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Abstract 
From eggplant hypocotyl tissues we have cloned two closely related cDNAs encoding cytochromes P450 (P45Os) by PCR amphficatlon usmg a 

primer deslgned based on the highly conserved sequence among the known eggplant P45Os One cDNA lacks the NH,-terminal short sequence that 
1s present m the other, full-length cDNA The two predicted protein sequences are 71% identical with each other and show less than 30% Identity 
with any other known P45Os It 1s concluded that these P45Os. which are termed CYP77Al and -A2, belong to a hitherto unknown P450 family 
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1. Introduction 

Cytochromes P450 (P45Os) constitute a superfamily of 
enzymes that are involved m the metabohsm of both 
foreign chemicals and endogenous substrates [l]. In 
higher plants, P45Os play a crucial role m oxldatlve de- 
toxlficatlon of various xenoblotics including herbicides 
[2,3] Plant P45Os also catalyze important oxldatlve steps 
leading to the biosynthesis of secondary metabohtes such 
as phenohcs, sterols, phytoalexms, and flavonolds 
[2,4,5]. Studies on higher plant P45Os have lagged far 
behind those on animal and mlcroblal counterparts, be- 
cause of the difficulty m punficatlon of P45Os from 
higher plant sources. Recently, however, several cDNAs 
encoding higher plant P45Os have been cloned and se- 
quenced These include CYP73, CYP74, and CYP75, 
which encode cinnamate 4-hydroxylase [6,7], allene 
oxide synthase [8], and flavonold B-ring hydroxylase [9- 
121, respectively Another plant P450 cDNA, called 
CYP71A1, from avocado is thought to encode a monot- 
erpene hydroxylase [13-l 51 

We have previously cloned two CYP75 cDNA from 
eggplant and petunia and found that expression of these 
genes 1s controlled by ultraviolet light [11,12]. Using the 
eggplant CYP75 cDNA as a probe, we have also cloned 
cDNAs belonging to two other P450 families again from 
eggplant The cDNAs belonging to one family are highly 
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Abbrevuztlons P450, cytochrome P450, PCR, polymerase chain reac- 
tlon, SSC, 0 15 M NaCUO 015 M Na,-citrate pH 7 0, SSPE, 0 15 M 
NaCUlO mM Na-phosphate/l mM EDTA pH 7 4 

homologous with avocado CYP71Al and, therefore, 
designated as CYP71A2-4 [16], whereas the other 
cDNAs encode a P450 belonging to a novel family 
(CYP76) [17] Here we report the clomng and sequence 
analysis of two cDNAs from eggplant hypocotyl tissues 
and show that they belong to yet another family 
(CYP77) 

2. Materials and methods 

2 I Materrals 
Eggplant seeds (Solanum melongena cv Smsadoharanasu) were pur- 

chased from Tohoku Seeds Co Japan [c+“P]dCTP (1 1 x lOI Bql 
mmol) was obtained from New England Nuclear Nylon membranes 
were obtamed from Amersham The Amph Taq PCR kit and the DNA 
Thermal Cycler (system 9600) were obtained from Perkm-Elmer 

2 2 Clonrng and sequencmg 
Poly(A)’ RNA was isolated from eggplant hypocotyl tissues grown 

for two weeks under red hght followed by white light lrradlatlon for two 
days, and a cDNA library was constructed as described previously [l l] 
The degenerate pnmer used m PCR amphfication was designed (Fig 
la) based on a lughly conserved sequence among eggplant CYP71A4, 
75, and 76Al [11,16,17], and as the counterpart primer the sequence 
correspondmg to T7 promoter (5’-CGTAATACGACTCACTATAG) 
m 1 ZAP II was used The pnmers were synthesized using an Apphed 
Blosystems automatic DNA synthesizer model 394 The recombmant 
phage DNA used m PCR was prepared from a plate lysate of the cDNA 
library, and 0 1 pg of DNA was incorporated mto the reactIon The 
thermal cycle was set at 95°C (1 5 mm), 45°C (2 nun), and 72°C (2 5 
mm), and it was repeated 25 times The DNA products obtained were 
separated on a 2% low melting pomt agarose gel, and the region rangmg 
from 310 to 420 bp was recovered The DNA fragments recovered from 
the gel were subcloned mto the TA Clomng vector (Invltrogen Co ), and 
double stranded DNAs were automatlcally sequenced using the Taq 
Dye Pnmer cycle sequence kit (the 370A sequencer from Apphed Blo- 
cystems) Approximately 2 x lo6 clones from the cDNA hbrary were 
rcreened usmg the 3zP-labelled DNA fragment produced by PCR m a 
hybrldlzatlon solution conslstmg of 5 x SSPE, 5 x Denhardt’s solution, 
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1% (w/v) SDS and lOO&ml ofdenatured salmon sperm DNA at 65°C 
The final wash was carned out m 2 x SSC at 65°C The posItwe clones 
were subcloned m VIVO mto pBluescnpt plasmld accordmg to Strat- 
dgene’s manual These clones were further characterized by restnctlon 
enzyme mapping Sequence comparison was carned out usmg DNA- 
SIS-Mac software (Hltachl Software Engmeenng Co ) 

2 3 Southern and Northern blot analyses 
Genomlc DNA and poly(A)’ RNA was prepared from eggplant 

seedlings, and Southern and Northern blot analysis were performed as 
described previously [l l] Bnefly, DNA (10 pg) was dlgested with re- 
striction enzymes, separated by 0 8% agarose gel electrophoresls, and 
transferred to Hybond N’ membranes with 0 4 M NaOH The mem- 
branes were hybndlzed with ‘*P-labelled DNA probes at 65”C, washed 
at 65°C m 0 1 x SSPE/O 1% SDS, and autoradlographed Poly(A)’ 
RNA was size-fractionated electrophoretlcally on a 1% agarose gel 
containing 2 2 M formaldehyde [18], and transferred to Hybond N 
membrane with 10 x SSC The transferred RNA was hybndlzed with 
a “P-1abelled CYP77Al probe 

3. Results and discussion 

We are interested m P45Os mvolved m the synthesrs of 
secondary metabohtes especially anthocyanms. We have 
so far cloned P450 cDNAs belonmg to three families, i.e 
CYP71A2-4, CYP75, and CYP76Al-2. In an attempt to 
clone P450 cDNAs involved m anthocyanm blosynthe- 
SIS, we screened an eggplant hypocotyl cDNA hbrary 
using CYP75 cDNA as a probe under low stringency 
However, all the cDNAs thus isolated were found to 
encode P45Os whose primary structures are more than 
30% identical with that of CYP75 To isolate cDNAs 
encoding P45Os possessmg ammo acid sequences that are 
less than 30% identical with all other P45Os, we decided 
to employ PCR amphficatlon For this purpose, a degen- 
erate primer was constructed based on the sequences 
near the heme-bmdmg cystemyl residue of eggplant 
CYP71A4, 75 and 76Al (Fig la). Along with this 
prtmer, a second primer correspondmg to a vector se- 
quence was used m PCR amplification with template 
DNA obtained from the cDNA library The DNAs that 
were produced migrated as diffuse bands, ranging be- 
tween 310 and 420 bp (Fig lb). These were cloned, and 
40 randomly selected clones were sequenced Although 
inserts of most of the clones sequenced corresponded to 
fragments of CYP7 1,75 and 76 cDNAs, two clones with 
an identical sequence were found to possess a hitherto 
unknown sequence. Since this sequence IS character-t&c 
of a P450, we used one of these clones as a probe to 
screen the cDNA library, and were able to isolate two 
positive clones. Restriction mapping showed that these 
cDNA are distinct from those encoding the known egg- 
plant P45Os. We, therefore, determmed their nucleottde 
sequences 

It was thus found that one clone, termed Hl, has a 
1,683-bp insert with an open reading frame encodmg a 
polypeptide conststmg of 499 ammo acid residues and 
that it has a sequence identical with that of the probe 
DNA. Another clone, named H2, has a 1,673-bp insert 
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a 
CYP75 F434 E L I P F G 
CYP71A4 “*L’** 
CYP76Al l t * l l 

Consensus Fy/v; L I/L P F G 

Primer DNA S-TTT GAA TTN TTN CCNTTT GG 
AC GC C C 

A 

(bp) 

‘-420 
4-310 

Fig 1 PCR amphficatlon of DNA fragments (a) The DNA sequences 
of a degenerate pnmer, aligned with the peptide sequences conserved 
m eggplant CYP71A4, 75 and 76Al (b) Ethldmm bromide-stained 
agarose gel showing the products of PCR amphficatlon from hbary 
DNA (lane 1) The size markers used were $X174 Hlnf I (lane 2), and 
;1 EcoRIlHlndIII (lane 3) 

encoding a protein of 511 ammo acid residues (M, and 
lsoelectnc point are 58,112 and 9 3, respectively) (Fig. 2). 
A comparison of the two deduced primary structures 
indicates that they are 71% identical with each other and 
that Hl is truncated m the NH,-termmal 15 residues A 
computer search using the SWISS PROT database (re- 
lease 23) shows that the deduced ammo acid sequences 
of Hl and H2 contam segments that are stgmficantly 
similar to the sequences highly conserved m many P450 
families [19]. However, no P45Os including those from 
eggplant exhibit less than 30% primary structural iden- 
tity with Hl and H2. As P45Os m the same family share 
more than 40% ammo acid similarity with one another 
[20], tt is considered that Hl and H2 belong to a novel 
P450 gene family, this is the fourth family to be found 
m the eggplant. Recently, Nebert and Nelson have offi- 
cially named Hl and H2 as CYP77Al and A2, respec- 
tively (personal communication). 

Southern hybrldtzatlon was carried out to examme the 
genomic orgamzatton of these cDNAs. There were one 
or two bands m each restriction dtgestton, mdicatmg the 
copy number is low, as is usual with other eggplant P450 
genes [l 1,16,17] (Fig. 3a,b). To examme the CYP77Al 
transcript, mRNAs from eggplant hypocotyl tissues 
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-20 CTCTTTATTTTTTTTTTCCAATGGATTTTTTCTCAACTTCCTCCCTTTCCTCTTAT~ATC 

MDFFSTSSLSSYYH 

40 ATCTCATTTTCACTATTTTAGCCTTTGTTATTTCTAGCATAATTTATTTCTTGTCCAAAA 

LIFTILAFVISSIIYFLSKK 

ii*AFSLLFilFiFLiTAi 

100 AAGCTGAATCGAAAAAACTAAAATTACCTCCCGGACCACCGGGGTGGCCGGTAGTTGGTA 

AESKKLKLPPGPPGWPVVGN 

PKiiTPNiiiiiiiiiltii 

160 ACCTCCTCCAAGTCGCACGATCTGGAAAACCATTTTTCCAGATCATGCGCGAGCTCCGTC 

LLOVARSGKPFFOIMAELRO 

iFiiiGiiiOiiEYItD*KP 

220 AGAAGTACGGTCCCATTTTCACCCTTAGAATGGGTACTAGGACCATGATCATTCTAAGCA 

KYGPIFTLRMGTRTMIILSN 

iiiSiiiiKiiSiirriVAS 
280 ACGCGGACTTAGTTCACGAAGCACTGATCCTAAAAGGTCAGGTTTTCGCGACCAGACCTC 

ADLVHEALILKGOVFATRPR 

iEiAitiiiOiiiltrSiii 

340 GCGAAAACCCCACCAGGACTGTGTTCAGCTGTGACAAGTTCACGGTTAACGCAGCCGTAT 

ENPTRTVFSCDKFTVNAAVY 

iiiitiIiiiNiiStii%%t 

400 ACGGGCCGGTTTGGAGGTCACTGAGGAAAAATATGGTACAAAACGGGCTTAGTTCTATAA 

GPVWRSLRKNMVDNGLSSIR 

iiiiiiiiRitciiMiiPSt 
460 GGCTTAAGGAATTTCGGGCCGTACGGAAATCCGCTATGGATAAAATGATAGAGAAAATTC 

LKEFRAVRKSAMDKMIEKIR 

iiiiiEFiEliiiittiRi% 

520 GGGCCGAGGCGGATGCAAATGAGGGCGTTGTATGGGTGTTGAAAAACGCCCGTTTTGCCG 

AEADANEGVVWVLKNARFAV 

VDtKEtNDIiiAiiiriiti 

580 TCTTCTGCATCCTCCTGGCAATGTGTTTTGGGGTCGAGATGGATGAAAAGACGATTGAAA 

FCILLAMCFGVEMDEKTIEK 

iYiiViiiiiiiiiNiEMiiR 

640 AGATCGATCAGATGATGAAAAGCGTGTTGATTGCACTTGATCCAAGATTGGATGATTATT 

IDDMMKSVLIALDPRLDDYL 

ViiiiiDiiiViiiiliiFi 

100 TACCAATTTTGAGTCCATTTTTCTCTAAACAAAGAAAACATGCCATGGATGTTAGGAAAC 

PILSPFFSKORKHAMDVRKD 

iiiRFiVGYiii*RVNEiiiR 

160 AACAAATTAAAACAATTGTGCCATTTATTGAACAACGTAAGAAGATTCTAGAAAGTCCAG 

PIKTIVPFI~DRKKILESPE 

iiEiliitiiKiRSVVON%G 
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820 AAATTGATAAAACTGCAGCTTCATTTTCATATCTTGACACACTTTTTGATCTCAAAATTG 

IDKTAASFSYLDTLFDLKIE 

Sifiiitiiiiiii*iVtVi 

880 AAGGTAGAAATTCAACACCTACGTATCCAGAATTAGTCACATTATGCTCGGAGTTTCTTA 

GRNSTPTYPELVTLCSEFLN 

iiKiGiiNAiiiiiiiiiii 

940 ACGGAGGGACGGACACAACGGCAACGGCGATAGAGTGGGCCATAGGGAGACTTATCGAGA 

GGTDTTATAIEWAIGRLIEN 

iiitiiiiitiiGitiiMi* 

1000 ATCCAAATATACAATCACAATTGTACGAAGAAATAAAGAAGACAGTTGGAGAAAATAAAA 

PNIOSDLYEEIKKTVGENKI 

iTiiNtitQiiiTliiDKiV 

1060 TAGATGAAAAAGACATAGAGAAAATGCCATATTTAAACGCAGTGGTAAAGGAATTATTAC 

DEKDIEKMPYLNAVVKELLR 

iiNiiitiii~iiiiiiiii 

1120 GTAAGCATCCACCTACGTACATGTCATTGACCCATGCAGTAACTGAGCCGGCTAAATTGG 

KHPPTYMSLTHAVTEPAKLG 

iiiiirFT#itSitiiViiA 

1180 GCGGATACGATATACCCACGGGTGTGAATGTGGAGATCTTCTTACCCGGGATTTCGGACG 

GYDIPTGVNVEIFLPGISDD 

+iiiiMDTitiFiVHi*fHi 

1240 ACCCGAATTTATGGTCCGAACCAGAGAAGTTTGACCCGGATAGGTTTTATTTGGGCAAGG 

PNLWSEPEKFOPDRFYLGKE 

i*ViiDiiiiiiiiitSiRt 

1300 AGGACGCGGATATAACAGGTGTATCGGGTGTGAAAATGATACCGTTTGGTATGGGACGGA 

DADITGVSGVKMIPFGMGRR 

iiiiiiiKEiiiMtiiViii 

1360 GAATTTGCCCCGGTTTGAATATGGCAACGGTCCATGTCAGCTTAATGTTGGCCCGATTGG 

ICPGLNMATVHVSLMLARLV 

iitiiGiiiiiiNiitiiMi 

1120 TTCAAGAATTCGAATGGGCTGACCCGGAAAATACCCGAGTGGATTTTACTGAAAAATTGG 

DEFEWADPENTRVDFTEKLE 

*iiiiFiyiGiNKiiiSitii 
1180 AATTTACTGTGGTGATGAAAAATACTCTAAGAGCTAAAATTAAACCAAGAATGTAAGTGA 

FTVVMKNTLAAKIKPRM 

iiiiiiiPitiiVittl 
1540 AGTTTTTTTTTTTTAAAAAAATAATTTAATATATTTCTGTTGTTGTTTTTGGGGGGTTTG 

1600 AATTTTGTATTTTATGACATTTAGATCTTATTATTGTCTGATTTTATGAAAAAAAAAAAA 

Fig 2 The nucleotrde and the deduced ammo acid sequences of the CYP77Al and 77A2 cDNA clones The cDNA inserts were subcloned and 
sequenced on both strands by the dtdeoxynucleotrde chain tennmatton method, using double stranded DNA as a template The ammo acid sequences 
are shown below the nucleotrde sequence of 77A2 DNA, and the nucleotrdes are numbered on the left hand side The star (*) mdlcates residues of 
77Al rdenttcal with the 77A2 sequence These sequences have been submnted to the EMBL Data Ltbrary under accessron numbers X71655 
(CYP77A1, only the deduced ammo acid sequence IS shown) and X71656 (CYP77A2), respectively 

grown under red light, and those grown under white light 
followmg red light irradiation were Northern blotted and 
hybridized with the cDNA There was a weak signal of 
1 8 kb m the mRNA from tissues grown under white 
light (Fig. 3~). It is reasonable that a low signal intensity 
is observed due to the low frequency of clones m the 
cDNA library (2 x 10e6), or it may be that this gene is 
transcribed transiently We isolated a P450 cDNA, 
named CYP75, which was accumulated under white light 
and is considered to encode a flavonoid B-rmg hydrox- 
ylase [l 11. When the source of irradiation was changed, 
the accumulation of mRNAs from other genes mvolved 

m anthocyamn synthesis was observed This fact sug- 
gests that CYP77Al may also be associated with the 
metabolism of anthocyanms As CYP77Al shows less 
than 30% homology with cmnamate 4-hydroxylase 
(CYP73) [6,7] and CYP75, we consider that this cDNA 
may encode a protein catalyzing another type of P450 
dependent hydroxylation, such as flavone synthase 
[21,22], although there is no direct evidence supportmg 
this speculation 

We further conclude that the present PCR method 
using primers based on the consensus sequence found m 
P45Os is a powerful means of isolatmg unknown P450 
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Table 1 
Ahgnment of the ammo acid sequences of the heme-bmdmg regron of P45Os 

Family Ammo acid sequence Source Reference 

71Al FQLI PF GAGRIWGCPG avocado ]131 
A2 *K*L*********** eggplant P61 
A3 * * * * * * * * * * * * * * * eggplant WI 
A4 * E * L * * * S * * * * * * * eggplant [I61 

‘2 ATYL**SW*P*V*L* penwmkle ~241 
73 * RYL***V***S*** mung bean [71 
74 P E T E T P S VANKQ*A* flax ]81 
75 *E*********l*A* eggplant 1111 
16Al YE*********M*V* eggplant P71 

A2 yG*********M*V* eggplant H71 
77A1 VKMM***V***I*** eggplant (this work) 

A2 VKM* * * *M* * *I * * * eggplant (this work) 
1Al E KVLV** MDK* R* I * trout ~251 
2Al SEV*L**L*K*K*I* rat PI 

*Indrcates the same ammo acid residue as CYP71Al 

sequences. Similar strategies have been used to isolate a 
flavonoid 3’,5’-hydroxylase cDNA from petunia [9,10] 
and CYP72 from periwmkle [23], based on the use of the 
consensus sequence of avocado CYP71 and animal 
P45Os Table 1 shows the ammo acid alignment of the 
highly conserved cystemyl-peptide mvolved m heme- 
bmdmg m 12 P45Os from higher plants, m addition to 
two P45Os from other eukaryotic species. In this region, 
the P-F-G-X-G-R-R-X-C-X-G sequence is found to be 
highly conserved in higher plant P45Os, with the excep- 
tion of CYP72 and 74 Some of these residues are known 

a b C 
123 123 12 

ckb) 

Fig 3 Gel blot analysrs of CYP77Al and A2 Genomrc DNA from the 
eggplant (10 pg) was drgestecl with BarnHI (lane I), EcoRV (lane 2) or 
HrndIII (lane 3). The DNA was transferred onto membranes, and was 
hybndrzed wtth CYP77Al (a) or A2 (b) Northern analysrs of 
CYP77Al using eggplant hypocotyl tissues (c) Two pg of poly(A)’ 
RNAs from hypocotyl tissues grown under red light (lane 1), or white 
light followmg red hght trradtatlon (lane 2), were electrophoresed on 
a agarose gel, and were hybndtzed with ‘2P-labelled CYP77Al cDNA 

to be highly conserved m eukaryotic P45Os [14,19,20. 
These results agree with the phylogenetic observation 
that CYP72 diverged earher than CYP71 and CYP73 [6], 
and support the hypothesis that CYP74 is a type I P450 
localized m the chloroplasts [8]. If we attempt to clone 
more diverse sequences, such as CYP72, we must design 
other primers based on this sequence, or must carry out 
the PCR amplification under conditions of lower strm- 
gency [lo] However, it is clear that CYP74 is too unre- 
lated to be cloned by this strategy 

The above results show that cDNAs encodmg a novel 
P450 family were isolated by PCR amplification, and 
that the transcripts were accumulated by white light irra- 
diation. Also, the degree of homology between plant 
P45Os IS listed, which may provide us with clues to the 
clonmg of other P45Os 
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