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Molecular cloning and expression in Escherichia coli of a cyanobacterial
gene coding for phytoene synthase, a carotenoid biosynthesis enzyme
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The first committed step in the biosynthetic pathway of carotenoids in plants and algae is the conversion of geranylgeranyl pyrophosphate (GGPP)

to prephytoene pyrophosphate (PPPP), which is converted to phytoene. We have cloned the gene pys thal encodes the enzyme phyleene synthase

in the cyanobacterium Synechococcns PCC7942. The co-expression of pys in cells of Escherichia cofi together with the gene cr¢E from Erwinia

uredovora, which encodes geranylgeranyl pyrophosphate synthase, resulted in accumulation of phytoene. This result indicates that phyloene

synthase is a single polypeplide enzyme that catalyzes the 2-step reaction from GGPP to phyloene. The deduced amino acid sequence of pys is

highly conserved with that of pTOMS, a tomato cDNA that is differentially expressed during fruit ripening. These findings suggest that pTOMS
encodes phyloene synthase in tomalo.,

Carotenoid; Synechococcus PCC7942; Erwinia uredovora;, Phytoene; Tomato

1. INTRODUCTION

Carotenoids form a family of pigments widely dis-
tributed in naturc. They are essential components of the
photosynthetic apparatus where they protect against
photooxidative damage and also contribute to light
harvesting for photosynthesis [1]. Specific carotenoid
pigments are found in flowers and fruits of many
species. In addition, carotenoids serve as precursors for
abscisic acid in plants and for vitamin A in animals, and
they play a role in preventing cancer in humans [2-4].

Carotenoids are synthesized by all photosynthetic or-
ganisms as well as by several non-photosynthetic
bacteria and fungi [5]. The early steps in carotenoid
biosynthesis from mevalonic acid are those of the
central isoprenoid pathway, resulting in the formation
of the C,; compound geranylgeranyl pyrophosphate
(GGPP). The first reaction specific to carotenogenesis
is the dimerization of 2 molecules of GGPP to form the
colorless carotenoid phytoene, with prephytoene pyro-
phosphate (PPPP) as an intermediate. Stepwise de-
saturation reactions convert phytoene to lycopene and
2 cyclization reactions yield f-carotene. Most xan-
thophylls are oxygenated derivatives of 8-carotene (Fig.
1).

It has been.previously suggested that 2 enzymes are
involved in the conversion of GGPP to phytoene in the
non-sulfur photosynthetic bacterium Rhodobacter cap-
sulatus — crtB, encoding PPPP synthase, and cr¢E, en-
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coding phytoene synthase [6]. However, it has recently
been demonstrated that the crtE gene from the non-
photosynthetic bacteria Erwinia uredovora catalyzes the
formation of GGPP when expressed in E. coli while the
crtB gene product converts GGPP to phytoene [7].

A single monomeric protein has been isolated from
Capsicum chromoplasts that catalyzes the dimerization
of GGPP to produce PPPP and then converts it to
phytoene [8]. The gene for GGPP synthase has been
recently cloned from Capsicum [9).

The cyanobacterium Synechococcus PCCT942
provides an excellent model system for studying caro-
tenoid biosynthesis. The pathway in cyanobacteria is
similar to that of higher plants, while their prokaryotic
nature allows for easy genetic manipulation [10]. Previ-
ously we have cloned the gene for phytoene desaturase
from both Synechococcus PCC7942 and tomato, and
found that the amino acid sequences of these enzymes
are highly conserved ([11] and unpublished results). In
order to further study carotenogenesis in oxygenic pho-
tosynthetic organisms, we are attempting to clone other
genes involved in carotenoid biosynthesis from cyano-
bacteria. We present here the cloning and sequencing of
the gene pys from the cyanobacterium Synechococcus
PCC7942 and show, by expression in Escherichia coli,
that it encodes phytoene synthase which converts
GGPP to phytoene.

2. MATERIALS AND METHODS

2.\, Plasmids and strains

Plasmid pPDSdel35, which contains the pds gene, has been previ-
ously described [12). In this plasmid the gene pds, which encodes
phyloene desaturase from Synechkococcus PCC7942, is fused to the
first 17 amineo acids of fucZ in the vector pBLUESCRIPT KS+, and
is expressed in cells of E. coli giving an active enzyme. Plasmid
pPDSdel35PYS was constructed by inserting a 580 bp BamHl| frag-
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ment, which is lound downstream from pds in the Synechococcus
PCC7942 chromosome, into the BainHI site of pPDSdel35 so as to
recreate the original genomic sequence, Plasmid pPDPYS was derived
from pPDSdel35PYS by deleting 2 internal Ps1 fragments ol 0.63 and
0.62 kb. As a result an in-frame fusion was created between the first
87 codons of pds and the second codon of the open reading frame
sequence (pps) that was identified downstream from peds.

Plasmid pACCRT-E was constructed by inserting a 1.73kb Asp718
(Kpul)-HindllI fragment from pCAR 16 [13], which contains the ertE
gene from E, uredovora coding for GGPP synthase, into a 4.09 kb
EcoRV-Himdlll  digested  plasmid pACYCI84.,  Plusmid
pACCAR254ertB, which curries the E  wredovora carotenoid
biesynthetic genes crr £ (GGPP synthase), crt/ (phytoene desaturase),
crt Y (lycopene cycluse), crtZ (8-carolene hydroxylase), and crt X (zea-
xunthin glucosidase), was constructed by inserting a 6,51 kb filled-in
AspT\8 (Kpul)-EcoR1 fragment of pACCAR25delE [13] into the
EcoRY site of pACYCI134.

E. colt struin JMI101 was used as a host for the plasmids. The
corresponding transformants were grown in the dark according to
established protocols. Ampicillin (100 gg/ml), chloramphenicol (30
pg/ml) and isopropyl-g-D-galactopyranoside (0.5 mM) were added as
required,

2.1, Nucleotide sequence determination and sequence analysis

The 580 bp BamHI fragment was cloned in both orientations in
pBLUESCRIPT KS8+. Sequencing was performed by the dideoxy
nucleotide chain-termination reaction using [ot-**S]dATP. Polymeriza-
tion reactions using T7 DNA polymerase (Promega) were primed by
cither the reverse or universal primers. An additional oligonucleotide
was synthesized and used as a sequencing primer so that all DNA
regions were sequenced at least twice in each orientation,

Amino ucid sequences were aligned with the Pileup program of the
UWGCG soltware package, version 7 [14]. Hydropathic patiern was
calculated over a window of 9 residues [15].

2.3, Carotenoid extraction and HPLC analysis
Curotenoids from the different £, coff transformants were isolated
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from the pelleted frecze-dried cells by extraction with methano! con-
taining 6% KOH for 20 min a1 60°C and partitioning into diethylether/
petrol (b.p. 35-80°C) (1:9, v/v). The diethylether/petrol phase was
evaporated to dryness and resuspended in methanol, The carolenoids
were separated by HPLC on a Spherisorb ODS-1 5 gum column with
acetonitrile/methanol/2-propanol (85:10:5, v/v/v) as eluent, The caro-
tenoids were separated and detected with a Waters 994 diode array
detector and spectra were directly recorded from the elution peaks.
Standard carolenoids were analyzed as described [16].

3. RESULTS

3.1. Nucleotide sequence of phytoene synthase

Previously we have published the nucleotide sequence
of the gene encoding phytoene desaturase (pds) from
Synechococcus PCC7942 [11]. In the course of sequenc-
ing the genomic region downstream from pds we have
found an open reading frame (ORF) comprising 307
codons. This ORF begins 80 bp {rom the stop codon of
pds (Fig. 2A). The nucleotide sequence of this gene,
designated pys is shown in Fig. 2B. The deduced trans-
lation product of pys predicts a polypeptide of a calcu-
lated mol. wt. of 35.8 kDa and a hydrophobic index of
-0.4,

3.2. pys encodes phytoene synthase that converts GGPP
to phytoenc

In order to elucidate the function of the pys gene

product, this gene was expressed in cells of E. coli that

also carried carotenoid biosynthesis genes from E. ure-

dovora (see Materials and Methods). Two plasmids that

express pys were constructed (Fig. 3), Plasmid pPDPYS
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Fig. 1. Pathways of carotenoid biosynthesis in E. uredovora and in eyanobacteria and plants,
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GECARCAGCORARCALCACTGGCEGCOACTCAGGEATAGACACTGT TACCCATGTTGCAGTTGCTAGCTCTGAAGCTTCACTAATCACCCTCTCACCCCC
GACTCGCACCGTCTGTCTGATGCTGCAGATGATACCGGCACGOCCT TCACGGGCOCTCGCCTCTCTGTCGGAGGCCTACGAGGAGTGCCGACAAAT TACC
GCTCGCTACGCTAAGACCTITTACCTCGQGACGCTTTTGATGCCCOAGGCCAAGCGTCAGGCCATCTGAGCCATCTACGTCTGGTGTCGTCGTACCGATG
AACTAGTCGATGGCCCTCAAGCAGCGCAGACTAACT TCGCGACCCTGGATGLT TGGGAGCGGCGOTTGGAACGACTGTTTGCTCGGCAACCCGAAGACGA
CTGCGATGTTGCCTTGOTGRATACCTTGGCTCGCTATCCTCTCGATATCCAGCCCT TCCGCGACATGATCGAAGGGCAGCGGATGRATCTGCTGCAAAAL
CGCTATTCCACTTTTGAGGATCTCTACACCTACTGCTACCGTATCGCCGGTACT GTGGRACT GATGTCACAGCCGRTGATGGGCATTGAATCCACCAATA
GTCGTGCCCCTTGGGATCCGACAACT CCGCCCGACCCAACGCAAGRAGCGCTAGCACT TGUCATTGCCAACCAGCTCACCAATATTCTCCGCGATGTCGR
TGAAGATGCCCGTCGAGGCCGCATCTATCTCCCCCAAGAGGAGCTAGCGCAGT TCAACTACAGCGAACAAGACTTGT TCAATGGCGTGATTRACGATCGE
TGGCGGGCCTTTATGCAGTTCCAGCT fGATCGCOCTCGTOAT TACTTTGAGCAACCCGAGCGGTGCATTGAACTCAGCCAT GATGCTCGCTGGCCASTCT
GGOCCTCCCTGATGCTCTATCGCGAMATTCTCGATGTGATTGAGCACAATAACTACGACGTCTTCCGAMAGCGGGCCTACGTACCGACTTGGCGGAAACT

1001 CTGTAGTCTGCCGGTGGCAATGCTACGAGCTACGGT TCTTTAGCTACGATCGCGGCCGCTTTTCTCGACCATCGATCAACGGTTCGTTGCCAGAAGGLGA
1101 TCAGTCGTTGAGCCTGATEOACATAGCCCCCGECAAACAAGT TGACGTGATTGAGAACGTGATAGAGAT TGTAGAGATCGCGGCGGCTOCCATAGCCCGS

Fig. 2. (A) Restriction nap of pds and pys in the Synechococcus PCC7942 genome. (B) Nucleotide sequence of pys. The underlined sequence is

the 3' end of the coding sequence of pds. The initiation and termination codons of pys are doubly underlined,

contains a chimeric gene made up of the first 87 codons
of pds fused to the pys gene starting from the third
codon. This gene was transcribed from the /ac pro-
moter. Plasmid pPDSdel3SPYS is  essentially

pPDSdel35 to which the contiguous BamHI fragment
downstream of pds was inserted, completing the entire
coding sequence of pys. Consequently, this plasmid
carries pds and pys that are co-transcribed from the lac

biosynthetic enzymes from E. uredovora were con-
structed in the plasmid vector pACYCI184: plasmid
pACCRT-E contains the crt£ gene that codes for
GGPP synthase and plasmid pACCAR254¢crtB con-
tains all the carotenoid biosynthesis genes from E. ure-
dovora except for crtB (Fig. 3). These genes are
transcribed in E. coli from their endogenous promotors.

E. coli cells were co-transformed with the above

premoter.
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Fig, 3. Plasmids containing carotenoid biosynthesis genes that were constructed for transformation of £.coff (see Materials and Methods for details).
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Fig. 4. HPLC analysis of carotenoids extracted from £E. coli cells

carrying plasmids: (A) pACCRT-E and pPDPYS. (B) pACCRT-E

and pPDSdel35PYS. (C) pACCAR254ertB and pPDPYS. (1) zea-
xanthin; (2,3) cis-isomeres of {-carotene; (4) phytoene.

tracted from the E. coli transformant cells and se-
parated by HPLC. Cells of E. coli that contained
plasmids pACCRT-E and pPDPYS, carrying genes
crtE and pys, respectively, accumulated phytoene (Fig.
4A). Cells that contained pACCRT-E and
pPDSdel35PYS, carrying crtE, pys and pds, accumu-
lated cis {-carotene (Fig. 4B), and cells that contained
PACCAR254ertB, carrying the entire carotenoid
operon from Erwinia without creB, and pPDPYS, ac-
cumulated phytoene and zeaxanthin (Fig. 4C). Caro-
tenoid peaks in the HPLC profile were identified by
their typical retention time and their absorbtion spectra
(Fig. 5) [16). Co-expression of pACCRT-E with an anti-
sense construct of pPDSdel35PYS, or the expression of
any of these plasmids alone, did not result in the ac-
cumulation of any carotenoids (data not shown). These
results establish that pys encodes the enzyme phytoene
synthase which catalyzes the conversion of GGPP to
phytoene.

4. DISCUSSION

Cells of E.coli do not normally synthesize phytoene
or other carotenoids, but they do produce trace
amounis of GGPP. In contrast, E. cofi cells carrying the
crtE gene from E. uredovora accumulate larger amounts
of GGPP [7). The results presented in this work show
that the gene pys, which is found downstream from pds
in the Synechococcus PCC7942 genome, codes for
phytoene synthase. In addition, it is apparent that PYS
is a single polypeptide enzyme that mediates the conver-
sion of GGPP to phytoene. Since this is a 2-slep reaction
in which PPPP is an intermediate, we postulate that
PY'S catalyzes both reactions.
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E. coli cells that carry the plasmid pACCAR2S, which
contains all of the carotenoid biosynthetic genes from
E. uredovora, accumulate zeaxanthin [13]. Fowever,
when pys complements the deficiency of crtB in
pACCAR254crtB, both zeaxanthin and phytoene ac-
cumulate (Fig. 4C). The accumulation of phytoene is
explained by the excess in phytoene synthase activity
relative to the Erwinia enzymes that convert phytoene
to zeaxanthin, This is because pys is carried by a high
copy number plasmid and is overexpressed from a
strong E. coli promoter (induced plac), while the genes
from E. uredovora are expressed from their endogenous
promotors on a low copy number plasmid. When pds
is overexpressed together with pys, no phytoene ac-
cumulates and only &-carotene is found (Fig. 4B).

The deduced amino acid sequence of pys is highly
conserved (59% identities and 72% similarities) to the
protein product of pTOMS, a tomato cDNA clone dif-
ferentially expressed during fruit ripening (Fig. 6) [17].
However, pTOMS5 codes for a larger polypeptide and
therefore, the homology to pys begins only after a leader
region of over 100 amino acid residues in the eukaryotic
protein, Since pTOMS is nuclear encoded and PYS is
a plastid enzyme, we postulate that this region serves as
a signal peptide which facilitates the import of PYS into
plastids. The calculated molecular weight of PYS in
cyanobacteria is 35.7 kDa. This is approximately the
expected size of polypeptide which would be obtained
if the pTOMS protein product is cleaved around residue
100 during its import to plastids. In that case, the ma-
ture functional enzyme in tomato has the same size as

g
§ L) 1 L)
[<] . )
g
&
M _—]
o I, R

Wavelength{nm]

Fig. 5. Absorbtion spectra of the carotenoids isolated following
HPLC. Numbers refer to the peaks of the HPLC separation in
Fig. 4.
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PTOMS  MSVALLWVVSPCOVSNGTSFMESVREGNRFFDSSRHRNLVSNERINRGGGKATNNGRKFSVRSAILAT 68
k-4
prs M@l PARVSRALASLSEA. YEECROITARYAKTF 34
pTOMS  PSGERTMTSEQMVYDVVLROAALVKRQLRSTNELEVKPDIPIPGNLGLLSEA. YORCGEVCAEYAKTF 135
¢rtd Eu MAVGSKSF 8
gcrtl Re MIAEADMEVCRELIRTGSYSF 21
|
Ii L *l " ®
pys YLGTLLMPEAKRGAIWAI YVWCRRTOELVDG. . . . . . . .PAAAQTNFATLDAWERRLERLFAGEPEDD 9%
PTOMS  NLGTMLMTPERRRAIWAIYVWCRRTDELVDG........PNASYITPAALORWENRLEDVFNGRPFDM 195
crtB Eu  ATASKLFDAKTRRSVLMLYAWCRHCODVIDDQTLGFQARQPALQTPEQRLMLEMKTRAGAYAGS.QMH 75
SrtB Re  HAASRVLPARVRDPALALYAFCRVADDEVDE..VG.APRDKAAA.....VLKLGORLEDIYAGRPRNP 81
i
rﬂ! n » n ok * K »
pya COVALVDTLARYPLDIGPFR. .DMIEGQRMDLLGNRYSTFEDLYTYCYRVAGTVGLMSQPVMGIESTN 160
PTOMS  LDGALSDTVSNFPVDIGPFR..DMIEGMRMDLRKSRYKNFDELYLYCYYVAGTVGLMSVPIMGI .APE 260
crtB Eu  EPAFAAFQEVAMAHD IAPAYAFDHLEGFAMDVREAQY SQLODTLRYCYHVAGVVGLMMAQIMGVRDNA 143
crth Re SDRAFAAVVEEFEMFRELPEAL.iLEGFAHDAEGRHYHTLSDVQAYSARVAAAVGAMHCVLMRVRNPD 147
i
II‘ LI B xR KK L1 ]} Lt ]

SRAPWDPTTPPDPTQEALALGIANGLTNILRDVGEDARRGR1YLPQEELAGFNYSEQDLFNGVIDDR, 227
PTONS  SKA.....TTESVYNAALALGIANQLTNILRDVGEDARRGRVYLPQDELAGAGLSDEDIFAGRVIDK. 322
ertB EU  TLDR....ss......ACDLGLAFQLTNIARDIVDDAHAGRCYLPASWLEHEGLNKENY . AAPENRGA 198
crtB Re  ALARu....s..se.. ACDLGLAMQHMSN1ARDVGEDARAGRL FLPTOWMVEEGIDPQAFLADPOPTKG 203

* L L] * x -

pys .WRAFMQFQLDRARDYFEQAERC . ELSHDARWPVWASLMLYRE I LOVIEGNNYDVFRKRAYVPTWRK 293
RTOMS .HR1FMKKQI HRARKFFDEAEKGVTELSSASRFPVHASLVLYRKI LDE1 EANDYNNFTKRAYYSKSKQ 387
¢rtB Eu  LSRIARRL.VGEAEPYYLSATAGLAGLPLRSAWAIATAKQVYRK]GVKVEGAGQUAWDQRASTTTPEK 265
crtB Rc  IRRVTERL .LNRADRLYWRAATGVRLLPFDCRPGIMAAGKI YAAI GAEVAKAKYDNI TRRAHTTKGRK 270
prs « .00 .. LCSLPVAMLRATYLE 307
PTOMS  VDCITYCICKISCASYKNASLQR# 412
grtB Eu  LTLLLAASGRALTSRMRAHPPRPAHLWARPLA 296
crtB Rc  LWLVANSAMSATATSMLPLSPRVHAKPEPEVAHLVDAAAHRNLHPERSEVL I SALMALKARDRRGLAMDY 339

Fig. 6. Alignment of the deduced amino acid sequences of phyloene desaturase genes from various organisms. pys, .Synechacaccu_s PCC7?42;
pTOMS, tomato {18); crtB Eu, E. uredovora [14); ertB Re and Rb. capsulatus (6]. Residues that are conserved in all 4 species are marked with asterisks;
3 regions of high homology are boxed.

its counterpart in cyanobacteria. However, there is no
evidence yet for such a processing step.

The exact function of pTOMS5 has yet to be elu-
cidated. However, it has recently been implied that
pTOMS5 could encode an enzyme involved in the con-
version of GGPP to carotenoids [18]. We suggest that
pTOMS5 (encoded by the tomato pys gene) is homolo-
gous to the cyanobacterial pys, both encoding the same
enzyme.

A lower but significant homology is found between
the cyanobacterial PY'S and the crtB gene products of
E. uredovora [13] (33% identities and 50% similarities)
and Rb. capsulatus [6] (30% identities and 44% simi-
larities). The alignment of all 4 phytoene synthase
proteins reveals 3 regions that are highly conserved

(Fig. 6). One of them, box III in Fig. 6, contains a short
sequence of charged amino acids (residues 177-211)
which show homology to GGPP synthase from Cap-
sécum [9] and to farnesyl pyrophosphate (FPP) synthase
from E. coli [19] and humans [20] (Fig. 7). The common
feature to all these enzymes is their catalysis of prenyl-
transferase activity during condensation of allylic pyro-
phosphates to produce higher prenyl pyrophosphates or
during condensation of 2 GGPP to produce phytoene.
We speculate that this region in P¥S is involved in the
binding to and/or removing of the pyrophosphate.

It is not yet clear whether pds and pys are transcribed
in Synechococcus PCC7942 independently or whether
they constitute an operon. Northern hybridization anal-
ysis has not detected any pys transcripts, suggesting a
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s NILRDVGEDARRGRIYL
pTOMS NILRDVGEDARRGRVYL
crtB (Eu.) NIARDIVDDAHAGRCYL
enB (R.c.) NIARDVGEDARAGRLFL
GGPPS (Ca.) DLPCMDNDDLRRGKPTM
creE (E.u.) DMPCMDDAKLRRGRPTI
FPPS (E. coli) DLPAMDDDBLRRGLPFC
FPPS (human) DDPIMDSSLTRRGQTCH

Fig. 7. Alignment of a region in PYS from Synechococcus PCCT942

with homologous sequences from pTOMS3 [17), E. uredovora phytoene

synthase (crtB E.w) [13), Rb. capsulatus phyloene synthase (crtB R.c.)

[6], bell pepper GGPP synthase (9], £. uredovora GGPP synthase (crtE

E.u) [13], E. cofi farnesyl pyrophosphate synthase (FPPS) [19] and
human FPPS [20).

low abundance pys mRNA in cyanobacteria (data not
shown). Interestingly, no transcripts of pTOMS and pds
could be detected in foliar tissues of tomato and
soybean ([18,21], Pecker et al,, submitted for publica-
tion). Since no consensus promoter sequences are found
between pds and pys, the expression of both genes in the
plasmid pPDSdel35PYS which is evident by the synthe-
sis of £-carotene in E.cofi, indicates that transcription
can proceed from pds through to pys. The arrangement
of pds followed by pys in the same operon is similar to
that of cref and crtB in Rb. capsufatus and E. uredovora.
This is especially interesting since pds and crel, both
encoding phytoene desaturase, are very dissimilar in
their primary structure and are thought to have arisen
through convergent evolution ([11], Pecker et al., sub-
mitted for publication).

pys is the second gene cloned for the multi-enzyme
pathway of carotenogenesis in oxygenic photosynthetic
organisms. Genetic manipulation of pys and pds may
enable the regulation of carotenoid content and com-
position in agronomically important crops. Studies in
this direction are underway.
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