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ABSTRACT Thefahl mutant ofArabidopsis is defective in
the accumulation of sinapic acid-derived metabolites, includ-
ing the guaiacyl-syringyl lignin typical of angiosperms. Ear-
lier results indicated that the FAH1 locus encodes ferulate-
5-hydroxylase (F5H), a cytochrome P450-dependent mono-
oxygenase (P450) of the general phenylpropanoid pathway.
We have cloned the gene encoding this P450 by T-DNA tagging
and have confirmed the identity of the cloned gene by comple-
mentation of the mutant phenotype. F5H shows 34% amino
acid sequence identity with the avocado ripening-induced
P450 CYP71A1 and 32% identity with the flavonoid-3',5'-
hydroxylases of Petunia hybrida. In contrast, it shares much
less homology with cinnamate-4-hydroxylase, a P450 that
catalyzes the hydroxylation of cinnamic acid three steps
earlier in the general phenylpropanoid pathway. Since the
highest degree of identity between F5H and previously se-
quenced P450s is only 34%, F5H identifies a new P450
subfamily that has been designated CYP84.

Cytochrome P450-dependent monooxygenases (P450s) are a
large group of heme-containing enzymes, most of which
catalyze NADPH- and 02-dependent hydroxylation reactions.
In plants, two P450s catalyze reactions of the general phenyl-
propanoid pathway: cinnamate-4-hydroxylase (C4H) and feru-
late-5-hydroxylase (F5H). The products of the general phe-
nylpropanoid pathway are critical to plant survival and include
UV-absorptive plant secondary metabolites such as flavonoids
and hydroxycinnamic acid esters, as well as lignin, a major
structural component of the plant secondary cell wall (1) (Fig.
1). Lignin often comprises over 20% of the dry weight of plant
cell walls and is, after cellulose, the second most abundant
biopolymer in Nature (2).

Several genes encoding plant P450s have been cloned by
protein purification-based strategies (3-9); however, the
instability, low abundance, and membrane-bound nature of
these enzymes makes this approach problematic (10). Be-
cause of these difficulties, P450 genes are ideal candidates
for cloning by alternative strategies such as T-DNA tagging.
For example, F5H has been reported to be a P450, but its
detergent instability has precluded its purification (11). We
have previously reported that the fahl mutant ofArabidopsis
thaliana appears to be defective in F5H activity (12). The
fahl mutant fails to accumulate sinapoyl malate, a major
phenolic secondary metabolite of A. thaliana, and is defec-
tive in the synthesis of the guaiacyl-syringyl lignin typical of
angiosperms. In mutant screens, fahl mutants can be readily
identified by their characteristic red fluorescence when
observed under UV light. This phenomenon is due to the fact
that sinapoyl malate is a fluorescent secondary metabolite
that is accumulated in the adaxial leaf epidermis. As a result,
wild-typeArabidopsis exhibits a pale blue fluorescence under

UV, while fahl mutants appear dark red because of the
fluorescence of chlorophyll in the subtending mesophyll
(12). Based upon this visual screen, we have identified a
T-DNA-tagged allele offahl and have used the tagged line
to clone the gene encoding F5H. These results indicate that
T-DNA tagging of plant P450 genes is a useful approach for
the cloning of the genes encoding these enzymes that are
generally recalcitrant to purification.

MATERIALS AND METHODS
Plant Material. A. thaliana was grown under a 16-h light/8-h

dark photoperiod at 100 ,uE m-2 s-1 at 24°C, cultivated in
Metromix 2000 potting mixture. Mutant lines fahl-1 through
fahl-5 were identified by thin-layer chromatography (TLC) as
described previously (12). Based upon the red fluorescence of
fahl mutants under UV light, mutant linesfahl-6,fahl-7, and
fahl-8 were selected from ethyl methanesulfonate (fahl-6,
fahl-7) or fast neutron (fahl-8) mutagenized populations of
Landsberg erecta M2 seed. The T-DNA tagged line 3590
(fahl-9) was similarly identified in the DuPont T-DNA tagged
population (13). All lines were backcrossed to wild type at least
twice prior to experimental use to remove unlinked back-
ground mutations.

Secondary Metabolite Analysis. Leaf extracts were pre-
pared from 100-mg samples of fresh leaf tissue suspended in
1 ml of 50% methanol. Samples were vortexed briefly and
then frozen at -70°C. Samples were thawed, vortexed, and
centrifuged at 12,000 x g for 5 min. Sinapoyl malate content
was qualitatively determined by UV fluorescence following
chromatography of extracts on silica gel TLC plates in a
mobile phase of n-butanol/acetic acid/water (5:2:3).

Analysis of Nucleic Acids. For Southern analysis, DNA was
extracted from leaf material (14), digested with restriction
endonucleases, electrophoretically separated, transferred to
Hybond N+ membrane (Amersham), and hybridized with
cDNA probes according to standard protocols (15). RNA was
extracted from leaf material (16), electrophoretically sepa-
rated, transferred to Hybond N+ membrane (Amersham), and
probed with radiolabeled probes prepared from cDNA or
genomic clones according to standard protocols. Sequence
analysis was performed on plasmid DNA using the U.S.
Biochemical Sequenase kit version 2.0 using standard vector-
based sequencing oligonucleotides or custom-synthesized oli-
gonucleotides as appropriate.
Plasmid Rescue. Plasmid rescue was conducted using DNA

isolated from the fahl-9 mutant according to the protocol of
Behringer and Medford (17) with minor modifications. Five ,g
ofEcoRI-digested genomic DNA was incubated with 125 units
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FIG. 1. The biosynthetic pathway for lignin and sinapic acid-
derived secondary metabolites in Arabidopsis.
of T4 DNA ligase overnight at 14WC in a final volume of 1 ml.
The ligation mixture was concentrated approximately 4-fold by
two extractions with equal volumes of 2-butanol and was then
ethanol-precipitated and electroporated into competent
DH5-a cells.

Identification of cDNA and Genomic Clones. cDNA and
genomic clones for F5H were identified by standard tech-
niques (15) using a 2.3-kb SacII/EcoRI fragment from the
rescued plasmid (pCC1) as a probe. The cDNA clone pCC30
was identified in the A-PRL2 library (18) kindly provided by
Dr. Thomas Newman (U.S. Department of Energy Plant
Research Laboratory, Michigan State University, East Lan-
sing). A genomic cosmid library of A. thaliana (ecotype
Landsberg erecta) generated in the binary cosmid vector
pBIC20 (19) was screened with the radiolabeled cDNA
insert derived from pCC30. Genomic inserts in the pBIC20
T-DNA are flanked by the neomycin phosphotransferase
gene for kanamycin selection adjacent to the T-DNA right
border sequence and the ,B-glucuronidase gene for histo-
chemical selection adjacent to the left border. One positive
clone (pBIC20-F5H) was characterized by restriction diges-
tion and Southern analysis in comparison with Arabidopsis
genomic DNA.
Complementation of the fahl Mutant. The pBIC20-F5H

cosmid and the parental pBIC20 vector were introduced into
Agrobacterium tumefaciens C58 pGV3850 (20) by electropor-
ation (21). Stability of the complementation construct was
confirmed by restriction analysis of plasmid DNA isolated
from A. tumefaciens. Cultures harboring the binary vectors
were used to transform the fahl -2 mutant by vacuum infiltra-

tion (22). Kanamycin-resistant seedlings derived from inde-
pendent infiltration experiments were grown in soil for 3
weeks. The sinapoyl malate content of leaf material from the
transgenics was qualitatively determined by TLC as described
above.
Using an adaptor-based cloning strategy, regulatory se-

quences upstream of the translation initiation site of the F5H
gene isolated from the pBIC20-F5H cosmid were replaced
with the strong constitutive CaMV 35S promoter (23). The
resulting construct carries 2719 bp of the F5H genomic se-
quence driven by the CaMV 35S promoter fused 50 bp
upstream of the inferred ATG start codon. As a result, the 35S
promoter drives the expression of the F5H gene using the
transcription start site of the viral promoter and the termina-
tion signal present on the F5H genomic sequence. This ex-
pression cassette was inserted into the T-DNA of the binary
vector pGA482 (24) to give pGA482-35S:F5H, and this plas-
mid was introduced.into A. tumefaciens by electroporation.
Transformation of the fahl-2 mutant with pGA482-35S:F5H
and the empty pGA482 vector, isolation of kanamycin-
resistant lines, and TLC assay for sinapoyl malate content was
conducted as described above.

RESULTS
Identification of the T-DNA-Tagged Allele offahl. A puta-

tively T-DNA-taggedfahl mutant was identified in the DuPont
collection of T-DNA-tagged lines (13) by screening adult
plants under long wave UV light. A red fluorescent line (line
3590) was selected, and its progeny were assayed for sinapoyl
malate content by TLC. The analyses indicated that line 3590
did not accumulate sinapoyl malate. Reciprocal crosses of
line 3590 to afahl-2 homozygote, followed by analysis of the
Fl generation for sinapoyl malate content, demonstrated
that line 3590 was a new allele offahl, and it was designated
fahl-9.

Preliminary experiments indicated co-segregation of the
kanamycin-resistant phenotype of the T-DNA-tagged mutant
with the fahl phenotype. Selfed seed from seven kanamycin-
resistant (fahl-9 x FAH1) Fl plants segregated 1:3 for kana-
mycin resistance (kansensitive/kanresistant), and 3:1 for sinapoyl
malate deficiency (FAH /fahl). From these lines, fahl plants
gave rise to only kanresistant, fahl progeny. To determine the
genetic distance between the T-DNA insertion and the FAH1
locus, multiple test crosses were performed between a (fahl-
9 x FAHI) Fl and afahl-2 homozygote. The distance between
the FAH1 locus and the T-DNA insertion was evaluated by
determining the frequency at which FAHl/kanresistant progeny
were recovered in the test cross Fl. In the absence of crossover
events, all kanamycin-resistant Fl progeny would be unable to
accumulate sinapoyl malate and would thus fluoresce red
under UV light. In 682 kanresistant Fl progeny examined, no
sinapoyl malate proficient plants were identified, indicating a
very tight linkage between the T-DNA insertion site and the
FAH1 locus.
Plasmid Rescue and cDNA Cloning. Plasmid rescue was

conducted using EcoRI-digested DNA prepared from ho-
mozygousfahl-9 plants (17). DNA from rescued plasmids was
double digested with EcoRI and Sall. Plasmids generated from
internal T-DNA sequences were identified by the presence of
triplet bands at 3.8, 2.4, and 1.2 kb and were discarded. One
plasmid (pCC1) giving rise to the expected 3.8 kb band plus a
novel 5.6 kb band was identified as a putative external right
border plasmid. Using a SacII/EcoRI fragment of pCC1 that
appeared to representArabidopsis DNA, a putative full-length
cDNA clone (pCC30) for F5H was identified. The putative
F5H clone carried a 1.9-kb SalI/NotI insert, the sequence of
which was determined. Blastx analysis (25) indicated that this
cDNA encodes a cytochrome P450-dependent monooxygen-
ase, consistent with earlier reports that (i) the fahl mutant is
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defective in F5H (12) and (ii) F5H is a cytochrome P450-
dependent monooxygenase (11).

Southern and Northern Analysis. To determine whether the
putative F5H cDNA actually represented the gene that was
disrupted in thefahl mutant lines, Southern analysis ofDNA
from nine independently-derived fahl alleles and three
wild-type ecotypes was performed using the putative F5H
cDNA as a probe (Fig. 2). These data indicated the presence
of a restriction fragment length polymorphism between the
tagged line and the wild types. Similarly, a restriction
fragment length polymorphism was detected using DNA
from the fahl-8 mutant line (Fig. 2). The fahl-8 line was
generated with fast neutrons, a technique reported to cause
deletion mutations. These data indicate that the genomic
DNA of the fahl-8 and fahl-9 (the T-DNA-tagged line)
alleles is disrupted in the region corresponding to the
putative F5H cDNA.
A similar comparison was made among the nine fahl

alleles for the abundance of transcript corresponding to the
putative F5H cDNA. Northern blot analysis (Fig. 2) indi-
cated that the putative F5H mRNA was represented at
similar levels in leaf tissue of Columbia, Landsberg erecta,
and Wassilewskija ecotypes and in the ethyl methanesulfon-
ate-induced fahl-1, fahl-4, fahl-5, and fahl-7. Transcript
abundance was substantially reduced in leaves from plants
homozygous for the fahl-2, fahl-3, and fahl-6, all of which
were ethyl methanesulfonate-induced, the fast neutron-
induced mutant fahl-8 and in the tagged line fahl-9. The
mRNA in the fahl-8 mutant also appears to be truncated.
Taken together, these data provided strong correlative ev-
idence that the cDNA clone that had been identified is
encoded by the FAH1 locus.
Complementation of thefahl Mutation. To demonstrate the

identity of the F5H gene at the functional level, the transfor-
mation-competent pBIC20 cosmid library (19) was screened
for corresponding genomic clones using the full-length F5H
cDNA as a probe. A clone (pBIC20-F5H) carrying a genomic
insert of 17 kb that contains 2.2 kb of sequence upstream of
the putative F5H start codon and 12.5 kb of sequence
downstream of the stop codon of the F5H gene was trans-
formed into thefahl-2 mutant by vacuum infiltration. Thirty
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independent infiltration experiments were performed, and
167 kanamycin-resistant seedlings, representing at least
three transformants from each infiltration, were transferred
to soil and were analyzed with respect to sinapic acid-derived
secondary metabolites. Of these plants, 164 accumulated
sinapoyl malate in their leaf tissue as determined by TLC
(Fig. 3). These complementation data indicate that the gene
defective in the fahl mutant is present on the binary cosmid
pBIC20-F5H.
To delimit the region of DNA on the pBIC20-F5H cosmid

responsible for complementation of the mutant phenotype, a
2.7-kb fragment of the F5H genomic sequence was fused
downstream of the CaMV 35S promoter in the binary plasmid
pGA482, and this construct (pGA482-35S:F5H) was trans-
formed into the fahl-2 mutant. The presence of sinapoyl
malate in 109 of 110 transgenic lines analyzed by TLC or by in
vivo fluorescence under UV light indicated that the fahl
mutant phenotype had been complemented (Fig. 3).

Sequence of the F5H cDNA. The F5H cDNA contains a
1560-bp open reading frame that encodes a protein with a
molecular weight of 58,728. The putativeATG initiation codon
is flanked by an A at -3 and a G at +4, in keeping with the
nucleotides commonly found flanking the initiator methionine
in plant mRNAs (26). Immediately following the inferred
initiator methionine is a 17-amino acid sequence containing
nine hydroxy amino acids (Fig. 4). The subsequent 15-amino
acid sequence is rich in hydrophobic amino acids, including 11
hydrophobic residues comprised of phenylalanine, isoleucine,
leucine, and valine residues. This hydrophobic stretch is im-
mediately followed by an RRRR putative stop transfer se-
quence. F5H also shares significant sequence identity with
other P450s. Following the stop transfer sequence near the
amino terminus is the sequence PPGPRGWP, which obeys the
consensus for the proline-rich sequence found in many P450s
(27). Also notable is the stretch between Pro-450 and Gly-460.
This region contains eight residues that comprise the heme-
binding domain and are highly conserved among most P450s,
one exception being allene oxide synthase from Linum usita-
tissimum (6). The Pro-450 to Gly-460 region contains Cys-458
in F5H, which by analogy is most likely the heme-binding
ligand in this enzyme.
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FIG. 2. (A) Southern blot analysis comparing hybridization of the
F5H cDNA to EcoRI-digested genomic DNA isolated from wild type
[ecotypes Columbia (COL), Landsberg erecta (LER), and Was-
silewskija (WS)] and the nine fahl alleles. (B) Northern blot analysis
comparing hybridization of the F5H cDNA to RNA isolated from wild
type [ecotypes Columbia (COL), Landsberg erecta (LER), and Was-
silewskija (WS)] and the nine available fahl alleles.

FIG. 3. Analysis of sinapic acid-derived secondary metabolites in
wild type,fahl-2, and independently-derived transgenicfahl-2 plants
carrying the T-DNA derived from either the pBIC20-F5H cosmid or
the pGA482-35S:F5H vector. Extracts prepared from plants trans-
formed with the corresponding vectors lacking the F5H-derived
sequences are included as controls. Extracts were prepared from leaf
material as described in Materials and Methods, analyzed by TLC, and
photographed under ultraviolet light. o, origin; sm, sinapoyl malate; sf,
solvent front.
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FIG. 4. Amino acid sequence alignment of phenylpropanoid pathway P450s: F5H (Arabidopsis thaliana), flavonoid-3',5'-hydroxylase (Petunia
hybrida) [F3,5H] and C4H (Helianthus tuberosus). Shaded residues represent amino acids that are identical to those of F5H.

DISCUSSION
The cloning of plant P450s has been hampered by the fact that
these membrane-localized proteins are present in very low
abundance and are often unstable to purification. While the
genes encoding several plant P450s have been identified by the
application of conventional biochemical approaches, many of
the other cloned plant P450 genes have been identified by
PCR-based approaches and represent genes of unknown func-
tion. The availability of mutants that are blocked in P450-
catalyzed reactions provides an alternative method for the
cloning of plant P450 genes and permits an unambiguous
association of these genes with the function of their encoded
proteins (28-30).
A substantial percentage of mutant alleles in T-DNA-

tagged populations are not the direct result of a T-DNA
insertional event (31). In mutants of this type, the T-DNA
and the mutation of interest are not genetically linked, thus
these mutants are not useful for cloning the affected gene.
For this reason, prior to attempting plasmid rescue using the
fahl-9 mutant, the genetic distance between the mutation in
the FAH1 locus and the T-DNA insertion was estimated by
determining the number of crossover events between these
two markers. The results of these experiments indicated a

very tight linkage (less than 15 kb) between the fahl-9
mutation and the neomycin phosphotransferase gene of the
T-DNA, suggesting that the T-DNA may have integrated
directly in the FAH1 locus. Following plasmid rescue and
cDNA cloning, Southern and Northern analyses (Fig. 2) were
then used to determine whether the cDNA that had been
cloned represented FSH. These data indicated that the
structure of the genomic DNA corresponding to the FSH
cDNA was disrupted in two of the fahl alleles, and expres-
sion of the corresponding mRNA was suppressed in five of
nine fahl alleles. These data provide strong correlative
evidence that the cDNA encodes F5H, data which is further
strengthened by the complementation of the fahl-2 mutant
with the FSH genomic clone (Fig. 3). Since Northern analysis
reveals that two additional transcripts are at least partially
encoded by the genomic insert of pBIC20-F5H (data not
shown), mutant complementation was also carried out using

a construct carrying 2719 bp of the F5H genomic sequence
driven by the cauliflower mosaic virus 35S promoter fused 50
bp upstream of the inferred ATG start codon. The fact that
this construct also complemented the mutant phenotype
(Fig. 3) provides unequivocal proof that the F5H gene has
been identified.
The deduced amino acid sequence of F5H was compared

with the motifs known to be conserved in other P450s (Fig. 4).
The most obvious of these conserved regions is the heme-
binding domain between residues Pro-450 and Gly-460, in-
cluding Cys-458, the presumed heme-binding cysteine. The
F5H sequence also encodes the necessary features for target-
ing to the endoplasmic reticulum: a hydroxy amino acid-rich
N-terminal peptide, followed by a hydrophobic domain and
positively-charged stop transfer sequence. This region is also
followed by the proline-rich sequence found in many other
P450s (27).
Among the P450s that have been identified in plants, F5H

shares more sequence homology with the flavonoid-3',5'-
hydroxylases (CYP75) than it does with C4H (CYP73) (Fig. 5).
This is interesting because both C4H and F5H catalyze the
hydroxylation of C6-C3 (hydroxy)cinnamic acids, while the
flavonoid-3',5'-hydroxylases use the more complex flavonoid
aglycones as substrates. It is tempting to speculate that the
higher degree of identity between F5H and the flavonoid-
3',5'-hydroxylases is due to the fact that both enzymes catalyze
the meta-hydroxylation of a para-hydroxylated aromatic ring,
while C4H introduces a hydroxyl group into the aromatic ring
of cinnamic acid, a nonhydroxylated molecule, and does so
para to the C3 side chain. On the other hand, the observed
homologies may not be related to substrate specificities and
may simply represent the fortuitous grouping of the few plant
P450 genes that have been cloned to date. The P450 with the
closest overall amino acid sequence identity to F5H is the
avocado ripening-related P450 CYP71A1 (3), the endogenous
function of which is unknown. The degree of identity between
these two proteins is 34%, less than the cutoff value of 40%
that delineates P450 families (32), thus FSH from Arabidopsis
thaliana identifies a new P450 family that has been designated
CYP84.
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Ferulate-5-hydroxylase, A. thaliana

CYP71A1, P. americana

Flavonoid-35',5-hydroxylase-A, P. hybrida

Flavonoid-3,5'-hydroxylase-B, P. hybrida

Berbamunine synthase, B. stolonifera

Tyrosine N-hydroxylase, S. bicolor

Cinnamate-4-hydroxylase, H. tuberosus

Cinnamate-4-hydroxylase, C. roseus

Cinnamate-4-hydroxylase, V. radiata

Allene oxide synthase, L. usitatissimum

FIG. 5. Phylogenetic tree showing the relationship between the
amino acid sequences of FSH, the other plant P450s of known function,
and the avocado ripening-related P450 CYP71A1. The tree was
constructed using the clustal analysis method of the LaserGene
Megalign program. The closest homologues of FSH are the avocado
ripening-related P450 (CYP71A1): percent identity 34.2% and the
Petunia hybrida flavonoid-3',5'-hydroxylases A and B: percent identity
31.6 and 31.8% respectively.

The cloning of the structural gene for F5H is an important
step in understanding the general phenylpropanoid pathway
and how secondary metabolism and syringyl lignin biosyn-
thesis are regulated in Arabidopsis and other higher plants.
In Arabidopsis, sinapoyl malate accumulation appears to be
restricted to the leaf upper epidermis, in keeping with a role
for sinapate esters in UV attenuation (33). Similarly, syringyl
lignin synthesis occurs only in the sclerified parenchyma
between the vascular bundles of the Arabidopsis rachis (12).
Similar findings have been reported in other species where
syringyl lignin deposition is developmentally regulated (34).
At this time, it is not clear how these biochemical pathways
are regulated, but it is possible that the level of F5H
expression in these tissues may regulate the flux of phenyl-
propanoid monomers toward sinapic acid and its subsequent
metabolites. While F5H expression may determine lignin
monomer composition, other enzymatic steps may also
regulate this process such as the substrate specificity of
cinnamyl alcohol dehydrogenase (35). Alternatively, the
relative expression and substrate specificities of both caf-
feate/5-hydroxyferulate O-methyltransferase and caffeoyl
CoA/5-hydroxyferuloyl CoA O-methyltransferase may have
an important role in determining lignin monomer compo-
sition (36). The overexpression of F5H in Arabidopsis will
allow us to test the hypothesis that this enzyme catalyzes a
rate-limiting step in the biosynthesis of syringyl lignin. A
related question concerns why gymnosperms, in general, lack
syringyl lignin. Theoretically, this could be due to the lack of
a functional F5H gene or due to the substrate specificities of
other enzymes in the pathway. If the lack of a functional F5H
gene is responsible for determining the lignin monomer
composition of gymnosperms, the transformation of eco-
nomically important species such as loblolly pine with the
Arabidopsis FSH gene may permit modification of lignin
composition for the benefit of the pulp and paper industry
(37). Expression of F5H in a heterologous expression system
will enable the examination of its substrate specificity. The
determination of its relative activity toward ferulic acid and
feruloyl coenzyme A will be crucial in elucidating the actual
biochemical pathway used by plants to channel phenylpro-
panoid monomers toward the accumulation of sinapic acid-
derived secondary metabolites and syringyl lignin.
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