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General Introduction

Biological oxidation of organic substances is an important process to provide
physiologically active compounds which are used in various biochemucal processes.
Biological oxidation in general proceeds via two different mechanisms. One mechanism in
which the oxygen atom is derived from a water molecule is catalyzed by dehydrogenases,
which are involved in hydration and hydrolysis of a substrate. The other mechanism 1s
based on the activation of molecular oxygen and is catalyzed by two classes of enzymes,
oxidases and oxygenases. Oxidases transfer electrons from a substrate to oxygen, thereby
oxidizing the substrate. On the other hand, oxygenases transfer oxygen to a substrate via
reductive cleavage of molecular oxygen and insertion of oxygen into the substrate.
Cytochromes P450 belong to the latter class of the molecular activating enzymes and are
involved in biological oxidation reactions in a variety of metabolic processes of

endogenous and exogenous substrates.

Cytochrome P430 monooxygenase system
a. General properties

Cytochrome P450 (P450) is the generic name for a large family of a b-type
haemoprotein and contains iron protoporphyrin IX as a prosthetic group. The term
‘cytochrome P450’ has been proposed by Omura and Sato (1964) for a haemoprotein with
an unusual absorption maximum of its ferrous carbonyl complex. Thus, a cytochrome
P450 enzyme is defined by its absorption spectrum which exhibit the Soret absorption
maximum at 450 nm by the binding of CO to the reduced enzyme. This atypical spectral
property arises from the coordination of a thjoiate anion (-S', derived from conserved
cysteinyl residue of the protein) to the heme iron as the fifth ligand. P450s are widely
distributed in the biological kingdom; in bacteria they are soluble proteins, whereas in

eukaryotic cells they are bound to the microsomal membrane (in some cases, also to the

inner mitochondrial membrane).

b. Catalytic activity

P450s are monooxygenases that catalyze the incorporation of one oxygen atom

from molecular oxygen into lipophilic, low-molecular-weight organic compounds with the



aid of reducing equivalents (electrons) derived from NADPH (NADH in bacteria). The

reaction can be expressed as follows:
SH + 02+ NADPH + H — SOH + H20 + NADP"

In detail, P450s introduce an oxygen atom into a substrate {SH) by the reaction cycle as
shown in Fig. 1. The P450 monooxygenation reaction is initiated by binding a substrate to
the oxidized state of P450. The first electron is transferred from the cytosolic NADPH to
the P450-SH complex via a specific electron-transporting protein (as described below),
resulting in conversion of ferrous heme iron to the ferric form. Molecular oxygen binds the
sixth heme ligand and is converted to superoxide anion (O2). After insertion of the second
electron, the oxygen species is further converted to a ferric iron coordinated peroxide
complex (Fe™” - 027). The complex reacts with H™ and releases water, and an activated
oxygen molecule remains at the sixth heme ligand of P450. The activated oxygen
molecule then reacts with the substrate, and the hydroxylated product is liberated and the

ferric form of P450 is ready to enter the next reaction cycle.
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Figure 1. Rqagtion cycle of cytochromes P450.
Fe3+, the oxidized form of P450; Fe?+, the reduced form of P450; SH, substrate



c. Electron transport scheme

In microsomes the transfer of electrons from NADPH to P450s is mediated by the
flavoprotein NADPH-cytochrome P450 reductase (P450-reductase). P450-reductase is an
essential component of P450 monooxygenese system. P450-reductase is an unique
flavoprotein which is bound to ER membrane and contains both FMN and FAD as
prosthetic groups, and its molecular weight is estimated as 74 - 80 kDa. It functions in
electron transfer from NADPH to P450s as the following route:

NADPH — P450-reductase (FAD — FMN) — P450

On the other hand, in mitochondria and bacteria, two proteins, ferredoxin and NADPH-
ferredoxin reductase, mediate electron transfer from NADPH (NADH in bacteria) to
P450s. NADPH-ferredoxin reductase has a molecular weight in the range from 45 - 52
kDa and contains one mole of FAD. Ferredoxin contains a two-iron, two-sulfur prosthetic
group and has a molecular weight of 14 kDa. P450s receive electrons from these enzymes
as the following route:

NADPH — NADPH-ferredoxin reductase — ferredoxin — P450
In some cases, P450 reactions are stimulated by addition of cytochrome bs, suggesting the

participation of cytochrome b5 in the electron transport scheme of P450s.

d. Functions

As monooxygenases, many P450s are involved in the metabolism of endogenous
lipophilic compounds: e.g. biosynthesis of sterols, steroid hormones, bile acids,
prostaglandins, etc.; activation of vitamin D3; fatty acid w-oxidation. The second
metabolic role of eukaryotic P450s is oxidative detoxification of a large variety of

xenobiotics such as drugs, natural plant products, food additives, agrochemicals, and

environmental pollutants.

e. Multiplicity

At least in mammals one organism has a large number of P450 genes (several
hundreds?), but the actual number of P450 genes is not yet known. Some of these genes
are expressed constitutively and in a tissue-specific manner. The expression of the rest of

P450 genes is induced by treatments that alter physiological and pharmacological



conditions of the organism. For instance, administration of drugs, or other xenobiotics to

animals leads to the induction of several species of P450s in liver, lung, stomach, eic.

depending on the xenobiotics given.

[ Substrate specificity

Generally P450s involved in endogenous metabolism possess more or less strict
substrate specificities as in the case of most other enzymes. The substrate specificities of
xenobiotic-metabolizing P450s are, however, unusually broad and overlapping. Such
P450s can act on a large variety of organic compounds (over a thousand?) that are
completely unrelated structuraily. These broad specificities of P450s, together with their
multiplicity, give the organism the ability to cope with a wide variety of xenobijotics that
can be ingested. One of the major questions in P450 research has been to understand the

basis for this broad substrate specificity.

8. P450 superfamily

Since the cloning of the first animal P450 genes in 1982, to date over 400 P450
genes from microbial, yeast, mammals, and recently, plants have been sequenced. The
amino acid sequences of many P450s have been compared and classified on the basis of
proposed evolutionary relationships of the corresponding genes as described below. First,
a P450 protein sequence from one gene family is defined as usually having less than 40%
resemble to that from any other family. Second, within the same subfamily mammalian
sequences are always >55% identical, and inclusion of more distant species (e.g.,

mammmals and fishes) within the same subfamily drops this value to >46%.

Cytochromes P450 in higher plants

Cytochrome P450-like pigments were first recognized in microsomes from a
variety of plant species more than twenty years ago (Markham et al, 1972) and the
properties of the plant cytochromes were found to be very similar to those of mammalian
P450s (Rich and Bendall, 1975). Since then, it has been identified by biochemical
approaches that various plant P450s are involved in many oxidation reactions of secondary

metabolism as monooxvgenases (West, 1980).



In mammalian cells, P450s are found in ER and mitochondrial membranes,
whereas in bacteria P450s are soluble. In higher plants, most of P450s are usually found in
microsomal fractions:e.g. cinnamate 4-hydroxylase; N-demethylase; kaurene oxidase,
etc.(cited in West, 1980). However, there are several plant P450s which are localized in
other than microsomes: monoterpene hydroxylase localized in provacuolar membranes
(Madyasha et al., 1977); allene oxide synthase having a N-terminal chloroplast transit
peptide (Song et al., 1993); a P450 specifically localized in guayule rubber particles (Pan
et al., 1995); and benzoic acid 2-hydroxylase as a soluble form (Leon et al., 1995).

In higher plants, P450s play crucial roles in biosynthesis of a variety of
endogenous lipophilic compounds such as fatty acids, sterols, phenylpropanoids,
terpenoids, phytoalexins, and gibberellins (Donaldoson and Luster 1991; Bolwell et al,,
1994). In addition, oxidative detoxification of a number of herbicides in plant tissues is
also achieved by the P450-dependent monooxygenase system (Riviere and Cabbane 1987,
Donaldoson and Luster 1991; Hatzios 1991; Sandermann 1992). Thus, many plant P450s
are involved in various metabolic processes and each P450 should be differentially
expressed in response to developmental and environmental cues. Several members of plant
P450s are known to be induced by environmental stresses. The activity of cinnamate 4-
hydroxylase was found to be induced by light and wounding treatments (Benveniste et al.,
1977, Lamb 1977; Oba and Conn, 1988). Pathogen attack was known to induce
phytoalexin synthesis and the fungal elicitor also induced the activities of two P450s,
cinnamate 4-hydroxyalse and 3,9-dihydroxypterocarpan 6a-hydroxylase in soybean
(Kochs and Grisebach, 1989). P450s are also induced in response to chemical stresses.
Plant exposure to divalent cations such as Mn™ or Cd” has been shown to increase the
P450 specific content and related activities in artichoke (Reichhart et al., 1980). The
organic chemicals which induce P450 expression in mammals (e.g. phenobarbital,
clofibrate, ethanol, etc.) also induced plant P450s (Reichhart et al., 1980; Zimmerlin and
Durst, 1992). Herbicide safeners (e.g. naphthalic anhydride, benoxacor, efc.) are known to
induce the detoxification of herbicides in monocots and were found to increase the P450
content and activate the hydroxylation of herbicides by specific P450s (Zimmerlin and
Durst, 1990; Fonne-Pfister and Kreuz, 1990; Persans and Schuler, 1995).

Despite these important roles, however, studies of plant P450s have been impeded
by the difficulties in purification of P450s due to their instability and low abundance in

plant tissues. Furthermore, a purified P450 protein must be reconstituted with a membrane



electron transport system to prove its enzymatic activity. So far, only a limited number of
P450 enzymes and their corresponding cDNAs have been isolated from plants (Song et al.,
1993; Chapter I, Il, Mizutani et al., 1993; Teutsch et al., 1993; Kraus and Kutchan, 1995;
Pan et al., 1995; Koch et al., 1995).

In this study

Plant P450s play important roles in a wide variety of metabolic processes as
described above, however, little is known of biochemistry and molecular biology of plant
P450s. Purification of a P450 protein and assay of the enzyme activity in a reconstituted
system is a straight strategy in order to isolate the corresponding P450 ¢DNA and
investigate physiological significance of the P450. As a first step, 1 purified a P450
possessing cinnamate 4-hydroxylase activity from mung bean (Phaseolus aureus)
seedlings by tracing the enzyme activity in a reconstituted system with P450-reductase
purified from mung bean, NADPH, and a phospholipid (Chapter I). Second, with the aid
of partial amino acid sequences determined for the purified P450, the corresponding
cDNAs were isolated from a mung bean hypocotyl cDNA library (Chapter II). To
investigate molecular mechanism by which expression of cinnamate 4-hydroxylase gene is
regulated in response to environmental stresses, I isolated the cDNA and the gene for the
P450 from Arabidopsis thaliana, and characterized the expression manner of the P450
gene (Chapter III). Because P450-reductase is an important component of the P450
monooxygenase system, I also investigated the physiological significance of the presence
of P450-reductase isoforms in Arabidopsis thaliana (Chapter IV). Finally, I demonstrated
diversity of P450 genes in a single plant species of Arabidopsis thaliana by using
molecular biological approaches (Chapter V). |



Chapter I

Purification and Characterization of a Cytochrome P450

(Cinnamate 4-Hydroxylase) from Etiolated Mung Bean Seedlings

Introduction

Cinnamate 4-hydroxylase (C4H) catalyzes the hydroxylation of the para position in
the aromatic ring of trans-cinnamic acid to produce p-coumaric acid (Fig. 1, Russel 1971).
The hydroxylation of cinnamic acid has long been identified as catalyzed by a P450 and C4H

is one of the most abundant P450s in plant tissues.
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Figure 1. The core reactions of the general phenylpropanoid pathway and related
metabolites. The core reactions are boxed.

Together with phenylalanine-ammonialyase (PAL) and 4-coumaroyl:CoA ligase (4CL), it is
involved in the core reactions of general phenylpropanoid metabolism which provides

phenylalanine-derived intermediates for the biosynthesis of low-molecular-weight flower



pigements, phytoalexins, UV protectants, insect repellents, signal molecules, suberin, lignin,
and cell wall compornents (Hahlbrock and Scheel, 1989). Thus, PAL, C4H, and 4CL are
induced in response to changes in environmental conditions or biological damage caused by
infection of microorganisms and/or wounding. Phenylpropanoid metabolism is also involved
in many aspects of plant cell development and the levels of these three enzymes vary during
plant development. However, molecular approaches to studies on the core reactions of
phenylpropanoid metabolism and on the inducibility of the enzymes have so far been confined
to PAL and 4CL (Hahlbrock and Scheel, 1989).

C4H was first purified from manganese-induced Jersalem artichoke (Helianthus
tuberosus L.) (Gabriac et al, 1991). Two P450s possessing 3,9-dihydroxypterocarpan 6a-
hydroxylase and C4H activities were also isolated from an elicitor-challenged soybean
(Glycine max) cell culture (Kochs et al, 1992). In most cases, however, purified C4H showed
only insignificant catalytic activities in a reconstituted system with NADPH-P450 reductase.

In order to investigate biochemistry and molecular biology of P450 involvement in
phenylpropanoid metabolism, 1 purified a P450 with C4H activity from microsomes of
etiolated mung bean seedlings to electrophorestic homogeneity. The purified P450can showed
properties characteristic to a P450 and exhibited a high C4H activity in a reconstituted system
containing NADPH-P450 reductase purified from mung bean microsomes. Thus, this is the
first direct evidence based on a reconstitution study that a physiological C4H activity is

associated with a P450 protein.

Materials and Methods

Materials

Sepharose 4B, DEAE Sepharose Fast Flow, 2'5’-ADP Sepharose 4B, Mono S and
Mono Q were purchased from Pharmacia, Uppsala. Hydroxyapatite was from Bio-Rad,
Richmond. A prepacked hydroxyapatite column (HCA-column, A-5010G) was from Mitsui
Toatsu Chemical Inc., Tokyo. An octadecylsilica gel column (TSKgel ODS-120A) was from
TOSOH, Tokyo. w-Aminooctyl Sepharose 4B was prepared according to the method
described by Cuatrecasas (1970). Ampure DT columns were obtained from Amersham,
Buckinghamshire. Leupeptin, pepstatin, PMSF, and frans-cinnamic acid were obtained from
Sigma Chemical Co., St. Louis. 1,8-Diaminooctane and Triton X-114 were purchased from

Nakarai Chemical Co., Kyoto. Emulgen 913 was a generous gift from Kao-Atlas, Osaka.



Other reagents were of analytical grade. Cytochrome bs and NADPH-cytochrome P450
reductase were purified from rabbit liver microsomes according to the methods described by

Spatz and Strittmatter (1971) and Yasukochi and Masters (1976), respectively.

Analytical and assay methods

Protein contents was determined according to the method of Lowry et al. (1951) using
bovine serum albmin as standard. Since high concentrations of detergents interfered with
precise protein determination (Gabriac et al. 1991), samples were treated with Ampure DT
columns to remove the detergents and then subjected to TCA precipitation before the protein
assay (Cabib and Polacheck 1984). Polyacrylamide slab gel electrophoresis (8-18 % linear
gradient) in the presence of 2% SDS was performed by the method of Laemmli (1970).
Cytochrome P450 was estimated from CO difference spectrum according to the method of
Omura and Sato (1964). b-Type cytochromes were estimated from absorbance at o-band in
their reduced-minus-oxidized difference spectra using an approximate absorption coefficient
of 20 mM'cm” (Rich and Bendall 1975). All spectrophotometric determinations of
cytochromes were carried out at 30 °C in a Shimadzu UV-3101 spectrophotomether.

NADPH-cytochrome P450 reductase was assayed by measuring its NADPH
cytochrome ¢ reductase activity as described (Imai 1976). C4H activity in microsomal
fractions was determined at 30 °C in a reaction mixture (final volume, 0.5 ml) containing 50
mM potassium phosphate (pH 7.25), 200 pM trans-cinnamic acid, 1 mM NADPH, 1 mM 2-
mercaptoethanol, and microsomal proteins (0.05 mg). The reaction was started by the addition
of NADPH. For measurement of C4H activity in a reconstitution system enzyme solution was
treated with an Ampure DT column to eliminate detergents and concentrated using Centricon
30 (Amicon) to give P450 concentrations high enough for the assay system. The reconstituted
system consisted of 5-10 nM P450, 0.1-0.2 unit/ml of NADPH-P450 reductase, 0.01-0.02%
(w/v) sodium cholate, 5-10 pg/ml of dilauroylphosphatidylcholine (DLPC) (sonicated in
advance), 50 mM potassium phosphate buffer (pH 7.25), varying concentration of trans-
cinnamic acid and 0.1 mM NADPH. Practically, concentrated solutions fo P450 and NADPH-
P450 reductase, sodium cholate and DLPC were mixed first (the volume of this mixture
should be less than 50 pl) and then the other components were added in the order given above.
In the reconstituted system, concentrations of detergents derived from the enzyme solutions

were below their critical micellar concentrations. The reaction was initiated by the addition of



NADPH and run for 10-20 min at 30°C in a total volume of 0.5 ml. The reaction was
terminated by the addition of both 20 pl of 2 M HCI and 30 ul of 30% (w/v) TCA. After
centrifugation at 10000 x g for 15 min, 0.5 ml of the resultant supernatant was extracted twice
with ethyl acetate and the extracts were evaporated to dryness in vacuo. The residue was
redissolved in 40 pl of methanol and analyzed by HPLC (Beckman system Gold) equiped
with a column of octadecylsilica gel (TSKgel ODS 1204, 4.6 x 150 mm). The reaction
product, p-coumaric acid, was separated from the substrate, trans-cinnamic acid, by isocratic
elution with 50% aqueous methanol containing 0.1% acetic acid. The quantification of p-
coumaric acid formation was done by comparing the peak area in HPLC analysis with that of
authentic p-coumaric acid.

Thoughout the current purification procedure, C4H was minitored by measuring its
C4H activity in the reconstituted system and P450 content was determined from the reduced-
CO difference spectrum. Since Jerusalem artichoke C4H showed the type I spectral change
upon the addition of rrans-cinnamic acid (Gabriac et al, 1991), the substrate induced

difference spectral shift was employed to identify C4H when necessary.

Preparation of microsomes

Seven-day-old etiolated mung bean seedlings (Phaseolus aureus) grown at 20 °C were
purchased from a local grocer and then stored at 20°C for 15 h in a dark cabinet maintained at
25°C with relative humidity of 80% to allow induction of C4H. Preliminary experiments
indicated that C4H activity was localized in the microsomal fraction of mung bean seedlings
and that the level of the activity increased 7-fold with 15 h of the dark treatment. On the other
hand, no increase in the C4H activity level was observed when the tissues were stored at 4 °C
in the dark. This C4H induction could be reproduced in any batches of seedlings. After this
treatment, all experimental procedures were carried out at 4 °C unless otherwise stated.

Whole tissues (400 g) of the seedlings, in which C4H had been induced, were
homogenized under N2 gas stream in 400 ml of 0.2 M potassium phosphate buffer (pH 7.25)
containing 0.3 M sucrose, 2 mM EDTA, 2 mM DTT, 0.4 mM PMSF, 2 pM pepstatin, 1 yM
leupeptin, 2 mM trans-cinnamic acid, 20 mM 2-mercaptoethanol and 10% (w/w) insoluble
polyvinylpyrrolidone using a kitchen mixer. The homogenate was squeezed through four
layers of cheesecloth and centrifugated at 15,000 x g for 15 min. Microsomes were

precipitated from the 15,000 X g supernatant by centrifugation at 100,000 x g for 40 min and
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stored at -80 °C in 0.1 M potassium phosphate (pH 7.25) containing 20% (v/v) glycerol, 1
mM EDTA, 1 mM DTT, 0.2 mM PMSE, and 10 mM 2-mercaptoethanol.

Purification of C4H

The stored microsomes (1450 mg protein) were suspended in 700 ml of 0.1 M
pottasium phosphate buffer (pH 7.25) containing 30% glycerol, 1 mM EDTA, 1 mM DTT and
2 mM 2-mercaptocthanol (buffer A) and centrifugated at 100,000 x g for 60 min. The
microsomal peilet was then solubilized using Triton X-114. As described by Bordier (1981),
by this solubilization technique, amphiphilic membrane proteins are partitioned
predominantly into the detergent-rich phase, whereas hydrophilic molecules are excluded into
the detergent-poor or aqueous phase.This method was introduced into the purification of
Jerusalem artichoke C4H by Gabriac et al (1991). Practically, microsomes were resuspended
in buffer A supplemented with 2% (w/v) Triton X-114 to give a protein concentration of 2
mg/ml and the suspension was stirred for 15 min. The detergent phase was separated from the
aqueous phase by centrifugation at 100,000 x g for 60 min. After this solubilization step, C4H
was traced throughout the purification process by measuring its activity in the reconstituted
system.

The detergent phase thus obtained was diluted 6 times with 20 mM Tris-HCl1 (pH
8.25) containing 20% (v/v) glycerol, 1 mM DTT, 0.5% (w/v) Emulgen 913 (buffer B) and
applied to a column of DEAE-Sepharose Fast Flow (5 X 40 cm) equilibrated with buffer B.
C4H therby passed through the column, whereas NADPH-P450 reductase, Cytochrome bs and
Cytochrome bs62 remained bound to the column and could be eluted with a linear KCl
gradient (0-500 mM) in buffer B.

The pass-through fraction from DEAE-Sepharose column containing C4H was
concentrated 10-fold using Amicon ultrafiltration membrane (YM-30) and dialyzed against 20
mM potassium phosphate (pH 7.25) containing 20% (v/v) glycerol, 1 mM DTT, and 0.5%
(w/v) Emuigen 913 (buffer C) for 12 h at 4 °C changing the medium three times 4-h intervals.
The dialyzed samples was applied to a hydroxyapatite column (2.6 x 20 cm) equilibrated with
buffer C. The column was extensively washed with a buffer (buffer D) containing the same
ingredients as buffer C except that 0.5% (w/v) Emulgen 913 was relpaced by 1% (w/v)
CHAPS. When Az27s due to Emulgen 913 disappeared from the column elute, proteins were
eluted with a linear gradient of KCl concentration (0-500 mM) in buffer D. Active fractions

11



from the hydroxyapatite column were pooled, dialyzed against 50 mM potassium phosphate
(pH 7.25) containing 20% (w/v) glycerol, 1 mM DTT and 1% (w/v) CHAPS (buffer E) and
applied to an w-aminooctyl Sepharose 4B column (2.6 x 15 cm) equilibrated with buffer E.
Almost all C4H was recovered in the fraction excluded from the column. The pass-through
fraction was concentrated on an ultrafiltration membrane (Amicon, YM30) and diluted with a
solution containing 20% (w/v) glycerol, 1 mM DTT, and 0.5% (w/v) Emulgen to give a
potassium phosphate concentration of 20 mM. The diluted solution was applied to a packed
hydroxyapatite column (HCA-column, A-5010G) equilibrated with buffer C on an linearly
increasing potassium phosphate concentration (20-500 mM, pH 7.25) in buffer C at a flow
rate of 1 ml/min. Pooled active fractions from the second hydroxyapatite chromatography
were diluted 10 times with a solution containing 20% (w/v) glycerol, 1 mM DTT, and 0.5%
(w/v) Emulgen 913 and applied to a Mono S column (HR5/5, Pharmacia) equilibrated with
buffer C. The column was extensively washed with buffer C and proteins were eluted with a
linear gradient of KCl concentration (0-500 mM) in 20 mM Bicine-KOH (pH 8.75) containing
20% (w/v) glycerol, 1 mM DTT, and 0.5% (w/v) Emulen 913 (buffer F) at a flow rate of 0.5
ml/min. Active fractions from Mono S column chromatography were pooled, dialyzed against
buffer F and applied to a Mono Q column (HRS5/S5, Pharmacia) equilibrated with buffer F.
After extensive washing of the column with buffer F from which Emulgen 913 was omitted,
C4H was eluted with linear gradient of KCl (0-500 mM) in the same buffer at a flow rate of
0.5 ml/min.

Purification of NADPH-P450 reductase

NADPH-P450 reductase was purified from mung bean seedlings microsomes basically
according to the method described by Yasukochi and Masters (1976). Briefly, pooled active
fractions from the DEAE-Sepharose column chromatography were dialyzed against 20 mM
potassium phosphate (pH 7.25) containing 20% (v/v) glycerol, 0.5% (w/v) Emulgen 913, 0.1
mM DTT, and 1 mM EDTA (buffer G) and applied to a hydroxyapatite column (2.5 % 5)
equilibrated with buffer G. NADPH-P450 reductase was thereby passed through the column.
The pass-through fraction was then applied to a 2’5’-ADP Sepharose column (1 X 7 cm)
equilibrated with buffer G. The reductase was eluted from the column with 10 mM potassium
phosphate buffer (pH 7.7) containing 20% (v/v) glycerol, 0.2% Emulgen, | mM EDTA, 0.1
mM DTT and 0.5 mM NADP. The final preparation was gel electrophoretically homogeneous
and had a specific NADPH-P450 reductase activity of 71 unit/mg protein.

12



Results and discussion
Preparation and solubilization of microsomes

By the dark treatment of mung bean seedlings described in Materials and Methods, the
specific C4H activity reached 0.58 nmo} p-coumarate min’ mg' microsomal protein (Table I).
This activity level was almost 7 times of that of the seedlings stored at 4 °C (data not shown),
despite the fact that no specific agents such as ethylene were employed to induce the C4H
activity.

The mechanism by which the dark treatment causes significant induction of C4H is
unclear. The seedlings had been obviously wounded during transportation and displayed at a
market at least below 10 °C under illumination. It is possible that the C4H induction in such
tissues might be triggered by the increased in the storage temperature to 25 °C. Furthermore, I
cannot rule out the possibility that the tissues might have been infected with microorganisms.
Fungal infection could induce C4H in peanut and soybean cell cultures (Kochs and Grisebach,

1989; Steffen et al, 1989)

Table I Purification of cinnamate 4-hydroxylase from etiolated mung bean seedlings

Cinnamate 4-hydroxylase activity Cytochrome P450

Purification step Protein Specific activity ~ Recovery Total P450  Specific content  Recovery

(mg) (nmol min" mg" protein) (%) {nmol)  (nmol/mg protein) (%)
Microsomes 1450 0.578 100 140 0.0965 100
Solubilized microsomes 950 n.d. n.d. 120 0.126 85.7
DEAE Sepharose 445 1.62 86.0 65.0 0.146 46.4
Hydroxyapatite 9.6 74.9 85.7 22.1 2.30 15.7
w-Aminooctyl Sepharose  6.85 86.3 70.5 18.7 2712 13.3
Hydroxyapatite 3.23 172 66.2 14.2 4.39 10.1
Mono § 2.08 291 72.1 10.8 5.19 7.71
Mono Q 0.119 861 12.1 1.50 12.6 1.07

The cinnamate4-hydroxylase activity was determined in the reconstituted system using trans-cinnamic acid as a
substrate. The assay conditions are described under Materials and Methods. P450 contents were estimated from

the CO-difference spectrum according to the method of Omura and Sato (1964). Specific C4H acuvities are
expressed as nmol of p-coumarate formed min" mg” protein,
n.d.: not determined because of the high detergent concentration

Microsomes from the dark-treated seedlings were solubilized with Triton X-114 and

the mixture was separated into the detergent and detergent-poor phases. Integral membrane
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proteins including C4H were partitioned into the detergent phase as described by Werck-
Reichhart et al (1991). Specrtal measurement showed that 86% of microsomal P450s was
recovered in the detergent-phase without significant formation of P420, an inactive form P450
(Table I}. Gabriac et al (1991) reported that C4H activity was almost completely lost when
Jersalem artichoke microsomes were solubilized with Triton X-114 or high concentrations of
other non-ionic detergents. I also could not reconstitute C4H activity using our solubilized
microsomes (Table I). However, this was not due to inactivation of C4H, but to a high
detergent concentration that interfered with the reconstitution of C4H activity. In fact, C4H
activity could be measured in the reconstituted system throughout the following
chromatography steps in which detergents other than Triton X-114 were employed at lower
concentrations. In addition, careful removal of detergents from samples containing P450 was
essential to measure C4H activity in the reconstituted system.

When Emulgen 913, Triton X-100, CHAPS, and sodium cholate were used for
solubilization at any protein/detergent ratios, no satisfactory results were obtained in the

subsequent purificaiton steps, owing to inactivation of C4H or incomplete solubilization,

Purification of C4H

A typical purification of mung bean C4H is summarized in Table I. By six steps of
column chromatography, C4H was purified 1490-fold from the microsomal fraction with an
overall yield of 12.1%. The specific P450 content in the final preparation was 12.6 nmlo/mg
protein. It gave a single protein band with an apparent molecular mass of 58-kDa on SDS-
PAGE (Fig. 2). This molecular mass of mung bean C4H is close to those reported for C4Hs
from other plant tissues (Gabriac et al, 1991; Kochs et al, 1992).
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Fig. 2 SDS-PAGE of fractions from the chromatographic steps of the purification of
P450C4H. Gel electrophoresis was performed according to the method of Laemmli
(1970) using 8-18% polyacrylamide slab gel. The proteins wer visualized by silver
staining. Lane 1, Microsomes (4 pg protein); lane 2, the detergent phase obtained from
solubilized mung bean microsomes (2 pg protein); lane 3, DEAE-Sepharose passed-
through fraction (1 pg protein); lane 4, the first hydroxyapatite elute (0.3 pg protein);
lane 5, -aminooctyl-Sepharose pass-through fraction (0.3 pg protein); lane 6, the second
hydroxyapatote elute (0.1 pg protein); lane 7, Mono S elute (0.1 pg protein); lane 8,
Mono Q elute (0.03 pg protein); the right lane, molecular weight markers.

DEAE Sepharose chromatography of the diluted solubilized microsomes, the first
chromatographic step of the purification procedure, resulted in the recovery of 86% of C4H
activity and 46% of P450 in the pass-through fraction (Table I, Fig. 3), leaving about 40% of
P450 still retained by the column. The retained P450 was eluted from the column with a KCI
gradient in two prominent peaks (Fig. 3, peak 1 and 2). In these fractions, however, neither
C4H activity, nor the type I spectral change induced by 100 pM trans-cinnamic acid was
observed (data not shown), indicating that the microsomes contain at least two other forms of

P450 having no C4H activity. Cytochrome 5562 and b5 were eluted from the column
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concomitantly with the P450s of unknown functions in peak 1 and peak 2, respectively (Fig.
3). NADPH-P450 reductase was retained by column more tightly than the P450s and b-type

cytochromes and eluted as a separate peak at a high KCl concentration (Fig. 3).
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Fig. 3 Elution patterns of cytochrome P450, cinnamate 4-hydroxylase, cytochrome b562,
cytochrome bS5, and NADPH-P450 reductase during DEAE-Sepharose Fast Flow column
chromatography.

The solubilized detergent-phase obtained from mung bean microsomes (1.45 g protein)
was diluted and applied to the column (5 x 40 cm) and 20 ml of fractions were collected.
Proteins were eluted with a KCl gradient (0-500 mM) in a buffer consisting of 20 mM
Tris-HCl (pH 8.25), 20% glycerol, | mM DTT, and 0.5% Emulgen 913. P450
concentration was determined from the CO difference spectrum according to the method
of Omura and Sato (1964). Cytochrome b562 an bS were estimated from the reduced-
minus-oxidized absorption spectra according to the method of Rich and Bendall (1975).

@ . cinnamate 4-hydroxylase; O, P450; A, cytochrome b562;
A . cytochrome b5; B . NADPH-P450 reductase.

The first hydroxyapatite column chromatography, which resulted in almost 50-fold
purification of C4H, was the most effective step in the current purification procedure (Table
I). w-Aminooctyl Sepharose column chromatography was an essential step in the purification
procedure, although significant purification of C4H was not achieved (Table I, Fig. 2). If this
step was omitted, no clear purification of C4H was possible during the following
chromatographic steps, probably because of hydrophobic aggregation of C4H with other
membrane proteins. Interactions with the hydrophobic -aminooctyl group may have

prevented the aggregate formation leading to successful purification of C4H. Three more
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chromatographic steps were necessary after o-aminooctyl Sepharose chromatography to

purify C4H to homogeneity.

Reconstitution of C4H activity

C4H activity was reconstituted by mixing the purified C4H with mung bean NADPH-
P450 reductase in the presence of DLPC and cholate. The reconstituted activity (861 nmol
min" mg' C4H protein = 38 nmol min" nmol' P450, Table IT) was the highest level of C4H
activity so far reported. Namely, C4H purified from elicitor challenged soybean cell
cultures showed a reconstituted activity of 5139 nkat (kg/protein) which corresponds to 25
pmol min"' nmol’ P450 (Kochs et al, 1992). On the other hand, the activity could not be
reconstituted with C4H purified from Jerusalem artichoke by taking advantage of the type I
spectral change induced by the addition of #rans-cinnamic acid (Gabriac et al, 1991). Thus,
our result is the first clear evidence from the reconstituted system proving that a physiological

activity is intrinsically associated with a higher plant P450 protein (P450c4H).

Table I The reconstitution of cinnamate 4-hydroxylase activity

Assay condition Cinnamate 4-hydroxylase activity
(nmol min" nmol" P450)

Complete I (mung bean NADPH-P450 reductase) 38.8

II (rabbit NADPH-P450 reductase) 38.4
+ 0.1 nmol rabbit Cytochrome bs ° 37.9
-NADPH °* n.d.
- NADPH-P450 reductase ° n.d.
-C4H" n.d.

Values are means of duplicated experiments. The complete reconstituted
system contained 5 nM purified P450c4n. 0.1 unit mlI’ NADPH-P450
reductase from mung bean or rabbit, 0.01% (w/v) sodium cholate, 10 pg
ml" dilauroylphosphatidylcholine, 0.1 mM NADPH, and 0.4 mM trans-
cinnamic acid. The specific P450 content of P450c4n used for activity
determination was 6.8 nmol mg"' protein.

" Rabbit liver cytochrome b5 was added to complete assay mixture at a
concentration of 0.1 pM.

b NADPH, NADPH-P450 reductase, or P450c4n was omitted from the
complete assay mixture, respectively.
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The reconstituted system specifically produced p-coumaric acid and no other
metabolites were detected by HPLC (not shown). The C4H activity reconstituted with rabbit
liver NADPH-P450 reductase was virtually identical with that obtained with the mung bean
reductase (Tabie II). Thus, mung bean C4H can receive electrons from rabbit liver NADPH-
P450 reductae as efficiently as from mung bean reductase, suggesting that the reductase’s
structures responsible for the interaction with P450s are conserved between higher plants and
mammals. The addition of purified rabbit cytochrome bs did not affect the C4H activity
(Table II). It is, however, not certain whether mung bean C4H activity in not activated by
cytochrome bs or rabbit liver cytochrome bs cannot interact with the mung bean microsomal
electron transport system. The K, value for frans-cinnamic acid was determine dto be 1.8 pM.
The value is very similar to those reported for Jersalem artichoke and soybean C4H activities

determined in microsomes (Gabriac et al, 1991; Kochs et al, 1992).

Spectral properties of P450C4H
The absolute absorption spectra of P450C4H are shown in Fig. 4.

0.03 . 419 nm

Absorbance

555 o0m 570 nm

350 450 550 650
Wavelength (nm)

Figure 4 Absorption spectra of the purified P450C4H. The purified preparation was
dissolved (0.1 pM) in 50 mM potassium phosphate buffer (pH 7.25) containing 20%

glycerol and 0.5% Emulgen 913. To reduce P450, a few grains of sodium dithionite was

added to the same solution.

oxidized form; ... » reduced CO-complex.
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In the oxidized state, the P450 exhibited a low-spin type spectrum having a Soret absorption

maximum at around 419 nm and o- and B-bands at 570 nm and 535 nm, respectively. the

reduced CO-complex of C4H showed a Soret absorption maximum at 450 nm. When frans-
cinnamic acid was added to the oxidized form of C4H, the spectrum was partially converted
to the high spin state as reported for Jersalem artichoke C4H (Gabriac et al, 1991), indicating

the binding of #rans-cinnamic acid to the substrate binding site of this P450.
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Figure 5 trans-Cinnamic acid induced difference spectra of P450C4H. The purified
preparation (0.2 pM) was dissolved in 50 mM potassium phosphate buffer (pH 7.25)
cotaining 20% glycerol and 0.5% Emulgen 913. The final concentrations of frans-
cinnamic acid were (a), 0; (b), 0.5; {c), 2; (d) , 5: (e), 10, and; (f), 50 pM. Spectral
dissociation constunt was caluculated from a double reciprocal plot of absorbance A
(389-422 nm) versus th esubstrate concentration.

Fig. 5 shows type I substrate binding difference spectra induced by the addition of
frans-cinnamic acid in a concentration range from 0 to 50 pM. The dissociation constant of
trans-cinnamic acid for C4H caluculated from spectral titration was 2.8 pM, and was almost
identical to the value reported for Jersalem artichoke C4H. The spectral dissociation constant

is consistent with the X | value (1.8 pM) for frans-cinnamic acid obtained in the reconstitution
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system, indicating that the cinnamate binding to the oxidized C4H is the first step of the

overall cinnamate 4-hydroxylation.

Summary

A cytochrome P450 (P450c4H) possessing frans-cinnamate 4-hydroxylase (C4H)
activity was purified to apparent homogeneity from microsomes of etiolated mung bean
seedlings. Upon SDS-polyacrylamide gel electrophoresis, the purified preparation gave a
single protein band with a molecular mass of 58-kDa. Its specific P450 content was 12.6 nmol
mg' protein. Using NADPH as an electron donor, the purified C4H aerobically converted
trans-cinnamic acid to para-coumaric acid with a specific activity of 38 nmol min 'nmol
'P450 in a reconstituted system containing NADPH-cytochrome P450 reductase purified from
the seedlings or rabbit liver microsomes, dilauroylphosphatidylcholine, and NADPH. This
specific activity is by far the highest for reconstituted C4H system so far reported and
provides direct evidence that C4H activity is actually assosiated with a P450 protein. In the
oxidized state C4H showed a typical low-spin type absorption spectrum with a Soret peak at
419 nm. A partial spectral shift to the high spin state was observed when frans-cinnamic acid
was added to the oxidized C4H. By spectral titration, the dissociation constant of the cinnamic
acid-P450 complex was determined to be 2.8 pM. This value is similar to the K_value (1.8

pM) for trans-cinnamic acid determined in the reconstituted system.
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Chapter 11

Molecular Cloning and Sequencing of a cDNA
Encoding Mung Bean Cytochrome P450 (P450C4H)

Possessing Cinnamate 4-Hydroxylase Activity

Introduction

C4H, together with phenylalanine ammonia-lyase (PAL) and 4-coumaroyl:CoA
ligase (4CL), is involved in the core reactions of general phenylpropanoid metabolism,
providing precursors for the biosynthesis of secondary metabolites such as lignins and suberin
(Hahlbrock and Scheel, 1989). However, compared to PAL and 4CL, much less 1s known
about P450c4H gene expression. As described in Chapter 1, I have purified C4H from mung
bean seedlings and demonstrated the reconstitution of C4H activity with the purified protein.
Here I report the isolation and sequencing of cDNA clones for P450c4H from a mung bean
hypocotyl cDNA library with the aid of partial amino acid sequences determined for the
purified C4H.

Materials and Methods
Plant materials

P450caH was purified as described in Chapter I (Mizutani et al. 1993) from etiolated
mung bean (Phaseolus aureus) seedlings purchased from a local grocer in Japan. For the
isolation of total RNA, mung bean seedlings were germinated on damp vermiculite in dark at
25 °C. Before the isolation of total RNA, P450c4H expression was induced by incubating 3-
day-old etiolated hypocotyl sections for 24 hr at 25 °C in an airtight vessel containing 25 mM
potassium phosphate (pH 6.0) supplemented with 2% (w/v) sucrose and 0.005% (w/v)

chloramphenicol.

Amino acid sequencing

After digestion of purified P450can with lysyl endopeptidase, peptide fragments were

separated on Mono Q column (Pharmacia). Three peptides were chosen and purified by
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reverse phase HPLC using a pPRC C2/CI18 colurnn on SMART system (Pharmacia). Amino
acid sequences were analysed by automated FEdman degradation using a Simadzu protein
sequencer (PSQ-2) with an on-line Simadzu amino acid analyzer (PTH-1) equipped with a
Wako-Pack WS-PTH column (4.6 X 250 mm, Wako Pure Chemical). The N-terminal

sequence was determined directly from the purified P450cC4H.

Construction of cDNA Library

Total RNA was prepared from mung bean hypocotyls by phenol/chloroform extraction
followed by lithium chloride precipitation as described (Lagrimini et al, 1987). Poly(A)"RNA
was isolated from total RNA using a poly(A) Quick mRNA isolation kit (Stratagene). A
cDNA library was constructed from the poly(A)” mRNA using a ZAP cDNA synthesis kit
(Stratagene).

Polymerase Chain Reaction and Isolation of cDNA Clones

First strand cDNA was synthesized from 1 pg of mung bean hypocotyl poly(A)" RNA
and a part of this was used as a template for polymarase chain reaction (PCR), which was
carried out in 100 pl of 10 mM of Tris-HCI (pH 8.3) containing degenerate primers (each at
10 pM), 200 pM dATP, 200 pM dCTP, 200 pM dTTP, 200 pM dGTP, 1.5 mM MgClz, 50
mM KCl, 25 units/ml of Amplitag DNA polymerase (Perkin Elmer/Cetus). The reaction was
performed through 35 cycles of 30 sec. at 94 °C, 30 sec at 46 °C and 90 sec at 72 °C using a
Perkin Elmer/Cetus thermal cycler model 480. PCR products were separated by agarose gel
(2%) electrophoresis. A major band (1.3-kb) was isolated from the gel and cloned into the
pCRII vector using a TA cloning kit (Invitrogen). The 1.3-kb fragment was labeled with
[“PJdCTP by ramdom priming method (Feinberg and Vogelstein, 1983), and about 120,000
plaques from the cDNA library were screened with the labeled fragment as a probe.

Other Methods

The mserts of positive cDNA clones were excised in vivo as subclones in the
pBluescript plasmid (Stratagene) and sequenced as double strand templates using the dideoxy-

nucleotide chain termination method (Hattori et al, 1986). Northern hybridization analysis of

hypocotyl poly(A)"RNA was performed as described (Payne et al, 1990)) using the insert of

one of the positive cDNA clones as a probe. Sequence comparison was made using the
programs GAP and PILEUP (Devereaux et al, 1984)
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Results and Discussions

C4H, purified from etiolated mung bean seedlings, showed significant cinnamate 4-
hydroxylase activity (38 nmol p-coumarate formed min' nmol' P450) with NADPH as a
electron donor in a reconstitution system containing mung bean NADPH-P450 reductase and
dilauroylphosphatidylcholine (Mizutani et al, 1993). We determined the amino acid sequences
of the C4H N-terminal portion (49 residues) as well as three peptides from a lysyl
endopeptidase digest (Fig. 2, underlined).

Based on the sequences thus determined, several degenerate oligonucleotide primers
for PCR were synthesized. PCR was performed using, as a template, first strand cDNA
synthesized from mung bean hypocotyl poly(A) RNA. Since the location of the three peptides
segenced in C4H polypeptide was unknown, PCR was carried out using two primers, one
derived from N-terminal portion and the other from an internal peptide segment. When MA22
(corresponding to residues 41-46 in the N-terminal portion) and a mixture of MA23 and
MAZ24 (corresponding to peptide y) were used as primers (Fig. 1A), a 1.3-kb fragment was

obtained as a major product (Fig. 1B).

A.

MA22 5’ CCA ATA TTC GGA AAC TGG 3’
C C i\ < i

Pro Ile Phe Gly Asn Trp

G T G 2322
T T 2027
== —=isey!
—1078
872
Lys Gly Gly Gln Phe Ser —603
MA23 3’ TTC CCA CCA GTC AAA TC 5°*
(24) Too _ClupeCiaimi o GiRG) —310
cfasde
T

Figure 1. PCR amplification of a fragment of P450C4H cDNA. (A) The DNA
sequences of degenerate primers MA22, MA23, and MA24, aligned with the
peptide sequences from which they were designed. (B) Ethidium bromide-stained
agarose gel showing the products of PCR amplification from first strand cDNA .
An arrow indicates the 1.3-kb fragment that was subcloned for sequence analysis.
Size markers are given in kb.
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The primary structure deduced from the nucleotide sequence of the 1.3-kb fragment
contained one of the internal sequences determined above (D-Y-F-V-D-E-R-K, peptide B in
Fig. 2) and a squence (F-G/S-X-G-X-R/H-X-C-X-G/A/D, double underlined in Fig. 2) that
has been reported to be highly conserved in all the P450s so far sequenced (HR2 or heme-
binding region) (Gotoh and Fujii-Kuriyama, 1989). These findings indicated that this
fragment actually reflects a portion of C4H sequence. Therefore this fragment was labeled and
used as a probe for screening a mung bean cDNA library.

The two of eight strongly hybridized clones (pC4H-1 and pC4H-II) contained cDNA
inserts significantly long to represent the full-length C4H message, and were completely
sequenced. As shown in Fig, the pC4H-I sequence consisted of a 1515-bp open reading frame,
a 25-bp 5’-untransrated region, a 223-bp 3’-noncoding region, and a poly(A) tail. A poly(A)
addition signal (AATAAA) is seen 20-bp upstream of the poly(A) stretch. The nucleotide
sequence of pC4H-II was slightly different from that of pC4H-I1. Thus, pC4H-1I sequence
lacks one A at the 5’-terminus and six A’s in the poly(A) tail compared to pC4H-IL
Furthermore, both G at nucleotide 143 (coding region) and T at nucleotide 1766 (noncoding
region) are replaced by A in the pC4H-II sequence. The substitution at 143 leads to change in
the predicted amino acid residue (from Val in pC4H-I to Ile in pC4H-1I, Fig. 2).

Fig. 2 also shows the primary structures of C4H-I and C4H-II proteins deduced from
the nucleotide sequences. Both predicted proteins consist of 505 amino acid residues and have
the same primary structures except for the replacement of Val-40 in C4H-I by Ile in C4H-II as
mentioned above. The molecular mass of 57.8-kDa caluculated for the proteins is consistent
with the apparent molecular mass of 58-kDa estimated for the purified mung bean C4H by
SDS-PAGE (Chapter I, Mizutani et al, 1993). The N-terminal structure exhibits properties
characteristic to endoplasmic reticulum targeting stop-transfer signal sequences of microsomal
P450s (Nelson and Strobel, 1988). An acidic amino acid residue frequently observed at 2nd
and 3rd position from the N-trminus of microsomal P450s can be found as Asp-2 in mung
bean C4H. Such an acidic residue has been reported to play a crucial role in the retention of
microsomal P450s at cytoplasmic surface of endoplasmic reticulum (Belzer et al, 1990). The
four partial amino acid sequences determined from the purified C4H (peptide «, B, v, and & in
Fig. 2) can be found m the deduced primary structures. However, residues Val-38 and Ile-498
determined by peptide sequencing are replaced by Leu and Val, respectively, in the deduced
primary structure. We cnclude that the two cDNA clones isolated in this study actually encode

C4H, although minor differences are seen between the two clones and purified C4H for
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unknown reasons. Conceivably the mung bean genome cONtains a small family of C4H genes,
individual members of which could account for the differences in sequence observed.

Genomic Southern blot analysis is consistent with this possibility (data not shown).
pCAH- 1l .

pC4 TTT. ACCGTCACGTC, el CTA 70
- Amwmhmmmwccmmmm
oo e > M D L L L L EKT t L G L F L

a

T MMTMCAWCWWWMCCGCWCCACTCC 140
AAVV’A!VUSKLRGKRFKLPPGP‘{..”P

2 3
TCCC CTCARCTCGT 2:0
co CA“C‘I'TCGGCMCTGCCTCCWCCACGACCNMCCACCGCMCCT‘CA
B VPI‘PGNHLQVGDDLNHRNLTOLA
1
—{v}

CTCGCCGGAC 280
211 ¢C cammmmammxmmm
KRFGDIFLLRHGQRNLVVVSSFD
GACA 350
mmcmmcmxmmmmmm CGCACCCGCARCGTTCTCTTC
281LAKEVLHTOGVBPGSRTRNVVFDl

351 mACCGGCGWGCCWAMCCCMANGCGACCACWGCAAGAWCGACGCAT €20
PTGEGQDHVFTVYCEHHRKHRRI

421 CANACCG‘I'GCCC'I'IC'I'TCACCMCAWCAGCA.GTACCGCCACW'I'GGGAGGCCGAG?CCGCC 490
MTVPFFTHKVVQQYRH‘GWEAEAA

491 GCCGTCGTGGACGAC TCCCGAQOCGGCCG‘TCNCOGCCT‘GGT‘CANCGCCGAAGGCTAC 560
AVVDDVRKNPDAAVSGLV!RRRLO

561 ACCNA’I’GA’IGTACMCMCAWTACCGCATCAWGhCCOGAGATI’CWmACCC?CT &30
LHHYNNHYRIMFDHRFESEEDFL

631 mmmmmmmmxmmmmuﬂam 700
PORLK&LNCERSRLAOSFEYNYG

70 cnmcamcchmmcmcumcﬂmmumrrmcmmmcm 77¢
DPIPILRPFLKGYLK.’CKEVRETR

771 mmmmnhmmmmccmunﬂmmcaccmmcacrmcu 8B40
LKLPKDYPVDBRKNIGSTKSTNN

B

B4l mmmmmAmmmammemummmmc 310
EGLKCA!DHILDAEKRGEIHEDH

911 maummcammmmcummmummcm 930
v L ¥ 1 VEHNTIMNO YALSAZTIETT®TTLMWS I EU®GI

981 MWCANCMMRNCACCMMMANAMMACAGAWRGT 1050
AR E LV NUEKO®PETIQ®SQZXVYV RDETIDTZ RVYVYILGYV

1051 AGGGCATCAGGTGACTGAGCCAGATATC CARAAGC TTCCATACCTTC AAGCAGTGG TGARGGARACCCTT 1120
G K Q VT EPDTIOGQQXTL®YLOQAUV VY ETET.L

1121 CGCCTCACAATEGCAATCCCTCTCCTTGTCCCACACATGAACCTCCATGATGCTAAGCTTGG TGGCTATG 1180
R L R M A I P L L ¥V P HMNILUKDPAIKULGUGYD

1191 ACATCCCAGCTGAARGCAASATTTICGTGAATGCATOG TGS TGGCGARCAACCCTGCACACTGGARGAA 1260
1 P A E£E S X I L V N A W W L A NNUPAHWIKK

1261 GCCAGAAGAGTTCAGGCCTGAGAGSTTCTTCCAACAGGAATCCCATGTGGAACCGAATGGC AATGACTTC 1330
P EE FR P ERFF EEESHVEARANGNDLDTF

13311 AGGTACCTICCCTITGETGTTOGEAG AASAAALCTGECCCOGMATCATTCTTOCATTGCCCATTC TIGGCA 1400
R Y L PP GV GRZRSCPSGT?ILAMLU®PTIULSGTI

1401 CTTTGASCTCTTGCCCTCCC CCAGATTGACACCAG 1470
T L ¢ R L V@ NF ELL P P P 6 Q s ¢ I DT 5
1471 AGCTTGCACATACTAAAGCATTCCACCGTTGTTGCARRGCCAAGGTCCTTT 1540
E XK G QG ¢ F S L # I L KX 8 TV VYV AMXK P R S F
Y. 3 (1)

1541 ’rm CACATCATCS T TACCAATCCCCTTTATTAT I T T T CTTICTTATTC TCCCTG TATTATOG 1610
1611  ATGTTTCAAAATOSGSTIGCTCCATGCCATCTATAATEGGC CTCCTAATCGG TAGG TGO TGATGTATCTC 1680
1681

TTCFTCCCATTCTAATTC TCTCACAAC TTCAACTCATO AN TGATC TTG AR ATGG TTTTG TAATAAACTTA 1750

A
1753  CACTTTTGTCTCTAATAMMMAMMAAAMAAANAARAARL 1788

Figure 2. Sequence of P450C4H cDNA clone pC4H-1. Regions of the predicted protein sequence
corresponding to the protein chemically determined peptide sequences are underlined. The
individual peptide sequences are labeled (e, B, v, 8). Differences between the predicted protein
sequences and peptides « and & are indicated in parentheses. Hyphens above the sequence
indicate detetions in pC4H-II compared to pC4H-I. The two single nucleotide changes in pC4H-IL
compared to pC4H-I are also shown above the sequence; one of these results in an amino acid
change which is shown below the predicted protein sequence. The conserved putative heme-

binding region is double underlined. The sequence has been deposited in DDBJ, EMBL, and
GenBank as accession L07634.
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To determine the size of C4H transcripts, poly(A)" RNA from mung bean
hypocotyls was subjected to Northern blot analysis using the labeled insert of pC4H-I as a
probe. As shown in Fig. 3, a single mRNA of about 1.8-kb in size was detected, which
indicates that the cDNA clones analysed in this study are very close to the full-length of the

mRNA.

'”'_‘ —0.24

Figure 3. Blot hybridization of mung bean poly(A)" RNA probed with [°P)-labeled pC4H-1 cDNA
insert. The positions of RNA size standards are indicated, and their sizes are given in kb.

Three cDNAs for higher plant P450s have so far been cloned and sequenced. These
are an avocado P450 involved in fruit ripening (Bozak et al, 1990) and two closely related
periwinkle P450s of unknown functions (Vetter et al, 1992). Comparison of the predicted
protein sequence of mung bean C4H (pC4H-I sequence) with those predicted for these higher
plant P450s showed that C4H sequence is 31.2% and 23.5% identical with those of avocado
P450 and periwinkle P450s, respectively. Comparison was also made between mung bean
C4H and P450s belonging to the known P450 gene families, but none of them were found to
be more than 40% identity to the C4H sequence. These results indicate that mung bean C4H

belongs to a novel P450 gene family that is distinct from those so far reported, and the C4H
was designated CYP73A2.
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Summary
With the aid of partial amino acid sequences determined for cinnamate 4-hydroxylase

(P450c4H) purified from mung bean seedlings, two cDNA clones were isolated and their
inserts were completely sequenced. The nucleotide sequences of the two clones were nearly
identical and contained an open reading frame predicted to encode a polypeptide consisting of
505 amino acid residues. The partial amino acid seqences determined for the purified
P450C4H closely cerresponded to the primary structures deduced from the cDNA sequences.
This is the first isolation of a cDNA encoding a higher plant P450 possessing a clear
physiological activity. Comparison to known cytochromes P450 indicated that P450C4H
belongs to a novel P450 gene family.
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Chapter 111

Isolation of a cDNA and a Genomic Clone Encoding
Cinnamate 4-Hydroxylase from Arabidopsis thaliana

and its Expression Manner in Planta

Introduction

The genes involved in the phenylpropanoid pathway (Fig. 1) have been isolated and

characterized in several plant species (Mol et al., 1988; Hahlbrock and Scheel, 1989; Dixon
and Harrison, 1990; Dangl, 1992; Dixon and Paiva, 1995).
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Figure 1. The core reactions of the geperal phenylpropanoid pathway and related
metabolites. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase;

4CL, 4-coumarate:CoA ligase; CHS, chalcone synthase. The core reactions are
boxed. :

Specifically, it has been known that phenylalanine ammonia-lyase (PAL) and 4

coumarate:CoA ligase (4CL) are coordinately expressed during development and in response
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to biotic and abiotic stresses such as pathogen infection (Lawton and Lamb, 1987), wounding
(Lois and Hahlbrock, 1992), and UV irradiation (Chappell and Hahlbrock, 1984; Douglas et
al., 1987). In vive footprinting studies have led to the identification of three sequence motifs
(boxes P, A, and L) in the promoter regions of parsiey PALI and 4CL genes for responding to
UV irradiation and elicitor treatrnent (Lois et al., 1989). These sequence motifs have been
also found in most of the known PAL and 4CL gene promoters (Logemann et al., 1995). It 18
likely that the levels of PAL and 4CL are regulated to meet the cellular requirements for
phenylpropanoid derived-secondary metabolites (Dixon and Paiva, 1995). However, it is still
obscure how C4H expression is regulated in concert with other genes of phenylporpanoid
pathway.

As described in Chapter I and II, I have purified the C4H protein (Mizutani et al.,
1993a) and isolated a C4H ¢cDNA from mung bean seedlings (Mizutani et al., 1993b). C4H
cDNAs have been also isolated from artichoke (Teutsch et al., 1993) and alfalfa (Fahrendorf
and Dixon, 1993). In this chapter, 1 describe the isolation of the C4H cDNA from
Arabidopsis thaliana and charactrization of its expression patterns in response to wounding
and light. RNA gel blot analysis indicated that C4H was expressed coordinately with other
enzymes of the phenylpropanoid pathway, PAL! and 4CL, implicating a common
transcriptional activation mechanism for these genes. Sequence analysis of a genomic clone
containing the 5’-promoter region of the C4H gene revealed that the cis-elements (boxes P,
A, and L) involved in the regulated expression of PAL and 4CL genes (Logemann et al.,
1995) also exist in the C4H promoter.

Materials and Methods
Plant materials/treatments

Arabidopsis thaliana ecotype Columbia (Col-0) (Lehle Seeds, Tucson, AZ) seedlings
were grown under a sterile condition on 0.8% agarose plates containing GM medium
(Valvekens et al., 1988) in a growth chamber maintained at 22°C under the continuous light
or a light/dark cycle (9/15h).

For wounding treatment, leaves were harvested from 3-week-old plants grown under
continuous light, cut into 2 mm in width, and incubated for 1 to 9h under continuous light in

a petri dish containing GM medium and 0.005% (w/v) chloramphenicol. For the Oh time
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point, sliced leaves were frozen immediately without further incubation under continuous

light.

Isolation of cDNA and genomic DNA clones
Total RNA was prepared from 7-d-old seedlings by phenol/chloroform extraction,

followed by lithium chloride precipitation as described by Lagrimini et al. (1987), and
poly(A)* RNA was isolated from the total RNA using a poly(A)* Quick mRNA isolation kit

(Stratagene, La Joila, CA). A cDNA library was constructed from the poly(A)*t RNA in a
bacteriophage vector AZAPII (Stratagene, La Jolla, CA) using a Uni-ZAP XR Gigapack II
Gold cloning kit (Stratagene) according to the manufacturers’ instruction.

The cDNA of mung bean C4H (Chapter II, Mizutani et al., 1993b) was labeled with
[*P}-dCTP by the random priming labeling method (Feinberg and Vogelstein, 1983). A total
of 600,000 phages from the Arabidopsis cDNA library were plated, and duplicate lifts were
prepared on nylon filters (Dupont, Boston, MA). The filters were hybridized and washed
under low stringency conditions: hybridization, 16h at 45°C in a hybridization buffer
containing 1% BSA, 7% SDS, 50 mM sodium phosphate (pH 7.5) and 1 mM EDTA;
washing, 10 min in 6 x SSC supplemented with 0.1% SDS at room temperature and 20 min
in 2 x SSC with 0.1% SDS at 37°C. Twenty-six positive signals were identified by

autoradiography, and the positive plaques were isolated performing an additional round of

screening. Bluescript SK- phagemids were isolated by in vivo excision with R408 helper
phage (Stratagene). Since partial DNA sequencing of the positive clones indicated that the
DNA inserts of different lengths were derived from a transcript of a single P450 gene, the
DNA sequence of the longest insert (DDBJ accession number: D78596) was completely
determined. According to the criteria of the cytochrome P450 nomenclature committee
(Nelson et al., 1993), the P450 was designated CYP73AS5.

Genomic DNA clones were isolated by using a 315-bp EcoRI/BamHI fragment from
the N-terminal region of the CYP73A5 cDNA as a probe. A total of 50,000 plaques from a
AEMBL3 SP6/T7 genomic library of Arabidopsis thaliana ecotype Columbia (Clontech, Palo
Alto, CA) was screened under high stringency conditions: hybridization, 16h at 65°C in the
same hybridization buffer as described above; washing, 10 min in 2 x SSC with 0.1% SDS at
room temperature and 30 min in 0.1 x SSC containing 0.1% SDS at 65°C. Six positive

Plaques were isolated through two additional rounds of screening. Restiction mapping
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analysis indicated that the cloned inserts were all identical except for the different length of
the 5'- or 3’-noncoding region. One of the positive clones contained the longest insert of 6-kb

including a part of the CYP73A5 gene, and a 1.2-kb BamHI/Xhol fragment from the insert
was subcloned into a Bluescript SK- plasmid. The DNA sequence of the fragment (DDBJ

accession number: D78597) was completely determined.

Heterologous expression in insect cells

The CYP73A5 protein was expressed using the baculovirus expression vector system
basically according to the method described previously (Summers and Smith, 1987), using a
baculovirus transfer vector pvVL1392 (Invitrogen, San Diego, CA), Spodoptera furugiperda
21 (Sf21) cells (Invitrogen) and an infectious BaculoGold Baculovirus DNA (Pharmingen,
San Diego, CA). Sf21 cells were maintained at 27°C as a monolayer culture in a Grace's
medium supplemented with 0.33% TC yeastolate, 0.33% lactoalbumin, 10% fetal bovine
serum, 50 pg/ml of gentamycin sulfate, 200 pM 5-aminolevulinic acid and 200 pM ferrous
citrate. The expressed CYP73AS protein was partially purified from the infected Sf21 cells.
Briefly, the infected cells were sonicated and centrifuged at 100,000 x g for 1h. The pellet
was homogenized with buffer A containing 20 mM potassium phosphate (pH 7.25), 20%
glycerol and 1 mM dithiothreitol, and proteins were solubilized in buffer A supplemented
with 1% Emulgen 913 (Kao Atlas, Tokyo, Japan) (buffer B). After centrifugation at 100,000
x g for 1h, the supematant was applied to a DEAE-Sepharose column (5 X 10 cm)
equilibrated with buffer B. The pass-through fraction from the DEAE-Sepharose column was
applied to a hydroxyapatite column (2 X 5 cm) equilibrated with buffer B. 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 from the
column with 0.3 M potassium phosphate buffer containing 20% glycerol and 1 mM
dithiothreitol. P450 was monitored during the chromatography from the absorbance at 420
nm derived from a Soret absorption peak of the oxidized form of the P450. C4H activity was
reconstituted as described in Chapter I (Mizutani et al., 1993a). Briefly, 5 nM of the purified

recombinant CYP73A5 protein was mixed in a reaction mixture containing 50 mM
potassium phosphate buffer (pH 7.2), 0.1 unit/mL NADPH-cytochrome P450 reductase
purified from mung bean seedlings (Chapter I, Mizutani et al., 1993a), 0.001% (w/v) sodium
cholate, 10 mg/mL dilauroylphosphatidylcholine (Funakoshi, Tokyo, Japan), 0.4 mM rrans-
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cinnamic acid and 0.1 mM NADPH. The reaction was started by adding NADPH. p-
Coumaric acid formation was determined by HPLC according to the method described in

Chapter 1 (Mizutani et al., 1993a). Cytochrome 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-CsC! density gradient centrifugation as described by Ausubel
et al. (1987). For Southern blot, genomic DNA was digested with the indicated restriction
enzymes, separated by 0.7% agarose gel electrophoresis, and transferred to a nylon
membrane. The membrane was hybridized with the full-length CYP73A5 cDNA as a probe

and washed under the high stringency conditions as described above.

RNA preparation and RNA blot analysis

Total RNA was isolated by phenol/chloroform extraction followed by lithium
chioride precipitation as described by Lagrimini et al. (1987). Samples of total RNA (5 pg)
were separated by 1.2% formaldehyde-agarose gel electrophoresis, and blotted onto a nylon
membrane. The full-length CYP73A5 cDNA or the gene specific probes described below
were used for hybridization. Hybridization and washing were carried out under the high
stringency conditions described above. Intensity of hybridization signals was 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 re-hybridized to an Actin-1 probe (Naim et al., 1988) for
pormalization.

Specific probes for PALI, PAL2, PAL3 (Wanner et al., 1995), 4CL (Lee et al., 1995),
and CHS (Feinbaum and Ausubel, 1988) genes were prepared from Arabidopsis genomic
DNA by PCR. 5 sets of primers were designed from the specific regions of the genes:

PALIL, 5’-GATCTTGTAATCTCCTCTTAGTTAATCTT-3
and 5’-GGATCCTCCGCGTTGATCACCATGTTCTTT-3";
PAL2, 5’-AGATCTGATCTCATTCACCTAAACACAAAC-3’
and 5'-GCTAGCTTTCACACCGGCT CTTGAAGTCTC-3’;
PAL3,5-CCGGCTCGTTATATAAAAGCTCCAGACTTG-3’
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and 5'-CCCGAGCCTCCTCAGAAAGCT CCACTGTCG-3";
4CL, 5’-TTACAATGGCGCCACAAGAACAAGCAGTTT-3 ’
and 5’ -GGAGATGTTTTGGAAGATGTAGTCGTGGAG-3 "
CHS, 5 ' ATACTATAATGGTGATGGCT GGTGCTTCTT-3’
and 5’-CATGCGCTT GAACTTCTCCTTGAGGTCGGT-3".
Each of the amplified PCR products was cloned into a pCRII vector using a TA cloning kit

(Invitrogen). DNA sequences of the PCR products were determined to be identical to those of

the corresponding genes.

DNA sequencing and analysis

DNA sequencing was performed using a DyeDeoxy™ Terminator Cycle Sequencing
kit (Applied Biosystems, CA) and an automated DNA sequencer (Applied Biosystems
373A). Sequence analysis was performed using a software, DNASIS Ver. 3.5 (Hitachi
Software Engineering America,Ltd., San Bruno, CA). The nucleotide sequence data of PAL/
(L33677), PAL2 (L33678), PAL3 (L33679) (Wanner et al., 1995), and 4CL (U18675) (Lee et
al., 1995) of Arabidopsis thaliana were retrieved from the EMBL, GenBank, and DDBJ
Nucleotide Sequence Databases using the corresponding accession numbers shown in the

parentheses.

Results
Isolation and characterization of CYP73A5 cDNA

A cDNA clone was isolated from an Arabidopsis cDNA library, using the C4H cDNA
from mung bean (Chapter 1, Mizutani et al., 1993b) as a probe. The insert of the clone
consists of a 1515-bp open reading frame, a 56-bp 5’-untranslated region, a 140 bp 3’-
noncoding region and a poly(A) tail (not shown). The primary structure deduced from the
cDNA sequence shows general properties of microsomal P450s from different organisms
including higher plants (Fig. 2). Thus it contains a 30-amino acid long hydrophobic stretch at
N-terminus, which is a signal-anchor sequence to retain P450s on the cytoplasmic surface of
the endoplasmic reticuh_lm membrane (Nelson and Strobel, 1988). The N-terminal signal-
anchor sequence is followed by a proline rich region, which is thought to be involved as an

a-helix breaker in the process of correct folding of microsomal P450s and is also important
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in heme incorporation into the P450s (Yamazaki et al., 1993). Furthermore, the predicted
protein contained a sequence (F-G/S-X-G-X-R/H-X-C- X-G/A/D, underlined in Fig. 2) that
has been known to be highly conserved in all the P450s so far sequenced (HR2 or heme-

binding region) (Gotoh and Fujii-Kuriyama, 1989).

Arabidopsis 1 MDLLLLEKSL IAVFVAVILA TVISKLRGKK LKLPPGPIPI PIFGNWLQVG
Mung bean 1 =------- T- LGL-L-AVV- I-V------ R F------ L-V -----=--"-
Artichoke 1 ----- I--T- V-L-A-1-G- TL-------- Fr------- Vo ommemmoooms
Alfalfa 1 -------- T- L-L-I-ATI- VT------- R F-------- vV o----Y-----
Arabidopsis 51 DDLNHRNLVD YAKKFGDLFL LRMGORNLVV VSSPDLTKEV LLTQGVEFGS
Mung bean 51 -------- TQ L--R---i-- ----="7""° =°=°°7 A--- -H----=mos
Artichoke 51 =------- T- L--R--EIL- ==--------- feeE-A--- -H--------
Alfalfa §1 =------- T- ---R--EI-- =--"="---~ ----E-A--- -H--C-----
Arabidopsis 101 RTRNVVFDIP TGKGQDMVFT VYGEHWRKMR RIMTVPFFTN KVVQQNREGW
Mung bean 161 ---------- g >R ittt Y-H--
artichoke 10l ----=--==- -s---=ss-- S-sToSSess moETTmEETT o TETTT Y-Y--
Alfalfa 101 ===-----== --sssssoos Sooemomoos Sosmmoooen mmooC Y-y--
Arabidopsis 151 EFEAASVVED VKKNPDSATK GIVLRKRLQL MMYTNMFPRIM FDRRFESEDD
Mung bean 151 -A---A--D- -R----B-VS -L-I-R---- ---N--Y===- =--=-"---< E-
Artichoke 151 -A---A--D- ----- AA--E ---I-R---- ---N-----= =-=--==-°=--°-=°
alfalfa 151 -S--E---N- --N-AREASVG ---I------ -=-NI-Y--- ----=---- E-
Arabidopsis 201 PLFLRLKALN GERSRLAQSF EYNYGDFIPI LRPFLRGYLK ICQDVKDRRI
Mung bean 201 -=-Qr---=" =-==-----2= s--se----w moss- K---- --EK--ET-L
Artichoke 201 ----K-===- ---ss=s-se=-=- ---sssscss- soomes N--- --EK---K--
Alfalfa 201 ---VK----- ==---m---- ssseo---eo- oo K---- --EK----- L
Arabidopsis 251 ALFKKYFVDE RKQIASSKPT GS.EGLXKCAI DHILEAEQKG EINEDNVLYI
Mung bean 251 K---D----- -~N-G-T-5- .HN------- ----D--K-- ----------
artichoke 251 Q---D----- --K-G-T-XM DNNQ.----- =------ KE-- =---=-=----
Alfalfa 251 Q---D----- --KLE-T-5- T-ND------ ----D-QK-- ---D------
Arabidopsis 300 VENINVAAIE TTLWSIEWGI AELVNHPEIQ SKLGNELDTV LGPGVQVTEP
Mung bean 300 ~------ees smeses--oe- s--oo--ees Q-VRD-I-R- --V-H-----
Artichoke JOO ----~--=+ -----mmemms m-oeo--o-a A--RH----K =----- I---
Alfalfa 3Ol --m=m-=--- c-cmme-e-—- oo QD-- N-VRE-M-R- ----H-----
Arabidopsis 350 DLHKLPYLQA VVKETLRLRM AIPLLVPHMN LHDAKLAGYD IPAESKILVN
Mung bean 350 ~IQ----=,- mmmmmmmees mmmmm——oo- oo Germ mmmmemmm-
Artichoke 350 -VQN------ —----sssss mmaemaaaas oaaaano G-Fr -m-mmmanan
Alfalfa 351 --e-me---- el cemm—mm—-a f e -P--N-F- -cmmm=m=n-
Arabidopsis 400 AWWLANNPNS WKKPEEFRPE RFFEEESHVE ANGNDFRYVP_FGYGRRSCPG
Mung bean 400 -------- N i R L- -=-------~=
Artichoke 400 -------- DQ ---------- c-L---AK-- ---==--= L- mmmemmm—— -
hlfalfa 401 ----P---AH -------~-- B T L =-=eeme-m-
Arabidopsis 450 ITILALPILGI TIGRMVQNFE LLPPPGQSKV DTSEXGGQFS LHILNHSIIV
Mung bean 450 ---------- ~L--L-=-+- r--c---- QI ---=------- S --K--TVY-
Artichoke 450 -----m---- B D L I --D-=------ - --K--T--
Alfalfa 451 ---------- “m--L-meVe meemee - I ~eremmmmo- ae--K--T--
Arabidopsis 500 MKPRNC

Mung bean 500 A---SF

Artichoke 500 A---SF

Alfalfa 501 A---SF

Figure 2. Deduced amino acid sequence of the CYP73AS5 protein from Arabidopsis with
those of the C4Hs from mung bean, artichoke, and alfalfa.

The predicted amino acid sequence of CYP73A5 is aligned to those of C4H proteins
from mung bean, artichoke, and alfalfa. Identical amino acid residues are indicated by

dashes, and dots are inserted to maximize the se
quence homolo Heme-bindi
domain (HR2 region) is underlined. & ne
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The amino acid sequence of the P450 protein was 84.7%, 85.5%, and 83.2% identical to
those of the C4Hs from mung bean (Mizutani et al., 1993b), artichoke (Teusch et al., 1993),
and alfalfa (Fahrendorf and Dixon, 1993), respectively (Fig. 2). No P450s subfamilies other
than CYP73 exhibited identity greater than 40%. According to the criteria of the cytochrome
P450 nomenclature committee (Nelson et al., 1993), the clone was designated CYP73A35.

Heterologous expression of CYP73AS in insect cells

Although the deduced protein structure of CYP73AS5 is 84.7% identical to that of
mung bean C4H (Fig. 2), a single amino acid substitution could change substrate specificity
of P450s belonging to the same gene subfamily (Lindberg and Negishi, 1989; Johnson,
1992). In other words, it is possible that CYP73AS5 could encode a P450 with an activity
different from the para-hydroxylation of frans-cinnamate. Therefore, expression of the
CYP73A5 protein in insect cells using the baculovirus expression system and

characterization of the CYP73AS protein was necessary.

kDa

94—
B3 —

424 —

300 =

Dt
144 — L —

Figure 3. Expression of recombinant CYP73A5 protein.

SDS-polyacrylamide gel electrophoresis was performed using 12% polyacrylamide slab
gel, and proteins were visualized with Coomassie Brilliant Blue R-250.

Lane 1, microsomes of mock-infected Sf21 cells (10 mg protein); lane 2, microsomes of
Sf21 cells (10 mg protein) infected with the recombinant virus containing CYP73A5
cDNA; lane 3, partially purified CYP73A5 (10 pmoles P450) through a two-step column
chromatography using DEAE-Sepharose and hydroxylapatite, which yielded 40 nmol of
the CYP73AS from the microsomal fraction containing 160 nmol of total P450s
Cytochrome P450 was determined from the reduced CO-difference spectrum. .
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On SDS-PAGE analysis, a new intense band of 58 kDa appeared in the microsomal fraction
of the recombinant virus infected-cells (Fig. 3, lane 2). This protein band was not found in
that of the mock-infected cells (Fig. 3, lane 1). The molecular mass of 58 kDa of this protein
(57.7 kDa) is consistent with that calculated from the CYP73AS5 primary structure.
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Figure 4. Absolute absorption spectra of the partially purified recombinant CYP73A5

protein. 1 mM of frans-cinnamic acid was added to the oxidized form to obtain the

substrate induced-spectral shift. A few grains of sodium dithionite were added to reduce

the P450, —————  , oxidized form;  ----—- - , + trans-cinnamic acid;
................... , reduced-CO COlTlplCX.

Fig. 4 shows the absolute absorption spectra of the recombinant CYP73A5 protein.
The oxidized form exhibited a Soret absorption peak at around 420 nm, and the reduced CO-
complex showed a Soret absorption maximum at 450 nm. The addition of a putative
substrate, frans-cinnamic acid, to the oxidized form caused the shift of the absorption peak
from 420 to 390 nm. This result indicated that trans-cinnamic acid bound to the CYP73A5
protein as the substrate, thereby modifying the heme electronic state from the low-spin to the

high-spin (Ruckpaul et al., 1989). Other potential substrates for plant P450s such as laurate,
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nerol, geraniol, and ferulate did not cause such a spectral shift observed with frans-cinnamic
acid.

C4H activity was reconstituted with the CYP73AS protein, NADPH-P450 reductase
from mung bean seedlings, dilauroylphosphatidylcholine, and trans-cinnamic acid as
described in Chapter I (Mizutani et al., 1993a). In the reconstituted system, the CYP73A5
protein catalyzed the hydroxylation of trans-cinnamic acid to produce p-coumaric acid.
Formation of p-coumaric acid was dependent on both the amount of the CYP73AS5 protein
and the reaction time. Any other reaction products were not detected under the experimental
condition. The reconstituted activity (68 nmol/min/nmol P450) was higher than that of the
C4H protein purified from mung bean seedlings (38 nmol/min/nmol P450) (Chapter I,
Mizutani et al., 1993a). These results clearly indicated that the CYP73A5 gene encodes the
cinnamate 4-hydroxylase (C4H) of Arabidopsis.

Genomic Southern blot analysis
Southern blot analysis was performed to estimate the number of the CYP73A5 genes

in Arabidopsis genome (Fig. 5).
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Figure 5. Southern blot analysis of the CYP73A5 gene.
Arabjdgpsis thaliana Columbia genomic DNA (5 pg) was digested with the indicated
restriction enzymes, separated on 0.7% agarose gel, blotted on a nylon membrane. and

hybridized with a [“P]-labeled full-length CYP73A5 c¢DNA. The migration of size
makers is shown to the left of the blot. v
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Genomic DNA was digested with three restriction enzymes, Bg/Il, EcoRI, and Hindlll, which
do not cut the insert of the CYP73AS5 cDNA, and the full-length CYP73A5 cDNA was used
as a probe. A single hybridization signal was observed in each digestion, and the identical
hybridization pattern was obtained under the low stringency condition (data not shown).

These results indicated that CYP73A5 exists as a single copy gene in the Arabidopsis

genome.

Expression patterns in Arabidopsis
Since it was shown that the CYP73AS5 actually encoded the C4H of Arabidopsis, we
compared its expression pattern with those of the genes involved in the phenylpropanoid

pathway (Fig. 1) by RNA gel blot analysis (Figs. 6, 7, and 8).
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Figure 6. Tissue specific expression of Arabidopsis PALI, PAL2. PAL3, CYP73A5

(C4H), 4CL, and CHS genes.

Total RNA was isolated from the roots and leaves of 3-week-old plants, from the

inflorescence stems and flowers of 4-week-old plants, and from the siliques of 5-week-

old plants. Plants were grown under the continuous light. Five pg total RNA was

separated on formaldehyde gels, transferred to nylon membranes, and hybridized to the
indicated probes.
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The CYP73A5 (C4H) expression level was highest in inflorescence stems and was
significantly higher in roots and siliques than in leaves and flowers. Expression patterns of
PALI, PAL2, and 4CL were essentially the same as that of CYP73A5 (C4H). In contrast,
PAL3 transcript could not be detected in roots, and CHS was most strongly expressed in
flowers.

Expression of these genes were also studied under the light/dark cycle (9/15h) (Fig.
7). The levels of CYP73A5 (C4H), PALI, and 4CL transcripts transiently increased about 3-
fold within 1h of the onset of the light period, and decreased continually to a basal level. The
amount of PAL2 mRNA was slightly increased in the light. PAL3 transcript level gradually
increased and reached a maximum level in 9h under the light and rapidly decreased within 3h
in the dark. CHS transcription was induced 6-fold in the light and gradually decreased in the
dark.
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Figure 7. Changes in expression levels of PALI, PAL2, PAL3, CYP73A5 (C4H), 4CL.
and CHS genes under a 9-h light/15-h dark cycle: light period, 0-9h; dark period, 9-24h.
(A)Total RNA was isolated from the leaves of 3-week-old plants at times indicated after
lhe} onset of light period (Oh), and 5 mg of the samples were analyzed by RNA gel blots
using the probes indicated. (B) Relative mRNA levels of C4H (O), PALI (@), PAL2 (O
), PAL3(M), 4CL (), and CHS (A). The hybridization signals were qua

), PA, . ntified using an
Imaging analyzer and were normalized relative to Actin-J (Naim et al.,

1988) expression.
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Fig. 8 shows effects of wounding on the expression of these genes. CYP73A5 (C4H),
PALI, and 4CL were significantly induced within 1h of wounding. The expression levels of
these genes reached maxima within 2h of the treatment and then decreased. PAL2 mRNA
level was also slightly increased, while PAL3 and CHS mRNA levels were decreased by the

wounding treatment.
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Figure 8. Induction of PALI, PAL2, PAL3, CYP73A5 (C4H), 4CL, and CHS genes in
response to wounding. Leaves were harvested from 3-week-old plants grown under the
continuous light. The harvested samples were cut into 2 mm in width, and incubated for
I to 9h under the continuous light in a petri dish containing GM medium

(A) Total RNA was isolated at the times indicated after wounding and analyzed by RNA
gel blotting (5 pg per lane) using the probes indicated. (B) Relative mRNA levels of
C4H (O), PALI (@), PAL2 ([J), PAL3 (M), and 4CL (A). Intensity of the
hybridization signals was quantified using an imaging analyzer and were normalized

relative to Actin-1 (Naimn et al., 1988) expression. The CHS expression was not shown
because the expression level was too low to detect it.



Isolation and characterization of genomic DNA clone

An Arabidopsis genomic library was screened using the full-length CYP73A5 (C41)
cDNA as a probe, yielding a clone consisting of a 291-bp coding region and a 907-bp
promoter region of the CYP73A5 (C4H) gene. The DNA sequence of the coding region was
in complete agreement with that of the CYP73AS (C4H) cDNA (Fig. 9). A putative TATA

box was located at 118-bp upstream the ATG translation initiation site (Fig. 9, boxed).

-907 TGTTGTCCTTAAGTTAATCTTAAGATATCTTGAGGTAAATAGAAATAGTTGACTCGTTT -849
-848 TTATCTTCTTCTTTTTTTACCATGAGCAAAAAAGATGAAATAAGTTCAAAACGTGACGAA -789
-788 TCTATATGTTACTACTTAGTATGTGTCAATCATTAAATCGGGAAAACTTCATCATTITCAG -729
-728 GAGTATTACAAAACTCCTAAGAGTGAGAACGACTACATAGTACATATTTTGATAAMAGAC -669
-688 TTGAARAACTTGCTAAARACGAATTTGCGAAAATATAATCATACAAGTGCCAGTGATTTTGA -609
-608 TCGAATTATTCATAGCTTTGTAGGATGAACTTAATTAAATAATATCTCACACAAGTATTG -549
-548 ACAGTAACCTAGTACTATACTATCTATGTTAGAATATGATTATGATATAATTTATCCCCT -489
-488 CACTTATTCATATGATTTTTGAAGCAACTACTTTCGTTTTTTTAACATTTTCTTTIGTTG -429
-428 GTTATTGTTAATGAGCATATTTAGTCGTTTCTTAATTCCACTGAAATAGAAAATACAAAG -369

-368 AGAACTTTAGTTAATAGATATGAACATAATCTCACATCCTCCTCCTACCTTCACCAACAC -309

-308 1‘TTACATACACTTTGTGGTCTTTCTTTACCTACCACCATCAACAACAACACCA.iGCCCCA -249
-248 CTCACACACACGCAATCACGTTAAATT?AA(I;GCCGTTTATTATCTCATCATTCACCAACT -189
-188 @ACGTACTAACGCCGTTTACCTTGTGCCGTTGQTCCTCATTTCTCAAACCAACEAAAC -129
-128 CTCTCCCTCCCTCTCTCCCTTgTTTATTTCTTCCTCAGCAGE’i‘TIETTCTGC -69
-68  TTTCAATTACTCTCGCCGACGATTTTCTCACCGGAAAAAAACAATATCATTGCGGATACA -9
-8 CAAACTATAATGGACCTCCTCTTGCTGGAGAAGTCTTTAATCGCCGTCTTCGTGGCGGTG 51

M DL L L L E K S L I AV F V A V

52 ATTCTCGCCACGGTGATTTCARAGCTCCGCGGCAAGAAATTGAAGCTACCTCCAGETCCT 111
I L. ATV I S$ KVLZR G K KL KL P P G P

112 ATACCAATTCCGATCTTCGGAAACTGGCTTCAAGTCGGAGATGATCTCAACCACCGTAAT 171
I P I PI F GNUWILQV G DDTILNUHR N

CTCGTCGATTACGCTAAGAAATTCGGCGATCTCTTCCTCCTCCGTATGGGTCAGCGAAAC 231
L VDY AZKXKF F G DULVFLLRMG 0 R N

CTAGTCGTCGTCTCCTCACCGGATCTAACAAAGGAAGTGCTCCTCACTCAAGGCGTTGAG 291
LYV VWV S s PDILTIEKEV L L T Q G V E

Figure 9. DNA sequence of the TATA-proximal region of the CYP73A5 gene.
'Il;uhe translation Initiation codon ATG is located at +1. A putative TATA-box is boxed.
tative cis-acting elements homologous to sequence motifs for boxes P, A, and L

(ngen.lann et al., 1995) are underlined. The deduced amino acid sequence of the coding
Teglon is shown below the nucleotide sequence.
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In parsley PAL gene, three sequence motifs (box P; YTYYMMCMAMCMMC, box
A; CCGTCC, and box L; YCYYACCWACC) have been identified by in vive footprinting as
cis-acting regulatory elements (Lois et al., 1989). Logemann et al. (1995) reported that these
sequence motifs are conserved among the genes involved in the core reactions of the
phenylpropanoid pathway of several plant species including Arabidopsis. To gain an insight
into the apparently coordinated-expression of the genes of the phenylpropanoid pathway

(Figs. 6, 7, and 8), we compared the 5’-franking region of the CYP73A5 (C4H) gene with
those of the PAL genes (Wanner et al., 1995) in Arabidopsis.

Table 1. Putative cis-acting elements and their positions relative to the translation initiation
ATG codon on the promoters of the C4H, PALI, PAL2, and PAL3 genes

Box P* Box A* Box L*

C4H CcTTCACCAACACt (-321) CCGTtt (-216) CtTTACCTACC (-285)
CTTTACCtACCACC (-285) CCGTtg (-174) TCaaACCAACC (-143)
aTTCACCAACtCCC (-199) CCGTtt (-160)

CTCaAACCAACCAa (-144)

PALI TcTCAACCAACICC (-277) CCGTgt (-395) gCTTACCTACC (-190)
PAL2 TcTCACCCACCCCt (-251) - CCTTACCTAaC (-173)
PAL3 - CCGTCa (-18) -

Consensus# YTYYMMCMAMCMMC CCGTCC YCYYACCWACC

*The nucleotide sequences which did not match to the consensus sequences were shown by
smal] letters.

#Consensus sequences for Box P, A, and L were reported by Logemann et al. (1995) and Y,
M, and W indicate C/T, A/C, and A/T, respectively.

Homology analysis was performed in the TATA-proximal promoter region of the
CYP73A5 (C4H) gene of Arabidopsis (-1 to -400, relative to the translation initiation codon,
ATG), and it was found that there are four sequences homologous to box P, three box A like
sequences, and two sequences similar to box L (Fig. 9, underlined and Table I, Logemann et
al, 1995). The PALI gene, which was expressed in a manner closely similar to that of
CYP73A5 (Figs. 6, 7, and 8), also contains these three sequence motifs (Logemann et al.,
1995). However, on the other hand, box A consensus sequences could not be found in the

P .
AL2 promoter region (Table I). There are no sequence motifs homologous to box P and L at

42



Jeast in the promoter region of the PAL3 gene, of which expression patterns were different
from those of PAL! and CYP73AS (C4H). However, it has been reported that the Arabidopsis
PAL3 gene contained two box 1 (box L) sequences (one in the promoter and the other in the
second intron) and a box 2 (box P) sequence (Wanner et al., 1995). There is also no AC-tich

sequence (box 3, AACCAACAA) in the CYP73A5 promoter region, which has been

cuggested as an elicitor-inducible hypersensitive site in bean CHSI15 gene (Ohl et al., 1990).

Discussion

I have demonstrated that C4H is encoded by a single copy gene, CYP73A5, in
Arabidopsis and have examined the CYP73A5 expression pattern in comaprison to other
genes coding for enzymes of the phenylpropanoid pathway. It has been reported that
biosynthesis of phenylpropanoid-derived natural products is controlled through the
modulation of PAL activities, which is achieved in part at the level of transcription (Chappel
and Hahibrock, 1984; Lawton and Lamb, 1987). It is also well known that the 4CL gene
activation is coordinated with certain members of the PAL gene family, while only a limited
information has been available with respect to C4H.

In Arabidopsis, expression patterns of CYP73A5 (C4H), PALI, and 4CL were closely
similar in different tissues, and induction of these genes followed the same time course after
the onset of the light period or the wounding treatment, implicating that a common
mechanism for their transcriptional activation. Logemann et al. (1995) have recently reported
that C4H expression in parsley was in concert with the expression of PAL1/2, PAL3, and both
4CLs. They found three cis-acting elements (boxes P, A, and L) in most of the PAL and 4CL
genes so far reported and suggested that these elements might be involved in coordinating
C4H gene expression with regulation of PAL and 4CL genes. A similar observation is true in
Arabidopsis as well. Specifically, these three cis-acting elements were not only found in the
PAL and 4CL genes but also in Arabidopsis C4H gene (Table I). This is consistent with the
finding in Arabidopsis that C4H expression was coordinated with PAL and 4CL in response
to wounding and light (Figs. 7 and 8). It has been reported that the activation of the genes
of flavonoid biosynthesis involve the Myb and Myc classes of transcription factors, which
bind to the core consensus sequence found in boxes P and L (Douglas, 1996).

CHS expression was not dramatically induced by wounding, while the genes involved

0 the core reactions, PALI, C4H, and 4CL, were. Although CHS activity is linked to the core
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reactions of general phenylpropanoid pathway (Fig. 1), it is possible that the induction of
pAL, C4H, and 4CL by wounding does not need to be accompanied by CHS expression,
which is the first committed step of flavonoid biosynthesis. Similarly, it is possible that the
multiple expression patterns of each of the PAL isoforms may be explained by different
demands in different tissues and conditions for precursors of metabolic pathways branched at
trans-cinnamic acid, e.g., salicylate (Yalpani et al., 1993; Mauch-Mani and Slusarenko,
1996) and coumarin biosynthesis (Hamerski et al., 1990). In other words, not all PAL
isozymes may be physiologically linked to C4H, although all these isoforms are apparently
indistinguishable based on their enzyme-kinetic properties (Appert et al., 1994).

In this chapter, I showed that PAL, C4H, and 4CL are coordinately expressed in
different tissues and in response to wounding and light. In addition, it was found that the
three cis-acting elements in the PAL and 4CL genes (LLogemann et al., 1995) are also found in
the C4H gene. However, Logemann et al. (1995) reported that the three regulatory elements
were insufficient in parsley for responding to light or elicitor and that additional elements
might be also involved in the regulation of PAL gene expression. The analysis of the parsley
4CL-1 gene promoter also suggested that different combinations of cis-acting elements may
control expression of 4CL-1 gene in different organs (Hauffe et al., 1993). Further
investigation is needed to elucidate the mechanisms operating to contol expression of the

genes encoding metabolically linked enzymes in such a concerted manner.

Summary

I have isolated a cDNA for a cytochrome P450, cinnamate 4-hydroxylase (C4H), of
Arabidopsis thaliana using a C4H c¢DNA from mung bean as a hybridization probe. The
deduced amino acid sequence is 84.7% identical to that of mung bean C4H, and the P450
was designated CYP73AS5. The CYP73AS protein was expressed in insect cells using the
baculovirus expression system, and the reconstituted C4H activity with the recombinant
protein (68 nmol/min/nmolP450) confirmed that the CYP73AS actually encodes the C4H of
Arabidopsis, Southemn blot analysis revealed that CYP73A5 is a single copy gene in
Arabidopsis, A C4H promoter. region of 907-bp contained all of the three cis-acting elements
(boxes P, A, and L) conserved among the PAL and 4CL genes so far reported. In
Arabidopsis, C4H (CYP73A5) expression was apparently coordinated with both PAL1 and

4CL in TEsponse to the light and wounding, suggesting that these cis-elements are involved in



the regulation of these genes. On the other hand, no significant parallelism was observed
among C4H, PAL2, PAL3, and CHS expression patterns, implicating factors supplementary
to boxes P, A, and L for transcriptional regulation of these genes.
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Chapter IV

Two Isoforms of NADPH-Cytochrome P450 Reductase

in Arabidopsis thaliana:

Gene Structure, Heterologous Expression

in Insect Cells, and Differential Expression in Planta

Introduction

NADPH-cytochrome P450 reductase (P450-reductase) transfers two electrons from
NADPH to P450s. It has been suggested that a single form of P450-reductase is responsible
for the electron transport to these diverse P450 isoforms in animals (Porter et al., 1990). In
higher plants, P450-reductase proteins and the corresponding 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-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 they were post-translationally modified proteins
encoded by a single copy gene. Recently two distinct P450-reductase cDNAs have been
isolated from Arabidopsis thaliana by Pompon (unpublished results; deposited at GenBank
with accession numbers X66016 and X66017, respectively) and also from Helianthus
tuberosus by Benveniste (unpublished results; deposited at GenBank with accession numbers
226250 and 726251, respectively). The results indicate that, in contrast to mammals and
yeast, at least some plant species contain a few isoforms of P450-reductase. The occurrence of
multiple isoforms of P450-reductase in plants raises questions about physiclogical roles of the
individual P450-reductase isoforms. However, characterization of these P450-reductase
isoforms has not been reported yet.

In this chapter, 1 report the isolation and characterization of the cDNAs and the
corresponding genes encoding two isoforms of P450-reductase of Arabidopsis thaliana. 1
demonstrated by expressing the cDNAs in insect cells using a baculovirus expression system
that these reductase genes encode functional P450-reductases. Cinnamate 4-hydroxylase

activij .
_ ty could be reconstituted at almost the same level in the system containing a



recombinant CYP73A5 (Chapter III, Mizutani et al,, 1997) and the recombinant P450-
reductases. Genomic organization of the two P450-reductase genes (ARI and AR2) closely
resembled each other with regards to the intron positions and exon sizes, while little
similarity was observed in the DNA sequences of their promoter regions. RNA blot analysis
showed that ARI was constitutively expressed throughout development, whereas ARZ
expression was strongly induced by wounding and light treatments, and the induction time
course of AR2 preceded those of PALI and CYP73A5, which encode phenylalanine ammonia-
lyase and cinnamate 4-hydroxylase, respectively. Possible regulation mechanisms in
coordinating the expression of AR2 with those of PALI and CYP73A5 is discussed, on a basis

of sequence analyses of the AR1 and AR2 promoter regions.

Materials and Methods
Plant materials and treatments
Arabidopsis thaliana ecotype Columbia (Col-0) seedlings were grown as described
in Chapter III. Wounding treatment was also performed as described in Chapter III.
For light treatment, 2-week-old plants grown in continuos light were placed in the
dark for two days, and then transferred to the light condition for 1 to 12h.

Isolation of cDNA clones of P450-reductases

A cDNA of mung bean P450-reductase was isolated using degenerate
oligonucleotide ~ probes designed from the partial amino acid  sequences
(MRI;RLVAVGLGDDDQ, MR2;LQYGVFGLGNRQYEHFNK, and
MR3;LQMDGRYLRDV) determined from a purified mung bean P450-reductase (Chapter I,
Mizutanj et al., 1993a). A 1.5-kb fragment was obtained by PCR using the set of a sense
primer SUI18 (5-CA(A/G)TA(T/C)GA(A/G)CA(T/C)TT(T/C)AA(T/C)AA-3") degenerated
from the peptide sequence found QYEHFNK in MR2 and an antisense primer SP69 (5'-
TAIC(G/T)ICC(A/G)TCCAT(T/C)-3' from the peptide sequence QMDGRY in MR3. This
fragment was used as a hybridization probe to screen a total of 1,000,000 plaques from a
mung bean cDNA library under the hybridization conditions as described in Chapter II
(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'-
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noncoding region, and a 2073-bp open reading frame encoding a polypeptide of 691 amino
acid residues. The deduced protein structure of the cDNA sequence was 30-40% identical to
those of mammalian P450-reductases, and the three peptide sequences (MR1, MR2 and MR3)

determined from the purified mung bean P450-reductase were found on the predic?:ed amino

acid sequence in perfect agreement.

Arabidopsis P450-reductase cDNAs were isolated from a cDNA library prepared
from 7-d-old Arabidopsis seedlings (Chapter I, Mizutani et al., 1997) by using the full-
length cDNA for mung bean P450-reductase as a probe under low stringency conditions:
hybridization, 16h at 50°C in a hybridization buffer containing 1% BSA, 7% SDS, 50 mM
sodium phosphate (pH 7.5), and 1 mM EDTA (Church and Gilbert, 1984); washing, 10 min in
6x SSC supplemented with 0.1% SDS at room temperature and 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.

Isolation of genomic clones for two P450-reductases

Genomic DNA clones were isolated using the full-length cDNAs of AR1 and AR2
as hybridization probes. A total of 100,000 plaques from a AEMBL3 (T7/SP6) library of
Arabidopsis ecotype Columbia genomic DNA (Clonetech, CA) were screened with either the
ARI- or the AR2-probe under high stringency conditions: hybridization, 16h at 65C in a
hybridization buffer described above; washing, 10 min in 2x SSC with 0.1% SDS at room
temperature and 30 min in 0.1x SSC containing 0.1% SDS at 65°C. Six positive plaques for
each AR1 and AR2 (ARI clones and AR2 clonés) were isolated through two additional rounds
of screening, and ADNA was prepared 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 ARI and AR2 clones by

digesting with Xhol and EcoRl, respectively and were subcloned into pCRII vectors
(Invitrogen, San Diego, CA) for DNA sequencing.

Heterologous expression in insect cells

The two isoforms of P450-reductase were expressed using a baculovirus expression

vector system basically according to the method described as described in Chapter I



(Mizutani et al., 1997).
The expressed P450-reductases were purified from the infected Sf21 cells. Briefly,

the infected cells were sonicated and centrifuged at 100,000 x g for 1h. The pellet was
homogenized with buffer A containing 20 mM potassium phosphate (pH 7.25), 20% glycerol
and 1 mM dithiothreitol, and proteins were solubilized in buffer A supplemented with 1%
Emulgen 913 (Kao Atlas, Tokyo, Japan) (buffer B). After centrifugation at 100,000 x g for
1h, 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 KCl gradient (0-0.5 M) in buffer B. The
pooled fractions containing 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% glycerol, 1 mM EDTA, 0.1
mM DTT, and 0.5 mM NADP. The active fractions were further applied to 2 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.

Assay methods

P450-reductase was assayed by measuring its NADPH-cytochrome ¢ reductase
activity as described by Imai (1976). The rate of cytochrome ¢ reduction was calculated from
the absorbance change at 550 nm using an extinction coefficient (€ = 21 mM" - cm™). C4H
activity was reconstituted using the purified recombinant CYP73AS5 protein (Chapter III,
Mizutani et al., 1997) according to the method described in Chapter I (Mizutani et al., 1993a).
The reconstitution system consisted of the recombinant CYP73AS (5 nM) and the purified
recombinant P450-reductases (0.1 unit/mL) in S0 mM potassium phosphate buffer (pH 7.2)
containing 0.01% (w/v) sodium cholate, 10 pg/mL dilauroylphosphatidylcholine (Funakoshi,
Tokyo, Japan) and 0.4 mM trans-cinnamic acid. The reaction was started by adding 0.1
mM NADPH. p-Coumaric acid formation was determined by HPLC as described (Chapter I,

Mizutani et 4., 1993a). Cytochrome P450 was estimated from the CO-difference spectrum
(Omura and Sato, 1964).

Preparation and analysis of DNA and RNA

Genomic DNA and total RNA were isolated as described in Chapter III (Mizutani et
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al.., 1997). For Southern blot analysis, the membrane was hybridized with either the full-
length AR1 or AR2 cDNAs as a probe and washed under the high stringency conditions as
described in Chapter 1. A 282-bp AR1 cDNA fragment was also prepared as a hybridization
probe by digesting the ARI cDNA. with BamHI and HindlIIl. Since this probe contained the
flavin mononucleotide (FMN) binding domain of P450-reductases (Porter and Kasper, 1986),
it was expected to hybridize to any P450-reductase genes of Arabidopsis under the low
stringency conditions described in Chapter II1.

RNA blot analysis, DNA sequencing, and analysis were carried out as described in

Chapter III (Mizutani et al., 1997).

Results
Isolation of two different cDNAs encoding P450-reductase of Arabidopsis thaliana

c¢DNA clones encoding two P450-reductase isoforms (AR1 and AR2) were isolated
from an Arabidopsis cDNA library using the mung bean P450-reductase cDNA (see
Materials and Methods) as a hybridization probe (Fig. 1). The DNA sequences of AR1 and
AR2 cDNAs were nearly identical to those of ATR1 and ATR2 cDNAs previously deposited
by Pompon at GenBank (accession no. 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).

AR1 cDNA consists of a 2076-bp open reading frame, a 121-bp S'-untranslated
region, a 193-bp noncoding 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 Da. AR2
cDNA consists of a 2133-bp open reading frame, a 121-bp 5'-untranslated region, a 55-bp
noncoding region. Although a stop codon is not found within the 5’-untranslated region
upstream the first ATG codon in AR2 cDNA sequence and several methionine residues are
Seen downstream the first methionine, we assumed the first ATG triplet as the start codon,
according to the “first-AUG-rule” in which a first AUG serves as the initiator codon to be
used in the translation of about 95% of the cukariotic 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 Da.
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A. AR1cDNA
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181
i7

271

361
97

451
127

541
157

631
187

721
217

811
247

903
217

591
307

1081
117

1171
367

1261
397

1351
427

1441
457

1531
487

1621
517

1711
547

1801
577

1891
507

1981
637

2071
667
2161

23251

2341

AATCCTCAARCCCTGGAGAGAGAGAGAGAGAGTGACGGGGOARGAAGATGACTTCTGE TTTGTATGCT
CTCTTCCTCTICGACTCTCCTG: TGRACTTCTGCTTTGTATGE

TTTAAGCAGCTCAAGTCARTTATGGGGACAGAT TCGTTATCCGACGATGT TG TACTTGTGATTGCAACGACGTC TTTGGCA

TCCGATTTG L §$ DDV VLV IATTS L A

s pLF KOTLEKS S HGTDS

GATGATCCCTAAGTCTCTT
TTTGTGGTGTTGTTATGGAAGARAACGACGGCGGATCGGAGCGGGGAGC TGARGECTTT
CTAG?GETG?FGVVLLHKKTTAnRSGELKPLHIpst
L

CTCTATCTTCTECGCTACGCAGACTGGARCAGCTGAG

GAGGATGATGATTTGGATTTGGGATCCGGGAAGACTAGAGT!

A:GG(;TA‘:GG;CEDDDLDLGSGKTRVSIFFGTQTGTAE
i

1 2
e JCATGRCTATGCTGCCGAT
PTTGC ATTATCCGAAGAAATCAAAGCGAGATATGAAAAAGCAGCAGTCARRGTCATTGACTTAGA
GgApATA-;ALSEEIKAR\'EKAAVKVIDLDDY}\AD
3
ACCAGTATGAAGAGARATTGARGARGGAAACTTTGGCATTTTICTGTGTTGCTAGITATGGAGATGCAGAGCCTACTGACAATGET
5 b 0o Y E E KL KK ETLATFTFCUVATTYGTDGETPTTDNA

4
GCCAGATTTTACAAATGGTTTACGGAdGAAAATGAACGGGATATAAAGCTTCRACAACTAGCATATGGTGTGTTTGCTCTTGGTAATCGC
A R F Y KW FTEEWNEW®RDTII KILUOQOQOLAY GV F ALTGNER

6
CAATATGAACATTTTAATAA&&TCGGGATAGTTCTTGATGAAGRGTTATGTAAG&AAdGTGCAAAGCGTCTTATTGAAGTCGGTCTAGGA
o Y EH F N E T G I V L D E E L C K K G A KR VLI E V G L G

7
GATGATGATCAGAGCATTGAGGATGATTTTAATGCCTqSAAAGAATCACTATGGTCTGAGCTAGACAAGCTCCTC&RAGACGAGGATGAT
p p D QS I EDDF N AW EKE S L WS ELDIZEKTLTLTEKDTETDTD

ARAAGTGTGGCAACTCCTTATACAGCTGTTATTCCTGAATACCGGGTGGTGACTCATGATCCTCGGTTTACAACTCAAAAATCAATGGAA
E § vV AT P Y T AV I P E Y R Y VYV T HD P R F T T Q K § H E

TCAAATGTGGCCAATGGAAATACTACTATTGACATTCATChTCCCTGCA&;GTTGATGTTGCTGTGCRGAAGGAGCTTCACACACATGAA
8§ N ¥V A N G N T T 11 DI HHPCR V D V A YV 0 K ETULUHTHE

9
TCTGATCGGTCTTGCATTCATCTCGAGTTCGACATRTCCAGGhCGGGTATTRdRTATGAAACAGGTGACCATGTAGGTGTATATGCTGAA
$ bR S C I HUL EF DT S RTG I T Y ET G DHVY G V Y A E

AATCATGTTGAGATAGTTGAAGAAGCTGGAAAATTGC TTGGCCACTCTTTAGATT TAGTATTTTCCATACATGCTGACARGGAAGATGGC
N H VvV E I v E E A G K L L G H $§ L DL V F S I HADIZEKTETDG

TCCCCATTGGARAGCGCAGTGCCGCCTCCTTTCCCTGGTCCATGC ACAC TTGGGACTGG TTTGGCAAGATACGCAGACCTTTTGAACCCT
S P L E S AV P PP F P G P CTUL G TG L AU RTYADTILTLHNFP

10
CCTCGAAAdTCTGCGTTRGTTGCCTTGGCGGCCTATGCCACTGAACCAAGTGAAGCCGAGAAACTTAAGCACCTGACATCACCTGATGGA
P R XK 8 ALV AL AATYATTEU®P S EAETZKTLI KU HILTS POUDG

1
AAdGATGAGTACTCACAATGGATTGTTGCAAGTCAGAGAAGTCTTTTAGAGGTGATGGCTGCTTTTCCATCTGCAAAACCCCCACTAGGT
EDEY § 0 W& I VvV A S QR S L L EV MM AATPFPUP S A EKU©PUPULG

12
GTATTTTTTGCTGCAATAGCTCCTCGTCTACAACCTCGTTACTACTCCATCTCATCCTGCCAAdATTGGGCGCCAAGTAGAGTTCATGTT
vVFfFFAATIAPRTILU QPR RTY Y S5 I 5 S5CQDWUBATPSTU RVTYVHEHY

i3
ACATCCGCACTAGTATATGGTCCAACTCCTACTGGTAGAATCCACAAGGGTGTGTGTTCTACGTGGATGAAGFATGCAGTTCCTGCGGAG
TS AL VY GPTPTGRTHIKT GV YOCS T WMTE N A ¥V P A E

AAAAGTCATGAATGTAGTGGAGCCCCAATCTTTATTCGAGCATCTAATTTCAAGTTACCATCCAACCCTTCAACTCCAATCGTTATGGTG
E S R ECSGAPTITFTIT RG BASUSNTEFTIEKTLTFP S NP S T P I V N V

GGACCTGGGACTGGGCTGGCACCTTTTAGAGGTTTTCTGCAGGAAAGGATGGCACTAAAAGhAGATGGAGAﬁSAACTAGGTTCATCTTTG
¢ P 6T GL AZPT EFRTGTF L Q ER M A LIEKXKEDTGETETLTGS S 5 L

14
CTCTTCTTTGGGTGTAGAAATCGACAGATQSACTTTATATACGAGGATGAGCTCAATAATTTTGTTGATCAAGGCGTAATRTCTGAGCTC
L FF G CRMNUEROQMTPDTFTI Y E D ELNNTFV D Q GV I § E L

1
ATCATGGCATTCTCCCGTGAAGGAGCTCAGAAGGAGTATGTTCAACATAAGATGATGGRGAAIéCAGCACAAGTTTGGGATCTAATAAAG
I M AF S REGRAROQEKTETV YV Q H K ¥ M E K A A QV WDIL I K

: 16
GAAGAAGGATATCTCTATGTATGCGGTGATGCTAAGGGCATGGCGAGGGACGTCCACCGAACTCTACACACCATTGTTCAGGAGCAd:AA
EEG Y L Y VY C G oD A K GM AR DV HRTULUHTTIUVYOTZETOGQE

GGTG'I'GAGTTCGNAGAGGCAGAGGCTATAG'I'!‘MGMAC'I'I‘CAMCCGMGGMGATACCTCAGAGATGTCTGGmAmATGATATGA
GVSSSEREAIVKKLQTEGRYLRDVW‘

TTTATTGGTAATTCTCTTCTGCTTTCTCAACTTTTCTTGGTACGCTGTCCTTACCATTTAGATATTTATTTGTTTATTTTCCTTCGTCTC

CCTTCTTTTAGTCAAACATGAATGATTTGTCAAAGTTT1CTTTGTATGAACAAAAGTRTAAACTACAAAATAAATCTGTCAGAGTGATAA

AR

Figure 1. Nucleotide and deduced‘ amino acid sequences of the two Arabidopsis

P450-reductage cDNAs
At AR1 cDNA; B: AR2 ¢DN

for genomic Southern biot analysis (Fig. 4B) is underlined. The putative

Polyadenylation signal is dou

lines with the number of the position from the N-terminus.
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B. AR2 cDNA
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TCACCTACACCACACCTAACCAATCCCCCTACGATTCACACAGAGAGAGATCTTCTTCTTCCTTCTTICTTCCTTCTTCTTCCTTCTTCTT
PCTTCTTCTAGCTACAACATC TACARCGCCATGTCCTCTTCTTCTTCTTCGTCAACCTCCATGATCGATC TCATGGCAGCAATCATCARA
M 5 5 5§ § S 8 § T 8 M I D L M A AT I K

GGAGAGCCTGTAATTGTC TCCGACCCAGCTAATGCC TCCGCTTACGAGTCCGTAGCTGC TGAATTATCCTCTATGCTTATAGAGAATCGT
6 E P V I V 5 D P A N A S A Y E S V A A EL § s M L I E N R

CAATTCGCCATCATTGTTACCACTTCCATTGC TGTTCTTATTGGTTGCATCCTTATGC TCG TTTGGAGGAGATCCGGTTC TGCGAATTCA
O F AM I ¥V T T S I A VY L I G C 1 VvV M L VW RZRS G S G KN S

ARACGTGTCGAGCCTCTTAAGCCTTTGGTTATTAAGCCTCGTGAGGAAGAGATTGATGATGGGCETAAGARAGTTACCATCTTTTTCGGT
XK R V E P L K P L vV I K P R EEE I DODG R EK KV T I F F G
|
ACACAAACTGGTACTGCTGAAGGTTTTGCAﬂﬁlhtTTTAGGAGAAGAAGCTAAAGCAAGhTATGAAAAGACCAGATTCAAAATCGTTGAT
T ¢ T G T A E G F A K AL G EE AU KAURY EKTH®RFEK 1T VD
2 3
TTdEATGATThCGCGGCTGRTGATGATGAGTATGAGGAGAAATTGAAGAAAGAGGATGTGGCTTTCTTCTTCTTAGCCAdATRTGGAGAT
L b DY AADDODE Y EEIKULI KIEKETDVATFTFUFULA AT Y G D
4
GGTGAGCCTACCGACAATGCAGCGAGATTCTACABATGGTTCACCGAGbGGAATGACRGAGGAGAATGGCTTAAGAACTTGAAGTATGGA
G E P T D N AN AR F Y E W FTE G N D RGEMWILIEKNIULIKY G
5 6
GTGTTTGGATTAGGAAACAGACAATATGKGCATTTTAhTRAﬁbTTGCCAAAGTTGTAGATGACATTCTTGTCGARCAAEbTGCACAGCGT
vV F 6 L G NN R Q ¥ EH F N KV A KV ¥V DD I L V E QG A Q R

7
CTTGTACAAGTTGGTCTTGGAGATGATGACCAGTGTATTGAAGATGACTTTACCGCTTdGCGAGAAGCATTGTGGCCCGAGCTTGATACA
L Y QV GLGD DD OC C I EDUDUF FTT® AM®WZEREW ATLMWPETLDT

ATACTGAGGGARAGAAGGGGATACAGCTGTTGCCACACCATACACTGCAGCTGTGTTAGRATACAGAGTTTCTATTCACGACTCTGAAGAT
I LR E E G D T AV A TP Y T A AV L E Y R Y § I HD S E D
8
GCCAAATTCAATGATATAAACATGGCAAATGGGAATGGTTACACTGTGTTTGATGCTCAACATCCTTACAHRGCAAATGTCGCTGTTAAA
A K F N DI R M A NG NG Y TV F D AOQHUP Y K A NV AR V K
9
AGGGAGCTTCATACTCCCGAGTCTGATCGTTCTTGTATCCATTTGGARTTTGACATTGCTGGAAGTGGACTTAdSTATGAAACTCCACAT
R E L H T P E S DR S CTIHRILETFDTIAWSGS GGLTYETSG D

CATGTTGGTGTACTTTGTGATAACTTAAGTGARAC TGTAGATGARGCTCTTAGATTGC TGGATATGTCACCTGATACTTATTICTCACTT
H v 6 VL CDW NULS ETV D EARLU®RTLTLUDM SUPDT Y F § L

CACGCTGAAAARAGAAGACGGCACACCAATCAGCAGCTCACTGCCTCCTCCCTTCCCACCTTGCAACTTGAGAACAGCGC TTACACGATAT
H AE K EDGT P I S $§ S L P PPF PP CNULUBRTATULTRY

10
GCATGTCTTTTGAGTTCTCCAAAGAALﬁtTGCTTTAGTTGCGTTGGCTGCTCATGCATCTGATCCThCCGAAGCAGAACCATTRAAACAC
A C L L S5 5 P KK S AL YV A LA AHRASTUDUPTEA- BATETRULIKH

11
CTTGCTTCACCTGCTGGAAAGhATGAATATTCAAAGTGGGTAGTAGAGAGTCAAAGAAGTCTACTTGAGGTGATGGCCGAGTTTCCTTCA
L A S P A G EKDEY S KWV VY E S QRS LULEV H¥ATETFUP S

12
GCCAAGCCACCACTTGGTGTCTTCTTCGCTGCAGTTGCTCCAAGGTTGCAGCCTAGGTTCTATTCGATATCATCATCGCCCAAGATTGCT
A K PP L GV F F A GVY A PRLUOQZPETFTY S I 5 S5 S P K I A

13
GAAACTAGAATTCACGTCACATGTGCACTGGTTTATGAGAAAATGCCAACTGGCAGGATTCATAAGGGAGTGTGTTCCACTTGGETGRAGI
E T AR I H VvV T C A L V Y E K M PTG R I HUEGV C £ TWMHK

AATGCTGTGCCTTACGAGAAGAGTGARAACTGTTCCTCGGCGCCGATATTTGTTAGGCAATCCAACTTCAAGCTTCCTTC TGATTCTAAG
N AV P Y E K S ENC S 5§ a P11 F VRS NTFI KIULUPSTUDSK

GTACCGATCATCATGATCGETCCAGGGACTGGATTAGC TCCATTICAGAGGATTCCTTCAGGAAAGACTAGCGTTGGTAGAATCTGGTGTT
Yy P I I M I GG P GTGULAUPTFRGT FULUGQQEHZRTIULWALUVYVYETSG YV
14
GAACTTGGGCCATCAGTTTTGTTCTTTGGATGCAGAAACCGTAGAATdSATTTCATCTECGAGGAAGAGCTCCAGCGATTTGTTGAGAGT
E L G P S VL F F G CRNI BRWZRMMDTEFTIJYETEETULTGQTRTFVE §

, 5
GGTGCTCTCGCAGAGCTAAGTGTCGCCTTCTCTCGTGAAGGACCCACCAAAGAATACGTACRGCACAAGATGATGGACAAdSCTTCTBAT
G AL A EL SV A F S R EGPTIXE YV QHIKMNMDTE K BASTD

ATCTGGAATATGATCTCTCAAGGAGC TTATTTATATGTTTGTGGTGACGCCAAAGGCATGGCARGAGATGTTCACAGATCTCTCCACACA
I W NMHM I S Q GA Y LYV CGDAEKETGMARDYHTR RTSTLIHT
16
ATAGCTCAAGAACA&hGGTCAATGGATTCAACTAAAGCAGAGGGCTTCGTGAAGAATCTGCAAACGAGTGGAAGBTATCTTKGAGRTGTA
I AR ¢ EQ G S ¥ DS TKWAMMETGTFVE KNULUOTSGRYULURDY

TGGTAACGAARCTATTGAAGCCACACACTCACTGTGTACTTATATTTATATATATACGGCACAGAAATTGCCACATTATGATGATCATTA
H’ - .
AGTTTGTGATCGCAAGRAGAAAGGAACTCCTTTTTTTTTCCATTT TTAATTTC TTTTCATATTATTTTGACAACTCTATTTTTTTARCTC

TTGTTATATATCCCCCACCCAATAGTARGAAAMAATGCATAAAAAAARA
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Fig. 2 shows the alignment of the deduced primary structures of AR] 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 hydrophobic membrane anchoring
region, FMN-, FAD-, NADPH-binding regions and also the binding sites for P450 and
cytochrome ¢ (Porter and Kasper, 1986; Nishimoto, 1986, Yabusaki et al, 1988). The amino
acid sequences of these functional domains were well conserved between the two Arabidopsis
reductases (Fig. 2), irrespective of less structural similarity in the N-terminal region. The
deduced primary structures of AR1 and AR2 proteins are 63% identical to each other (Table
D). Interestingly, AR1 protein is more similar to the reductases of P. aureus and V. sativa than
to AR2 (Table I). On the other hand, AR2 protein is 73% identical to the C. roseus reductase
and is 75% and 70% identical to HTR1 and HTR2 from H.tuberosus, respectively (Table I).

Table 1. Identity of animo acid sequences of Arabidopsis P450- reductases to those
of the reductases from various species

AR1 AR2 Accession No.

Identity (%)

Arabidopsis thaliana (AR1) - 63 in this study
Arabidopsis thaliana (AR2) 63 - in this study
Helianthus tuberosus (HTR1) 67 75 726250
Helianthus tuberosus (HTR2)" 65 - 70 Z26251
Vicia sativa 74 67 226252
Phaseolus aureus 74 67 in this study
Catharanthus roseus 63 73 X69791
Homo sapiens 4] 40 S90469
Raitus norvegicus 40 41 MI2516
Drosophila melanogaster 4] 42 X93090
Caenorhabditis elegans 37 39 U21322
Saccharomyces cerevisiae 37 37 D13788
Aspergillus niger 38 38 226938
Bacillus megaterium’ 34 33 104832

HTR2 1s a partial cDNA clone lacking the N-terminal region (Fig. 2)
“In B. megaterium, a gene encodes P450-BM-3 which consists of two domains
Corresponding to cytochrome P450 and P450-reductase (Ruettinger et al., 1989), and

therefore, the region coding for the P450-reductase domain was used for the homology
analysis,

Particularly, the N-terminal structures of ARI, P. aureus, and V. sativa reductases were
shorter than those of AR2, C.roseus, and H.tuberosus 1 reductases (Fig.2).
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MTSALYASD LFKQLKSIMG TDSLSDDV-- -VLVIATTSL ALVAG-FVVL
agl NSBS5555TS HIDLMAAIIK GEPVIVSDPA NASAYESVAA ELSSMLIENR QFAMIVTTSI AVLIGCIVML
AR us MAS- - -NSD LVRAVESFLG V-SLGDSVSD -LLLIATTSA AVVIG-LLVF
poauress MTSS--NSD LVRTIESALG I-SLGDSVSD -VVIIATTSA AVIIG-LLVF
""‘",ug MOSSSEKLSP F-ELMSATLX GAKLDGSNS- -SDSGVAVSP AVMAMLLENK ELVMILTTSV AVLIGCVVVL
Ejff’,f,msusl MQPETVETTP FAVL---NNK --VIDNGHS- ~------ TMP VTLTMLLDNQ --LLVLHTSA AVLLGFIVVF

FMN-pyrophosphate
ARl LDLGSGKTRVY SIFFGTOTGT ABGFAKALSE EIKARYEKAA VKVIDLODYA ADDDQYEEKL KKETLAFFCV
AR2 -EIDDGRKKV TIFPGTQTGT ABGFARALGE EAKARYEKTR FKIVDLDDYA ADDDEYEEKL KKEDVAFFFL
. aureus VDVAAGKTKY TIFFGTQTGT AEGFAKALAE EIKARYEKAR VEKVVDLDDYA ADDDLYEEKL KKESLVEFML
v sativa VEVDRGKTKY TVFYGTOTGT ABGPAKALAE BIKARYEKAV VKVVDMDDYA IDDDQYEEXL KKETLVEFML
c.roseus EEIDEGKKKF TIFFGTGIGT AEGFAKALAE EAKARYEKAV IKVIDIDDYA ADDEEYEEXKF RKETLAFFIL
4. tuberosus] QEVDDGEKEV TIFPGTQTGT AEGFACALVE EAK-RYEXKAV FVIDLDDYA ADDEEYEEXL KRESLAFFFL
# tuberosus -~ -DGKKKV TVFFGTOTGT AEGFPKALVE EARARYFXAV FKYIDLODYA ADDDEYEEKL KKESLPFFFL
. P45C, cywchrome ¢
- -
AR1 QOLAYGVFAL GNRQYEHFNK IGIVLDEELC KKGAKRLIEV GLGDDDQSIE DDFHAWKESL WSELDKLLKD
AR2 KNLKYGVFGL GHRGYEEFNK VAKVVDDILY EOGAQRLVOV GLGDDDQCIE ODFTAWREAL WPELDTILRE
p.aureus QRLTYGVFGL GNRQYEHPHX IGKVVDEELA PQGAKRLVAV GLGDDDQSIE UDFSAWKESL WSELDQLLRD
v sativa QOLTYGVFAL GNRQYEHFWK TGKIVDEDLT EQGAKRLVPY GLGDDDQSIE DDFRAMKETL WPELDQLLED
¢.roseus KNLOYGVPGL GNROQYEHFNK IAKVVDEKVA EQGGKRIVPL VLGDDDOCIE DDFAAWRENY WPELDNLLRD
4. tuberosus1 NELHYGVFGL GRRQYEAFNK IAKVVDEGLT EQGAKRFVPV GLGDDDQSIE DDFSAWKELY WPELDQLLLD
¥ tubercsus2 NKLQYGYFGL GNROYZHFNK IAKVVDDGLV EOGAKRLVPY GLGDDDGCIE DDFTAWKELY WPELDQLLED
L FAD-pyrophosphais o
AR1 --TQKSHESHN VANGNTTIDI HHPCRVDVAV QKELHTHESD RSCIMLEFDI SRTGITYETG DHVGVYAENH
ARZ NDINMANGNG Y----TVFDA QOHPYKANVAV KRELETPESD RSCIHLEFDI AGSGLTYETG DHVGVLCDNL
P.aureus --STYDNBST VABGNTVFDI HEPCRVNVAV QKELEKPESD RSCIALEEDI SGTSITYDTG DHVGVYAENC
v.sativa --PSYENHFN VANGGAVFDI HEPCEVNVAV RRELHKPQSD RSCIRLEFDL SGTGVTYETG DRVGVYAENC
€.roseus SEAN-GHANG YANGNTVYDA QHPCRSNVAV RKELHTPASD RSCTHLDFDI AGTGLSYGTG DEVGYYCDNL
H.tuberosusl gENH-SOTNG ----HTVHDA QNPCRSNVAY EXELRTPESD RSCTHLEFDI BSHTGLSYETG DEVGVYCERL
#.tuberosus2 -DEN-SQTNG ----HAVHDA OHPCRANVAV KKELRASSESD RSCTHLEFDI SHTGLSYETG DHVGVYCENL
AR1 LESA-VPPPF PGPCTLGTGL ARYADLUNFP RKSALVALAA YATEPSEAEX LEHLTSPDGK DEYSQWIVAS
AR2 15-SSLPPPF P-PCNLRTAL TRYACLLSSP KKSALVALAR HASDPTEAER LEKHLASPAGK DEYSKWVVES
P.aureus LGGS-LLPPF PGPCSLRTAL ARYADLLNPP RKAALLALAT HASEPSEAER LXPLSSPQGK DEYSKWVVGE
V.antiva LGGS-LLPPF PGPCTVRTAL ACYADLLNPP RKAAIVALAA HASEPSEAER LKFLSSPQGK DEYSKWVVGS
C.roseus LAGSSLPPPF P-PCTLRTAL TRYADLLNTP XESALLALAN YASDPNEADR LXYLABPAGK DEYAQSLVAM
8. tuberosusl LGGPTLQPPE P-PCTLRKAL TNYADLLSSP KKSTLLALAA HASDATEADR LOQFLASREGK DEYAEWIVAN
H.tuberosus? LGGASLAPPF P-PCTLRKAL ASYADVLSSP KXSALLALAA HATDPARADR LXFLASPDGK DEYSOWIVAS
FAD-iscaliorazine-ring
—— -

AR PRYYSISSCQ DWAPSRVHVT SALVYGPIPT GRIHKGVCET WMENAVPAEX SHECSGAPIF IRASHFELPS
AR2 PRFYSISSSP KIAETRIHVT CALVYEXMPT GRIHKGVCST WHKHAVPYEX GENCBSAPIF VRQSNPELPS
: -auraus BRYYS1S58P RFAPQRVAVT CALVYGPTPT GRIEAGVCST WMKRAIPSEXK EQDCSSAPIF IRPSHFKLEV
by :;:i:: PRYYSISSSP RPAPQRVHVT CALVEGPTPT GRIRXGVCST WMKSATPLEX SHOCSRAPIF IRPSNFELPA
¥ tuberosusi PRFYSISSSP RMAPSRINVT CALVYEKTPG GRIAKGVCST WMKNAIPLEE GRDCSWAPIP VRQSNFRLPA
: PRYY91SS8P KMVPNRIHVT CALVYEKTPA GRIHKGICST WMXKNAVPLTE NODCSSAPIF VRTBNFRLPA
H.tuberosus2 pRYYB1658P RMAPNRIHVT CALVYEKTPA GRIHKGVCST WMIGIAVPHTE CLOCEWARIY VRTSNFRLPS
ﬁ; DGEELGSSLL FFGCRMROMD FIYEDELWNF VDOGVISELI MAPSREGAQK EYVGHKMHEK AAQVWDLIKE
b sureus SGVELGPSVL FPGCRNRRMD FIYEEELORF VESGALASLS VAFSEEGPTE EYVQEEMMDX ASDIWMMISG
v sacins DGVQLGPALL PPGCRMROMD FIYEDELKSF VBEOGSLSELI VAPSREGAEK EYVOHKMMDE AAHLWSLISG
¢ rocacs DGVOLGPALL FFGCHNRQMD FIYEDELRWF YOQGAISELI VAFSREGPEK EYVOHEMMDK AEYLMSLISQ
B tuberosus] LAELOTAVF PPGCRNRKMD YIYEDELAHP LEIGALSELL VAPSREGPIK OTVORKMAEK ASDIWRNISD
p Jusl SGTELGQSIL FFGCRNRKVD FPIYENELNRF VENGALSELD MAPSREGASK EYVOHKMSQK ASDINHMLSE
-tuberosus2 AGTELGSBIL PFGCRNRKVD PIYEDELKNP VETGALSELT VAPSREGPTR EYVQHEMMNEK ASDLWKLLSE
AR1 V586

ARZ EABAIV KXLQTEGHYL RDWVN 692

P.aureus HDSTEABGFV KWLOTSGRYL BRDVR 711

V.sative VDSTEAEAIV KKLOMDGRYL RDVW 651

C.roseus ADSSKAFATY KXLOMDGRYL RDVE 692

5 tuberosus1 MDETQABGFY KHLGMTGRYL RDVW 714

Y. tuber LDSSKAELYV XNLOMSGRYL RDVR €56

‘ 93Uz2 LDSEEAELFV KNLOMSGRYL BDVR 612

Figure 2.
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Amino acid alignment of plant P450-reductases.
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L¥KKTTADRS
YWRRSGSGNE
LWKKSS-DRS
LWRKSP-DRS
IWRRSBGS-G
VWNRESSGKKS

Y

SLMAKDEDDD 75
PLVIKPREE- %6
DLM-HEEEEE 72
FTV-KHEDDE 73
LIVPKSVVEP 94
IVVPKRQVE- 82

GELKPLHIPK
K- -R-VEPLK
KEVKPVVVPR
RELRPVIVPK
K- -KVVEPPK
G- -XELEPPK

FMN-isoalloxazine-ring

ATTGDGEPTD
ATYGDGEPTD
ATYGDGEPTD
ATYGDGEPTD
ATYGDGEPTD
ATYGDGEPTD
ATYGDGEPTD

EDD-KSVATP
BGD-TAVATP
EDDANTVSTP
EDRDVHTASTP
EDD-TTVSIT
EDD- KTAATF
DOD - TSYATP

VEIVEEAGKL
SETVDEALRL
RETVEETGKL
DETVEEAGKL
SETVEEAERL
1EVVEEAEXL

NAARFYKWFT EE-SERDIKL 174
RAARFYKWET EG-NDRGEWL 1%4
HAARFYKWFT EGKDERGIWL 172
HAARFYKWET EGKEERGTWL 173
NAARFYKWFY EG-NDRGDWL 133
HAARFYKWFT EG-DDKGEWL 180
HAARFYKWFT EG-EPKGEWL 97

YTAVIPEYRV VTHDPRFT-- 271
YTAAVLEYRV SIHDSEDAKF 293
YTMAILEYRY VIHDFTAT-- 270
YTAAISEYRV VIHDPTVS-- 271
YTAAIFEYRY VFPDKSDSLI 292
YIARIPEYRV VFBEDKPDIF- 278
YTAAVAEYRVY VFEEKPDMY- 155

LGHSLDLVPS 1HADEEDGSP 369
LDMSPDTYFS LEAEKEDGTP 38%
LGONLDLFFS LHTDKDDGTS 368
LGOSLDLLPS LHTDKEDGTS 369
LNLPPETYPS LHADKEDGTP 391
IGLPADTYFS LEIDNEDGTP 373

SEVVDEAERL IGLPPDTYFS

IHTDKEDGTP 289

QRSLLEVHAA
QRSLLEVMAE
ORSLVEVHAE
ORSLLEVMAD
ORSLLEVMAE
QBBLLEVHEA
QRBLLEVMEA

FPEAXPPLGY FFAATAPRLQ 468
FPSAKPPLGY FFAGVAPRLQ 487
PPSAXPPLGY FFAAXAPRLO 467
FPEAKPPLGV FPAAIAPRLO 468
FPEAKPPLGY PFAAIAPRLQ 490
FPSAKFPLGY FFAAIAPRLG 472
PPSAKPPLGY FFASVAPRLG 308

NADPH-ribose, pyrophosphate
———————————————— -

NPSTRIVHVG
DSKVPIIMIG
DHSIPIIMVG
DHSIPLINVG
DPEVPVIKIG
DPKVPVINIG
DPEVPVINIG

PGTGLAPFRG FLOERMALKE 568
FLOERLALVE 587
FLOBRYALKE 567
FLQERLALKE 568
FLGERLALKE 550
PLOERLALKE 572
FLQERLALKE 488

NADPH-nicotinamide

EGYLYVCGDA
GAYLYVCGDA
GCYLIVOGDA
GGYLYVCOGDA
GAYVYVCGDA
GAYLYVCGDA
GAYLYVOGDA

KGMARDVERT LETIVQEQEG 568
LETIAQPOGS 687
LHSIVQEQEN 667
LETIVQQQENK 668
LHTIAQEQGS 690
LETIVQEQGN 672

KGMAKDVHRT LRTIVOEQGS 588

amino acid sequences of AR1 and AR2 are aligned with those of P450-reductases from
. V.sativa, C.roseus, H.tuberosus by the program, Clustal W (Thompson et al., 1994}, and
furhter modified to maximize the sequence homology. Identical amino acid
ladowed, and dashes are inserted to maximize the sequence homology. The putative
glons (involved in the interaction with FMN, FAD, NADPH, P450, and cytochromeg

d above the sequences by arrow.



Thus, plant P450-reductases can be apparently divided into two groups: ARI-type; ARI and
the P450-reductases of P. aureus and V. sativa, and AR2-type; AR2, the C. roseus P450-
reductase and the two H.tuberosus reductase (HTR1 and HTR2). In contrast to the high
homology among plant P450-reductases, AR1 and AR2 proteins were only 32-41% identi'cal
to the P450-reductases from other organisms (Table I), suggesting that the sequence variation

among the plant P450-reductases has occurred after the divergence from other organisms.

Biochemical properties of ARI and AR2 proteins expressed in insect cells

I expressed the AR1 and AR2 cDNAs in insect cells using a baculovirus expression
vector system. SDS-PAGE analysis (Fig. 3) showed that new intense bands of 78 kDa and 80
kDa appeared in the microsomal fraction of the insect cells upon infection with the

recombinant AR1-virus and the AR2-virus, respectively.

kDa
97.4—
66.3 —

42.4—

30.0—

Figure 3. Synthesis of recombinant AR1 and AR2 proteins. SDS-PAGE was performed
using 10% polyacrylamide slab gel, and proteins were visualized with Coomassie
brilliant blue R-250. Lane 1, Solubilized fraction of microsomes of mock-infected Sf21
cells (10 mg of protein); lane 2, solubilized fraction of microsomes of Sf21 cells (10 mg
of protein) infected with the recombinant virus containing AR1 c¢DNA; lane 3,
solubilized fraction of microsomes of Sf21 cells (10 mg of protein) infected with the
recombinant virus containing AR2 cDNA; lane 4, purified AR protein (200 pg of

protein); lane 5, purified AR2 protein (200 pg of protein). The migration of size standard
is shown to the left of the gel.

These proteins were not found in the mock-infected cells (Fig. 3, lane 1). The difference in

the apparent molecular masses of these newly appeared proteins reflected the molecular

masses of AR1 (76,765 Da) and AR2 (79,124 Da) calculated from their deduced primary
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structures. The microsomal NADPH-cytochrome ¢ reductase activity of the recombinant virus
infected cells was 1000-fold higher than that of the mock-infected cells. These recombinant
AR1 and AR2 proteins were purified to homogeneity by a three-step column chromatography
(Fig. 3, lanes 4 and 3, respectively).

The recombinant AR1 and AR?2 proteins showed closely similar absolute absorption
spectra characteristic of flavoproteins (Fig. 4A and B). 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 pM NADPH produced a spectrum having a broad peak around 600 nm, which is
typical for the stable semiquinone form of flavoproteins. These spectral properties of the
recombinant AR] and AR2 proteins are very similar to that of the P450-reductase purified

from rabbit microsomes (Iyanagi and Mason, 1973).

A B

0.04

0.04

Absorbance
[l
=
)
Absorbance
o
o
[

700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Flgur.e 4. Absolute absorption spectra of the purified recombinant ARl and AR2
proteins. A, the purified recombinant AR1 protein; B, the purified recombinant AR2.
The one-electron reduced semiquinone forms were prepared by adding 1 mM NADPH to
a final concentration of 25 pM, and the spectra were recorded after incubating for 10 min
at 25 °C. A few grains of sodium dithionite were added to completely reduce the
reductases. _____ Oxidized form; ... , semiquinone form;

e -, completely reduced form.

The recombinau; ARI and AR?2 proteins were also indistinguishable in terms of the K _values
for NADPH and cytochrome ¢ (Table II), which were comparable to those of the reductases
from P. aureus (22.1 PM and 24.8 pM for NADPH and cytochrome c, respectively) and the
H. tuberosys reductases (Benveniste et al., 1989). In the reconstitution system with either the
AR1 or AR? protein, the recombinant CYP73AS protein (Mizutani et al, 1997) was able to
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catalyze the cinnamate 4-hydroxylase reaction at the same rate (Table. III), indicating that
ARI is as efficient as AR2 in donating electrons to CYP73A5. However, it is still possible

that these two P450 reductases have different specificity towards individual P450s.

Table 1. The K, values for cytochrome ¢ and NADPH

Kml
P450-reductase
cytochrome ¢’ NADPH’
uM
ARI 243123 219t1.4
AR2 225+ 1.8 23.0£29

' Reactions were carried out in 0.3 M potassium phosphate (pH
7.7). After 2min-preincubation at 28°C, reactions were initiated by
addition of NADPH. Values are mean + S.D. of three separate
determinations.

® For the determination of the Km value for cytochrome ¢, NADPH

concentration was fixed at 50 pM, and cytochrome ¢ concentration
was varied from 0.5 gM to 300 pM.
¢ For the determination of the Km value for NADPH, cytochrome ¢

was added at 50 pM with varied NADPH concentrations (0.5-300
RM).

Table III. The reconstituted CYP73A5 activity

Assay condition cinnamate 4-hydroxylase activity”
nmolimin/nmol P450
Complete® ARI] 63.614.3
AR2 70.2+5.6
- NADPH n.d.f
- P450-reductase nd.f
- CYP73A5 n.d.

* Complete reaction mixture contained 50 mM potassium
phosphate (pH 7.25), 5 nM recombinant CYP73AS, 0.1
unit/ml. recombinant P450-reductase (AR1 or AR2), 0.01%
(w/v) sodium cholate, 10 pg/ml dilauroylphosphatidylcholine,
0. mM NADPH, and 0.4 mM trans-cinnamic acid.

Reactions were carried out in the complete reaction mixture
at 30°C and were initiated by addition of NADPH. Values are

mean £ 8.D. of three separate determinations.
not detected.
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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 either the full-length cDNAs for
AR1 or AR2 as a probe (Figs. 5A and C). Both EcoRI and Xbal digestion do not cut the AR1
cDNA, and a single hybridization signal was observed when hybridized with the AR1 probe
(Fig. 3A). Three fragments were found in the digestion with HindlIlIl (Fig. SA), which has two
restriction sites in the AR1 cDNA sequence. There are two EcoRlI sites, a Hindlll site, and no
Xbal site in the AR2 cDNA sequence. Therefore three bands with the EcoRI digestion, two
close bands with Hindlll, and a single band with Xbal digestion were detected using the AR2
probe (Fig. 5C). 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.
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Figure 5. Southemn blot analysis of the P450-reductase genes. A.thaliana Columbia
genomic DNA (1 pg) was digested with the restriction enzymes; X, Xbal; H, HindIll: E.
EcoRI. The digested DNA was separated on 0.7% agarose gel, blotted onto a nylon
membrane, and hybridized with a “P-labeled probe. A, the full-length ARI ¢cDNA was

used as a probe at the high stringency; B, the AR] ¢cDNA fragment obtained by digestion

with BamHI and HindlIl (Fig.1A, underlined) was used as a probe at the low stringency.

The weak hybridization bands, which could be ascribed to the AR2 gene were indicated
by arrows; C, the full-length AR2 cDNA was used as a probe under the high strin

gency.
The migration of size marker is shown to the right of the blots,
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A 282-bp fragment was obtained from the AR1 cDNA by digesting with BamHI and
Hindlll (Fig. 1A, underlined) and was used as a probe under the low stringency conditions (50
_C) (Fig. 3B). This 282-bp fragment could serve as a universal probe to detect any P450-
reductase genes in Arabidopsis (74.5% identity between AR1 and AR2 at the DNA level),
since it encodes a domain containing the putative FMN-binding site conserved in all P450-
reductases so far reported (Fig. 2; Porter, 1991). In each digestion, two gene fragments were
observed at strong and weak intensities, 8-kb and 15-kb fragments in the EcoRI digestion,
1.5-kb and 3.8-kb fragments in Hindlll, and 11-kb and 2.4-kb fragments in Xbal digestion,
respectively (Fig. 5B). When the hybridization patterns were compared (Figs. 5A, B, and C),
these strong and weak hybridization signals detected under the low stringency conditions
could be ascribed to AR! and ARZ, respectively. In other words, the 282-bp fragment from the
AR1 cDNA hybridized with only those DNA fragments derived from AR/ and AR2. Thus,

there were two P450-reductase genes detected in Arabidopsis.

Gene structure of ARI and AR2

In order to characterize genomic organization of the two P450-reductase genes, I
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 ARJ and AR2, respectively, were selected for further investigation.
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]I;ixgure 6. (?enfa organization of the AR/ and AR2 genes.
ons are indicated by boxes 1-17, and introns are indicated by solid lines.

q The physical maps of ARI and AR2 gene organizations are shown in Fig. 6.
uence ¢ -
quence comparison of ARJ and AR2 with those of the corresponding cDNAs showed that
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both ARI and ARZ2 contain 17 exons and 16 introns (Figs. 1 and 6). All of the exon-intron
boundaries are consistent with the proposed junction sequence ‘gt...ag’ rule (Hanley and
Schuler, 1988). Interestingly, the ARI and AR? coding sequences were divided exactly at the
same positions 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 AR! and AR2, and little sequence similarity was
observed (data not shown). Furthermore, there was a correlation between the exon
organization and the functional domains in both AR/ and AR2 (Figs. 1 and 2). Porter et al.
(1990) proposed that the exon organization of the rat reductase gene correlated with the
functional domains of the reductase. Comparison of the gene structures of Arabidopsis
reductases with that of rat reductase showed that 3 intron positions (intron 9, 11, and 12) were
consistent on their aligned amino acid sequences (data no shown).

Additional finding from the P450-reductase gene analysis was that the 3'-
nontranslated region of the ARI gene is overlapping more than 2000-bp in the opposite
direction with the CER2 gene, which encodes a protein involved in wax production (Negruk
et al., 1996).

The promoter regions of AR1 and AR2

The DNA sequences of the 5'-flanking regions of AR! and AR2 were also
determined as shown in Fig. 7A and B. In a 1154-bp promoter region of ARI, both a putative
TATA box and a putative CCAAT box were found at 309-bp and 348-bp upstream the ATG
translation initiation codon, respectively (Fig. 7A, boxed). A 616-bp promoter region of AR2
also contained a putative TATA box at 171-bp and two putative CCAAT boxes at 208-bp and
237-bp upstream the ATG codon, respectively (Fig. 7B, boxed). O'Leary et al. (1994)
reported that the promoter of rat P450-reductase gene possesses neither a TATA nor a
CTCAAT box but contain GC-rich consensus sequences for the transcription factor Spl and is
similar to those of hqusekeeping genes. In contrast to the rat reductase promoter, both the

TAT -
A and CCAAT béxes but no Spl consensus sequences were found in the ARI and AR2
promoters.
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1153 GATCCGACAGACAGAATAAACACCATTGTAAGAGCTGGTGCTGGRAAGTTTGCAGTGCTT -1094

CATCTTCGTTTCGATAAAGTGTGGTCTTAATTCTCAACAAATGTGCCCATTTCCTGGCAG -1034

-1093
1033 TAACATCTAGTTCTGACATTGCTTCATCTTTTTTTTTAGGACATGGCTGCTCATTCAGEE -974
-973 TGTGACTTTGAAGGTGGCAAAGCAGARRRACTGGCGCTGGCARARTATCGCCAGGTGATC  -914
913 TGGCAAGGAAGGGTCTTAATTTCACAGTTCACAGATGAGGAGCTAAGAAACARRGGTCGC — -854
853 TGTCCGTTGACACCAGAAGAGATGGGTTTACTGCTGTCAGCTTTGGGTTTCAGTAACAAT — -754
-793 Acccc§2TCTATCTAGCGTCACACCAGGTTTACGGAGGAGAAGCAAGAATCTCAACGCTG -734
-733 CGTAA;CTGTTCCCCGGGATTGAAAACAAGAAAAGCCTAGCCTCTGCTGAGGAACTAGCT -674
673 GATGTACAAGGGAAAGCTTCTCTGATGGCTGCAGTCGATTACTACGTGAGTATGARGAGC — -614
_613 GACATCTTCATCTCTGCATCTCCCGGGAACATGCACAACGCATTACAGGCGCATAGAGCC — -554
553 TACTTGAATCTCAAAACCATARGACCCAACATGATACTGTTAGGACAAGTCTTITGTGAAC — -494
-407 AAGAGCTTAGATTGGTCAGAGTTTGAAGGAGCAGTARTGAATGGGCACARARACAGGCAR  -434
-433 GGCCAGCTTCGTCTACGCAAACAGAAACAGTCTATTTACACTTATCCAGCTCCTGATTGE — -374

373 ATGTGTAAAGTAGCTTAGCATTCCCCTTTTACTGTCEEARTPTTTTGTTGATTTITTTTAA  -314
-313 AATTITRATATAIEGTTTTTATGTACTCGATGATTAGTARATTAATTGAGGAACTCATAT  -254
-263 TATGTACACTARATTCAAGTTTAGTAARAAATTGGATTAATGTGATTTACTTATTGACAR  -194

-193 AGGTAAAATAARAGTCAAATAAGAAAAGGAGAGAAGGACCCACTCAGATTCAACGCCCCA -134

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

1 M T §S A L ¥ A 8§ D L F XK O L K 16

-615 MCTATTTTAT_IIIAEPQMWTTMTTCTTM,A TTTTTCTATTTTGCTCTTAATTT -556

=555 CCCATTCTGATTAAGAARCAAATCTCATATACTTTTCTATTTTTGTTAGACATGAATTTC -496
“495 AAATATATATCTTACATTTATAAAATTAATTTTCAATCARAARTCTTGTAGTATTATACA -436
-435 AQQ%%QATGTTCCTAAAAAATACCTGTCATACAGCTGTTATGCTTCTTAAAATAAGATAA -376
-375 AATTATATTTACTGTATTARGCTAGATTGTCAAAAATTAAACAGCAAGATAATAACGTAA -316
-315 TTAACCATCGTTAATATCAAACGCGTTAGGTCGGTTTGACCGGTCTGGTTTGGTGAGCGC =256

"255 TGGTAATAATTTCACCATCECARTIAATCACAGACAAAATTGAARACCECEATIAATAAT  -196

P,L,
195 ACATAAAATG M}\AACA?GATGMMAACTCTGTTCTGTCTCAAAAAACTC -136
135 nAAAGGAGTcTCTCTc?CACCTACACCACACCTAACCAATCCCCCTACGATTCACACAGA -76
"75 GAGAGATCTTCTTCTTCCTTCTTCTICCTTCTTCTTCCTICTICTITCTICTICTAGCTA - 16
-li CARCATCTACAACGCCATGTCCTCTTCTTCTTCTTCGTCAACCTCCATGATCGATCTCAT 4
M § § 5 S 85 S s TsHMTIDTL 14

121}323"“;;-]:;116 :uc;_-l;oudc- sequences of the TATA-proximal regions of the ARI and
translation initfati e AR] promote_.r region; B, the AR2 promoter region. The
CAAT box s b01:1 tziodon ATG is loca_tcd at +1. A putative TATA box and a
TOLfS for b Poxe - Putative cis-acting elements homologous to sequence

es P, A, and L (Logmann at al., 1995; Chapter III, Mizutani et al.,

1997) are underlined, Th
‘ e deduced amino acid s i i
are shown below the mucleotide Sequences equences of the coding regions
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As described in Chapter III, the promoter of CYP73AS5 encoding cinnamate 4-
hydroxylase contains three sequence motifs (boxes P, A, and L) conserved amon.g the gent.:s
for phenylalanine ammonia-lyase (PAL) and 4-coumarate CoA: ligase (4CL) involved in
general phenylpropanoid pathway (Mizutani et al., 1997).

These elements are thought to be important in controlling the coordinated-expression of these
genes under different environmental conditions (Logemann et al., 1995). It should be noted
that, in the AR2 promoter region, there were two sequences similar to box P and box A, and a
sequence homologous to box L (Fig. 7B, underlined). On the other hand, the AR promoter
contained only two box A like sequences but no sequences homologous to boxes P and L

(Fig. 7A, underlined).

Expression manners of ARI and AR2 in Arabidopsis
RNA gel blot hybridization was performed to study expression manners of AR] and
AR2, 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 Fig. 8.

Organs Leaf Age
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Figure 8. Tissue specific expression of the AR/ 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 the leaves of different age of 3-week-old plants with
12 leaves. The first and second leaves represented the older leaves. The middle-aged
leaves were collected from the fourth and fifth positions, and the younger leaves were
from the ninth and tenth positions counted from the bottom. Plants were grown under
continuous light. Five pg of total RNA was separated on formaldehyde agarose gels,
transferred to nylon membranes, and hybridized to the indicated probes.

The ARI mRNA was about 1.3-fold 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
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roots. Both the P450-reductase genes showed the least expression in siliques. Strong age-
dependency was not found in the expression levels of AR/ and AR2. This result contrasts with
the results in Chapter V that most of P450s isolated from Arabidopsis were more highly
expressed in older leaves than in younger leaves (Mizutani et al., submitted).

Expression manners of AR/ and AR2 in response to wounding and light treatments
weie also investigated (Fig. 9A and B), comparing with those of phenylalanine ammonia-

lyase (PALI) and cinnamate 4-hydroxylase (CYP73A5).
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Figure 9. Effect of wounding and light treatment on expression levels of the AR/ and
AR2 genes.

(A) Leaves were havested from 3-week-old plants grown under continuous light. The
harvested samples were cut into strips 2 mm in width, and incubated for 9h under
continuous light in a petri dish containing GM medium. Total RNA was isolated at the

times indicated after wounding and analysed by RNA gel blotting (5 pg per lane) using
the probes indicated.

(B) Two week-old plants grown under continuos light were placed in the dark for two
days and returned to the light condition. Total RNA was isolated from the leaves at times

indicated after the onset of light period (0-9h) and analysed by RNA gel blotting (5 ne
per lane) using the probes indicated.

The strong and coordinated-induction of PALI and CYP73AS by wounding (Fig. 9A) was
consistent with my previous observation (Chapter III, Mizutani et al., 1997). The AR2
expression level was significantly enhanced by wounding, and it reached a maximum (4-fold)
within 1h of the treatment and then gradually decreased to a basal level. On the other hand,
the AR expression did not change during the treatment. The expression levels of PAL] and
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CYP73AS continually increased to a 10-fold within 12h of the light treatment (Fig. 9B). The
AR2 expression also increased 3-fold as fast as 1h 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 AR expression slightly decreased with light treatment. To sum up, AR
was constitutively expressed, while AR2 was induced in response to the wounding treatment
and light. The AR2 induction was followed by those of PALI and CYP73A5, of which the

magnitude of induction was far 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 (Porter et al., 1990; Yabusaki et al., 1988).
In this chapter, I have described the isolation of two distinct cDNAs and the corresponding
genomic clones encoding P450-reductase isoforms from Arabidopsis thaliana. Genomic
Southern blot analysis under the low stringency conditions (Fig. SB) demonstrated the
existence of two reductase genes in Arabidopsis. The occurrence of P450-reductase isoforms
in higher plants has been also known from the isolation of two P450-reductase cDNAs from
Arabidopsis (Pompon, unpublished) and also from H. tuberosus (Benveniste et al.,
unpublished). Furthermore, I have found by Southern blot analysis under low stringency
conditions (data not shown) a few copies of 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 also in C. roseus
(Meijer et al., 1993). Benveniste et al. (1991) reported that two or three proteins were detected
in the microsomes from all higher plants they tested by Western blot analysis using polyclonal
antibodies prepared against the H. tuberosus reductase. I cannot rule out the possibility that
some of these immunoreactive proteins might be post-translationally modified proteins
encoded 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 suggest
that the occurrence of the P450-rcducta§e isoforms may be common in higher plants.

I have also investigated the gene organization of ARI and AR2 (Fig. 6). The highly
conserved exon organization implicates that the two genes have evolved from a common

dncestral gene. The most striking differences were observed in the region encoded by the first
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exon. Specifically, the N-terminal portion encompassing the signal anchor sequence of AR2 is
much longer than that of ARI, and the amino acid sequences in this region are also very
different between them. On the other hand, the sequence similarity was 68% between AR1
and AR2 proteins when calculated without the domain encoded by the first exon. Homology
analysis of higher plant P450-reductases indicated that plant P450-reductases may be divided
into AR1- and AR2-types. For example, the P450 reductases from mung bean and periwinkle
could be grouped into AR1- and AR2-type, respectively. It should be noted that the structural
differences between these two types of P450-reductases were found specifically in the region
encoded by the first exon.

Multiple forms of P450s exist in Arabidopsis, and it is thought that they are involved
in a wide variety of secondary metabolism (Chapter V, Mizutani et al., submitted). On the
other hand, only two P450-reductase genes are present in Arabidopsis. In other words, two
P450-reductase isoforms, AR1 and AR2, are transporting electrons to all P450 isoforms. AR/
and AR2? showed the different expression patterns such as tissue specificity and
responsiveness to the wounding treatment and the light condition (Fig. 8 A and B), implicating
different mechanisms for transcriptional activation. The wounding and light induced the
expression of AR2 as well as those of PALI and CYP73A5 (Fig. 9). 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. 7B) involved in the
coordinated-expression of PAL and 4CL genes (Logmann et al., 1995). Inversely, the
promoter region of the constitutive P450-reducatase, AR, did not contain the sequence motifs
for boxes P and L (Fig. 7A). I have presented the evidence that CYP73A5 in Arabidopsis is
also regulated together with the other phenylpropanoid pathway genes (i.e., PALI and 4CL)
via a mechanism containing these three cis-acting elements (Chapter III, Mizutani et al.,
1997). It has been also reported that PALI (Ohl et al., 1990) and CYP73A5 (Bell-Long et al.,
1997) were strongly expressed in the vascular tissues of roots and leaves of Arabidopsis. Both
PALI and CYP73AS contain the putative cic-elements, which were also found in the AR2
promoter. Whereas it has not been fully elucidated whether these cis-elements are involved in
the tissue specific expression, it is possible that AR2 expression may be tissue-specifically
coordinated with those of PAL] and CYP73A5 and participate in the dynamic fluctuation of
the activity of the phenylpropanoid pathway. On the other hand, the different time course of
induction between the expression of AR2 and those of PALI and CYP73A5 suggested another
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mechanism in controlling the AR2 mRNA levels in Arabidopsis.

I have shown that not only CYP73A5 but also several other P450 genes were induced
by either wounding or light (Chapter V, Mizutani et al., submitted), indicating that the total
number of P450 molecules in plants should fluctuate in response to changes of environmental
conditions. It has been proposed that about 10-15 molecules of P450s are interacting with one
P450-reductase molecule in the microsomal membrane (Klinger, 1990), and the P450-
reductase level should also vary in keeping an appropriate P450/P450-reductase ratio. It is
therefore possible that plant P450-reductases should be inductibiy expressed in a manner
coordinated with inducble P450s. However, it remains unclear why both the inducible- and
constitutive type of P450-reductases with indistinguishable enzymatic properties coexist
specifically in higher plants. It is possible that the constitutive type (AR/) may be necessary to
keep a basal P450-reductase leve] 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 conditions. The K values for NADPH and cytochrome ¢ were
closely similar between the two P450-reductase isoforms (Table II), which could couple with
CYP73AS protein at essentially the same efficiency in the reconstitution system (Table III).
However, it is not necessarily true that AR1 and AR2 proteins may have similar affinity to
individual P450s. Specifically, the different structures of the N-terminal portions between
AR] and AR2 (Fig. 2) may be implying distinct physiological roles for each of the P450-
reductase isoforms. Preparation of specific antibodies and promoter analysis of ARI and AR2
could constitute interesting approaches for further investigation of physiological roles of the
two reductases. Also, the inter- and intracellular localization of AR1 and ARZ2 should be
studied together with those of various P450s in planta. The production of transgenic plants,
specifically loss-of-function mutants, of AR/ and AR2 may also help to understand the

relationship between the reductases and certain P450-dependent reactions.

Summary

1 have investigated two NADPH-cytochrome P450 reductase (P450-reductase)
isoforms encoded by separate genes (AR! and AR2) in Arabidopsis thaliana. First, we
isolated AR1 and AR2 cDNAs using a mung bean P450-reductase cDNA as a probe. The

recombinant AR1 and AR2 proteins produced using a baculovirus expression system showed
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similar K, values for cytochrome ¢ and NADPH, respectively. In the reconstitution system
with a recombinant CYP73AS, the recombinant AR1 and AR2 proteins gave the same level
of cinnamate 4-hydroxylase activity (about 70 nmol/min/nmol P450). The ARZ2 gene
expression was transiently induced by 4- and 3-fold within 1h of wounding and light
treatments, respectively, and the induction time course preceded those of PALI and
CYP73A5. On the contrary, the AR/ expression level did not change during the treatments.
Analysis of the ARI and AR2 gene structurerevealed that the AR2 promoter specifically
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
implicated the possibility that AR2 might be metabolically linked to the induced levels of
phenylipropanoid pathway enzymes.
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Chapter V

Cytochrome P450 Superfamily in Arabidopsis thaliana:

cDNAs Isolation, Differential Expression,
and RFLP Mapping of Multiple Cytochromes P450

Introduction

The observation of various P450-dependent reactions in vitro suggested existence of
multiple diverse P450s in a single plant species (Donaldson and Luster DG, 1991; Bolwell et
al., 1994). While several plant P450 cDNAs have been isoated, the number of unique P450
genes and the variety of physiological roles in a single plant species has not been established
yet. Recent progress in molecular biology has facilitated the isolation of novel P450 clones
from plants. In fact, several cDNAs belonging to three P450 families could have been
isolated from eggplant using an eggplant CYP75 cDNA as a probe (Umemoto et al., 1993;
Toguri et al., 1993), four P450 cDNAs of the CYP71A subfamily have been also cloned from
maize (Frey et al.,, 1995), as have. Another successful approach is based on PCR using
primers designed from conserved amino acid sequence around the heme-binding domain of
P450 proteins. This strategy is particularly useful to isolate cDNAs of low abundance, or
instable P450s. Holton et al. (1993), employing this approach, have isolated 18 P450 cDNA
fragments from petunia and have found that two clones encoded P450s with flavonoid 3°,5’-
hydroxylase activity. It has also been reported that 15 cDNA fragments were isolated from
periwinkle with a PCR approach (Meijer et al., 1993), and 4 P450 cDNAs were isolated from
pea using reverse transcription-PCR (Frank et al., 1996). However, it is usually difficult to
elucidate physiological functions of the P450s isolated through these molecular biological
approaches.

In this chapter, I report the isolation of 13 full-length and 3 partial P450 cDNAs from
Arabidopsis thaliana. 11 P450s have been assigned to 5 distinct families, CYP71B,
CYP73A, CYP76C, CYP83, and CYP9!. The N-terminal structures of the deduced proteins
showed properties similar to those of mammalian microsomal P450 proteins, suggesting
microsomal localization of these Arabidopsis P450s. RNA blot analysis revealed tissue

characteristic expression patterns for each of the P450s, which responded differently to
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wounding and light. One of the isolated P450s, CYP73AS5, has been already identified as
cinnamate 4-hydroxylase (Chapter I, Mizutani et al., 1997), whereas physiological
functions of the other 15 P450s are still unknown. As a first step towards the elucidation of
their physiological functions, genetic loci of four P450 genes have been determined by RFLP

mapping, and a linkage map with the loci of known mutations is reported.

Materials and Methods
Plant materials/treatments

Arabidopsis thaliana ecotype Columbia (Col-0) and ecotype Landsberg erecta (Lehle
Seeds) seedilings were grown as described in Chapter 1.

Wounding and dark/light cycle treatments were performed as described in Chapter IIL.

Polymerase Chain Reaction
Total RNA was prepared from 7-day-old seedlings by phenol/chloroform extraction
followed by lithium chloride precipitation as described by Lagrimini et al. (1987), and

poly(A)* RNA was isolated from the total RNA using a poly(A)* Quick mRNA isolation kit
(Stratagene, La Jolla, CA). First-strand cDNA was synthesized from 1 pg of the poly(A)”
RNA using Moloney Murine Leukemia Virus reverse transcriptase (Toyobo, Osaka, Japan)
and was used as a template for PCR with several sets of primers (Figs.1, 2) designed from the
conserved sequences between CYP71A and CYP73A2. The PCR was carmried out in a
reaction mixture (100 pl) consisting of 10 mM of Tris-HCl (pH 8.3), degenerate primers (at
10 p.M each), 200 pM dATP, 200 yM dCTP, 200 pM dTTP, 200 pM dGTP, 2 mM MgCly,
50 mM KCI and 25 units/'ml. AmpliTaq DNA polymerase (Perkin Elmer/Cetus, Norwalk,
CT). The reactions were performed through 35 cycles of 30 sec at 94°C, 30 sec at 50°C and
90 sec at 72°C using a thermal cycler (Perkin Elmer/Cetus, model 480). PCR products were
separated by low-melting temperature agarose gel (1.5%) electrophoresis and were cloned
into the pCRII vector using a TA cloning kit (Invitrogen). The cloned PCR products were
divided into several groups by analyzing their restriction fragments from digestion with
EcoRI, Xhol, and Hindlll. The DNA sequences of the cloned PCR products were partially

determined.
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Isolation of cDNA clones

Each of the PCR products was labeled with [*P]-dCTP by the random priming
labeling method (Feinberg and Vogelstein, 1983). A total of 600,000 phage plaques from an
Arabidopsis c¢DNA library (Chapter III, Mizutani et al.,, 1997) was screened for
corresponding P450 cDNAs under high stringency conditions: hybridization, 16-h at 65°C in
a hybridization buffer containing 1% BSA, 7% SDS, 50 mM sodium phosphate pH 7.5, and 1
mM EDTA (Church and Gilbert, 1984); washing, 10 min in 2 x SSC, 0.1% SDS at room
temperature, and 20 min at 65°C in 0.1 x SSC plus 0.1% SDS.

Preparation and analysis of DNA and RNA

Genomic DNA and total RNA were isolated as described in Chapter III. For Southern
blot analysis, the isolated full-length P450 cDNAs were used as probes, and hybridization
and washing were carried out under the high stringency conditions as described in Cahpter
1.

RFLP mapping was performed by L.Medrano in the laboratory of E.Meyerowitz as
described by Chang et al. (1988) using genomic DNA isolated from a cross between
Landsberg erecta and Columbia ecotypes. Gel blots of genomic DNAs digested with Xbal
were probed with the P450 cDNAs to reveal DNA polymorphisms between Landsberg and
Columbia. RFLP mapping data were analyzed using the MAPMAKER computer program
developed by Lander et al. (1987).

RNA gel blot analysis was performed as described in Chapter III. DNA sequencing

and analysis were also carried out as described in Chapter I1I.

Results
PCR strategy

I isolated novel P450 clones from 7-d-old Arabidopsis seedlings by a PCR strategy.
While more than 200 P450 genes from a variety of organisms had been reported (Nelson et
al., 1993) when I started this study, only two plant P450s were available: avocado CYP71A1
of an unknown physiological function (Bozak et al., 1990) and a mung bean cinnamate 4-
hydroxylase, CYP73A2 (Chapter II, Mizutani et al., 1993). CYP71A1 and CYP73A2 were
30% identical at the amino acid level (Fig. 1), and degenerate oligonucleotide primers were

designed from five conserved regions shown in Fig. 2.
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CYP71A1 MAILV---SL L--FLAIALT FFLLKLNEKR EKKPNLPPSP PNLPIIGNLH 45
CYP73A2 MDLLLLEKTL LGLFLAAVVA IVVSKLRGKR FK---LPPGP LPVPIFGNWL 47
MA47
CYP71A1 QLGN-LPHRS LRSLANELGP LILLHLGHIP TLIVSTAEIA EEILKTHDLI 94
CYP73A2 QVGDDLNHRN LTQLAKRFGD IFLLRMGQRN LVVVSSPDLA KEVLHTQGVE 97
CYP71Al FASRPSTTAA RRIFYDCTDV AFSPYGEYWR QVRKICVLEL LSIKRVNSYR 144
CYP73A2 FGSRTRNVVF DIFTGEGQDM VFTVYGEHWR KMRRIMTVPF FTNKVVQQYR 147
MA46
CYP71Al SIREEEVGLM MERISQSCST G-EAVNLSEL LLLLSSGTIT RVAFGKKYEG 193
CYP73A2 HGWEAEAAAYV VDDVRKNPDA AVSGLVIRRR LQLMMYNNMY RIMFDRRFES 197
CYP71A1 EEERK-NKFA DLATELTTLM GAFFVGDY-F PSFAWVDVLT G-MDARLKR- 239
CYP73A2 EEDPLFQRLK ALNGERSRLA QSF---EYNY GDF--JPILR PFLKGYLKIC 242
CYP71Al ---NHGELDA FVDHVIDDHL LSRKANGSDG VEQKDLVDVL LHLOKDSSLG 286
CYP73A2 KEVKETRLKL FKDYFVDERK NIGSTKSTNN EGLKCAIDHI LDAEKKG--- 289
CYP71A1  VHLNRNNLKA VILDMFSGGT DTTAVTLEWA MAELIKHPDV MEKAQQEVRR 336
CYP73A2 -EINEDNVLY IVENINVAAI ETTLWSIEWG IAELVNHPEI OQQKVRDEIDR 338
CYP71A1 VVGKKAKVEE EDLHQLHYLK LIIKETLRLE PVAPLLVPRE STRDVVIRGY 386
CYP73A2 VLGVGHQVTE PDIQKLPYLQ AVVKETLRLR MAIPLLVPHM NLHDAKLGGY 388
CYP71Al HIPAKTRVFI NAWAIGRDPK SWENAEEFLP ERFVNNS--V DFKGQDFQLI 4234
CYP73A2 DIPAESKILV NAWWLANNPA HWKKPEEFRP ERFFEEESHV EANGNDFRYL 438
MA40 MA48
CYP71al1  PFGAGRRGCP GIAFGISSVE ISLANLLYWF NWELPGDLTK EDLDMSEAVG 484
CYP73A2 PFPGVGRRSCP GIILALPILG ITLGRLVONF --ELLPPPGQ SQIDTSEKGG 486
MA39
CYP71al -ITVHMKFPL QLVAKRHLS 502
CYP73A2 QPSLHILKHS TVVAKPRSF 505

Figure 1. Comparison of the deduced amino acid sequences between CYP71A1 (Bozak
et al., 1990) and CYP73A2 (Chapter II, Mizutani et al., 1993a).

Identical amino acid residues are shadowed with gray, and dashs were inserted to
maximize the sequence homology. The amino acid sequences used to design degenerate
oligonucleotide primers are underlined.

First; the consensus sequence for the heme-binding region (HR2 region, Gotoh and Fujii-
Kuriyama, 1989) was found as PFG(A/V)GRR in CYP71Al1 and CYP73A2 (Fig. 1,
underlined), and a primer(MA39) was designed from this plant HR2 region (Fig. 2). Another
primer (Fig. 2, MA46) was designed from a proline-rich motif (KLPPGP) found next to the
N-terminal signal-anchor sequence CYP73A2 (Fig. 1, underlined). A proline-rich motif,
(PMHPGPX(P/G)XP, is known to be conserved in mammalian microsomal P450s (Yamazaki
et al., 1993). Next, it was found that a short §equence, YGE(H/Y)WR, is conserved in the
middle region of CYP71A]1 and CYP73A2 (Fig. 1, underlined), and a forward primer was
designed from this sequence (Fig. 2, MA47). A reverse primer (Fig. 2, MA48) was designed
from a relatively long sequence, (A/P)EEF(R/L)PERF, conserved in the C-terminal region of
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both CYP71A1 and CYP73A2. Finally, a sequence, NAWAIGRDP, from the C-terminal
region of CYP71A1, was chosen to design a primer (MA40, Fig. 2). Since only 4 out of the 9
residues were consistent with the corresponding region of cinnamate 4-hydroxylase,
CYP73A2 (Fig. 1, underlined), it was expected to obtain P450 clones other than CYP73. 1
wanted to avoid the amplification of CYP73, which is one of the most abundant P450s in
plants and whose mRNA should therefore constitute a major part of plant P450 transcripts.

CYP71Al 119-Tyr Gly Glu Tyr Trp Arg
CYP73A2 122-Tyr Gly Glu His Trp Arg
MA46: 5'-TAC GGA GAA CAC TGG AG-3'
T [ GTT C
G
T -
CYP73A2 32-Lys Leu Pro Pro Gly Pro
MA47: 5'-AARA CTA CCI CCI GGI CC-3'
G TC
G
T

Y

CYP71Al 435-Pro Phe Gly Ala Gly Arg Arg
CYP73AZ 439-Pro Phe Gly Val Gly Arg Arg
MA3G: 3'-GGI AAA CCI CAI CCI GCI GC-5'
__ G G T T
CYP71al 397-Asn Ala Trp Ala Ile Gly Arg Asp Pro
MA40: 3'-TTA CGI ACC CGI TAA CCI GCI CTA GG-5'
G G T G
T
-
CYP71Al 411-Ala Glu Glu Phe Leu Pro Glu Arg Phe
CYP73A2 413-Pro Glu Glu Phe Arg Pro Glu Arg Phe
MA48: 3'-GI CTC CTC AARA AAI GGI CTC GCI AA-5'
T T G GC TT

i

Figure 2. Degenerate oligonucleotide primers for PCR.
Degenerate oligonucleotide primers were designed from five conserved amino acid
sequences between CYP71A1 and CYP73A2 (Fig. 1, underlined).

Using six primer sets (Table I), PCR was performed on first strand cDNA prepared
from a poly(A") RNA of 7-d-old Arabidopsis seedlings as a template, and 18 different
fragments were amplified, corresponding to 11 distinct P450s (Table I). Sequence analysis
revealed that 4 clones, designated P450c4n (Table I), were derived from CYP73AS5,
cinnamate 4-hydroxylase, from Arabidopsis (Chapter III, Mizutani et al., 1997). The
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remaining 14 PCR products appeared to encode 10 novel P450s. Four classes of clones were
obtained with the MA39 primer designed from the heme-binding region. On the other hand,
the other 7 classes of clones were amplified using the four primers other than MA39,
indicating that various homologous regions between CYP71A1 and CYP73A2 are conserved

in other plant P450s.

Table I. Putative P450 cDNA fragments ampiified by PCR

PCR was performed with six sets of the degenerated primers (Fig.2) using a
first strand cDNA derived from a 7-d-old Arabidopsis seedlings as a template
and the PCR products were cloned into a pCRII vector with a TA cloning kit.

Set of primers Amplified P450 fragments

MA46 x MA39 pCR-C4H-a  pCR-12-a pCR-67-a

MA46 x MA40 pCR-65 pCR-66 pCR-67-b

MA46 x MA48 pCR-C4H-b  pCR-12-b pCR-48

MA47 x MA39 pCR-C4H-c  pCR-4-a pCR-12-c

MA47 x MA4D pCR-2 pCR-3 pCR-4-b pCR-13
MA47 x MA4S pCR-C4H-d pCR-23

Isolation of cDNA clones

Screening of a cDNA library from 7-d-old Arabidopsis seedlings was performed
using the PCR fragments as hybridization probes under high stringency conditions and
obtained corresponding ¢cDNAs (Table II). Some of the probes hydridized to multiple
cDNAs: pCR-13 hydridized to a corresponding cDNA (P450-13-6) and three additional
different cDNAs (P450-13-1, 13-5 and 13-7); pCR-66 hybridized to its corresponding cDNA
(P450-66-8) and an additional one, P450-66-5; pCR-67 hybridized to its corresponding P450-
67-3 and another cDNA clone, P450-67-1. The remaining PCR clones hybridized only to
their corresponding cDNAs. DNA sequences of 11 of the 16 cDNAs were completely
determined, and the deduced primary structures are shown in Fig. 3. These P450s were
assigned to five distinct gene families (see below and Table II). Sequence comparison (data
not shown) indicated that P450-65 cDNA lacked a few bases at the 5’-terminus of a
corresponding full-length cDNA. Partial DNA sequencing showed that the remaining 5
clones, P450-66-5, P450-67-1, and P450-67-3 also represent full-length cDNAs and P450-
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13-5 and P450-13-7 are partial clones (data not shown). Thus, I have isolated 13 full-length
and 3 partial cDNAs encoding 16 distinct P450s from Arabidopsis.

Table II. P450 ¢cDNA clones isolated using the corresponding
PCR clones as probes

PCR clones P450 cDNA clones Family
pCR-C4H-a P450-C4H CYP73A5
pCR-2 P450-2 CYP83BI
pCR-3 P450-3 CYP83Al
pCR-4-a P450-4 CYP76CI
pCR-12-a P450-12 CYP71BS
pCR-13 P450-13-1 CYP71B3
P450-13-5 ND
P450-13-6 CYP71B4
P450-13-7 ND
pCR-23 P450-23 CYP71B6
pCR-48 P450-48 CYP71B2
pCR-65 P450-65 CYPS1AL
pCR-66 P450-66-5 ND
P450-66-8 CYPO1A2
pCR-67-a P450-67-1 ND
P450-67-3 ND

ND: Not determined

Multiple P450 gene families in Arabidopsis
1. CYP71

Five P450 ¢cDNAs (P450-12, 13-1, 13-6, 23, and 48) were 44-69% identical at the
amino acid level to one another (Table III), and their deduced amino acid sequences were
more than 40% identical to that of avocado CYP71A1. These P450s were assigned to the
CYP71B subfamily as follows: P450-12, CYP71BS; P450-13-1, CYP71B3; P450-13-6,
CYP71B4; P450-23, CYP71B6; P450-48, CYP71B2. CYP71B3 and CYP71B4, isolated
using the same probe (pCR-13), showed the highest identity to each other at both the amino
acid (68.6%) and the DNA levels (76.7%) each other. Twenty-two P450s belonging to the
CYP71 family have so far been isolated from several plant species (Nelson et al., 1996).
However, none of their physiological functions have yet been identified. A high degree of

diversity of the predicted protein sequences of the Arabidopsis CYP71B P450s (Fig. 3)
suggests distinct catalytic activities.
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2. CYP73

The P450-C4H cDNA (Table ) was completely identical to CYP73A5-encoding
cDNA (cinnamate 4-hydroxylase) previously isolated from Arabidopsis (Chapter III,
Mizutani et al., 1997). P450 clones belonging to CYP73 have also been isolated from several
plant species: CYP73A1 from Helianthus tuberosus (Tuetsch et al., 1993), CYP73A2 from
Phaseolus aureus (Mizutani et al., 1993), CYP73A3 from Medicago sativa (Fahrendorf and
Dixon, 1993), CYP73A4 from Catharanthus roseus (Hotze et al., 1995), CYP73A9 from
Pisum sativum (Frank et al., 1996), and CYP73A10 from Petroselinum crispum (Logemann
et al., 1995). It has already been shown from heterologous expression experiments that 5
P450s belonging to the CYP73 family (CYP73A1 through CYP73AS) have cinnamate 4-
hydroxylase activity (Chapter III, Tuetsch et al., 1993; Fahrendorf and Dixon, 1993; Hotze et
al., 1995, Mizutani et al., 1997). While the CYP73 P450s so far isolated are 75-90% similar
to one another at the amino acid level, it is not clear whether or not all the members of
CYP73 catalyze the same reaction. It has been reported that single amino acid substitutions in
P450 proteins can result in dramatic changes of substrate specificity (Lindberg and Negishi,
1989; Johnson, 1992).

3. CYP76

The deduced primary structure of P450-4 was 26 to 37% homologous to those of the
other Arabidopsis P450s (Table III). The highest identity (40%) was found with CYP76A2,
isolated from Solanum melongena hypocotyls using a CYP75 ¢cDNA as a probe (Toguri et
al., 1993). P450-4 was therefore designated to a new P450 subfamily, CYP76C1. Four P450s

in this family have been isolated (Nelson et al., 1996), but their physiological functions are
still unknown.

4. CYP83 and CYP9!

Sequence comparison showed that P450-3 was completely identical to CYP83A1
previously isolated by cross-hybridization with a gene rescued from a T-DNA-tagged fahl
mutant of Arabidopsis, which lacks ferulate 5-hydroxylase activity (Chapple 1995; Meyer et
al., 1996). The amino acid sequence deduced from the P450-2 cDNA was 61.6% identical to
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that predicted from the P450-3 cDNA, and P450-2 was assigned to a new subfamily,

CYP83BI1.
P450-65 and P450-66-8, which are 50.4% identical at the amino acid level (Table

II), have been assigned to a new P450 family, CYP31A1 and CYP91A2, respectively. No

P450s belonging to this family have been reported from other plant species.

Table [11. Homology of DNA and amino acid sequences of the P450s isolated from Arabidopsis

71B2 7iB3 71B4 7I1B5 T71B6 73A5 76C1 83A1 83B1 GlIAl 9l1A2

Nucleotide identity (%)
71B2 (P450-48) - 65.8 66.2 63.7 55.0 49.2 50.6 52.1 54.1 45.6 48.1
71B3 (P450-13-1) 57.3 - 76.1 60.8 50.6 49.5 499 48.7 49.8 47.2 48.8
71B4 (P450-13-6) 57.8 68.6 - 61.9 56.5 49.8 50.7 53.4 53.1 48.0 47.9
71B5 (P450-12) 54.1 54,1 51.0 - 54.6 49.6 48.9 51.0 52.9 44,1 46.0
71B6 (P450-23) 43.6 45.0 46.1 46.8 - 49.0 50.1 50.9 52.8 48.0 479
73A5 (P450-C4H) 26.2 289 320 29.3 279 - 49.0 50.4 49.8 46.2 47.8
76C1 (P450-4) 34.6 349 354 315 36.2 25.8

- 50.4 51.0 47.1 48.5
33A1 (P450-3) 36.9 313 397 30.8 36.0 299 330 - 63.5 46.6 50.0
83B1 (P450-2) 40.2 412 393 36.9 40.2 28.5 344 61.6 - 48.6 48.4

91A1 (P450-65) 335 333 348 32.1 319 28.2 320 29.7 30.0 - 57.6
91A2 (P450-66-8) 31.9 328 329 31.0 30.0 25.3 32.0 29.6 32.1 504 -
Amino acid identity* (%)

* Amino acid identities higher than 40% are shown in bold type.

Of 74 P450 families from both eukaryotes and prokaryotes, 23 famities (CYP51 and
CYP71 through CYP92) are represented in higher plants (Nelson et al., 1996). The P450s
isolated in this study belong to either established subfamilies; CYP71B, CYP73A and
CYP83A, or novel subfamiles; CYP76C, CYP83B and CYP91A. Thus, a total of 10 families,
including those so far reported (CYP72, CYP74, CYP84, CYP86 and CYP90) have been
now established in Arabidopsis.

5. Protein structures

The P450s isolated in this study have significant high homology throughout the
overall sequences including 35 conserved amino acid residues (Fig. 3). In addition, each
P450 contains a hydrophobic stretch at its N-terminus (Fig. 3), which has the structural
properties of the signal-anchor sequence of microsomal P450s (Nelson and Strobel, 1988).
The region contains a few charged residues and a proline rich motif following the

hydrophobic stretch, both of which are responsible for the targeting and anchoring of newly
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synthesized P450 proteins at the cytoplasmic surface of the endoplasmic reticulum
(Yamazaki et al., 1993; Beltzer et al., 1991). An extended consensus sequence of the core
heme-binding site, FxxGxR/HxCxG, was identified as P/AFGxGRR/KxCPG/A in these
Arabidopsis P450s (Fig. 3, underlined). Interestingly, the highly conserved glycine found 2
residues C-terminal to the heme-ligating cysteine was substituted for alanine in CYP71B6
and CYP83B1. Of more than 400 P450 sequences so far determined, this substitution has
been found in only 10 P450s from insect, fungi, and plants (Nelson et al., 1996). It is not
known how the substitution of this structurally important glycine influences the active site

conformation.

Genomic Southern blot analysis

I have previously reported that CYP73AS is encoded by a single copy gene in
Arabidopsis (Chapter III, Mizutani et al., 1997). To estimate the copy number of the other 10
P430 genes described here, I performed genomic Southern blot analyses under the high
stringency conditions (65 °C in 0.1 x SSC and 0.1% SDS). I observed distinct hybridization
patterns unique to each P450 gene (Fig. 4), which indicated that the individual hybridization
probes did not cross-hybridize to other P450 genes. The hybridization patterns in the
genomic Southern analysis (Fig. 4) were consistent with those predicted from the restriction
patterns of the corresponding cDNAs (data not shown), suggesting that each P450 is encoded
by a distinct single copy gene in Arabidopsis.
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Figure 3. Amino acid sequence alignment for the 11 P450 cDNAs from Arabidopsis.

The amino acid sequences deduced from the 11 P450 cDNA sequences were aligned by
the program, Clustal W (Thompson et al., 1994). Identical amino acid residues are
shadowed with a gray color, and dashs are inserted to maximize the sequence homology.
Proline rich moif and the heme-binding domain (HR2 region, Gotoh and Fujii-Kuriyama,

1989) are underlined. Amino acid residues conserved among the all P450s are indicated
by asterisks under the alignment.
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Figure 4. Genomic Southern blot analysis of 10 P450 genes of Arabidopsis.

One microgram of Arabidopsis Columbia genomic DNA was digested with the
restriction enxymes; B: BamHI, E: EcoRI, and H: HindlIl. The digested genomic DNA
was separated on 0.7% agarose gel, blotted on a nylon membrane, and hybridized with
[“P]-labeled full-length cDNAs of the 10 P450s indicated. The migration of size markers
is shown to the right of the blots.
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RFLP mapping of the four P450 genes

In an attempt to study whether the isolated P450 genes are closely linked to known
mutations, the genetic map positions of the P450 genes were determined by RFLP mapping
(Chang et al., 1988). CYP71B2, CYP71B6, CYP83Al, and CYP9IAl exhibited Xbal
polymorphism between the Columbia and Landsberg ecotypes (data not shown). These 4
genes were located on different chromosomes as shown in Fig. 5. While it has been reported
that P450 genes belonging to the same subfamily have been found as a cluster in mammals
(Nelson et al., 1993 and references therein) and also in maize (Frey et al., 1995), CYP71B2
and CYP71B6 mapped on chromosome 1 and 2, respectively.
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Figure 5. RFLP mapping of the CYP71B2, CYP7IB6, CYP83AI, and CYP9IAI genes.
RFLP markers and the four P450 genes are shown on the schematic Arabidopsis genetic
map. The numbers at left indicate the map distance (in centimorgans) between markers.
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CYP9IAI mapped on chromosome 5, and its map position (between CD06455f and
phyC) is close to the ga3 locus (between m291 and CD06455f), which is involved in a P450-
dependent oxidation of kaurene in gibberellin biosynthesis (Zeevaart and Talon, 1991).
Another P450 gene, CYP71B2 mapped at the position 0.2 cM downstream an RFLP marker,
1bAt241, on chromosome 1. It should be noted that the ga4, gai, and dw! mutations have
been also located appropriately 0.6 cM, 0.8 ¢cM and 1.2 c¢cM distant from m241, respectively
(Hauge et al., 1993). These results are implicating the possibility that genes involved in the
gibberellin metabolism might exist as a cluster. Chiang et al. (1995) has recently
demonstrated that the GA4 gene encodes 3B-hydroxylase in the gibberellin biosynthetic
pathway of Arabidopsis. Among biochemical pathways in plants, the biosynthesis of
gibberellins is thought to involve several P450 enzymes (Graebe, 1987). However,
involvement of these specific P450s in gibberellin metabolism remains to be clarified by

genetic or biochemical means.

Expression Patterns in Arabidopsis

Northern blot analysis was performed to investigate the expression of these 11 P450s
in Arabidopsis using the full-length cDNAs as probes. These P450 genes were differently
expressed in roots, leaves, inflorescence stems, flowers, and siliques as shown in Fig. 6A.
The CYP71B3 and CYP71B4 genes were highly expressed in leaves but not in the other
organs. The CYP71B2 transcript was detected in roots, leaves, and stems but not in flowers
and siliques. The expression levels of CYP7IB5 and CYP71B6 were highest in leaves, and
CYP71B5 mRNA was not detectable in roots. The CYP73AS5 expression was highest in stems
and'higher in roots and siliques than in leaves and flowers. CYP76C! was expressed at a
higher level in flowers than in the other organs and not expressed in roots. The CYP83Al1
expression level was highest in leaves and was significantly higher in roots and stems than in
flowers and siliques. In contrast to relatively low expression levels of the other P450 genes in
roots, the CYP83B] gene was most strongly expressed in roots. The CYP9]AI mRNA level
was highest in leaves compared with that in the other organs, while CYP9IA2 mRNA was
strongly expressed in flowers. The results demonstrated that each of the P450 genes, even

within the same P450 gene subfamilies, showed unigue expression patterns.
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Figure 6. Tissue specific expression of the 11 P450 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 the leaves of different age of 3-week-old plants with
12 leaves. The first and second leaves represented the older leaves. The middle-aged
leaves were collected from the fourth and fifth positions, and the younger leaves were
from the ninth and tenth positions counted from the bottom. Plants were grown under
continuous light. Five pg of total RNA was separated on formaldehyde agarose gels,
transferred to nylon membranes, and hybridized to the indicated probes.
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Fig. 6B shows age-dependent expression patterns of the P450 genes. The CYP7IB2,
CYP73A5, and CYP76CI genes were expressed at almost the same levels in the older leaves
through younger ones, while the other P450 genes were more strongly expressed in older
leaves than in younger leaves. Specifically, the expression levels of CYP71B3, CYP71B4,
CYP83Al, CYP9IAI, and CYP9IA2 in older leaves were 4-, 7-, 9-, 5-, and 13-fold higher,
respectively, than those in younger leaves.

The expression of the P450 genes was strongly affected by wounding (Fig. 7A). The
strong induction of CYP73A5 (cinnamate 4-hydroxylase) by wounding was consistent with
my previous observation which showed a coordinated induction of phenylpropanoid pathway
genes by wounding (Chapter III, Mizutani et al., 1997). The expression levels of CYP71B3,
CYP71B6, CYP83BI1, CYP91Al, and CYP9IA2 also increased 2-, 4-, 5-, 7-, and 2-fold,
respectively, during 9h of the wounding treatment. In contrast, mRNA levels of CYP7/B2,
CYP71B4, CYP71B5, CYP76CI, and CYP83A] decreased after wounding.

Expression patterns of the P450 genes under the light/dark cycle (9/15h) were also
investigated (Fig. 7B). The transient induction of the CYP73A5 expression within 3h in the
light was consistent with my previous observation (Chapter III, Mizutani et al., 1997). The
expression of CYP71B4, CYP76C1, and CYP83Al increased 3-, 5-, and 10-fold, respectively,
during the light period and decreased to a basal level within 3h in the dark. The mRNA level
of CYP71B2 and CYP71B3 decreased during the light, and the expression of the other P450
genes did not change significantly during light/dark cycle.
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Figure 7. Effect of wounding and lighvdark cycle on expression levels of the 11 P450
genes.

(A) Leaves were havested from 3-week-old plants grown under continuous light. The
harvested samples were cut into strips 2 mm in width, and incubated for 9h under
continuous light in a petri dish containing GM medium. Total RNA was isolated at the
times indicated after wounding and analysed by RNA gel blotting (5 pg per lane) using
the probes indicated.

(B) Plants were grown under a 9h light/15h dark cycle: light period, 0-9h; dark period, 9-
24h. Total RNA was isolated from the leaves of 3-week-old plants at times indicated
after the onset of light period (Oh), and analysed by RNA gel blotting (5 pg per lane)
using the probes indicated.
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Discussion

I have isolated 16 distinct P450 ¢cDNAs from Arabidopsis.Presumably, there are a
large number of additional unidentified P450 genes in Arabidopsis. Indeed, many unknown
P450 clones have been deposited at the Arabidopsis EST data base (Newman et al., 1994),
and several of these EST clones are highly homologous to the P450s reported here (data not
shown). Furthermore, it is possible that we might have missed many P450 clones n
Arabidopsis in this experiment, either because of the PCR primers we used, or because I
screened only a single ¢cDNA library prepared from 7-d-old Arabidopsis under high
stringency conditions. Many of P450 genes are thought to be spatially and temporally
regulated in different manners. Novel P450s could be isolated from cDNA libraries prepared
from either different organs of different age or from tissues treated by wounding, pathogen
infection, or UV irradiation. So far, 23 P450 gene families including those 10 found in
Arabidopsis have been found in higher plants (Nelson et al., 1996). The number of cloned
P450 genes will increase through approaches such as PCR-based strategies, Arabidopsis EST
data base searches, and Arabidopsis genome sequencing; however, the physiological
functions of the identified P450s will be difficult to elucidate through these efforts.

Expression patterns of the P450 genes in planta will in some cases have physiological
implications. For example, CYP73A5 (C4H) is well known to be coordinately induced by
light with the genes involved in the phenylpropanoid/flavonoid pathway such as
phenylalanine ammonia-lyase (Bolwell et al., 1994; Logemann et al., 1995; Mizutani et al.,
1997). In this study, I found that several P450s other than CYP73A5 were also induced by
light (Fig. 7B). It has been reported that a pigmentation/flowering related P450, flavonoid
3'5’-hydroxylase (CYP75), was induced by light (Holton et al., 1993, Bolwell et al., 1994).
Interestingly, CYP76CI, which was most strongly induced by light, was predominantly
expressed in flowers (Fig. 7B).

Wounding treatment also resulted in strong induction of specific P450 species, while
some of them were significantly downregulated (Fig. 7A). Namely, CYP7IB3, CYP7IB6,
CYP83B1, CYP91Al and CYP9IA2 expression levels were higher in older leaves than in
younger leaves, and these P450s were induced by wounding. It has been reported that
CYP7IAl was induced during increased ethylene biosynthesis triggered by wounding
(Bolwell et al., 1994). P450s are also involved in defense mechanisms in plants, which

include wound-healing, protection against UV irradiation, resistance against pathogen
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infection and metabolism of xenobiotics. For instance, it has been reported that the levels of
several P450s: C4H, isoflavone 2’-hydroxylase, and isoflavone synthase in alfalfa suspension
cells and 6a-hydroxylase in soybean were enhanced by elicitor challenge, leading to the
biosynthesis of the isoflavonoid phytoalexins (Bolwell et al., 1994). It remains to be
investigated how these newly isolated P450s in Arabidopsis will respond under various stress
conditions.

Novel P450 clones are interesting candidates for heterologous expression, and the
expressed recombinant P450s can be characterized in terms of their catalytic activities.
However, even if a reaction catalyzed by such a recombinant P450 can be identified, it is not
necessarily a principal physiological role of the P450. In other words, it is possible that the
identified reaction should be ascribed to another P450 in vivo, and the P450 of interest may
have a completely different physiological function. An interesting approach is to use P450s
of unknown functions to generate sense- and antisense-expressing transgenic plants. Also,
genetic linkage may be used to explore functions of new P450s. Recently, several P450
clones have been isolated from mutated plants by either T-DNA tagging or transposon
tagging, and functions of the P450s have been investigated (Winkler RG et al., 1995; Meyer
K et al,, 1996; Szekeres M et al, 1996; Bishop GJ et al, 1996). In this chapter, I determined
the loci of four P450 genes by RFLP mapping, and it appears that one of them might be
involved in a metabolic step related to gibberellins.

P450s of identified catalytic function represent promissing candidates for

manipulating specific plant traits.

Summary

I have isolated multiple cytochrome P450 (P450) cDNAs from Arabidopsis thaliana
employing a PCR strategy. Degenerate oligonucleotide primers were designed from
conserved amino acid sequences between two plant P450s, CYP71A1 and CYP73A2,
including the heme-binding site and the proline rich motif found in the N-terminal region,
and 11 putative P450 fragments were amplified from first strand ¢cDNA from 7-d-old
Arabidopsis as a template. With these PCR fragments as hybridization probes, 13 full-length
and 3 partial cDNAs encoding different P450s have been isolated from an Arabidopsis cDNA
library. These‘P4505 have been assigned to either one of the established subfamilies:
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CYP71B, CYP73A, and CYP83A,; or novel subfamilies: CYP76C, CYP83B, and CYP91A.
The primary protein structures predicted from the cDNA sequences revealed that the regions
around both the heme-binding site and the proline-rich motif were highly conserved among
all these P450s. The N-terminal structures of the predicted P450 proteins suggested that these
Arabidopsis P450s were located at the endoplasmic reticulum membrane. The loci of four
P450 genes were determined by RFLP mapping. One of the clones, CYP71B2, was located at
a position very close to the ga4 and gai mutations. RNA blot analysis showed expression
patterns unique to each of the P450s in terms of tissue specificity and responsiveness to
wounding and light/dark cycle, implicating involvement of these P450s in diverse metabolic

Pprocesses.
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Conclusion

Plant cytochrome P450 monooxygenase system is involved in a wide variety of
metabolic processes of endogenous and exogenous lipophilic compounds. However, only a
P450 cDNA with an unknown function had been isolated from avocado (Bozak et al., 1990)
and only a few of plant P450s had been purified to homogeneity, when I started the
investigation of plant cytochromes P450 in 1991.

In this thesis, I investigated stress responses of plant P450 monooxygenase system by
focusing on a P450 possessing cinnamate 4-hydroxylase activity as well as NADPH-
cytochrome P450 reductase. I also demonstrated diversity of P450 monooxygenase system in
plants by isolation of multiple P450 cDNAs from a single plant species.

In Chapter I, I demonstrated the purification of the P450csH from mung bean
seedlings and confirmed the C4H activity of the purified P450 in the reconstitution system.
This provides the direct evidence that a physiological C4H activity is associated with a P450
protein. Then, I isolated the P450 cDNAs with the aid of partial amino acid sequences
determined for the purified P450 (Chapter II). This is the first isolation of cDNA clones
encoding a higher plant P450 possessing a clear physiological activity.

In Chapter III, I isolated a cDNA and a genomic clone encoding C4H from
Arabidopsis in order to characterize a mechanism(s) by which transcription of the P450 is
regulated in plants. I showed that the cDNA actually functions as a C4H protein by
expressing a recombinant protein in insect cells and reconstituting its C4H activity with
P450-reductase. The expression of the P450 gene was coordinated with other genes in
phenylpropanoid pathway in response to light and wounding. I also analyzed the DNA
sequence of the C4H promoter and found that the promoter contains all of the three cis-acting
elements conserved among PAL and 4CL genes so far reported. This is the first
characterization of the P450 gene promoter in plants.

In Chapter IV, I isolated ¢cDNA and genomic clones for two isoforms of P450-
reductase from Arabidopsis in order to characterize the electron transfer system of plant P450
monooxygenases. The recombinant proteins for the two isoforms showed similar biochemical
properties, including the reconstituted C4H activity. The two isoforms, on the other hand,

showed the different expression patterns in tissue specificity and responsiveness to wounding
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and light. The promoter of the inducible reductase contained the consensus sequence motifs
involved in the coordinated regulation of phenylpropanoid pathway genes but the motifs were
not found in the promoter of the constitutive reductase. These results suggest different
mechanisms for their transcriptional activation and also their different physiological roles in
planta.

In Chapter V, diversity of P450 genes in plants were explored by using molecular
biological approaches. Sixteen different P450 cDNAs were isolated from Arabidopsis, and
their deduced protein structures suggested the localization at ER membrane. As a first step
towards the elucidation of their physiological functions, the loci of four P450 genes were
determined by RFLP mapping. The isolated multiple P450 genes showed expression patterns
unique to each of the P450s in terms of tissue specificity and stress responses such as

wounding and light, implicating involvement of these P450s in diverse metabolic processes.

Recent efforts to explore novel P450s in plants revealed the great diversity of plant
P450s. Since 1990, to date more than 100 P450s (!) from a variety of plant species have
been sequenced and 30 P450 gene families exist in plants (Nelson et al, 1996;
http://drelson.utmem.eduw/homepage). Many hydroxylation reactions in various biosynthetic
pathway have been defined as P450-dependent reactions by biochemical approaches.
However, there is still a great gap between biochemical and molecular biological studies of
plant P450s, and physiological functions and substrate specificities of the isolated P450s
must be investigated in the future. Heterologous expression of both P450s and P450-
reductase and reconstitution of the P450 activities (as described in Chapter III, IV) will be
one of the best approaches to overcome this problem. Molecular mechanisms by which P450
activities are regulated in planta also have to be studied. In this thesis, I investigated the
transcriptional regulation of P450s and P450-reductases in response to stresses (Chapter III,
IV, V). The results suggested that the P450 monooxygenase system does not have a
regulation mechanism unique to the P450 system, but is coordinately regulated by a

mechanism(s) similar to those conserved in the other enzymes which are physioclogically
linked to the P450 system.
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