shoulders or maxima at 407, 425 and
452 nm) and 7,8 dihydro-f-carotene with the same ab-
sorbance maxima as shown in the HPLC profile in
Fig. 1B.

Functional assignment of a second
catalytic function to the product of the lycopene
cyclase-encoding cDNA

A restriction map of pPRecrtl was constructed (Fig. 2)
and the complete nucleotide sequence of the cDNA
fragment was determined. The insert is 2502 nucleo-
tides long, including a polyA tail of 20 nucleotides and
an ORF encoding a 673-residue protein with a pre-
dicted molecular mass of 74.7 kDa. The deduced amino
acid sequence was compared to protein sequences in the
databases. Surprisingly, the C-terminal part (amino
acids 295-673) of the polypeptide showed clear
homology to phytoene synthases, but not to lycopene
cyclases from other species. We hypothesised that in
X. dendrorhous phytoene synthase and lycopene cyclase
are produced as a hybrid protein. This hypothesis was
tested in two ways. Firstly, we isolated independent
cDNAs encoding phytoene synthase by heterologous
complementation of another carotenogenic E. coli
strain. Secondly, the effect of co-expression of the pu-
tative lycopene cyclase-encoding cDNA (pPRertl) on
the carotenoid profile in other carotenogenic hosts was
analysed.

Three yellow colonies were identified among 25,000
white colonies after the introduction of the cDNA
library of X. dendrorhous into XL[pACCAR25AcrtB].
This E. coli host strain was obtained by introducing the
plasmid pACCAR25AcrtB, which contains all the
Erwinia uredovora genes required for the synthesis of
zeaxanthin diglucoside (Misawa et al. 1995), except the
phytoene synthase-encoding gene (crtB), inserted in
XL-Blue-MRF’. By restriction analysis it was shown
that the plasmids isolated from the three yellow colo-
nies, which were named pPRcrt2—4 and carried a cDNA
encoding a putative phytoene synthase, were identical to
each other and were indistinguishable from the plasmid
pPRertl, which harbours the cDNA encoding the
putative lycopene cyclase. The formation of a biologi-
cally active phytoene isomer by the putative phytoene
synthase and its subsequent conversion to desatu-
rated products was demonstrated by HPLC analysis
(Fig. 1C). In the yellow transformants of JM101[pAC-
CAR25AcrtB/pPRcert2], zeaxanthin diglucoside (ab-
sorption maxima and shoulders at 425, 450 and 475) was
indeed produced.

Finally, the phytoene synthase function of the cDNA
encoding the putative lycopene cyclase was demon-
strated (Fig. 1D) by its expression in a GGPP-accumu-
lating E. coli strain, JM101[pACCRT-E]. Introduction
of pPRertl into IM101[pACCRT-E] resulted in the total
conversion of GGPP into phytoene (82.4 pg/g dry
mass), which is absent in a control transformant carry-
ing the plasmid without an insert. The phytoene peak
had the typical main absorbance maximum at 285 nm
with shoulders at 275 and 295 nm.

From these data, we conclude that in X. dendrorhous
phytoene synthase and lycopene cyclase activities are
encoded by one gene, now designated as crtYB.
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Fig. 2A-C Analysis of phytoene synthase and lycopene cyclase
activities after complementation with various c¢rtYB deletion con-
structs. A Restriction map of the insert in pPRcrtYB. The numbers
above the restriction sites refer to positions in the ¢rtYB cDNA
inserted in pBluescript (pPRcrt). The triangles indicate the positions of
the introns in the genomic sequence. The open boxes indicate the
regions of CrtYB that are homologous to other protein sequences (see
Fig. 3). The deletion derivatives used to localise enzyme domains are
indicated below the map. B Phytoene synthase activity encoded by the
indicated deletion derivatives was assayed by measuring the formation
of zeaxanthin diglucoside (pg/g dry mass) in E. coli JIM101[pAC-
CAR25AcrtB]. C Lycopene cyclase activity was determined from the
rate of conversion of lycopene into the cyclic carotenoids y- and f-
carotene in E. coli IM101[pACCRT-EBIg, ]

Sequence analysis of the c¢rtYB gene

The CrtYB-encoding cDNA insert was used as a probe
to screen a genomic cosmid library of X. dendrorhous
(Verdoes et al. 1997) and several positive cosmids were
detected. Southern analysis indicated that a single 4.5-kb
EcoRI fragment contained the region of homology.
This fragment was also detected on blots containing
X. dendrorhous genomic DNA digested with EcoRI. This
fragment was subcloned from one of the positive cos-
mids, named pPRcrtYBcosl, into pUCI19, yielding
pPRI10F.

The complete nucleotide sequence of the crtYB gene
and its flanking regions was determined (results not
shown). Introns were localised by comparing the ge-
nomic and cDNA sequences. The structural gene in-
cludes four introns and consists of 2385 nucleotides.
The intervening sequences were found in the N-termi-
nal half of the polypeptide (Fig. 2) and varied in size
between 72 and 111 nucleotides. The introns contained
similar 5, internal, and 3’ splice signal sequences to
those found in other X. dendrorhous genes (Verdoes
et al. 1997). The C-terminal domain of CrtYB showed
clear homology to the phytoene synthases of bacteria,
cyanobacteria and plants. In most organisms phytoene
synthases are about 300-400 amino acids long, in-
cluding targeting sequences. In Neurospora crassa the
phytoene synthase is 602 residues long, similar to the
size of the X. dendrorhous enzyme (673 amino acids).
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2546 PHYTOENE SYNTHASE LYCOPENE CYCLASE
ACTIVITY ACTIVITY
Zeaxanthin diglucoside Lycopene Y —carotene [BS ~carotene
(ug/g dry mass) (ng/g dry mass)
76.6 20.5 15.2 64.4
12.2 71.2 16.6 12.2
0 98.7 0 0
0 94.3 0 0
21.2 89.6 0 0

Although the degree of overall sequence homology
between CrtYB and other phytoene synthases is low,
regions with significantly higher sequence homology
can be observed (Fig. 3A). Its closest relative is the
phytoene synthase of N. crassa, which was found to
have 28% homology (17% identity) over the complete
length of the protein (Fig. 3A). In addition, clear ho-
mology (29% homology; 18% identity) was found be-
tween the first 95 amino acids of CrtYB and Orf7 of
the Myxococcus xanthus carotenoid biosynthesis cluster
(Fig. 3B; Botella et al. 1995).

Localisation of the phytoene synthase
and lycopene cyclase domains
by truncation of crtYB

The sections of the crtYB ¢cDNA encoding the phy-
toene synthase and lycopene cyclase activities were
localised by truncation from the 3’- and 5’-ends. First,
the region with high homology to bacterial phytoene
synthase-encoding genes (Fig. 3A, residues 295-673)
was shortened by about 15, 30 and 70% by truncating
the cDNA at positions 1878, 1480 and 1280 in the
gene, as indicated in Fig. 2A. In the first case, phytoene
synthesis, as measured by complementation with
pACCAR25AcrtB and product analysis, decreased to
about 30%; whereas deletions of the 3’-end from po-
sitions 1280 and 1480 resulted in complete loss of
phytoene synthesis activity (Fig. 2B). In order to locate
the region important for lycopene cyclisation within
CrtYB, complementation with the deletion plasmids
was also carried out in E. coli strains that accumulate
lycopene, and the resulting cyclisations products y-
carotene and f-carotene were quantified (Fig. 2C). In
the presence of the full-length crtYB cDNA about 80%
of the lycopene was cyclised to y-carotene and — pref-
erentially — f-carotene. Of all the truncated plasmids
only the one that extended to position 1878 yielded
small amounts of the products, with almost equal levels
of mono- and dicyclic carotenes. Truncation of the
5’-end of the crtYB cDNA at position 514 resulted in
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Fig. 3A Alignment of the A
deduced amino acid sequence
encoded by the complete crtYB X. dendrorhous MTALAYYQIHLIYTLPILGLLGLLTSPILTKFDIYKISILVFIAFSATTPWDSWIIRNGA 60
gene from X. dendrorhous with N. cragsa :YDYAF--VHLKFTVPAAVLLTAIAYPILNRIHLIQTGFLVVVAFTAALPWDAYLIKHKV 5§
those of phytoene synthases E. uredovora .
from N. crassa and E. uredo-
vora. B Comparison of the X. dendrorhous WTYPSAESGQGVFGT-FLDVPYEEYAFFVIQTVITGLVYVLATRHLLPSLALPKTRSSAL 119
N-terminal domain of CrtYB N. crassa WSYPP----EAIVGPRLLGIPFEELFFFVIQTYITALVYILFNKPVLHALHLNNQONPPA 114
from X. dendrorhous with those B uredovora 1
of the phytoene synthase from X. dendrorhous SLALKALIPLPIIYLFTAHPSPSPDPLVTDHYFYMRALSLLITPPTMLLA-ALSGEYAFD 178
N. crassa and Orf7 from N. crassa WMRVVKVTGQVVLVALSVWGWNAAQVHQETSYL---GLILVWACPFLLAIWTLAGRFILS 171
M. xanthus. Residues that are E. uredovora 1
perfectly dcons‘?rvg.d or dwg“ X. dendrorhous WKSGRAKSTIAAIMIPTVYLIWVDYVAVGQDSWSINDEKIVGWRLGGVLPIEEAMFFLLT 238
conserved are indicated by N. crassa LPW---YATVLPMFLPTFYLWAVDEFALHRGTWS IGSGTKLDFCLFGKLDIEEATFFLVT 228
asterisks and dots, respectively. E. uredovora AVG - 4
Gaps introduced by the e
sequence i
" . a;;alZfls STOftware“are X. dendrorhous NLMIVLGLSACDHTQALYLLHGRTIYGNKKMPSSFPLITPPVLSLFFSSRPYSSQPKRDL 298
shown by dashes. 1wo we N. crassa NMLIVGGMAAFDQYLAVIYAFPTLFPKVNRYPTTHMLLQSRLIN----TSRYDLERIEGL 284
conserved domains that are also E. uredovora - 4
found in other phytoene syn-
thases and squalene synthases X. dendrorhous ELAVKLLEKKSRSFFVASAGFPSEVRERLVGLYAFCRVTDDLIDSPEVSSNPHATIDMVS 358
are boxed. The senomic se- N. crassa REAVERLRLKSRSFYLANSLFSGRLRIDLILLYSFCRLADDLVDDAKSRREVLSWTAKLN 344
xed. g E. uredovora  =—=——==——e- SKSFATASKLFDAKTRRSVLMLYAWCRHCDDVIDDQ-—=====ve===== 40
quence of the crtYB gene of * o kk K k0 kk | kk kk ok
X. dendrorhous is available in
the EMBL database under X. dendrorhous DFLTLLFGPPLHPSQPDKILSSPLLPPSHPSRPTGMYPLPPPPSLSPAELVQFLTERVPV 418
Accession No. AJ133646 N. crassa HFLDLHYKDADATEDPKK===wem=wwm—m KAERIDAYIKTAFP-===——emmm—m——m PC 403
: E. uredovora ~—=TLGF-=--QARQP-~=—==~ ALQTPEQRLMOLEMKTRQAYAG-——-—————— SQMHEP 77
* . * . . . .
X. dendrorhous QYHFAFRLLAKLQGLIPRYPLDELLRGYTTDLIFPL-STEAVQARKTPI 477
N. crassa AYQ-ALHLLPTH--ILPPKPLYDLIKGFEMDSQFTFHGTSDSTDLOYPI 445
E. uredovora AFA-AFQEVAMAHDIAPAYAFDHL-EGFAMDV-==mewemeeu= 123
- * ) . . * . * * .. *
domain I )
X. dendrorhous WASAPSQVPATIEEREAVLV 536
N. crassa HCLPDM-~-SDTQKRELETA; 492
E. uredovora  BVAGVVOSEMMAOIN--~m—————- GVRDNATLDR§ 171
X. dendrorhous {L.SFF---GLRDESKLAIPTDWTEPRPQDFDKLLSLSPSSTLPSSNASESFRFEWK 593
N. crassa by — LKKEG LTHKMVLENPEGPEVIERMRR 522
E. uredovora SWLEHEGLNKEN-YAAPENR-QALSRIARRLVQEAEPYYLSATAGLAGLP-LRS 228
* ’ * * . * . . . ..
X. dendrorhous TYSLPLVAYAEDLAKHSYKGIDRLPTEVQAGMRAACASYLLIGREIKVVWKGDVGERRTV 653
N. crassa ----RLLENAFELYGGARPEMQRIPSEARGPMIGAVENYMAIGRVLRERKEGTVFVRMEG 582
E. uredovora AWA---IATAKQVYRKIGVKVEQAGQQAWDQRQSTTTPEKLT--LLLAASGQALTS 283
* . . .. . . . .. * .
X. dendrorhous AGWRRVRKVLSVVMSGWEGQ 673
N, crassa RATVPKRRRLSTLLRALYEQ 602
E. uredovora HPPRPAHLWQRPL-==www= 296
B
X. dendrorhous MTALAYYQIHLIYTLPILGLLGLLTSPILTKFDIYKISILVFIAFSATTPWDSWIIRNGA 60
N. crassa MYDYAF--VHLKFTVPAAVLLTAIAYPILNRIHLIQTGFLVVVAFTAALPWDAYLIKHKV 58
M. xanthus M---TYARFLGLFVVVPILFLAWRYRRTFTARSLAPMGLLLIVVYAATSPWDNLAVKWGL 57
* . DY -*n CIEROIEY . .*. .-.-*. ***-
X. dendrorhous WTYPSAESGQGVFGT-FLDVPYEEYAFFVIQTVITGLVYVLATRHLLPSLALPKTRSSAL 119
N. crassa WSYPP----EAIVGPRLLGIPFEELFFFVIQTYITALVYILFNKPVLHALHLNNQONPPA 114
M. xanthus —-— 90

WGFDP-=~-ERIWGIKLGYLPLEEYLFFALQTLLVGL
* L A T T T R )

total loss of lycopene cyclisation activity. This deletion
also affected phytoene synthesis activity considerably
and only about 30% of cyclisation products were ob-
tained, compared to the full-length insert.

Manipulation of carotenoid biosynthesis
in X. dendrorhous

The crtYB gene was used to complement a white mutant
strain of X. dendrorhous named PR-1-102 (Girard et al.

1994). This strain, obtained after mutagenesis, showed
no carotenoid biosynthesis and is most probably affected
in phytoene synthase activity. The 4.5-kb EcoRI frag-
ment containing the complete coding sequence of
CrtYB was subcloned into a transformation vector for
X. dendrorhous. This yielded the vector pPR22 (see
Materials and methods), which was linearised with Sfil
and introduced into PR-1-102 by electroporation (Wery
et al. 1998). A large number of G418-resistant, orange-
coloured transformants were obtained. Several trans-
formants were selected for further analysis. Southern



analysis of genomic DNA isolated from these trans-
formants indicated that multiple copies of the trans-
forming plasmid were present in each. Astaxanthin
production could also be demonstrated by HPLC ana-
lysis (results not shown).

Discussion

The cloning and characterisation of a gene from
X. dendrorhous that encodes two carotenoid biosynthetic
activities is described. The gene, encoding phytoene
synthase and f-carotene-synthesizing lycopene cyclase
(CrtYB) of X. dendrorhous is designated crtYB. Both
enzymatic activities were detected in E. coli after ex-
pression of the corresponding cDNA (Fig. 1). It is very
unlikely that a splicing event at the mRNA level results
in the synthesis of two distinct proteins. All lycopene
cyclase or phytoene synthase encoding cDNAs (pPR-
crt1—4) were isolated as full-length clones encoding both
activities. Furthermore, Northern analysis of total RNA
from X. dendrorhous indicated the presence of only one
crtYB transcript of about 2.5 kb (results not shown).
Although the possibility of post-translational modifica-
tion in X. dendrorhous cannot be excluded, our finding
that common regions of the protein are important for
both activities (Fig. 2) indicates the expression of a
single, hybrid protein.

The amino acid sequence deduced from the crtYB
gene sequence was found to resemble in part known
phytoene synthases from bacteria and plants (Sandmann
1994; Fig. 3). As described for N. crassa (Schmidhauser
et al. 1994), the crtYB gene product includes a 5-ex-
tension of about 300 amino acids which is absent in all
other non-fungal phytoene synthase-encoding genes
(Fig. 3). The 3’ region of ¢rtYB is responsible for phy-
toene synthase activity and the 5" part carries the coding
region for the lycopene cyclisation activity (Fig. 2). Two
well conserved domains, found in phytoene synthases as
well as squalene synthases from other organisms (Botella
et al. 1995), are also present in the phytoene synthase
segment of CrtYB (Fig. 3). Deletion of this region re-
sults in the loss of all phytoene synthase activity,
whereas the region downstream of this domain is im-
portant but not essential for enzymatic activity (Fig. 2).
So far, despite several efforts, no lycopene-accumulating
X. dendrorhous strain has been isolated. The unique
characteristics of the lycopene cyclase-encoding gene of
X. dendrorhous provide a further explanation for this
failure, in addition to those discussed by Girard and co-
workers (1994). Apparently, mutations in the crtYB
gene much more frequently affect phytoene synthesis
than lycopene cyclisation and therefore result in mutants
that accumulate the colourless GGPP instead of the red
lycopene.

The only sequence that shows similarity to the first
300 amino acid residues of CrtYB was found in the
corresponding region of the phytoene synthase from
N. crassa and the product of the orf7 found in a car-
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otenogenic gene cluster from M. xanthus (Botella et al.
1995). Assignment of functions to carotenogenic genes
in M. xanthus was based on the analysis of the effect of
transposon insertions and on sequence homology.
Considering the significant homology with the lycopene
cyclase of X. dendrorhous we postulate that Orf7 of
M. xanthus is involved in cyclisation. Based on the
accumulation of non-cyclic carotenoids in a mutant
bearing a TnS5 insertion in orf6, a carotene cyclase
function was assigned to that gene (Botella et al. 1995).
This would indicate the presence of two carotene
cyclase-encoding genes in M. xanthus. Alternatively, the
transposon in the gene encoding Orf6 might affect the
transcription and/or translation of the gene encoding
Orf7 and this could account for the fact that the inser-
tion mutant accumulates non-cyclic carotenes. If only a
single cyclase-encoding gene is present, the product of
the gene designated orf6 might be involved in an as yet
unidentified enzymatic conversion step before the cycli-
sation reaction. The overall similarity between the se-
quences from N. crassa and X. dendrorhous considered
here (Fig. 3) suggests that the phytoene synthase gene of
N. crassa might also encode a bifunctional enzyme.

The crtYB-encoded lycopene cyclase of X. den-
drorhous converts lycopene into the intermediate
y-carotene and further to f-carotene (Fig. 2). Recently it
was shown that the non-homologous lycopene cyclases
from the bacterium E. uredovora and the plant Capsicum
annuum are also able to cyclise a 7,8-dihydro-y end
group (Takaichi et al. 1996). In the complementation
experiments with c¢rtYB, we observed a similar phe-
nomenon. Neurosporene was converted to the mono-
cyclic f-zeacarotene (cyclisation of its Y end group) and
the resulting 7,8-dihydro-y end group was converted to
7,8-dihydro-f-carotene (Fig. 1B). This may well be a
general feature of all lycopene cyclases.

The bifunctional nature of CrtYB is quite distinct
from that of other carotenogenic enzymes, like phytoene
desaturases or lycopene cyclases, which catalyse multiple
desaturation sequences (Linden et al. 1991) or cyclisa-
tion of both ends of a symmetrical molecule (Schnurr
et al. 1996), respectively. To date, the similarities among
the lycopene cyclase genes from bacteria and plants are
very low (Hugueney et al. 1995). A third type of lyco-
pene cyclase that synthesises cyclic carotenoids must be
postulated to occur in the cyanobacterium Synechocystis
6803. Although the genome of this strain has been se-
quenced completely (Kotani et al. 1995) no gene related
to known lycopene cyclase genes could be detected.
However, the N-region of CrtYB is completely unrelated
to all known lycopene cyclases. This part of CrtYB may
therefore have a common ancestor with another unre-
lated lycopene cyclase gene.

Fusion of genes may occur as a result of recombi-
nation processes. An example of how a carotenogenic
fusion gene could originate by chromosomal rearrange-
ment was recently discovered in a strain of Rubrivivax
gelatinosous (Ouchiane et al. 1997). Based on the results
of Ouchiane et al. (1997) and our results shown in
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Fig. 2, one can speculate that the following scenario
could account for the development of the bifunctional
crtYB gene in X. dendrorhous. 1t is proposed that in a
first step, the section of a gene encoding the active site of
a lycopene cyclase was fused to the gene encoding phy-
toene synthase. In the resulting enzyme, the structure of
phytoene synthase is essentially conserved. This phy-
toene synthase-related part of the fusion protein with its
tertiary structure and its membrane-spanning regions
were important in integrating the new bifunctional
enzyme into the membrane and retaining a favourable
conformation for catalysis. Such an event could have
occurred in an ancestor of basidiomycetous and asco-
mycetous fungi.

In contrast to the case in N. crassa, where a broad
range of colour mutants have been isolated and char-
acterised, lycopene accumulates in various carotenoid-
deficient mutants of the Mucorales (Cerda-Olmedo and
Torres-Martinez 1979; Mehta and Cerda-Olmedo 1995;
Ruiz-Hidalgo et al. 1997) — from which the Ascomycetes
and Basidiomycetes evolved. This may be taken as an
indication that in some Mucorales a distinct lycopene
cyclase gene could exist. However, mutations affecting
lycopene cyclase in Phycomyces are closely linked to a
special albino phenotype which is characterized by the
lack of all carotenoids and could be caused by a muta-
tion in phytoene synthase (Torres-Martinez et al. 1980).
This may hint at the presence of a combined phytoene
synthase/lycopene cyclase, as in X. dendrorhous, and
makes it very interesting to find out whether this gene
from Mucorales is organised similarly to crtYB or is
related only to the lycopene cyclase-encoding part of
crtYB. The answers to these questions should provide a
better understanding of the phylogeny of ¢rtYB and the
evolution of lycopene cyclase genes.
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