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Citrus phytoene synthase (CitPsy) ang3-carotene hydroxylase (CitChx), which are involved in car-
oteinoid biosynthesis, are distantly related to the corresponding bacterial enzymes from the point of
view of amino acid sequence similarity. We investigated these enzyme activities udtaptoea ananatis
carotenoid biosynthetic genes anéscherichia colias a host cell. The genes were cloned into two vector
systems controlled by the T7 promoter. SDS-polyacrylamide gel electrophoresis showed that CitPsy
and CitChx proteins are normally expressed irE. coliin both soluble and insoluble formsin vivo com-
plementation using thePantoeaananatis enzymes and HPLC analysis showed thg3-carotene and
zeaxanthin were produced in recombinang&. coli, which indicated that the citrus enzymes were func-
tionally expressed inE. coli and assembled into a functional multi-enzyme complex witRantoeaanan-

atis enzymes. These observed activities well matched the results of other researchers on tomato
phytoene synthase and Arabidopsis and peppg@-carotene hydroxylases. Thus, our results suggest that
plant carotenoid biosynthetic enzymes can generally complement the bacterial enzymes and could be
a means of carotenoid production by molecular breeding and fermentation in bacterial and plant sys-
tems.
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Carotenoids are one of the largest groups of natural pig{Fig. 1). The tail-to-tail condensation of two molecules of
ments and are produced from all photosynthetic organ-geranylgeranyl pyrophosphate results in the first caro-
isms including plants, cyanobacteria, and algae, as well atenoid, phytoene, the production of which is catalyzed by
by numerous non-photosynthetic bacteria and fungiphytoene synthase (Psy). This step is the first reaction in
(Schmidt-Dannert, 2000). Carotenoids are important bio-the pathway leading to carotenoid biosynthesis. Phytoene
logical precursors of vitamin A and are generally believed undergoes a series of four desaturations that result in the
to enhance human health. Several studies have reportefdrmation of lycopene. These desaturation reactions
an inverse relationship between carotenoid consumptioriengthen the conjugated double bond that constitutes the
and the incidence of some cancers (Bramley, 2000; Nileschromophore in carotenoid pigments. In higher plants,
2000). Moreover, carotenoids have antioxidative activities these steps are catalyzed by two enzymes, phytoene desat-
and play important roles in reducing chronic diseases.urase andc-carotene desaturase. Lycopene is converted
Recently, it has been discovered that carotenoids play keynto B-carotene on-carotene by cyclization. Subsequent
roles in junctional communication and gene regulation hydroxylation reactions produce zeaxanthin and lutein,
attributed to tumor suppressing activity (Bertram, 1999). respectively; zeaxanthin is produced fr@acarotene via
Carotenoids are currently used as food colorants, nutri3-cryptoxanthin byp-carotene hydroxylase (Chx). More-
tional supplements, and for cosmetic and pharmaceuticabver, it has been reported that the carotenoid biosynthetic
purposes. enzymes functionally form multi-enzyme complexes
All carotenoids are derived from the isoprenoid or ter- (Cunningham and Gantt, 1998).
penoid pathways (Cunningham and Gantt, 1998). The A number of carotenoids have been isolated from nat-
condensation of three molecules of isopentenyl pyrophosural sources and produced by microbial fermentation
phate and one molecule of dimethylallyl pyrophosphate(Schmidt-Dannert, 2000). Recently, metabolic engineer-
produces the diterpene geranylgeranyl pyrophosphaténg has offered possible means of improving the level of
carotenoid production (Waregg al, 2000). In addition, the
Z{e?)vgg?&_%g‘fggfg;d(e;:)g Ség‘_’gll‘{;;%_%%‘érfssec" isolation of a number of carotenoid biosynthetic genes
(E-mail) chshkim@cheju.ac.kr could contribute to the engineering of microorganisms
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Dimethylallyl Pyrophosphate (DMAPP) TTCAACTATATATGCTT-3'; for CitChxcDNA (CHX1and
lc'ff(g;&"g%'gggmvh”"m CHX2, CitChx5, 5CCTAGCTAGCTCGGGTACCAGA-
Geranyl Pyrophosphate (GPP) TC-3 and CitChx3, 5CGGGATCAATTAAATTGAT TAT-
|tk TTTGG-3. CitPsy5 and CitChx5 were used as forward
Famesvi PW°°I‘°C§‘2‘€"B (FPP) PCR primers. Their'®nds begins next to the site of the 89
Geranylgeranyl Pyrophosphate (GGPP) and 81 amino acids from amino terminals of@it®syand
l”’ B (phytoene synthase, Psy) CitChxstructural genes, respectively, and which contains the
Phytoene mismatched bases of thNéd restriction site (underlined let-
phytoene desaturase. Pdsl ter). CitPsy3 and CitChx3 were used as reverse PCR primers
{~Carotene I::]Jfbla(c:ef;rit%ene dosernce, Pds) corresponding to 3-UTR of thg&itPsy and CitChx genes,
¢-carotene desaturase, Z'kl respectively. They contain the mismatched bas&aoH|
Lycopene restriction site (underlined letter). The introduced restriction
lm)’(lycopene cyclase. Lcy) sites allowed the PCR product to insert into et and
p—Carotene BanHl sites of pRSET-A (Invitrogen, USA).
lcﬂz(ﬁ—camtene hydraxylase, Chx) PCR amplification was performed using a DNA ther-
Zeaxanthin mal cycler (Perkin-Elmer Cetus) in a fDvolume using

Fig. 1. Scheme of the carotenoid biosynthetic pathway in higher plants.pfu DNA polymerase (Promega, USA), 0.1 mM dNTP,
and 20 pmole of each primer. Initial denaturation was car-
and crop plants (Romet al, 2000; Rosatet al, 2000; ried out at 94C for 5 min, and amplification was per-
Ye et al, 2000). formed over 20 cycles of; 1 min at°@ 1 min at 5%,
Previously we isolated cDNAs encoding Psy and Chxand 1 min at 7Z. PCR products were visualized on 1.2%
from citrus (Kimet al, 2001a; Kimet al, 2001b). In the  agarose gels and stained with ethidium bromide. The
carotenoid biosynthetic pathway, these two enzymes argroducts were purified using a GenCleanll kit (BIO 101,
important and/or regulatory enzymes in the production of Inc, USA), and then were digested withd andBanHl.
carotenoids such as lycopefiecarotene, zeaxanthin, and Products obtained by treating witthd andBarH| were
B-cryptoxanthin. It is known that almost all cloned caro- cloned, in frame, in thBlhd andBarrHI restriction sites,
tenoid biosynthetic enzymes, with a few exceptions, aredownstream of the pRSET-A T7 promoter. pRPSY vector
functionally expressed ik. coli, thus demonstrating that carrying CitPsyand pRCHX carryin@itChx both plas-
enzymes from phylogenetically distant species can bemids contained the carbenicillin-resistant gene.
associated into a functional multi-enzyme complex.
Although many genes have been isolated from variousisolation of carotenoid biosynthetic genes from Pantoea
species of plants, only the enzyme activities of tomato Psyananatis (former name: Erwinia uredovora)
(Misawaet al, 1994), and Arabidopsis and pepper Chx To assay the enzyme activity of phytoene synthase, we
(Sunet al., 1996; Bouvieret al, 1998; Tian and DellaP- cloned thePantoea ananatigenescrtE, crtX, crtY, and
enna, 2001) have been characterized in bacterial systemsrtl (Misawaet al, 1990)into theNhd and Xhd sites of
We believed that citrus Psy (CitPsy) and Chx (CitChx) pET24b (Novagen, USA), called pET-BZ, and then trans-
could also be functionally expressed in a bacterial systemformed pET-BZ intoE. coli BL21 (DE3). To check the
To confirm the formation of the functional complexes of enzyme activity of(3-carotene hydroxylase, we con-
plant enzymes with bacterial enzymes, we believed that astructed a vector, pET-Z, containifRantoea ananatis
study of citrus Psy and Chx would be useful. crtE, crtX, crty, crtl, andcrtB genes inNhd and Xhd
This paper describes the individual expressions of thesites of pET24b, which contained the kanamycin-resistant
two enzymes, CitPsy and CitChx, i coliand demon- gene, and then transformed pET-Z int6. coli
strates their ability to assemble a functional enzyme com-BL21(DE3).
plex with Pantoea ananatis carotenoid biosynthetic Carotenoid biosynthetigenescrtk, crtX, crtY, crtl and
enzymes. Our results suggest that citrus enzymes can batB (GenBank accession number D900&@&re isolated
used as a means of engineering bacteria and plants for tHfeom Pantoeaananatisgenomic DNA by PCR using LA

production of valuable carotenoids. Taq polymerase (Takara, Japan). Genomic DNA was
extracted fromPantoea ananatias described by Murray
Materials and Methods and Thompson (1980). PCR primers were synthesized as
follows: to isolatecrtE, crtX, crtY, andcrtl, crt5(Nhel), %
Plasmid construction CCTAGCTAGCATGACGGTCTGCGCAAAA-3and crt

To amplify CitPsy (Kim et al, 2001b) ancCitChx cDNAs 3(Xhol)-Z, 5-GCCGCTCGAGGGCGCTAGAGCGGGC
(Kim et al, 2001a), oligomeric primers were synthesized asGCT-3; for isolation ofcrtE, crtX, crty, crtl, andcrB,
follows: for CitPsycDNA, CitPsy5, 5CCTAGCTAGOGC- crt5(Nhel) and crt3(Xhol)-BZ,'856CCG- CTCGAGGAT-
TAGCACTGCTGGA-3 and CitPsy3, SCGGGATCA5T- TATTCAAATCAGATC-3'.
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Table 1. Plasmids used for the production®tarotene and zeaxanthin En coli BL21(DE3)

Plasmid Expressed enzyme Carotenoids Source (GenBank Accession No.)
pRPSY CitPsy None
pRCHX CitChx (CHX1, CHX2) None AF220218
pET-BZ PantoeaCrtE, CrtX, CrtY, Crtl None AF296158, AF315289
pET-Z PantoeaCrtE, CrtX, CrtY, Crtl, CrtB B-Carotene D90087

pRPSY+pET-BZ CrtE, CrtX, CntY, Crtl, CitPsy B-Carotene D90087

pRCHX+pET-Z CrtE, CrtX, CntY, Crtl, CrtB, CitChx Zeaxanthin

Cell growth USA).

To analyze the expressions of CitPsy and CitChx protein, The separation was carried out usingiBondapak"
and carotenoid production, culturestofcoli BL21(DE?3) C18 reverse phase column (830 mm, particle size 10
containing various plasmids (Table 1) were grown in 5 pum) (Waters Chromatography, USA) and a guard column
mL of LB medium containing carbenicillin and/or kana- containing C18. The major components in the solvent
mycin. The cells were incubated af@#vith gentle shak-  extracts obtained frof. coli were identified by compar-
ing until the absorbency of the culture at 600 nm reachedng their HPLC retention times and UV-visible absorption
about 0.5. The culture was then induced by adding 1 mMspectra with those of known reference compounds. Car-
(final concentration) isopropy-D-thiogalactopyranoside otenoids were separated at room temperature on reverse
(IPTG) and then incubated for 8 h. Cells were harvestedohase column using an MTBE/methanol/water gradient
by centrifugation at 6000 rpm for 15 min. from (95:1:4) to (25:71:4) over 13 min. Peak responses
were measured at 445 nm.
SDS-polyacrylamide gel electrophoresis
E. coli cells resuspended in 20 mM Tris-HCI buffer, pH Results and Discussion
8.0, were completely disrupted by sonication on ice. The
insoluble fraction was pelleted by centrifugation; the Sequence comparisons between CitPsy and CitChx and
supernatant is referred to as the soluble fraction. Proteirthose of other organisms
samples were analyzed using an SDS-containing disconThe deduced amino acid sequence€it?syand CitChx
tinuous polyacrylamide gel (15%) electrophoresis system,(CHX1) were compared to those of other organisms (Kim
as described by Laemmli (1970). Samples of the insolubleet al, 2001a; Kimet al.,2001b) (Fig. 2 and Fig. 3). The
fraction were mixed with 1x sample buffer and boiled for CitPsy sequence showed a high degree of similarity with
15 min. Electrophoresis was carried out using an SE25@he Psy sequences of higher plants including tomato (84%
Mighty Shell 1l Vertical Slab Gel Unit (Hoeffer Scientific and 75%), pepper (75%), muskmelon (73%), Arabidopsis
Instruments, USA). After running at a constant current of (70%), daffodil (68%), carrot (65%), and maize (64%).
20 mA, the gels were stained by submerging them for 1However, the sequence did not show significant homology
h into 0.05% Coomassie Brilliant Blue solution (dissolved with bacterial Psy (4-31%) (Fig. 2). CitChx showed sim-
in 50% methanol, 10% acetic acid, and 40% DDW). ilar homologous patterns with CitPsy in higher plants (57-
68%) and bacteria (6-32%) (Fig. 3). Nine histidine resi-
Carotenoid pigment analysis dues essential for enzymatic function, were found to be
Cell harvest, pigment extraction, and HPLC analysis ofconserved in citrus and bacterial enzymes (Fig. 3, boxed),
the carotenoid pigments were similar to those previouslythe residues of which are putative iron ligands of caro-
described (Cunninghart al., 1994) with a few modifi-  tenoid hydroxylases, or may patrticipate in the electron
cations. In brief, after the cell growth phase, the cells weretransfer process (Bouviest al, 1998). Plants enzymes
harvested, resuspended in @®f water, and then 100 ml have longer N-terminal regions than bacterial enzymes
of 6% KOH in methanol was added. The insoluble com-(Fig. 2 and Fig. 3). This region is important for protein
ponents were pelleted by centrifugation, and the pelletdargeting and/or dimerization of the enzyme (®aral,
were extracted with methanol, then with methanol/diethyl 1996; Cunningham and Gantt, 1998). Although no sig-
ether (1/1, viv), and finally with diethyl ether until they nificant homology was found between plants and bacterial
became colorless. The extracts were combined, and thenzymes, it has been reported that the enzymes of Ara-
carotenoid pigments were transferred to diethyl ether andidopsis, pepper, and tomato can complement the bacte-
washed free of alkali. The ether layer was reduced to dry+ial carotenoid biosynthetic enzymeskncoli (Misawaet
ness on a rotary evaporator at@0The saponified sam- al., 1994; Suret al, 1996; Bouviert al, 1998). More-
ples were then dissolved in an appropriate volume ofover, as the citrus enzymes have a high degree of simi-
methyl tert-butyl ether (MTBE)/methanol (1/1, v/v) for larity with those of Arabidopsis, tomato, and pepper, it
HPLC analysis and filtered through a 0.4 polytet- was believed that citrus enzymes could be functionally
rafluoroethylene syringe filter (Micro Filtration Systems, expressed ir. coli.
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Fig. 2. Alignment of the deduced amino acid sequences of citrus phytoene sy@tBsg (vith those of bacterial enzymes. Alignment was per-
formed using the deduced amino acid sequences of each gene and was generated by Clustal X (version 1.81). The undesiredrespords
to the putative transit peptide region predicted by PCGENE software (IntelliGenetics Inc., Release 6.60). The arronhimdiatesytpoint of the
CitPsy cDNA PCR product. The gene sequences used for amino acid translation and the GenBank accession nuMpeobaaterium
(AJ133724),Rhodobacter(X52291), Pantoea(M38423), andCyanobacterig AB001284). An asterisk indicates identical amino acids.

Protein expression of CitPsy and CitChx in E. coli Protein bands of the same size were also detected in other
In order to determine the normal expression<CPsy vector systems including pET11C and pET21a (data not
and CitChx cDNAs, constructs were prepared that lacked shown). In particular, most of the CitPsy protein was
a putative chloroplast transit peptide in the N-terminal expressed in an insoluble form, i.e., as inclusion bodies,
region (Sunet al, 1996) (Fig. 2 and Fig. 3). This con- and a small amount of this protein was detected in the sol-
struct encodes the truncatédPsyandCitChxgene prod-  uble fraction (Fig. 4). CitPsy protein was more abundantly
ucts fused to several amino acids derived from vectorexpressed than CitChx protein (Fig. 4A), which was sim-
sequence that contained the polyhistidine tag at the N-terilar pattern to that found using vectors (data not shown).
minal. By IPTG induction, each protein was detected by This phenomenon may have, at least partly, resulted from
SDS-PAGE as a single band of the expected size (Fig. 4)different codon usage in bacteria and citrus. The codon
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Fig. 3. Alignment of the deduced amino acid sequences of the @itcasotene hydroxylasé€C{tChx with those of bacterial enzymes. Alignment
was performed using the deduced amino acid sequences of each gene, and was generated using Clustal X (version 1.8ihed sequeteed
corresponds to the putative transit peptide region predicted by PCGENE software (IntelliGenetics Inc., Release 6.60).iMdieadeotine starting
point of theCitPsycDNA PCR product. The gene sequences used for amino acid translation and their GenBank accession niitiavelsagre:
terium (U62808),Agrobacterium(D58420),Alcaligenes(D58422),Pantoea(M87280), andPseudomona@NC_002947). An asterisk indicates iden-
tical amino acids and the boxed letters are histidine (H) residues, which are important for iron coordination.
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Enzymatic activities of CitPsy and CitChx in E. coli 31- -

To determine whether CitPsy and CitChx were catalyti-

cally active,E. coli carrying thePantoea ananatigene '~ ™

clusters devoid o€rtB andcrtZ or crtZ genes was com-  44- « s 3 -

plemented withCitPsy (pRPSY) orCitChx (pRCHX) (kDa)

constructs, respectively (Table 1). Specifically, using car-

otenoid biosynthetic genes frofantoea ananatjswe Fig. 4. Expression of CitPsy and pitCthn coli carwing pRPSY (F

constucted the lasmids PET-BZ and pET-Z ot o pro- ECIS (1 20 ey om0 5 e e

S\I/Jr?:nc?r:gtgﬂggy aéliéo (glsggBYE)ca\lX/c:sr;reér:sfi)?fncégli%o SDS-PAGE g_els showed the band patterns of th_e soluble (A) anc
. § . uble (B) fractions of the expressed proteis.coli BL21(DE3) was

bacteria harboring pET-BZ, it was expected Bataro- used as a host cell. Arrows indicate bands corresponding to CitF

tene would accumulate in the cell. Zeaxanthin or cryp- citchx proteins. S represents the low molecular standard (Bic

toxanthin would be produced only in transformed bacteriausa). Each lane contained about 2§ of protein.

-
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Fig. 5. HPLC analysis of carotenoid pigments produced duringvo complementation if. coli. Following IPTG induction and 8 h culture, the
pigment extract oE. coli (C) transformed with pET-BZ and pRSET-A, (D) transformed with pET-BZ and pRPSY, (E) transformed with pET-Z and
pRSET-A, and (F) transformed with pET-Z and pRCHX. The different peaks correspmarotene (1) and zeaxanthin (2), as deduced from chro-
matograms of standard compounds (A and B).

with pET-Z andCitChx (pRCHX). E. coli colonies con-  (Fig. 5C). HPLC analysis of cell cultures harboring pET-
taining both pET-BZ and pRPSY were distinguishable Z and pRCHX showed th@tcarotene is partly converted
from those containing both pET-Z and pRCHX, using the into zeaxanthin by CitChx, though a major portion (75-
method of Suret al. (1996), i.e.,E. coli colonies con-  80%) was left (Fig. 5E and 5F). Thus, not all of fhear-
taining B-carotene were orange/yellow in color and the otene was found to be transformed into zeaxanthin, which
colonies accumulating zeaxanthin were bright yellow differs from results obtained using Arabidogd&isarotene
(data not shown). hydroxylase (Suret al, 1996). This difference could be
HPLC analysis of the carotenoid pigmentsEn coli caused by double transformation using two vector sys-
cultures inoculated with transformed cells containing tems, which may induce a lowgrcarotene hydroxylase
pPET-BZ and pRPSY showed a peak correspondirfdy to  expression level (Fig. 4) than the single vector system
carotene (Fig. 5D). The amount @fcarotene produced (Rutheret al, 1997). Though only a portion (20-25%) of
by CitPsy inE. coliwas very much lower (9-10%) than the3-carotene was converted to zeaxanthin, no peak cor-
that produced byantoea ananatis crtBFig. 5E). This responding t@-cryptoxanthin was detected in the HPLC
might have been caused by the different solubilities elution profile. This may have been due to the presence of
between CitPsy and CrtB proteins (Fig. 4A) or enzymatic an undetectably small amount @fcryptoxanthin. Previ-
activities. A control culture, containing pET-BZ and ous studies have shown that the production ratio of zeax-
pRSET-A vectors, did not produce any carotenoid peakanthin to -cryptoxanthin can vary according to the
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enzyme source and activity (Sehal, 1996; Bouvieret and characterization of cDNAs encodifigcarotene hydroxy-

al., 1998). In Arabidopsis, a small amount (1-5% of the lase inCitrus. Plant Sciencel61, 1005-1010.

tota| Carotenoid) oB_Cryptoxanthin was produced (Seh Kim, 1.-J., K.-C. Ko, C.-S. Kim, and W.I. Chung. 2001b. Isolation
al., 1996). Thus, if we should perform carotenoid produc- ~ 2nd expression patterns of a cDNA encoding phytoene synthase
tion in large scale culture usirg coli carrying pET-Z in Citrus, J. Plant Physiol.158, 795-800.

. . Laemmli, U.K. 1970. Cleavage of structural proteins during the
and pRCHX, a peak corresponding fecryptoxanthin assembly of the head of bacteriophage Ndture 227, 680-
could be detected.

. . 685.
From these results, we conclude that CitPsy and c:'t'l\/lisawa N., M. Nakagawa, K. Kovayashi, S. Yamano, Y. Izawa, K.

Chx are fun_Ctiona”y e_xpressedh'p coliand that they can Nakamura, and K. Harashima. 1990. Elucidation of the
assemble into functional multi-enzyme complex with Erwinia uredovoracarotenoid biosynthetic pathway by func-
Pantoea ananatisarotenoid biosynthetic enzyme regard- tional analysis of gene products expresseHsnherichia coli.

less of there being no significant amino acid sequence J. Bacteriol.172, 6704-6712.

similarity. Also, the results suggest that CitPsy and Cit- Misawa, N., M.R. Truesdale, G. Sandmann, P.D. Fraser, C. Bird, W.
Chx are functionally operational in citrus plants. By  Schuch, and P.M. Bramley. 1994. Expression of a tomato
changing culture conditions, and plasmid reconstruction, ~CPNA coding for phytoene synthasefischerichia coli phy-

in combination with modifications of vector systems, and toene f_ormatlonn vivo andin vitro, and_ functional analysis of
proteins, valuable carotenoid compounds Ikearotene, the various truncated gene produdtsBiochem116, 980-985.

. . - Murray, M.G. and W.F. Thompson. 1980. Rapid isolation of high-
zeaxanthin, anf-cryptoxanthin could be more efficiently molecular-weight plant DNANucleic. Acids Re8, 4321-4325.

produced by microbial fermentation and in crop plants. pjies R.M. 2000. Vitamin A and cancé¥utrition 16, 573-576.
Romer, S., P.D. Fraser, J.W. Kiano, C.A. Shipton, N. Misawa, W.
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