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The OREF 5111468 of Synechocystis sp. PCC6803 was
identified as a gene for f-carotene hydroxylase by function-
al complementation in a f-carotene-producing Escherichia
coli. The gene product of ORF 5111468 added hydroxyl
groups to the frionone rings of p-carotene (f,f-carotene)
to form zeaxanthin (f,f-carotene-3,3-diol). This newly
identified f-carotene hydroxylase does not show overall
amino acid sequence similarity to the known f-carotene hy-
droxylases. However, it showed significant sequence simi-
larity to p-carotene ketolases of marine bacteria and a
green alga.

Key words: f-Carotene — Cyanobacterium — Hydroxy-
lase — Synechocystis PCC6803 — Zeaxanthin.

Carotenoids are synthesized in all of the photosynthet-
ic bacteria, cyanobacteria, algae, higher plants and also in
some non-photosynthetic bacteria, yeasts and fungi (Brit-
ton 1988). The first step of carotenoid biosynthesis is the
formation of phytoene from two molecules of geranyl-
geranyl diphosphate (GGPP). Phytoene is then converted
to various carotenes such as neurosporene, lycopene, y-
carotene, f-carotene, and a-carotene, which are the sub-
strates for the biosynthesis of the tremendous diversity of
xanthophylls. Functional analysis of carotenoid biosynthe-
sis genes has clarified many steps in the carotenoid biosyn-
thetic pathway (Hirschberg and Chamovitz 1994, Scolnik
and Bartley 1996, Armstrong 1997, Misawa 1997), e.g., the
steps catalyzed by B-carotene hydroxylases and ketolases,
corresponding the pathway from p-carotene to zeaxan-
thin, canthaxanthin, or astaxanthin (Kajiwara et al. 1995,
Misawa et al. 1995a, b, Sun et al. 1996, Fraser et al. 1997,
Pasamontes et al. 1997). In cyanobacteria, genes coding for
phytoene synthase (crtB/psy), phytoene desaturase (crtP/
pds), {-carotene desaturase (crtQ/zds), lycopene cyclase
(crtL/Icy), and B-carotene ketolase (crtO) have been isolat-

Abbreviations: ORF, open reading frame; dNTPs, deoxynu-
cleoside triphosphates; GGPP, geranylgeranyl diphosphate.
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ed and identified (Chamovitz et al. 1991, 1992, Martinez-
Ferez and Vioque 1992, Cunningham et al. 1994, Linden et
al. 1994, Martinez-Ferez et al. 1994, Fernandez-Gonzalez
et al. 1997), while in the cyanobacterium Synechocystis sp.
PCC6803, of which the whole genome has been sequenced
(Kaneko et al. 1996), only crtB, crtP, and crtO have been
identified (Fig. 1). This cyanobacterium is known to con-
tain large amounts of B-carotene, zeaxanthin, echinenone
and myxoxanthophy!l (2-O-rhamnosylmyxol), and a small
amount of g-cryptoxanthin (8,8-caroten-3-ol) (Bramley
and Sandmann 1985) (Fig. 1).

As we now know the whole sequence of the genome of
Synechocystis sp. PCC6803, it should be a suitable organ-
ism for analysis of carotenoid biosynthetic pathway and
the genes involved in the pathway. The present paper
shows the identification of a S-carotene hydroxylase gene
from this cyanobacterium through functional complemen-
tation experiments in E. coli. The f-carotene hydroxylase
gene has been clarified for the first time in cyanobacteria.

Standard methods for recombinant DNA were used
(Sambrook et al. 1989). The plasmid expressing a f-car-
otene hydroxylase gene was constructed as follows: the
gene ORF sll1468, present in a cosmid clone of Synecho-
cystis sp. PCC6803 (cs0827) (Kaneko et al. 1996), was am-
plified by PCR. The PCR reaction mixture contained 300
ng of the cosmid DNA, 50 mM KCl, 10 mM Tris-HCI (pH
8.3), 1.5 mM MgCl,, 0.125 mM each of dNTPs, 2 units
of Taq polymerase (Takara, Japan), and 50 pmol each
of the following sets of primers; forward primer, 5-TC-
CTCGAGCGTGTGCCAGGAGTCCG-3; reverse primer,
5-ACTCTAGAGCTAGGGCTTGTCAGATG-3"in a 50 ul
final volume. The conditions for the PCR amplification
were 94°C for 120 s, followed by 30 cycles of the tempera-
ture shift consisting of 94°C for 30, 60°C for 30s, 72°C
for 120s in a PJ9600 thermal cycler (Perkin Elmer). A
PCR product was double-digested with Xhol and Xbal in
order to obtain a 0.94 kb DNA fragment which includes
whole part of the structural gene of the ORF sl11468. The
DNA fragment was ligated into the XAol-Xbal sites of
pBluescriptll KS+ (Stratagene) to construct a plasmid
pBS-crtR. In this plasmid, the additional 24 amino acid resi-
dues translated from LacZ N-end is designed to be added
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Fig. 1 Postulated carotenoid biosynthetic pathway and struc-
tures of carotenoids in the cyanobacterium Synechocystis sp.
PCC6803. Genetic names indicate steps identified in this cyanobac-
terium or other cyanobacteria (parenthesized). The carotenoid
biosynthesis genes of cyanobacteria had been designated in the
same manner to those of higher plants (psy, pds, zds, and Icy).
Hirschberg and Chamovitz (1994) have recommended that the
cyanobacterial carotenogenic genes should follow the crf nomen-
clature, which has been used in the bacterial corresponding genes.

to the original N-end of the ORF sll11468 to generate a fu-
sion protein by using the /ac promoter.

Previously, the carotenoid biosynthesis genes, crtE,
crtB, crtl, and crtY, were isolated from the epiphytic bacte-
rium Erwinia uredovora (Misawa et al. 1990), and their
functions were identified (Misawa et al. 1995b). The crtE
gene codes for prenyl transferase to synthesize GGPP from
farnesyl diphosphate. Two molecules of GGPP is condens-
ed to phytoene by crtB (Fig. 1). Next, one enzyme encod-
ed by crtl is needed for the conversion of phytoene to
lycopene. In cyanobacteria, this desaturation is divided to
two steps by two enzymes, CrtP and CrtQ, via {-carotene
(Fig. 1). Finally, the Erwinia crtY gene product (CrtY) cycl-
izes lycopene to f-carotene via y-carotene. This eniyme
corresponds to CrtL in cyanobacteria (Fig.1). Plasmid
pACCARI164crtX carried the E. uredovora four cri genes
on vector pACYC184 to confer a yellow pigmentation on
Escherichia coli due the accumulation of B-carotene, as de-

scribed (Misawa et al. 1995a).

The two plasmids pBS-crtR and pACCARI16AcrtX
were used to co-transform E. coli JM101. The resultant
E. coli transformant was grown to stationary phase in 2 X
YT medium (Sambrook et al. 1989), including 150 ug m1™!
ampicillin, 30 ug ml™' chloramphenicol and 0.1 mM isopro-
pyl-1-thio-S-D-galactopyranoside at 30°C. Carotenoid pig-
ments were extracted from cells with acetone and the
extracts were dried and re-extracted with chloroform/meth-
anol (9 : 1). Pigments obtained were separated by high-per-
formance liquid chromatography (HPLC) with a C18 col-
umn (300X 3.9 mm, Nova-pak HR 6 um [Waters]) under
isocratic flow (acetonitrile/methanol/2-propanol (90:6:
4), 1 ml min~'), and were detected with a Waters photo-
diode array detector 996. Pigments obtained were also sub-
jected to thin-layer chromatography (TLC) on silica gel
(60F,s,), which was developed with chloroform/methanol
(15 : 1). Authentic carotenoids (f-carotene, zeaxanthin,
canthaxanthin) were obtained as described (Misawa et al.
1990, 1995b).

The database of amino acid sequences deduced from
genes and ORFs of the genome of Synechocystis sp.
PCC6803 was taken from the ftp site (ftp://ftp.kazusa.or.
jp/pub/cyano/cyano.p.aa.z) of Kazusa DNA Research In-
stitute (Kaneko et al. 1996). This database together with
SwissProt (rel.32.0) and PIR (rel.51.0) were searched for
amino acid sequences similar to that deduced from sl11468
using the FASTA program (Person and Lipman 1988) in
the GCG package (Devereux et al. 1984). A multiple align-
ment of the amino acid sequences was constructed with
CLUSTALW (Thompson et al. 1994), and was refined visu-
ally to increase the sequence similarity. Statistical signifi-
cance of the detected sequence similarity was examined by
a jumbling test (Needleman and Wunsch 1970) with 100
pairs of randomized sequences. The alignment score of a
pair of the aligned sequences was calculated by summing
up the similarity score (Schwartz and Dayhoff 1978) of the
residue pair at each alignment site. When a gap was ob-
served, a given gap penalty was used as the score for the
gap. Continuous gaps were considered as a single inser-
tion/deletion event, thus treated as a single gap. After the
calculation of average and standard deviation (SD) of align-
ment scores for the random sequences, the deviation of the
alignment score for the original sequences from the average
was devided by SD. Then, a normalized alignment called
Z-score was obtained. When the Z-score was greater than
4.0, the similarity of the aligned sequences was considered
to be statistically significant.

Sequence comparison revealed that the amino acid se-
quence encoded by ORF si11468 of Synechocystis sp.
PCC6803 showed significant similarity to the sequences of
bacterial f-carotene ketolases. Therefore, we postulated
that the ORF product should have S-carotene ketolase ac-
tivity, which is the reason why we performed functional
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complementation analysis for this ORF. An E. coli strain
accumulating f-carotene, due to the presence of plasmid
pPACCARI6dcrtX, was transformed with the plasmid
pBS-crtR that carries the ORF sl11468 of Synechocystis sp.
PCC6803. Pigments were extracted from a resultant trans-
formant, and four yellow pigments were separated by
HPLC (Fig. 2). Pigments 1 and 4 were determined as zea-
xanthin (all-trans) and B-carotene (all-trans), respective-
ly, by their UV-VIS spectral data as well as HPLC and
TLC properties, using authentic samples for comparison.
Yellow pigment 2 was considered to be the cis form of zea-
xanthin due to the occurrence of the cis peak (340 nm) in its
UV-VIS spectrum. Yellow pigment 3 was considered to be
p-cryptoxanthin (all-trans) by its UV-VIS spectral datum as
well as HPLC and TLC properties. Zeaxanthin and B-cryp-
toxanthin accounted for 65% and 5% of total carotenoids,
respectively. Except for these carotenoids, no other carote-
noid pigments, including echinenone (retention time, 23
min), were detected. Thus, contrary to expectations, we
have concluded that the ORF sl11468 of Synechocystis sp.
PCC6803 is a gene that encodes a f-carotene hydroxylase
(CrtR), which catalyzes the hydroxylation reactions of
p-carotene to produce zeaxanthin via f-cryptoxanthin
(Fig. 1). Little accumulation of mono-hydroxylated S-car-
otene (S-cryptoxanthin) (Fig.2) suggests symmetrical in-
duction of hydroxyl groups to S-carotene by the CrtR en-
zyme, which has the same properties to the Erwinia’s and
Arabidopsis’s p-carotene hydroxylases (Misawa et al. 1990,
Sun et al. 1996). Hirschberg and Chamovitz (1994) recom-
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Fig. 2 HPLC profiles of carotenoid pigments extracted from
E. coli cells carrying plasmids pBS-crtR and pACCARI164crtX
(A) and plasmid pACCARI164crtX (B). Peaks numbered 1, 2, 3
and 4 correspond to zeaxanthin, cis-zeaxanthin, g-cryptoxanthin
and B-carotene, respectively.

mended that a S-carotene hydroxylase gene of cyanobacte-
rium should be designated crtR based on the crt nomen-
clature of bacterial carotenoid biosynthesis genes.

The amino acid sequence of the Synechocystis sp.
PCC6803 CrtR (called SS-CrtR hereafter in this paper) was
compared with amino acid sequences deduced from all the
other ORFs of Synechocystis sp. PCC6803. Two open
reading frames, sll1611 (hypothetical protein) and sll1441
(fatty-acid A" desaturase), were found to be similar to SS-
CrtR, but the sequence identities were less than 20% . There-
fore, the gene of SS-CrtR was concluded to be a single copy
gene.

Recent enzymatic analyses of 8-carotene hydroxylases
and fB-carotene ketolases revealed that Fe?' was required
for the enzymes as one of the cofactors (Fraser et al. 1997).
Amino acid sequence comparison of the hydroxylases and
of the ketolases suggested the presence of histidine-rich
iron-binding motifs (Fraser et al. 1997). The histidine-rich
iron-binding motifs were also found in SS-CrtR (Fig. 3,
boxed), suggesting Fe?* requirement as a cofactor for the
activity of the enzyme. All of these f-carotene hydroxylases
and ketolases had three iron-binding motifs in their pri-
mary structures. However, the motifs of SS-CrtR were con-
siderably different in residue and length from the corre-
sponding motifs of the other f-carotene hydroxylases and
ketolases, except for the conserved histidine residues.

All of the B-carotene hydroxylases from the bacteria,
Synechocystis sp. PCC6803 and Arabidopsis showed the
hydroxylation activity of S-ionone ring at position 3(3") in
common. However, the SS-CrtR protein did not show
amino acid sequence similarity to the other bacterial and
plant enzymes except for the histidine-rich motifs, while
these bacterial and plant enzymes were homologous to each
other, e.g., 53-56% identity between those of the Erwinia
species and the marine bacteria and 28-36% identity be-
tween the bacteria and the plant Arabidopsis (Misawa et al.
1995b, Sun et al. 1996).

It is surprising that SS-CrtR had significant amino acid
sequence similarity to the bacterial S-carotene ketolases
(27% identity) and the green algal one (21% identity)
(Fig. 3) for almost entire region, although SS-CrtR did not
show any f-carotene ketolase activity. SS-CrtR and the
ketolases of the marine bacteria or the green alga shared
three highly conserved segments (Fig.3, alignment sites,
184 to 194, 267 to 272, and 317 to 322) as well as the iron-
binding motifs. Statistical significance of the similarity was
examined for the alignment sites from 127 to 331 of each se-
quence pair after excluding highly diverged N- and C-ter-
minal regions. The obtained Z-scores ranged from 4.2 to
5.3, which suggested that SS-CrtR and the ketolases are ho-
mologous, that is, they have evolved from a common
ancestor in spite of their different activity. These results
may suggest that the evolutionary origin of SS-CrtR is
different from that of the S-carotene hydroxylases derived
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Fig. 3 Alignment of amino acid sequences of Synechocystis sp. PCC6803 B-carotene hydroxylase (SS-CrtR), and Haematococcus
pluvialis p-carotene ketolase (Hp-BKT; SwissProt accession number, Q39982), Agrobacterium aurantiacum f-carotene ketolase (Aa-
CrtW; SwissProt accession number, P54972), Alcaligenes PC-1 f-carotene ketolase (Al-CrtW; SwissProt accession number, Q44261).
The alignment sites occupied by the identical amino acid residues and chemically similar amino acid residues among the four enzymes
were represented by ® and O, respectively. Conserved iron-binding motifs were boxed.

from the bacteria and Arabidopsis.

Recently S-carotene ketolase was identified in Synecho-
cystis sp. PCC6803, which was encoded by sir0088 (Fer-
nandez-Gonzalez et al. 1997). This enzyme did not show
amino acid sequence similarity to any other B-carotene
ketolases or f-carotene hydroxylases including SS-CrtR
over its entire length. It is therefore considered that the
Synechocystis sp. PCC6803 ketolase has evolved from an
ancestor distinct from the ketolase and hydroxylase en-
zymes of other organisms. The cyanobacterium Synecho-
cystis sp. PCC6803 seems to be unique with respect to
evolutionary point of view on carotenoid biosynthesis.

We also introduced plasmid pBS-crtR into a neuro-
sporene accumulating E. coli (data not shown). A resultant
transformant was not able to convert neurosporene, an
acyclic carotenoid, into a hydroxylated compound. Synecho-

cystis sp. PCC6803 includes myxoxanthophyll, the xantho-
phyll with hydroxy groups in the acyclic end group (Fig. 1).
It is therefore likely that another hydroxylase remained uni-
dentified in this cyanobacterium.
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