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ABSTRACT Cinnamate 4-hydroxylase [CA4H; trans-cin-
namate, NADPH:oxygen oxidoreductase (4-hydroxylating), EC
1.14.13.11] is a cytochrome P450 that catalyzes the first
oxygenation step of the general phenylpropanoid metabolism in
higher plants. The compounds formed are essential for ligni-
fication and defense against predators and pathogens. We
recently reported the purification of this enzyme from Mn?*-
induced Jerusalem artichoke (Helianthus tuberosus L.) tuber
tissues. Highly selective polyclonal antibodies raised against the
purified protein were used to screen a Agtll cDNA expression
library from wound-induced Jerusalem artichoke, allowing
isolation of a 1130-base-pair insert. Typical P450 domains were
identified in this incomplete sequence, which was used as a
probe for the isolation of a 1.7-kilobase clone in a Agt10 library.
A full-length open reading frame of 1515 base pairs, encoding
a P450 protein of 505 residues (M, = 57,927), was sequenced.
The N terminus, essentially composed of hydrophobic residues,
matches perfectly the microsequenced N terminus of the pu-
rified protein. The calculated pl is 9.78, in agreement with the
chromatographic behavior and two-dimensional electropho-
retic analysis of CA4H. Synthesis of the corresponding mRNA
is induced in wounded plant tissues, in correlation with CA4dH
enzymatic activity. This P450 protein exhibits the most simi-
larity (28% amino acid identity) with avecado CYP71, but also
good similarity with CYP17 and CYP21, or with CYP1 and
CYP2 families. According to current criteria, it qualifies as a
member of a new P450 family.

Involvement of cytochrome P450 in the oxidative metabolism
of endogenous compounds and of xenobiotics in animals is
well documented (1). Over 180 P450 genes, chiefly from
animals, fungi, and prokaryotes, have been characterized and
classified into 27 gene families (2). It was proposed that the
wide expansion of some P450 families which occurred in
animals, leading to the diversification of xenobiotic-
metabolizing enzymes, resulted from plant-animal coevolu-
tion, permitting better exploitation of plant sources (3).
However, no information is available to assess the effects of
animal-plant and microbe-plant warfare on cytochrome P450
evolution in plants.

In recent years, cytochrome P450 has been shown to
catalyze at least 10 oxidative steps involved in the biosyn-
thesis of phenylpropanoid derivatives in plants (4). Cinna-
mate 4-hydroxylase (CA4H), the second enzyme of the
common phenylpropanoid pathway, catalyzes the hydroxy-
lation of trans-cinnamic acid into zrans-p-coumaric acid and
controls the carbon flux to pigments essential for pollination
or UV protection, to numerous phytoalexins synthesized by
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plants when challenged by pathogens (5), and to lignins. In
terms of biomass processing, CA4H is a major P450 in the
biosphere because of the enormous amount of lignin accu-
mulated in both living and fossilized plants. CA4H is highly
inducible by light (6) and, like many enzymes involved in the
synthesis of plant defense compounds, by wounding (7) and
infection (8). This enzyme, essential for plants, has not been
found in any invertebrate or vertebrate animal.

We recently purified CA4H from wound- and Mn2*-
induced Jerusalem artichoke tuber tissues (9). In this paper
we report the isolation and characterization of a cDNA
encoding this enzyme.!l The N terminus of the deduced
protein is a perfect match to the N-terminal sequence of the
purified enzyme. CA4H (CYP73) sequence analysis indicates
that it is a member of new P450 gene family.

MATERIALS AND METHODS

Plant Materials. Jerusalem artichoke (Helianthus tubero-
sus L. cv. Blanc Commun) tubers grown in open fields were
stored in polyethylene bags at 4°C in the dark. To elicit
wound-induced increase of CA4H activity, tubers were sliced
(1 mm thick), washed with cold tap water for 30 min, and aged
16 hr in the dark in vigorously aerated distilled water.

Protein Microsequencing. CA4H purified as described (9,
10) was submitted to SDS/PAGE (10% total monomer, 0.3%
crosslinker) and transferred onto a ProBlott membrane (Ap-
plied Biosystems) in 10 mM Caps, pH 11/10% methanol. The
Coomassie blue-stained CA4H band was excised for auto-
mated Edman degradation (Applied Biosystems 473 A protein
sequencer).

Antibody Preparation. Polyclonal antibodies were elicited
in two rabbits by subcutaneous injection, repeated at 4-week
intervals, of 10-50 ug of purified CA4H (9) in complete and
then incomplete Freund’s adjuvant. One rabbit was injected
with native enzyme (in the presence of nonionic detergents)
concentrated by dialysis against dry CM-cellulose (serum
CA4H-pal). Serum from a second rabbit immunized with
enzyme repurified by SDS/PAGE produced poor CA4H
inhibition and Western immunoblot response. However, a
single additional injection of native enzyme into this rabbit
produced a highly crossreactive and specific serum (CA4H-
pa2).

Abbreviation: CA4H, cinnamate 4-hydroxylase.
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c¢DNA Libraries and Colony Screening. A Agtll cDNA
expression library was constructed (11) from poly(A)* RNA
extracted as described (12). First-strand cDNA was synthe-
sized by random priming using tridecamers with avian my-
eloblastosis virus reverse transcriptase. Filter lifts of the
library (9 X 10* plaque-forming units) were screened with
CA4H-pal antibodies (13) by using alkaline phosphatase
detection. The positive plaques were purified by three addi-
tional rounds of screening, one of them with CA4H-pa2
serum, and amplified. The inserts were excised and sub-
cloned in the M13 mp18 or mp19 vector for sequencing. One
clone, CA4H-8, was used to screen, under stringent condi-
tions, 3 x 10° plaques from a second cDNA library con-
structed in Agtl0 from oligo(dT)-primed poly(A)*-enriched
RNA (11). One hundred seventy-six positive clones, purified
by three further screening rounds, were subjected to hybrid-
ization with a probe corresponding to the 5’ region of CA4H-8
insert synthesized as follows: CA4H-8 inserted in M13 mp18
in the appropriate orientation was used as a template for a
brief extension reaction of the universal primer with T7 DNA
polymerase in the presence of a limiting concentration of
[a-32P]dCTP. Hybridization was performed overnight at 65°C
and was followed by four washes in 0.3 M NaCl/0.03 M
sodium citrate, pH 7/0.1% SDS at room temperature. The
largest inserts selected among the positive Agt10 clones were
excised and subcloned in pBluescript II plasmid (Stratagene)
for sequencing.

DNA Sequencing. M13 or double-stranded pBluescript sub-
clones were sequenced by the dideoxynucleotide method (14)
with T7 DNA polymerase using synthetic oligonucleotide
primers progressively deduced from the DNA sequence.

Northern Blot Analysis. Poly(A)* RNA was prepared (12)
from Jerusalem artichoke tuber dormant tissues or slices aged
16 hr in distilled water. Formamide- and formaldehyde-
denatured RNA was electrophoresed in a 1.2% agarose/
formaldehyde gel and transferred by capillarity onto Hybond
N (Amersham). After transfer, RNA was fixed by heating 2
hr at 80°C. CA4H-FS insert labeled with 32P by random
oligonucleotide-primed synthesis was used as a hybridization
probe under high-stringency conditions as described for
Agtl0 library screening.

Sequence Alignment, Comparisons, and Phylogenetic Trees.
Computer analysis of the protein sequence and local and
global alignments were made by using the programs of the
Genetics Computer Group package (15) on a VAX. The
multiple alignments used to construct phylogenetic trees
were made with cLUSTAL (16) and the PHYLIP phylogeny
package (17).

RESULTS

N-Terminal Sequence of Purified CA4H. Edman degrada-
tion was performed on two CA4H samples, the enzyme
purified by conventional chromatography (9) and the immu-
nopurified protein (10). A single amino acid sequence was
obtained through the first 19 aa (Table 1). The sequence is
essentially hydrophobic but is interrupted by 2 aa of opposite
charge (Glu and Lys) in positions 7 and 8.

Isolation of cDNA Clones. In dormant Jerusalem artichoke
tubers CA4H activity is practically undetectable. Slicing and
aging tuber tissues in aerated water leads to an increase in
enzymatic activity, reaching 1-2 nmol/min per mg of mi-
crosomal protein after 16 hr (7). This increase is paralleled by
an increase in immunodetectable CA4H. Two cDNA librar-
ies, one in Agtll and one in Agtl0, were therefore prepared
from mRNA of aged tuber tissue. Screening of the Agtll
expression library led to the isolation of CA4H-8, containing
a 1130-bp open reading frame (Fig. 1) and revealing the
presence of P450 consensus domains A-C (19). However,
domain D, containing the heme-binding cysteine, and the N
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Table 1. N-terminal sequencing of purified CA4H

CA4H purified as Immunopurified
inref. 1 CA4H
Cycle Residue pmol Residue pmol
1 Met 7.57 Met 39.02
2 Asp 3.20 Asp 16.08
3 Leu 11.00 Leu 42.73
4 Leu 11.16 Leu 35.30
5 Leu 14.48 Leu 41.34
6 Ile 9.37 Ile 27.59
7 Glu 5.49 Glu 18.97
8 Xaa — Lys 19.55
9 Xaa —_ Thr 15.97
10 Leu 5.51 Leu 34.39
11 Val 2.03 Val 21.72
12 Ala 5.10 Ala 27.73
13 Leu 6.25 Leu 28.02
14 Phe 4.06 Phe 23.13
15 Ala 10.14 Ala 25.92
16 Ala 10.64 Ala 30.94
17 Ile 3.95 Ile 25.96
18 Xaa — Ile 25.77
19 Gly 6.47 Gly 20.77
20 — Ala 29.68
21 — Ile 26.17

terminus were missing. CA4H-8 thus appeared to encode the
central part of a P450 sequence.

Use of CA4H-8, amplified by polymerase chain reaction,
as a probe to screen the Agtl0 library permitted isolation of
a complete coding sequence, CA4H-FS5. It contains an open
reading frame of 1515 bp encoding a sequence of 505 aa, from
which a protein of 57,927 Da is predicted. This agrees with the
molecular mass of 57 kDa estimated for purified CA4H by
SDS/PAGE (9). The N-terminal residues of the deduced
polypeptide are identical to the 21 aa determined by Edman
degradation of purified CA4H. The pl of this polypeptide is
9.78, in good agreement with chromatographic and electric
focusing behavior of the enzyme (9). It contains a single
potential glycosylation site, Asn%’.

Sequence comparison of CA4H-8 and CA4H-FS (Fig. 1)
shows that CA4H-8 overlays the central part of CA4H-FS5,
with 17 mismatches (1.75%) occurring exclusively at the third
position of codons, and thus is encoding the same protein. This
heterogeneity may result from the existence of multiple genes
coding for CA4H or of allelic variants (n = 6 for H. tuberosus).
Hybridization of CA4H-FS5 to multiple fragments on a South-
ern blot did not permit us to choose between these hypotheses.

Comparison with Other P450 Sequences. The CA4H protein
sequence was compared with the other available P450 se-
quences (Swiss-Prot Release 21) by using both global and local
comparison methods. Global comparisons made by pairwise
alignment of the complete sequences showed that CA4H
resembles most CYP71 from avocado (28.7% identity), CYP17
from chicken (27.7% identity), and human CYP2D6 (28.4%
identity). Least identity is shown to CYP6 from housefly
(18%), bovine CYP11A (17.9%), and CYP51 from yeast
(17.2%). CA4H thus shares <40% positional identity with any
characterized member of the cytochrome P450 superfamily
and therefore qualifies as the first member of a new family (2).
It has been termed CYP73 by the cytochrome P450 Nomen-
clature Committee.

Although global sequence identity of CA4H with other
P450 proteins never exceeds 30%, much higher homology
over short sequence segments can be detected by using local
alignment methods. Fig. 2 shows a comparison of CA4H with
CYP71 from avocado, CYP101 from Pseudomonas putida,
and six animal P450 sequences from different families that
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show remarkable local similarity to CYP73. There is 85%
identity in a 20-aa overlap from Lys3! to Gly’® with the
corresponding sequence in rat P450Md (CYP2C22), and 75%
identity from Phe!% to Asp'® of CA4H to rat CYP2DS. The

ATGGACCTCCTCCTCATAGAAAAAACCCTCGTCGCCTTATTCGCCGCCATTATCGGCGCAATACTAATCTCCAAACTCCGCGGTAAAAAAT TCAAGCTCCCACCTGGCCCAATCCCGGTT
M D L L L I E XK TULV ALV FAATITIGATIIT LTI S KULRGI K KT FIXKULU®PUPGU?PTI PV

<<
CCAATTTTCGGCAACTGGCTACAAGT TGGCGATGATTTGAACCACCGGAACTTAACCGATCTGGCTAAGAGGTTTGGTGAGATCTTGCTGCTACGCATGGGGCAGAGGAATCTGGTAGTT
P I F G NWULQV GGD DU LNUBHIRNILITIDTILA AIKIRFGETIULTLILIRMGA QRNTILUVYUVY

G G [+] A
GTGTCTTCGCCTGAGCTTGCTAAAGAGGTGTTGCATACACAAGGAGTGGAGTTTGGTTCGAGAACAAGGAATGTTGTGTTCGATATTTTTACTGGGAAGGGTCAGGATATGGTGTTTACG
VvV 8 8 P E L AIKUEUVILUHTOGQGV VETFUGSU RT RNUVYVVYV FDTIUFTGI KU G QDMVYVFT

GTTTATGGTGAGCATTGGAGGAAGATGAGGAGGATCATGACCGTACCCTTTTTCACCAACAAAGT TGTTCAGCAATACAGGTATGAGGTGGGAGGCTGAGGCCGCGGCGGTTGTGGACGAT
VvV ¥ G E HWRIKMPRRIMTVUPFTFTNI KVV Q QY RY G WEA ATEAMAAV VDD

GTGAAGAAGAATCCGGCTGCAGCAACTGAAGGAATCGTGATCCGAAGACGGTTACAACTCATGATGTATAACAACATGTTCAGAATCATGT TCGACAGACGATTCGAAAGTGAAGATGAT
V XK X N P A AATUETGTIVIIRIRRLAQLMMYNNMTFRTIMT FUDIRRFPFESTETDTD

CCCTTGTTTTTGAAACTCAAGGCGTTGAACGGTGAGAGGAGTCGATTGGCACAGAGCTTTGAGTACAACTATGGCGATTTCATCCCTATTTTGCGGCCGTTTTTGAGAAATTATTTGAAG
P L F L KULI KA ALNGTER SUR RTLA AQGQS ST FZEBRBYDNYGGDTFTIUPTIULRZPTFPFILURNIYTLK

T (<] c T T T
TTGTGCAAGGAAGTTAAAGATAAAAGGATTCAGCTCTTCAAGGATTACTTCGTTGACGAAAGGAAGAAGATTGGAAGCACTAAGAAAATGGACAACAATCAGTTGAAATGTGCCATTGAT
L C K EV KD KXKURTIQLUVFXD YV FVDERIKIKTIGS STX XMMDNNZGQLIKTCATID

CACATTCTTGAAGCTAAAGAGAAGGGTGAGATCAATGAAGACAATGTTCTTTACATTGTTGAAAACATCAATGTTGCAGCAATCGAGACAACTCTATGGTCGATCGAATGGAGAATTGCG
H I L E A K E X G E I NEDNVILYTIVENTINV VYA AATITZETTIULWS8TIUZEUWSGTIA

G G T
GAGCTAGTTAACCATCCCGAGATCCAAGCCAAACTCAGGCACGAGCTCGACACCAAGCTCGGGCCCAGTGTCCAGATCACCGAGCCCGACGTCCAAMAACCTCCCTTACCTCCAAGCCGTG
E L V N HP EI Q AKLURUHEILDTI KLG?®PGV QI TZEZPUDUVQNTLUZPTZYTULOQAUV

A A T A
GTCAAGGAAACCCTCCGTCTCCGTATGGCGATCCCGCT TCTAGTCCCACACATGAACCTCCATGACGCTAAGCTCGGCGGITTTGACATCCCGGCCGAAAGCAAGATCTTGGTCAACGCG
VvV K ETLRULURMATIUPTLTLVYV P HMNLUBEBDAIKTLUGGT FUDTIUPA ATESIKTITLTVYVNA

™>
TGGTGGTTAGCAAACAACCCCGACCAATGGAAGAAACCCGAGGAGT TTAGGCCAGAGAGGTTTTTGGAAGAGGAAGCGAAGGTTGAGGCTAACGGGAATGATTTTAGGTACTTGCCGTTT
W WL ANNUPUDOQWI K KU®PETETFPRU®PERUPFULETETEAIXKVEANGNDU FRYTLUPTF

GGAGTCGGGAGAAGGAGTTGCCCCGGGATTATTCTTGCATTGCCGATACTTGGTATTACAATCGGGCGTTTGGTGCAGAATTTCGAGCTGTTGCCTCCACCGGAACAGTCTAAGATCGAT
G VGG RRSCPGIIULALUPIULUGTITTIOGRIULVYVQNTFTETLLUZPZPUZPSUGO QSIKTITD?D

ACCGATGAGAAGGGTGGGCAGTTTAGTTTGCATATCTTGAAGCACTCTACTATCGTAGCTAAACCTAGGTCATTTTAA
T D E XK GG QVF 8 L HIULIXUBHBSTTIUVAIKTZPRSTF *
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Nucleotide (CA4H-F5) and deduced amino acid (CA4H.PEP) sequences of CA4H cDNAs. The beginning and end of the CA4H-8
sequence are marked (<< and >>>). Only positions where CA4H-8 differs from CA4H-FS are indicated.
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CYP73_HETU MDLLLIEKTLVALFAAIIGAILISKLR====-= GKKFKLPPGP]I PVPIFGNWLOVGDDLN - HRNLTDLAKR FGE I LLLRMGQRNLVVVSS PE LAKBVLHTQGVE FGSRTRNVVE DI FTG--KGQDMVITVYGRHW

CYP71_PERA MAILVSLLFLAIALTFFL--LKLNEKR-

-~EXKPNLPPSPPNLPI IGNLHQLGN-LP-HRSLRSLANELGPLI LLHLGHI PTLIVSTAEIAERILKTHDLI FASRPSTTAARRI FY -~DCT DVAPSPYGRYW

CYP17_CHIC MP-PLAV----LLLALALLCA--WRLSYSQGPTGTGTGRPRSLPALPLVGSLLQLAGHPQLHLRLWRLQGRYGSLYGLWMGSHYVVVVNSYQHARRVLLKKGKAFAGRPRTVTTDLLSRG=-GKDIAPASYGPLW
CYP21A1_MO MLLP====- ~GLLLLLLLLAGTRWLW==~=~~==~GQWKLRKLHLLRLAPGFLHFL~--QPNLPIYLLGLTQKLGPIYRIRLGLQDVVVLNSNRT IERALIQKWVDFAGR PHM-~~~LNGKM~-~DLDLSLGDYSLMW

CYPMd_RAT

MALFIFLGIW---LSCLVF-~-~LFLWN--QHHVRR--KLPPGPT PLPIFGNILQVG- VKNI SKSMCMLAKEYGPVFTMY LGMKPTVVLYGYEVLKRALI DRGEE FSDKMHSSM~ ~~LSKVSQGLGIVIPSN-GRIW

CYp2 L‘E_RAT MELLNGTGLWPMAI FTVI F---ILLVDLMHRHQRWT SRY PRPGPVPWPVLGNLLQV-DPSNMPY SMYKLQHRYGDV FSLQMGWKPMV IVNRLKAVQBVLVTHGE DTADRPPVP I FKCLGVKPRSQGVVIASYGPEW
CYP1Al_HUM MLFPISMSATEFLLASVIFCLVFWVIRASRPQVPRGLKNPPGPWGWPLIGHMLTL~GKNP~HLALSRMSQQYGDOVLQIRIGST PVVVLSGLOT IRQALVRQGDDFKGRPDLYTFTLISNG~-QSMSFSPDSGPVI
CYP101l_PSE MIT-=====-=== ETIQSNANLAPLPPHVPEHLVFDFDMYNPSNLSAGVQEAWAV-======== LQESNV=-~PDLVWTRCNGGHWIATRG-~QLIREAYEDYRHFSSECPFI PREA-~~GEAYDFIPTSMDPPEQ

1
CYP73_HETU RKMRRIMTVPFFTNKVVQQY-
CYP71_PERA RQVRKICVLELLSIKRVNSY-
CYP17_CHIC KFQRKLVHAALSMFGEGSVA-
CYP21A1_MO KAHKKLSRSALMLGMRDS---

! o | I ! [ 1 [ I s8] (B | ss

~RYGWEARAAAVVDDVKKN PARATEGIVIRRRLQLMMYNNMFRIMPDRREESEDDPLFLKLKALNGERSRLAQSFEYNYGDFI PILRPFLRNYLKLCKEVKDKRIQLFK
~RSIREEBVGLMMERISQS-CSTGEAVNLSELLLLLSSGTITRVAPGKKYEGEEERK-NKFADLATELTTLMGAF-FVGDY FPSFAWVDVLTGMDARLKRNHGELDAFV
~LEKI ICREAASLCETLGAAQDMALDMAPE - ~LTRAVTNVVCSLCINSSYR-RGDPEFEAMLEYSQGIVDTVA--KESLVDI FPWLQI FPNRDLALLKRCLKVRDQLLQ
-~ME PLIRQLTQE FCERMRAQAGT PVAIHKE-FSFLTCSIISCLTIG-~~~~| DKDSTLVQTLHDCVQDLLQAWNHWSIQILTIIPLLRFLPNPGLOKLKQIQESRDHIV

CYPMd_RAT KQTRRFSLMVLRSMGMGKRT- ~IENRIQBEVVYLLEALRKTNGS P-~-CDPSFLLACVPCNVI SSVIPQHRFD-YSDEKFQKFIENFHTKIEI LASPRAQLCSAY PVLYYLPGIHNKFLKDVTEQK-KFIL
CYP2D5_RAT REQRRFSVSTLRTFGMGKKS=~===-~ LEEWVTKEAGHLCDAFTAQNGRS-~INPKAMLNKALCNVIASLIPARRFE~YEDPYLIRMLTLVEESLIEVSGFIPEVLNT FPALLRI PGLADKVFQGQKT FM-AFLD
CYP1Al_HUM AARRRLAQNGLKSFSIASDPASSTSCYLEEHVSKEAEVLISTLQELMAGPGHFNPYRYVVVSVTNVICAICPGRRYD-HNHQELLSLVNLNNNFGEVVG-~SGNPADFIPILRYLPNPSLNAFKDLNEKFYSEMQ
CYP101_PSE RQFRALANQVV-GMPVVDK======== LENRIQBLACSLIESLRPQ-GQCNFTEDYAEPFPIRI FMLLAGL~~~=PE-EDI PHLKYLTDQMTR~PDGS MT ALYDYLIP

| | | o I | | sssssssss/ | 1o 1/ [ L 1*11%) ssss| |

CYP73 HETU DYFVDERK---KIGSTKKMDNNQLKCAIDHILEAKEKG-EINEDNVLYIVENINVAAIRTTLWSIEWGIAELVNEPRIQAKLRHELDTKLGPGVQI TE PDVONLPYLOAVVKETLRLRMAT PLLVPEMNLHDAKL
KEPDVMEXAQQEVRRVVGKKAKVE

cYe? I:PERA DHVIDDHLLSRKANGSDGVEQKDLVDVLLHLQKDSSLGVHLNRNNLKAVI LDMPSGGT DTTAVT LEWAMAELI

EEDLHQLHYLKLIIKETLRLHPVAPLLVPRESTRDVVI

CYP17_CHIC QKFTEHKEAFCGDTVRDLMDALLQVRLNAENNSPLE PGLELTDDHLLMTVGDIPGAGVETTT TVLKWAVLYLLHY PRVOKKIQERMDQKIGLARH PHLSDR PLLPYLEAT I SEGLRIRPVSPLLI PHVSLADTSI
CYP21A1_MO KQQLKQHKE SLVAGQWKDMI DYMLQ--GVEKQRDGKDEERLHEGHVHMSVVDLF1GGTBTTATT LSWAVAFLLHEPRIQKRLQARL DLKLGPGSQLLYRNRMQLPLIMAT IARVLRLRPVVPLALPERATRASST

CYPMd_RAT

MEINRHRASL---NLSNP-QDFIDYFLIKMEKEKHNEKSE FTMDNLIVTIGDLYGAGTRTTSSTIKYGLLLLLKYPRVPAKIQERI TRVIGRHRR PCMODRNHMPYT DAVLHBIQRY I DFVPI PLPRKTTQDVE F

CcYP2 D-5-_RAT NLLAENRTTW---DPAQPPRNLTDAFLAEVEKAKGN PESS FNDENLRMVVVDLITAGMVTTATTLTWALLLMI LYPDVQRRVQQOR I DEVIGQVRCPEMTDQAHMPYTNAVIHEVORFGDIAPLNLPRITSCDIEV
CYP1Al_HUM KMVKEHYKTFEKGHIRDITDSLIEHC--QEKQLDENANVQLSDEKIINIVLDLFGAGEDYVTTAISWSLMYLVMNPRVQRKIQERLDTVIGRSRR! PRLSDRSHLPYMEAFILRTFRHSSFVPFTIPESTTRDTSL
CYP101_PSE IIEQRRQ=========| KPGTDAISIVANGQ==~--VNGRPITSDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAKSPRHRQE~LIRRPE~==soccmmcocaaax] RIPAACEBLLRRFSLV--ADGRILTSDYEF

1 ] L | 1 I*) *|| */*| /1 ]

/ !
CYP73 HETU GGFDIPAESKILVNAWWLANNPDQWKKPREFRPERFLEEEAKVEANGN DFRYLPPGVGRRSCPGI ILALPILGITIGRLVONF~ELLPPPGQSKI DT DEKGGQFSLHILKHSTIVAKPRSE
CYP71 PERA RGYHIPAXTRVFINAWAIGRDPKSWENARKPLPERFVNNS--VOFKGQDFQLIPPGAGRRGCPGIAFGISSVEISLANLLYWP-NWELRGI
CYP17 CHIC GEYSIPRGARVVINLWSVHHDEKEWDKPREPNPGRFLDEQGQHIHSPSP-SYLPFGAGIRVCLGRVLAKMRLFLFLAWVLQRP-TLECPQDQPLPSLEGK-F-GVVLQVQKFRVKARLREAWRGEMVR
cY PZIXJ._MO SGYDIPKDMVI I PNIQGANLDEMVWELPSKIPWPCRILE PGKN~~=~~ P--RTPSFGCGARVCLGRPLARLELFVVLARLLQAF-TLLPPPDGTLPSLQPQPYAGINLPIPPFQVRLQPRNLAPQDQGERP

CYPMd_RAT

RGYHIPRGTSVMACLTSALHDDKE FPNPRKP! KGNFKK--SD-Y TGRGLARMEMFLILTSILQHF-TLKPLVNPEDIDTTPVQPGLLSVPPP-FELCFIPV

CYP2D5 RAT QDFVIPKGTTLIINLSSVLKDETVWEKPLRFHPEHFLDAQGNEVK--HE~AFMPPSAGRRACLGRPLARMBLFLFFTCLLQHP-SF-SVPAGQPRPSTLGNFAISVAPLP-YQLCAAVREQGH
CYP1A1 HUM KGFYIPKGRCVEFVNQWQINHDQKLWVNPSEFLPERFLTPDGAICKVLSE-KVIIPGMGKRKCIGRTIARWEVFLFLAILLQRV-EFSVPLGVKV-DMTPI~Y~GLTM~=====~| KHACCEHFOMQLRS
CYP1 01:PSE HOVQLKRGDQILLPQM====== LSGLDEBRENACPMHVDEFSRQ-K-VS~--~-HTTPGHGSHLCLGQHLARRRI IVTLKEWLTRI PDFSIAPGAQIQHKSGIVSGVQALPLVWDPATTKAV

region Lys3! to Gly*® contains the proline-rich sequence
highly conserved in P450 families I and II, which is supposed
to orient the heme plane perpendicular to the cytosolic
surface of the ER membrane. Two regions, spanning from

126
123
126
113
120
131
131
109

254
248
249
232
244
255
263
207

385
383
384
365
375
387
396
308

505
471
508
487
489
504
512
415

FiG. 2. Alignment of Jerusalem artichoke CYP73 with other known P450 sequences selected from various families: CYP71 from Persea
americana (N-methyl-p-chloroaniline demethylase, Swiss-Prot P24465), chicken CYP17 (steroid 17-hydroxylase, Swiss-Prot P12394), mouse
CYP21A1 (steroid 21-hydroxylase, Swiss-Prot P03940), rat P450Md (= P4502C22, male dominant, Swiss-Prot P19225), rat CYP2DS (Swiss-Prot
P12939), human CYP1A1 (aryl hydrocarbon hydroxylase, Swiss-Prot P04798), bacterial CYP101 (camphor-metabolizing, Swiss-Prot P00194).
Stars, residues conserved in all P450 sequences; bold lettering, residues conserved in most sequences; |, residues conserved between CYP73
and CYP71; /, residues from CYP73 which differ from the consensus; ss (sss, etc.), substrate-binding regions according to ref. 27.
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Pro3% to Pro®” and from Trp#° to Leu*?2, show considerable
(50-75%) conservation with the corresponding regions in
chicken CYP17 and CYP71 from avocado. The first region
contains the ‘‘steroid-binding’’ consensus domain defined by
Picado-Leonard and Miller (20) from Leu35* to Ala37°. CA4H
differs from this 17-aa consensus at only three positions. The
second region is located in the C consensus domain defined
by Kalb and Loper (19) and contains highly conserved
residues at Trp*1%, Pro*13, Phe*!6, Pro*!8, and Phe42!.

Most of the residues conserved in all P450s are present in
CYP73. Thr?¥ in particular can be assumed to correspond to
Thr?2 of CYP101, which has an essential function in the
stabilization of the dioxygen-binding groove in helix I and in
coupling of the reaction (21). The position just upstream of
this Thr10 is occupied by a highly conserved acidic residue
possibly involved in the electron transfer toward dioxygen.
Three residues upstream, all P450 sequences so far deter-
mined display a glycine, thought to be located in the dioxygen
binding site, that in CYP73 is replaced by Ala3’. The
heme-binding domain, centered around Cys*’, shows the
remarkable presence of Pro**® instead of the usual leucine,
isoleucine, valine, alanine, or phenylalanine. Proline is found
at this position in only two other P450s: CYP71 from avocado
and CYP7. Four lysine residues are believed to be involved
in the interaction between microsomal cytochromes P450 and
NADPH-cytochrome P450 reductase (22). The correspond-
ing residues, deduced from our alignments, are Lys3®, Lys2%4,
Lys?2, and Lys3%. We used the algorithm of Janin et al. (23)
to confirm that these residues are likely to be exposed at the
surface of the protein. Other residues that might be impli-
cated in electron transfer are Trp!26 and Arg!?! (24). Based on
analogy with CYP101, Arg!3® may interact with one of the
heme propionate groups (25).

Extensive P450 sequence comparison (24, 26) have out-
lined other individual residues that are invariant across all
eukaryotic and prokaryotic P450 proteins, likely due to
conserved functions. Corresponding positions in CA4H are
Glu?¥, Glu363, Arg36, Phe*?, Gly*43, Cys*’, and Gly*¥.

Phylogenetic Studies. We analyzed the phylogenetic relat-
edness of CA4H with 120 P450 sequences available in the
Swiss-Prot databank (release 21). A subset of 23 sequences
representative of the different P450 families was chosen and
aligned with increased gap-weight and gap-length penalty to
minimize gaps. The alignment was further refined manually by
using the alignments of Nelson and Strobel (24) and Gotoh (27)
as guides and analyzed by a neighbor-joining method (28) (Fig.
3).

The branching pattern of this tree confirms the hypothesis
of Nelson and Strobel (30) that the evolution of a cholesterol
side-chain-cleaving P450 (P450scc) preceded the plant-
animal divergence. At least two gene duplications occurred
between the evolution of P450scc and of CA4H. It is inter-
esting that P450scc bears very little sequence identity with
CA4H. The divergence of CA4H from the avocado CYP71
apparently occurred later than the divergence of the Catha-
rantus roseus CYP72 from the group of families III, IV, and
VI and after the gene duplication that gave rise to the
drug-metabolizing P450s, about 900 million years ago. How-
ever, it preceded the major diversification of mammalian
P450s, some 400 million years ago.

Induction of CA4H Activity and mRNA Accumulation. To
correlate wound-induced CA4H activity with expression of
CA4H-F5, poly(A)* mRNA was extracted from dormant or
wound-induced Jerusalem artichoke tuber tissues for North-
ern analysis using CA4H-FS5 as a probe (Fig. 4). CA4H
mRNA was practically undetectable in dormant tissues.
Accumulation of a single RNA size class, of about 1700
bases, was promoted by wounding. The size of this mRNA
agrees with the 1515-bp size of CA4H-F5 when noncoding
sequences and a poly(A) tail are included.
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Fi1G. 3. Phylogenetic tree of 23 cytochrome P450 proteins, cal-
culated by the neighbor-joining method. The number of plant P450
sequences so far available is insufficient to allow a proper calibration
of phylogenetic distances. The tree is therefore shown without a time
scale. The difference in length of some branches is due to a
shortcoming of the method we used, which treats all residues and
positions identically, not taking into account the different rates of
substitution in different positions of different codons. Swiss-Prot
accession numbers: CYP2A3, mammalian, P20812; CYP2B1, mam-
malian, P00176; CYP2E1, mammalian, P05181; CYP2MD, mamma-
lian, P19225; CYP2D5, mammalian, P12939; CYP21A1, mammalian,
P03940; CYP21A2, mammalian, P04033; CYP17, chicken, P12394;
CYP1Al, mammalian, P04798; CYP1A2, mammalian, P05177;
CYP73 (CA4H), plant; CYP71, plant, P24465; CYP51, fungal,
P10614; CYP7, mammalian, P18125; CYP72, plant (29); CYP4A2,
mammalian, P20816; CYP101, bacterial, P00183; CYP3A4, mamma-
lian, P08684; CYP6A1, insect, P13527; CYP11Al, mammalian,
P05108; CYP11B1, mammalian, P15538; CYP102, bacterial, P14779;
CYP105A1, bacterial, P18326.

DISCUSSION

A complete cDNA sequence encoding a P450 protein
(CYP73) has been isolated by using antibodies that produce
a specific inhibition of CA4H activity (9). That the CYP73
cDNA encodes CA4H is demonstrated by the exact match of
the deduced amino acid sequence with the microsequenced N
terminus of the purified enzyme. It was recently further
confirmed by expressing CA4H-FS5 in yeast, resulting in very
high turnover number for conversion of cinnamate to couma-
rate (H.G.T., D.W.-R., M. Kazmaier, C. Mignotte-Vieux,
and D. Pompon, unpublished data).

CYP73 provides a sequence of a P450 involved in a plant
defense mechanism—i.e., in plant-animal and plant—
microorganism warfare. Alignment of its sequence with rep-
resentative members of the cytochrome P450 superfamily is
therefore particularly interesting. Its overall positional iden-
tity with other plant, fungal, bacterial, insect, or vertebrate
P450 sequences does not exceed 28%. From phylogenetic
studies and pairwise alignments it appears that the mamma-
lian steroid-metabolizing CYP17 and CYP21 are the non-
plant P450s most closely related to CA4H, followed by
members of the CYP1 and CYP2 families. CYP73 shows
much less relatedness with CYP3, CYP4, CYP6, and bacte-
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Fi1G. 4. Northern blot analysis of poly(A)* mRNA isolated from
Jerusalem artichoke tuber that was dormant (ni, noninduced) or
sliced and aged 16 hr in aerated water (i, induced). CA4H-F5 was
used as probe.

rial or fungal P450 sequences. In this respect, the presence in
CA4H of a sequence closely matching the steroid-binding
consensus sequence (20) is interesting, in view of the well-
established binding of phenylpropanoid derivatives on ste-
roid receptors. This similarity may, however, be coincidental
since this segment corresponds to one of the most conserved
domains in all P450 sequences.

Highest similarity is observed with the ripening-induced

CYP71 from avocado. Capacity of the CYP71 protein to

catalyze the N-demethylation of N-methyl-p-chloroaniline
has been reported (18), but its physiological function is
unknown. Since ripe avocado fruit contains high amounts of
phenolic compounds, Bozac et al. (31) proposed hydroxyla-
tion of cinnamic acid as one of the possible physiological
functions of CYP71. The failure of yeast cells transfected
with CYP71 to catalyze cinnamate hydroxylation (32) cast
doubt on this hypothesis, which is now definitely invalidated
by the finding that CA4H is a distinct P450. Use of CA4H-pal
antibodies has recently shown that CYP73 is expressed in
ripening avocado fruit and shows structural relatedness with
the orthologous enzyme from Jerusalem artichoke, as evi-
denced by inhibition of activity, immunoblot analysis of
avocado microsomes, and immunopurification of this protein
(D.W.-R., unpublished data). In this context, it was inter-
esting to compare CYP73 and CYP71 sequences. Fig. 2
shows the positional identities between these P450s and the
location of the putative substrate-recognition sites (SRS)
deduced from the alignment of Gotoh (27). It is striking that
no, or very little, identity is found at SRS-1 (positions
103-112), SRS-2 (210-211), SRS-3 (244-245), or SRS-4 (298—
306), but there is high identity at SRS-5 (371-375). The
presence of an unusual proline residue next to the heme-
binding cysteine in both CYP71 and CYP73 suggests that they
share a common ancestor. From the phylogenetic tree in Fig.
3, it appears that the gene duplication resulting in the sepa-
ration of CYP71 and CYP73 families is not a recent evolu-
tionary process and has preceded the gene explosion in the
CYP2 family. The divergence between the CYP71 and CYP73
genes is, however, impossible to date, due to the paucity of
P450 structures available outside the class Mammalia.
Accumulation of CYP73 transcripts after wounding of
Jerusalem artichoke tubers correlates with induction of
CA4H activity. The cloned cDNA is thus a useful tool to
investigate the regulation of the enzyme in response to
environmental stress or during plant development. Like
many of the enzymes involved in the phenylpropanoid path-

Proc. Natl. Acad. Sci. USA 90 (1993)

way, CA4H is induced by wounding (7), light (6), phyto-
pathogens (8), and elicitor treatment (33). Like many P450
species it is also induced following exposure to various
xenobiotics (34, 35). Whether these various signals trigger a
unique or several induction mechanisms is an interesting
question. Analysis of the gene(s) coding for CA4H should
help to answer this question.
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