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We have investigated two NADPH-cytochrome (Cyt) P450 reduc-
tase isoforms encoded by separate genes (ART and AR2) in Arabi-
dopsis thaliana. We isolated AR1 and AR2 c¢cDNAs using a mung
bean (Phaseolus aureus L.) NADPH-Cyt P450 reductase cDNA as a
probe. The recombinant AR1 and AR2 proteins produced using a
baculovirus expression system showed similar K, values for Cyt ¢
and NADPH, respectively. In the reconstitution system with a re-
combinant cinnamate 4-hydroxylase (CYP73A5), the recombinant
AR1 and AR2 proteins gave the same level of cinnamate
4-hydroxylase activity (about 70 nmol min~" nmol™" P450). The
AR2 gene expression was transiently induced by 4- and 3-fold
within 1 h of wounding and light treatments, respectively, and the
induction time course preceded those of CYP73A5 and a phenylal-
anine ammonia-lyase (PALT) gene. On the contrary, the ART ex-
pression level did not change during the treatments. Analysis of the
AR1 and AR2 gene structure revealed that only the AR2 promoter
contained three putative sequence motifs (boxes P, A, and L), which
are involved in the coordinated expression of CYP73A5 and other
phenylpropanoid pathway genes. These results suggest the possibil-
ity that AR2 transcription may be functionally linked to the induced
levels of phenylpropanoid pathway enzymes.

P450 reductase transfers two electrons from NADPH to
P450s, which constitute the terminal electron acceptors in
the microsomal electron transport system, catalyzing
mono-oxygenation reactions with diverse endogenous and
exogenous lipophilic substrates. More than 400 P450 genes
have been identified in a wide range of organisms, from
bacteria to animals (Nelson et al., 1996), and it has been
suggested that a single form of P450 reductase is respon-
sible for the electron transport to these diverse P450 iso-
forms in animals (Porter et al., 1990). In higher plants P450s
are also involved in the biosynthesis of a variety of second-
ary metabolites, such as phenylpropanoids, terpenoids, ste-
rols, fatty acids, and GAs (Donaldson and Luster, 1991;
Bolwell et al., 1994). P450 reductase proteins and the cor-
responding cDNAs have been isolated from Vigna radiata
(Shet et al., 1993) and also from Catharanthus roseus (Meijer
et al., 1993), in which only a single-copy gene for P450
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reductase has so far been detected. On the other hand,
Benveniste et al. (1991) reported the purification of three
isoforms of P450 reductase from the microsomal fractions
of Helianthus tuberosus. However, it is not clear whether
these three reductases were encoded by distinct genes or
whether they were posttranslationally modified proteins
encoded by a single-copy gene. Recently, two distinct P450
reductase cDNAs were isolated from Arabidopsis thaliana
(D. Pompon, unpublished results; deposited in GenBank,
accession nos. X66016 and X66017), and also from H. tu-
berosus (I. Benveniste, unpublished results; deposited in
GenBank, accession nos. 226250 and Z26251, respectively).
These results indicate that, in contrast to mammals and
yeast, at least some plant species contain a few isoforms of
P450 reductase that are encoded by separate genes. The
occurrence of multiple isoforms of P450 reductase in plants
raises questions about physiological roles of the individual
P450 reductase isoforms; however, characterization of
these P450 reductase isoforms has not been reported.

In this paper we report the isolation and characterization
of the cDNAs and the corresponding genes encoding two
isoforms of P450 reductase of A. thaliana. We demonstrate
by expressing the cDNAs in insect cells using a baculovirus
expression system that these reductase genes encode func-
tionally active P450 reductases. When used for reconstitu-
tion of the cinnamate 4-hydroxylase activity in a system
containing the recombinant CYP73A5 (Mizutani et al.,
1997), both recombinant Arabidopsis P450 reductases were
as competent as the native P450 reductase from mung bean
(Phaseolus aureus L.). Genomic organization of the two P450
reductase genes (AR1 and AR2) closely resembled each
other with regard to the intron positions and exon sizes,
whereas little similarity was observed in the DNA se-
quences of their promoter regions. RNA-blot analysis
showed that ART was constitutively expressed throughout
development, whereas AR2 expression was strongly in-
duced by wounding and light treatments, and the induc-
tion time course of AR2 preceded those of PALI and
CYP73A5, which encode PAL and cinnamate
4-hydroxylase, respectively. Possible regulation mecha-
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nisms that coordinate the expression of AR2 with those of
PAL1 and CYP73A5 are discussed on the basis of sequence
analyses of the AR1 and AR2 promoter regions.

MATERIALS AND METHODS
Plant Materials and Treatments

Arabidopsis thaliana ecotype Columbia (Col-0, Lehle
Seeds, Tucson, AZ) seedlings were grown under sterile
conditions on 0.8% agarose plates containing GM (Valvek-
ens et al.,, 1988) in a growth chamber maintained at 22°C
under continuous light.

For wounding treatment, leaves of 3-week-old plants
were harvested, cut into 2-mm-wide strips, and incubated
for 1 to 9 hin a Petri dish containing GM and 0.005% (w/v)
chloramphenicol. For the 0-h time, sliced leaves were fro-
zen immediately without further incubation.

For light treatment, 2-week-old plants grown in contin-
uous light were placed in the dark for 2 d and then trans-
ferred to the light condition for 1 to 12 h.

Isolation of cDNA Clones of P450 Reductases

A c¢DNA of mung bean (Phaseolus aureus L.) P450 reduc-
tase was isolated using degenerate oligonucleotide probes
designed from the partial amino acid sequences (MRI,
RLVAVGLGDDDQ; MR2, LQYGVFGLGNRQYEHENK;
and MR3, LOMDGRYLRDYV) determined from a purified
mung bean P450 reductase (Mizutani et al., 1993a). A 1.5-kb
fragment was obtained by PCR using a set of degenerate
primers. A sense primer, SU18 (5-CA[A/G]TA[T/
CIGA[A/G]CA[T/C]TT[T/CJAA[T/C]JAA-3"), was based
on the peptide sequence QYEHFNK from MR2, and an
antisense primer, SP69 (5'-TAIC[G/T]ICC[A/G]JTCCAT
[T/C]-3’, was derived from the peptide sequence
QMDGRY from MR3. This PCR fragment was used as a
hybridization probe to screen a total of 1,000,000 plaques
from a mung bean cDNA library under hybridization con-
ditions described previously (Mizutani et al., 1993b). Forty
positive clones were isolated and the longest insert was
completely sequenced. The cDNA consisted of a 161-bp 5’
untranslated region, a 371-bp 3’ noncoding region, and a
2073-bp open reading frame encoding a polypeptide of 691
amino acid residues.

Arabidopsis P450 reductase cDNAs were isolated from a
c¢DNA library prepared from 7-d-old Arabidopsis seedlings
(Mizutani et al., 1997) by using the full-length cDNA for
mung bean P450 reductase as a probe under the following
low-stringency conditions: hybridization for 16 h at 50°C in
a hybridization buffer containing 1% BSA, 7% SDS, 50 mm
sodium phosphate (pH 7.5), and 1 mMm EDTA (Church and
Gilbert, 1984); washing for 10 min in 6X SSC supplemented
with 0.1% SDS at room temperature and for 20 min in 2X
SSC with 0.1% SDS at 50°C. Twelve positive clones were
isolated and divided into two groups according to their
partial DNA sequences. The longest clones (AR1 and AR2)
from the two groups were completely sequenced.
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Isolation of Genomic Clones for Two P450 Reductases

Genomic DNA clones were isolated using the full-length
cDNAs of AR1 and AR?2 as hybridization probes. A total of
100,000 plaques from a AEMBL3 (T7/SP6) library of Ara-
bidopsis ecotype Col-0 genomic DNA (Clontech, Palo Alto,
CA) were screened with either the AR1 or the AR2 probe
under the following high-stringency conditions: hybridiza-
tion for 16 h at 65°C in the hybridization buffer described
above; washing for 10 min in 2X SSC with 0.1% SDS at
room temperature and for 30 min in 0.1X SSC containing
0.1% SDS at 65°C. Six positive plaques for each AR1 and
AR2 (ARI1 clones and AR2 clones) were isolated through
two additional rounds of screening, and ADNA was pre-
pared from liquid lysates according to the method of
Grossberger (1987). Genomic clones containing the longest
inserts were identified by restriction-mapping analysis.
The inserts were obtained from the ART and AR2 clones by
digesting with Xhol and EcoRI, respectively, and were sub-
cloned into pCRII vectors (Invitrogen, San Diego, CA) for
DNA sequencing.

Heterologous Expression in Insect Cells

The two isoforms of P450 reductase were expressed us-
ing a baculovirus expression vector system, according to
the method described previously (Summers and Smith,
1987), using a baculovirus transfer vector, pVL1392 (In-
vitrogen), Spodoptera furugiperda 21 (S21) cells (Invitrogen),
and an infectious BaculoGold Baculovirus DNA (Pharmin-
gen, San Diego, CA). Sf21 cells were maintained at 27°C as
a monolayer culture in Grace’s medium (Difco, Detroit,
MI), supplemented with 0.33% TC yeastolate (Difco), 0.33%
lactoalbumin, 10% fetal bovine serum, and 50 pg/mL gen-
tamycin sulfate.

The expressed P450 reductases were purified from the
infected Sf21 cells. The infected cells were sonicated and
centrifuged at 100,000¢ for 1 h. The pellet was homoge-
nized with buffer A (20 mm potassium phosphate [pH
7.25], 20% glycerol, and 1 mm DTT). For protein solubili-
zation, buffer B was prepared by adding 1% Emulgen 913
(Kao Atlas, Tokyo, Japan) to buffer A. After solubilization
in buffer B at 4°C for 3 h, the sample was centrifuged at
100,000¢ for 1 h, and the supernatant was applied to a
DEAE-Sepharose column (5 X 10 cm) equilibrated with
buffer B, and the protein was eluted with a linear KCI
gradient (0-0.5 M) in buffer B. The pooled fractions con-
taining the active P450 reductase were applied to a 2',5'-
ADP Sepharose column (1 X 7 cm) equilibrated with buffer
B, and the protein was eluted from the column with 10 mm
potassium phosphate buffer (pH 7.7) containing 20% glyc-
erol, 1 mm EDTA, 0.1 mMm DTT, and 0.5 mMm NADP. The
active fractions were further applied to a Mono-Q column
equilibrated with buffer B, and the column was washed
with buffer A until the absorption at 280 nm derived from
Emulgen 913 disappeared from the eluted buffer. After the
removal of the detergent the protein was eluted with a
linear KCl gradient (0-0.5 m) in buffer A.
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Assay Methods

P450 reductase was assayed by measuring its NADPH-
Cyt c reductase activity, as described by Imai (1976). The
rate of Cyt ¢ reduction was calculated from the Ag5, change
using an extinction coefficient (£ = 21 mm ™' em™1). trans-
Cinnamic acid 4-hydroxylase activity was reconstituted
using the purified recombinant CYP73A5 protein (Mizu-
tani et al., 1997), according to the method described previ-
ously (Mizutani et al., 1993a). The reconstitution system
consisted of the recombinant CYP73A5 (5 nm) and the
purified recombinant P450 reductases (0.1 unit/mL) in 50
mM potassium phosphate buffer (pH 7.2) containing 0.01%
(w/v) sodium cholate, 10 png/mL dilauroylphosphatidyl-
choline (Funakoshi, Tokyo, Japan), and 0.4 mwm trans-
cinnamic acid. The reaction was started by adding 0.1 mm
NADPH. p-Coumaric acid formation was determined by
HPLC as described previously (Mizutani et al., 1993a).
P450 was estimated from the CO-difference spectrum
(Omura and Sato, 1964).

DNA Preparation and DNA-Blot Analysis

Genomic DNA was isolated from shoots of 3-week-old
Arabidopsis seedlings and purified by ethidium bromide-
CsCl density-gradient centrifugation as described by Aus-
ubel et al. (1987). For Southern blots, genomic DNA was
digested with the indicated restriction enzymes, separated
by 0.7% agarose gel electrophoresis, and transferred to
nylon membranes. The membranes were hybridized with
either the full-length AR1 or AR2 cDNAs as a probe and
washed under the high-stringency conditions described
above. A 282-bp AR1 cDNA fragment was also prepared as
a hybridization probe by digesting the AR1 ¢cDNA with
BamHI and HindIII. Since this probe contained the FMN-
binding domain of P450 reductases (Porter and Kasper,
1986), it was expected to hybridize to all of the P450 reduc-
tase genes of Arabidopsis under the low-stringency condi-
tions described above.

RNA Preparation and RNA-Blot Analysis

Total RNA was isolated by phenol/chloroform extrac-
tion followed by lithium chloride precipitation, as de-
scribed by Lagrimini et al. (1987). Samples of total RNA (5
ng) were separated by 1.2% formaldehyde-agarose gel
electrophoresis and blotted onto a nylon membrane. Hy-
bridization and washing were carried out under the high-
stringency conditions as described above. The hybridiza-
tion signals were quantified using an imaging analyzer
(BAS2000, Fuji Film, Tokyo, Japan). The hybridized DNA
probes were stripped from the membranes by boiling in a
buffer containing 0.01X SSC and 0.01% SDS for 20 min, and
blots were rehybridized to an actin-1 probe (Nairn et al.,
1988) for normalization.

DNA Sequencing and Analysis

DNA sequencing was performed using a Dye Deoxy
Terminator Cycle Sequencing kit (ABI) and an automated

DNA sequencer (model 373A, ABI). Sequences were ana-
lyzed using the software DNASIS, version 3.5 (Hitachi
Software Engineering America, San Bruno, CA).

RESULTS

Isolation of Two Different cDNAs Encoding P450
Reductase of A. thaliana

A P450 reductase cDNA was isolated from a P. aureus
c¢DNA library and used for cloning of the cDNAs for two
isoforms of Arabidopsis P450 reductases (AR1 and AR?2).
The amino acid sequence deduced from the P. aureus P450
reductase cDNA was 30 to 40% identical to those of mam-
malian P450 reductases (Fig. 1), and the three peptide
sequences (MR1, MR2, and MR3) determined from the
purified P. aureus P450 reductase were found within the
predicted amino acid sequence in perfect agreement.

The amino acid sequences deduced from the cDNA
clones (AR1 and AR2) from Arabidopsis seedlings were
compared with those of the P450 reductases from other
plant species (Fig. 1). The DNA sequences of AR1 and AR2
cDNAs were nearly identical to those of ATR1 and ATR2
cDNAs previously deposited by D. Pompon in GenBank
(accession nos. X66016 and X66017, respectively). The small
differences (data not shown) might be attributable to the
ecotype difference between Columbia (AR1 and AR2) and
Landsberg (ATR1 and ATR2).

The AR1 cDNA consists of a 2076-bp open reading
frame, a 121-bp 5’ untranslated region, a 193-bp 3’ noncod-
ing region, and a poly(A™) tail. The open reading frame
encodes a polypeptide of 692 amino acid residues with a
calculated molecular mass of 76,765 D. AR2 cDNA consists
of a 2133-bp open reading frame, a 121-bp 5’ untranslated
region, a 55-bp 3' noncoding region, and a poly(A™) tail.
Although a stop codon is not found within the 5" untrans-
lated region upstream, the first ATG codon in the AR2
c¢DNA sequence and several Met residues are seen down-
stream from the first Met, we assumed that the first ATG
triplet was the start codon, according to the “first-AUG-
rule” in which a first AUG serves as the initiator codon
used in the translation of about 95% of the eukaryotic
mRNAs (Kozak, 1987). Thus, the predicted open reading
frame of AR2 ¢cDNA encodes a polypeptide of 712 amino
acid residues with a calculated molecular mass of 79,124 D.

Figure 1 shows the alignment of the deduced primary
structures of AR1 and AR2 proteins with those of the
reductases from other plant species. P450 reductases from
animals and yeast consist of several functional domains,
such as a hydrophobic membrane-anchoring region; FMN-,
FAD-, and NADPH-binding regions; and the binding sites
for P450 and Cyt ¢ (Nisimoto, 1986; Porter and Kasper,
1986; Yabusaki et al., 1988). The amino acid sequences of
these functional domains were well conserved between the
two Arabidopsis reductases (Fig. 1), with the exception of
less structural similarity in the N-terminal membrane-
anchoring region. The deduced primary structures of AR1
and AR2 proteins are 63% identical to each other (Table I).
It is interesting that the AR1 protein is more similar to the
reductases of P. aureus and V. sativa than to AR2 (Table I).
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ARL MTSALYASD LFKQLKSIMG TDSLSDODV-- -VLVIATTSL ALVAG-FVVL LWKKTTADRS GELKPLMIPK SLMAKDEDDD 75
ARZ MSSSSSSSTS MIDLMAAIIK GEPVIVSDPA NASAYESVAA ELSSMLIENR QFAMIVTTSI AVLIGCIVML VWRESGSGNS K--R-VEPLK PLVIKPREE- 96
P.aureus MAS---NSD LVRAVESFLG V-SLGDSVSD -LLLIATTSA AVVIG-LLVF LWKKSS-DRS KEVKPVVVPR DLM-MEEEEE 72
v.sativa MTSS--MSD LVRTIESALG 1-SLGDSVSD -VVIIATTSA AVIIG-LLVF LWRKSP-DRS RELRPVIVPK FTV-KHEDDE 73
¢.roseus MDSSSEKLSP F-ELMSAILK GAKLDGSNS- -SDSGVAVSP AVMAMLLENK ELVMILTTSV AVLIGCVVVL IWRRSSGS-G K--KVVEPPK LIVEKSVVEP 94
H.tuberosusl MOPETVETTP FAVL---NNK --VIDNGNS- ------- THP VTLTMLLONQ - -LLVLMTSA AVLLGFIVVF VWNRSSGKKS G--KELEPPK IVVPKROVE- 82

i FMN-pyrophosphate - = FMN-isoalloxazine-ring
I 2 3 4
AR1 LDLGSGKTRYV SIFFGTQTGT AEGFAKRLSE EIKARYEKAR VEVIDLDDYA ADDDOYEEKL KKETLAFFCV ATWGDGEPTD NAARFYKWFT HE-NERDIKL 174
AR2 -EIDDGRKKV TIFFGTOTGT ABGFAKALGE EAKARYEKTR FKIVDLDDYA ADDDEYEEKL KKEDVAFFFL ATWGDGEPTD WAARFYKWFT HG-NDRGEWL 194
P.aureus VDVAAGKTKV TIFFGTOTGT AEGFAKALAE EIKARYEKAA VKVVDLDDYA ADDDLYEEKL KKESLVFFML ATYGDGEPTD WAARFYKWFT EGKDERGIWL 172
V.sativa VEVDRGKTKV TVFYGTQTGT AEGFAKALAE EIKARYEKAV VKVVOMODDYA IDDDOYBEKL KKETLVEFML ATYGDGEPTD NAARFYEWPT EGKEERGTWL 173
C.roseus EEIDEGKKKF TIFFGTQTGT AEGFAKALAE EAKARYEKAV IKVIDIDDYA ADDEEYEEKF RKETLAFFIL ATYGDGEPID NAARFYEWEV EG-NDRGDWL 193
H.tuberosus1l QEVDDGKKKV TIFFGTQTGT AEGFACALVE EAK-RYEKAV FEVIDLDDYA ADDEEYEEKL KKESLAFFFL ATYGDGEPTD NARRFYKWFT EG-DDXGEWL 180
H.tuberosus2 ----DGKKKV TVFFGTQTGT AEGFPKALVE EAKARYEKAV FKVIDLDDYA ADDDEYEEKL KKESLPFFFL ATYGDGEPTD NAARFYKWFT EG-EPKGEWL 97
P450, cytochrome ¢
L e am—
5 6 7
AR1 QOLAYGVFAL Guncmsumx| IGIVLDEELC mnus\r GLGDDDOSIE DDFNAI L WSELDKLLXD EDD-KSVATE YTAVIPEYRV VTHDPRFT-- 271
AR2 KNLKYGVFGL GNROYEHFNK| VAKVVDDILV RLVOV GLGDDDQCIE DDFTA L WPELDTILRE EGD-TAVATP YTAAVLEYRV SIHDSEDAKF 293
P.aureus OKLTYGVFGL GNROYEHFNK IGKVVDEELA EQGAKRLVAV GLGDDDQSIE DDFSAWKESL WSELDOLLRD EDDANTVSTP YTAAILEYRV VIHDPTAT-- 270
V.sativa QQLTYGVFAL GNROYEHFNK IGKIVDEDLT EQGAKRLVPYV GLGDDDQSIE DDFNAWKETL WPELDQLLRD EDDVNTASTP YTAAISEYRV VIHDPTVS-- 271
C.roseus KNLOYGVFGL GNRQYEHFNK IAKVVDEKVA EQGGKRIVPL VLGDDDOCIE DDFAAWRENV WPELDNLLRD EDD-TTVSTT YTAAIPEYRV VFPDKSDSLI 292
H.tuberosus1NKLHYGVFGL GNRQYEHFNK IAKVVDEGLT EQGAKRFVPV GLGDDDOSIE DDFSAWKELY WPELDQLLLD EDD-KTAATP YTAAIPEYRV VFHDKPDTF- 278
H.tuberosus2 NKLQYGVFGL GNROYEHFNK IAKVVDDGLV BEQGAKRLVPY GLGDDDQCIE DDFTAWKELV WPELDQLLRD DDD-TSVATP YTAAVAEYRV VFHEKPDMY- 19
= FAD-pyrophosphate e
- -
8 9

ARL --TOKSMESN VANGNTTIDI H“xw“ OKELHTHESD RSCIHLEFDI SETGT G DHVGVYAENWH VEIVEEACKL LGHSLDLVFS IHADKEDGSP 365
AR2 NDINMANGNG ¥----TVFDA QHPYKANVAV KRELHTPESD RSCIHLEFDI AGSGLINETG DHVGVLCDNL SETVDEALRL LDMSPDTYFS LHAEKEDGTP 389
P.aureus --STYDNHST VANGNTVFDI HHPCRVNVAV OKELHKPESD RSCIHLEFDI SGTSITYDTG DHVGVYAENC NETVEETGKL LGONLDLFES LHTDEDDGTS 368
V.sativa --PSYENHFN VANGGAVFDI HHPCRVNVAV RRELHKPQSD RSCIHLEFDL SGTGVTYETG DHVGVYAENC DETVEEAGKL LGOSLOLLFS LHTDKEDGTS 369
C.roseus SEAN-GHANG YANGNTVYDA QHPCRSNVAV RKELHTPASD RSCTHLDFDI AGTGLSYGTG DHVGVYCDNL SETVEEAERL LNLPPETYFS LHADKEDGTP 391
H.tuberosusl SENH-SQTNG ----HTVHDA QHPCRSNVAV KKELHTPESD RSCTHLEFDI SHTGLSYETG DHVGVYCENL IEVVEEAEKL IGLPADTYFS LHIDNEDGTP 37

H.tuberosus2 -DEN-SQTNG ----HAVHDA QHPCRANVAV KKELHSSESD RSCTHLEFDI SHTGLSYETG DHVGVYCENL SEVVDEAERL IGLPPDTYFS IHTDKEDGTP 289

1] 11
AR1 LESA-VPPPF PGPCTLGTGL ARYADLLNPP RKEALVALAA YATEPSEAEX LKHLTSPDGK| DEYSQWIVAS ORSLLEVMAA FPSAKPPLGY FFAAIAPRLQ 468
AR2 15-SSLPPPF P-PCNLRTAL TRYACLLSSP KKSALVALAR HASDPTEAER LKHLASPAGK| DEYSKWVVES QRSLLEVMAE FPSAKPPLGV FFAGVAPRLQ 487
P.aureus LGGS-LLPPF PGPCSLRTAL ARYADLLNPP RKAALLALAT HASEPSEAER LKFLSSPOGK DEYSKWVVGS QRSLVEVMAE FPSAKPPLGV FFAAIAPRLQ 467
v.sativa LGGS-LLPPF PGPCTVRTAL ACYADLLNPP RKAAIVALAA HASEPSEAER LKFLSSPOGK DEYSKWVVGS QRSLLEVMAD FPSAKPPLGV FFAAIAPRLO 468
¢.roseus LAGSSLPPPF P-PCTLRTAL TRYADLLNTE KKSALLALAA YASDENEADR LKYLASPAGK DEYAQSLVAN QRSLLEVMAE FPSAKPELGV FFAAIAPRLO 490
H.tuberosusl LGGPTLQPPF P-PCTLRKAL TNYADLLSSP KKSTLLALAA HASDATEADR LOFLASREGK DEYAEWIVAN QRSLLEVMEA FPSAKPPLGV FFAATAPRLQ 472
H.tuberosus2? LGGASLAPPF P-PCTLRKAL ASYADVLSSP KKSALLALAR HATDPAEADR LKFLASPDGK DEYSQWIVAS QRSLLEVMEA FPSAKPPLGV FFASVAPRLQ 388
FAD-isoalloxazine-ring NADPH-ribose, pyrophosphate
B T
12 13
ARL PRYYSISSCO DMAPSRVHVT SALVYGPTPT GRIHKGVCST VPREK SHECSGAPIF IRASNFELPS NPSTPIVMVG PGTGLAPFRG FLOERMALKE 568
AR2 PRFYSISSSP K[IAETRIHVT CALVYEKMPT GRIHKGVCST WVPYEK SENCSSAPIF VROSNFKLPS DSKVPIIMIG PGTGLAPFRG FLOERLALVE 587
b.aureus PRYYSISSSP RFAPQRVHVT CALVYGPTPT GRIHKGVCST WMKBAIPSEK SODCSSAPIF IRPSNFKLEV DHSIPIIMVG PGTGLAPFRG FLOERYALKE 567
V.sativa PRYYSISSSP RPAPQRVHVT CALVEGETPT GRIHKGVCST WMKSATPLEK SHDCSRAPIF IRPSNFKLPA DHSIPIIMVG PGTGLAPFRG FLOERLALKE 568
C.roseus PRFYSISSSP RMAPSRIHVT CALVYEKTPG GRIHKGVCST WMKNAIPLEE SRDCSWAPIF VROSNFRLPA DPEVEVIMIG PGTGLAPFRG FLOERLALKE 550
H.tuberosusl ppyys1SssP KMVENRIHVI CALVYEKTEA GRIHKGICST WMENAVPLTE NODCSSAPIF VRTSNFRLPA DPEVPVIMIG PGTGLAPFRG FLOERLALKE 572
H.tuberosus2 pRYYSISSSP RMAPNRIHVT CALVYEKTPA GRIHKGVCST WMKNAVPMTE CLDCSWAPIY VRTSNFRLES DPKVEVIMIG PGTGLAPFRG FLOERLALKE 48
EADPH-nlminamide
14 15 16

AR1 DGEELGSSLL rmcnum FIYEDELNNF VDOGVISELI MAFSREGACK EYVQHKMMEK| AAOVWDLIKE EGYLYVCGDA KGMARDVHRT LETIVQ 668
AR2 SGVELGPSVL FFGCRN FIYEEELORF VESGALAELS VAFSREGPTK EY ASDIWNMISQ GAYLYVCGDA KGMARDVHRS LHTIAQEQGRS 687
P.aureus DEVOLGPALL FFGCRNRQMD FIYEDELKSF VEQGSLSELI VAPSREGAEK EYVQHRMMDK AAHLWSLISQ GGYLYVCGDA KGMARDVHRT LHSIVQEQEN 667
V.sativa DGVOLGPALL FEGCRNROMD PIYEDELNNE VQOGAISELI VAFSREGPEK EYVOHRMMDK AEYLWSLISQ GGYLYVCGDA KGMARDVHRS LHTIVOOQEN 668
C.roseus EGAELGTAVF FFGCRNRKMD YIYEDELNHF LEIGALSELL VAFSREGPTE OYVOHEMAEK ASDIWRMISD GAYVYVCGDA KGMARDVHRT LHTIAQEQGS 650
H.tuberosusl SGTELGUSIL FFGCRNRKVD FIYEMELNNF VENGALSELD MAFSREGASK EYVQHKMSQOK ASDIWNMLSE GAYLYVCGDA KGMAKDVHRT LHTIVQEQGN 672
H.tuberosus2 AGTELGSSIL FFGCRNRKVD FIYEDELNNF VETGALSELI VAFSREGPTK EYVOHKMNEK ASDLWKLLSE GAYLYVOGDA KGMAKDVERT LHTIVQEQGS 588
AR1 VSSSEAEAIV KKLOTEGRYL RDVW 692

AR2 MDSTKAEGFV ENLOTSGRYL RDVW 711

P.aureus VDSTKAEAIV XKLOMDGRYL RDVW 691

v.sativa ADSSKAEATY KKLOMDGRYL RDVW 692

C.roseus MDSTOAEGFV KNLOMTGRYL ROVW 714

H.tuberosusl LDSSKAELYV KNLOMSGRYL RDVW 696

H.tuberosus2 LDSSKAELFV KNLOMSGRYL RDVW 612

Figure 1. Amino acid alignment of plant P450 reductases. The deduced amino acid sequences of ART and AR2 are aligned
with those of P450 reductases from P. aureus, V. sativa, C. roseus, and H. tuberosus by the program Clustal W (Thompson

et al., 1994). Identical amino acid residues are shadowed, and d
The putative functional regions involved in the interaction with

ashes were inserted to maximize the sequence homology.
FMN, FAD, NADPH, P450, and Cyt ¢ (Porter and Kasper,

1986; Nisimoto, 1986; Yabusaki et al., 1988) are indicated above the sequences by an arrow. Intron positions are shown
by vertical lines with the number of the position from the N terminus.

On the other hand, the AR2 protein is 73% identical to the
C. roseus reductase and is 75 and 70% identical to HTR1 and
HTR?2 from H. tuberosus, respectively (Table I). Particularly,
the N-terminal structures of AR1, P. aureus, and V. sativa
reductases were shorter than those of AR2, C. roseus, and H.
tuberosus 1 reductases (Fig. 1). Thus, plant P450 reductases
can be divided into two groups: (a) AR1 type, AR1 and the
P450 reductases of P. aureus and V. sativa; and (b) AR2 type,
AR?2, the C. roseus P450 reductase, and the two H. tuberosus
reductases (HTR1 and HTR2). In contrast to the high ho-
mology among plant P450 reductases, AR1 and AR2 pro-

teins were only 32 to 41% identical to the P450 reductases
from other organisms (Table I), suggesting that the se-
quence variation among the plant P450 reductases had
occurred after the divergence from other organisms.

Biochemical Properties of AR1 and AR2 Proteins
Expressed in Insect Cells

We expressed the AR1 and AR2 ¢cDNAs in insect cells
using a baculovirus expression vector system. SDS-PAGE
analysis (Fig. 2) showed that new intense bands of 78 and
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Table 1. Identity of amino acid sequences of Arabidopsis P450 re-
ductases to those of the reductases from various species

Species AR1 AR2 Accession No.
identity %

A. thaliana (AR1) - 63 This study

A. thaliana (AR2) 63 - This study

H. tuberosus (HTR1) 67 75 726250

H. tuberosus (HTR2)* 65 70 726251

V. sativa 74 67 726252

P. aureus 74 67 This study

C. roseus 63 73 X69791

Homo sapiens 41 40 590469

Rattus norvegicus 40 41 M12516

Drosophila melanogaster 41 42 X93090

Caenorhabditis elegans 37 39 U21322

Saccharomyces cerevisiae 37 37 D13788

Aspergillus niger 38 38 726938

Bacillus megaterium® 34 33 04832

* HTR2 is a partial cDNA clone lacking the N-terminal region (Fig.
2). P In B. megaterium a gene encodes P450-BM-3, which con-

sists of two domains corresponding to Cyt P450 and P450 reductase
(Ruettinger et al., 1989), and, therefore, the region coding for the
P450 reductase domain was used for the homology analysis.

80 kD appeared in the microsomal fraction of the insect
cells upon infection with the recombinant AR1 virus and
the AR?2 virus, respectively. These proteins were not found
in the mock-infected cells (Fig. 2, lane 1). The difference in
the apparent molecular masses of these newly appeared
proteins reflected the molecular masses of AR1 (76,765 D)
and AR2 (79,124 D) calculated from their deduced primary
structures. The microsomal NADPH-Cyt c reductase activ-
ity of the recombinant-virus-infected cells was 1000-fold
higher than that of the mock-infected cells. These recom-
binant AR1 and AR2 proteins were purified to homogene-
ity by three-step column chromatography (Fig. 2, lanes 4
and 5, respectively).

The recombinant AR1 and AR2 proteins showed similar
absolute absorption spectra characteristic of flavoproteins
(Fig. 3). Oxidized forms showed prominent peaks at 455
and 380 nm, typical of a flavoprotein, and the 455-nm peak
disappeared when the enzymes were fully reduced by
sodium dithionite. Aerobic treatment of the reductases
with 50 um NADPH produced a spectrum having a broad
peak of approximately 600 nm, which is typical for the
stable semiquinone form of flavoproteins. These spectral
properties of the recombinant AR1 and AR2 proteins are
very similar to that of the P450 reductase purified from
rabbit microsomes (Iyanagi and Mason, 1973). The recom-
binant AR1 and AR2 proteins were also indistinguishable
in terms of the K, values for NADPH and Cyt c (Table II),
which were comparable to those of the reductases from P.
aureus (22.1 and 24.8 um for NADPH and Cyt c, respec-
tively) and the H. tuberosus reductases (Benveniste et al.,
1989). In the reconstitution system with either the AR1 or
AR2 protein, the recombinant CYP73A5 protein (Mizutani
et al, 1997) was able to catalyze the cinnamate
4-hydroxylase reaction at the same rate (Table. III). The
addition of Cyt bs to the reconstitution system did not
enhance the level of the reconstituted cinnamate

4-hydroxylase activity under our experimental conditions
(data not shown), although it is well known that Cyt bj is
required for maximum catalytic rate for certain species of
mammalian P450s (Yamazaki et al., 1996). These results
may suggest that both P450 reductases could be equally
involved in the catalysis of CYP73A5 in vivo. However, it
is possible that these two P450 reductases have different
specificities toward individual P450s.

Genomic Southern-Blot Analysis

Genomic DNA was digested with EcoRI, HindIll, or Xbal,
and hybridization was performed at the high-stringency
conditions (65°C) using the full-length cDNAs for either
AR1 or AR2 as a probe (Fig. 4, A and C). Neither EcoRI nor
Xbal digestion cut the AR1 cDNA, and a single hybridiza-
tion signal was observed when hybridized with the AR1
probe. Three fragments were found in the digestion with
HindlIII (Fig. 4A), which has two restriction sites in the AR1
c¢DNA sequence. There are two EcoRI sites, a HindIII site,
and no Xbal site in the AR2 cDNA sequence. Therefore,
three bands with the EcoRI digestion, two close bands with
HindlIIl, and a single band with Xbal digestion were de-
tected using the AR2 probe (Fig. 4C). The results indicated
that each of the AR1 and AR2 cDNA probes hybridized
with an independent single gene and did not cross-
hybridize each other under the high-stringency conditions.

A 282-bp fragment was obtained from the AR1 cDNA by
digesting with BamHI and HindIIl and was used as a probe
under the low-stringency conditions (50°C; Fig. 4B). This

3 4 5

kDa
97.4—
66.3—

#

42.4—

I8 R
:
]

L

b
1518 28

:

30.0—

- 5§ "

Figure 2. Heterologous expression of recombinant ART and AR2
proteins in insect cells. SDS-PAGE was performed using 10% poly-
acrylamide slab gel, and proteins were visualized with Coomassie
brilliant blue R-250. Lane 1, Solubilized fraction of microsomes of
mock-infected Sf21 cells (10 ug of protein); lane 2, solubilized
fraction of microsomes of Sf21 cells (10 ug of protein) infected with
the recombinant virus containing AR1T cDNA; lane 3, solubilized
fraction of microsomes of Sf21 cells (10 ug of protein) infected with
the recombinant virus containing AR2 cDNA; lane 4, purified ART1
protein (200 pg of protein); and lane 5, purified AR2 protein (0.2 pg
of protein). The migration of size standard is shown to the left of the

gel.
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Figure 3. Absolute absorption spectra of the purified recombinant AR1 and AR2 proteins. A, Purified recombinant ART1
protein; B, purified recombinant AR2. The one-electron reduced semiquinone forms were prepared by adding 1 mm NADPH
to a final concentration of 25 um, and the spectra were recorded after incubating for 10 min at 25°C. A few grains of sodium
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dithionite were added to completely reduce the reductases. [

completely reduced form.

282-bp fragment served as a universal probe to detect any
P450 reductase genes in Arabidopsis (74.5% identity be-
tween AR1 and AR2 at the DNA level), since it encodes a
domain containing the putative FMN-binding site con-
served in all P450 reductases so far reported (Fig. 1; Porter,
1991). In each digestion two gene fragments were observed
at strong and weak intensities: 8- and 15-kb fragments in
EcoRI digestion, 1.5- and 3.8-kb fragments in HindIII diges-
tion, and 11- and 2.4-kb fragments in Xbal digestion, re-
spectively (Fig. 4B). When the hybridization patterns were
compared (Fig. 4), these strong and weak hybridization
signals detected under the low-stringency conditions could
be ascribed to ARI and AR?2, respectively. In other words,
the 282-bp fragment from the AR1 cDNA hybridized with
only those DNA fragments derived from ARI and AR2.
Thus, there were two P450 reductase genes detected in
Arabidopsis.

Table Il. The K, values for Cyt c and NADPH

P450 Ken?
Reductase Cyt & NADPHE®
M
ART 243 £23 219t 1.4
AR2 225+ 1.8 23.0x2.9

]

, Oxidized form; [ - - - - 1, semiquinone form; and [- - — -],

Gene Structure of ART and AR2

To characterize genomic organization of the two P450
reductase genes, we screened an Arabidopsis AEMBL3
genomic library using either the full-length AR1 or AR2
cDNA as a hybridization probe. After analysis of several
positive clones by restriction endonuclease mapping and
Southern hybridization, two genomic clones containing the
entire coding region for each of ART and AR2, respectively,
were selected for further investigation.

The physical maps of AR1 and AR2 gene organization
are shown in Figure 5. Sequence comparison of AR1 and
AR2 with those of the corresponding cDNAs showed that
both AR1 and AR2 contain 17 exons and 16 introns (Figs. 1
and 5). All of the exon-intron boundaries are consistent
with the proposed junction sequence “gt. . . ag” rule (Han-

Table Ill. The reconstituted CYP73A5 activity
Cinnamate 4-Hydroxylase Activity®

Assay Condition

nmol min~" nmol~" P450

Complete®
AR1 63.6 £ 4.3
AR2 70.2 £ 5.6
Without NADPH n.d.c
Without P450 reductase n.d.
Without CYP73A5 n.d.

? Reactions were carried out in 0.3 M potassium phosphate (pH
7.7). After 2 min of preincubation at 28°C, reactions were initiated by
addition of NADPH. Values are means * sp of three separate deter-
minations. b For the determination of the K, value for Cyt c,
NADPH concentration was fixed at 50 uMm, and the cytochrome ¢
concentration was varied from 0.5 to 300 pm. ¢ For the determi-
nation of the K, value for NADPH, Cyt ¢ was added at 50 um with
varied NADPH concentrations (0.5-300 um).

? Reactions were carried out in the complete reaction mixture at
30°C and were initiated by addition of NADPH. Values are means *
sD of three separate determinations. b Complete reaction mixture
contained 50 mm potassium phosphate (pH 7.25), 5 nm recombinant
CYP73A5, 0.1 unit/mL recombinant P450 reductase (AR1 or AR2),
0.01% (w/v) sodium cholate, 10 ug/mL dilauroylphosphatidylcho-
line, 0.1 mm NADPH, and 0.4 mMm trans-cinnamic acid. ‘n.d.,
Not detected.
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Figure 4. Southern-blot analysis of the P450 reductase genes. A.
thaliana Columbia genomic DNA (1 ug) was digested with the
restriction enzymes X (Xbal), H (Hindlll), and E (EcoRl). The digested
DNA was separated on 0.7% agarose gel, blotted onto a nylon
membrane, and hybridized with a *?P-labeled probe. A, Full-length
AR1 cDNA was used as a probe at high stringency; B, ART cDNA
fragment obtained by digestion with BamHI and Hindlll was used as
a probe at low stringency. The weak-hybridization bands, which was
ascribed to the AR2 gene, are indicated by arrows. C, Full-length AR2
cDNA was used as a probe under high stringency. The migration of
size marker is shown to the right of the blots.

ley and Schuler, 1988). It is interesting that the AR1 and
AR2 coding sequences were divided at exactly the same
position by introns (Fig. 1). This extensive conservation of
intron placements suggest that the two reductase genes
might have evolved by way of the duplication of a common
ancestral gene. In contrast to the striking conservation of
the intron positions, lengths of the corresponding introns
vary between ARI and AR2, and little sequence similarity
was observed (data not shown). Furthermore, there was a
correlation between the exon organization and the func-
tional domains in both AR1 and AR2 (Fig. 1). Porter et al.
(1990) proposed that the exon organization of the rat re-
ductase gene correlated with the functional domains of the
reductase. Comparison of the gene structures of Arabidop-
sis reductases with that of rat reductase showed that three
intron positions (introns 9, 11, and 12) were consistent on
their aligned amino acid sequences (data not shown).

ARI gene

Xhol Hindlll

BumH! BamHl

Hindill

AR2 gene

EcoRl
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The Promoter Regions of ART andAR2

The DNA sequences of the 5’ flanking regions of ARI
and AR2 were also determined as shown in Figure 6. In a
1154-bp promoter region of AR1, both a putative TATA box
and a putative CCAAT box were found 309 and 348 bp
upstream of the ATG translation initiation codon, respec-
tively (Fig. 6A, boxed). A 616-bp promoter region of AR2
also contained a putative TATA box at 171-bp and two
putative CCAAT boxes 208 and 237 bp upstream of the
ATG codon, respectively (Fig. 6B, boxed). O'Leary et al.
(1994) reported that the promoter of the rat P450 reductase
gene possesses neither a TATA nor a CCAAT box, but
contains GC-rich consensus sequences for the transcription
factor Sp1 and is similar to those of housekeeping genes. In
contrast to the rat reductase promoter, both the TATA and
CCAAT boxes, but no Spl consensus sequences, were
found in the ART and AR2 promoters.

We previously demonstrated that the promoter of
CYP73A5 encoding cinnamate 4-hydroxylase contains
three sequence motifs (boxes P, A, and L) conserved among
the genes for PAL (PAL) and 4-coumarate CoA:ligase (4CL)
involved in the general phenylpropanoid pathway (Mizu-
tani et al., 1997). These elements are thought to be impor-
tant in controlling the coordinated expression of these
genes under different environmental conditions (Loge-
mann et al.,, 1995). It should be noted that, in the AR2
promoter region, there were two sequences similar to boxes
P and A and a sequence homologous to box L (Fig. 6B,
underlined). On the other hand, the AR1 promoter con-
tained only two box A-like sequences but no sequences
homologous to boxes P and L (Fig. 6A, underlined).

Expression of ART and AR2 in Arabidopsis

RNA gel-blot hybridization was performed to study ex-
pression of ART and AR?2 using each of the full-length AR1
and AR2 cDNAs as gene-specific probes. The organ-
specific and age-dependent expression patterns of the two
reductases are shown in Figure 7. The ART mRNA was
about 1.3-fold more abundant in roots and stems than in
leaves and flowers. On the other hand, the AR2 expression
was 2-fold higher in leaves, stems, and flowers than in
roots. Both of the P450 reductase genes showed the least
expression in siliques. Strong age dependency was not

1 kb

Hindlll Xhot

Figure 5. Gene organization of the ART and AR2 genes. Exons are indicated by boxes 1 to 17, and introns are indicated by

solid lines.
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-1153 GATCCGACAGACAGAATAAACACCATTGTAAGAGCTGGTGCTGGARAGTTTGCAGTGCTT -1094

-1093 CATCTTCGTTTCGATAAAGTGTGGTCTTAATTCTCAACAAATGTGCCCATTTCCTGGCAG -1034
-1033 TAACATCTAGTTCTGACATTGCTTCATCTTTTTTTTTAGGACATGGCTGCTCATTCAGGC -974
-973 TGTGACTTTGAAGGTGGCAAAGCAGAAAAACTGGCGCTGGCARAATATCGCCAGGTGATC -914
-913 TGGCAAGGAAGGGTCTTAATTTCACAGTTCACAGATGAGGAGCTAAGARACABAGGTCGC -854
-853 TGTCCGTTGACACCAGAAGAGATGGGTTTACTGCTGTCAGCTTTGGGTTTCAGTAACAAT -794
-793 ACCCG;%TCTATCTAGCGTCACACCAGGTTTACGGAGGAGAAGCAAGAATCTCAACGCTG -734
-733 CGTA;:CTGTTCCCCGGGATTGAAAACAAGAAAAGCCTAGCCTCTGCTGAGGAACTAGCT -674

-673 GATGTACAAGGGAAAGCTTCTCTGATGGCTGCAGTCGATTACTACGTGAGTATGAAGAGC -614

-613 GACATCTTCATCTCTGCATCTCCCGGGAACATGCACAACGCATTACAGGCGCATAGAGCC -554

-553 TACTTGAATCTCAAAACCATAAGACCCAACATGATACTGTTAGGACAAGTCTTTGTGAAC — -494
-493 AAGAGCTTAGATTGGTCAGAGTTTGAAGGAGCAGTAATGAATGGGCACAAAAACAGGCAR  -434
-433 GGCCAGCTTCGTCTACGCAAACAGAAACAGTCTATTTACACTTATCCAGCTCCTGATTGC — -374
-373 ATGTGTAAAGTAGCTTAGCATTCCCCTTTTACTGT! TTTTGTTGATTTTTTTAA  -314
-313 AATT GTTTTTATGTACTCGATGATTAGTAAATTAATTGAGGAACTCATAT — -254
-253 TATGTACACTAAATTCAAGTTTAGTAAAAAATTGGATTAATGTGATTTACTTATTGACAA  -194

-193 AGGTAAAATAAAAGTCAARATAAGAAAAGGAGAGAAGGACCCACTCAGATTCAACGCCCCA -134

-133 CCACCGATAACTCAATTAACTCTCTTCTCTTGGCTTCTGCAACGCTGAGCCACCATCGTC -74
-73 CTCTTCTCTTCCTCTTCGACTCTCCTGAATCCTCAAACCCTGGAGAGAGAGAGAGAGAGT -14
-13 GACGGGGGAAGAAGATGACTTCTGCTTTGTATGCTTCCGATTTGTTTAAGCAGCTCAAGT 46

M T 8 A L Y A S DL F K Q L K 16

B

-615 AACTATTTTATTTTAC%?AAACAAGTTAATTCTTACTTTTTTCTATTTTGCTCTTAATTT -556
-555 CCCATTCTGATTAAGAAACAAATCTCATATACTTTTCTATTTTTGTTAGACATGAATTTC -496
-495 AAATATATATCTTACATTTATAAAATTAATTTTCAATCAAAAATCTTGTAGTATTATACA -436

-435 ACCGTGATGTTCCTAAAAAATACCTGTCATACAGCTGTTATGCTTCTTARAATAAGATAA  -376
A
-375 AATTATATTTACTGTATTAAGCTAGATTGTCAAAAATTAAACAGCAAGATAATAACGTAA  -316
-315 TTAACCATCGTTAATATCAAACGCGTTAGGTCGGTTTGACCGGTCTGGTTTGGTGAGCGC — -256
-255 TGGTAATAATTTCACCATCECAATIAATCACAGACAAAATTGAAAACCECAATIAATAAT  -196
P,L, A

-195 ACATAAAATGAAAAACATGATGAATTATAAATITAAAACTCTGTTCTGTCTCAAAAAACTC -136

-135 AARAAGGAGTCTCTCTCTCACCTACACCACACCTAACCAATCCCCCTACGATTCACACAGA -76

-75 GAGAGATCTTCTTCITCCTTCTTCTTCCTTCTTCTTCCTTCTTCTTTCTTCTTCTAGCTA -16
-15 CAACATCTACAACGCCATGTCCTCTTCTTCTTCTTCGTCAACCTCCATGATCGATCTCAT 44
1 M 8 § § § § 8§ 8§ T 8§ M I D L 14

Figure 6. The nucleotide sequences of the TATA-proximal regions of
the ART and AR2 genes. A, ART promoter region; B, AR2 promoter
region. The translation initiation codon ATG is located at +1. A
putative TATA box and a CAAT box are boxed. Putative cis-acting
elements homologous to sequence motifs for boxes P, A, and L
(Logemann at al., 1995; Mizutani et al., 1997) are underlined. The
deduced amino acid sequences of the coding regions are shown
below the nucleotide sequences.

found in the expression levels of ARI and AR2. This result
contrasts with our previous observation that most of P450s
isolated from Arabidopsis were more highly expressed in
older leaves than in younger leaves (M. Mizutani, unpub-
lished results).

Expression of ART and AR2 in response to wounding and
light treatments were also investigated (Fig. 8) and were

Plant Physiol. Vol. 116, 1998

compared with those of PAL (PALI) and cinnamate
4-hydroxylase (CYP73A5). The strong and coordinated in-
duction of PAL1 and CYP73A5 by wounding (Fig. 8A) was
consistent with our previous observation (Mizutani et al.,
1997). The AR2 expression level was significantly enhanced
by wounding, and it reached a maximum (4-fold) within
1 h of the treatment and then gradually decreased to a basal
level. On the other hand, the ARI expression did not
change during the treatment. The expression levels of PAL1
and CYP73A5 continually increased to 10-fold within 12 h
of the light treatment (Fig. 8B). The AR2 expression also
increased 3-fold as fast as 1 h of the onset of the light
period. However, the induction was transient and the AR2
mRNA level gradually decreased to a basal level. On the
other hand, the AR1 expression slightly decreased with
light treatment. In summary, AR1 was constitutively ex-
pressed, whereas AR2 was induced in response to the
wounding treatment and light. The AR2 induction was
followed by those of PAL1 and CYP73A5, of which the
magnitude of induction was greater than that of AR2.

DISCUSSION

A single form of P450 reductase is responsible for the
electron transfer to a variety of different microsomal P450s
in mammals and yeast (Yabusaki et al., 1988 Porter et al.,
1990). In this paper we have described the isolation of two
distinct cDNAs and the corresponding genomic clones en-
coding P450 reductase isoforms from A. thaliana. Genomic
Southern-blot analysis under low-stringency conditions
(Fig. 4B) demonstrated the existence of only two reductase
genes in Arabidopsis, although the presence of additional
reductase genes with very low sequence similarity cannot
be ruled out. The occurrence of P450 reductase isoforms in
higher plants has also been demonstrated from the isola-
tion of two P450 reductase cDNAs from Arabidopsis (D.
Pompon, unpublished data) and also from H. tuberosus (I.

Organs Leaf Age
c}_ na &0 S
FF ST P
-

ARL (M 4% o o =

AR oeeRs See

Figure 7. Tissue-specific expression of the ART and AR2 genes in
Arabidopsis. A, Total RNA was isolated from the roots and leaves of
3-week-old plants, from inflorescence stems and flowers of 4-week-
old plants, and from the siliques of 5-week-old plants. B, Total RNA
was isolated from leaves of 3-week-old plants with 12 leaves. The
first and second leaves represent the older (Old) leaves. The middle-
aged leaves (Middle) were collected from the 4th and 5th positions,
and the younger (Young) leaves were collected from the 9th and 10th
positions, counted from the bottom. Plants were grown under con-
tinuous light. Five micrograms of total RNA was separated on form-
aldehyde agarose gels, transferred to nylon membranes, and hybrid-
ized to the indicated probes.
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Figure 8. Effect of wounding and light treatment
on expression levels of the ART and AR2 genes.

Wounding Light A, Leaves were harvested from 3-week-old
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the light period (0-9 h) and analyzed by RNA
gel blotting (5 ug per lane) using the probes

Benveniste, unpublished data). We have found by
Southern-blot analysis under low-stringency conditions
(data not shown) a few copies of the P450 reductase gene in
P. aureus, whereas it has been reported that only a single-
copy gene for P450 reductase has been detected under
high-stringency hybridization conditions in V. radiata (Shet
et al,, 1993) and in C. roseus (Meijer et al., 1993). Benveniste
et al. (1991) reported that two or three proteins were de-
tected in the microsomes from all higher plants they tested
by western-blot analysis using polyclonal antibodies pre-
pared against the H. tuberosus reductase. We cannot rule
out the possibility that some of these immunoreactive pro-
teins might be posttranslationally modified proteins en-
coded by a single-copy gene. In fact, there are potential
glycosylation sites in both AR1 protein (284-N) and AR2
protein (31-N and 358-N). Nonetheless, available results, as
shown in Table I, suggest that the occurrence of the P450
reductase isoforms may be common in higher plants (Durst
and Nelson, 1995).

We have also investigated the gene organization of ARI
and AR2 (Figs. 1 and 5). The highly conserved exon orga-
nization suggested that the two genes have evolved from a
common ancestral gene. The most striking differences were
observed in the region encoded by the first exon. Specifi-
cally, the N-terminal portion encompassing the signal an-
chor sequence of AR2 is significantly longer than that of
AR1, and the amino acid sequences in this region are also
very different between them. On the other hand, the se-
quence similarity was 68% between AR1 and AR?2 proteins
when calculated without the domain encoded by the first
exon. Homology analysis of higher plant P450 reductases
(Table I) indicated that plant P450 reductases may be di-
vided into AR1 and AR2 types. For example, the P450
reductases from P. aureus and periwinkle were grouped
into AR1 and AR?2 types, respectively. It should be noted
that the structural differences between these two types of
P450 reductases were found primarily in the region en-
coded by the first exon.

Multiple forms of P450s exist in Arabidopsis, and it is
thought that they are involved in the metabolism of diverse
secondary compounds (M. Mizutani, unpublished results).
On the other hand, only two P450 reductase genes are
present in Arabidopsis. In other words, two P450 reductase

indicated.

isoforms, AR1 and AR2, are transporting electrons to all
P450 isoforms. AR1 and AR2 showed the different expres-
sion patterns such as tissue specificity (Fig. 7) and respon-
siveness to the wounding treatment and the light condition
(Fig. 8), implicating different mechanisms for transcription
activation. Wounding and light induced the expression of
AR2, as well as those of PALT and CYP73A5 (Fig. 8). This
induction pattern is consistent with the finding that only
the AR2 promoter contained the consensus sequence motifs
for the putative cis-acting elements (boxes P, A, and L) (Fig.
6B) involved in the coordinated expression of PAL and 4CL
genes (Logemann et al., 1995). Conversely, the AR1 pro-
moter does not contain sequence motifs for boxes P and L
(Fig. 6A), steady-state levels of mRNA are unchanging,
and, therefore, the AR1 gene appears to confer constitutive
expression. We previously presented evidence that
CYP73A5 in Arabidopsis is regulated together with the
other phenylpropanoid pathway genes (i.e. PALI and 4CL)
via a mechanism containing these three cis-acting elements
(Mizutani et al., 1997). It has been also reported that PAL1
(Ohl et al., 1990) and CYP73A5 (Bell-Lelong et al., 1997)
were strongly expressed in the vascular tissues of roots and
leaves of Arabidopsis. Both PAL1 and CYP73A5 contain
putative cis-elements, which were also found in the AR2
promoter. Whereas it has not been determined whether
these cis-elements are involved in tissue-specific expres-
sion, it is possible that AR2 expression may be tissue spe-
cific and coordinated with the expression of PAL1 and
CYP73A5 in controlling carbon flux through the phenyl-
propanoid pathway. However, the different induction time
courses of AR2, PALI, and CYP73A5 suggest that addi-
tional mechanism(s) contribute to the control of the AR2
mRNA levels in Arabidopsis.

We have shown that not only CYP73A5 but also several
other P450 genes were induced by either wounding or light
(M. Mizutani, unpublished results), indicating that the total
number of P450 molecules in plants fluctuates in response
to changes of environmental conditions. It has been pro-
posed that about 10 to 15 molecules of P450s interact with
one P450 reductase molecule in the microsomal membrane
(Masters and Okita, 1982) and that the P450 reductase level
should also vary in keeping an appropriate P450/P450
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reductase ratio. It is therefore possible that plant P450
reductases are inducibly expressed in a manner coordi-
nated with inducible P450s. However, it remains unclear
why both the inducible type and the constitutive type of
P450 reductases with indistinguishable enzymatic proper-
ties co-exist specifically in higher plants.

It is possible that the constitutive type (ARI1) may be
necessary to keep a basal P450 reductase level and that the
expression of the inducible type (AR2) may synchronize
with the fluctuation of the total P450 level, which should
change dynamically in response to environmental condi-
tions. The K, values for NADPH and Cyt ¢ were very
similar between the two P450 reductase isoforms (Table II),
which was able to couple with CYP73A5 protein at essen-
tially the same efficiency in the reconstitution system (Ta-
ble IIT). However, it is not necessarily true that AR1 and
AR2 proteins have similar affinity to individual P450s.
Specifically, the different structures of the N-terminal por-
tions between AR1 and AR2 (Fig. 1) may confer distinct
physiological roles for each of the P450 reductase isoforms.
Preparation of specific antibodies and promoter analysis of
AR1 and AR2 could constitute interesting approaches for
further investigation of physiological roles of the two re-
ductases. Also, the inter- and intracellular localization of
AR1 and AR2 should be studied together with those of
various P450s in vivo. The production of transgenic plants,
specifically loss-of-function mutants of ARI and AR2,
should also help to elucidate the relationship between the
reductases and certain P450-dependent reactions.
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