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Abstract Erwinia herbicola is a nonphotosynthetic bac- 
terium that is yellow pigmented due to the presence of 
carotenoids. When the Erwinia carotenoid biosynthetic 
genes are expressed in Escherichia coli, this bacterium 
also displays a yellow phenotype. The DNA sequence of 
the plasmid pPL376, carrying the entire Erwinia 
carotenoid gene cluster, has been found to contain 12 
open reading frames (ORFs). Six of the ORFs have been 
identified as carotenoid biosynthesis genes that code for 
all the enzymes required for conversion of farnesyl py- 
rophosphate (FPP) to zeaxanthin diglucoside via ger- 
anylgeranyl pyrophosphate, phytoene, lycopene, [3- 
carotene, and zeaxanthin. These enzymatic steps were 
assigned after disruption of each ORF by a specific mu- 
tation and analysis of the accumulated intermediates. 
Carotenoid intermediates were identified by the absorp- 
tion spectra of the colored components and by high 
pressure liquid chromatographic analysis. The six 
carotenoid genes are arranged in at least two operons. 
The gene coding for [~-carotene hydroxylase is tran- 
scribed in the opposite direction from that of the other 
carotenoid genes and overlaps with the gene for phy- 
toene synthase. 
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Introduction 

Erwinia herbicola is a nonphotosynthetic, gram-nega- 
tive bacterium which is yellow in color due to the pres- 
ence of carotenoids. Carotenoids are methyl-branched 
C40 compounds composed of poly-isoprene units that 
have been further desaturated to produce a chro- 
mophore with conjugated double bonds. These com- 
pounds are powerful antioxidants and serve as impor- 
tant protectants against photooxidative damage (Tu- 
veson et al. 1988). Plants and various photosynthetic 
and nonphotosynthetic bacteria synthesize a wide vari- 
ety of carotenoids. At least 563 carotenoids had been 
described by 1987 (Straub 1987) and many more have 
since been isolated. 

The carotenoid biosynthetic pathway, starting with 
the first isoprenoid compound isopentenyl pyrophos- 
phate (IPP), is common to all plants and photosynthetic 
bacteria. Isomerization of IPP results in the formation 
of dimethylallyl pyrophosphate (DMAPP). One 
molecule of IPP is condensed with one molecule of 
DMAPP by a prenyl transferase to form geranyl py- 
rophosphate (GPP, C1o ). Further addition of IPP 
molecules leads to the formation of farnesyl pyrophos- 
phate (FPP, C~5), and subsequently geranylgeranyl py- 
rophosphate (GGPP, C20). GGPP is then dimerized to 
the first C40 carotenoid, phytoene. In anoxygenic photo- 
synthetic bacteria, such as Rhodobacter capsulatus and 
R. sphaeroides, phytoene is converted to neurosporene 
via three desaturation steps. These photosynthetic bac- 
teria synthesize only linear carotenoids, primarily 
spheroidenone and hydroxyspheroidenone. In plants, 
however, phytoene is converted via four desaturation 
reactions to lycopene, which upon terminal cyclization 
and hydroxylation is converted to zeaxanthin via [3- 
carotene. In E. herbicola (Hundle et al. 1991) and E. 



uredovora (Misawa et al. 1990), zeaxanthin is converted 
to zeaxanthin diglucoside through two on-ring glucosy- 
lation reactions (Hundle et al. 1992). 

The R. capsulatus carotenoid biosynthesis genes were 
cloned as part  of a 46 kb photosynthet ic  gene cluster 
(Marrs 1981) and were the first carotenoid genes to be 
sequenced from any organism (Armstrong et al. 1989). 
The genes coding for zeaxanthin diglucoside product ion 
from farnesyl pyrophosphate  are also clustered in Er- 
winia species. The carotenoid gene cluster orE. herbicola 
Eho l0  was initially cloned on a 12.7 kb plasmid, 
pPL376 (Perry et al. 1986). The carotenoid biosynthesis 
genes from E. uredovora have been cloned and se- 
quenced more recently (Misawa et al. 1990). The 
carotenoid genes of E. herbicola Ehol3  have also been 
cloned as a 6.7 kb fragment (Lee and Liu 1991). 

Nucleotide sequence analysis of pPL376 initially re- 
vealed the presence of three ORFs  encoding gene prod- 
ucts homologous  to the enzymes for the early port ion of 
the carotenoid biosynthetic pathway in R. capsulatus 
(Armstrong et al. 1990). In this paper, we present the 
remaining D N A  sequence and the functional assign- 
ments for all the carotenoid biosynthesis genes involved 
in conversion of FPP  to zeaxanthin diglucoside in E. 
herbicola Ehol0 ,  as determined by site-specific mutage- 
nesis and deletion mutations.  Tentative assignments of 
other ORFs  present in pPL376 are also made based on 
sequence comparisons with protein sequence data  
bases. The gene organization observed in E. herbicola 
Eho l0  differs from that in E. uredovora and E. herbicola 
Eho13. 
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Interposon mutations 

ORFs 3 and 5 were interrupted by the insertion of a kanamycin 
resistance cartridge (Barany 1985) at unique XhoI (1.520) and SstI 
(3.989) sites respectively (Fig. 3B). 

Frame shift mutations 

These mutations were generated by restricting individual genes 
with specific restriction enzymes that leave a 5' overhang. Cleaved 
overhanging ends were filled in using the Klenow fragment of 
DNA polymerase and blunt ends religated using DNA ligase. 
This procedure resulted in a frame shift in the amino acid transla- 
tion and thus altered the downstream portion of the protein 
(Fig. 3C). 

Extraction and separation of carotenoids 

In order to analyze accumulated carotenoid precursors, E. coli 
DH5~zcells (10 rag) containing various plasmid constructs were 
extracted (2 x 1 ml) with chloroform/methanol (2:1, v/v). For sep- 
aration of individual components the extracts were dried under a 
stream of nitrogen. Carotenes were isolated from silica gel plates, 
which were developed with the solvent system petroleum benzene/ 
diethyl ether/acetone (40:10: 5, v/v/v) and applied to an ET 300/8/ 
4 Nucleosil 5 btm Cls reversed phase high pressure liquid chro- 
matographic (HPLC) column (Macherey-Nagel). The column was 
developed isocratically with acetonitrile at a flow rate of 1.4 ml/ 
min. Xanthophylls were analyzed on silica gel plates using the 
same solvent system as above. Glucosylated xanthophylls were 
peracetylated for 30 rain at room temperature using a 2:1 (v/v) 
mixture of benzene and acetic anhydride in the presence of cata- 
lytic amounts of 4-(dimethylamino)-pyridine. After a short treat- 
merit with methanol and partition against a mixture of petroleum 
benzene/diethyl ether 2:1 (v/v), the derivatized samples were ana- 
lyzed on silica gel plates under the same conditions. 

Materials and methods 
Organisms and growth conditions 

The Escherichia coli strains containing the E. herbicola Eho10 
carotenoid gene cluster on plasmid pPL376 (Perry et al. 1986) and 
mutant derivatives were grown at 37°C in LC media, using selec- 
tion for resistance to 100 pg/ml ampicillin (Sigma Chemical Co., 
St. Louis, Mo., USA). E. coli DH5e~competent cells were obtained 
from BRL (Gaithersburg, Md., USA). Restriction enzymes were 
purchased from BRL and NEB (Beverly, Mass., USA). 

Plasmids, cloning techniques and nucleotide sequence 
determination 

Plasmid pPL376 was subcloned and sequenced as described previ- 
ously (Armstrong et al. 1990). DNA sequencing was performed by 
the dideoxy chain termination method (Sanger et al. 1977). All 
nucleic acid and enzymatic manipulations were performed ac- 
cording to standard published procedures (Maniatis et al. 1982) or 
manufacturers' protocols. In order to interrupt various ORFs 
three types of mutations were created. 

Deletion mutations 

Specific segments of the plasmid pPL376 were deleted using vari- 
ous restriction enzymes in order to eliminate ORFs not required 
for yellow pigment production (Fig. 3A). 

Protein sequence comparisons 

Database searches were performed at the National Center for 
Biotechnology Information (NCBI) using the BLAST network 
service. Databanks searched were Brookhaven Protein Data 
Bank (June 1993); SWISS-PROT 27.0 (Nov. 93); PIR 38.0 (Sept. 
93); genpept, CDS translations from GenBank (R) 79.0 (Oct. 93). 
Sequences were aligned using the BLASTP gene alignment pro- 
gram (Altschul et al. 1990). Final sequence alignments and the 
insertion of gaps were performed manually. 

Nucleotide sequence accession number 

The Genbank accession number of the nucleotide sequence from 
pPL376 presented in this paper is M87280. 

Results and discussion 

D N A  sequence of plasmid pPL376 

The D N A  sequence of plasmid pPL376 is presented in 
Fig. 2. Sequence analysis resulted in identification of 12 
open reading frames. ORF2,  ORF3,  ORF11 (crtz) and 
ORF12 are transcribed in the opposite direction (Fig. 1), 
in contrast  to the other 8 open reading frames. All of the 
essential genes required for carotenoid product ion from 
FPP to zeaxanthin diglucoside (see below) are present in 
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Fig. I Linear map of pPL376 showing orientation of open read- 
ing frames (ORFs) and various genes. DNA sequence analysis 
revealed twelve open reading frames. ORF1 (not shown) was 
found to be the vector ~3-1actamase gene and ORF12 had an in- 
complete start. Restriction enzyme site abbreviations are as fol- 
lows: B, BamHI; S, Sa[I; Sp, SphI; H, HindIII; P, PstI; Ss, Sstl; X, 
XmnI; Bg, BglI; and E, EcoRI 

at least two separate operons, as O R F l l  (crrz; Fig. 1) is 
transcribed in the opposite direction from the other es- 
sential genes. Analysis of the D N A  sequence (Fig. 2) 
seems to suggest the presence of E. coli-like ~70 pro- 
moters (McClure 1985) preceding ORF3,  ORF7,  and 

O R F l l  (data not shown). ORFs  5,9, and 10 had previ- 
ously been predicted to be homologous  to the R. capsu- 
latus crtE, crtI and crtB genes, respectively (Armstrong 
et al. 1990). 

Functional assignments to various ORFs  

ORF1 (not shown) is the [Mactamas.e gene, comprising 
part of the vector pHC79 (Perry et al. 1980) sequence. In 
order to determine which of the other ORFs  are in- 
volved in carotenoid production, mutants  (Fig. 3) were 
generated by one of several mutational  techniques and 
analyzed for the accumulation of carotenoid products, 
as shown in Table 1. The functions of the respective 
genes as determined on plasmid pP1376 are summarized 
in Table 2. Deletion of ORF2  (pAPU311H) or disrup- 
tion of ORF3 with an interposon (pGXX; Fig. 3), or 
deletion of both  O R F 2  and ORF3 (pAPU211) caused 
no change in accumulated carotenoid products. This 
indicates that ORF2  and ORF3  are not required for 
carotenoid biosynthesis, or possibly that E. col± homo-  
logues may replace their functions. The deduced amino 
acid sequence of O R F 2  contains two domains which are 

Table 1 The various strains constructed and their accumulated products (ORF open reading frame) 

Strain Color ORFs and genes Phytoene Lycopene [3-Carotene Hydroxy- Carotenoid 
disrupted carotenoids glucosides 

pPL376 Yellow None Trace - Trace Trace 95 + 4 
pAPU311H Yellow ORF2,3 Trace - Trace Trace 90 ± 2.5 
pAPU201 White ORF2,3,4,6, - . . . .  

crtE, X 
pAPU211 Y e l l o w  ORF2,3Trace - Trace Trace 95 ___ 4 
pAPU211R Yellow ORF2,3 crtX Trace - Trace 94 ± 2 - 
pGXX Light yellow ORF3 Trace - Trace - 90 ± 3 
pGSS Light yellow crtE Trace - Trace - - 
pAPU2114 Yellow ORF2,3,4 Trace - Trace - 95 -+ 4 
pAPU2116 Yellow ORF2,3,6 Trace - 7 ± 15 Trace 89 _ 2.8 
pAPU2116X Yellow ORF2,3,6, crtX 4___0.8 - 10± 1.1 75±2 - 
pAPU211Y Pink ORF2,3, crtY 53_+3 32_+4 - - - 
pAPU211I White ORF2,3, crtI 100 . . . .  
pAPU211B White ORF2,3, crtB . . . . .  
pAPU211Z Orange ORF2,3, crtZ 24±0.5 Trace 71 ± 1 - - 
pAPU211BZ White ORF2,3, crtB, Z . . . . .  

Table 2 Function of genes on pPL376 

Gene Function or homologies Nucleotide numbering Number of Molecular 
of gene product on pPL376 amino acids weight (kDa) 

ORF2 Prosucrase/isomaltase ? 1588-vector 529 61 
ORF3 Melibiose carrier Protein? 2414-1596 272 30 
ORF4 - 3140-3451 103 11 
crtE Geranylgeranyl synthase 3535-4458 307 33 
ORF6 - 4521-5564 347 37 
crtX Zeaxanthin- 5561-6802 413 45 

glucosyltransferase 
crtY Lycopene cyclase 6799-7959 386 43 
crtI Phytoene desaturase 7956-9414 492 54.5 
crtB Phytoene synthase 9431-10360 309 34 
crtZ ~3-Carotene hydroxylase 10826-10296 176 20 
ORF12 Cystathione 3,-synthase vector-10916 611 66 
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<ORF 2 (termlnatel in the vector) 

CGATATCGGTAGTCCACCATGGAATACCCGCCAGTCCCATGTTAAGCCCGGCAGCCAGCTGATTGCGGAACGAATGGAAGGAGGAGTGAACGTCTCCAGACCATGCGAGTACGCCATAGC - 240 

I D T T W W P I G A L G M N L G A A L Q N R F S H F S S H V D G S W A L V G Y R 

GTTGGCTGCCTGCCcAGCTACAGCGCACCAGGTTGACTATCTCGT•fTTCGCCTTCT•CACGCAGGCCGTCGTAAAAGCCcTGAGCGAAATcC-CGCGGATAGCGGTTGCCTACTTCCAGTA - 360 

Q S G A W S C R V L N V I E N E G E A R L G D Y F G Q A F D R P Y R N G V E L V 

CTGGTccCGCATGGTAGCGATAGTTATCGAAGTCATAGGCACGATACTCCGGCTCGC9~TTCATCCAGCCAGAAGAGCTTGATcCCGTAATCAAAATAGTTTTTCTTCACCGTATCCCAGA - 480 

P G A H Y R Y N D F D Y A R Y E P E A E D L W F L K I G Y D F Y N K K V T D W V 

CAAACTGCcGCGCCTGcGGGTGGGTGGCGTCAAAGAAAGTGGTGTTGCCCATAAAATCGAGGTTGAcCTGCACGCcGCGATCGCTGGTCACCAGCCAGCcTTTGGCTTTCATCTGCGGGG - 600 

F Q R A Q P H T A D F F T T N G M F D L N V Q V G R D S T V L W G K A K M Q P T 

AGAGCGGGCTACGcGCTTCCACGGTCGGccAGAcCGACACCATGAGCCTGATGCCcATGGATTCCAGCTCTTCTACcATCGcCCGCGGATcCGGCCAGTCGACAGGATCGAAAcACcACT - 720 

L P S R A E V T P W V S V M L R I G M S E L E E V M A R P D P W D V P D F C W Q 

TTC•CTGATTGGGCCAATGGAA•AAATCGATAACCATCACTGACAGCGGCAGGTTGCGGCGATGATATTCGCGcGCGACGTCCAATACCTCCTGCTGGGTGCGGTAG•GCAATTTACAGA - 840 

G Q N P W H F F D I V M V S L P L N R R H Y E R A V D L V E Q Q T R Y R L K C V 

GCCACAGGCcGCTGATAAATTcCGGCGCGGCGGGCGGCGTACCGGTGGcTTTGGCATACTGGcGGGTTATCTCCATCACGCTATCACCCGCAGTGATCcAATAGTCCATCTCCTGGGTAC - 960 

W L G S I F E P A A P P T G T A K A Y Q R T I E M V S D G A T I W Y D M E Q T R 

CGCGTGAGGTCCACTGGCTGTGGTTTTTCGCAAAGCTAGCTTCGCCAATC•GCCGGGTTATTCCAcAACAGGcCGTAGCCGAGGCTGGACTGGACAAAGGGCACGCTGGCCTGCGAGTTAC - 1080 

R S T W Q S H N K A F S A E G I A P N N W L L G Y G L S S Q V F P V S A Q S N R 

GCTGCGCCAGCTcCAGAGAGCAGCCTTTCAGATCCAGCCAGGGCTGCTGGTACTGCCCCATGCCATACAACTTTTCTCCCTGGC~CTTCAAAACGGACTGTCAGCTGATATTTACCGC -i 200 

Q A L E L S C G K L D L W P Q Q Y Q G M G Y L K E G Q R A E F R V T L Q Y K G G 

CGGGCAGCGGTTTAAATTCTCGGCCATCCAGCTTCAGTC-CACTGACGTACTTGTCCTGGCTTTTTTCGCTGGCC.CCGATGCCAACcGTAGAACGCTGTCGccACATCTCTTCCAGCAGCA -i 320 

P L P K F E R G D L K L A S V Y K D Q S K E S A G I G V T S R Q R W M E E L L L 

GC TC GC CGCGCTGATTG TAAAACGC CAGC T GGCC CT TAAGGTT CAATACCGC GC TGATGTT GCCG TTGCGCAGAGT CA GGGTT T C TGCAT CTCGCAAAATTTCAGC C T GGCATGA'IT CT G - 1440 

E G R Q N Y F A L Q G K L N L V A S I N G N R L T L T E A D R L I E A Q C S E P 

GCGTCAGCAGAGCATGAAGGGCGGAAGTAAACTCCGGCGCGcAGGTGGCGcGTACcCGcAGGCTGTTCTTGCcCCAGGGCTCGAGACGTAAAATCTGTCGTTCGAAGCGCCATTCGATGG - 1560 

T L L A H L A S T F E P A C T A R V R L S N K G W P E L R L I Q R E F R W E I A 

CGTTAGCGTGCTCAATTAATTCGcTCATGGAGAGGTCATCCTTTCACAATGGTTTGCATTTTAGCCAAATTGATTTcCTGCATGGTCTGGTCATCAAGCTTGTACCAGCGCAGCGTGGCG - 1680 

N A H E I L E S M G K V I T Q M K A L N I E Q M T Q D D L K Y W R L T A 

~ORF 2 

AAAGCCGCCAGAGAGAGCAGTCC~CGACGGTGAAAAGGGCGACGAT~CAGTGCATTGCCAGCGACGTCTGTTCCGGCGCGTTGGCGACGTAGCCGCTGAAGCCCAACGTCCAACCG - 1800 

F A A L S L L G P V V T F L A V I C H M A L S T Q E P A N A V Y G S F G L T W G 

ACGATGGCACCGCTGAGCGCcATGCCcAGCTTGAGGACGGCGAGGAAGGTGGAGAAAATGATGCCATCCATAcGTTTGCCCTGGCTCCATTCGCcGTAGTCGGCGACGTCGC`CCATCATC -i 920 

V I A G S L A M G L K L V A L F T S F I I G D M R K G Q S W E G Y D A V D A M M 

ACcCACATCAGGGTGGTGGTCGCCTGATAGAGCGTCGAGA TAA TAAACGTTAGCGGAACCAGGACGAAAACGGATTTCGGTGCAAAGAACAGGGCGATGCTGAGCACACCCGcCAGTACG - 2040 

V W M L T T T A Q Y L T S I I F T L P V L V F V S K P A F F L A I S L V G A L V 

GCAcAGTAGCCGAATATCTGCACTTTATTGAAATTGCGGGTCAGACGCTTGGCCAGCAGACTACCGGCGGCTTTGCCAAGGATATGCGCGC.CGAGCATCCACATGAAGTAACTGGCGCTG - 2160 

A C Y G F I Q V K N F N R T L R K A L L S G A A K G L I H A A L M W M F Y S A S 

CCGAGGTAATAGGTGACGAAGTACATCATCGCCCCGAGGTAGCTGCCGATAAAGCCAGGCAGGGTAGCCAGCATATAGGTCAGCGTCAGGGTTGAGGGCGGCGCATGCCAGCGCAGGAGC - 2280 

G L Y Y T V F Y M M A G L Y S G I F G P L T A L M Y T L T L T S P P A H W R L L 

TGGCCGAGGATCAGGGTTTC-G~TCAGTCCATTACCCACTGAAGAAAAAATATAGGcGACGCCAAACAGGCATAGCCAGCGATGcTGGCGTAGCGCCTGCAcCAGAACCATCAAAAGGTTA - 2400 

Q G L I L T Q T L G N G V S S F I Y A V G F L C L W R H Q 'R L A Q V L V M L L N 

TTCATTGTTAACATACTCAATCAAACAGAAGTCCTCATGCAGCAGGTGcCGCACGATCGTGAAAGCTGTCAGAGTTGAGATGTCGTTACATTGGCTGGTCCGGGCGTTGAGAGCGAACCG - 2520 

N M T L M 

<ORF 3 

ATAACGTAGCATCTATTTCGCg~TCT~GAGAGGTACAAGATTGCTTAT~CATC~CTGCTAAGCGCCTGGAAGCATTTTACATTCAGTACATGCTC4~CAGCCTATATTACTGGACAT - 2640 

GGCTTATTAGAATAGTTGATTAGCTATAAGCTACATTTTTTTACTAACCGTTTTAAAACGTAGAATAAGATGACCATTATAAGCGTAAAGCTCCACGGCCAATTAAAAAACCATAAGCAT - 2760 

AACTATTTGCAGTCTCATTAAAAGCTAACGAAAACATGAGCATAACATTTAACGCTGCTGATAAAACGCCAAGTATCGCTGATAGAGTGATACCTGACcATAGTAAAAAAAGTATTGCTT - 2880 

TCTTCATTGTCTGGATACTTCTTAATGTGAACAAAGTGACAAAGAAACCTTAAACTTTTCTCACCAATAAGTAAAATAAACCATTGTTGCTTAGcGGAATTAATTTATAAGGTAAGTATA - 3000 

TCTAACAAGCATAGAGcTTCATTGTCACATTTAATGCGGTTTTGCcTGATTcTGATAATCATACGCGAAAGATTGCTTATGCCTCGCCGTGTTTTGTCTACCCTTGCCTATAcCGTAAcT - 3120 

ORF 4> 
M A L R S L G T T G L H I P P L V F G G N V F G W T V D E Q Q S F S 

CAAAAAAGC~C4~TATTGCGCATC4~CTTTACGTTCATTA~ACGACGGGATTACACATTCCAcCGCTGGTTTTTGGCGGTAACGTCTTTGGCTC~ACCGTTGATGAGCAGCAGAGcTTCAG - 3240 

L L D A L L E R G L N A I D T A D V Y S A W A P G N K G G E S E T I L G K W F A 

CCTGCTGGATGCGCTGCTGGAGCGcGC4•CTGAACGCTATCGACACCGCCGACGTCTACTCTGCCTGGGCACCAGGTAACAAAGGTGGCGAATCCGAAACGATCCTTGGcAAGTGGTTCGC - 3360 

A H P G A R E K I T L F T K V G S D L K A Q R L M L R T M 

TGCCCACCCTGGCGCACGGGAAAACATCACcCTGTTTACCAAAGTAGGCTCAGATCTAAAGGCACAGCGTCTCATGCTTCGCACAATGTAAAACTGCTTCAGAACCTGGcGAGAGCTATC - 3480 

crt B> 

M 

CGCGCGGTCTACGGTTAACTGATACTAAAAGACAATTCAGCGGGTAACCTTGCAATG - 3535 

Fig. 2 (for continuation see pages 410 and 411) Nucleotide se- 
quences of pPL376 showing open reading frames and genes to- 
gether with their encoded amino acid sequences. Sequences for 

CrtE (positions 3535-4458), CrtI (7956-9414), and CrtB (9431- 
10360) have been previously published, from our laboratory 
(Armstrong et al. 1990) and are not shown 



ORP 6~ 

M K D E R L V Q R K N D H 

4456 - TGATAC•GCCcTTTTGGGTTCAAGCAGTAcATAACGATGGAACCAcATTA•AGGAGTAGTGATGAATGAAGGA•GAGCGCCTTGTTCAGCGTAAGAA•GAT•AT• -4560 

L D I V L D P R R A V T Q A S A G F E R W R F T H C A L P E L N F S D I T L E T 

TGGATATcGTTCTCGACCCCCGTCGCGCCGTAACTCAGGCTAGCGCAGGTTTTGAGCGcTGGcGCTTTACcCAcTGCGCcCTGC~AGAGcTGAATTTTAGCGACATCACGCTGGAAACCA ~ 4680 

T F L N R Q L Q A P L L I S S M T G G V E R 8 R }{ I N R }{ L A E A A Q V L K I A 

CCTTC~TGAATCGGCAGCTACAGGCTCCGCTGCTGATCAGCTcCATGACCGC4~GGCGTTGAGCGCTCGCGCCATATcAACCGCcACCTCGCCGAGGCGGCGCAGGTGCTAAAAATTGCGA - 4800 

M G V G S Q R V A I E S D A G L G L D K T L R Q L A P D V P L L A N L G A A Q L 

TGGGGGTGGGCTccCAGCGcGTcGccATTGAGAGCGACGcGGGCTTAGGGcTGGATAAAACccTGcGGCAGcTGGCTcCGGAcGTGCcGCTGCT~c~cCTc~cGc~CGcA~TGA - 4 9 2 0 

T G R K G I D Y A R R A V E M I E A D A L I V H L N P L Q E A L Q P G G D R D W 

CCGGCAGAAAAGGTATTGATTACGCCCGACGGGcCGTGGAGATGATCGAGGCGGATGCGCTGATTGTGCACCTAAACCCGcTGCAGGAGGCGCTACAGCCCGGcGGCGATCGCGACTGGc - 5040 

R G R L A A I E T L V R E L P V P L V V K E V G A G I S R T V A G Q L I D A G V 

GCGGACGGCTGGcGGCTATTGAAACTCTGGTCCGCGAGCTGCCCGTTCCGCTGGTGGTGAAAGAGGTGGGAGCcGGTATCTCCCGAACCGTGGCcGGGCAGCTGATCGATGCCGGCGTTA - 5160 

T V I D V A G A G G T S W A A V E G E R A A T E Q Q R S V A N V F A D W G I P T 

cCGTGATTGACGTCGCGGGCGC~GGCACCAGCT~CGCCGTTGAAGGcGAGCGC4~CGGCCACcGAGCAGCAGCGCAGCGTGGCCAACGTCTTTGCCGACTG~TCCcCAcCG -5280 

A E A L V D I A E A W P Q M P L I A S G G I K N G V D A A K A L R L G A C M V G 

CTGAGGCGCTGGTTGACATTGCCGAGGCCTGGcCGCAGATGCCCCTTATTGCCTCGGGCGGGATTAAA~CGGCGTCGAcGCGGCGAAAGCGCTGCGGCTCGGCGCGT~TGGTA~c -5400 

Q A A A V L G S A G V S T E K V I D }{ F N V I I E Q L R V A C F C T G S R S L S 

AGGCCGCCGCCGTGCTCGGCAGCGCAGGCGTCTCCAcGGAGAAGGTGATCGATCACTTcAACGTGATTATTGAGCAGCTGCGGGTGGCCTGCTTCTGCACCGGCAGCCGCAGCCTGAGCG -5520 

M S H F A I V A P P L Y S H A V A L H A L A L E M A Q 

D L K Q A D I R Y V R D T P err X~ 

ATCTAAAGCAGGCTGATATCcGCTATGTGCGGGATACGcCATGAGCCATTTTGCCATTGTGGCA•CGCCGcTCTACAGTCATGCGGTGGCGCTGCATGCCCTC-GCGCTGGAGATGGCC•A - 5640 

R G H R V T F L T G N V A S L A E Q E T E R V A F Y P L P A S V Q Q A Q R N V Q 

ACGCGGCCACCGGGTGACCTTTCTCACCGGCAACGTCGCCTCGCTGGCAGAGCAGGAAACGGAGCGGGTGGCGTTCTATCCACTTCCCGCCAGCGTGCAACAGGCCCAGCGCAACGTCCA - 5760 

Q Q S N G N L L R L I A A M S S L T D V L C Q Q L P A I L Q R L A V D A L I V D 

GCAGCAGAGTAACGGCAACCTGCTGcGGCTGATTGCGGCCATGTCATCcCTGACCGATGTGCTCTGCCAGCAGTTGCCCGCTATTCTACAGCGGCTGGCGGTGGAcGCGCTGATTGTCGA - 5880 

E M E P A G S L V A E A L G L P F I S I A C A L P V N R E P G L P L P V M P F H 

TGAGATGGAGCCCGCCGGAAGCCTGGTCGcCGAGGCGcTGGGACTAC•ATTTATcTCTATTGCCTGCGCGCTGCCGGTCAACCGCGAGCCGGGTCTGCCGCTGCCGGTGATGcCGTTTCA - 6000 

Y A E D K R A L R R F Q V S E R I Y D A L M Y p H G Q T I L R H A Q R F G L P E 

cTACGCCGAGGATAAGAGAGCCCTGCGGCGTTTTCAGGTCAGcGAACGGATCTAcGATGCGCTGATGTACcCGCACGGGCAGACGATCCTGCGCCACGCCCAGCGCTTTGGTTTGCCGGA - 6120 

R R R L D E C L S P L A Q I S Q S V P A L D F P R R A L P N C F H Y V G A L R Y 

GCGCAGGCGTCTCGACGAGTGTcTCTcGC~GCTGGcGCAGATTAGCCAGTCCGTTCCGGCCCTcGACTTCCCACGCCGG~GCTGCCGAACTGTTTTCACTACGTGGGAGCACTGCGCTA - 6240 

Q P P P Q V E R S P R S T P R I F A S L G T L Q G H R L R L F Q K I A R A C A S 

TCAGCCGCCGCCGcAGGTAGAACGCTcGCCA~GCAG~ACGCCGcGGATCTTTGCCTCGCTGC~ACCCTCCAGGGCCACCGTCTACGCcTGTTTCAGAAGATCGcCCGCGCCTGTGCCAG - 6360 

v G A E V T I A H C D G L T P A Q A D S L Y A C G A T E V V S F V D Q P R Y V A 

cGTGGGGGCGGAGGTGACCATTGCCCACTGCGATGGCCTGACGCCCGCCCAGGCCGACTCGCTCTACGCCTGCGGCGCGACGGAGGTGGTCAGCTTTGTCGACCAGCCGcGcTACGTTGC - 6480 

E A N L V I T H G G L N T V L D A L A A A T P V L A V P L S F D Q P A V A A R L 

cGAGGCTAATCTGGTGATCAcCCAC~GGTCTcAATACCGTACTGGATGCGCTGGCTGcCGCGACGCCGGTGCTGGcGGTGCCACTCTCTT?CGACCAGCCCGCCGTGC9zTGCcCGGCT - 6600 

V Y N G L G R R V S R F A R Q Q T L A D E I A Q L L G D E T L H Q R L A T A R Q 

GGTCTATAACGGGCTGGGTCGCCGGGTATCGCGcTTTGCCAGACAGCAGACGCTGGCC~ATGAGATTGCCCAACTGCTGGGGGATGAGACGCTGCATCAGCGTCTGGCGACGGCCCGCCA - 6720 

Q L N D A G G T P R A A T L I E Q A I A G S E S V S ¢rt T~ 

M' R D L I L V G G G L A N G 

GCAGCTTAACGACGCCGGGGGCACGCCcCGTGCGGCGACCCTGATTGAACAC~cCATAGCAGGGAGTGAGAGCGTATCGTGAGGGATCTGATTTTAGTCGGCGGCGGCcTGGCCAACGGG - 6840 

L I A W R L R Q R Y P Q L N L L L I E A G E Q P G G N H T W S F H E D D L T P G 

CTGATCGCCTGG•GTCTGCGCcAGcGCTACcCC•CAGcTTAAcCTGCTGCTGATcGAGGCcGGGGAGCAC•cccGGcGGGAAcCATAccTGGTCATTCcATGAAGACGATCTGACTcCCGGG - 6 9 6 0 

Q H A W L A P L V A H A W P G Y E V Q F P D L R R R L A R G Y Y S I T S E R F A 

CAGCACGCCTGGCTGGcCCCGCTGGTGGCCCACGCCTGGCCGGGCTATGAGGTGCAGTTTcCCGATcTTCGCCGTCGCCTCGCGCGCGGcTACTACTCCATTACCTCAGAGCGCTTTGCC -7080 

E A L H Q A L G E N I W L N C S V S E V L P N S V R L A N G E A L L A G A V I D 

GAGGCCCTGCATcAGGCGCTGGGGGAGAACATCTGGCTAAACTGTTCGGTGAGCGAGGTGTTAcCcAATAGCGTGCGCCTTGCCAACGGTGAGGcGCTGcTTGcCGGAGCGGTGATTGAC -7200 

G R G V T A S S A M Q T G Y Q L F L G Q Q W R L T Q P H G L T V P I L M D A T V 

GGACGCGGCGTGACCGCCAGTTcGGCGATGCAAACCGGCTATCAGcTcTTTCTTGGTCAGCAGTGGCGGCTGACACAGCCcCACGGCCTGACCGTACCGATCC~AT~ATGCcACGGTG -7320 

A Q Q Q G Y R F V Y T L P L S A D T L L I E D T R Y A N V P Q R D D N A L R Q T 

GcGcAG~AGcA~.~`TAT~GcTT~TcT~GcTGc~ccT~c~Gc~GA~A~Gc~Gc~GAT~cAGGATA~GcGc~A~c~TGTc~G~Ac~GTGA~AT~TGc~TA~G~AGA~a -744o 

Fig. 2 (continued) 



V T D Y A H  S K G W Q L A Q L E R E  E T G C L  P I T L A G D I Q A L W A  DA PG 

GTTACcGACTATGCTCAcAGCAAAGC~GTGGCAGCTGGCCCAGCTTGAACGCGAGGAGACCGGCTGTCTGCCGATTACCCTGGCGGGTGACATCCAGGCTCTGTGGC~CGATGCGCCGGGC -7560 

V P R S G M R A G L  FH P T T G Y S L  P L A V A L A D A  I A D S  P R L G  SV PL 

GTGCCGCC-CTCGGGAATGCC~TGGGCTATTTCACCCTACCACTGGCTATTCGCTGCCGCTGGCGGTGGCCCTTGCCGAcGCGATTGCCGACAGCCCGCGGCTGGGCAGCGTTCCGCTC -7680 

Y Q L T R Q F A  E R H W R R Q G F F R L L N R M L F L A G R E E  N R W R V M Q R  

TATCAGcTCAcCCGC~AGTTTGCCGAACGCCAcTGGCGCAGC~A~ATTCTTCCGCCTGcTC~AACCGGATGCTTTTCcTGGCCGGGCGCGAGGAGAACCGCTGGCGGGTGATGCAGCGC -7800 

F Y G L  pE P T V E R F Y A G R L S L F D K A R I L T G K  P P V P L G E A W R A  

TTTTATGGGCTGCCGGAGCcCACCGTAGAGCGCTTTTACGCCGGTCGC~TcTCT~TCTTTGATAAGC~CCGCATTTTGAC~AAGCCACCGGTTCCGCTGGGCGAAGCCTGGCGGGCG -7920 

cr~ IT 

M K 

A L N H F P D R R D K G 

GCGCTGAACCATTTTCCTGACAGACGAGATAAAGGATGAAA - 7961 

V I R A K T T R V 

10295 - GTTATTCGGGCGAAGACGACGAGGGT-10320 

E P S S S S P 

end of crt B 

T P R P A G L W Q R P V - 
GACGCCGCGTCCGGCCGGTCTTTGGCAGcGTCCCGTTTAGGCGGC~GC9~cATGACGTTCACGCAGGATCGC~TGTAGGTCGGCAGC9CTTGCGGGCGTAAATAAAACCGAAGGAGACGCAG-~44~ 

S A A D  P R D K A A D R K  P P R G H R E R L I A Q L D A  P K R A Y  I F G F S V C  

CcCTCCCGGCCGCGCACCGCGTGGTGCAGGCGGTGGGCGACGTAGAGCCGCTTCAGGTAGCCCCGGCGCGGGATCCAGTGGAAGGGCCAGCGCTGATGCAcCAGACCGTCGTGCACCAGG-••56• 
G E R G R V A H H L R H A V Y L R K L Y G R R  P I W H F  P W R Q H V L G D H V L  

AAGTAGAGCAGGCCATAGACCGTCATGCCGCAGCCAATCcACTG~AGGGGCCAAACGCCCGCCGTGcCCACGGCAATCAGCGCGATAGCCACCCCGGCAAACACCACCGCAAAGAC~TcG-~68~ 
F Y L L G Y V T M G C G I W Q L  P W V G A T G V A I  LA I A V G A F V V A F  LD 

TTTAGCTCAAATACGCcCTTC.CGCGGGGTATGGTGTGACTCATGCCAGCGCCAT•CCcAGCCGTGCATAATGTAGCGGTGGGTAAACG•GGCGATGCCCTCCATCGCAATAACGCTCAAG-•08•• 
NL E F V G K R  pT HH S E H W R W G W G H M I  Y R H T  F A A I  G E M A  I V S L  

ATGA•GATTAAACTATTTACTAGcATAGCGGTGCGCGCTCCTGCGACTCAGACTGGCTTAATCAAAACCCTTAGCCTCTAAGCATAGTCGCAATCGCAGGCGGCGCGCATCGGTATCAGG - 10920 

I V I L S N V L M 
(eft Z 

CCAGAGCCTGCTGCAGATCCGCCAGCAGATCCTTCTCATCCTCAATGCCCACCGACAGGCGGATCAGCTGCGGCGTAATGCCGTTCGCCAGGCGCTGCGCCAGCGGGATCGAGGCGTGGG-•••4• 
L A Q Q L D A L L D K E D E  I G V S L R I  LQ PT I G N A L R Q A L  Pl S A H T  

TCATACTGAACGGCTGC-CTCACCAGGCTCTCAACGCCGCCCAGGCTCTCAGCGAGGGTAAACAGCTTCAGTTTACTGATCACCTCTGCCGCACGCTGGTCGTCGCCTTTGATCACGATGG-•••6• 
MS F P Q S V L  S E V G G L  S E A L T F L K L K S  I V E A A R Q D D G K I  VI S 

AGATCATGCCGCCCGGCTGAGCCATCTGCTGGCGCGCGAGGGCATACTGCGGGTGGGATGTCAGCCACGGGAACCAGACTTTCTcGACCTGCGGCTGCTGCTCAAGC•AGCGGGCCAGCG - 11280 

I M G G  P Q A M Q Q R A L A Y Q  PH S T L W P F W V K E V Q P Q Q E L W R A L A  

cCAGGGCGT•fGCTGCTGTGGCGCTCGATGcGCAGGGCGAGGGTGCGGATCCCGCGCAGGGTCAGGAAGCTGcTGAACGGATCGAGCACGCCGCCCACCGcATTTTGCAGGTAGCCCAGCT-••4•• 
L A N S  S H R E  I R L A L T R I  G R L T L  F S S F  P D L V G G V A N Q L Y G L K  

TCTCCGCCAGCGCCGGACGATCGCCCACCACCGCCAGCCCGGCGACCACGTCGGAGTGGCCGTTGAGGTATTTGGTGGCCGAGTGCACCACGATATCAAAGCCCAGCGTCAGCGGGCGGT - 11520 

E A L A  P R D G V V A L G A V V D S H G N L Y K T A S  H V V I  D F G L T L  P R H  

GGATCAGCGGCGAGGCAAAGGTATTATCTGCCACGCTAATCAcGTTATGACGGCGGC~GATCTCAGCGATAGCCGCCAGGTCCGCCAGCTTCAACAGCGGGTTC~TGGGGGTcTcTACC~-~64~ 
IL P S A F T N D A V S  I V N H R R A I  E A I  A A L D A L  K L L  P N T  PT E V W  

AGATCATcCGCGTGTCGGGAcGGATGC~GGCcTCCAGTCcGGCGAGATcGTCCGGCTTCACCCAGcTCACCTGTAGTCCGGTGCTGCGGCGGCGTACGTTcTCAATCAGGCGGTAGGTGC-~76~ 
I M R T D P R  I A A  E L G A L D D P K V W S V Q L G T  S R R R V N E I  L R Y T G  

CACCGTAGACGTCGTCAATGGCGACGATATGGCTATCTTTATCCAGCAGCTCCAGTACGGTAGAGATTGCTGCCAGGCCGGAGGCAAAAGCGTAGCCGCGTGTC.CCGCCCTCCAGCTCGG-••880 
G Y V D D I  A V I H  S D K D L L  E L V T  S I A A L G S A F A Y G R T G G E L E A  

CGATAGCGCTcTCCAGGGCGTGGCGGGTTGGGTTGCCGCTGCGGGAGTATTCGTAGCCGGTGTGCTGGCCCGGTGCAGGCTGGGcAAAGGTTGAGGTGGCATAGATAGGCGGCATCACTG - 12000 

IA SE L A H R T  P N G  S R S Y  E Y G T H Q G  PA P Q A F T S T A Y I  P P M V  A 

CCCCGTGCTGGTCGTTAAAGGCCCCGCTATGCACGCTGAGGGTTGCCAGGGCGCTAGCAGGCGCGGCGGGCGCGGGCCGATCATCATCCTGCAAGCCCTGCTGGCGCAGCCACTCATCGT - 12120 

G H Q D N F A G S H V S L T A L A S A  P A A  PA P R D D D Q L G Q Q R L W E D N  

TAAACATGCGGGAGAGATATTTATTGCCGCTGTCGCAGGCGAAGGTCACCACCCGCTTCGGCGTCGTCTGGGCCTGGCAGTAGCGTAGCGCGGCGGCCAGCAGGGTGCCGGTAGAC~3AGC - 12240 

F M R S  L Y K N G S D C A F T V V R K  P T T Q A Q C Y R L A A A L L T G T  S S G  

CGGCCAGCACCCCCTCCGTCTGTAACAGCTGACGAGcGGTGGCAAAGGC•TCTGCATCCGTGACCCGATACGCCTGGCGGACATTCTCCAGCTGGGCGAGGGGAGGGATAAAGTCCTCCC-•2360 
A L V G  E T Q L L Q R A T A  FA E A D T V R Y A Q R V N E L Q A L  p p I  F D E G  

CAATCCCTTCGAcGCGCCAGC~TCCCGCCTCGCCGTGCTGTCCGGTCTCAACCTGATCCGCCAGAATCGAGCCAACGGGATCGGCCAGCACGAATTCGGTATGCGGAGAGTGTTTGGCAA-~248~ 
IG E V R W S G A E G H Q G T E V Q D A L I  S G V P D A L V F  ET Hp S H K A F  

AccATGCCTGCAAGCcAcCCAGCGTGCCGC•GGAGCCAAcGCCTACTACCACGGCATCAACCCTGCcTGCCAGCTGGT•GAACAGCTCcGGTGCGGTGGTGGTGGCGTGCG•CAG•GGGT-•26•• 
W A Q L G G L T G G  S G V G V V V A D V R G A L Q D F L E  P A T T T A H A L  pN 

TGC~CGGGTTAGAGAACTGATCAATATAGTAAGCACcCGGCGTCTCCTCTGCCAGGcGGCGGGCGTAGTCCTGATAGTACTcCGGGTGGCCCTTTGTCACGTCC~AGCGGGTCAGGCGCA-~2720 
A P N S  F Q D I  Y Y A G  PT E E A L R R A Y D Q Y Y E  P H G K T V D S  R T L R V  

CATCAACACCCAGCGCACGCAGGTGGTAGATCT - 12753 
D V G L A R L H Y I <ORF 12 (beGun in the vector) 

Fig. 2 (continued) 
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Fig. 3A-C Linear plasmid maps showing various mutation sites 
generated to interrupt the ORFs. A Deletion mutations, B inter- 
poson mutations, and C frame shift mutations 

shared by various enzymes involved in carbohydrate 
metabolism (Fig. 4). ORF2 is truncated at the 3' end as 
a result of the pPL376 cloning procedure. ORF3 has 
two conserved domains homologous with the lactose 
permease and melibiose carrier proteins from several 
bacterial sources. 

The pAPU201 clone, in which ORFs 2,3,4,5, and 6 
were deleted, gave a white phenotype and accumulated 
no carotenoids. Addition of the 3.351 kb, SphI (2.267)- 
SphI (5.6t8) fragment in pAPU211 to give pAPU201 
restored the wild-type yellow phenotype, primarily due 
to the production of zeaxanthin and zeaxanthin glu- 

cosides (Table 1). This indicates that ORF4, ORF5, and/ 
or ORF6 code for genes required for carotenoid biosyn- 
thesis. Interestingly, the pAPU21 IR clone, in which this 
SphI-SphI DNA fragment was inserted in the opposite 
orientation also had the same yellow phenotype and 
carotenoid composition as the wild type. Frame shift 
mutations in ORF4 (pAPU2114) and ORF6 
(pAPU2116) gave constructs that produced wild-type 
pigments. The sequence comparison of ORF6 with the 
data bases did not yield any significant matches for 
most of the sequence, except in one small region (Fig. 5). 
The amino acid sequence of ORF6 contains a small 
segment of 26 residues which is highly conserved be- 
tween bacterial and eukaryotic iosine-5'-monophos- 
phate (IMP) dehydrogenases, spinach glycolate oxidase, 
and yeast dihydroorotate dehydrogenases (Fig 5). All of 
these enzymes can use NAD + as a terminal electron 
acceptor with the exception of the dihydroorotate dehy- 
drogenases, which only use fumarate (Nagy et al. 1992). 
The conserved domain of 26 amino acids is not identical 
to an NAD + binding domain (Armstrong et al. 1993), 
but might be a putative fumarate binding domain. It is 
not known whether IMP dehydrogenase and spinach 
glycolate oxidase can use fumarate as an electron accep- 
tor. 

CrtE (ORF5) 

An interposon insertion in pPL376 at the SstI (3.989) 
site in ORF5 gave a white phenotype (pGSS). After 3-4 
days storage at 4°C, these clones developed a very faint 
yellow color indicating that the mutant is slightly leaky, 
or that basal levels of GGPP present in E. coli cells can 
also be utilized for carotenoid biosynthesis. The protein 
encoded by ORF5 contains 307 amino acids and has a 
predicted molecular weight of 33 kDa. The protein has 
a 55% amino acid identity to GGPP synthase of E. ure- 
dovora and a 30% identity to the homology in R. capsu- 
latus (Armstrong et al. 1990). The product of this gene 
from pAPU211 was expressed in E. coli and its in vitro 
activity was identified as GGPP synthase, using 
[14C]IPP and [3H]FPP as substrates (Math et al. 1992). 
Kinetic studies on E. uredovora CrtE indicate that while 

Fig. 4A-C Sequence comparison of ORFs. A ORF2:I,  
gpY00839, human, acid maltase; 2, PIRJN0102, Schwanniomyces 
occidentalis, 1-glucoamylase; 3, sp P 14410, human, sucrase-isoma- 
ltase; 4, spP07768, rabbit, sucrase-isomaltase; 5, pirJC1200, As- 
pergillus occidentallis, cz-glucosidase; 6, spP23739, rat, intestinal 
sucrase-isomaltase; 7, SPP29064, Candida tsukubaensis, ~z-glucosi- 
dase. B ORF3:8, spP02921, Escherichia coli, melibiose carrier 
protein; 9, pirB44166, Klebsiella pneumoniae, melibiose carrier 
protein; 10, pitS23576, Salmonela typhimurium, melibiose carrier 
protein; 11, sp P23936, Streptococcus thermophilus, lactose perme- 
ase; 12, spP222733, Lactobacillus delbrueckii, lactose permease. 
C ORF12:13, gpS52784, human, cystathionine y-synthase; 14, 
spP00935, E. coli, cystathionine y-lyase; 15, spP18757, Rattus 
norvegicus, cystathionine ?-lyase; 16, spP31373, Saccharomyces 
cerevisiae, cystathionine "y-lyase. Only conserved amino acids are 
explicitly specified, gaps are indicated as such 
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A 
ORF2 

i) 
2) 
3) 
4) 
5) 
6) 
7) 

Conaerisus 

ORP2 

i) 
2) 
3) 
4) 
5) 

Consenaua 

Domain 1 

214 MDYWITAGDSVMEITRQYAKATGTPPAAPEFISGLWQCKLRYRTQQEVLDVAREYHRRNLPLSVMVIDFFHWPNQ 

134 +D +I G + +QY G P P + G C+ Y + V R N PL V D + ++ 

285 +D + +G S + +QY K G P P + G QC+ Y T +++ +V + R N+PL + D + + 

321 +D++I GD ++ +QY + G P + G + Y++ V +V R +P + D + ++ 

321 +D++I GD+ ++ +QY + G P + G + Y + V +V R +P V D + ++ 

37 +D +G + ++TRQY +T PA ++ G QC+ Y ++ DV + + P V D + Q 

742 +D+++ G + TRQY + G P P + G C+ YR E+ + + N+P V D + Q 

346 T S QY G P P + G C+ Y E V + N+PL V D + 

+D++I G + ++ +QY + G P P + G C+ Y + +V +V R + N+PL V D + ++ 

Domain 2 

456 WSGDVHSSFHSFRNQLAAGLNMGLAGIPWWTTDIGGFQGGNIHDPAFHELLIRWFQWAVFCPVLRMH 

410 W+GDV SS+ 

635 W GD + + 

601 W GD +S 

601 W GD +++ 

391 W GD +S + S 

+ + L L G+P D+ GF G 

+ +MG+AG+P++ D+ GF G + 

+ L L GIP DI GF 

+ L GL G+P DI GF 

++ L+ L GIP + D GF G + 

EL +RW Q F P +R 

EL RW Q F P R H 

L RWQ F P R H 

EL RW Q F P R H 

EL RW Q + F P R H 

W GD SS + + L L GIP D GF G EL RW Q F P R H 

8 
ORF3 

8) 

9) 

i0) 

11) 

12) 

Con~en~ua 

74 GAMMYFVTYYLGSASYFMWMLAAHILGKAAG•LLAKRLTRNFNKVQIFGY•AVLAGVLSIALFFAPKS•FVLVPLTFIISTLYQATTTLMWVMMADVA 

248 G +Y+ +Y ÷G A F + L+ + RL ++ ++ ++ ++L + L + V L I L T L WVM+AD+ 

252 G +Y+ TY +GSA F + ++ +L RL + ++ ++ +++ + L + L + L T L WVM+AD 

252 G +Y+ TY +G A F + L+ ++ RL + ++ ++ +V+ + LF + L T L WVM+AD 

273 +Y+ T+ LG + + + + + L L FN+ ++F C + A S+ +++ + +++++++D 

266 +Y+ +Y LG A + + + + L + FN+ ++F C + + A S+ + + ++ ++++D 

G +Y+ TY LG A F ++L+ ++ RL + FN+ ++F C+++ + L A S+ + + L + L T L WVM+AD 

ORF3 

8) 
9) 

i0) 

11) 

12) 

C o 1"1B e T IB  U B 

172 DYGEWSQGKRMDGIIFSTFLAVLKLGMALSGAI•GwTLGFSGYvANAPEQTSAMHCI•ALFTVVPGLLSLAAFATLRW•KLDDQTMQEINLAKMQTIVKG 

350 DYGE+ R 4 I +S V+K G A + + LG GYV N + T + + + + R+Y+L+ T++ I + 

354 DYGE++ R + I +S V+K G A + + LG GYV N 4 + + + + +L F R÷YKL+ ++ I + 

354 DYGE+ R + I +S V+K G A + + LG GY N + + + + R+Y+L+ +++I 4 

368 ~Y~W (: ~ ~ ~ ~ ~ KLG A~S ~V ~G A T 

361 +YG+ G R + + S V KLG ALS V +G A T A 

DYGE+ G R + I +S V+KLG A+S V LG +GYV NA + T + + + + R+Y+L ++ I + 

C 
ORFI2 

13) 

14) 

15) 

16) 

253 VMPPIYATSTFAQ PA PGQHTGYEYSRSGNPTRHALESAIAELEGGTRGYA FASGLAA I STVL ELLDKDSHIVAI DDVYGGTYRLI ENVRRRSTGLQVSWVK 

37 V4PPI ++TF Q APGQH+G+EYSRSGNPTR+ LE A+A L+G AFASGLAA T+ LL I+ +DDVYGGT R GL++S+V 

22 V+PPI+ +ST+ + ++YSR GNPTR ++ A+AELEGG +G++AI V + K ++ G + + + +V +V 

2 +TF Q +PGQ +G+ YSRSGNPTR+ LE A+A L+G FA GLAA 4T+ LL ++ +D+VYGGT R V GL++S+V 

26 V+ PI ++TF Q +P GYEYSRS NP R LE A+A LE G AF+SG A +T+L+ L + SH V+I DVYGGT+R V 

Consensus 

ORF12 

~3) 

14) 

15) 

16) 

Conaenaua 

ORF12 

13) 

14) 

15) 

16) 

Col~senauJ 

ORFI2 

13) 
14) 

15) 

16) 

V+ PPI ++TF Q +PGQ +G+EYSRSGNPTR+ LE A+A LEG AEASGLAA TV LL IV IDDVYGGT R V GL÷+S+V 

353 PDDLAGLEAAIRPDTRMIWVETPTNPLLKLADLAAIAEIARRHNVISvADNTFASPLIHRPLTLGFDIVVHSATKYLNGHSDVvAGLAVVGDRPALAEKLG 

138 + LEAAI P4T+++W+ETPTNP K+ D+ A I +H I + + + + + V V + +L +L 

120 D L AA+ +++ VE+P+NPLL++ D+A I +AR +SV DNTF SP + PL LG D+V+HS TKYLNGHSDWAG+ V+ P + +L 

102 LEAAI P T+++W+ETPTNP LKLAD+ A A+I +H I + + + + + V V + L E4L 

126 D L L I+ +T+++W+ETPTNP LK+ D+ +A++ ++H+VI V DNTF SP I PL G DIVVHSATKY+NGHSDW G+ ++P L E+L 

D + LEAAI P+T+++WVETPTNP LK+ D+ +A+I ++H I V DNTF SP + +PL G D+V+HS+TKY+NGHSDVV G+ V + P L E+L 

454 YLQNA•GGVLDPFS•FLTLRGIRTLALRIERHSSNALALARWLEQQPQ•EKVWFPWLTSH•Q•ALARQQMAQPGGMI•IVIKGDDQRAAEVISKLKLFTLA 

238 +LQN++G V P +L RG++TL +R+E+H N +A+A++LE P VEKV +P L SHPQ+ L 4+Q GM++ IKG Q A + LKLFTLA 

224 + N +G F S+L LRG+RTL R+E NA A+ ++L+ QP V+K++ P L + + +A +Q G M+S + GD+Q + L LFTLA 

203 +LQN++G V PF 4L RG+4 + +A+AR+LE P+VEKV +P L SHPQ+ LA++ GM+S IKG Q A + +KLF LA 

227 +LQNA+G + PF ++LT RG++TL LR+ + + +A +A +L V V +P L 4HP Y + +Q A GGMIS IKG + A++ S +LFTLA 

+LQNA+G V PF +L RG÷RTL +R+E+ NA+A+AR+LE P VEKV +P L SHPQY LA++Q GGMIS IKG Q A + LKLFTLA 

556 ESLGGVESLVSQPFSMTHASIPLAQRLANGITPQLIRLSVGIEDEKDLLADLQQALA 

339 ESLGG ESL P MTHAS+ R GI+ LIRLSVG+EDE+DLL DL QAL 

326 ESLGGVESL+S +MTHA ÷ R A GI+ L+R+S GIED +DL+ADL+ 

335 ESLGG ESL P MTHAS+P R GI+ LIRLSVG+EDEKDLL DL QAL 

304 ESLGG+ESL+ P MTH IP R A+G+ L+R+SVGIED DLL D++QAL 

Con8 ena us 556 ESLGG+ESL+ P MTHASIP R A GI+ LIRLSVGIEDEKDLL DL+QAL 



414 

ORF6 267 MPLIASGGIKNGVDAAKALRLGACNV 292 

I) 359 +PLIA GGI D AKA+ GA + 
2) 359 +P+IA GGI+N AKAL LGA V 
3) 359 +P+IA GGI+N AKAL LGA V 

4) 279 +P+ GG++ G D KAL LGA V 
5) 380 + +I +GGIK+G DA + L GA 

6) 269 +P++ GGI +G DA + R GA MV 

has been further established in our laboratory through 
observation of its activity in E. coli and in vitro conver- 
sion of lycopene to [3-carotene (Hundle et al. 1993). 

CrtI (ORF9) 

consensus 267 +P+IA GGI+NG D AKAL LGA V 292 

Fig. 5 Sequence alignment of ORF6:1, spP31002, Acinoacter cal- 
coacticus, inosine-5<monophosphate (IMP) dehydrogenase; 2, 
spP12268, human, IMP dehydrogenase; 3, spP12269, Chinese 
hamster, IMP dehydrogenase, 4, pDB/IGOX, spinach, glycolate 
oxidase; 5, spP28272, S. cerevisiae, dihydroorotate dehydroge- 
nase; 6, spP32747, Schizosaccharomyces pombe, dihydroorotate 
dehydrogenase 

GPP and FPP are the genuine substrates for producing 
GGPP, DMAPP is not a good substrate (Weidemann et 
al. 1993). E. herbicola CrtE shares two highly conserved 
domains with several FPP synthases, hexaprenyl py- 
rophosphate synthase, and GGPP synthases (Math et 
al. 1992). Domain I consists of the sequence 82(V/ 
I)EX6LX2DDX2.4DX4RRG 1°6 and domain II contains 
222GX2FQX2DDX2DXs_sGK24° (Armstrong et al. 1993). 

CrtX (ORF7) 

A frame shift mutation in the SalI site (6.458) in ORF7 
gave a yellow strain, pAPU211X. Pigment analysis of 
pAPU211X showed accumulation of zeaxanthin. This 
gene product is thus identified as zeaxanthin glucosyl- 
transferase, which converts zeaxanthin to zeaxanthin 
mono- and diglucoside (Hundle et al. 1991). The pre- 
dicted molecular weight of this enzyme is 45 kDa. The 
in vitro enzyme activity of the E. herbicola gene product, 
which requires activated glucose (UDP-glucose) as sub- 
strate was demonstrated recently by our laboratory 
(Hundle et aL 1992). E. herbicola crtX starts at nucle- 
otide 5561 and the deduced amino acid sequence shows 
45% similarity to E. urodevora CrtX. In the 
pAPU211R clone, the 5'-terminus of crtX is truncated 
from nucleotides 5561 to 5681. This suggests that CrtX 
can function without the first 18 amino acid residues. 
UDP-requiring glucosyltransferases, including CrtX, 
share a conserved region, the UDP binding domain 
QX13TX2GX7LX4PX4PX3DQX4A (Hundle et al. 1992). 

CrtY (ORFS) 

This gene was identified by a frame shift mutation in the 
XmnI (6.957) site in ORF8. The resulting strain, 
pAPU211Y, has a pink phenotype and accumulates ly- 
copene, indicating that this enzyme is required for the 
conversion of lycopene to p-carotene. The predicted 
molecular weight of E. herbicola lycopene cyclase is 
43 kDa and it has 58% sequence similarity to the E. 
uredovora lycopene cyclase. The identity of this enzyme 

A frame shift interruption of this ORF at the Aft1 (8.427) 
site resulted in a white strain, pAPU211I. This strain 
accumulated phytoene, and so this ORF is assumed to 
encode phytoene dehydrogenase. The predicted 
54.5 kDa product of this gene has 76% sequence identi- 
ty to E. uredovora CrtI and 42% identity to R. capsula- 
tus CrtI protein (Armstrong et al. 1990). The phytoene 
dehydrogenases from E. herbicola and E. uredovora cat- 
alyze the conversion of phytoene to lycopene (four de- 
saturation steps), while R. capsulatus CrtI only converts 
phytoene to neurosporene (three desaturation steps). 
Nevertheless, R. sphaeroides crtI mutants are comple- 
mented in trans by the E. herbicola crtI gene (Hunter et 
al. 1994). This indicates that the two enzymes function 
in fundamentally similar ways in a carotenoid biosyn- 
thesis cascade despite the difference in the dehydroge- 
nase sequence. The Erwinia carotenoid desaturases, R. 
capsulatus desaturases (CrtI and CrtD) and Neurospora 
crassa al-1 gene product, a CrtI homolog, all share a 
common 30-amino acid N-terminal [3e[3fold responsible 
for FAD/NAD(P) binding: (V/I)(V/I)G(A/G)GXGG(L/ 
I)X2(L/A)X3GX2(V/T)X(V/L)X(E/D)XsGG (Wierenga 
et al. 1986). The E. uredovora CrtI homologue has been 
expressed in E. coli and renatured from inclusion bod- 
ies. The reconstituted enzyme demonstrated a specific 
cofactor requirement for flavin adenine dinucleotide 
(FAD) while nicotinamide adenine dinucleotide (NAD) 
and nicotinamide adenine dinucleotide phosphate 
(NADP) were found to be inhibitory (Fraser et al. 1992). 

CrtB (ORFIO) 

The strain pAPU211B was generated by a frame shift 
mutation at the NcoI (9.468) site in ORF10. The result- 
ing clone was white in color and accumulated ger- 
anylgeranyl pyrophosphate. Thus, ORF10 is required 
for conversion of GGPP to phytoene and this gene 
therefore codes for CrtB, by analogy to R. capsulatus. 
The identity of the E. uredovora ORF10 homology was 
further confirmed by its expression in E. coli and in vitro 
conversion of GGPP to phytoene (Sandmann and Mis- 
awa 1991). The predicted molecular weight of phytoene 
synthase is 34 kDa. It has a 64% sequence identity to E. 
uredovora CrtB and 31% identity to R. capsulatus CrtB 
(Armstrong et al. 1990). E. herbicola shares a conserved 
prenyl pyrophosphate binding domain with other phy- 
toene synthases and S. cerevisiae squalene synthase: 
~64(L /M)G(L /I)( A /F)X Q X(T / S)NIXRD X2(E /D )D( A/ 
L)X2(G/D)RX2(L/W)PXT(GA) ~97 (Armstrong et al. 
1993; Math et al. 1992). Interestingly, clone 
pAPU211BZ, in which the EagI (lO.332)-EcoRI 
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(12.452) fragment is deleted, gave a white phenotype re- 
sembling pAPU211B. This clone expressed the crtB 
gene product truncated by 20 amino acid residues at the 
C-terminal end, but lacks phytoene synthase activity, 
indicating the important role of the CrtB C-terminus in 
enzymatic activity. 

CrtZ (ORF11) 

This ORF is encoded on the opposite DNA strand from 
crtB. The two overlap by 60 bp at their 3'-termini. The 
strain pAPU211Z was generated by a deletion in 
pAPU211 of the EagI (lO.447)-EcoRI (12.452) fragment. 
This clone is orange in color and accumulates 13- 
carotene. The reaction catalyzed by this enzyme is thus 
the conversion of 13-carotene to zeaxanthin. The in vitro 
activity of 13-carotene hydroxylase was previously 
demonstrated by overexpression in E. coli in our labora- 
tory (Hundle et al. 1993). This enzyme catalyzes two 
reaction steps converting 13-carotene via a minor 
product, cryptoxanthin, to zeaxanthin. The protein en- 
coded by this gene has a predicted molecular weight of 
22kDa  and has 73% identity to E. uredovora 9- 
carotene hydroxylase. 

thesis of cyclized carotenoids (e.g. 13-carotene and zeax- 
anthin) in both E. coli (Hundle et al. 1991) and R. 
sphaeroides (Hunter et al. 1994). By allowing manipula- 
tion of carotenoid biosynthesis in photosynthetic bacte- 
ria, these genes have tremendous implications for the 
understanding of the role of carotenoids in assembly of, 
and energy transfer in, light harvesting complexes. 
Carotenoid genes from E. herbicola Ehol3 have been 
subcloned and used as genetic markers for gene cloning 
(Liu 1993). Sequence comparisons in various organisms 
should also assist in the characterization of the physical 
and catalytic properties of these carotenoid enzymes. 
Appropriate DNA probes should be useful in locating 
their homologues from higher organisms. 
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ORF12 

This ORF is fused to the pBR vector sequence at its 
N-terminus and is missing the start codon. Amino acid 
sequence comparison of the gene product of ORF12 
with the data banks showed extensive amino acid simi- 
larity to cystathionine 7-synthase. The conserved region 
of homology is shown (Fig. 4). This region is conserved 
between E. coli cystathionine 7-synthase and human, 
rat, and S. cerevisiae cystathionine y-lyase. It is possible 
that this highly conserved large domain represents part 
of a larger protein involved in methionine biosynthesis 
in Erwinia. 

Although the E. herbicola carotenoid biosynthesis 
pathway appears to be identical to that of E. uredovora, 
there are several differences between the two crt gene 
clusters that suggest considerable evolutionary dis- 
tances between the two Erwinia species. Firstly, at the 
level of the overall organization of the clusters there is a 
nonessential gene, ORF6, inserted between crtE and the 
rest of the cluster in E. herbicola. A similar ORF is not 
present in the E. uredovora cluster. Secondly, the degree 
of amino acid identity between homologous pairs of 
gene products (CrtB = 64%, CrtE = 55%, Cr- 
tI = 58%, CrtX = 45%, CrtY = 58%, CrtZ = 73%) 
suggests that considerable divergence has taken place 
since their last common ancestor. Comparative bio- 
chemical analysis of the two sets of carotenoid biosyn- 
thetic enzymes may therefore provide valuable insight 
into the evolution of carotenoid synthesis. 

The E. herbicola Ehol0 carotenoid biosynthetic gene 
cluster has been demonstrated to support the biosyn- 
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Note added in proof 

ORF-6 shares 29.4% sequence identity to ORF-3 from an archae- 
bacteria, Sulfolobus acidocaldarius (Ohnuma S et al. 1994). This 
unidentified ORF-3 also shares the putative fumarate binding do- 
main shown in Fig. 5. 


