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Molecular cloning and expression in Escherichia coil 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 geranylgcranyl pyrophosphate (GGPP) 
to prepltytoene pyrophosphate (PPPP), vehich is converted to ph~,toene. We have cloned the gene pys that encodes the enzyme phytoene synthase 
in the c),anobacterium Synechococeus PCC7942. The co-expression ofpys in cells of Escherlchta coil together with the gen¢ crtE from Erwlnla 
uredovora, which encodes geranylgeranyl pyrophosphat¢ synthase, resulted in accumulation of pltytoene. This result indicates that phytoene 
synthase is a single polypeptide enzyme that catalyzes the 2.step reaction from OGPP to phytoene. The deduced amino acid sequence ofpys is 
hiBhly conserved with that of pTOMS, a tomato eDNA that is differentially expressed during fruit ripening. These findings suggest that pTOM5 

encodes phytoene synthase in tomato. 

Carotenoid; Synechococcus PCC7942; Erwinia uredovom; Phytoene; Tomato 

1. INTRODUCTION 

Carotenoids form a family of  pigments widely dis- 
tributed in nature. 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, earotenoids 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~.0 compound geranylgeranyi pyrophosphate 
(GGPP). The first reaction specific to carotenogenesis 
is the dimerization of 2 molecules of GGPP to form the 
colorless carotenoid phytoene, with prephytoene pyre- 
phosphate (PPPP) as an intermediate. Stepwise de- 
saturation reactions convert phytoene to iycopene and 
2 cyclization reactions yield ,d-carotene. Most xan- 
thophylls are oxygenated derivatives offl-earotene (Fig. 
1). 

It has been previously suggested that 2 enzymes are 
involved in the conversion of GGPP to phytoen¢ in the 
non-sulfur photosynthetic bacterium Rhodobacter cap- 
sulatus - crtB, encoding PPPP synthase, and crtE, en- 
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coding phytoene synthase [6]. However, it has recently 
been demonstrated that the crtE gene from the non- 
photosynthetic bacteria Eewinia uredovora catalyzes the 
formation of GGPP when expressed in E. coil 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 Cap.~'icum [9]. 

The cyanobaeterium Synechococcus PCC7942 
provides an excellent model system for studying caro- 
tenoid biosynthesis. The pathway in cyanobacteria is 
similar to that of higher plants, while their prokar~,otie 
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 call, 
that it encodes phytoene synthase which converts 
GGPP to phytoene. 

2. MATERIALS AND METHODS 
2.1. Plasmida and strains 

Plasmid pPDSde135, which contains the pals gene, has been previ- 
ously described [12]. in this plasmld the gene pds, which encodes 
phytoen¢ desatura~ from S),nechococcus PCC7942, is fused to the 
first 17 amino acids of laeZ in the vector pBLUIL~CRIPT KS~-. and 
is expressed in cells of E. coil giving an active enzyme. Plasmid 
pPDSde135PYS was constructed by in~crtinB a $80 bp BamHI flag- 
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mcnt, which is found downstream from pds in the Syn~chococcrrs 
PCC7942 chromosome, inlo the BnrrlHl site of pPDSdel35 so as to 
recreate the original gcnomic sequence. Plasmid pPDPYS was derived 
from pPDSdel35PYS by deleting 2 internal PsrI fragments ofO.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 @ys) that was idcntificd downstream from plls. 

Plasmid pACCRT-E was constructed by inserting a 1.73 kb Asp718 
(~~~&Hir~dllI fragment from pCAR I6 [ 131, which contains the crrE 
gene from E. rrrduvoru coding for GGPP synthase. into a 4.09 kb 
Ec’coRV-HDldlll digcstcd plasmid pACYCl84. Plasmid 
pACCARZSdcrtl3, which carries the E. urdovorr~ carouznoid 
biosynthetic genes crrE (GGPP synthase), crrt (phytoene desaturase), 
err Y(lycopene cyclase), crrZ @carotcnc hydroxylasc), and crrX (zca- 
xdnthin glucosidase), was constructed by inserting a 6.51 kb filled-in 
Asp718 (K/I+EroRl fragment of pACCARZdelE [13] into the 
EcoRV site of pACYCl84. 

E. coli strain JMIOI was used as a host for the plasmids. The 
corresponding transformants were grown in the dark according to 
established protocols. Ampicillin (100 Erg/ml), chloramphenicol (30 
,u&ml) and isopropyl-p-D-galactopyranoside (OS mM) were added as 
required. 

The 580 bp BurrtHI fragment was cloned in both orientations in 
pl3LUESCRlPT KS+. Sequencing was performed by the dideoxy 
nucleotide chain-termination reaction using [a-“S]dATP. Polymerira- 
tion reactions using T7 DNA polymcrasc (Promega) were primed by 
either the reverse or universal primers. An additional oligonucleotide 
was synthesized and used as a scqucncing primer so that all DNA 
regions were sequenced at least twice in each orientation, 

Amino ucid sequences were aligngd with the Pileup program of the 
UWGCG SOhVdrc: package, version 7 [14]. Hydropathic pattern was 
calculated over a window of 9 residues [IS]. 

2.3. Carorwoid esrrucfioti ad HPLC amc/~sis 
Carotenoids from the different E. co/i trensfonnants were isolated 

from the pelleted freeze-dried cells by extraction with methanol con. 
taining 6% KCIH for 20 min at 60°C and partitioning into diethylether/ 
petrol (b.p. 35-8O’C) (l:9, v/v). The diethylethedpetrol phase was 
evaporated to dryness and resuspended in methanol. The carotcnoids 
were separated by HPLC on a Spherisorb ODS-l 5 jim column with 
acetonitrilc/methanoll2-propanol(85:1O:5. v/v/v) as eluent. The caroa 
tenoids were separated and detected with a Waters 994 diode array 
dctcclor and spectra were directly recorded from the elution peaks. 
Standard carolcnoids were analyzed as described [la]. 

3. RESULTS 

3.1. Nucleoride sequence of phytoene synrhase 
Previously we have pubfished the nucleotide sequence 

of the gene encoding phytoenc desaturase (@s) from 
Syrzeclzococcus PCC7942 [ 111. 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 from 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 elzco& pl~ytoene syrlchase hai converts GGPP 
to pltyroerte 

In order to elucidate the function of the pys gene 
product, this gene was expressed in cells of E, cob 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. I. Pnthways of carotcnoid biosynthesis in /I. rrrdovorrc and in cyanobactcria and plants. 
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Fig. 2. (A) Restriction snap of pds and ~~1,s in the S~~nrchococcrcs FCC7942 genomc. (B) Nuclcotidc scquencc of pp. The underlined sequence is 
the 3’ end of the coding sequence of pds. The initiation and lennination codons ofpys 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 /UC pro- 
moter. Plasmid pPDSdel35PYS is essentially 
pPDSdel35 to which the contiguous BunzHl fragment 
downstream of pds was inserted, completing the entire 
coding sequence of p_t’s. Consequently, this plasmid 
carries yds and pys that are co-transcribed from the luc 
promoter. Two plasmids that carry carotenoid 

biosynthetic enzymes from E. ureduvcwu were con- 
strutted in the plasmid vector pACYC184: plasmid 
pACCRT-E contains the crrE gene that codes for 
GGPP synthase and plasmid pACCAR2UcrtB con- 
tains all the carotenoid biosynthesis genes from E. ure- 

dovorcl except for crtB (Fig. 3). These genes are 
transcribed in E. coli from their endogenous promotors. 

E. coii cells were co-transformed with the above 
plasmids in various combinations. Carotenoids were ex- 

Aval 

so, h/pAv*, 
EcoRYIAsp716 
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pACl%RZS.&rtB 

10.74 w 

Fig. 3. Plasrnids containinycarotcnoid biosynthesis genes that were constructed for transformation of E.coii(see Materials and Methods fordetails). 
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Fig. 4. HPLC analysis of carotenoids extracted from E. coti ceils 
carrying plasmids: (A) pACCRT-E and pPDPYS. (B) pACCRT-E 
and pPDSde135PYS. (C) pACCAR25zlcrtB and pPDPYS. (1) zea- 

xanthin; (2,3) cis.isomeres of ~'-carotene; (4) phytoene. 

tracted from the E. coil transformant cells and se- 
parated by HPLC. Cells of E. cell that contained 
plasmids pACCRT-E and pPDPYS, carrying genos 
crtE and pys, respectively, accumulated phytoono (Fig. 
4A). Cells that contained pACCRT-E and 
pPDSdeI35PYS, carrying crtE, pys and pds, accumu- 
lated cis ~'-carotene (Fig. 4B), and ceils that contained 
pACCAR25dcrtB, carrying the entire carotenoid 
operon from Erwinia without crtB, 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 ofpACCRT-E with an anti- 
sense construct of  pPDSde135PYS, or tho 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 phytoeno 
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 
amounts of OGPP. In contrast, E. coli cells carrying the 
crtEgene from E. uredovora accumulate larger amounts 
of GGPP [7]. The results presented in this work show 
that the gone pys, which is found downstream from pds 
in the Synechococcus PCC7942 genome0 codes for 
phytoene synthase. In addition, it is apparent that PYS 
is a singl0 polypeptido enzyme that mediates the conver- 
sion of OGPP to phytoen¢. Since this is a 2-step reaction 
in which PPPP is an intermediate, we postulate that 
PYS catalyzes both reactions. 

£. coil cells that carry the plasmid pACCAR25, which 
contains all of the carotenoid biosynthetic genes from 
E. uredovora, accumulate zeaxanthin [13]. However, 
when pys complements the deficiency of crtB in 
pACCAR25,4crtB, both zeaxanthin and phytoene ac. 
cumulate (Fig. 4C). The accumulation of phyto0n¢ 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 17,. uredovora are expressed from their endogenous 
promoters 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 eDNA clone dif- 
ferentially expressed during fruit ripening (Fig. 6) [17]. 
However, pTOM5 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 eukaryotie 
protein. Since pTOM5 is nuclear encoded and PY$ is 
a plastid enzyme, we postulate that this region serves as 
a signal poptide 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 pTOM5 protein product is cleaved around residue 
100 during its import to plastids. In that ease, the ma- 
ture functional enzyme in tomato has the same size as 

o 
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I I I I 

Wavolenoth (nm} 

J 5C)0 

Fig. 5. Absorbtion spectra of the carotcnoids isolated followin8 
HPLC. Numbers refer to the peaks of the HPLC separation in 

Fis. 4. 
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Fig. 6. Alignment of the deduced amino acid ~equences of phytocne dcsamrase genes from various organisms, pys, Syaechocaceus PCC7942; 
pTOMS, tomato [ 18]; crtB Eu, E. uredovora [14]; crtB Re and Rb. capsulatus [6]. Residues that are conserved in all 4 Sl~'eies are marked with asterisks; 

3 regions of high homolo~¢ arc boxed. 

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

The exact function of pTOM5 has yet to be elu- 
cidated. However, it has recently been implied that 
pTOM5 could encode an enzyme involved in the con- 
version of GGPP to carotenoids [18]. We suggest that 
pTOM5 (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 PYS 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 
sequen~ of charged amino acids (residues 177-211) 
which show homology to GGPP synthas¢ from Cap- 
sicum [9] and to farnesyl pyrophosphate (FPP) synthase 
from E. cob [19] and humans [20] (Fig. 7). The common 
feature to all these enzymes is their catalysis of prenyl- 
transfcrase activity during condensation of  allylic pyre- 
phosphates to produce higher prenyl pyrophosphates or 
during condensation of 2 GGPP to produce phytoene. 
We speculate that this region in PYS is involved in the 
binding to and/or removing of the pyrophosphate. 

It is not yet clear whetherpds and pys are transcribed 
in gynechococcus PCC7942 indepgndently or whether 
they constitute an operon. Northern hybridization anal- 
ysis has not detected any pys transcripts, suggesting a 
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190 200 
#S NiZIIDVGIDARRGRIYL 
pTOM5 NILRDVGEDARRGRVYL 
crrB (E.u.) NIARDIVDDANAGRCYL 
crrB (R.c.) NIARDVGEDARAGRLFL 
GGPPS (Ca.) DLPCMDNDDLRRGKPTM 
crrE (E.u.) DMPCMDDAKLRRGRFTI 
FPPS (E. co/i) DLPAMDDDDLRRGLPFC 
FPPS (human) DDPIMDSSL’J?RRGQTCW 

Fig. 7. Alignment of a region in PYS from .Q~nrc/~ococcrcs PCC7942 
with homologoussequcnces from pTOM5 [17], E. ~rrerfororu phytocne 
synthase (crrB E.u.) [lJ], Rb. cupsAmrs phytoenc synthase (crrB Rx.) 
[6]. bell pepper GGPP synthasc [9], E. urerlovoru GGPP synlbnse (crrE 
E.u) [13], E. coli famesyl pyrophosphatc synthase (FPPS) [19] and 

human FPPS [20]. 

low abundance pys mRNA in cyanobacteria (data not 
shown). Interestingly, no transcripts of pTOM5 and pds 
could be detected in foliar tissues of tomato and 
soybean ([l&21], Peckcr 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 c-carotene in E,coli, indicates that transcription 
can proceed from pds through to pys. The arrangement 
ofpds followed by pys in the same operon is similar to 
that of crrl and CUB in Rb. capsuhrus and E. urrdovora. 
This is especially interesting since pds and crrf, both 
encoding phytoene desaturase, are very dissimilar in 
their primary structure and are thought to have arisen 
through convergent evolution ([ll], 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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