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When grown at high light intensity, more than a quarter of the total carotenoids in the unicellular
cyanobacterium Synechocystis consists of myxoxanthophyll, a polar carotenoid glycoside. The biosynthetic
pathway of myxoxanthophyll is unknown but is presumed to involve a number of enzymes, including a C-3�,4�
desaturase required to add one double bond to generate 11 conjugated double bonds in the monocyclic
myxoxanthophyll. A candidate for this desaturase is Slr1293, which was identified by genome similarity
searching. To determine whether Slr1293 is a desaturase recognizing neurosporene and lycopene, slr1293 was
expressed in Escherichia coli strains accumulating neurosporene or lycopene. Confirming such a desaturase
function for Slr1293, these E. coli strains accumulated 3�,4�-didehydroneurosporene and 3�,4�-didehydrolyco-
pene, respectively. Indeed, deletion of slr1293 in Synechocystis provides further evidence that Slr1293 is a
desaturase recognizing neurosporene: In the slr1293 deletion mutant, neurosporene was found to accumulate
and was further processed to produce neurosporene glycoside. Neurosporene hereby becomes a primary
candidate to be the branch point molecule between carotene and myxoxanthophyll biosynthesis in this cya-
nobacterium. The slr1293 gene was concluded to encode a C-3�,4� desaturase that is essential for myxoxan-
thophyll biosynthesis, and thus it was designated as crtD. Furthermore, as Slr1293 appears to recognize
neurosporene and to catalyze the first committed step on the myxoxanthophyll biosynthesis pathway, Slr1293
plays a pivotal role in directing a portion of the precursor pool for carotenoid biosynthesis toward myxoxan-
thophyll biosynthesis in Synechocystis sp. strain PCC 6803.

Myxoxanthophyll [(3R, 2�S)-2�-(2,4-di-O-methyl-�-L-
fucoside)-3�,4�-didehydro-1�,2�-dihydro-�,�-carotene-3,1�-
diol)] is a xanthophyll glycoside found in cyanobacteria and in
some nonphotosynthetic bacteria but not in eukaryotic algae
(3). It was first isolated from Oscillatoria rubrescens (15) and
was proposed to be a polyhydroxy carotenoid glycoside (16).
Recently, the sugar moiety of myxoxanthophyll in Synechocystis
sp. strain PCC 6803 was identified as dimethylated fucose,
which has not been reported in carotenoid glycosides before
(30). Myxoxanthophyll has a unique glycoside linkage; a hy-
droxy group at C-2 of the � end group of the carotenoid is used
for the glycoside linkage. This structure is only found in myx-
oxanthophyll and oscillaxanthin and is limited to cyanobacte-
ria; it has not been reported in any other bacteria or eukaryotic
organisms (13, 23).

The carotenoid moiety of myxoxanthophyll, myxol (3�,4�-
didehydro-1�,2�-dihydro-�,�-carotene-3,1�,2�-triol), was re-
ported recently in the marine bacterium P99-3 strain (previ-
ously a Flavobacterium sp.), but no carotenoid glycoside was
reported in this strain and myxol was the only carotenoid that
accumulated in substantial amounts (31). There is no clear
evidence for how myxoxanthophyll is synthesized in cyanobac-
teria, although it has been proposed to start from a �-carotene
(�,�-carotene) molecule (30). Indeed, �-carotene has been
proposed to be an intermediate in the pathway for myxol
biosynthesis in the P99-3 strain as well (31).

Myxoxanthophyll and myxol have a double bond at the
C-3�,4� position. Therefore, the biosynthetic pathway requires

an enzyme that catalyzes the addition of one more double
bonds between C-3 and C-4. Enzymes catalyzing a C-3�,4�
desaturation are common in organisms with C30 (e.g., Staphy-
lococcus aureus) and C40 (e.g., Rhodobacter capsulatus) caro-
tenoids; they are known as dehydrosqualene desaturase (CrtN)
and methoxyneurosporene desaturase (CrtD), respectively (1,
24). CrtN and CrtD recognize a similar region of the carot-
enoid molecule in spite of the difference in chain length (24).
Interestingly, a bacterial CrtN was able to introduce a C-3�,4�
double bond in a hybrid C35 carotenoid pathway that was
created in Escherichia coli (32). The cyanobacterium Synecho-
cystis sp. strain PCC 6803 contains an open reading frame,
slr1293, that is expected to encode a dehydrogenase with a
conserved phytoene dehydrogenase domain. Slr1293 was an-
notated in ERGO (http://ergo.integratedgenomics.com/ERGO)
as diapophytoene dehydrogenase (CrtN), but no experimental
confirmation of such a function is available.

Other carotenoid desaturases are present as well. In Syn-
echocystis sp. strain PCC 6803, phytoene desaturase (CrtP,
Slr1254) introduces two double bonds to produce �-carotene
(20) and has no significant similarity to other bacterial phy-
toene desaturases (19), which introduce three or four double
bonds, producing neurosporene and lycopene, respectively
(25). The cyanobacterial �-carotene desaturase identified in
Synechocystis sp. strain PCC 6803 (CrtQ, Slr0940) (5) is similar
to CrtP (Slr1254) rather than bacterial phytoene desaturase
(CrtI) and is restricted to the last two dehydrogenation steps
(�-carotene to lycopene). Interestingly, the closest relative to
the bacterial type desaturase (CrtI) is Slr1293.

In this work, the open reading frame slr1293 was cloned and
coexpressed with the pAC-Neur and pAC-Lyc plasmids (9),
which cause the accumulation of neurosporene and lycopene,
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respectively, in E. coli. The results of these experiments sup-
port the hypothesis that Slr1293 is a C-3�,4� desaturase, with
the enzyme apparently preferring neurosporene over lycopene.
Furthermore, an slr1293 deletion mutant of Synechocystis sp.
strain PCC 6803 was generated to examine the function of
slr1293 in its native host and to study the consequences of
slr1293 deletion on myxoxanthophyll biosynthesis. The result-
ing mutant lacks myxoxanthophyll but contains some carot-
enoid glycosides with a decreased number of conjugated dou-
ble bonds. We conclude that Slr1293 is indeed the C-3�,4�
desaturase required for the first committed step of myxoxan-
thophyll synthesis.

MATERIALS AND METHODS

Strains and growth conditions. Synechocystis sp. strain PCC 6803 was culti-
vated on a rotary shaker at 30°C in BG-11 medium, buffered with 5 mM N-tris
(hydroxymethyl) methyl-2-aminoethane sulfonic acid-NaOH (pH 8.2) and sup-
plemented with 5 mM glucose. For growth on plates, 1.5% (wt/vol) Difco agar
and 0.3% (wt/vol) sodium thiosulfate were added. For growth in liquid under
light-activated heterotrophic growth conditions (2), cells were kept in complete
darkness with the exception of one 15-min light period (20 �mol of photons m	2

s	1) every 24 h.
Cloning slr1293 and constructing the p�slr1293E plasmid. Open reading

frame slr1293 of Synechocystis sp. strain PCC 6803 was cloned by PCR based on
the available Synechocystis genomic sequence (17). The forward primer was
5�-TGCTGTTGGAGCTCGCTCAGGG-3�, with an engineered SacI site (bold)
and corresponding to bases 288884 to 288905 in CyanoBase (http://www.kazusa
.or.jp/cyano/cyano.html); the reverse primer was 5�-CATAGCTCAAGCTTATG
GAAATCTC-3�, with an engineered HindIII restriction site (bold) and a se-
quence corresponding to CyanoBase bases 291351 to 291327 (base changes made
to introduce restriction sites are italic). The PCR-amplified sequence corre-
sponds to slr1293 with 0.4 to 0.5 kbp of flanking sequence on both sides of the
open reading frame. A PCR product of the expected size (2.5 kbp) was purified
and treated with restriction enzymes according to the restriction sites created on
each primer. The slr1293 gene and its flanking regions were cloned into pUC19
with its SacI and HindIII sites, creating pslr1293. The slr1293 gene was deleted
by restriction at the EcoRI and AvrII sites 215 bp downstream from the slr1293
start codon and 800 bp upstream from the slr1293 stop codon, respectively, and
replaced by a 1.4-kb erythromycin resistance cassette from pRL425 (10) digested
with EcoRI and XbaI. This created p
slr1293E, which was used for transforma-
tion of the Synechocystis sp. to generate the 
slr1293E mutant strain.

Plasmids used for expression in E. coli. Plasmids pAC-Lyc and pAC-Neur (9)
(kindly provided by F. X. Cunningham, University of Maryland) were used to
mediate the formation of lycopene (�,�-carotene) and neurosporene (7,8-dihy-
dro-�,�-carotene), respectively, in E. coli strains BL21, JM109, and DH5�. These
strains were used for introduction of slr1293 as follows. slr1293 was cloned by
PCR with forward primer 5�-CCACTCCTTTTCATATGGTCCCT-3�, having an
NdeI restriction site engineered at the start codon, and reverse primer 5�-
CCATGAATTCCGGATCCTAGGAGTT-3�, carrying a BamHI restriction site
adjacent to the stop codon. The engineered sites facilitate the cloning of slr1293
into the pET16b expression vector digested by NdeI and BamHI to create the
pET16b-slr1293 plasmid. The cloned fragment was sequenced to confirm the
correct sequence and orientation of the slr1293 gene. The pET16b-slr1293 plas-
mid was introduced into E. coli with either pAC-Lyc or pAC-Neur by electro-
poration, and transformants were selected for resistance to ampicillin and chlor-
amphenicol.

Transformation and segregation analysis of Synechocystis sp. strain PCC 6803.
Transformation of Synechocystis sp. strain PCC 6803 was carried out as described
by Vermaas et al. (33). Transformants were propagated on BG-11/agar plates
supplemented with 5 mM glucose and increasing concentrations of erythromycin
(5 �g/ml gradually increased to 1 mg/ml). The segregation state of the transfor-
mants was monitored by PCR with primers recognizing sequences upstream and
downstream of the slr1293 coding region. Synechocystis sp. strain PCC 6803
genomic DNA used for PCR analysis of mutants was prepared as described by
He et al. (14).

Extraction, separation, and analysis of carotenoids. To analyze carotenoid
production in E. coli, Luria-Bertani medium (50 ml in a 250-ml Erlenmeyer flask)
containing chloramphenicol (100 �g/ml) and ampicillin (50 �g/ml) was inocu-
lated with 1 ml of overnight culture with cells carrying the pAC-Lyc or pAC-Neur

plasmid with the pET16b-slr1293 plasmid or with the pET16b control plasmid.
Cultures were grown in darkness at 28°C with shaking at 250 rpm for approxi-
mately 4 h to an optical density at 550 nm of�0.5. Expression of slr1293 was
induced with 0.5 mM isopropylthiogalactopyranoside (IPTG), and cultures were
harvested by centrifugation at 6,000 � g for 15 min at 4°C. The pellets were first
saponified by 6% KOH in methanol and then extracted with methanol once and
then with a methanol-methyl chloride mixture (1:1, vol/vol) until the pellets were
colorless. The extracts were combined, and the carotenoid pigments were eluted
from the methanol-methylene chloride mixture by diethyl ether. Diethyl ether
fractions were neutralized by washing with water. The diethyl ether extracts were
evaporated to dryness under a stream of nitrogen and resolubilized in methanol.

To determine the carotenoid content of Synechocystis sp. strain PCC 6803,
cells were harvested by centrifugation from cultures in the exponential growth
phase (optical density at 730 nm of �0.5). Cell pellets were frozen in liquid
nitrogen and freeze-dried. Pigments were extracted from freeze-dried cells by
three successive extractions with 100% methanol containing 0.1% NH4OH, and
the extracts were combined. Carotenoid extraction was performed in darkness
under N2 on ice.

For high-performance liquid chromatography (HPLC) analysis, carotenoid
extracts from E. coli or Synechocystis sp. strain PCC 6803 were evaporated under
a stream of nitrogen until the samples were dry. Dried samples were redissolved
in a small volume of methanol containing 0.1% NH4OH and immediately sub-
jected to HPLC on an HP-1100 with a Waters Spherisorb S5 ODS2 (4 mm by 250
mm) analytical column filled with C18 reversed-phase silica gel, with a linear
18-min gradient of ethyl acetate (0 to 95%) in acetonitrile-water-triethylamine
(9:1:0.01, vol/vol/vol) at a flow rate of 1 ml/min. The absorption spectra of the
eluted pigments were recorded continuously by an online photodiode array
detector in the 280- to 665-nm range.

For mass spectroscopy analysis of carotenoids, carotenoids were separated on
a semipreparative Waters Spherisorb S10 ODS2 (10 mm by 250 mm) HPLC
column filled with C18 reversed-phase silica gel. For separation, a linear 18-min
gradient of ethyl acetate (0 to 90%) and methyl chloride (0 to 5%) in acetoni-
trile-water-triethylamine (9:1:0.01, vol/vol/vol) was utilized at a flow rate of 2 ml/
min. Collected xanthophyll fractions were further purified by a Waters Spheri-
sorb S5 ODS2 (4 mm by 250 mm) analytical column with a linear 25-min gradient
of ethyl acetate (0 to 60%) in acetonitrile-water-triethylamine (9:1:0.01, vol/vol/
vol) at a flow rate of 1 ml/min. Samples were evaporated under nitrogen and
analyzed immediately or stored under nitrogen at 	80°C until use. Dried caro-
tenoids were dissolved in 20 �l of methyl chloride; 10 �l was mixed with 1 �l of
terthiophene (used as a matrix) dissolved in acetone, 1 �l of this mixture was
spotted for mass analysis, and mass spectra were obtained by matrix-assisted
laser desorption ionization time of flight (MALDI-TOF)-mass spectrometry
(Voyager DE STR Biospectrometry Work Station). Carotenoids were identified
based on their spectral properties, retention time, and molecular mass (28, 29).

RESULTS

Proteins similar to Slr1293. Slr1293 is apparently a member
of the carotenoid desaturase and isomerase family. The pro-
tein is 30% identical to CrtH (Sll0033; carotene isomerase)
and 23% identical to CrtO (Slr0088; �-carotene ketolase) from
Synechocystis sp. strain PCC 6803. Slr1293 is similar to bacte-
rial phytoene desaturase (CrtI) (about 20% identity with CrtIs
from different bacteria). The primary sequence of Slr1293
shows 19% identity to a known C-3�,4� desaturase (CrtD) from
Rhodobacter sphaeroides (18) and 20% identity with the puta-
tive CrtD from the marine bacterium P99-3, which produces
myxol (31). Orthologues of Slr1293 (47 to 67% identity) were
found in all other cyanobacteria with sequenced genomes to
date, including Prochlorococcus marinus MIT 9313, Synecho-
coccus sp. strain WH 8102, Nostoc punctiforme ATCC 29133,
Anabaena sp. strain PCC 7120, Trichodesmium erythraeum IMS
101, Thermosynechococcus elongatus BP 1, and Prochlorococ-
cus marinus MED 4.

Expression analysis of slr1293 in E. coli. The carotenoids
produced in E. coli DH5� carrying pAC-Neur (9) and pET16b-
slr1293 of Synechocystis sp. strain PCC 6803 were extracted and
separated with a C18 column. The carotenoid profile indicates
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that neurosporene was the major carotenoid accumulated due
to the expression of the gene cluster in pAC-Neur (Fig. 1).
However, a small band (peak 1) to the left of the neurosporene
peak was found to have a large spectral shift (
max � 450, 475,
and 505 nm) versus neurosporene (
max � 420, 441, and 470
nm) (Fig. 2A). The spectral properties of the newly formed
carotenoid suggest that two additional double bonds were
added to the nine conjugated double bonds of neurosporene to
yield a 3�,4�-didehydroneurosporene (3�,4�-didehydro-7,8-di-
hydro-�,�-carotene) (Fig. 2C).

The HPLC spectra of carotenoids from E. coli with the
pAC-Lyc and pET16b-slr1293 plasmids (Fig. 1) showed a ca-
rotenoid species on the left shoulder of the lycopene peak
(peak 2). This new species showed a bathochromic shift (
max

� 466, 492, and 527 nm) relative to lycopene (
max � 450, 475,
and 505 nm) (Fig. 2B). The wavelength maxima of peak 2 are
suggestive of 13 conjugated double bonds (6, 29). These spec-
tral properties suggest that compound is 3�,4�-didehydrolyco-
pene (3�,4�-didehydro-�,�-carotene) (Fig. 2C).

Deletion of slr1293 in Synechocystis sp. strain PCC 6803. The

slr1293E mutant strain of Synechocystis sp. strain PCC 6803
was generated to study the role of Slr1293 in carotenoid bio-
synthesis, especially that of myxoxanthophyll. In wild-type
Synechocystis sp. strain PCC 6803, four major carotenoids, �-
carotene (�,�-carotene), echinenone (�,�-carotene-4-one),
zeaxanthin [(3R,3�R)-�,�-carotene-3,3�-diol], and myxoxantho-
phyll, accumulated in substantial amounts (Fig. 3). Interest-
ingly, we observed a fifth species in the wild type (peak 1; Fig.
3), and the amounts of compounds with similar mobility were
increased in the 
slr1293E mutant (peaks 2 and 3, Fig. 3) and

other mutants that were impaired in myxoxanthophyll biosyn-
thesis (
sll1213Z and 
slr1125S mutants; H. Mohamed and W.
Vermaas, unpublished observations).

The peaks were collected and subjected to mass analysis.
Interestingly, the mass of the carotenoid found in peak 1 was
584 m/e (Table 1), which is identical to that of myxol. However,
its spectral properties (
max � 475 and 503 nm; III/II � 28%)
(III/II refers to the ratio of the amplitude of the third and
second peaks of the absorption) (29) were different from those

FIG. 1. HPLC analysis of carotenoid extracts from E. coli with
pAC-Neur or pAC-Lyc and with pET16b-slr1293 or pET16b as a
control. Pigment detection was by monitoring absorption at 440 nm. N,
neurosporene; L, lycopene; 1, 3�,4�-didehydroneurosporene; 2, 3�,4�-
didehydrolycopene.

FIG. 2. Absorption spectra of the carotenoids extracted from E.
coli with plasmids pAC-Neur (A) or pAC-Lyc (B) and pET16b-slr1293.
(A) Carotenoids were neurosporene (peak N in Fig. 1; dotted line;

max � 420, 441, 470 nm; III/II � 76%) and 3�,4�-didehydroneuros-
porene (peak 1 in Fig. 1; solid line; 
max � 450, 475, and 505 nm; III/
II � 77%). (B) Carotenoids were lycopene (peak L in Fig. 1; dotted
line; 
max � 440, 475, and 505 nm; III/II � 70%) and 3�,4�-didehydro-
lycopene (peak 2 in Fig. 1; solid line; 
max � 466, 492, and 527 nm;
III/II � 60%). To simplify the interpretation of panels A and B, a
vertical line has been introduced to indicate the 500-nm position in the
spectra. (C) Structures of 3�,4�-didehydroneurosporene and 3�,4�-di-
dehydrolycopene interpreted to be present in E. coli carrying pAC-
Neur and pET16b-slr1293 or pAC-Lyc and pET16b-slr1293, respec-
tively.

VOL. 186, 2004 CrtD IN SYNECHOCYSTIS SP. STRAIN PCC 6803 5623
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of myxol (
max � 450, 477, and 509 nm; III/II � 58%) (16) and
show a spectrum indicating cis-isomerization contributions (7).
Therefore, the carotenoid found in peak 1 is probably an iso-
mer form of myxol. In the 
slr1293E mutant, the masses of the
carotenoids in peaks 3 and 2 were higher by 2 and 4 mass units
(m/e � 586 and 588; Table 1) than the myxol-like species found
in the wild type (peak 1; m/e � 584). Therefore, the carote-
noids in peaks 2 and 3 are related to myxol but are changed in
their structure, presumably due to the lack of the Slr1293
protein.

Fractionation of the major carotenoids in the 
slr1293E
mutant grown at 0.5 �mol of photons m	2 s	1 (Fig. 3B)

showed the presence of zeaxanthin, echinenone, and �-caro-
tene. However, the compound present at the location of the
myxoxanthophyll peak showed spectral properties that were
different from that of myxoxanthophyll (
max � 420, 441, and
477 nm, III/II � 98%, versus myxoxanthophyll, 
max � 453,
477, and 509 nm, III/II � 58%) (Fig. 4A). These spectral
properties are indicative of nine conjugated double bonds in
compound 4 of the mutant, and we interpret it to be a neuro-
sporene derivative. Its molecular mass (m/e � 737 [H� �736];
Table 1) is compatible with a nonmethylated neurosporene fuco-
side (2�-[�-L-fucoside]-1�,2�,7�,8�-tetrahydro-�,�-carotene-3,1�-
diol) (calculated m/e � 736). Protonation during mass analysis
may explain the difference between the recorded and calculated
masses.

However, when the mutant was grown at a light intensity of
40 �mol of photons m	2 s	1, a different set of myxoxantho-
phyll-like carotenoids comigrating with myxoxanthophyll (peak
5 in Fig. 3C) were synthesized. Mass analysis of these carote-
noids in the 
slr1293E mutant showed two different carotenoids
(m/e � 746 [(3R,2�S)-2�-(2-mono-O-methyl-�-L-fucoside)-1�,2�-
dihydro-�,�-carotene-3,1�-diol]) and 760 [(3R,2�S)-2�-(2,4-di-
O-methyl-�-L-fucoside)-1�,2�-dihydro-�,�-carotene-3,1�-diol]
(Table 1) in peak 5 that comigrated with myxoxanthophyll in the
wild type. This suggests that these are myxoxanthophyll deriva-
tives with an extra saturation. A one-step desaturation (	2 H) of
these carotenoid glycosides (m/e 746 and 760) is required to
produce myxol mono-[(3R,2�S)-2�-(2-mono-O-methyl-�-L-
fucoside)-3�,4�-didehydro-1�,2�-dihydro-�,�-carotene-3,1�-diol]
and dimethyl fucoside (m/e 744 and 758), respectively. Accord-
ingly, the carotenoid glycosides synthesized at a light intensity of
40 �mol of photons m	2 s	1 in the 
slr1293E mutant lack one
double bond, providing additional evidence that a specific, one-
step desaturase activity is missing from the mutant.

Evidence from carotenoid intermediates. The HPLC solvent
system used in this study was able to resolve potential low-
abundance carotenoid biosynthesis intermediates. Among these
potential intermediates was a carotenoid species (peak 6 in
Fig. 3A) apparently with 12 conjugated double bonds (
max �
307, 355, 461, 489, and 519 nm) (Fig. 4C) that accumulated in
the wild type but was not found in the 
slr1293E mutant (the
small HPLC peaks at a similar position in the mutant [Fig. 3B
and C] are presumably due to chlorophyll degradation prod-
ucts, based on their absorption spectra). Conversely, in the
mutant, a peak accumulated (peak N in Fig. 3B and C) that,
according to its spectrum and elution profile, was neuros-
porene. Interestingly, in order for C40 carotenoid species to
accommodate 12 conjugated double bonds, a combination of
two different secondary modifications is necessary, a C-3�,4�
desaturation and a C-1�,2� saturation leading to introduction of
two OH groups. As these two modifications occur only in the
myxoxanthophyll biosynthesis pathway, this intermediate is in-
terpreted to be in the myxoxanthophyll biosynthesis pathway.
The lack of this intermediate in the 
slr1293E mutant indicates
that a C-3�,4� desaturase is absent in the 
slr1293E mutant.

DISCUSSION

Function of Slr1293. Comparative genomic analysis led to
the hypothesis that slr1293 codes for a dehydrogenase with
C-3�,4� desaturase activity. Dehydrogenase and desaturase func-
tion is compatible with the conserved GXGXXG motif near

FIG. 3. HPLC analysis of pigment extracts from wild-type Synecho-
cystis sp. strain PCC 6803 (A) grown at 40 �mol of photons m	2 s	1

and those from the 
slr1293E mutant grown at 0.5 (B) and 40
(C) �mol photons m	2 s	1. Cultures were grown photomixotrophi-
cally; detection was at 440 nm. Known carotenoids are myxoxantho-
phyll (M), zeaxanthin (Z), echinenone (E), and �-carotene (�). Ch,
chlorophyll. Numbered peaks correspond to unknown compounds with
absorption spectra resembling those of carotenoids. Peaks 4 and 5 are
new carotenoid glycosides in the 
slr1293E mutant with molecular
masses different from that of myxoxanthophyll (Table 1).

TABLE 1. Molecular mass of selected carotenoids accumulated in
the wild type and the 
slr1293E mutant

Peak no.a Mass
(m/e)

Matching
formula Tentative identification

1 584 C40H56O3 Myxol
2 588 C40H60O3 Trihydroxy neurosporene
3 586 C40H58O3 Trihydroxy lycopene
4 737 C45H69O8 Neurosporene fucoside
5

Carotenoid 1 746 C46H66O8 Monomethyl carotenoid glycoside
Carotenoid 2 760 C47H68O8 Dimethyl carotenoid glycoside

a Peak 1 (see Fig. 3A) is from the wild type, and peaks 2 to 5 (see Fig. 3B and
C) are characteristic of the 
slr1293E mutant grown at a light intensity of 0.5 or
40 �mol of photons m	2 s	1.
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the N terminus (20). This gene is well conserved in all cyanobac-
terial genomes available in the public database. Representa-
tives of these cyanobacterial genera synthesize myxoxanthophyll,
oscillaxanthin [(2R,2�R)-2,2�-di-(L-chinovosyloxy)-3,4,3�,4�-
tetradehydro-1,2,1�,2�-tetrahydro-�,�-carotene-1,1�-diol] and
aphanizophyll [2�-(L-chinovosyloxy)-3�,4�-didehydro-1�,2�-
dihydro-�,�-carotene-3,4,1�-triol] carotenoids (13), all of which
require a C-3�,4� desaturation step. Indeed, the hypothesis that
Slr1293 is CrtD, a C-3�,4� desaturase on the pathway toward
myxoxanthophyll, was supported by the experiments in this study,
as discussed below.

As indicated in Fig. 1, introduction of slr1293 into an E. coli
strain accumulating neurosporene led to the production of a
new compound with red-shifted absorption (Fig. 2A). The red
shift is compatible with a desaturase activity of Slr1293, leading
to an increase in the number of conjugated double bonds in the
carotenoid. Two desaturation sites are feasible. One is addition
of a double bond at the C-7,8 position to produce lycopene.
However, the spectrum of the Slr1293-catalyzed product is
clearly not that of lycopene (Fig. 2A). Lycopene can be pro-
duced by a CrtQ-catalyzed reaction (11) or a four-step bacte-
rial desaturase (12), but these two enzymes are not available in
this system. The second position where a double bond may be
introduced is the C-3�,4� position, leading to an asymmetric
lycopene (3�,4�-didehydroneurosporene) (Fig. 2C). The ab-
sorption fine structure of the experimentally observed com-
pound (III/II � 82%) is in line with the notion that the carot-
enoid has an asymmetric distribution of the conjugated double
bonds, thus increasing the absorption fine structure of the
carotenoid. Therefore, we conclude that Slr1293 catalyzes de-
saturation at the C-3�,4� position.

In the E. coli strain accumulating lycopene, introduction of
Slr1293 again led to a new compound with a red-shifted ab-
sorption spectrum (Fig. 2B). Introduction of a double bond at

the C-3�,4� position of the carotenoid (Fig. 2C) led to 13
conjugated double bonds rather than 11, as in lycopene. This
explains the shift in the absorption spectrum. As the HPLC
mobility of the desaturated compound has not been altered
much relative to lycopene, no hydroxy groups appear to have
been introduced in the carotenoid. Therefore, we conclude
that the newly formed carotenoid in Slr1293-containing E. coli
accumulating lycopene is 3�,4�-didehydrolycopene, in line with
our interpretation in the previous paragraph that Slr1293 pos-
sesses CrtD (C-3�,4� desaturase) activity. However, in E. coli,
neurosporene and lycopene conversion by this enzyme was
only partial. This might indicate that neurosporene and lyco-
pene are not native substrates for this enzyme and/or that the
enzyme requires the presence of other subunits or cofactors for
full activity. Nonetheless, the results provide strong evidence
that the protein encodes a C-3�,4� desaturase.

The slr1293 gene of Synechocystis sp. strain PCC 6803 is the
only gene known to date that affects the biosynthesis of the
carotenoid backbone of myxoxanthophyll without affecting the
other main carotenoids (�-carotene, zeaxanthin, and echi-
nenone). Interestingly, in the 
slr1293E mutant, neurosporene
accumulated to a measurable degree (Fig. 3C, peak N) and the
carotenoid glycoside synthesized in the mutant had the neuro-
sporene chromophore (
max � 420, 443, and 477 nm; III/II �
98%; Fig. 4A) (peak 4 in Fig. 3B). Furthermore, the carotenoid
in peak 2 (Fig. 3B) is suggested to be trihydroxy neurosporene
based on its mass (588 versus 584 m/e for myxol in the wild
type) (Table 1). The interpretation of this observation is that
deletion of slr1293 results in the accumulation of neuros-
porene, which becomes available as a substrate for hydratases
and glycosylases (e.g., CrtC and CrtX) later in the pathway.
These enzymes exhibit a higher catalytic promiscuity than
those located earlier in the pathway (26, 27). Therefore, neu-
rosporene is further processed to form the polyhydroxy (m/e

FIG. 4. (A) Absorption spectra of myxoxanthophyll (dotted line; 
max � 453, 477, and 509 nm; III/II � 58%) and the carotenoid (solid line;

max � 420, 443, and 477 nm; III/II � 98%) accumulated in peak 4 (Fig. 3B) of the 
slr1293E mutant grown at low light intensity (0.5 �mol of
photons m	2 s	1). (B) Absorption spectra of the carotenoid species found in the 
slr1293E mutant grown at 40 �mol of photons m	2 s	1 (Fig.
3C). Peak 5 (Fig. 3C) consists of at least two compounds with different spectra and masses (Table 1); a lycopene glycoside (solid line; 
max � 455,
479, and 507 nm, III/II � 18%) and an isomer (dotted line) with 
max � 443 and 469 nm. (C) Absorption spectra of carotenoid intermediates. A
carotenoid with 12 conjugated double bonds (peak 6 in Fig. 3A; solid line; 
max � 307, 355, 461, 489, and 519 nm; III/II � 52%) recorded in the
wild type only versus neurosporene, which was detectable in the 
slr1293E mutant (peak N in Fig. 3 B and C; dotted line; 
max � 423, 443, and
471 nm). To simplify the interpretation of this figure, a vertical line has been introduced in the spectra to indicate the 500-nm position.
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588) and glycosylated (m/e 736; 
max � 420, 443, and 477 nm;
III/II � 98%) forms in the 
slr1293E mutant.

In Synechocystis sp. strain PCC 6803, a glycoside with cis-
isomerization (
max � 443 and 469 nm with a III/II ratio of
�100%) (Fig. 4B) that is very close to neurosporene accumu-
lated when slr1293 had been deleted; this observation raises
the possibility that a specific cis-isomer may be required for the
desaturation reaction catalyzed by Slr1293. Furthermore, this
isomer form may introduce structural asymmetry in the mole-
cule, so that lycopene cyclase can recognize only one side of
the carotenoid. As a result, only monocyclic carotenoids would
be produced from such a cis-isomer and serve in the myxo-
xanthophyll biosynthesis pathway. This provides an interesting
perspective regarding the poor activity of the expressed
Slr1293 protein in E. coli. The substrate of Slr1293 may be a
tri-cis-isomer (6) (similar in spectrum to what is shown in Fig.
4B) that is present in the native system but not in E. coli. For
example, the carotene isomerase (CrtH) (4, 22) encoded by
sll0033 may have a role in providing the proper isomer re-
quired for Slr1293 and thus control the ratio of the precursors
for monocyclic versus bicyclic carotenoids in this cyanobacterium.

The accumulation of a carotenoid isomer in the 
slr1293E

strain together with the close similarity between Slr1293 and a
carotene isomerase (CrtH) may indicate that Slr1293 is an-
other carotene isomerase in this cyanobacterium. If this is the
case, then a desaturase (such as CrtP or CrtQ) might carry out
the C-3�,4� desaturation, and Slr1293 might provide the sub-
strate in the appropriate conformation. However, this would
not explain the formation of desaturated lycopene or neuros-
porene upon overexpression of Slr1293 in E. coli carrying the
pAC-Neur or pAC-Lyc plasmid. Moreover, heterologous ex-
pression of CrtP and CrtQ in E. coli did not show CrtD-like
activity (6, 9). In addition, the activity of another carotene
isomerase (Sll0033) was dispensable in the light, presumably
because of photoisomerization (22). However, continuous light
at 40 or 80 �mol of photons m	2 s	1 did not functionally
complement Slr1293 activity in the 
slr1293E mutant (Fig. 3).
Whereas Slr1293 may have an intrinsic isomerization activity to
facilitate the C-3�,4� desaturation reaction, we interpret the
data presented in this paper to indicate that Slr1293 is a de-
saturase; Sll0033 thereby may be an isomerase that depends on
desaturation and saturation for its activity.

In the 
slr1293E mutant, the sugar appears to be attached
first to a myxol-type component, and subsequently methylation

FIG. 5. Putative myxoxanthophyll biosynthesis pathway in the wild type (left) and alternative pathways leading to novel carotenoids in the

slr1293E mutant (right). Compounds have been assigned based on their absorption spectra (Fig. 4), HPLC elution profile (Fig. 3), and mass
analysis (Table 1). Bold arrows refer to enzymes that are known in Synechocystis sp. strain PCC 6803 (CrtB, phytoene synthetase; CrtP, phytoene
desaturase; CrtR, carotene hydroxylase; and CrtQ, �-carotene desaturase); thin arrows correspond to hypothetical steps catalyzed by enzymes that
have not yet been identified in Synechocystis sp. strain PCC 6803 (CrtY, lycopene cyclase; CrtC, carotene hydratase; CrtX, glycosyl transferase; and
CrtF, methyl transferase); and dotted arrows indicate alternative routes for the biosynthesis of carotenoid glycosides recorded in the absence of
Slr1293 (CrtD). GGPP, geranylgeranyl pyrophosphate.
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is carried out; intermediates with zero, one, or two methyl
groups are detected (Table 1). The molecular structure of the
carotenoid appears to affect the catalytic efficiency of the
methyl transferase (CrtF) that is involved in methylation of the
fucose group; with neurosporene as the carotenoid moiety the
fucose is not methylated at a light intensity of 0.5 �mol of
photons m	2 s	1, whereas fucose methylation was 50% effi-
cient in the case of carotenoid glycosides synthesized at 40
�mol of photons m	2 s	1. Therefore, the as yet unknown
myxoxanthophyll methyltransferase seems to be fairly specific
with respect to the carotenoid part of myxoxanthophyll.

Myxoxanthophyll biosynthesis pathway. Based on the caro-
tenoids present in the 
slr1293E mutant, a proposed pathway
for myxoxanthophyll biosynthesis and for the formation of the
newly formed carotenoid glycosides is illustrated in Fig. 5.
Upon growth at low light intensity, accumulation of neuros-
porene glycoside in the 
slr1293E mutant indicates that en-
zymes of the myxoxanthophyll pathway can process neuros-
porene; a carotene hydratase (CrtC) and a glycosyl transferase
(CrtX) generate the nonmethylated carotenoid glycoside (Fig.
5). Interestingly, the neurosporene derivative was not methyl-
ated; this observation suggests a specificity of the methylase for
myxol-type compounds that are desaturated at the C-7,8 posi-
tion.

Based on the presence of neurosporene glycoside and trihy-
droxyneurosporene in the 
slr1293E mutant, neurosporene is
likely to be the natural substrate for the Slr1293 protein in
Synechocystis sp. strain PCC 6803, where molecules to be used
for myxoxanthophyll biosynthesis branch off from the common
carotenoid biosynthesis pathway. The addition of a C-3�,4�
double bond to neurosporene results in only one side being
available for lycopene cyclase (8). Therefore, the cyclization
product of 3�,4�-didehydroneurosporene is expected to pro-
duce only monocyclic carotenoids. Interestingly, in vitro, the
C-3�,4� desaturase from Rhodobacter sphaeroides shows a
higher specificity toward neurosporene than toward lycopene
and a low activity with �-carotene as a substrate (1). Also, the
�-carotene produced in E. coli by the novel lycopene monocy-
clase of the P99-3 strain (31) was not desaturated to form
torulene (3�,4�-didehydro-�,�-carotene) by a CrtD-like protein
that is encoded in the carotenoid gene cluster of P99-3.
Whereas this may be due to expression difficulties or to the
absence of the proper isomer, a likely explanation is that �-car-
otene is a poor substrate for CrtD. In the cyanobacterium
Synechocystis sp. strain PCC 6803, Slr1293 may have a regula-
tory role in steering early carotenoid precursors toward either
myxoxanthophyll or the other carotenoid species synthesized in
this cyanobacterium. The slr1293 gene is concluded to encode
a C-3�,4� desaturase that is essential for myxoxanthophyll bio-
synthesis, and thus it was designated crtD.

REFERENCES

1. Albrecht, M., A. Ruther, and G. Sandmann. 1997. Purification and biochem-
ical characterization of a hydroxyneurosporene desaturase involved in the
biosynthetic pathway of the carotenoid spheroidene in Rhodobacter spha-
eroides. J. Bacteriol. 179:7462–7467.

2. Anderson, S. L., and L. McIntosh. 1991. Light-activated heterotrophic
growth of the cyanobacterium Synechocystis sp. strain PCC 6803: a blue-
light-requiring process. J. Bacteriol. 173:2761–2767.

3. Armstrong, G. A. 1994. Eubacteria show their true colors: genetics of carot-
enoid pigment biosynthesis from microbes to plants. J. Bacteriol. 176:4795–
4802.

4. Breitenbach, J., A. Vioque, and G. Sandmann. 2001. Gene sll0033 from

Synechocystis 6803 encodes a carotene isomerase involved in the biosynthesis
of all-E lycopene. Z. Naturforsch. 56c:915–917.

5. Breitenbach, J., B. Fernández-González, A. Vioque, and G. Sandmann. 1998.
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ERRATUM

Slr1293 in Synechocystis sp. Strain PCC 6803 Is the C-3�,4� Desaturase
(CrtD) Involved in Myxoxanthophyll Biosynthesis

Hatem E. Mohamed and Wim Vermaas
School of Life Sciences, Arizona State University, Tempe, Arizona

Volume 186, no. 17, p. 5621–5628, 2004. Page 5624, Table 1: The last three entries in the column “Matching formula” should
be C46H72O7, C47H70O7, and C48H72O7, respectively.
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